FLUID MECHANICS (1LOME46B) Vtusolution.in KUMARASWAMY K L

FLUIDS MECHANICS

Unit-I: PROPERTIES OF FLUIDS

Fundamental Concepts: *

e Mechanics: Deals with action of forces on bodies at rest or in motion.

e Stateof rest and Motion: They are relative and depend on the frame of referenc

the position with reference to frame of reference is fixed with

said to be in a state of rest. Otherwise, it is said to be in a stat

e Scalar and heater quantities: Quantities WWh req ignitude to represent

them are called scalar quantities. Quantities w a agnitudes and direction

to represent them are called vector quantiti
Eg: Mass, time internal, Distance travelédy—>

Weight, Displacement, Velocity, > Vec

¢ Displacement and Distance

Distance

it: m

ocity and Speed: Rate of displacement is called velocity and Rate and distance
traveled is called Speed.

Unit: m/s
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e Acceeration: Rate of change of velocity is called acceleration. Negative acceleration

1s called retardation.

e Momentum: The capacity of a body to impart motion to other bodies is ¢

momentum. ¢

The momentum of a moving body is measured by the product of mas d

velocity the moving body ‘
Momentum = Mass x Velocity :

Unit: Kgm/s

e Newton's first law of motion: Everydbedy inugs*to be in its state of rest or

uniform motion unless compelled

e |nertia: It is the inhere e y to retain its state of rest or uniform
motion.

e [orce: It is anfexte € hich overcomes or tends to overcome the inertia of a
body.

second law of motion: The rate of change of momentum of a body is
tl ional to the magnitudes of the applied force and takes place in the

direc f the applied force.
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o Measurement of force:

J—— Timeinterval =t —»|

Change in momentum in time ‘" = mv — mu

mv—mu
Rate of change of momentum = ——— ‘
t
mv—mu
el O

t
Fam(v-“j ¢
t
F o ma \
F =K ma
IfF=1Whenm=1 an 10
then K=1

.. F=ma.

Unit: newton (

W =mg
Unit: newton (N) g=9.81 m/s’

e Volume: Measure of space occupied by the body.

Unit: m®

1 m® = 1000 litres
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e Work: Work done = Force x Displacement —> Linear motion.

Work done = Torque x Angular displacement - Rotatory motion.
Unit: Nm or J X 2

e Energy: Capacity of doing work is called energy.

Unit: Nm orJ ‘
Potential energy = mgh
i O

T A
h

/7777777

= Angular velocity

e x Velocity = Linear Motion.

N

T .
- Rotatory Motion.
60

ing which possess mass and requires space to occupy is called matter.
at matter:

tter can exist in the following states

¢ Solid state.

¢ Fluid state.
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¢ Solid state: In case of solids intermolecular force is very large and hence molecules
are not free to move. Solids exhibit definite shape and volume. Solids undergo certain
amount of deformation and then attain state of equilibrium when subjected to tensile,
compressive and shear forces.
4
¢ Fluid State: Liquids and gases together are called fluids. Incase iqu
Intermolecular force is comparatively small. Therefore liquids exhibit ite

volume. But they assume the shape of the container

Liquids offer very little resistance against tensile fore offer maximum

resistance against compressive forces. Theref0r$liquid incompressible
fluids. Liquids undergo continuous or prolonged ion or shear strain
when subjected to tangential force or shear . Th operty of the liquid is called
flow of liquid. Any substance which exdibi roperty of flow is called fluid.

Therefore liquids are considered as fluids.
ery small. Therefore the molecules are

e gases will occupy or assume the shape as

nce against compressive forces. Therefore gases are called
subjected to shear force gases undergo continuous or

ormation or shear strain. This property of gas is called flow of
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® Branches of Mechanics:

¢ Fluid Statics deals with a rces on fluids at rest or in equilibrium.
¢ Fluid Kinemati€s deals v géometry of motion of fluids without considering the
cause of moti

¢ Fluid dyn s de the motion of fluids considering the cause of motion.

\\
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Properties of fluids:
1. Massdensity or Specific mass (p):
Mass density or specific mass is the mass per unit volume of the fluid.

_ Mass
~ Volume 3

Unit: kg/m® or kgm’ Q
With the increase in temperature volu e of 1’ d hence mass

density decreases.

In case of fluids as the pressure i volume»decreases and hence mass

density increases.

2. Weight density or Specific wei
Weight density or Speg 0 uid is the weight per unit volume.

_ Weight

3 or Nm

ith,increase in temperature volume increases and hence specific weight

decteases.
With increases in pressure volume decreases and hence specific weight increases.

Note: Relationship between mass density and weight density:
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We have y= Weight
Volume
_ massx g
Volume
Y=pXg ’

3. Specific gravity or Relative density (S):

tandard flui

\ 4

It is the ratio of specific weight of the fluid to the specific weight

y of fluid
vy of standard fluid

S =

Unit: It is a dimensionless quantity and has no urg.

In case of liquids water at 4°C is consi liquid.

Y (specific weight) of wa 1quid) is 9. 81 — or9.81x 10° k—|\3|
m
Note: We have

1.

ndard

tan dard

Ys tan dard

pxg
pstandard X g

p s tan dard
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*. Specific gravity or relative density of a fluid can also be defined as the ratio of

mass density of the fluid to mass density of the standard fluid. Mass density of standard
water is 1000 kg/m’.

p = S X 7Standard

¢

4. Specific volume (V): It is the volume per unit mass of the fluid.

v = Volume

v
Y Q‘
M dM

Unit: m3/kg

As the temperature increases voldme increases ‘and hence specific volume

increases. As the pressure increases volu

decreases. \

ecreases and hence specific volume
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Problems:
1. Calculate specific weight, mass density, specific volume and specific gravity of a
liquid having a volume of 4m’ and weighing 29.43 kN. Assume missing data

suitably.

4

W
TV
29.43X10°
4
y =7357.58 N/m’

To findp - Method 1:

2943x10' =mx9.8 1\ Method 2:

m=3000kg Y=pg

73575=p 9.81

p=750 kg/m’
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4
3000

V=133x10"m’/kg

s=—1
YS tandard

73575
9810

S=0.75

2. Calculate specific wet specific volume and specific gravity and if one

liter of Petrol S 6.

V =1Litre =107 m’

W =6.867TN

Y=6867N/m’
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O
’YStandaId p:S g
=% 6867 =px 9.81
L 2
S=07 p=700kg/m’
v="
M
107
0.7

V =1.4x10"m’ /kg

3. Specific gravity of a liquidds 0.7

the mass and weight of 10 Liters, of

s=—7 S=0.7
yStandard — pg V — ?
p:?

6867 =p x 9.81

07=—~ M=?
! W=?
6367 ; p=700kg/m’ V =10 litre
& :10X10_3m3
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_w
s-_ P Y=y
pStandard
6867 ="
07=—P_ 0
1000 ’
W =68.67N
p =700kg/m’
or
-3 .
\ W=mg

M —
700 = ~=7x981
1010~ 0\

0 vacuum pump Closed

Vapours of

lLiimdl l—% Vapour
ST Pressure
- Liguid ]
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As the pressure above the surface of the liquid is reduced, at some point, there
will be vapourisation of the liquid. If the reduction in pressure is continued vapourisation
will also continue. If the reduction in pressure is stopped, vapourisation continues until
vapours of the liquid exert certain pressure which will just stop the vapourisation.
minimum partial pressure exerted by the vapours of the liquid just to stop vageuris is

called Vapour Pressure of the liquid.

If the pressure over the surface goes below the vapour pressu , there &H e
ssure then

vapourisation. But if the pressure above the surface is more than

there will not be vapourisation unless there is heating.

4

e |mportance of Vapour Pressure:

1. In case of Hydraulic turbines sometimes ure below the vapour pressure of
the liquid. This leads to vapourisatio ti f bubbles of liquid. When
bubbles are carried to high, Pres get busted leaving partial vacuum.

Surrounding liquid enters thi

the part of the maching

Unit of Napour u N/m? (Pascal - Pa)

r ure o uid increases with increase in temperature.

bl

vertical cylinder 300mm in diameter is fitted at the top with a tight but frictionless
piston and filled with water at 70° C. The outer portion of the piston is exposed to
atmospheric pressure of 101.3 kPa. Calculate the minimum force applied on the
piston that will cause water to boil at 70° C. Take Vapour pressure of water at 70° C

as 32k Pa.
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101.3 kPa

yyllvy
7

\ 4

F Should be applied such that the Pressure 101.3kPa to 32kPa.

There fore reduction in pressure required
=101.3-32

=69.3

=69.3x 1

- F/Area =693

F/ % x (0.3)2

the property by virtue of which fluid offers resistance against the flow
ation. In other words, it is the reluctance of the fluid to flow. Viscous

is that force of resistance offered by a layer of fluid for the motion of another layer

In case of liquids, viscosity is due to cohesive force between the molecules of
adjacent layers of liquid. In case of gases, molecular activity between adjacent layers is

the cause of viscosity.

Dept. of Mechanical Engineering. Vtusolution.in nnt%ﬂfme ) i 1



FLUID MECHANICS (1LOME46B) Vtusolution.in KUMARASWAMY K L

e Newton’slaw of viscosity:
Let us consider a liquid between the fixed plate and the movable plate at a
distance ‘Y’ apart , ‘A’ is the contact area (Wetted area ) of the movable plate , ‘F’ isfthe

force required to move the plate with a velocity ‘U’ According to Newton ’

Area of contact = A
R —S F

1
{
I
" Movable Plate
AR
‘:\\\\\\ :
Y AN T
[ Momm - Pttt Sl
b Tiquid
Yo !
N
KA
S
N
NI
g gL R F . (Y
U

Fixed Plate inear Non-linear
111711711171 777 [7777

Velocity distribution or
velocity profile

¢ Fa A
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‘T’ 1s the force required; per unit area called ‘Shear Stress’.

The above equation is called Newton’s law of viscosity.

Velocity gradient or rate of shear strain: ¢

It is the difference in velocity per unit distance between any two layers.

If the velocity profile is linear then velocity gradient is given by% . If the velocity pr

\ 4

. . . du
is non — linear then it is given by —.

¢ Unit of force (F): N. ’
¢ Unit of distance between the tow plates (Y):
¢ Unit of velocity (U): m/s

¢ Unit of velocity gradient :% = m/s

¢ Unit of dynamic viscosity

=y
"7
N

dyne . Sec

cm?

em unit of dynamic viscosity is and is called poise (P).

NS
If the value of [ is given in poise, multiply it by 0.1 to get it in —-.
m

1 Centipoise = 10 Poise.
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+ Effect of Pressureon Viscosity of fluids:

Pressure has very little or no effect on the viscosity of fluids.

¢ Effect of Temperatureon Viscosity of fluids:
1. Effect of temperature on viscosity of liquids: Viscosity of liquids is due to‘hesi rce
between the molecules of adjacent layers. As the temperature increases coh@sive
decreases and hence viscosity decreases.

due to molec

ular ‘tivity

2. Effect of temperature on viscosity of gases. Viscosity of gases i

activity between adjacent layers. As the temperature incre

increases and hence viscosity increases.

¢ Kinematics Viscosity: It is the ratio of dynami€viscosi to its mass density.

u

.. KinematicViscosity = —

Unit of KV:

Kv =1

F=ma

N =Kgm/s’

. KinematicVis cosity = m” /s

NOTE: Unit of kinematics viscosity in CGS system is cm’/s and is called stoke (S)

If the value of KV is given in stoke, multiply it by 10™ to convert it into m?/s.
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Problems:

1. Viscosity of water is 0.01 poise. Find its kinematics viscosity if specific gravity is

0.998.
Kinematics viscosity = ? w=0.01P X 2
S =0.998 =0.01x0.1
s=_P W =0.001 N—‘?
pstandrad

\ 4

0.998 = P 001
1000 98
V=1x10"°m?/s
p =998 kg/m’

2. A Plate at a distance 0.0
force of 1.962N/m? ar

a fixed plate moves at 0.61m/s and requires a

Determine dynamic viscosity of liquid between the

Trrrrrrririrrrrirmy

1=1.962 N/m’

n=?

Assuming linear velocity distribution
U

T=l0 —
uY
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o 051
0.0254 x 10
s NS
u:817 x 10 SF ’

3. A plate having an area of 1m? is dragged down an inclined pla

with a velocity of 0.5m/s due to its own weight. Three is a
thick between the inclined plane and the plate. If vis
weight of the plate. X 2

y=I1mm=1x10"m

0.707W
T=

1
t=0.707 W N/m?

Dept. of Mechanical Engineering.
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Assuming linear velocity distribution,

‘C—].LE
Y

05
0.707W =0.1 x
1x10° L 4

W =70.72N

4. A shaft of ¢ 20mm and mass 15kg slides vertically in a sl i city of 5
m/s. The gap between the shaft and the sleeve is ( filled with oil.
Calculate the viscosity of oil if the length of @ shaft

0.1 mm
—H

N

N
N

N
NN

N
1 500
||Q mm
||§
NN
||§__

W =15x9.81
W =147.15N

y =0.lmm

y=0.1x 10 °mm
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U =5m/s
F=W
F=147.15N

p=7?
A=IIDL

A=TI x20x 10°x 0.5 ‘
A=0.031 m’

_,u Y
r—,u.Y

5 \
4746.7 = g X———
H 0.1x107°
m

471
06.7N/ m>
& 23

tion of velocity profile over 2 plate is V=2y”~". in which ‘V’ is the velocity
m/s and ‘y’ is the distance in ‘m’ . Determine shear stress at (i) y = 0 (ii)) y =

m. Take u = 8.35P.

(1) aty=0
(i1) aty = 75mm
=75x10°m
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T=835P

=835x0.1 %

=0.835 %

¢

V — 2y 2/3

d_V — 2X%y2/3—1
dy 3

L 4
41
e ‘\O

dv 4
at,y=0,—=3—
Y dy 3o

=0

at,y =75x10"

at,y=75x10"m,z=0.835 x 3.16

7=2.64 N/m’
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6. A circular disc of 0.3m dia and weight 50 N is kept on an inclined surface with a

slope of 45°. The space between the disc and the surface is 2 mm and is filled with oil

of dynamics viscosity

-
inclined plane with a velocity of 0.5m/s.

P

F =P-50cos45
F = (P—3535)
0= (P—-35.35)
0.07
T=U v
Y
[P — 35,35} 0.5
=1X
0.07 2x107°
P=52.85N
Dept. of Mechanical Engineering. Vtusolution.in
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7. Dynamic viscosity of oil used for lubrication between a shaft and a sleeve is 6 P. The
shaft is of diameter 0.4 m and rotates at 190 rpm. Calculate the power lost in the

bearing for a sleeve length of 0.09 m .Thickness of oil is 1.5 mm.

4

LLLL LSS
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_TIDN
60

U

_TIx0.4x190
60

U=3979m/s

'c—uH
Y ‘
—0.6x 3.979_3
1.5x10

1=1.592 x 10°N/m’

E=1.59 x 10°
A

F=1591x1 1

T =35Nm

p_ 2TINT
60,000

P =0.6964KW

P=696.4W
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8. Two large surfaces are 2.5 cm apart. This space is filled with glycerin of absolute
viscosity 0.82 NS/m?. Find what force is required to drag a plate of area 0.5m’
between the two surfaces at a speed of 0.6m/s. (i) When the plate is equidistant from

the surfaces, (ii) when the plate is at 1cm from one of the surfaces.

Case (i) 'S

LSS

2.5cm—+ |

Let F, be the force required to overcome Vvi of liquid above the
plate and F, be the force required to overco isc esistance of liquid below the
plate. In this case F; = F,. Since the liquid 1

me ither'side or the plate is equidistant

from the surfaces.

=39.36
A

F, =19.68N

tal force required to drag the plate =F; +F, = 19.68+19.68
F=139.36N
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Case (ii)
LSS
lem S F 60
25cmT | ’
7 F, 2
1.5cm
- NN\
Here F; #F, ‘
LU
] 1 vl
=0.82 x 0'62_2
1x10
11=49.2 N/m’ 0
U
=M, —
Y,
=0.82x 0.6
10
1= m’
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Fl _492

A

F| =49.2x0.5

F| = 24.6N 2
F2_338

A

Fy =32.8x0.5

Fy=164N

Total Force F =F; + F, =24.6 + 16.
F=4IN
9. Through a very narrow gap o

*V’. On one side of the p

i. Sheartress two sides of the plate is equal.

equired, to drag the plate is minimum.

LLLL LSS

nl — N, Velocity =V
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y=?forF1=F»p

INTRY
=y O

Hy+iry=Hoh

h

Hoh T
y_u fu oryzﬂﬂ
1782 Hy
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Conditions 2:

LLLL LSS

y =7 if, Fj+F>is to be minimum

A,V
F1= ul

h—y

Au,V
F=r2"

2y
.. Total drag forced required 0
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F=F +F,

_ARY AWV
h—-y y

F

For F to be min.£=0
dy

dF o Y
—=0=4+Au,V=(h- —-Au,VvV
r wV=(h-y)” —Ap,vy 7'
_ VA VLA
(h_y)+2 y2 ‘
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(7) Surface Tension (o)

Surface tension is due to cohesion between the molecules of liquid and

mole‘es of

adhesion between the molecules on the exposed surface of the li
air.

A molecule inside the surface gets attract@d by ec om the surrounding
molecules whereas a molecule on the surface get molecule below it.
Since there are no molecules above it, it expe es an alanced vertically downward
force. Due to this entire surface of the li ofato air will have a tendency to
move in ward and hence the i r tension. The property of the liquid

surface to offer resistance against i urface tension.

e Consequences of

¢ Liquid surf: PpO all Toads.

¢ Formatio droplets of liquid
. of spheri€al bubbles of liquid
. lindrical jet of liquids.
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® Measurement of surfacetension:

a line of unit

Surface tension is measured as the force exerted b
the force required

length on the surface of the liquid. It can gso be

maintaining unit length of film in equilibrium!

SO = E ~.F=oL
L
Unit: N/m \0

Force e tension = 6 X length of film

NOTE: Force e a curved surface due to radial pressure is given by the

re and projected area of the curved surface.

product of intemsity of pr

Projected )
area )
D’ poPX 7D

4 4
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Projected Area

e To derive an expression for the pr redin e droplet of a

liquid.

Projected
area

ﬂD2
4

Surface tensile force
quid of surface tension ‘cG’. ‘D’ is the diameter of

3

Let us co erd et

the droplet. the pressure inside the droplet in excess of outside pressure

ibrium of the part of the droplet,

Force due to surface tension = Force due to pressure

o x IID = p X projected area
2
oxIID = pX 1D
4
.
P D

As the diameter increases pressure decreases.
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e Toderivean expression for the pressureinside the bubble of liquid:

"D’ is the diameter of bubble of liquid of surface tension 6. Let 'p’ be the
pressure inside the bubble which is in excess of outside pressure. In case of bubble the

liquid layer will be in contact with air both inside and outside.

Projected
area

7ZD2
4

Surface t OTCE
For the equilibrium of the part of the bub‘,
Force due to surface tension = Force due to u
(2 6) x I1 D = p x projected are\
2
2[cxIID]=px
_8o
P D

e Toderiveanexpr the pressureinsidethejet of liquid:

T% Surface tensile force

~

Let us consider a jet of diameter D of liquid of surface tension ¢ and p is the
intensity of pressure inside the jet in excess of outside atmospheric pressure. For the

equilibrium of the part of the jet shown in fig,
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Force due to Radial pressure = Force due to surface tension

p x Projected area = o x Length

pxDxL =0x2L

p_20 4
D

e Effect of temperature on surface tension of liquids:

\g

In case of liquids, surface tension decreases with increase mperatute. Pressure

has no or very little effect on surface tension of liquids.
Problems:

1. What is the pressure inside the droplet o . m iameter at 20°C, if the

pressure outside the droplet is 103 kPa 0736 N/m at 20°C

€ o

_ 4x0.073 Pinsice =
D =0.05x10"m

x108N/m?
poutside = 103kPa

p ide ~ Poutside

=103x10°N/m’
Piniee = (5.888+103)10°

6=0.0736N/m

Pige =108.88x10°Pa
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2. A liquid bubble 2cm in radius has an internal pressure of 13Pa. Calculate the surface tension

of liquid film.
_8c
p= D R =2cm
5 13x4x10” D =4cm 4
8 =4x10"m
6 =0.065N/m p=13Pa(N/m2)
8. Capillarity:

Miniscus

Cohesion > Adhesion
Eg: Mercury

The curved surface of the lig called Meniscus. If adhesion is more than cohesion
then the meniscu f cohesion is greater than adhesion meniscus will be

convex.

Capacity rise Capillary fall

Cohesion < Adhesion Cohesion > Adhesion
Eg: Water Eg: Mercury
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Surface
tension

1 Surface

tensim’

diameter dipped in them. Capillarity is due to cohesion / ad on a ace tension of
liquids. If adhesion is more than cohesion then tgre wil i rise. If cohesion is
greater than adhesion then will be capillary

supports capillary rise or depression.

Note:
Angle of contact:
C

Surface
tension

: o)

Surface [ - Surface

tension 1 tension
Angle of contact 6 - Angle of contact
- Acute - Obtuse

The angle between surface tensile force and the vertical is called angle of contact.

If adhesion is more than cohesion then angle of contact is obtuse.
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e To derive an expression for the capillary rise of a liquid in

small tube dipped in it:
Let us consider a small tube of diameter ‘D’ dipped in a liquid of specific wei
Y. ‘h’ is the capillary rise. For the equilibrium,

Vertical force due to surface tension = Weight of column of liquid AB

[G(HD)] cos0 = olu

[G(HD)] C( X h

h 4
vyD
& e observed that the capillary rise is inversely proportional to the diameter
th e.

The same equation can be used to calculate capillary depression. In such cases ‘6’ will

be obtuse ‘h’ works out to be —ve.

Dept. of Mechanical Engineering. Vtusolution.in nut%aﬁjftlcele ) i n



FLUID MECHANICS (1LOME46B) Vtusolution.in KUMARASWAMY K L

Problems:

1. Capillary tube having an inside diameter Smm is dipped in water at 20°. Determine the
heat of water which will rise in tube. Take ¢ =0.0736N/m at 20° C.

_4ocosB

= "D Y

0 = 0°(assumed)

h

4 x0.0736 x cos©
9810 x 5 x 107

y=981

N\ ¢

h=6x10"m

¢

2. Calculate capillary rise in a glass tube e g at 20%. Assume
o for Hg at 20°c as 0.51N/m. The diamete tub mm. 0 = 130°%.
¥

~ 4GCOS 9 YStandmd
YD
Y

h
13.6=——
9810
h=-1.96

¥=133.416 x 10°N/m’

-ve sign indi lary depression.
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3. Determine the minimum size of the glass tubing that can be used to measure water

level if capillary rise is not to exceed 2.5mm. Take ¢ = 0.0736 N/m.

h= 46cos0
YD
4
D_4XO.0736 xcos0 D=7
9810 x 2.5x 107
h=2.5x10"m
D=0.012m
6=0.0736 N/m ‘
D=12mm
4
4. A glass tube 0.25mm in diameter contai N air above it. If o =
0.51N/m, what will be the capillary depi@ssion?Bake 6 = 40° or 140".

_4ccosO

h D =0.25x10"m

6=0.5IN/m

06 =140

vY=133.416 x 10° N/m’
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5. If a tube is made so that one limb is 20mm in ¢ and the other 2mm in ¢ and water is
poured in the tube, what is the difference in the level of surface of liquid in the two

limbs. o = 0.073 N/m for water.

= P 20 mm ¢ 'S
E h
___________ 1L

I e O T I e e e T e e e I L 1
=
[\

\ 4

h =46cose
' D 2

_ 4x0.073 x coso

9810 x (20x107)

h =13.39mm
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6. Compressibility:
It is the property by virtue of which there will be change in volume of fluid due to

change in pressure.

Let ‘v’ be the original volume and ‘dv’ be the change in volume duefto ch in

dv . . . .
pressure ‘dp’ , — 1i.e., the ratio of change in volume to original volume alle
Y

c str::TQch Bulk

sign indicates that as there is

volumetric strain or bulk strain.

The ratio of change in pressure to the volumetri

modulus of elasticity of the fluid and is denoted by ‘K’
nKk=P

%)

Sometimes ‘K’ is written as

increase in pressure, there d ume. Reciprocal of Bulk modulus of

elasticity is called CompreSs

.. Compressibili

dp
l@lm of elasticity is N/m? or Pa. Unit of compressibility is
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Problem:

Vtusolution.in KUMARASWAMY K L

1. The change in volume of certain mass of liquids is observed to be %th of original

volume when pressure on it is increased by 5Mpa. Determine the Bulk modulus

compressibility of the liquid. ’
_dp
dv = L K= dv
500 *
v
dv_ 1 =2.5x 10°Pa A4
v 500

dp=5x10°N/m”

1
Compresibility = —
p y K

1

T 25x10°

=4x10™"

2. Find the pres

S t
volume by 1% .T GPa.

N

dp
_dp
L
100

K’Z.SGPO
NS

lied to water at atmospheric pressure to reduce its

dp=20x10° N/m*

dp =20MPa
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e Rheological classification of fluids: (Rheology - Study of stress —

strain behavior).

1. Newtonian fluids: A fluid which obeys Newton’s law of viscosity i.e., T = L. % i

called Newtonian fluid. In such fluids shear stress varies directly as shear strﬁn.

In this case the stress strain curve is a stress line passing through origin the
of the line gives dynamic viscosity of the fluid.

Eg: Water, Kerosene.

LAY
| «O
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2. Non- Newtonian fluid: A fluid which does not obey Newton’s law of viscosity is

called non-Newton fluid. For such fluids,

3. ldeal Plastic fluids:
In this case the strain st nitial stress (To) and then the stress-
strain relationship will be li ed 1nitial yield stress. Sometimes they are also

called Bingham'’s Plastics

Eg: Industria@
T

T=U du + 7T

dy °

To
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4. Thixotropic fluids:
These require certain amount of yield stress to initiate shear strain. After wards
stress-strain relationship will be non — linear.

Eg; Printers ink.

4

\ 4

To
i ®
d \
5. ldeal fluid:
Any fluid for which visc is med e zero is called Ideal fluid. For ideal

fluid T =0 for all values of

l/ Ideal fluid
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6. Real fluid :

Any fluid which posses certain viscosity is called real fluid. It can be Newtonian

&

or non — Newtonian, thixotropic or ideal plastic.

T l/ Ideal plastic
E Non-neutonian
l/ 1/ Newtoni

l/’ Ideal
&

O
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Unit-11: PRESSURE AND ITSMEASUREMENTS

Fluid is a state of matter which exhibits the property of flow. a certain mass

of fluids is held in static equilibrium by confining it within s , it ‘exerts

force along direction perpendicular to the boundary in con hi ce is called fluid

pressure.
4

e Pressuredistribution:

It is the variation of pressure over t in contact with the fluid.
There are two types of pressure, distrib
a) Uniform Pressur trib
b) Non-Uniform Pressure distri

(@) Uniform Pressuredi

vy v oy

If the for the fluid is same at all the points of contact boundary then

the pressure 1d to be uniform.

Pressur e distribution:

—»
—
—
T
—
e
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If the force exerted by the fluid is not same at all the points then the pressure

distribution is said to be non-uniform.

e Intensity of pressureor unit pressureor Pressure:

Intensity of pressure at a point is defined as the force exerted (ﬁar ni
considered around that point. If the pressure distribution is uniform then intensity o

pressure will be same at all the points.

\ 4

e Calculation of Intensity of Pressure:

When the pressure distribution is uniform, inteng

given by the ratio of total force to the total area o?th bounda
: 3 9 F
.. Intensity of Pressure ‘p’ = y &\
When the pressure dis tio non- rm, then intensity of pressure at a
oint is given b dF

P g y aA

' | Sur €

-
e

any points is

Note: 1 MPa 'mm>
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e To study the variation of intensity of pressure in a static mass of

fluid: or derive hydrostatic law of pressure.

dp dy ap
( oy 2 (p + 3, x — |dx.d
S Y X volume =y x dx dy dz
Let us consi t ‘M’ at a depth ‘y’ below the free surface of the liquid of
specific weig ", (d ) is the elemental volume of the fluid considered around the

point ¢

ws forces acting on the element including self weight. The element of fluid

is i equilibrium and hence we can apply conditions of equilibrium.
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> Fx=0
op pd
——.—|dy dz—|P+—.—|dydz=0
oSl et
4
L,e p—a—p dx _ ap.d—X:O

oP
s—=0

- O
. Rate of change of intensity of pres long direction is zero. In other
alo irection inside the fluid.
> Fz=0

+[p—a—p.%}dx , Ip =o}dx dy=0
dz 2

Ip
s—=0
a 6
V Rate of change of intensity of pressure along z direction is zero.

Dept. of Mechanical Engineering. Vtusolution.in nnt%aﬂjﬂc&e ) i 1l
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2 Fy=0

+|:p_a_p'd—y:| dx dz—|:p+g—p.d7y:|dx dz—-7ydx dydz =0

dy 2 y
L 4
ie p—a—p.ﬂ— —a—P.d—y=ydy

1,e—a—pdy=ydy
dy

9P _

"Iy Y

ion i.e., as the depth

-ve sign indicates that the pressure increases i t
below the surface increases intensity of pressu ease
Ip
y
~.dp="Y.o0y \

integrating

at > P = PAtmospheric
yx0+C

R C = patm
<o p= 7Y tPam

The above equation is called hydrostatic law of pressure.
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e Atmospheric pressure
Air above the surface of liquids exerts pressure on the exposed surface of the

liquid and normal to the surface.

This pressure exerted by the atmosphere is called atmosph&: pr e.
Atmospheric pressure at a place depends on the elevation of the place t

temperature.

Atmospheric pressure is measured using an instrument ed ‘B eter’ and

hence atmospheric pressure is also called Barometric press

¢

Unit: kPa .

‘bar’ is also a unit of atmospheric p re
e Absolute pressureand e ;
Absolute pressureat ‘A

= kPa.

¢ Gauge pressure at B
B %

Absolute pressure at B

Absolute zero pressureline

Absolute pressure at a point is the intensity of pressure at that point measured

ference to absolute vacuum or absolute zero pressure.

Absolute pressure at a point can never be negative since there can be no pressure

less than absolute zero pressure.
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If the intensity of pressure at a point is measured with reference to atmospheric

pressure, then it is called gauge pressure at that point.

Gauge pressure at a point may be more than the atmospheric pressu’or 1 an
the atmospheric pressure. Accordingly gauge pressure at the point may be itive
negative.

¢

tN e surface of the liquid,

en atmospheric pressure is taken as zero,

Negative gauge pressure is also called vacuum pressure. ‘
From the figure, It is evident that, Absolute pressure at a poiat= A heric pressure +
Gauge pressure.

NOTE: If we measure absolute pressure at a

then,

P=Y-Y + pam

If gauge pressure at a point is te€guir:

then,

th below the free surface of liquid at which the required pressure

For a given pressure intensity ‘h’ will be different for different liquids since, “y’

will be different for different liquids.
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. Whenever pressure head is given, liquid or the property of liquid like specify

gravity, specific weight, mass density should be given.

Eg:
6] 3m of water <
(ii) 10m of oil of S = 0.8.
(iii)  3m of liquid of y = 15 kN/m’
(iv)  760mm of Mercury.

(V) 10m = not correct.

NOTE:
4

1. To convert head of a liquid to head of anothefiliqu

Standard

p="Yh,
Y1 =S ¥ stndard
pP=",h,
Y21 =S5 Vsuandard
Yih, =

< Sl ’YStandard hl = SZ YStandard h2

Sh, =S,h,
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2. Swater X Dwater = Sliquid X hliquid
IX hyager = Sliquid X hliquid

hyater = Stiquid X hiiquid

Pressure head in meters of water is given by the product of preg§ure in
meters of liquid and specific gravity of the liquid.

Eg: 10meters of oil of specific gravity 0.8 is equal to 10x0.8 = 8 meters of water.

\ 4

Eg: Atmospheric pressure is 760mm of Mercury.

NOTE:P . i ’ O
A \

umn of 0.3m of (a) water (b) Mercury

p="1h

p =2.943 kPa

¢) h=0.30of Hg
v=13.6x9.81
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v=133.416 kN/m’

p=vh
=133.416x 0.3
p =40.025 kPa
2. Intensity of pressure required at a points is 40kPa. Find correspondin ad

(a) water (b) Mercury (c) oil of specific gravity-0.9.

h:
(a) p=40kPa
h= 4077m of r
y=9.81 N 0

m \

h=0.299m of Mercury

h="?
(b) p=40kPa
v=(13.6x9.81 N/m’

h=
y=133.416 ﬂ
m

h=L
Y

() p=40 >
h=4.53 m of 0il S=0.9
A\ o
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3. Standard atmospheric pressure is 101.3 kPa Find the pressure head in (i) Meters of

water (ii)) mm of mercury (iii) m of oil of specific gravity 0.8.

@i p=vh

101.3=9.81xh

h =10.3 m of water X 2
(i) p=vh

101.3 =(13.6x9.81) x h

h =0.76 m of mercury

\ 4

(1) p=7vh
101.3=(0.8x9.81 xh
h=129mofoilof S=0.8 ¢

4. An open container has water to a depth o and ‘abeve this an oil of S = 0.9 for a
at

depth of 1m. Find the intensity of pres

bottom of the tank.
\ 09

interface of two liquids and at the
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pA = 'Yal hoil

=(09x981) x1

p. =8.829 kPa

pB = Yoil Xhoil + Ywater +hwater

p, =8.829kPa+9.81 x 2

\ 4

4
m\ 120kPa (b) 3kPa (c)

3 =18.7kPa

p, =28.45kPa

5. Convert the following absolute pressure

15m of Hyo0 (d) 800mm of Hg.

(a) Pabs = Patm + Pgauge

4.7m of water
(d) hab atm + hgauge
800 =760 + hguuge

hgauge = 40 mm of mercury
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¢ PASCAL ‘SLAW

Statement: Intensity of pressure at a point in a static mass of fluid is same along the

directions.

Proof:

n in figure. Figure shows

Let us consider three planes aroundja po s sh

intensity of pressure and force along different he system of forces should be
in equilibrium.
Sy Fx=0

- px dy.dz + p;

pydx =psdx
Py = Ps
< Px =Py =Pz

.. Intensity of pressure at a point is same along all the directions.

Vtusolution.in notewsifise N
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¢ Measurement of Pressure
Various devices used to measure fluid pressure can be classified into,
1. Manometers
2. Mechanical gauges.
4
Manometers are the pressure measuring devices which are based on the'princi
of balancing the column of the liquids whose pressure is to be measured by the e

liquid or another liquid.

Mechanical gauges consist of an elastic element whi under the action

of applied pressure and this movement will operga pointe duated scale.
Classification of Manometers:
Manometers are broadly classified i
a) Simple Manometer

b) Differential e

Suc

iffer Manometers

erential manometers are used to measure the pressure difference
n two points. They are connected to the two points between which the

intensity of pressure is required.
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¢ Typesof Smple Manometers
Common types of simple manometers are
a) Piezometers
b) U-tube manometers
¢) Single tube manometers ’

d) Inclined tube manometers

a) Piezometers

pressure

he height of the liquid in the piezometer gives the pressure

of pressure can be calculated.

= Simple in construction

=  Economical
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Demerits
= Not suitable for high pressure intensity.
= Pressure of gases cannot be measured.
(b) U-tube Manometers: X 2

Manometer
reading Manometric
A AN liquid i

‘\\‘\\\IIIIIIIII

L @

AN

V77777777

AN

etets consists of a glass tube bent in U-Shape, one end of which
is connected t it and the other end is exposed to atmosphere. U-tube consists

f gravity other than that of fluid whose pressure intensity is to be
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e Manometricliquids
¢ Manometric liquids should neither mix nor have any chemical reaction with the
fluid whose pressure intensity is to be measured.
¢ It should not undergo any thermal variation.
¢ Manometric liquid should have very low vapour pressure. ’
¢ Manometric liquid should have pressure sensitivity depending t

magnitude of pressure to be measured and accuracy requirement.

\ 4

e Towritethe gauge equation for manometers

Gauge equations are written for the system to solve for u ntities.

Steps: 4
1. Convert all given pressure to meters of w

) m n pressure in meters
of waters.
2. Starting from one end move towards the obsetving the following points.

¢ Any horizontal m en ide th e liquid will not cause change in

pressure.

¢ Vertically down ] t causes increase in pressure and upward
motion causes

¢ Conve

ecify gravity.

pressure as zero (gauge pressure computation).

own quantity and convert it into the required unit.
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Problem:
1. Determine the pressure at A for the U- tube manometer shown in fig. Also calculate

the absolute pressure at A in kPa.

500mm

Hg (S =13.

of water’.

p =59.35 kPa(gauge pressure)

pabs = patm + pgauge
=101.3+59.35

Pac =160.65 kPa
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2. For the arrangement shown in figure,

point M.

Y HM

Let ‘hy’ be the pressure head at the point

O

hy- 0.75x 0.8 -0.25 x 13’= 0

hy =4 m of water

N,

.24

bs L0
~140.54kPa
@t’ is 10 kPa (Vacuum) what is the value of ‘x’?
" X

Oil (S=1.2)

pa = 10 kPa (Vacuum)
pa =- 10 kPa

Dept. of Mechanical Engineering. Vtusolution.in
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p_A=_—10=—1.019m of water
Yy 98l

h, =-1.019m of water
-1.019+0.2x1.2+x(13.6)=0 \ 4

x=0.0572m

4. The tank in the accompanying figure consists of oil of S€=10.75. ine the

.. kN
pressure gauge reading in —-.
m

x0.75+0.25x13.6=0
875 m of water

=vh
p=-5.763 kPa

p =5.763 kPa (Vacuum)

closed tank is 8m high. It is filled with Glycerine up to a depth of 3.5m and linseed
oil to another 2.5m. The remaining space is filled with air under a pressure of
150 kPa. If a pressure gauge is fixed at the bottom of the tank what will be its reading.
Also calculate absolute pressure. Take relative density of Glycerine and Linseed oil

as 1.25 and 0.93 respectively.
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Air y; 150KkPa >m
VY ¥V V. ¥

_________ AN - mmm = = =

v =15.29mof water

¢

Let ‘hn’ be the pressure gauge readi
hy-3.5x1.25-2.5x0.9
hy =21.99 m of wat
p=9.81x21.99
p=215.7 ( )

5.2

Pabs = 3

6. A vertical pipe line atta gauge and a manometer contains oil and Mercury

as shown in anometer is opened to atmosphere. What is the gauge
reading atg'A’? flow in the pipe.
A-3x09+0375x09-0.375x13.6=0

ha =2.0625 m of water

p=vxh
=9.81x21.99
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p = 20.23 kPa (gauge)
Pans = 101.3 +20.23
Pans= 121.53 kPa

e DIFFERENTIAL MANOMETER

Differential manometers ed easure pressure difference between any two

points. Common varieties o anometers are:

manometers.
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The arrangement consists of two pizometers at the two points between which the
pressure difference is required. The liquid will rise in both the piezometers. The
difference in elevation of liquid levels can be recorded and the pressure difference can be

calculated.

¢

It has all the merits and demerits of piezometer.

(b) Inverted U-tube manometers

HERR
=
<

t ‘ha” and ‘hg’ be the pr head at ‘A’ and ‘B’ in meters of water
1S1) + (X Sm) + (y2 S2) = hg.
ha—hg=S;y1 —Smx-S, ys,

ha

pa—ps =7 (ha—hg)
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(c) U-tube Differential manometers

is required. U-tube differential manometers can also be
gauge equation for the system pressure differenc&a be
Let ‘hp’ and ‘hg’ be the pressure head ers of water
ha+S1 Y +xSm—-Y2S,=hsg
ha-hg=Y2S,-Y: S;—x Sm

Problems

(1) An inverted U-tube mz
between A and B in N/M>.

sh in figure. Determine the pressure difference

Let hs andéhg be t e heads at A and B in meters of water.

w2
I

0.9
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ha — (190 x 107?) + (0.3 X 0.9) + (0.4) 0.9 = hg

ha — hg = 1.23 meters of water

pa—ps =7 (ha—hp)=9.81x1.23

pa—ps = 12.06 kPa

pa—ps = 12.06 x 10’ N/m* ¢

2. In the arrangements shown in figure. Determine the ho ‘h’.

@ 25 cm of Mer
2N /cm’ @:I ="

&
~
>
=

/em® = 2 x 1007
N/m* = 20 kPa
h=209.81
h = 2.038 meters of

water

2.038 + 1!

h=3.
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3. In the figure given, the air pressure in the left tank is 230 mm of Mercury (Vacuum).
Determine the elevation of gauge liquid in the right limb at A. If the liquid in the right

tank is water.

105.00 m Air C
B
(5m) Oil
S=0.8
Water
100.00 m

21
= mm of H _—
B g 9.81
h, =2.14mof water
=0.23x13.6

hg = - 3.128 m of water
-3.128+5x08+yx1.6-(y+2)=2.14
-3.128+5x08+yx16-y-2=2.14
y=5446 m

.. Elevation of A = 100 — 5.446

Elevation of A =94.553m
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4. Compute the pressure different between ‘M’ and ‘N’ for the system shown in figure.

?’f/f/f////// ? S=092
{'__ A
7

0.3 m

hm+1.15y —0.184 0.3
hm + 0.391 =hn
hn — hm 91

rs of

Pn— —h
0.391
Pn— 35 kPa
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5. Petrol of specify gravity 0.8 flows up through a vertical pipe. A and B are the two
points in the pipe, B being 0.3 m higher than A. Connection are led from A and B to a
U-tube containing Mercury. If the pressure difference between A and B is 18 kPa,

find the reading of manometer.

=1.835m of water

x08-x13.6-(03+y-x)0.8=hp
ha—hg=-0.8y+ 13.66 x+0.24+0.8y—-0.8 x
h,—h; =12.8x+0.24
1.835=12.8x+0.24
x=0.1246 m
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6. A cylindrical tank contains water to a height of 50mm. Inside is a small open
cylindrical tank containing kerosene at a height specify gravity 0.8. The following
pressures are known from indicated gauges.

ps = 13.8 kPa (gauge)
pc = 13.82 kPa (gauge) X 2

Determine the gauge pressure pa and height h. Assume that kerosene is prevented

from moving to the top of the tank.

407 meters of water

1.409 —0.05 =hp ... ha=1.359 meters of water
- pa=1.359x9.81

- pa=13.33 kPa

hg —h x 0.8 —(0.05—-h) =ha

1.407-0.8 h—-0.05 + h=1.359

0.2h=1.359 - 1.407 + 0.05

0.2 h =0.002

h=0.02m
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7. What is the pressure py in the fig given below? Take specific gravity of oil as 0.8.

N R R N
3m
0il »
— .Oom
S=038 ¢
Water 0 m/
|_,— l?
7 %
7
Z

ha+ (3x0.8)+(4.6-0.3)(13.6)=0
ha=2.24 m of oil

pa=9.81 x 2.24 4
pa=21.97 kPa
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hooPa 27

y 981

h, =0.2752m of water

h, +(0.05x0.6) +(0.05+0.02-0.01)0.6 4

+(0.01x13.6) —(0.03x13.6) —d x1.4) =0

0.0692—-1.4d =0

d =0.0494m

or

d=49.4mm

SINGLE COLUMN MANOM

Single column mano

/A /770700077

Sm

A single column manometer consists of a shallow reservoir having large cross

sectional area when compared to cross sectional area of U — tube connected to it. For any
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change in pressure, change in the level of manometeric liquid in the reservoir is small and

change in level of manometric liquid in the U- tube is large.

Toderiveexpression for pressure head at A:
BB and CC are the levels of manometric liquid in the reservoir and ’tube re

connecting the point A to the manometer, writing gauge equation for the system 'we, ha
+yxS-hxSp=0
=Sy =Sphy

\ 4

Let the point A be connected to the manometer. B B are the levels of
manometeric liquid. Volume of liquid betwee@BBl

CCC,C,;

e of liquid between

AA=ah2
A= 3
A

Let ‘ha’ be the pressure head.a
ha+(y+A)S —(A
ha=(A+h Sm

if we take one reading to get ‘h,’ If ‘% ’ is made very small (by increasing

en the I term on the RHS will be negligible.
Then hy=h; Sm
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INCLINED TUBE SINGLE COLUMN MANOMETER:

NNz 7/77

b 770722

8 m

Inclined tube SCM is used to measure %all int ure.“It consists of a

large reservoir to which an inclined U — tube is ect own in fig. For small
changes in pressure the reading ‘h,’ in the ined is more than that of SCM.
Knowing the inclination of the tube the sure intensity at the gauge point can be
determined.
a . .
hp = th sin@(Sm— S)-i-\
a, . .

If ‘Z, is very sma h, =Sin0) Sm.

MECHANICAL

easurement. Negative pressure gauges are called Vacuum gauges.
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BASIC PRINCIPLE:

Elastic Element
(Phosphor Bronze) X 2

Section A—

Graduated Dial

of applied pressure and this de

the measurement of pressure. Mo ssure gauge used is Bordon pressure

gauge.

The arran t con pressure responsive element made up of phosphor
bronze or speci aving elliptical cross section. The element is curved into a

be is closed and free to move and the other end is connected
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DIMENSIONAL ANALYSIS

It is a mathematical technique which makes use of study of dynamics as an art to
the solution of engineering problems.

e Fundamental Dimensions

All physical quantities are measured by comparison which is made with re to
a fixed value.

Length, Mass and Time are three fixed dimensions whi re of rtance in
fluid mechanics and fluid machinery. In compressible flow le emperature is also
considered as a fundamental dimensions.

t

e Secondary Quantities or Derived Quantities

Secondary quantities are derived quan
in terms of two or more fundamental quantiti

or ities which can be expressed

e Dimensional Homogeneit

In an equation if each an
to have Dimensional Homogenei

it has same dimensions, then it is said

e " Dimensionsof quantities

oth LMCT®
2. Mass L°MT®
3. Time L°M°T
4. Area L’M°T°
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5. Volume L’M°T°
6. Velocity LM°T!
7. Acceleration LM°T™
8. Momentum LMT
9. Force LMT? ¢
10. Moment or Torque L*MT
11. Weight LMT™
12. Mass density LMT®

13. Weight density L>MT™
14. Specific gravity L°M°T®

15. Specific volume L’M'T® Q
16. Volume flow rate L*MeT! ’

17. Mass flow rate
18. Weight flow rate
19. Work done

20. Energy

21. Power

22. Surface tension

23. Dynamic viscosity Lt T!
24. Kinematic viscosi L*M°T"!
25. Frequency L°M°T
26. Pressure L'MT?

. Stress L'MT?
' L'MT?
pressibili LM 'T?

Ef L°M°T®
ngular velocity L°M°T™

rust LMT
33. Energy head (Energy/unit mass)  L*M°T™
34. Energy head (Energy/unit weight) LM°T°
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Methods of Dimensional Analysis

There are two methods of dimensional analysis.

. Rayleigh’s method
2. Buckingham’s (IT — theorem) method X 2

2. Rayleigh’smethod

are less (3 or 4 or 5).

Methodol ogy

Rayleigh’s method of analysis is adopted when number of p ers or variables

X =1(Xz, X3, X4,
X; =K (X2 . X5".

X is a function of ’
X, X3, X4y ... , X, then it can be written s\
4 .

Dimensions f 2 eft hand side as well as on the right hand side are

written and using ‘ ensional Homogeneity a, b, ¢ .... can be determined.
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Problems 1: Velocity of sound in air varies as bulk modulus of elasticity K, Mass

N

density p. Derive an expression for velocity in form C = E
p
Solution:
C=f(K, p)
C=M- K2 p°
M - Constant of proportionality
[C]=[K]" [p]° . orel
C - Velocity -LM'T

[LM°T '] = [L'MT?? [L>MT]®

[LMOT-I] — [L-a+(-36) Ma+b T-Za] p - Mass den81ty

K — Bulk modulus — L'MT?

—LMT°

N

-a-3b=1
a+b=0
-2a=-1

1
a=—
2

Vtusolution.in
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e Problem 2: Find the equation for the power developed by a pump if it depends on
head H discharge Q and specific weight 7y of the fluid.

e Solution:

P=f(H QY P'S
P=K- H*- Qb.yc
[P]=[H]" [Q" [V

[L°MT?] = [LM°T]" - [L’'M°T']" - [L?MT7° A ®

2=a+3b-2c

1=¢ Power =L’MT"
_3=—_b-2¢ 4 Head =LM°T°
3= _b_2 ‘ Discharge =L*M°T"!
b=—2+3 Specific Weight = L>MT?
b=1 -

2=a+3-2

a=1
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e Problem 3: Find an expression for drag force R on a smooth sphere of diameter D
moving with uniform velocity V in a fluid of density p and dynamic viscosity W..

e Solution:

R=f(D,V,p, ) ¢
R=K_Da‘ prc,ud

[R]=[D]*- [VI°- [pI°- [

[LMT?] = [LM°T°* - [LM°T ' - [LMTC)° - [L“ ‘

c+d=1
c=1-d Force =LMT?

4 Diameter = LM°T°
Cbede_2 \ Velocity ~ =LM°T"
b=2_d Mass density = L*MT®

Dynamic Viscosity = LimT!

l=a+b-3c-
l=a+2-d-3(1 —
l=a+2- —
a=2-d

R=pV>D*¢

R = pVZD?¢ [Nge|
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e Problem 4: The efficiency of a fan depends on the density p dynamic viscosity L,
angular velocity ®, diameter D, discharge Q. Express efficiency in terms of

dimensionless parameters using Rayleigh’s Method.
n - L°M°T°
-3 o
e Solution: p-L°MT
S —.
n=f(p, 1 D,Q w-LoMT
N=K p' 1 of D Q° o - L°M°T"! \
D - LM°T°
I =[pl"- M’ [l - [D)- [QI
Q _ L3M0T-1

v
[LOMOTO] — [L-3MTo]a . [L-lMT-l]b . [LOMOT- \[L3M0T-l]e
— [L-3a-b+d+3e] [Ma+b] [T-%e]
a+b=0
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e Problem 5: The capillary rise H of a fluid in a tube depends on its specific weight y

H c
and surface tension G and radius of the tube R prove that E=¢|: ] .

,YRZ

e Solution: 'S
H=f(y,0,R)
H=K -y ¢"-R°
[H] = [y]'- [6]°- [R]°
[LM°T°] = [L°MT?]* - [L°MT?]° - [LM°T°|°

[LMOTO] —. [L-23+C . Ma+b . T -2a-2b] H } LMOTO
2a+c=1 ’ y- L2MT>2
a+b=0 G_LOMT-Z
a=-b

c=1-2b
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3. Buckingham'’s 1T Method

This method of analysis is used when number of variables are more.

Buckingham's 77 Theorem

If there are n — variables in a physical phenomenon and those n-varfdbles in
‘m’ dimensions, then the variables can be arranged into (n-m) dimensionl ro
called IT terms.

Explanation: ‘
If f X, X5, X3, ceennnnn X, = 0 and variables can expres using m

dimensions then.
f (I, [, I, ......... . m) =0 PN O
Where, I1;, I, I15, are dimens essg\

Each IT term contains (m + 1) yariables.out o
one is of non-repeating type.

ich m are of repeating type and

Each IT term bein ion the dimensional homogeneity can be used to
get each IT term.

ity required as the repeating variable.

put together should not form dimensionless group.

g variables should have same dimensions.

ariables can be selected from each of the following properties.
Geometric property = Length, height, width, area

b. Flow property > Velocity, Acceleration, Discharge

c. Fluid property > Mass density, Viscosity, Surface tension
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Problem 1: Find an expression for drag force R on a smooth sphere of diameter D
moving with uniform velocity V in a fluid of density p and dynamic viscosity WL..

e Solution:
f(R,D,V,p,0)=0

Here, n=5 m=3

.. Number of [Tterms =(n—-m)=5-3=2
S EdIL,I) =0

Let D, V, p be the repeating variables.

m =D . v" . p°. R

¢

C

[L°M°T°] = [L]"! [LT"]bl [ML

LOMOTO — [L]a1+b1-3cl+1 [M]Cl 1 T]

T DV

HZ:DaZ.VbZ.pCZ.u

[L°M°T] = [L]2 (LT (ML (L' MT

[LoMoTo] = [L] ar,by-3co-1 [M] cr+l T] -b,-1
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-b,-1=0
b2=—1
c =-1

a2+b2—3c2—1=0
a2—1+3—1=0
a=-1

IL=D"- V' p'.u

sz L
pVD
f I, IL)=0

pl R By
D*V?’p pVD
R
2x72 =¢(
D"V pVv
R=pV’D’
e Problem 2

angular
dimension

na p’u(’)aDaQ)=O
n=6,m=3
.. Number of IT terms = 3

s T, I, I13) =0

Let, D, o, p be the repeating variables.

Dept. of Mechanical Engineering. Vtusolution.in
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LMCT] = (L1 1) (ML) (LM T

[LOMOTO] — [L]a1'3cl-1 [M]C]+1 'b]'l

[T]

I,=D7. .

[LOMOTO — [T ] 2 C
3-3C2 02

[LOMOTO -
c,=0
.b2

[LOMOTO] — [L] a3 [T—l]b3 [ML—3]C3 [MoLoTo]

a3.3C3

[L°M°T°] = [L] M Ty

b3:0
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c3=0
az=0
II:=7m
f (IL, I, IT3) =0

W W
f , M |=0
(Dz-m-p wD? ﬂj

n=¢[2” %}
D“wp D

e Problem 3: The resisting force of a supersonic plane during

as dependent on the length of the aircraft L, velocity
Bulk modulus K. Express the fundamental relations
these variables.

e Solution:
f(R,L,K,u,p,V)=0
n=06
.. Number of I1 term§= 6 =3,=
- T, I,
riables.
p' K

! [LT"]bl ML [L'MT Y

ci+l -b1-2

a1+b1-3C1-1 [T]

=[L] [M]

aj+b; -3¢, -1=0
a—-2+3-1=0

a1=0
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K
m=—

Vo-p
m=12.Vv?.p%2. R ®

LOMOT® = [L* [LT 1% [ML 3 [LMT ]

[M] o+l [T] —b2—2

LOMOTO — [L] a2+b2-3c2+1

by —-2=0

b,=-2
o ‘ O

\ 4

a+b,—3C,+1=0

aa+2+3+1=0

= L LT ML [L'MT
by-1

OTO - [L]a3+b3_303-1 [M]C3+1 [T]
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a3+b3—3c5-1=0
aj—-1+3-1=0

K
Vip L2V p’ LVp

R
v =t (Ve J

K u
R = L2V? i ol
po (Vzp j

e Problem 4: Using Buckingham that velocity of fluid through a

circular orifice is given by V

e Solution:

P, 2=

JH=L,p=L"'MT", p=ML", g=LT?

ber of [Tterms = (6 -3)=3

, g and p be repeating variables
H1=Ha1 .gbl . pcl 'V

[L°M°T] = [L1* LT (ML (LT ]

c1+bl-3¢c;+1 C -2b;-1

[L°M°T] = [L]
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-2b1:1
1
by=——
T
c=0

aj+b; -3¢ +1=0
4 -+ 04120
2

1
a = ——

2

H1= H_%g_%pov ‘
mo V.

+gH
M,=H2. g™
[LOMOTO] = [L]
[L°M°T] (M2 172
-2b
bo/=0

ML=H" g™ p%

IMLOT®] = (L] (LT (ML (LM T

Dept. of Mechanical Engineering. Vtusolution.in

O

KUMARASWAMY K L

\ 4

notessifiece in



FLUID MECHANICS (10ME46B) Vtusolution.in KUMARASWAMY K L

c3+l as,bsz.3cs-1 -2bs-1

[M°L°T?] = [M]™ " [L] [T]

C3=—1
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e Problem 5: Using dimensional analysis, derive an expression for thrust P developed
by a propeller assuming that it depends on angular velocity ®, speed of advance V,
diameter D, dynamic viscosity W, mass density p, elasticity of the fluid medium
which can be denoted by speed of sound in the medium C.

e Solution:
f(P,o,V,D,u,p,C)=0

n="7
m=3

Taking D, V and p as repeating variables.

¢

m, =D . V" . pt . p

[L°M°T°] = [L]"! [LT"]bl [ML

C]+b1-301+1

[L°M°T°] = [L] (M

—b1—2:0

C2

H2=Da2.Vb2.p -
[LOMCT] = (L1 (LT2)2 ML) 2 [T
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[L°MCT°] = [L]az+b2-302 M]% [T]-bz-l

—b,-1=0

b,=-

=0

- 1+0=0 V'S
a=-1

IL=D"-V' p’

- Do

H3=Da3.vb3.pc3.u

[ML°T°] = [L1 [LT]™ ML [L4

[MOLOTO] — [L]a3+b3_3c3_1 [M]C3

= (L™ LT ™ ML (LT

a4_b4-3C4+ 1 [M] Cq [T] -b4- 1

L°T° = [L]
bs=-1
c1=0
au—-1+0+1=0

as=0
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I,=D°-V'.p°.C

C
I,=—
v
f (11, I, I3, T14) = 0
P Do pn C
f 272 ° ’ [ — :O
D°V’ip V pVD V
Do p C
P=DVpo|—, —,=
PO [ V  pVD Vj ‘

e Problem 6: The pressure drop AP in a pipe depends on_mea i flow V,
length of pipe 1, viscosity of the fluid |, diameter D, hg Q ss projection K
and mass density of the liquid p. Using Bu@'ngha pbtain an expression
for AP.

e Solution:

_ 1 -Ing2
f(AP, V,1, 1, D, K, p) =0 AP=L"MT
_ o1
n=7 V=LMT
.. number of IT term - I=LMT
w=L"MT'
. . K =LMT°
p=ML"

al+bl-3cl-1 [MC1+1] [T-b1-2]

a1+b1—3cl—1:0
8.1—2+3—1=0

31:0
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II,=D°-V2.p'. AP

AP
I, = 5
Ve.p
H2=Da2_Vb2_pc2.1 ‘

[LOMOTO] — [L]a2 [LT-I]b2 [ML-3]C2 [L]
[LOMOTO] — [L]a2+b2—302+1 [M]C2 [T] -b2
b, =0

C2=O

4
a+0+0+1=0

I,=D" - V°p° L

[L°M°T°] =

[LOMOTO] [M]c3 [T] -b3
bs =

C3

+b3;-3 1=0

D

H4=Da4_ Vb4 . pc4 . u

[LOMOTO] — [L]a4+b4‘3C4-1 [M]C4+1 [T] _b4_1
bs=-1
Cqg = -1
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as+bs—3c4—-1=0
a-1+3-1=0
ag=-1
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MODEL ANALYSIS

Before constructing or manufacturing hydraulics structures or hydraulics
machines tests are performed on their models to obtain desired information about t
performance. Models are small scale replica of actual structure or machine, The al
structure is called prototype. ‘

e Similitude/ Similarity

It is defined as the similarity between the prototype and it’s m

\ 4

e Typesof Similarity
There are three types of similarity.

0 Geometric similarity

0 Kinematic similarity O
0 Dynamic similarity &

e Geometrical Similarity

Geometric similarity is the model and prototype if the ratio
of corresponding linear dimensio odel and prototype are equal.

eration at corresponding points on model and prototype are same.

V), ™), W),
V) V), (V3), ‘
V., = Velocity ratio

e Dynamic Similarity

Dynamic similarity is said to exist between model and prototype if ratio of forces
at corresponding points of model and prototype is constant.

Dept. of Mechanical Engineering. Vtusolution.in nD‘tE/sanﬁoele ) i 1
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(F), _ (),
(), F).

Fr~> Force ratio

(1398

=) =F,

¢ Dimensionless Numbers

KUMARASWAMY K L

¢

Following dimensionless numbers are used in fluid mechanics.

1. Reynold’s number
2. Froude’s number
3. Euler’s number

4. Weber’s number
5

. Mach number

¢

1. Reynold’s number

It is defined as the ratio of inertia force

v
Fv=u—A
\% “L
2
Nie = pAV
TR
L

Vtusolution.in
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In case of pipeline diameter is the linear dimension.

NRe= % ‘

2. Froude' s Number (F;)

It is defined as the ratio of square root of inertia force to grayity fo

F.= Lif
Fg
Fi=mxa ‘
F; = p x Volume x Acceleratio \

Fi = pAV?

Fo=mxg
F, = p x Volume x

\ 4
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3. Euler’sNumber (g,)

It is defined as the square root of ratio of inertia force to pressure force.

4

F; = Mass x Acceleration
F; = p x Volume x M
Time

Fi=pxQxV

F; = pAV?

L 2
Fob=pxA
€, = pAV2 _v B ’ O
| pA p \

v
&= —
ﬁ

p

4. Weber’s Number (Wy)

It is defined as the 00t of of inertia force to surface tensile force.
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5. Mach Number (M)

It is defined as the square root of ratio of inertia force to elastic force.

F; = pAV? 4
F.=Kx A
K - Bulk modulus of elasticity

A = Area ‘
2
Mo [PAY O
KA

¢

N\

C
C - Velocity of di id.
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MODEL LAWS (SIMILARITY LAWS)

1. Reynold’sModd Law

For the flows where in addition to inertia force, similarity of flow in model

predominant force, similarity of flow in model and prototype can be estabwled i

is
same for both the system.

This is known as Reynold’s Model Law.

Re for model = Re for prototype
(NRe)m = (NRe)p

(222

pm'Vm'Dm ’
Pp- Vo D, =1
Moy

1) In flow of incom

Applications:

in closed pipes.

ii) Motion of sub etely under water.

1i1) Motion -pla

2. Froude€

gravity is predominant in addition to inertia force then
ished by Froude’s number. This is known as Froude’s model law.

Dept. of Mechanical Engineering. Vtusolution.in
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Applications:
1) Flow over spillways.

11) Channels, rivers (free surface flows).
1i1) Waves on surface.

iv) Flow of different density fluids one above the other. ¢

3. Euler’'sModéd Law

When pressure force is predominant in addition to inerti
established by equating Euler number of model and prototype.

model law.
(&)m = (su)p ’

't}%n be

Euler’s

Vm _ Vp
/pn/ Pp
pm pp
Application:
Turbulent flow in e whe iscous force and surface tensile forces are

entirely absent.

c forces are significant in addition to inertia, similarity can
ach numbers for both the system.

s Mach model law.
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¢

Applications:
1) Aerodynamic testing where velocity exceeds speed of sound.

Eg: Flow of airplane at supersonic speed.

ii) Water hammer problems.

5. Weber’'sModd Law:

If surface tension forces are predominw with
established by equating Weber number of model andgprote

orce ilarity can be
D

Applications:
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e Problem 1: A pipe of diameter 1.5 m is required to transmit an oil of S = 0.9 and
viscosity 3 x 10~ poise at 3000 Ips. Tests were conducted on 15 cm diameter pipe
using water at 20°C. Find velocity and rate of flow of model if p water at 20°C is
0.01 poise.

_ D,=15m
e Solution S,=0.9
W, =3 x 107 poise = 3 x 10~ Ns/m®
Q, = 3000 Ips = 3000 x 107 m*/s = 3 m’/s
D,=0.15m ~
Sm=1
V=2
Qm="7?
Ap Vp=Qp
V, = 1.698 m/s
U = 0.01 poise
=0.001 poise
Pm = 1000 kg/m’
pp = 0.9 x 1000 = 900 kg/m’

(Rom = (R0, ™4
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e Problem 2: In a 1 in 40 model of spillway velocity and discharge are 2 m/s and 2.5
m’/s. Find the corresponding velocity and discharge in prototype.

e Solution
_Ln_ 1
L, 40
Vin=2m/s
Qn=2.5m’

/s
L 4

Since it is a spillway problem, Froude’s law of similarity is used.

(FY)m = (FY)p
4 \< >

el A,

2V,
J9.81x1  /9.81x 40
Vp =12.65 m/s
For a spillway,
Qa2

Prablem 3: Experiments area to be conducted on a model ball which is twice as large
as a olf ball. For dynamic similarity, find ratio of initial velocity of model to
at of actual ball. Take fluid in both cases as air at STP.

It is a case of motion of fully submerged body.

.. Reynolds’s number of flow determines dynamic similarity.

Dept. of Mechanical Engineering. Vtusolution.in nnt%ﬂfme ) i 1
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Solution

Problem 4: Water at 15°
velocity oil at 30°C must
dynamically similar? Take kine
and that for oil at 30°C

Solution

Vtusolution.in

o (Re)m = (Re)p
Pm = Pp
Hm = Hp

deJ _(deJ
w) U )

7N\

Vi - =V, - dy
Vo o4

v, d,

Vo _1

v, 2
V=05V,

075 m

=1.145x10"° m?/s

Ej =3x107° m2/s

dej _(dej
v v,

Vtusolution.in

KUMARASWAMY K L

150 mm diameter pipe. At what
diameter pipe for the flows to be
ty of water at 15°C as 1.145 x 10° m%/s

notessifiece in
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vV, x0075  4x0.15
3x107° 1.145x107°

Vm=20.96 m/s

e Problem 5: A model with linear scale ratio (model to prototype) X, of a
supersonic aircraft is tested in a wind tunnel where in pressure is 'y time
atmospheric pressure. Determine the speed of model in tunnel given that ity
sound m atmospheric air is Z.

e Solution:

Ln _

L,

X

M=2
Pm =Y Patm
Pm =Y Patm

V.,

C

X:z \
Z

this case is established by Reynold’s Model law.

athVmXLm _pP XVPXLP
T T
Patm © Vi * X
y . = Pam 22
Hm
iy
v.=2Z
Xy
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FLUID MECHANICS
Fluid Statics

BUOYANCY

When a body is either wholly or partially immersed in a fluid, the hydrostatic
lift due to the net vertical component of the hydrostatic pressure forces experience
by the body is called the “Buoyant Force” and the phenomenon is called “Buoyan

¢

\ 4

Fig. Buoyag:y

The Buoyancy is an upward force exerte
body is immersed in a fluid or floating on
weight of the fluid displaced by the body.

CENTER O

n the body when the
orce is equal to the

( ting Body (b) Submerged Body

Fig. Center of Buoyancy

of Buoyancy is a point through which the force of buoyancy is
osed to act. As the force of buoyancy is a vertical force and is equal to the
ht of the fluid displaced by the body, the Center of Buoyancy will be the center
fluid displaced.
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LOCATION OF CENTER OF BUOYANCY

Consider a solid body of arbitrary shape immersed in a homogeneous fluid.
Hydrostatic pressure forces act on the entire surface of the body. Resultant
horizontal forces for a closed surface are zero.

¢

N

Fig. Location of Center uo
The body is considered to be divid 0 a ber of vertical elementary
prisms of cross section d(Az). Consider ica es and dF, acting on the two

ends of the prism.
dF; = (Patm +pg9z,)d(Az)
dF, = (Patm *+p9z,) d(Az)

dF; = dF, - dF, =pg(z,~z
The buoyant force on the e
Where V = Total v

ing.we get, Xg = (1/V) /| I xdv where Xg = Centroid of the Displaced

2 .
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ARCHIMEDESPRINCIPLE

The Buoyant Force (FB) is equal to the weight of the liquid displaced by the

submerged body and acts vertically upwards through the centroid of the displaced
volume.

Net weight of the submerged body = Actual weight — Buoyant force.
The buoyant force on a partially immersed body is also equal to the weight of the
displaced liquid. The buoyant force depends upon the density of the fluid
submerged volume of the body. For a floating body in static equilibrium, the bugyant
force is equal to the weight of the body.

Problem -1

Find the volume of the water displaced and the position of Center of Buoyancy
wooden block of width 2.0m and depth 1.5m when it floats haQri ally in&\te :
Density of wooden block is 650kg/m3 and its length is 4.0m.

Volume of the block, V = 12m3

Weight of the block, pgV= 76518N

Volume of water displaced = 0

76,518 / (1000 x 9.81)= 7.8m3

Depth of immersion, h =7.8 / (2x4) = 0.975

The Center of Buoyancy is at 0.4875m from ase.

Problem-2

A block of steel (specific
shown in figure. What is the ra
(Specific gravity of Mercury = 13.

ity= 5) flo t the mercury-water interface as
/ this dition?

Let A = Cross sectional &

Weight of the body = Tot ¢y forces

A(a+b)x 7850x g
=A(b x 13.57 +a) x g

7.85 (a+b) = 13.

(@a/b)=0.

Probl

mensions of 1.5m x1.0mx 3.0m weighs 1962N in water. Find its
will be its specific gravity?

ight ter displaced = 1000 x 9.81x 4.5 = 44145N
Farequilibrium,
t of body in air — Weight of water displaced = Weight in water
air = 44145N + 1962N = 46107N

Mass of body = (46107 / 9.81) = 4700kg.

Density = (4700 / 4.5) = 1044.4 kg/m3
Specific gravity = 1.044

3 .
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STABILITY OF UN-CONSTRAINED SUBMERGED BODIES
INAFLUID

When a body is submerged in a liquid (or a fluid), the equilibrium requires that
the weight of the body acting through its Center of Gravity should be co-linear with
the Buoyancy Force acting through the Center of Buoyancy. If the Body is Not
Homogeneous in its distribution of mass over the entire volume, the location
Center of Gravity (G) does not coincide with the Center of Volume (B). Depending
upon the relative locations of (G) and (B), the submerged body atta‘s di nt
states of equilibrium: Stable, Unstable and Neutral.

STABLE, UNSTABLE AND NEUTRAL EQUILIBRIUM

Stable Equilibrium: (G) is located below (B). A body
angular displacement and then released, returns to its origi
the original vertical axis as vertical because of the restoring co
action of the Buoyant Force and the Weight.

?mall
retaining

by the

4

table Equilibrium

Unstable ibr s located above (B). Any disturbance from the
equilibrium posi will_crea estroying couple that will turn the body away from
the original posi

Fig. Unstable Equilibrium

4 ;i
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Neutral Equilibrium: (G) and (B) coincide. The body will always assume the
same position in which it is placed. A body having a small displacement and then
released, neither returns to the original position nor increases it's displacement- It
will simply adapt to the new position.

Fig. Neutral Equilibrium

A submerged body will be in stable, unstable or neutral” equilibriu the
Center of Gravity (G) is below, above or coincident with the
respectively.

er of ancy (B)

¢

N

Fig. Stable, Unstable and Neutral Equilibrium

5 L]
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STABILITY OF FLOATING BODIES

Stable conditions of the floating body can be achieved, under certain
conditions even though (G) is above (B). When a floating body undergoes angular
displacement about the horizontal position, the shape of the immersed volume
changes and so, the Center of Buoyancy moves relative to the body.

META CENTER

Fig. MetaCenter

Fig. (a) shows equilibritum, positien; (G) is @above (B), F; and W are co-linear.
Fig. (b) shows the situation “after they body has undergone a small angular
displacement (8) with respect.to the werticalaxis. (G) remains unchanged relative to
the body. (B) is the Centér of Buoyaney, (Centroid of the Immersed Volume) and it
moves towards the right to the new position [B,]. The new line of action of the
buoyant force through [Bg] which is always vertical intersects the axis BG (old

vertical line through [B] and {G])sat [M]. For small angles of (8), point [M] is practically
constant and is knowafas Meta Center.

Meta Center [M]4S a point of intersection of the lines of action of Buoyant
Force soefore and, after heel. The distance between Center of Gravity and Meta
Center (GM) is called Meta-Centric Height. The distance [BM] is known as Meta-
Centric Radius.

InnEig. (b), [M] is above [G], the Restoring Couple acts on the body in its

displaced position and tends to turn the body to the original position - Floating body
is in\stable equilibrium.

If [M] were below [G], the couple would be an Over-turning Couple and the
body would be in Unstable Equilibrium.

If [M] coincides with [G], the body will assume a new position without any
further movement and thus will be in Neutral Equilibrium.

6 i
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For a floating body, stability is determined not simply by the relative positions
of [B] and [G]. The stability is determined by the relative positions of [M] and [G]. The
distance of the Meta-Center [M] above [G] along the line [BG] is known as the
Meta-Centric height (GM).

GM=BM-BG
GM>0, [M] above [G]------- Stable Equilibrium
GM=0, [M] coinciding with [G]------ Neutral Equilibrium
GM<0, [M] below [G]------- Unstable Equilibrium.

4
DETERMINATION OF META-CENTRIC HEIGHT

Consider a floating object as shown. It is given a small til le(6) from t
initial state. Increase in the volume of displacement on the right i
the Center of Buoyancy from (B) to (B1)

4

W

termination of Meta-centric Height.

The shiftin t uoyancy results in the Restoring Couple = W (BM tan 0);
i ; eight of the body= Buoyant force= Fg

e wedge AOAl(which emerges out)=Weight of the wedge DOD1(that
submerged)

and (b) be the length and breadth of the object. .
Weight of each wedge shaped portion of the liquid

= dFg = (W/2)(b/2)(b/2)(tan®)(l) =[(wb2 | tan 6)/8]
w=pg=specific weight of the liquid.

7 .
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There exists a buoyant force dFg upwards on the wedge (ODDl) and dFg

downwards on the wedge (OAAl) each at a distance of (2/3)(b/2)=(b/3) from the
center.

The two forces are equal and opposite and constitute a couple of magnitude,

dM= dFg (2/3)b =[(wb? | tan 6)/8](2/3)b =w(Ib3/12)tan 6=wl, tan 6 Where, I, is
the moment of inertia of the floating object about the longitudinal axis.

This moment is equal to the moment caused by the movement of buoyant force fram

(B) to (B1).

W(BM) tan 8=w(l,,) tan 8; Since W=wV, where V=volume of liquid displaced bythe
object, wV(BM) tan 6=w I,,, tan 6

Therefore,

BM= (I, / V) and GM = BM-BG= (I, / V) - BG

Where BM = [Second moment of the area of the plane of #flotatien about the
centroidal axis perpendicular to the plane of rotation / Immersed,Volume]

EXPERIMENTAL METHOD OF DETERMTNATION OF
META-CENTRIGHEIGHT

Let w,= known weight placed over the centes, ofstheivessel as,shiown in Fig. (a) and
vessel is floating. Let W=Weight of the vesselincluding (w,)

G=Center of gravity of the vessel
B=Center of buoyancy of the vessel

Fig. "Experimental method for determination of Meta-centric height.

Move weight (w,) across the vessel towards right by a distance (x) as shown in Fig.

(b).“The angle'of heel can be measured by means of a plumb line. The new Center
of Gravity of the vessel will shift to (G1) and the Center of Buoyancy will change to

Bg. Under equilibrium, the moment caused by the movement of the load (w1)
through a distance (x)=Moment caused by the shift of center of gravity from (G) to
(G-

Moment due to the change of G =W (GG1) =W (GM tan 6)

Moment due to movement of w,=w, (x) = W (GM. tan 6)

Therefore, GM= [(w, X) / (Wtan 6)]

8 i
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Problem - 1
A block of wood (specific gravity=0.7) floats in water. Determine the meta-centric
height if it's size is 1mx1m x 0.8m.
Let the depth of immersion=h
Weight of the wooden block = 5494 N
Weight of water displaced = 1000 x 9.81x 1x1 x h=5494N
Therefore, h=0.56 m; AB =0.28 m; AG=0.4 m; BG=0.12 m;
GM=(lyy/V) - BG
lyy=(1/12) m4, v=0.56m3 'S

GM =1/(12 X 0.56) - 0.12 = 0.0288m
(The body is Stable)

Problem - 2
A rectangular barge of width ‘b’ and a submerged depth ‘H’ hasfits r of‘vity
at the water line. Find the meta-centric height in terms of ( and that for

stable equilibrium of the barge, (b/ H) >V6

OB =(H/2)and OG =H
L= Length of the barge \ 4
BG=(H/2);
BM = (lyy / V)= [(Lb3 / 12) /(LbH)] = (b2 /12
GM=BM-BG= (b2 / 12H) - (H/ 2)
=(H/2)[{(b/H)2 / 6}- 1];
For stable equilibrium, GM > 0;
Therefore, [b/H] >\6

i spe gr

Problem 3
y of 0.6 is required to float in an oil of
specific gravity 0.8. If the di cylinder is ‘d’ and length is ‘L’, show that ‘L’
cannot exceed 0.8 inder to float with its longitudinal axis vertical.

) X Hx800xg;

=BM -BG = (d2/12L) - (L /8);
table equilibrium,
0;0.817d >Lor L<0.817d

9 .
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FLUID MECHANICS

FLUID KINEMATICS

Fluid Kinematics gives the geometry of fluid motion. It is a branch of fluid
mechanics, which describes the fluid motion, and it's consequences without
consideration of the nature of forces causing the motion. Fluid kinematics is th
study of velocity as a function of space and time in the flow field. From velogcity,
pressure variations and hence, forces acting on the fluid can be determirwj.

VELOCITY FIELD

Velocity at a given point is defined as the instantaneous velocity of the
particle, which at a given instant is passing through the point.
V=V(x,y,z,1t). Vectorially, V=ui+vj+wk where u,v,w are three onents of
velocity in x,y and z directions and (t) is the time. Velocity i
velocity field is a vector field.

FLOW PATTERNS

W

Fig. Flow Patterns

ics is a visual subject. Patterns of flow can be visualized in
types of line patterns used to visualize flow are streamline, path
d time line.

Stre e is a line, which is everywhere tangent to the velocity vector at a given
nt.

th line is the actual path traversed by a given particle.

reak line is the locus of particles that have earlier passed through a prescribed

point.
(d) Time line is a set of fluid particles that form a line at a given instant.
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easier to obtain experimentally. Streamlines are difficult to generate experimentally.
Streamlines and Time lines are instantaneous lines. Path lines and streak lines are
generated by passage of time. In a steady flow situation, streamlines, path lines and
streak lines are identical. In Fluid Mechanics, the most common mathematical result
for flow visualization is the streamline pattern — It is a common method of flow
pattern presentation.

Streamlines are everywhere tangent to the local velocity vector. For a stream
line, (dx/u) = (dy/v) = (dz/w). Stream tube is formed by a closed collection of
streamlines. Fluid within the stream tube is confined there because flow cannot cross
streamlines. Stream tube walls need not be solid, but may be fluid surfaces

METHOD OF DESCRIBING FLUID MOTION

Two methods of describing the fluid motion are: (a) Lagrangian method and
(b) Eularian method.

Fig. Lagrangian method

A single fluid particlefisfoellowediduring its motion and its velocity, acceleration
etc. are described with frespectio, time: Fluid motion is described by tracing the
kinematics behavior of each and every individual particle constituting the flow. We
follow individual fluidgparticle as it/imoves through the flow. The particle is identified
by its position atfsome instant’and the time elapsed since that instant. We identify
and follow small,\fixed 'masses of fluid. To describe the fluid flow where there is a
relative motion, we'need 1o follow many particles and to resolve details of the flow;
we need a large, numberfof particles. Therefore, Langrangian method is very difficult
and netwidely used in Fluid Mechanics.

2 i
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Fig. Eulerian Method

look for field description, for Ex.; seek the velocity and its variati
and every location in a flow field. Ex., V=V(x,y,z,t). This is also
approach. We draw an imaginary box around a fluid system.
small, and it can be stationary or in motion.

TYPESOF FL U$ EL

Steady and Un-steady flo
Uniform and Non-unifor
Laminar and Turbulent flo
Compressible and

ogkrhLN =

properties at an

ange with time. In a steady flow, any property may
vary from point

he field, but all properties remain constant with time at
[0p/ ot]x,y,z =0. Ex.: V=V(x,y,z); p=p(x,y,z) . Time is a

is the type of flow in which the various flow parameters and
t any point change with time. [dV/dt]x y 70 ; [dp/dt]x y zx0,
z,t), p=p(x,y,z,t) or V=V(t), p=p(t) . Time is a criterion

3 .
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Uniform Flow is the type of flow in which velocity and other flow parameters at
any instant of time do not change with respect to space. Eg., V=V(x) indicates that
the flow is uniform in ‘y’ and ‘z" axis. V=V (t) indicates that the flow is uniform in ‘x’,
‘y’ and ‘Z’ directions. Space is a criterion.

Uniform flow field is used to describe a flow in which the magnitude and
direction of the velocity vector are constant, i.e., independent of all space
coordinates throughout the entire flow field (as opposed to uniform flow at a cross
section). That is, [dV/ dSli=constant =0, that is ‘V’ has unique value in entire flow

field
Non-uniform flow is the type of flow in which velocity and other flow

parameters at any instant change with respect to space.
[0V/ dsli=constant is not equal to zero. Distance or space is a criterion

LAMINAR AND TURBULANT FLOWS

Laminar Flow is a type of flow in which the fluid pasticles move along well-
defined paths or stream-lines. The fluid particles movg'in laminas ohlayers gliding
smoothly over one another. The behavior of fluig particles in motion is a criterion.

Turbulent Flow is a type of flow in whichthe'fluid particleS move in zigzag way
in the flow field. Fluid particles move randomly, from“Qhe layer to another. Reynolds
number is a criterion. We can assume that for‘@aflow in pipe, for Reynolds No. less
than 2000, the flow is laminar; betweent2000-40004the flow is transitional; and
greater than 4000, the flow is turbulent.

COMPRESSIBL EAND INCOMPRESSIBLE FLOWS

Incompressible Flgw is a type offlow in which the density (p) is constant in the
flow field. This assumption is validfor flow Mach numbers with in 0.25. Mach number
is used as a criterions,Mach,Number is the ratio of flow velocity to velocity of sound
waves in the fluidémedium

Compressible Flow is the type of flow in which the density of the fluid changes
in the flow fieldk, Densitydis not constant in the flow field. Classification of flow based
on Magh numberis given below:

M <.0.25 = kow speed

M <“uhity — Subsonic

I around unity — Transonic

M > unity= Supersonic

M'S\> unity, (say 7) — Hypersonic

4 .
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ROTATIONAL AND IRROTATIONAL FLOWS

Rotational flow is the type of flow in which the fluid particles while flowing
along stream-lines also rotate about their own axis.

Ir-rotational flow is the type of flow in which the fluid particles while flowing
along stream-lines do not rotate about their own axis.

ONE, TWO AND THREE DIMENSIONAL FLOWS

The number of space dimensions needed to define the flow fielyc pl
governs dimensionality of flow field. Flow is classified as one, two a re
dimensional depending upon the number of space co-ordinates required to ify
the velocity fields.

One-dimensional flow is the type of flow in which flow para S 301 as
velocity is a function of time and one space coordinate only.
For Ex., V=V(x,t) — 1-D, unsteady ; V=V(x) — 1-D, steady

Two-dimensional flow is the type of ro?in whi ameters describing
the flow vary in two space coordinates and time.
For Ex., V=V(x,y,t) — 2-D, unsteady; V=V(x

Three-dimensional flow is the type "0 i ich the flow parameters
describing the flow vary in three space coordinat i
For Ex., V=V(x,y,z,t) — 3-D, unsteady ; V=V

Rate of flow or discharg
incompressible fluids flo

Volume flow rate
velocity.

a section,
here A=cross sectional area and V= average

of flow is expressed as mass of fluid flowing across a

kg/s where p = density.

Fig. Continuity Equation

5 .
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Continuity equation is based on Law of Conservation of Mass. For a fluid flowing
through a pipe, in a steady flow, the quantity of fluid flowing per second at all cross-
sections is a constant.
Let vi=average velocity at section [1], py=density of fluid at [1], A{=area of flow at
[1]; Let vo p2 A2 be corresponding values at section [2].
Rate of flow at section [1]= p1 A1 V1
Rate of flow at section [2]= p2 A2 vo
P1 A1 vi=p2A2Vv2
This equation is applicable to steady compressible or incompressible fluid, flows
is called Continuity Equation. If the fluid is incompressible, p1 = p2 and the conti
equation reduces to A1 vi= Ao vo
For steady, one dimensional flow with one inlet and one outlet,
P1AqV]-p2A2v2=0
For control volume with N inlets and outlets

Yi=1N (pj Ajvi) =0 where inflows are positive and outflows

Velocities are normal to the areas. This is the continuity equatio
dimensional flow through a fixed control volume

When density is constant, Xj=1N (A} vj) =0 S

Problem 1
The diameters of the pipe at sections (1) ar cm and 20cm respectively.
Find the discharge through the pipe if the, ve of er at section (1) is 4m/s.
Determine also the velocity at section (2)

(Answers: 0.0706m3/s, 2.25\

Problem-2

ipe conveying water branches into two pipes of diameters 30cm
ly. If the average velocity in the 40cm diameter pipe is 3m/s.,
in this pipe. Also, determine the velocity in 20cm diameter pipe if
city in 30cm diameter pipe is 2m/s.

769m3/s., 7.5m/s.)

6 .
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ONTINUITY EQUATION IN 3-DIMENSIONS

(Differential form, Cartesian co-ordinates)

Consider infinitesimal control volume as shown of dimensions dx, dy and dz in
X,y,and z directions

Fig. Continuity Equation in Three Dimensio

u,v,w are the velocities in x,y,z directions.

Mass of fluid entering the face ABCD = ¢
Density xvelocity in x-direction xArea ABCD = pu
Mass of fluid leaving the face EFGH= pudy.
Therefore, net rate of mass efflux in x-directi —[a (
= - [0 (pu)/ 9 x](dxdydz)

Similarly, the net rate of mass efflux in
y-direction= - [d (pv)/ dy](dxd
z-direction= - [d (pw)/ dz](dxdy:
The rate of accumulation of mass
where dV=Volume of the ele

rol volume =9 (pdV)/ ot = pd/ot (dV)
z and dV is invarient with time.
f efflux = Rate of accumulation of mass
within the control volume
- [0(pu)/ d x + 9 (pv

incompressible flows.

) =0 and [d (pu) /0x + 9 (pv)/ dy + 9 (pw)/ dz] =0
mpressible, p= constant [du/dx + dv/dy + dw/dz] =0
ntinuity equation for 3-D flows.

2-D flows, w=0 and [du/dx + dv/dy] = 0

VELOCITY AND ACCELERATION

7 .
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Let V= Resultant velocity at any point in a fluid flow. (u,v,w) are the velocity

components in x,y and z directiong yvhich are functions of space coordinates and
FLUID MECH,ﬁPHg% (10ME46B) S\)lflus,olu'uon,m KUMARASWAMY K L

u=u(x,y,z,t) ; v=v(x,y,z,t) ;w=w(x,y,z,t).

Resultant velocity=V=ui+vj+wk

IV|= (u2+v2+w2)1/2

Let ax,ay,az are the total accelerations in the x,y,z directions respectively
ay= [du/ dt]= [du/ 0X] [0x/ dt]+ [du/ dy][ dy/ dt]+ [du/ 0Z][ dz/ ot]+ [du/ dt]

ay= [du/dt] =u[du/ dx]+V[du/ dy]+w[du/ dz]+[ du/d ]

Similarly,
ay= [dv/ dt] = u[dv/ Ix]+ v[oV/ dyl+W[dV/ 0z]+[ dv/at]
a,— [dw/dt] = u[ow/ dx]+ v[ow/ dy]+W[ow/ 0z]+[ ow/ dt]

1. Convective Acceleration Terms — The first three terms in the expressions foray,
ay, az. Convective acceleration is defined as the rate of change of velocity due to
change of position of the fluid particles in a flow field

2. Local Acceleration Terms- The 4th term, [9 ( )/ at] in the exptessions foray, ay,
az. Local or temporal acceleration is the rate of change of velocityiwith respect to
time at a given point in a flow field.

Material or Substantial Acceleration = Convective Acceleration + Local or Temporal
Acceleration.

In a steady flow, temporal or local accelerationis zero.

In uniform flow, convective acceleration iszero:

For steady flow, [du/ dt]= [dV/ dt]= [ow/ dt]= O

ay= [du/dt]= u[du/ox]+Vv[du/dy]+W[du/dZ]

ay= [dv/dt]= u[av/ox]+v[dv/dy]+W[IV/ez]

az= [dw/dt]= u[ow/ox]+V[ow/dyjsw[ow/dz]

Acceleration Vector=axi+@yj+azki|Al=[ax2+ay2+az2]1/2

Problem 1

The fluid flow figld is giV@Rlby V=x2yi+y2zj-(2xyz+yz2)k .

Prove that this is@'€ase of/a possible steady incompressible flow field.

u=x2y; v=y2zsin= -2xyzdyz2

(Qu/ox)f= 2xy; (AVRY)=2yZ; (dW/0z)= -2Xy -2yzZ

Forsteadyincompressible flow, the continuity equation is

[Qulox + ov/dyuk@W/0z] =0

2Xy +2yz -2xy -2yz =0

Thereforegthe given flow field is a possible case of steady incompressible fluid flow.

Problem-2.

8 i
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Given v=2y2 and w=2xyz, the two velocity components. Determine the third

FLUID MECHRQ‘E%)@L%ME%@ that it satisfies the,continyiy-eayation. KUMARASWAMY K L

w=2xyz; (av/dy)=4y; (dw/dz)=2xy
(au/ax) (av/dy) + (ow/dz) =0
(du/ox) = -4y -2xy; ou = (-4y -2xy) dx
u= -4xy -x2y+ f(y,z); f(y,z) can not be the function of (x)

Problem-3.
Find the acceleration components at a point (1,1,1) for the following flow field:

u=2x2+3y; v= -2xy+3y2+3zy; W= -(3/2)z2+2xz -9y2z

ay= [0u/dt]+ u[du/dx]+V[du/dy]+w[du/dZ]

0+(2x2+3y)4x+(-2xy+3y2+32y)3+0 ; [ax] 1,1,1= 32 units

Similarly, ay=[0v/dt]+ u[dv/ox]+v[ov/dy]+w[dv/0zZ] 4

ay = 0+(2x2+3y) (-2x)+ (-2xy+3y2+3zy)(-2x+6y+32)+ {-(3/2)z2+2xz -9y2Z}3y
[ay]1,1,1 =-7.5 units

Similarly, a,= [0w/dt]+ u[ow/0x]+V[ow/dy]+W[dw/ dZ]

Substituting, a,= 23 units ‘
Resultant |a|= (ax2+ay2+az2)1/2

Problem-4.

Given the velocity field V= (4+xy+2t)i + 6x3j + @a2+z) cceleration of a fluid

particle at (2,4,-4) at t=3.

[dV/dt]=] dV/ot]+u[oV/ox]+V[oV/dy]+W[oV/dz]
= (4+xy+2t); v=6x3; w= (3xt2+2)

[0V/9x]= (yi+18x2j+3t2k); [0V/dy]= xi; [OV/

(6xt+12t2+3xyt2+6t3+2+3xt2
The acceleration vector at the e t=3 is obtained by substitution,
a= 170i+1296j+572k; Therefore, 96, az=572

Resultant |a|= [1702+129 its = 1426.8 units.

VELOCITY POTENTIAL AND STREAM FUNCTION

9 .
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Velocity Potential Function is a Scalar Function of space and time co-ordinates such

that its n I\%;atlve derivatives with respect tlo any direction give the fluid veIocﬂy in that
FLUID MECH%N&% 10 @Puso ution.in UMARASWAMY K L

® = O (x,y,z) for steady flow.
= -(0P/Ix); v= -(0P/dy); w= -(0P/dz) where u,v,w are the components of velocity in
X,y and z directions.
In cylindrical co-ordinates, the velocity potential function is given by ur= (0®/or),
ug = (1/r)( 0®/08)
The continuity equation for an incompressible flow in steady state is
(du/ox + dv/dy + dw/dz) = 0
Substituting for u, v and w and simplifying,
(020 /9x2 + 920 /9y2 + 92/0z2) = 0
Which is a Laplace Equation. For 2-D Flow, (92 /0x2 + 92 /dy2) =
If any function satisfies Laplace equation, it corresponds to some ca@ of s
incompressible fluid flow.

IRROTATIONAL FLOW AND VELOCITY POT

Assumption of Ir-rotational flow leads to the existence of veloc
the rotation of the fluid particle about an axis para
component is defined as the average angular velog
segments that are mutually perpendicular to edoh oth

Consider two-line segments &x, dy. The p

u,v in the x-y plane.

ig. Rotation of a fluid partical.

The angular velocities of dx and dy are sought.
The angular velocity of (dx) is {[v+ (dv/dx) dx —v] / &x} = (dv/dx) rad/sec

10 .
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The angular velocity of (dy) is -{[u+ (du/dy) &y —u] / dy} = -(du/dy) rad/sec

ter kW|se direction is tak 0Si Hence, by definition, rotation
FLUID MECHA l%%z%&vﬁ%w@ is wz=1/2{ av/a(i?ﬂom (?1 ther two components are KUMARASWAMY K L

wy= 1/2 {(dw/dy)- (dv/0z)}

wy= 1/2 {(du/dz)- (dw/dx)}

The rotation vector = w = iwy +jwy +kwz,

The vorticity vector(Q) is defined as twice the rotation vector = 2w

PROPERTIES OF POTENTIAL FUNCTION

wz= 1/2 {(av/ox)- (du/ay)}
wx= 1/2 {(ow/dy)- (dv/dz)}
wy= 1/2 {(du/0z)- (dw/dx)};
Substituting u=- (0®/0x); v=- (0P/dy); w= - (dd/dz) ; we get
wz= 1/2 {(9/0x)(- oD/dy) - (d/dy)(- 0P/ox)}

= Yo[-(02D/0xdy)+ (92d/dydx)} = 0 since P is a continuous function.
Similarly, wx=0 and wy =0
All rotational components are zero and the flow is irrotational. < Therefore,icrotational
flow is also called as Potential Flow.

—~—

If the velocity potential (P) exists, the flow should be ifrotational, If velocity potential
function satisfies Laplace Equation, It represents the possible case of steady,
incompressible, irrotational flow. Assumption of @welogity, potential is equivalent to
the assumption of irrotational flow.

Laplace equation has several solutions dependingwpon boundary conditions.
If ®1 and ®2 are both solutions, 1+ @2 is‘also a solution

V2(91)=0, V2(02)=0, V2(&13 2)=0
Also if @1 is a solution, C®P1 is alse,a solution (where C=Constant)

STREAM FUNCTION (w)

Stream Function isfdefinedas,thesscalar function of space and time such that its
partial derivative'with respect to"any direction gives the velocity component at right
angles to that dirgetion. Stream function is defined only for two dimensional flows
and 3-D flowsywith axial symmetry.

(ow/ox) = v ; (JQidy) &=

In Cylindrical coordinates, uy = (1/r) (dw/a8) and ug = (dy/dr)

Continuity equation for 2-D flow is (du/ox) + (dv/dy) =
(9/9x) (-0w/dy) + (9/dy) (dw/0X) =

11 .
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-(92y/9xay) + (02y/dydx) =0; Therefore, continuity equation is satisfied. Hence, the

FLUID MECH ng@%ﬁfﬁ?g& means a possible\ﬂifgoqml.g%fmw. The flow may be rotationg| @faraswamy K L
irrotational. The’rotational component are:
wz= 1/2 {(dv/0x)- (du/dy)}
wz= 1/2 {(9/0x)( dYW/Ax) - (3/dy)(- ow/dy)}
wz = {02 Y /0x2)+ (02y /dy2)}
For irrotational flow, wy = 0. Hence for 2-D flow, (92 y /0x2)+ (92y /dy2) = 0 which is
a Laplace equation.

PROPERTIES OF STREAM FUNCTION

1.1f the Stream Function (y) exists, it is a possible case of fluid flow, which may be
rotational or irrotational.

2.1f Stream Function satisfies Laplace Equation, it is a possible case of an irfotational
flow.

EQUI-POTENTIAL & CONSTANT STREAM FUNCFION LINES

On an equi-potential line, the velocity potential is constant, ®=caenstant or d(®)=0.
@ = O(x,y) for steady flow.

d(P) = (0P/ox) dx + (0P/dy) dy.

d(®P) =-udx—-vdy=-(udx +vdy)=0.

For equi-potential line, udx + vdy = 0

Therefore, (dy/dx) = -(u/v) which is a slope afyequi-potentiallines

For lines of constant stream Function,

g = Constant or d(y)=0, gy = Y(Xx,y)

d(y) = (dw/ox) dx + (dw/dy) dy = vdx - udy

Since (dw/ox) = v; (dy/dy) = -4

Therefore, (dy/dx) = (v/u) = slope,of thexconstant'stream function line. This is the
slope of the stream line.

The product of the slopgfof thenequi-potential line and the slope of the constant

stream function line (or stream Line),at the point of intersection = -1.
Thus, equi-potential linest@and streamlines are orthogonal at all points of intersection.

FLOW NET

A grid obtained by drawing a series of equi-potential lines and streamlines is called a
Flow Net. A Flow Net is an important tool in analyzing two-dimensional ir-rotational
flow problems.

EXAMPLESOF FLOW NETS

12 i
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Fig. Flow Nets

Examples: Uniform flow, Line source and sink, Line vortex
Two-dimensional doublet — a limiting case of a line source appr.

RELATIONSHIP BETWEEN STREAM FUNC

POTENTI éL
= -(dP/Ix), v=-(0D/dy)

= -(dw/dy), v= (ow/ox) ; Therefore,
-(0®/0x) = - (dy/dy) and - (0P/dy) = (dy/d
Hence, (0®/0x) = (dw/dy) and (0P/dy) = -

VELOCITY

Problem-1

U=—(0®P/0x)= —2x , v=— (d®
For incompressible flow,
Continuity equation is sa

dy)=0
e flow is 2-D and incompressible and exists.

Fig. Flow net for flow around 900 bend

U= —(dy/dy); v= (dW/0X) ; (dw/dy)= —u = 2X;
Y = 2xy+F(x) + C ; C=Constant

13 L]
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(Qw/ox)= v = 2y; W = 2xy+ F(y)+C
FLUID MECHA(? I@g?wﬁéylgéet, W= 2xy+C Vtusolution.in KUMARASWAMY K L

Problem-2.

The stream function for a 2-D flow is given by y = 2xy. Calculate the velocity at the
point P (2,3) and velocity function (®).

Given g = 2xy; u= —(dy/dy) = -2X; V= (dW/ox)=2y

Therefore, u= —4 units/sec. and v= 6 units/sec.

Resultant=\(u2+v2) = 7.21 units/sec.

(0d/9x)= —u = 2x; D= x2+F(y)+C; C=Constant.

(0P/dy) = —v= —-2y; d= — y2+F(x)+C,

Therefore, we get, ®= (x2 —y2) +C

\ 4
TYPES OF MOTION

A Fluid particle while moving in a fluid may undergo any one or a combination of
following four types of displacements:

Linear or pure translation . 3
Linear deformation
Angular deformation
Rotation.

HwD =

ent in which fluid
ab & cd and a'’b’&

(1) Linear Translation is defined as the mo@m nt G
element moves from one position to another b

c’d’ are parallel (Fig. 8a)

n. Fig. Linear deformation.

tion is defined as deformation of fluid element in linear direction —
ut length changes.

14 . .
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(3) Angular deformation, also called shear deformation is defined as the average
e in the angle contained by !Ecent S|des The angular deformation or

chan
FLUID MECHéHé%g é}P&ﬂ?ﬂS@ Y5081 + Aeg KUMARASWAMY K L

4

Fig Angular deformation Fig. Rotation

(4) Rotation is defined as the movement of the fluid element i ch a th’ooth
its axes (horizontal as well as vertical) rotate in the sametdirection. tational

components are:
wz= 1/2 {(av/ox)- (du/dy)}
wyx= 1/2 {(ow/dy)- (dv/0z)}
wy= 1/2 {(du/0z)- (ow/dx)}. Vorticity (Q) is deflned\ e of the rotation
and is given as 2w
Problem-1.

Find the vorticity components at the point ( fo following flow field;

u=2x2+3y, v=— 2xy+3y2+32
Q=2w where Q= Vorticity and
Qx= {(ow/ay)- (0v/dz)}= —18yz—3y=
Qy= {(du/0z)- (ow/ox)}= 0 nit
Q7= {(0v/0x)- (du/dy)}= —(2

Problem-2.
in a two dimensional incompressible flow over a solid

—0.5y2, y is measured from the solid surface in the
it. Verify whether the flow is ir-rotational; if not, estimate
at (3,2).

=0 or v=f(x) only.
y=0 (Solid surface), f(x)=0, and therefore, v=0 everywhere in the flow

2 {(dv/0x) — (du/dy)} =—"2(1.5—y)
t (3,2) = 0.25 units. Therefore, the rotation about the z-axis is counter clockwise
2 and is independent of the value of (x)

15 .
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Fluid dynamics:

Introduction:

Dsynamics Statics

\

&here is no way to

1 to Fluid Mechanics.

The laws of Statics that we have learned cannot soke Dy

solve for the flow rate, or Q. Therefore, we need a new am

Equations of Motion

The dynamics of fluid flow is the study of fluid i forces causing flow. The dynamic
behaviors of the fluid flow is anal by law of motion (F=ma), which relates

the acceleration with the forces. The flu ass to be incompressible and non-viscous.

Mathematically, Fx = m.a,
In the fluid flow, foll for sent:

press ce ‘Ey’

turbulent flow ‘F;’
¢ surface tension force ‘F,’
* compressibility force ‘F’

* The pressure force ‘F;,’ is exerted on the fluid mass, if there exists a pressure gradient

between the 2 parts in the direction of flow.
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* The gravity force ‘F,’ is due to the weight of the fluid and it is equal to ‘M,’. The

gravity force for unit volume is equal to ‘pg’.

* The viscous force ‘F,’ is due to the viscosity of the flowing fluid and thus exists in the

case of all real fluid.

¢ The turbulent flow ‘F;’ is due to the turbulence of the flow. In the tl*ule

fluid particles move from one layer to other and therefore, there is

momentum transfer between adjacent layer, which results in developing

¢

* The surface tension force ‘Fy’ is due to the cohesive property,of the mass. It is,

stresses(called Reynolds stresses) for the flowing fluid.

* The compressibility force ‘F.’ is due to elastic
either for compressible fluids or in the

properties of fluids are significant.

e If a certain mass of fluid 1

thus according to Newton’s

written as

M a=Fq+ Fy+ F+ F force Fy -—-(1)
Further by resolving ghe vari 0 and the acceleration along the x, y and z directions, the
following equati on be obtained.

x+ th+st+Fex
vyt Fy+Fgy+Fey ---- (1a)
Ma, Fp +Fy +F +F+F.,

ripts X, y and z are introduced to represent the component of each of the forces and the

acceleration in the respective directions.
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In most of the problems of the fluids in motion, the tension forces and the compressibility
forces are not significant. Hence, the forces may be neglected, thus equations (1) and (la)

became.

Ma= F +F,+F+F, --(2)
And ’

May= Fox+Fp+Fx+Fix

May= Foy+Fp+Fyy+F,y --- (2a)

Maz= ng+sz+sz+th

\ 4

the analysis

Equations (2a) are known as Reynolds’s equations of motion which
of the turbulent flows. Further, for laminar or viscous v ur t forces are less

significant and hence they may be neglected. The qu( & (2a n be modified as,

M.= Fo+F,+F,

And
Max = Fot+Fpx+Fix
May = Fgy+Fpy+Fyy - (3

M., =Fg +F,+F,,

stokes equations which are useful in the analysis of

us forces are also of less significance in the problems of fluid
neglected. The viscous forces will become insignificant if the

id. However, in case of real fluids, the viscous forces may be

------ 4)
And
Max = Fox+ Fix
My =Fgy+ Fpy e (4a)
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Equation (4a) is known as Euler's equation of motion.

Euler's equation of motion:

Statement: In an ideal incompressible fluid, when the flow is steady and continuous,
the velocity head, pressure head and datum head along a stream line is con%lnt.

Assumptions:
* The fluid is ideal and incompressible.
* Flow is steady and continuous.

* Flow is along streamline and it is 1-D.

* The velocity is uniform across the section and is equal‘to

&th ssure forces.
a

¢ Flow is Irrotational.

* The only forces acting on the fluid are gra

direction of flow

stream line

dw=fg*di* ds
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direction of fow

stream line

\

Honzoatal datum plase

Figures 1(b):Forces on a f

Consider a streamline and select a small cylin

1(a) & (b) of length ‘ds’ and c/s area ‘dA’

for analysis as shown in Figs.

the moving fluid,

Let, p = pressure on the element at *
p+dp = pressure on the ele M a
v= velocity of the fluid elem

The forces acting (tending togzaccelerate) the fluid element in the direction of stream line are as
follows,

rection of flow is
2) t of the weight of the fluid element in the direction of flow is
- pg.dA.ds.cosf

- pg.dA.ds (dz/ds) (because cosf=dz/ds)

=-pg.dA.dz -2

Mass of the fluid element = p.dA.ds -(3)
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The acceleration of the fluid element
a= dv/dt = (dv/ds).(ds/dt)= v(dv/ds)
Now according to Newton law of motion
Force = mass * acceleration
Therefore -dp.dA - pg.dA.dz= (p.dA.ds) (v.dv/ds) -- @) ’
Dividing both sides by pdA we get

-dp/p - gdz =vdv (divide by -1)

(dp/p)+vdv+gdz=0 ---m- (A) Q 4
nm n.

This is the required Euler’s equation for motion, ¢

Bernoulli’s Equation from Euler’s equatio r

By Integrating Euler’s equation for motion, we
1/p [dp + [vdv + [gdz= consta
p/p+ V2 + gz =const
p/pg + V2/2g +7=co
p/w+v2/2g+ const

In other words,

Appli all points on the streamline and thus provides a useful relationship between pressure

p, the magnitude V of the velocity, and the height z above datum. Eqn. B is known as the
Bernoulli equation and the Bernoulli constant H is also termed the total head.
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Bernoulli’s equation from energy principle:

Statement: In an ideal, incompressible fluid, when the flow is steady and continuous, the

sum of pressure energy, kinetic energy and potential energy (or datum) energy is co t
along a stream line. P
Mathematically, p/w + v*/2g + z = constant \

Fig. 2 : Liquid flowing thr h on-uniform pipe

in fig. 2. Let us consider 2 se

continuity of flow betwe

Let pj=pressure at L

V2, 73, A, are the corresponding values at MM

uid b/w 2sections LL&MM move to L'L'&M'M' through very small length dl,&dl as
shown in figure 2. This movement of liquid b/w LL&MM is equivalent to the movement of
liquid b/w L'L'&M'M' being unaffected

Let W =wt of liquid b/w LL&L'L' as the flow is continuous
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W= wA dlj=wA,dl, ... Volume of fluid
Or A;dl;=W/w and A,dlL=W/w
Therefore A dl|=A,dl,
Work done by press at LL in moving the liquid to L'L'= force * distance=p;A;dl;

Similarly, work done by press at MM in moving the liquid to M;M;= PZAZQ (ne e sign
indicates that direction of p, is opposite to that of p;)

Therefore, work done by the pressure
=p1A1 dll— pzAzdlz

\ 4

:plAldll-pzAzdlz (because Aldh:Azdlz)

=Adl; (p1-p2)

4
=W/w (pi-p2) (because A dl;=W/w

Loss of potential energy (PE) =W (Z;-Z,)

Also, loss of P.E+ work done by
Therefore W (z;-z5) +W/w (p1-p2) =W/
or (21-22) +(p1/W-pa/w)=(v2*/2

Pi/w+v22g+z,=po/w+

kinetic head
tum energy per unit weight

= datum head
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Bernoulli’s equation for real fluid:

Bernoulli’s equation earlier derived was based on the assumption that fluid is non viscous and
therefore frictionless. Practically, all fluids are real (and not ideal) and therefore are viscous and
as such always some losses in fluid flow. These losses have, therefore, to be taken into
consideration in the application of Bernoulli’s equation which gets modified (between secti 1
& 2) for real fluids as follows: ‘

pi/w + vy /2g +z1=p/wW+ V2 /2g + 72+ hg
Where
hy, = loss of head/energy between sections1 & 2 ‘

26/27-3-2010

Problems on Bernoulli’s Equation:

£ 29.43N/cm” (gauge) and
e water at a cross-section,

1. Water is flowing through a pipe of diameter Scm un
with mean velocity of 2 m/s. Find the total energ
which is 5m above the datum line.

Solution
Diameter of pipe = 5cm =0.5 m
Pressure p = 29.43N/cm’= 29.4

Datum head z =5m

a

Total head = pressure + datum head

Pressure head= /1000 x9.81 =30m

e through which the water is flowing, is having diameters 20 cm and 10 cm at the cross-
sectio and 2 respectively. The velocity of water at section 1 is given 40m/s. find the velocity

head at sections 1 and 2, and also rate of discharge.
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Fig. 2
Solution
D;=20 cm =0.2m,
A=n/4 x D;* = 0.0314 m?,
vi=4 m/s

D»=0.1m,

Ay=r/4 x D,* = 0.00785 m*
Velocity head at section 1
V% 2g = 4 x4 /2x9.81=0.815 m

Velocity head at section 2 =

To find V,, apply conti eq

A1Vi=AV,

Vo= AyV,/Ay=0.0 /00785 =16.0 m/s

Velo . 22g =16x16/2x9.81

V,=83.047m

ate ischarge = AV, or A,V,=0.0314x 4
=0.1256 m3/s

=125.6lit/s [1 m’ = 1000litres]
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3) The water is flowing through a tapering pipe having diameter 300mm and 150mm at section 1
& 2 respectively. The discharge through the pipe is 40lit/sec. the section 1 is 10m above datum

and section 2 is 6m above datum. Find the intensity of pressure at section 2, if that at section 1 is

400kN/m”
Solution:
L 4
O
At section 1
D;=300mm=0.3m, Area a;= nt/4* 0707m>

Pressure p;=400kN/

Height of upper above the datum, z;=10m

At section

115°=0.01767m*

lower end above the datum, z,=6m

Rate of flow (that is discharge)

Q=40lit/sec=40/1000 (llitre = I m’/sec) =0.04m’/sec

Intensity of pressure at section 2, pa
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As the flow is continuous, Q = A; V= A,V (Continuity equation)

Therefore, V= Q/A; =0.04/0.0707 = 0.566m/sec

And Vo= Q/A,=0.04/0.01767 = 2.264m/sec

Apply Bernoulli’s equation at sections 1 & 2,

We get, p1/w+v12/2g+z1=p2/w+vz2/2g+zz ’
And py/w =pi/w + (V12-V22/2g) + 71-2

= (400/9.81) + 1/ (2%9.81)*(0.566>-2.264)+(10-6)

\ 4

=40.77- 0.245+4  (as w =p.g = 1000 x 9.81 N/m?)
=44.525m = 9.81 kN/m’
P,=44.525 * w = 44.525 * 9.81 = 436.8 KN/m> 'S

00,m;havi r 600mm and 300mm at
50 the pipe has a slope of 1 in 30.

he vel is 19.62 N/cm?.

4) Water is flowing through a taper pipe of lengt

the upper end and lower end respectively, at the

Find the pressure at the lower end if the pressur

N

Fig. 4

h L= 100 m
Dia. At the upper end, D;=600mm =0.6m
Ai=n/4 x D;* = 0.2827 m’

P,= pr. At the upper end =19.62 N/ cm*=19.62 x10* N/m?
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Dia. At the lower end, D,=300mm =0.3m

Ar=n/4 x D,* = 0.07068 m*

Rate of flow, Q =50 lit/s, Q=50/1000=0.05 m>/s

Let the datum line is passing through the centre of the lower end, Then z,=0

As slope is 1 in 30 means z;=1/30 x100= 10/3 m ’
Q=AVi=AV,
V,=0.05/A,=0.1768=0.177 m/s
V,=0.05/A,=0.7074 =0.707 m/s

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

P/ pg + V12/ 2g +z;-Py/ pg + V22/ 2g +7, ’

19.62 x 10%/1000 x 9.81 + 0.177% /2 x 9.81 + 3.334= P/

81+ 0

20 + 0.001596 + 3.334= P,/ pg +0.0254
23.335 - 0.0254 = P>/ 1000 x9.81
P, =228573 N/m>

=22.857 N/em?

5) A pipe 200m long slopes d 00 and tapers from 600mm diameter at the higher end
to 300mm diameter a owerendgdnd carries 100 lit/sec of oil (specific gravity 0.8). If the

pressure gauge at the'hi ads 60 kN/m?. Determine,
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¢

S

Solution:

Given: Length of the pipe, 1= 200mm

Diameter of the pipe at

D, =300mm= 0.

Vi=Q/A;=0.1/0.283= 0.353m/sec

Vo= Q/A,=0.1/0.0707=1.414m/sec, and
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(i) Pressure at the lower end, p,
Using Bernoulli’s equation for both ends of pipe, we have
p1/w+v12/2g+zl=p2/w+V22/2g+Z2
60/(0.8+9.81)+0.353%/(2%9.81)+2=p2/(0.8+9.81)+(1.414°/2%9.81)+0
p2/(0.8%9.81) = 9.54, ¢
Pressure at lower end, p,=74.8 KN/m?

6) Water is flowing through a pipe having diameter 300mm and 200mm at the bottom a per

end respectively. The intensity of pressure at the bottom end is 24.525 N/cm<and at l’er end is
9.81 N/ecm®. Determine the difference in datum head if the rate of flo ough pipeis 40 lit/s.
X O

Fig. 6

Solution:

At S (1), Dy=3 m =0.3m

=24.525 N/em* =24.525 x 10" N/m*
ow = 40 lit/sec, Q=40/1000=0.04 m’/s

Now A1V 1=A,V,=0.04

V1=0.04/A, =0.5658 m/s; V,=0.04/A,=1.274 m/s

Applying Bernoulli’s eqn. at (1) and (2) we get
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Pi/ pg + V*1 2g +21= Pof pg + V2?1 2g +2,

24.525 x 101000 x 9.81 + 0.566 x 0.566 /2 x 9.81 + 7,

=9.81 x10%/1000 x9.81 +1.274*/2 x 9.81+ 2,

25+0.324+ ;=10 + 1.623 + z,

Zp- 21=25.32-11.623=13.697=13.70 m,

Difference in head, z,- z; = 13.70 m

KUMARASWAMY K L

¢

7) A non-uniform part of a pipe line 5 m long is laid at a slope of 2 in 5. Two pressur

each fitted at upper and lower ends read 20 N/cm” and 12.5 N/ cm®

end and lower end are 15 cm 10 cm respectively. Determine the q

second.

1=15cm =0.15m
A=n/4X D,* = 0.01767 m>

P; =20 N/ cm? =20x10* N/m?,

P,=12.5N/ cm?=12.5x10* N/m>

Dept. of Mechanical Engineering.
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Dia. At the lower end, D»=300mm =0.3m
Ar=n/4 x D, = 0.00785 m’
Let the datum line is passing through the centre of the lower end
Then z,=0 ’
As slope is 2 in 5 hence, z2;=2/5 x5=2 m
Q=AVi=AV,

Vi= A,V,/A;=0.00785x V,/0.01767

Vi1=0.444V,

Applying Bernoulli’s eqn. at (1) and (2), we get &
Pi/ pg+ Vi’ 2g +2, - Pof pg + V271 28 42,

7.645 +2 =V,? /2g x 0.8028

V,=15.35 m/s

Discharge, Q= A,V, =0.00785 x 15. 0. m>/
Q = 120.5 lit/s Q
Problems on Ber 1li’ real fluid:

1) A pipedh oil (specific gravity of 0.8) changes in diameter from 300 mm at
ameter at poison 2, which is Sm at a higher level. If the pressure at
100 kN/m?* and 60 kN/m” respectively and the discharge is 300 lit/sec,

ine,
Loss of head, and

(b) Direction of flow.
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Q

Solution:

Discharge Q= 300 lit/sec = 300/1000= 0.3 m?/

Specific gravity of oil= 0.8
Weight of oil, Wy = 0.8%9.81=7.85 ’

At position 1:

Dia of pipe,

= (Q/A;) = (0.3/0.0707)

At position 2

Dia of pipe, D,= 600 mm= 0.6 m

Therefore area of pipe, A= (1/4)*(0.6)* = 0.2828 m*
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Pressure, p2=60 kN/m?
Datum, Z>=5m
Velocity, V,=(Q/A;)=(0.3/0.2828)=1.06 m/sec

(a) Loss of head, h;,

Total energy at position 1, ’
Ei= (p/W) + (Vi /2g) + Z,

E = (100/7.85) + (4.24*/2%9.81)+0

E;=12.74+0.92 = 13.66m ‘
Total energy at position 2,
Ey= (po/W) + (V22 128) + 7 O

¢

E)= (60/7.85) + (1.06%/2%9.81) + 5= 7.64+0.06+5
E;=12.76m
Therefore loss of head,

h; = E;-E; =13x 9m

(b) Direction of flow

Since E; >E,, therefore flow ta ce from position 1 to position 2

2) A conical tube th 3mgi§ Tixed vertically with its small end upwards. The velocity of flow
at the s i sec. The pressure head at the smaller end is 4m of liquid. The loss of
tube is O.4(V1-V2)2 /2g, where V| is the velocity at the smaller end and

ger end respectively. Determine the pressure head at lower (larger) end.

Dept. of Mechanical Engineering. Vtusolution.in nnt%ﬂﬁcele ) i 1



FLUID MECHANICS (1LOME46B) Vtusolution.in KUMARASWAMY K L

all dimenzion= are im mm
zmaller end

conical tube

4

larger end

Given: Length of the tube, 1 =3m ’ \
Velocity, V=10 m/sec \

Pressure head,  pi/w =4m of fluid

Velocity, V=4 m/secQ
Solution: Loss of head, h;=0.4

en 0, Z1=3m

4 + (1092g) + 3 = (po/w) + 0+ 0.73 + 0.815
4 +5.09 + 3 = (po/w) + 0.815 +0.73

Pressure head (p>/w) = 10.55 m of fluid
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3) A conical tube of length 2 m is fixed vertically with its smaller end upwards. The velocity of
flow at the smaller end is 5 m/s while at the lower end it is 2m/s. the pressure head at the smaller
end is 2.5 m of liquid. The loss of head in the tube is 0.35(v— V2)2/2g, where V| is the velocity at
smaller end and V, at the lower end respectively. Determine the pressure head at the lower end.

Flow takes place in the downward direction.

Solution: ’

Q.
.\O

Length of the tube, L=2m

V1= 5 m/s

=0.35(5 — 2)*/2g = 0.35 x 9/ 2 x9.81
=0.16 m

Pressure head = P,/ pg

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

Pi/ pg + Vi’ 2g +2:= P2/ pg + V2*/ 2g + hy,
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Let the datum line passes through section (2). Then
1= 2, 22:0
2.5+5%/2x 9.81+2 = P,/ pg + 2%/ 2 x9.81 +0.16+0

2.5 + 1.2742=Po/ pg+ 0.203 +0.16

P,/ pg =5.77- 0.363 ¢
= 5.047 m of fluid
4) A pipe line carrying oil of specific gravity 0.87, changes in diameter from 200 mm dia T at

A and B are 9.81 N/cm? and 5.886 N/cm? respectively and the

determine the loss of the head and the direction of the flow.

N

Fig. 4

Q =200 liters/s = 0.2 m*/s

ravity of oil = 0.87
pg for oil = 0.87 x 1000 = 870 kg/m’
At Section A, DA =200 mm =0.2 m

Area, A = /4 (0.2)* = 0.0314 m?
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P, =9.81 N/cm? = 9.81 x 10* N/m? If the Datum line is passing through A, then Z, =0
Va=Q/Ax=0.2/0.0314 = 6.369 m/s
At section B, Dg = 500 mm = 0.5 m
Area, Ag=m/4 (0.5 =0.1963 m’

Pp = 5.886 N/cm” = 5.886 x 10" N/m’ 'S
Zg=4m
V= Q/ Area = 0.2/0.1963 = 1.018 m/s

Total energy at A, Ep = Pa/ pg + VAZ/ 2g+zp

=11.49+2.067+0
=13.557m
Total energy at B, Eg = Pg/ pg + VBZ/ 2g+7p

=6.896+0.052+4

=10.948 m
Direction of flow. As E, is more tha an ce is taking place from A to B.

Loss of head =h; = E, — Eg =

g full of water. The pipe is placed vertically with the

and top being 1.2 m and 0.6 m respectively. The pressure at
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P, =15 kN/m” =15 x 1000 N/m>,

KUMARASWAMY K L

Fig.5 Q
D1:1.21’Il, D2:0.6m ’ O

P>/ pg=240 mm of Hg =0.24 m of Hg
pm=density of Hg =(13.6 x 1000) kg/m’
Head loss

h;, =20/100 of difference of vel d,

=0.2(V2- V) 2g

32019.8 N/m?
tinuity equation
AVi=A,V,

Vo= AyVo/Ay = (D1/Dy)* x Vi =4V,

Applying Bernoulli’segn. at (1) and (2) we get
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P/ pg + V12/ 2g +72,1=Py/ pg + V22/ 2g + hp
Vo 2g - Vi* 2g +3.9 +0.2(V,? -V 2g
1.529+3.264=1.2(V,* -V%)/2g +3.9
4.793 =1.2((4V1)* -V, H)/2g +3.9
0.893 =9V, /g 'S
V= 0.9865 m/s

Discharge Q=A,V; =1.1157 m’/s

Practical applications of Bernoulli’s equation:

Although Bernoulli’s equation is applicable in all proble
there is involvement of energy considerations. But we s
following measuring devices.

1) Venturimeter
2) Orifice meter
3) Pitot tube

Differential Pressure Flow Meters

Differential pressure flow metgfs er t ow rate from a pressure drop across a restriction
in the pipe. For many years, e the only reliable methods available, and they remain
r performance modern devices, mostly on account of

Fig. 1: A generalized restriction/differential pressure flow meter
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The objective is to measure the mass flow rate, m" By egn. continuity
m = pvia; = pvaa,

Bernoulli’s equation may now be applied to a streamline down the centre of the pipe from a
point 1 well upstream of the restriction to point 2 in the vena contracta of the jet immediately
downstream of the restriction where the streamlines are parallel and the pressure across

may therefore be taken to be uniform: 'S

Unit 5: Fluid Flow Measurements

Introduction:

hr&h a pipe

y four main

Fluid flow measurements means the measuring the rate of flow of a flo t
or through an open channel. The rate of flow of a fluid through a pipe 18, measu

restriction devices are.
»  Venturimeter ¢
Orifice meter \

>
>  Pitot tube
>

flow nozzle
Whereas through an open channel the 0 ismeasured by
=  Notches
= weirs

u in fluid pressure that results when a fluid flows through a
he Venturi effect is named after Giovanni Battista Venturi

Fig. 1: Venturi effect
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The pressure at "1" is higher than at "2" because the fluid speed at "1" is lower than at "2".The
Venturi effect may be observed or used in the following:

% Inspirators that mix air and flammable gas in grills, gas stoves,

Bunsen burners and airbrushes

« Atomizers that disperse perfume or spray paint (i.e. from a spray gun).

¢ Carburetors that use the effect to suck gasoline into an engine's intake air st

s Aortic insufficiency is a chronic heart condition that occurs wh i s initial
large stroke volume is released and the Venturi effect dra ether, which
obstructs blood flow, which leads to a Pulsus Bisferiens.

«+ Cargo Eductors on Oil, Product and Chemicalship ta

Protein skimmers (filtration devices for saltwate

>
» Compressed air operated industrial
>
>

Injectors (also called ejecto se ne gas to water treatment chlorination
systems

Sand blasters used to d ¢ d nd mix it with air

e flow of air once it starts flowing

ser on an automobile
Th advantages of the Venturimeter over the orifice plate are:
* Low head loss
* Less affected by upstream flow disturbance

* Good performance at higher 3
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* Even more robust
* Self-cleaning
* Less affected by erosion
The disadvantages compared to the orifice are
* Occupies longer length of pipe ’
* More expensive (manufacture and installation)

The simplest apparatus, built out of PVC pipe as shown in the photograph is a tubu etup
known as a Venturi tube or simply a venturi. Fluid flows through a piped varying

diameter.

. 2: Venturimeter - Experimental apparatus

To @voi ue , a Venturi tube typically has an entry cone of 21 to 30 degrees and an exit
cone of 5 to degrees. To account for the assumption of an in viscid fluid a coefficient of
is often introduced, which generally has a value of 0.98. A venturi can be used to

measure the volumetric flow rate Q.
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High P nect '
igh resstjre Connection Low Pressure Connection | |
Dy 2
. ; I 2“ 2] / ‘
- ' . |

FLOW B = B = A |
e ] | Throat I.D_\ l

Line I.D. (D) - 21° (d) - :
‘ ‘ ‘ ‘ 15° Standard ‘
J_ ‘ ”_j"‘" 7" Long Form
- —— =" J |
‘ [ i | ‘

)

Overall Length

2

equation of continuity,
ain in kinetic energy is
on for the drop in pressure
of Bernoulli's principle and the

Fig 3 : Venturimeter (F

The fluid velocity must increase through the const"tion tq
while its pressure must decrease due to conservation of en
balanced by a drop in pressure or a pressure gra

due to the Venturi effect may be derived from
equation of continuity.

Expression for rate of flow thro imeter

Consider a venturimeter fixed in a hori ugh

which a fluid is flowing (say water) as'showniin figure 4.

Let d;=diameter at i o ection

p1 =Pressure
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¢

&

Fig. 4 Typi

As pipe is horizontal, hence z;=z,
(p1/pg) + (Vi*128) = (pa/pg) + (vo© 128)y0r
(P1-p2)/pg = (v2° 122) - (vi©/2g) )

tur er

But (p1-p2)/pg, is the differend ure head at sections 1 & 2 and it is equal to ‘h’ or

(p1-p2)/pg =h

- (2)
equation at sections 1 & 2
va = (apvo)/ a;

the value of v; in equation (2)

h= (v2"12g) - [(aavo/ 1) 12g] = (v2* 12g)[1-(ax"/a,")]
= (v’ 29)[(ar’- a2’)/ ar’]

Vo> =2gh [a,° /( a,*- ay)]
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g in the above eqn. (1) we

notessifiece in



FLUID MECHANICS (1LOME46B) Vtusolution.in KUMARASWAMY K L

Therefore v, =\[2gh {a,*/( a;*- a,°)}]

va = [a N a>- a)]* V(2gh)
Discharge Q = a;v,
Qu = ar*[a; N(ar*- a")]* V2gh) - (3)

Equation (3) gives the discharge under ideal conditions and is called theo‘ical ischarge.
Actual discharge will be less than theoretical discharge.

Quer = Calajar N( ar*- 2,7)]¥V(2gh)]

Where Cgis coefficient of venturimeter and its value is less than 1. ‘
Value of ‘h’ by differential ‘U’ tube manometer
Case 1: ¢ O
Let the differential manometer contains a ligui is than the liquid flowing
through a pipe.
Let

sp=specific gravity of the heavi
sp=specific gravity of the liqui rough pipe.

x=difference of the heavi mn 1n U-tube.

ter contains a liquid which is lighter than the liquid flowing
of ‘h’ is given by

h= x[1-(s./sp)]
SL vity of lighter liquid in U-tube.

sp=sp gravity of the liquid flowing through pipe

x= difference of the lighter liquid column in U-tube.
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Case 3:

Inclined venturimeter with differential U-tube manometer (heavier liquid)

h= (pi/pg+z1) - (p2/pg + 72) = X[(sn/sp)-1]
Case 4:

Inclined venturimeter with differential U-tube manometer(lighter liquid) ’

h= (pi/pg+z1) - (p2/pg + z2) = x[1-(s1/sp)]

Problems on Horizontal Venturimeter:

1) A horizontal venturimeter with inlet and throat diameters 30cm a
to measure the flow of water. The reading of differential manometer
inlet is 20cm of mercury. Determine the rate of flow. Take Cy=

Solution: ’

Given:

Dia at inlet, d;=30cm, Area atinlet, a;=(w

Dia at throat, d, =15cm, Area at throat,
Cyq=0.98

Reading of differential mano

Therefore difference of pre

1s given by

h =x [(s/sw)-1]

ity of water(assumed) =1
=20%12.6cm =252.0 cm of water.
rge through venturimeter is given by
Q = Ca*(aia/(Var’-a;")*(V2gh)
= 0.98%(706.85*176.7/(N706.85°176.7°))*(V2*9.81*25)

= 86067593.36/(V499636.9-31222.9)
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= 86067593.36/684.4
= 125756cm’/s=125756lit/s
Q = 125.756 lit./s

2) An oil of specific gravity 0.8 is flowing through a venturimeter having inlet diameter,
and throat diameter 10cm. The oil(s, = 0.8)-mercury differential manometer slaws a ing 0

25cm. Calculate the discharge of oil through the horizontal venturimeter. Take C4=@298.

Solution:

Given: ‘
Specific gravity of oil, .
Specific gravity of mercury =13. O

Reading of differential manometer

Therefore difference of pressure head,

=25[(13.6/0.8) -1] cm of oil = 25[
Dia at inlet, d;=20cm
Area at inlet, a; = (ndlz)/4 =

Similarly at throat, d,=

Ca=0.98 (given)

375.68/ (V98696-6168)
=21421375.68/304 cm’/s
=70465cm’/s

Q =70.465 lit/s
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3) A venturimeter is to be fitted in a pipe of 0.25 m dia. where the pressure head is 7.6 m of
flowing liquid and max. flow is 8.1 m*/min. Find the least dia. of the throat to ensure that the
pressure head does not become negative, cq = 0.96.
Solution:

Q= ca((araz)/(Var*-a,))*V(2gh)

Q = (8.1/60) = 0.135 m*/s, cq = 0.96

a; = (m/4)*(0.25)° = 0.049 m*

h=7.6m ‘

0.135 = 0.96*((0.049%a,)/(V0.049%-a,%))*V(2%9.81%7.6)

a,=0.0112 m*

¢

4) A venturimeter is used for measurement of discharg
ratio of upstream pipe diameter to that of thr
difference of pressure between the throat is equal to
meter is one eighth of the throat velocity head, c

orizontal pipe line, if the
diameter is 300mm, the
water and loss of head through
rge in pipe

Solution:
Given:
Ratio of inlet dia to throat i.¢

d;=300mm=0.3m

d>=300/2=150mm

2 2

Vv \')
'f’_1+_1+Z1='°_2+_2+22+hf
Pg 29 Pg 29
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p1+V12=p2+V§+1_xV§
P g 2g Pg 2g 8 2g
P, _ P> _ Vv3 v? .1 v}
P g P g 2g 2g 8 2g
P.1 P2 _ 3y
P g P g

2 2 2
3= Y2 V1 1 V>
2g 2g 8 2g
16v1 v12 2v12 17v‘|2
3 = +

— 3Ix2x9 81 _
vq = 17 = 1.86m/s

2
Q=GX[.3] )X1.86=.0.1315m3lsec

Q=131.5lit/sec

5) A horizontal venturimeter
employed to measure the flo
the inlet is 180mm of Hg. If t

Solution:
Inlet dia of vent

Therefore,

Thro D,=100mm= 0.1m

Area of th As= (n/4)*0.17

f differential manometer, x = 180mm

=0.18m of Hg

Coefficient of discharge, C4=0.98

Dept. of Mechanical Engineering. Vtusolution.in
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Rate of flow, Q
To find the difference of pressure head (h), we have
h = x[(sw/sp)-1]
h=0.18[(13.6/1) -1]=2.268 m
To find ‘Q’ using this relation Y 2
Q= Calarar N( - a,")]* V(2gh)
Q = 0.98[0.0314*0.00785 /N( 0.03147-0.00785%)]+ V(2%9.81%2.268)
\ 4

Q=(0.000241*6.67)/0.0304

Q =0.0528 m’/sec

6) A venturimeter having a diameter of 75Smm at t@at ang a at the enlarged end is

installed in a horizontal pipeline 150mm in dia carr a pecific gravity 0.9. The

difference of pressure head between the enlarge d an throat recorded by a U-tube is

175Smm of mercury. Determine the dischar 0 the, pipe. Assume the coefficient of
discharge of the water as 0.97.
Solution:
The discharge through the ve eris given by
Q= Cqlajar N( ar*- ay")] *ﬁ.zg
2

Cyq=0.97

d; =150mm= 0.1

0.01

= 0.0044m*
=0.175m
h =x[(sn/sp) -1] = 0.175[(13.6/0.9)-1]
=2.469m

by substitution, we get
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Q=0.97[0.0177*0.0044 /\( 0.0177%- 0.0044%)]*V(2*9.81%2.469)
Q= 0.03067 m*/sec
= 30.67 lit/sec

7) A horizontal venturimeter with inlet diameter 20cm and throat dia 10cm is used to e

the flow of oil of specific gravity 0.8. The discharge of the oil through Venturilxter 1560 lit/se
Find the reading of the oil-Hg differential manometer, take C4= 0.98.
Solution:
Atentry, d;=20cm ‘
a;= (n/4)*¥20° = 314.16 cm’
At throat, d,=10cm ’
&= (1/4)¥10% = 78.54 cm’
C4=0.98 \

Q = 60 lit/sec= 60*1000 cm*/sec

Q = Calajax N( ar*- a)]* V(2gh)

60%1000 = 0.98[314.16*78.54/ (2*9.81%*h)
Vh= 17.029, h= 289.98 cm of
To calculate reading oil- ential manometer

we have

x=18.12 cm
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8) A horizontal venturimeter with inlet*throat diameter 300mm and 100mm respectively is used
to measure the flow of water. The pressure intensity at inlet is 130 kN/m?, while the vacuum
pressure head at the throat is 350mm of Hg. Assume that 3% of head is lost in between the inlet

and throat, find

1) The value of Cq for the venturimeter

¢

2) Rate of flow.
Solution:

Inlet dia of the venturimeter, D; = 300mm = 0.3m

Area of inlet, A= (W/4)%0.3°= 0.07m’
Throat dia, D;=100mm= 0.1m

Area of throat, As = (/4)*0.1° ~0.00788m?
Pressure at inlet, pi =130KN/m>

Pressure head, pi/w=130/9.81=13.

Similarly, pressure head at throat
p2/w  =-350mm of Hg(vacuum pr.
=-0.35%13.6

=-4.76 m of wat

(a) coefficient of dis

flow, Q
Q= Cylajay N( ar* a,%)]* V(2gh)
Q = 0.985[0.07*0.00785 /N( 0.07>- 000785%)]*V(2%9.81*18.01)

Q= 0.146 m’/sec
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9) The inlet and throat diameter of a horizontal venturimeter are 30cm and 10cm respectively.
The liquid flowing through the meter is water. The pressure intensity at inlet is 13.734N/cm’
while the vacuum pressure head at the throat is 37cm of mercury. Find the rate of flow. Assume
that 4% of the differential head is lost between the inlet and throat. Find also the value of C,4 for

the venturimeter.

¢

Solution:

Given:

Dia at inlet, d;=30cm

Area at inlet, a;=(nd,*)/4=(n30%)/4=706.85cm>

Dia at throat, d,=10cm

Area at throat, a2=(1t102)/4=78.54cm2

Pressure at entry, p1:13.734N/cm2:13.734*104N

O
Therefore pressure head, pi/pg=13.734%10"/9.8 &\
=14n of
p2/pg=-37cm of mercury
= (-37*13.6/100) m of w,
=-5.032 m of water
Differential head, h 1/p =14-(-5.032) =14+5.032

= 19.032 m of water

=1903.2 cm

=0.04%19.032=0.7613 m
N(19.032-0.7613)/19.032
=0.98

Therefore discharge

Q= Ca*(aiar/(Var™a2"))*(V2gh)

= 0.98*%(706.85%78.54/(\706.85> ~ 78.54))*(N2*9.81%1903.2)
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= (105132247.8)/V(499636.9-6168)=149692.8cm’/s
Q = 0.14969m’/s

10) A horizontal venturimeter with inlet diameter 20cm and throat diameter 10cm is used to
measure the flow of water. The pressure at inlet is 17.658 N/cm?® and the vacuum pressure at the

throat is 30cm of mercury. Find the discharge of water through venturimeter. Take Cy=0.

Solution:

Dia at inlet, d;=20cm

a1=(nd,>)/4=(n20%)/4=314.16cm> Q
Dia at throat,d,=10cm
a,=(n10%)/4=78.54cm*
L

p1=17.658 N/cm?=17.658*10"N/m*
density of water = 1000kg/m’ and \
Therefore, p1/pg=17.658*104/9.81*1000=18m
p2/pg=-30cm of mercury,(va pr.
.30my0f mereury
6

ate
d)

= 18+4.08=22.08 m of water
=2208 cm of water
he discharge Q is given by equation
Q= Cq™aar/(Va,*-a,"))*(V2gh)
=0.98*(314.16%78.54/(\314.16*78.54%))*(\2%9.81%2208)

=50328837.21/304
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=1655555 cm’/s
Q =165.55lit/s
Problems on venturimeter axis vertical/inclined

1) A venturimeter has its axis vertical , the inlet & throat diameter being 150mm &
respectively. The throat is 225mm above inlet and C4= 0.96. Petrol of specific @vity flow
up through the meter at a rate of 0.029 m’ /sec. find the pressure difference betwe el nd

throat.

Solution:

)

ent eter with its axis vertical

The discharge through a vent en by
Q= Cqlajaa/N(a*-a (2gh)
Given:

Ca=0.96

0.0152=0.0177m?
a, =(/4)*0.0075° =0.0044m>
Q = 0.029 m*/sec

By substitution, we have
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0.029 = 0.96[0.0177%0.0044 /N( 0.0177- 0.0044*)]#(2%9.81*h)
h=2.254m of oil
h= (pi/w+z1) - (po/W + 22)
2.254= [(p1/w)- (p2/W)]-[ Z2-21]
2.254= [(pi/w)- (pa/w)]-[0.225] 'S
pi/pg - p2/pg =2.479
Therefore, p1 - p2=2.479*%0.78*9810

= 18969 N/m’> =18.969k N/m>=18969 P
Pr. Difference, p;-p: =18.96 kPa

2)Determine the rate of flow of water through a pipe‘ 300n d in"an inclined position
where a venturimeter is inserted, having a throat di 0 he difference of pressure

between the main throat is measured by a liqui speci ravity 0.7 in an inverted u-tube

which gives a reading of 260mm.The loss of th in,and throat is 0.3 times the kinetic
head of the pipe.
Solution: \

Fig. 2
Dia of inlet,

D;=300mm=0.3m

Therefore area of inlet, A;= 7/4*(0.3)*=0.07m’
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Throat dia, D>,=150mm=0.15m

Therefore area of throat, Ap= 1/4%(0.15)°=0.01767m”
Specific gravity of lighter liquid (u-tube) s;=0.7
Specific gravity of liquid (water) flowing through pipe,
Reading of differential manometer, x=260mm=0.26m ’
Difference of pressure head, h is given by
((pi/pg) +71) - (p2/pg) +22) =h

Also, h=x (1- si/sy) =0.26(1-0.7/1.0)

=0.078m of H,O

Loss of head, h;=0.3*kinetic head of pipe = 0.3 * V@g

Now applying Bernoulli’s equation at section ‘1’ and /
We get, (pi/pg) +z1+ (vi’/2g) = (pa/pg) +22 + (
[(p1/pg) +21) - (pa/pg) +22 1+ [(Vi*129) - (vi29)] =
But [(pi/pg) +z1) - (p2/pg) +22]1 =0.0 0

And hy =0.3%(v,*/2g)

therefore, 0.078 + [(vi%/2g) - (¥ 3%(v,*/2g)
0.078 +0.7(v,*/2g) - (#°12g) = 0 )
Applying conti ion on section (1) and (2) ,

0.7(v2214)2g - (v2*12g) = 0

0.078 + (v22/2g) ((0.7/16)-1) = 0
(v2212g) * (-0.956) = - 0.078

v,*=0.078%2*9.81/0.956=1.6
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v2=1.26m/s
Rate of flow Q= A,v,=0.01767*1.26
Q=0.0222m"/s

3) 215 litres of gasoline (specific gravity 0.82) flow per second through an inclined venturi

fitted to a 300 mm dia pipe. The venturimeter is inclined at an angle of 60° to t%vert'
150 mm dia. throat is 1.2 m from the entrance along its length. Pressure at throat =

calculate Cg.

If instead of pressure gauges the entrance and throat of the venturi connf‘ed to the
two limbs of a U=tube manometer. Determine its reading in mm of
Solution:

Discharge, Q=Cq((a;a,)/(Va,;*a,%))*V(2gh) = 215%10° 2,0.2
a; = (1/4)*(300/1000)* = 0.0707 m”

a = (/4)*(150/1000)* = 0.0177 m*

h = ((pi/w) +z1) - ((p2/W) +22)

x=0472 m

X =472 mm
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4) The following data relate to an inclined venturimeter:

Diameter of the pipe line = 400 mm

Inclination of the pipe line with the horizontal =30°

Throat diameter = 200 mm

The distance between the mouth and throat of the meter = 600 mm O
Specific gravity of the oil flowing through the pipe line = 0.7

Specific gravity of the heavy liquid (U-tube) = 13.6

Reading of the differential manometer =50 mm ‘
The co-efficient of the meter = 0.98

Determine the rate of flow in the pipe line. ¢

Diffe

e
h

0 sure/head h is given by :
]

Sn/Sp)-1

ere'8y = specific gravity of heavy liquid (i.e. mercury) in U-tube = 13.6
sp = speeific gravity of liquid (i.e. oil) flowing (sp. gr. = 0.7) trough the pipe = 0.7
Therefore h = 0.05[(13.6/0.7)-1] = 0.92 m of oil

Now applying Bernoulli’s equation at section ‘1’ and ‘2°, we get,

Dept. of Mechanical Engineering. Vtusolution.in nD‘tE/sﬂJﬁcelE ) | 1



FLUID MECHANICS (1LOME46B) Vtusolution.in KUMARASWAMY K L

(P1/W) + (vi*28) + 21 = (poIW) + (V22 12) + 25 ... (i)
((D/W) +21)) = (D2/W) + 22)) + (Vi*/2g) - (v2°/28) = 0
((p/W) + 21)) — ((p2/W) + 22) =h

(p1/W) - (po/W) + (z1-22) =h

It may be noted that differential gauge reading will include in itself the diffe‘we essure
head and the difference of datum head

Thus equation (i) reduces to :
h+(vi2R2g) - (v 2e)=0 ... (ii) ¢
Ay

applying continuity equation at section ‘1’ and ‘2’ we get, A|V| =

or V1 = (Asz)/ A1
4
=(0.0314* V,)/0.1257 \

= Vo/4
Substituting the value of V; and h in eq. (i1) we
0.92 + (v2/16%2g) - (v2°/2g) = 0
(v2*2g) (1-(1/16)) = 0.92 or v,>* (15/1

=0.92

or vo” = (0.92%2%9 81+
~19.52 6
or v,=438m
il, Q =/A3V, = 0.0314%4.38
Q

rate

=0.1375 m’/s

5) cal venturimeter has an area ratio 5. It has a throat diameter of 10 cm. when oil of
specific gravity 0.8, flows through it the mercury in the differential gauge indicates a difference

in height of 12 cm. Find the discharge through the venturimeter. Take C4=0.98.
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Solution:

Area ratio, k=a,/a,=5,

throat diameter, d,=10cm=0.1m and area a2=7t/4”‘0.122

Specific gravity of oil, so=0.8,

difference of Hg level, x=12cm=0.12m ¢

Now differential head (ii) is given by,

“[L] 7S
-0.12[%}=1.92m Q

—a
1

The discharge is given by, ’

Q- Cd.a1_a2 « J2gh
Vo3 -a3

The discharge can be expressed in terms of area, (k)
Q= Cq4 ((a132)/(V(ar*-a,%))*\(2gh)

= Cq ((ara2)*a2)/(V((ar*/ar?)- (

= Cq ((k*a2)/(Vk*-1))*N(2gh

= 0.98*((5*1(0.1)*/4)/(N(5)? 81%1.92)
Q =0.0482 m’

rtical pi onveying oil of specific gravity 0.8, two pressure gauges have been

i B

where the diameters are 16cm and 18cm respectively. A is 2 meters above

ressure gauge readings have shown that the pressure at B is greater than at A by
2 Neglecting all losses, calculate the flow rate. If the gauges at A and B is replaced by
tubes filled with 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.
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Solution:
Specific gravity of oil s¢=0.8
Density, p =O.8>"1000=800kg/m3
Dia at A Da=16cm =0.16m
areaat A, A;=0.02 m>
DiaatB, Dg=18cm =0.18m
area at B,
i)Difference of pressure,

ps - pa= 0.981 N/m*= 9810 N/m*

Difference of pressure head

pB-pa=9810/(800*9.81) = 1.25

Applying Bernoulli’s theorem at A and B, we %

Vtusolution.in

2 2
v v
PA , PB + 7 7 _ B YA
A B .
Pg Pg 29 29
2 2
P - P \ v
( A B)+2_0= B A
P g 2g 2g
2 2
v v
0.75 = B A
2g 2g

Now applyihg conti

VA* *Az

v =Y Ay )

B

-
Subs g the value of Vg , we get
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16V2 V2 _ 15V}

0.75 =
2g 23 2g
v, = \/0'75"2"9'81 = 0.99m/sec
15
Q=V, xA,

Q=0.01989m?’/sec

¢

Difference level of mercury in the U-tube

Let h=Difference of mercury level

Then ‘
4

0.75=x E—1 =xx16
0.8

X = 0125 =0.04687m = 4.687cm

7)Estimate the discharge of kerosene (sp gravity th the given venturimeter shown in

Fig. 5. specific gravity of mercur is 5.
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Solution:
Applying Bernoulli’s equation to section 1 and 2
(P1Y) + (vi712g) = (pafy) + (v2°12g) + Az
or (pi/y) — (p2/y) + Az) = (v2'/2g) - (vi°/2g)
Hence  ((pi/y)- (p2/y) + Az) =15 V12/2g ’
Equating the pressures at section AA in the two limbs of the manometer
(pi/y) + (x + 0.3) = ((p2/y) + 0.4) + x + (0.3 *(13.85/0.8))

(pily) - (p2/y) + 0.4) =5.19-0.30 = 4.78 m
15 vi*/2g =529 or v; = 2.63 m/s
Hence Q = 0.785%0.01%2.5 = 0.0196 m*/s = 19.6 I/s S O

Orifice meter or orifice plate

Orifice Flow Measurement — History:

» The first record of the use of‘@mific the'measurement of fluids was by Giovanni B.
Venturi, an Italian Physigi 797 did some work that led to the development of

erschel in 1886.

At same time Mr. E.O. Hickstein made a similar series of tests at Joplin, Missouri,

om which he developed data for orifice meters with pipe taps.

> great deal of research and experimental work was conducted by the American Gas
Association and the American Society of Mechanical Engineers between 1924 and 1935

in developing orifice meter coefficients and standards of construction for orifice meters
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Flange taps

25 mm }- o f+f— 25 mim
L lil |;| )
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Flow >

| & Corner taps
. o
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Fig. 1: Tapping arrangements
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Fig. 3 Typical orifice flow pattern-Flanj taps shown
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An orifice in a pipeline is shown in figure 3 with a manometer for measuring the drop in pressure
(differential) as the fluid passes thru the orifice. The minimum cross sectional area of the jet is

known as the ‘““vena contracta.”

What is an Orifice Meter?

» An orifice meter is a conduit and a restriction to create a pressure drop. %n hou

form of orifice.

» A nozzle, venturi or thin sharp edged orifice can be used as the flow restriction. I, order
to use any of these devices for measurement it is necessary to e ly calhglte them.
That is, pass a known volume through the meter and note th ding i er to provide

a standard for measuring other quantities.

» Due to the ease of duplicating and the simptc nst ¢ thin sharp edged orifice

has been adopted as a standard and exten
widely accepted as a standard means of

1 10 as been done so that it is
€as flu
» Provided the standard mechanics const ion are followed no further calibration is

required.

Major Advantages of Orifice

» Flow can be accurately ithout the need for actual fluid flow calibration. Well

established pr ures co e differential pressure into flow rate, using empirically

derived coeffi

are based on accurately measurable dimensions of the orifice plate and
efined in standards, combined with easily measurable characteristics of

than on fluid flow calibrations.

» ‘With the exception of the orifice meter, almost all flow meters require a fluid flow
bration at flow and temperature conditions closely approximating service operation in

order to establish accuracy.

» In addition to not requiring direct fluid flow calibration, orifice meters are simple, rugged,

widely accepted, reliable and relatively inexpensive and no moving parts.

Dept. of Mechanical Engineering. Vtusolution.in nD‘tE/sﬂ,lﬁcelE ) | 1
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Expression for rate of flow through orifice meter:

Orifice meter or orifice plate is a
the discharge of fluid through a pi
consists of a flat circular plate whi ar sharp edge hole called orifice, which is

generally 0.5 times the dia of the pipe, though it

2)

Applying uation at section (1) and (2)

L+ po/pg) +22+ (V2H2g)

an

(pi/p

h =pi/pg (p2/pg) +22)
vo2g) - (VIZ/ 2g)
2gh=v,"- vi?
v=\ Qgh) +vi? e (D

Now section (2) is at the vena contracta and a, represents the

Dept. of Mechanical Engineering. Vtusolution.in nnt%aﬂ]ftlcele ) i 1
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area at the vena contracta, if agis the area of the orifice,
we have, C.= ay/ag
where  C.=coefficient of contraction
a=Ccagp (2)
by continuity equation, we have ’
via;= voay

vi=a)a;«vy,=Ceap/a =vy  [as ap=C. ag ] -------

Substitute the value of v; in eqn.(1)

vo =\ (2gh) + (C. ag/a; + v2)*

V2= (2gh) + (ag/ar)’ C vy’

vo=N (2gh)/ V1-(ag/a;)* C

" h=(v,"2g) - (i%2g) => 2gh = (v;” - vi°)

2gh= v,* —(C.

= sz[ 1-
va=\ 2gh)/ 22

Discharge, Q= v,a,=v, C, a9 ap)
Substitute for V,
Q= C:ap
Qm =

Wh Cq
eter'ts much smaller than for a venture meter.

icient of discharge of orifice meter. The coefficient of  discharge for orifice

Dept. of Mechanical Engineering. Vtusolution.in nnt%ﬂfme ) i 1
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Problems on orifice meter:
1)The following data refers to an orifice meter

Dia of the pipe= 240mm

Dia of the orifice=120mm

Specific gravity of 0il=0.88

Reading of differential manometer

x =400 mm of Hg

Coefficient of discharge of the meter,Cyq= 0.65

Determine the rate of flow, Q, of oil
Solution: ¢
Dia of the pipe D;=240mm= 0.24m
Dia of the orifice Do=120mm=0.12
Coefficient of discharge, Ca=0.65
Specific gravity of oil, so=0.8
Reading of differential manome of Hg=0.4 m Of Hg
Therefore differential head,

.6/0.88)-1]=5.78 m of oil

gh)/ ¥ (a, - ag)

#(0.0452%V(2%9.81%5.78)/N(0.0452% 0.0113%)

2) Amorifi

KUMARASWAMY K L

er with orifice diameter 10 cm is inserted in a pipe of 20 cm diameter. The

gauges fitted upstream and downstream of the orifice meter give reading of 19.26

N/cm™and 9.81N/cm” respectively. Co-efficient of discharge for the meter is given as 0.6. Find

the discharge of water through pipe.

Dept. of Mechanical Engineering. Vtusolution.in
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Solution.

Given:

Dia. Of orifice. do =10 cm

Therefore area, ag = (n102)/4 =78.54 cm?

Dia. Of pipe,  d;=20cm Y 2
Therefore area, ag= (n202)/4=314.16 cm?

pi= 19.62 N/em? =19.62*10*N/m?

(p1/p2)=(19.62*10")/(1000%9.81)
=20 m of water
Similarly  (p2/pg)=(9.81%10%/(1000%9.81) 'S
=10 m of water

Therefore h=(pi/pg)-(p2/pg)=20.0-10.0

=10.0 m of water=1000 cm of water
Cq=0.6 \

The discharge, Q is given by
Q=Cq*(agar/Na,*-ag>)*\2gh

=0.6*(78.54*314.16/N314.16*- V2#981%1000

th orifice diameter 15 cm is inserted in a pipe of 30 cm diameter, the
ence measured by a mercury oil differential manometer on the two sides of the
eter gives a reading of 50 cm mercury. Find the rate of oil of specific gravity 0.9 when

icient of discharge of the meter = 0.64.
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Solution:

Given:

Dia. of orifice, dp=15cm

Therefore Area, ay=(15%)/4 =176.7cm’

Dia. of pipe, d;=30cm ’
Therefore Area, a,=(n30%)/4 =706.85cm’

Specific gravity of oil,  Sp=0.9
Reading of diff. manometer, x= 50 cm of mercury ‘
Differential head, h= x(s,/sy-1)=50(13.6/0.9-1)
=50%14.11=705.5 cm of oil &
Co-efficient of discharge,Cq = 0.64 \

Therefore the rate of the flow, Q is given b

y

Q = Cq*(agai/Na;™-a0")*\2gh
=0.64*(176.7%706.85/\706.85%- 17651 *N2#%98 1 *
=137414.25 cm’/s

=137.414 lit./s

Pitot tube

Fig. 1
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H= depth of tube in liquid
h=rise of liquid in the tube above the free surface

The Pitot tube (named after the French scientist Pitot) is one of the simplest and most useful
instruments ever devised. the tube is a small glass tube bent at right angles and is placed in flow
such that lower end, which is bent through 90° is directed in the upstream direction a

in figure. The liquid rises in the tube due to conversion of Kinetic energy into wtent' nergy.
The velocity is determined by measuring the rise of liquid in the tube.

Consider two points (1) & (2) at the same level in such a way that the point (2) is at
inlet of the pitot tube and point (1) is far away from the tube

Let pi, vi & p2, v are pressure and velocities at point (1) & (2) respectively ‘

H= depth of tube in liquid
h=rise of liquid in the tube above the free surface ¢
Applying Bernoulli’s equation at point (1) & (2) \

(P1/pE) +21 + (vi%122) = (p2/pg) +22 + (V2712g)

But z,= 7z, as point 1 & are on the same ling and v,
pi/pg= pressure head at (1) =H

p2/pg = pressure head at (2) =h

Substituting these values, we

H+ v,*/2g= h+H

h=v,*/2g

or
V1=\/ theo ocity)
Therefore t al velocity ( vy ) aet= CV\/Zgh)

oefficient of pitot tube
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Stagnation pressure and dynamic pressure

Fig.2: Types of pitot tubes \O

Bernoulli's equation leads to some interesting garding the variation of pressure
along a streamline. Consider a ste@@ngm a perpendicular plate (figure 3).

stagmation
point

k.
Voo

A

stagmation
stream hne

J,

Fig.3: Stagnation point flow.
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There is one streamline that divides the flow in half: above this streamline all the flow goes over
the plate, and below this streamline all the flow goes under the plate. Along this dividing
streamline, the fluid moves towards the plate. Since the flow cannot pass through the plate, the
fluid must come to rest at the point where it meets the plate. In other words, it = stagnates.'' The
fluid along the dividing, or ~“stagnation streamline'' slows down and eventually comes to rest
without deflection at the stagnation point.

Bernoulli's equation along the stagnation streamline gives ¢
2

1 2
p(-l— TP‘{, = Jr)r)+ %pvﬂ

where the point e is for upstream and point 0 is at the stagnation point. Simee the velocity“at the
stagnation point is zero, ‘

1 2 _
Pe + 7PV =P,
static pressure + dynamic pressure = stagnation pressure ‘
Pitot-Static Tubes
e P

The devices for measuring flow velocity direct 1 tatic tube. Figure 4 shows the
principle of operation \

- A
T\ i
» - o— )

flow in the tube. Thus there is a stagnation point, so U, = 0. The pressure
is the difference between the impact or stagnation pressure at the tip of the
and the static pressure in the body of the fluid, p, . From Bernoulli,
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$tatic Pressre (0038" dio. holes)

24— 4k —j

Impact Pressure

Fig.5- Pitot-Static tube; detail

The most common practical design based upon the
concentric tubes is used: the inner tube measu
number of tiny tappings, flush with the tube, to

Problems on Pitot tube:

1) A pitot-static tube placed ntre ‘0f a 300 mm pipe line has one orifice pointing

upstream and other per I'he mean velocity in the pipe is 0.80 of the central
velocity. Find the di e pipe if the pressure difference between the two orifices

is 60 mm of watexr. T icient of Pitot tube as C, = 0.98.

Solution.

Giv

Dia.'of pipe; d =30 mm =0.30m

essure head, h = 60 mm of water
=(0.06 m of water

coefficient of pitot tube,C, = 0.98

Mean velocity, V =0.80* central velocity
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Central velocity,V, is given by
=C,V2gh=0.98*v2%9.81*0.06
V =1.063 m/s
Mean velocity, V =0.80 * 1.063 = 0.8504 m/s
Discharge, Q =area of pipe * V ’
=(nd*)/4*V
=(m*.30%)/4*0.8504

=0.06 m’/s

2) A pitot tube is used to measure the velocity of water in a pipe.-Lhe s tion pressure head is

6 m and static pressure head is 5 m. calculate the @ocity G assuming the co-efficient of

tube equal to 0.98.

Solution:
Given: Stagnation pressure head, h,=6 m

Static pressure head,

3) A pitot-tube is 1 ipe of 300 mm diameter. The static pressure in pipe is 100 mm of
gnation pressure at the centre of the pipe, recorded by the pitot-tube is
the rate of flow of water through pipe, if the mean velocity of flow is 0.85
elocity. Take C, = 0.98.
: Given: dia of pipe, d= 300 mm = 0.3 m

Area, a= (nd*)/4= 1(0.3%)/4=0.07068 m’
Static pressure head = 100 mm of mercury (vacuum)

=-100/1000%13.6 = -1.36 m of water
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Stagnation pressure =0.981 N/Cm*=0.981*10* N/m*
Stagnation pressure head = (0.984*10%/pg
=(0.984*%10%/1000%9.81= 1 m

h =Stagnation pressure head-Stagnation pressure head

=1.0-(-1.36) = 1+1.36 = 2.36 m of water ’
Velocity at centre = C, \V2gh

= 0.98*2%9.81%2.36 = 6.668 m/s

Mean velocity, =0.85%6.668 =5.6678 m/s

Rate of flow of water = mean velocity * area of pipe

= 5.6678*0.07068 m’/s 'S

= 0.4006 m’/s

4) A submarine moves horizontally in sea and, has 1 below the surface of water. A

pitot tube properly placed just in front of the su i ong its axis is connected to the 2

the speed of the submarine knowing t gravity of mercury is 13.6 and that of sea

water is 1.026 with respect of

Solution:

Fig.6: pitot tube
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Difference of Hg level, x=170mm=0,17m

Specific gravity of Hg, s,=13.6

Specific gravity of sea water (in pipe) s,=1.026

h=x [(s/ sp)-1] =[(13.6/1.026)-1]=2.0834m

v=\2gh=12%9.81%2.0834=6.393 m/s 'S
speed of submarine,v =6.393*60%60/1000 km/hr

v =23.01 km/hr

\ 4

Notches and weirs:
A notch is a device used for measuring the rate of flow of ough a small channel or a
tank. The notch is defined as an opening in the side of ) nall channel in such a way

ta
that the liquid surface in the tank or channel is be M € opening.
in

a notch or over a weir is called Nappe or

A weir is a concrete or masonry structure, p
open channel over which the flow

Nappe or Vein: The sheet of water
Vein

Crest or sill: the bottom edge'of a top of a weir over which the water flows, is known
as sill or crest

Classification of not
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Rectangular notch

Fig.1: rectangular notch ¢
Discharge,Q =2/3 C4LN2gH*?
where H= head of water
L=length of notch
Triangular notch(V-notch) \

Section at crest :Q

W
Fig. 2: V-notch

Discharge, Q=(8/15)* Cq, tan(6/2)* \2gH""?
For right angled V-notch, if C4=0.6, 9=90", tan(06/2)=1,

Q=1.417 H¥*
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Unit S: Flow through pipes

Introduction
* Average velocity in a pipe

— Recall - because of the no-slip condition, the velocity at the walls of a pipe t
flow is zero ’

— We are often interested only in Vayg, which we usually call ju ( the
subscript for convenience)

— Keep in mind that the no-slip condition causes shear stre
pipe walls

friction along the

Friction force of wall on fluid

* For pipes of constant dj

v

Vavg

e same
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* For pipes with variable diameter, mis still the same due to conservation of mass, but V; #
V>

D

J

\ lDz
/

\ 4

Laminar and Turbulent Flows

Laminar flow: ’

* Can be steady or unsteady (steady means the flow fiel stant of time is the same
as at any other instant of time)
¢ Can be one-, two- or three dimensional

* Has regular, predictable behaviour

ere are always random, swirling motions (vortices or eddies) in a turbulent flow

Note: however a turbulent flow can be steady in the mean. We call this a stationary turbulent
flow.

* Is always three-dimensional.
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Why? Again because of random, swirling eddies, which are in all directions.
Note: however, a turbulent flow can be 1-D or 2-D in the mean.

* Has irregular or chaotic behaviour (cannot predict exactly there is some randomness
associated with any turbulent flow.

¢

GQD, unsteady,

* No analytical solutions exist! (it is too complicated a
chaotic swirling eddies.)

R. = (inertial force)/(viscous force) \

= (pVavgsz)/ (uVang)

= (PVavgl)/ (1)

Definition of Reynolds number

*  Occurs at high Reynold’s number. ’
= (Vang)/ )

*  C(Critical Reynold flow in a round pipe

e values are approximate.
« | For a given application, Re., depends upon
— Pipe roughness

— Vibrations

— Upstream fluctuations, disturbances (valves, elbows, etc. that may disturb the
flow)
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— Kin. vis. v(nu) = p/p =viscosity/ density

Loss of energy (or head) in pipe: When a fluid is flowing through a pipe, the fluid experiences
some resistance to its motion due to which its velocity and ultimately the head of water
available are reduced. This loss of energy or head is classified as follows

Major energy loss:

This is due to friction and it is calculated by the following formula L 4
* Darcy-weisbach equation
* Chezy’s equation

Minor energy loss:

Thisis dueto: Q
* Sudden enlargement of pipe L 4

* Sudden contraction of pipe

* Bend in pipe

* Pipe fittings
* An obstruction in pipe

Darcy-Weisbach equatio, ad due to friction in pipes

Fig 1: Uniform horozontal pipe
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Let, p;=pressure intensity at section 1-1
v= velocity of flow at section 1-1
L= length of the pipe between section 1-1 & 2-2
d= diameter of circular pipe
f'= frictional resistance per unit wetted area/unit velocity ’
h¢= loss of head due to friction,

and, pzand v,= are values of pressure intensity and velocity at section 2-2

Applying Bernoulli’s equation between sections 1-1 & 2-2 ‘
Total head at 1-1 = total head at 2-2 + loss of head due to frictio weenil-1 & 2-
(Pi/pg) +z1+ (Vi72g) = (palpg) +22+ (V28) @

a ence intensity of pressure will be reduced in the

But, Z;= 7, as pipe is horizontal

vi= v as diameter of pipe is same at 1-1 and 2-
Therefore (pi/pg) = {(p2/pg)+he} | -
or hi= {(p1/w)-(p2/w)

But h¢ is the head lost due to £
direction of flow by frictiona

Now frictional resistan sistance/unit wetted area/ unit

* wetted area * velocity”

F1=f1*(7ch)* etted area= (nd*L), Velocity=V=V=V;]

----(2)  [since nd=perimeter=P]

Thé forc tin the fluid between sections 1-1 and 2-2 are:
ressure forces at section 1-1 = p;A [A=area of pressure]
essure forces at section 2-2 = p,A

* Frictional force F; as shown in Fig. 1.

Resolving these forces in horizontal direction,
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we have, piA-p2 A -F=0

(pi- p2) = Fi= [f*(P*L)*v*]/A  [from equation (2)]

F, =f'#P*L* V?]
But from equation (1)
p1— P2 = pght ¢
equating the value of (p; — p2), we get
pghe=f' * P¥L* V2 /A or
he=f'/pg *PIA*L*V? e 3) 4

In equation(3) (P/A)= wetted perimeter(nd)/area (nd,)/4 = (4/d)

he=f' fpg * 4/d* *L*vV2 @
Putting fI/pg = /2 where f is known as co efficie

Equation (4) becomes hy=4*{/2g *LL AV ——

a

hy=4fL.V*/2gd ..... Darcy-Weisbach equation

Some times (5) is written as hy =(f

Then f* is known as friction f

co efficient of fricti which 1
2000(viscous flow)

on of Reynolds number is given by f = 16/R. for Re <

ying from 4000 to 10°

oss of head due to friction:

An‘tequilibrium between the propelling force due to pressure difference and the frictional
difference gi

(P1-P)A=f'PLV* =+ through out by w
(P1-Po)A/w = f'PLVH/w

Therefore, Mean velocity, V=\(w/f') *\(A/P * hy/L)
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Where the factor \/(w/f) is called the Chezy’s constant ‘c’ is the ratio(A/P=area of flow /wetted

perimeter.) is called the hydraulic mean depth or hydraulic radius and denoted by m (or R).
The ratio hy/L is the loss of head/unit length and is denoted by ‘i’ or s (slope).

Therefore,

Mean velocity, v=cV(mi) = Chezy’s formula L 4

Darcy-Weisbach formula(for loss of head) is generally used for the flow through pipe

Chezy’s formula (for loss of head) is generally used for the flow throu chann*

Problems:

1) In a pipe of diameter 350 mm and length 75 m water is flg

¢

ve y of 2.8 m/s. Find
the head lost due to friction using :
(i) Darcy-Weisbach formula;
(ii) Chezy’s formula for which C = 55
Assume kinematic viscosity of
Solution:
Diameter of the pipe,
Length of the pipe,

Velocity of flow,

Chezy’s constant
ter, v=0.012 stoke
=0.012%10" m*/s
ea t due to friction, hy :
(i)Da eisbach formula:
Darcy-Weisbach formula is given by , h=4fLV*/2gD

where, f = co-efficeint of friction(a function of Reynolds number R.)
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R. = (v¥D) /v = (2.8%0.35)/ 0.012%10* =8.167*10
Therefore  £=0.0719/ (Ro)** [use when Re > 4000]
=0.0719/ (8.167%10°)°%
=0.00263
Therefore head lost due to friction, ’
hi=(4* 0.00263%75%(2.8)) /2%9.81%0.35

hf =09 m
(ii) Chezy’s formula: ‘
mean velocity V = C\/(mi)
Where C = 55, m=A /P = (n*D*/4) /(n*D) = D/4 = 0&/4
=0.087
Therefore 2.8 = 55\/(0.0875*i)
or 0.0875*i = (2.8/55)* = 0.00259
1=0.00296

But 1=hy/L =

Therefore hy/75 =

of the pipe, D = 300mm = 0.30 m
Length of the pipe, L =10 m

Velocity of flow, V =5 m/s
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Kinematic viscosity of water, v=0.01 stoke

=0.01%10"* m*/s
Head lost due to friction, hy :
Co-efficient of friction, f=0.015+ (0.08/ (Re)™)
But Reynolds number, = R.=pVD/u = VD/v ’

=5%0.3/0.01*10* = 1.5*10°

£=0.015+ (0.08/ (1.5%10%)°%)

=0.0161 ‘
Therefore head lost due to friction,
h¢= 4fLV2/2gD=4*O.0161>l< 10*52/(0&2*9.0

hy =2.735m

3) Water is to be supplied to the inhab

i@ mpus through a supply pipe. The
Distance of the reservoir from the camp 30

following data is given:

Number of inhabitants = 400
Consumption of water abitant = 180 liters

Loss of head due to

Co-efficient of fri ipe, f = 0.007

ly is pumped in 8 hours, determine the size of the supply main.

istanee of the reservoir from the campus = 3000 m
f inhabitants = 4000
Consumption of water per day of each inhabitant

=180 liters = 0.18 m’
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Therefore total supply per day = 4000%0.18 = 720 m’

Since half of the daily supply is pumped in 8 hours, therefore maximum flow for which the pipe
is to be designed,

Q =720/ (2*8*3600)

=0.0125 m’/s
Loss of head due to friction, ’
hf=18 m
and Co-efficient of friction, f = 0.007 ‘
Diameter of the supply line, D:
Using the relation: ’ O

hy= 4fLV*/2gD
velocity of flow, V = Q/A=0.0125/ (1*D*/4) = 0.0 \

By substitution for loss of head due to friction
18=4*0.007*3000%(0.0159/D%)*

or D’ = (4*0.007*#3000*0.0159
=6.01 0

Size of the supply main, D 43 mm

4) In a pipe of m dia a 00m length oil of specific gravity 0.8 is flowing at the rate of

0.45 m’/s ost due to friction, and Power required to maintain the flow. Take

Length of the pipe, L=800m
Specific gravity of oil =0.8

Kinematic viscosity of oil v=0.3 stokes=0.3*10"* m?%/s
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Discharge Q=0.45 m’/s

Head lost due to friction, h¢

Velocity, v= Q/area =0.45/(n*0.32/4) =6.366m

Reynolds number, R.=v*D/v =6.366*0.3/0.3*10™ =6.366*10*

Coefficient of friction, f = 0.0791/(Re)** = 0.0791/(6.366%10")** 'S
=0.00498

hg= 4va2/2gD=4* 0.00498*800%6.366%/(0.3%2%9.81) = 109.72 m

Power required ‘P’ =wQhg ‘

w=0.8%9.81=7.848kN/m’

h=109.72m and Q=0.43 m’/s 'S

P=7.848%0.45%109.72 \

P = 387.48kW

5) A pipe conveys 0.25 kg/sec of air at 300K under, an ute pressure of 2.25bar. Calculate
minimum diameter of the pipe req if uid velogity is limited to 7.5 m/sec.

Solution:
Density of air p=P/RT= (] 0)=2.61kg/m’
Mass flow of air, m

0.2

Min. area (A) = 5* 61%7.5)=0.01277 m*

)m=0.1275m
=12.75 mm

A ‘closed tank of a fire engine is partly filled with water, the air space above being under
pr 5 cm hose connected to the tank discharges on the roof of building 2 m above the
level of water in tank, the friction losses are 50 cm of water. What air pressure must be

maintained in the tank to deliver 15 lit/sec on a roof.
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Solution:

Scm hose pipe

roof

b |oair

water

Fig.1 ‘
Discharge, Q= 15 lit/sec= 0.015 m*/sec :

Velocity in S5cm hose pipe= 0.015/ [(7t/4)*(0.05)2 ’

=7.64 m/sec

Applying Bernoulli’s theorem to section 1 and 24 taki ater surface level in the tank as datum
(Vi* 122)+(p/W)Hy1 = (V2 22)+(Ra/ W)+
The velocity v at the surface is zero.
0+(p1/w)+0 =47-68)° /( 1)]+0+2.05

of water

pressure in tank)

@)
(i1) U\ Che rmula for which C = 60
for water = 0.01 stoke.
Solution:
Given

Dia. of pipe, d =300mm = 0.30 m
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Length of pipe, L=50m
Velocity of pipe, V=3m/s
Chezy’s constant, C =60

Kinematic viscosity, v =0.01 stoke = 0.01cm?/sec

=0.01 x 10~*m?/sec

(i) Darcy Formula is given by equation as
4fLV?Z
hf = ——5—
dxX2g

Where ‘f” = co-efficient of friction is a function of Reynolds

¢

But R, is given by

; Ixd 30x030 -
-——=c = X
‘ 001% 10+
v
Value of
_0.079_ 0.079 3
=TT Tgyqgs - 00026 A
Ry%
h_4x0.00256x50x32_ .
Head lost, ‘f S Tuax20xos o em

Usthion 4)

(ii) Chezy’s form

0.3
=—=0.075m

d
where ¢ = 60, m:Z
W \

342
Therefore 3 =060v0.075X1 or i= (@)

hy  hg
i=—=—

L. 50

Vtusolution.in
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Equating the two values of i, we have

e _ 00333
50

hy=50X0.0333 = L.665m

Solution:
Length of pipe,
L =2000m

Discharge,

litres

Q =200—"==02m?/s

Head lost due to friction,
v \

Value of chezy’s constant,
c =50

Let the diameter of pipe

Velocity of flow;
A
Discharge Q 0.2x4
V = =5—=
Area Zdz d?

Dept. of Mechanical Engineering.
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8)Find the diameter of a pipe of length 2000m when the rate of flow of water throu
200 liters/s and the head lost due to friction is 4m.Take the value of ¢ =50 in chezy’s
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Chezy’s formula is given by equation (4) as

V = Cymi

Substituting the values of V, m, 1 and C we get

0'2><4—50 d><0002

nd? T 47 ’
dx0002— 0.2x4 0.00509

R VR T

Squaring both sides,

d ) 0.005092 ~ 0.0000259

JX0002=— d4

s _4X00000259
Y

=0.553m Or
=553 mm
9) A crude oil of kinematic vi
the rate of 300mm litres/s. fin
Solution:

given

Kinematic i 0.4 stoke = 0.4 cm?*/s = 0.4 x 10™* m?/s

=0.30 m

Dia. e, d
Di ge, 00 liters/s = 0.3m>/s

pipe, L =50 m

Velocity of flow,

Q _ 03

"~ Area E(O.S)2

=4.24m/s
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Reynolds number,

Uxd  424x0.30
R === =318x 10"

p Ddx0
As R lies between 4000 and 100,000 the value of
f is given by, ’

0.079 079

= = =.00591
f Re% (3.18x10%)1/4 o
Head lost due to friction, Q
4

gh a pipe ia 300mm at the rate of 500 litres/s.
p requ to maintain the flow for a length of

10) An oil of sp.gr.0.7 is flowing throu
Find the head lost due to friction
1000m.Take v = .29 stokes

Solution:

Given

ocity of flow,

=== =0T

" drea %dz 3t
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Reynolds number,

Co-efficient of friction,

0079 079 ¢

f= R_ei - (7316x10%)1/ = 08

Co-efficient of friction,

=—= =
= (7316x104)H4
i ) R

Head lost due to friction,

AfLV?
hy = fLVE
dx2g
4x0.0048Xx1000x7.0732
=163.1
0.3x2x9.81

. pgQ.h
power required = — Ly
1000

Where, (
0 = density of oil = 0.7 1000 ,
= T00kg/m’

v
ireMO*QSl*O.S* 163.18/1000)=560.28 kW

ischarge through a pipe of diameter 200mm when the difference of pressure
een the two ends of a pipe 500 m apart is 4m of water. Take the value of ‘£°=0.009 in

_AfLY?
T~ axyg

Dept. of Mechanical Engineering. Vtusolution.in nut%ﬂfwe ) i n



FLUID MECHANICS (1LOME46B) Vtusolution.in KUMARASWAMY K L

Solution:

Dia. of pipe, d =200mm = 0.20 m
Length of pipe, L =500 mm
Difference of pressure head,

he = 4mof water X 2

Co efficient of friction

£ =.009

Using equation,we have

_4fLV?
f- dx2g

P =[0872 = 9338 = 934m/s

Discharge Q = velocityg

= 0934 X %dz =093

where R, is given Reynolds number. The kinematic viscosity of water = 0.01 stoke

Solution:

Dia. of pipe, d =200mm = 0.20 m
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Length of pipe, L=5m
Velocity V=3m/s

Kinematic viscosity, v =0.01 stoke =0.01 cm?/s

=0.01*10™* m%/s
Reynolds number, ’
Vxd 3x0.20
= =——— =X 10°
v 0.01x10-*

Value of

0.09
f=.002+—F

Re

0.09 0.9
=0.02+ =002+ —
(6x10%)3 54.13

= 0.02 + 0.00166
=0.02166

Head lost due to friction,

8)An oil of sp.gr: y 0.06 poise is flowing through a pipe of diameter 200 mm at
ind the head lost due to friction for a 500 m length of pipe. Find the

aifitain this flow.
p.gr. of oil, sei; = 0.9

Viscosity

it = 0.06 poise = % Ns/m*
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Dia. of pipe, d =200mm =0.20 m

Discharge,

litres

0 =60===0.06m3/s

N

Length of pipe,

L=500m

Density,

0= 091000 = 900kg/m’

Reynolds number,

R, = "uld =900 X -
10

Where

V_

Q _ 006 _ 0.06x4

" Area gdz T x022

=1.909m/s = 1.91m/s
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Power required =

Minor energy (head) losses:

The minor losses of energy are caused in the velocity of flowing fluid (eitheffin m

direction).In case of long pipes these losses are usually quite small as compared

energy due to friction and hence there are termed minor losses which may even be ected

without serious error. However in small pipes these losses may someti weigh the friction

loss. Some of the losses of energy which may be caused due to chan velocity are

indicated below,
Loss of head due to sudden enlargement: ’ O
h.= (V12-V22)/2g \

Fig.1: sudden enlargement

Loss'of hea e to sudden contraction:
iven then use h, =V22/2g[VC/V2—1]2

otherwise use h.= 0.5V22/2g
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L 4
L 4
Fig.2: sudden contraction Q

Loss of energy at the entrance of a pipe: ¢

hi=0.5v"/2g \
Loss of head at the exit of a pipe:

h,=v"/2g
Loss of energy due to gradual contrac or gement:

hy =k(v1-v2)*/2g
Loss of energy in ben
hy=kv?/2
Loss of head in v s ttings:

*/2g re V= velocity of flow

k= co efficient

Pro s on head loss due to minor losses:

1)Find the loss of head when a pipe of diameter 200mm is suddenly enlarged to a diameter of
400mm. The rate of flow of water through the pipe is 250 liters/s.
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Solution:

Given:

Dia. of smaller pipe,

D, = 200mm = 0.20m

Area

A

i[4

_Tn2_T 2
=2D7 =2(020)

=0.03141m?

Dia. of large pipe,

D, =400mm = 0.4m

Area

A= ’: X (0.4)" = 0.12564m

Discharge,

litres

Q=250——=025m"/s

Velocity,

C

(I =V)* (7.96-199)

29 29

= 1.816m of water.answer

Dept. of Mechanical Engineering.
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2) At a sudden enlargement of a water main from 240mm to 480mm diameter, the hydraulic

gradient rises by 10mm. Estimate the rate of flow.

Solution:

Given

Dia. of smaller pipe,

D; = 240mm = 0.24m
Area

4y =D} =7 (0.24)°
Dia. of large pipe,

Dy = 480mm = 0.48m

Area,

4y = Z x (0.48)?

Rise of hydraulic gradient ,i.e.

(ZZ + ﬂ) - (Z—; + zl) = 10mm

Py
10 1
= —=—nmnm
1000 100

Let the rate of flow

¢

Appl Be li’s gquation to both section,

i.e.,'smaller pipessection, and large pipe section.

But head loss due to enlargement

Dept. of Mechanical Engineering.
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h =(V1_V2)2
¢ 29 2)

From continuity equation, we have

AV = A,
mn?
oo AWy DX 048, T ¢
Vi=—= 55 -2yp2 (=Xl =l =4
) Ay Y1 '/ SV S

substituting this value in (ii), we get

(V=) (=1’

29 29
(31,)? B 97

29 2g

he
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2x9.81

V2:
6x100

= 0.1808 =0.181 m/s

Discharge, Q = A, x V,
=2DF xV; =72 (0.48)% x 181

=0.03275 m3/s=32.75 liters/sec ’

3) The rate of flow of water through A horizontal pipe is 0.25 m’/s

200mm is suddenly enlarged to a diameter of pressure intensity in
N/cm® . Determine:

pipe of diameter
pipeits 11.772

* Loss of head due to sudden enlargement

¢

* Pressure intensity in the larger pipe,

* Power lost due to enlargement.

Solution

Given:

Discharge, Q = 0.25m° /S
Dia. of smaller pipe. D, = 2004
Area A, ="DE

Dia. of large pipe. [

Area — X (0.
Press‘maller
Py = == = 11772 X104N/m?
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: 0.25
Now Velocity. V, = Ai reeyrl 7.96m/s
1 0

. (.25
Velocity, V, = Ag =T 1.99m/s
2 .

(i)Loss of head due to sudden enlargement
- (= V,)* (7.96-199)
g Yy
= 1.816 m of water.answer

(iijLetthe pressure intensity in large pipe=p,

Then applying Bernoulli's equation before and after the sudden enlargement,
L 4

PV P, 1
4147 =424 Hh,
pg 29 pg 2

[h.=h, sudden enlargement]

(Given horizont

P, V2 p, V2
—4L==4+L4p
pg g pg 2

B_hY
1% 1%

T

=15229-2.0178
= 13.21mof water
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p, = 13.21 X pg
=13.21 x 1000 x 9.81N/m?

= 13.21 X 1000 X 9.81x 10™*N/cm?
= 12.96 N/cm?

Power lost due to sudden enlargement

pg.Q.he _ 1000%9.81x0.25%1.816

P =000 — 1000
= 4.453 KW Answer ‘
4)A horizontal pipe of diameter 500 mm is suddenl‘contr C a diam of 250 mm. The

pressure intensities in the large and smaller pipe is gi n ¢ N/cm? and 11.772 N/cm?

respectively. Find the loss of head due to contrac

of water. 0

0 determine the rate of flow
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Given:
Diameter of large pipe, D,=500 mm =0.5m
mxd mx052 :
Area A, = T 0.1963 m

Diameter of smaller pipe. D,=250 mm=0.25m

Therefore M Tx02s

Pressure in larger pipe, p,=11.772N/cm?=11 12140/

C,=062
Head loss due to contraction,

el _qor="l_102= 3
Zg(CC 10)" = 2g(0.62 10)"= 0.375 29

Appling Bqlli’s e ion before and after contraction

\ ¥ 4

Py , Vi y , VE
+ -+ ==4+=L47z
% 29 1 + 29 2+h,

AT
P,  VE p,  VE
—+-Lt=2424h
pg 29 pg 29
Vz
h,=0.375-% and
29
_"
vV, = "

Dept. of Mechanical Engineering. Vtusolution.in
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Substituting these values in the above equation,

we get
i (2y 4 2 2
13734x10t ()7 11772x104 Y V;
+ = +—+0375 =
981x1000  2g  9.81x1000 2g 29
2 2
14+ 2L 219041352
Z N v}
or 14-12=1375 —- ——=1315 —
29 162g 29
v 2.0x2x9.81 m
V=1 X—= = = -
or 2.0=1.3125 ” orV, % 5.4673

1. Loss of head due to contraction,

2
h, = 0375 2
29

_ 0.375x(5.467)% _
B 2x9.81 '

2. Rate of flow of water,

Q =4,V, = 0.04908 x

D2=0.25 m
pi=13.734  10°N/m’
p=11.772  10°N/m’

Q=300 lit/s=0.3 m’/sec
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Also, from the previous problem,

W _Q _ 030 _
Vy = " where V; = o 54_(0.5)2 1.528 m/s

Vi=4XV, =4x1528=6.112m/s

From Bernoulli's equation, we have 4
P, VE P, V2 [asZ-=Z;]

—+Lt="4L4h,

Pg 29 pg 29

4 2 4 . 2
13.734x10* | (1528)? _ 11.772x10* | (6:112) +h
9.81x1000  2x9.81  9.81x1000  2X9.81

h. =14.119-13.904 = 0.215 4

1

But h, = :;f:(c—c —1)?
Hence equating the two values of h,, we
Yl 1)ta021s
29 “C,

V,=6.112

6.1122
Therefore —=— (i

2x9.81
[1fe, -1]* =0.215 %
C.=1.011.33

6)150mm

nt

Given.
Dia of large pipe. ~ D,=150mm=0.15m
Area of large pipe. ~ A,=m(0.15)74=0.01767m"

Dia.of smaller pipe D,=100mm=1.00m
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Area of smaller pipe, =

Vtusolution.in

A, 1(10)* =0.007854 m

Discharge Q=30 liters/s=0.3 m*/s

Co-efficient of contraction. €, = 0.6

From continuity equation, we have

AIVI = Asz = Q

Q

=== 1697
LA 001767

VZ:E_

0.03

0.03

A, 0007854

Applying Bernoulli’s equation before and after the contraction,

m

M

m

s

(pyipg) + (v, 120)42, = (p,/pg) + (v, 129)2, +h, (1)

But 2=z,

And the h, head loss due to contraction i

Vo1

he= 21 =

29 °C

Dept. of Mechanical Engineering.
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7) In Fig. (3) show, when a sudden contraction is introduced in a horizontal pipe line from 50
cm to 25cm, the pressure changes from 10,500kg/m*> (103005 N/m*) to 6900 kg/m* (67689

N/m?). Calculate the rate of flow. Assume co-efficient of contraction of jet to be 0.65.

Following this If there is a sudden enlargement from 25 cm to 50 cm and if t@ pre at th
25 cm section is 6900 kg/m2(67689 N/m?) what is the pressure at the 50cm enlarged secti

® ®
e

- 2
D750 e asom D=0 cm
kg!rn2 ( v
i d )
@ E:;‘::{Jgn;gimz @
N\

Solution:
Dia of large pi cm=0.5m

Pressure in smaller pipe, p, = 6900 kg/m? = 67689 N/m?
Co-efficient of contraction, C,=0.65
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the values of p;, p,, h,and V, we get

Vv

r23\2 " 7‘2

103005 (T e7ees | W7 W
Xo—= t+2899
000x381 2g  1000x381 2g 2g
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EXINSG,
, = pexzost _, o m/s
\ 12274
()Rate of flow of water |

Q= A,V, = 0.04908 x 7.586 m*/s or 372.3it/s
(i1} Appling Bernoulli’s equation to section 3-3 and 4-4

¢

p V‘:
—+E4z;=
P <

\ 4

P VZ
—+ -+ 2z, + head loss due to sudden enlargement{ii,
pg 29

But ps = 6900 or 67689 —
m* me«

V3 =V, =758 m/s Vi=V =

And
head loss due to su

(Ve=13)° (7.586—1

h. =
e 2g

Substituting these value

el

67689 + 7.5865
1000 x9.81 2 .8

P, = 8 x 1000 x 9.81 = 78480 N/m?
L 4

8) Deter the of flow of water through a pipe 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
rizontal and the Height of water in the tank is 4 m above the centre of the pipe.

Consider all minor losses and take f=0.009 in the formula,

4. f.L.V?Z
d=x<2g
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FLUID MECHANICS (1LOME46B) Vtusolution.in KUMARASWAMY K L

Solution:

Dia of pipe d = 20cm = 0.20m
Length of pipe L= 50 m
Height of water H=4 m

Co-efficient of friction, f=0.009

water surface in the tank and at the outlet of pipe, we

have [taking point 1 on the top e outlet of pipe]

Dept. of Mechanical Engineering. Vtusolution.in nnt%aﬂlfme ) i N
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Omm=0.30m

=400m, Discharge Q = 300 liters/s = 0.3 m’/s

Dept. of Mechanical Engineering. Vtusolution.in nnt%aﬂjfme ) i 1l
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H, L=400 m =
L d=0.30m H,
B ——y—— t
— | | I \
Fig. 5
Co-efficient of friction, f=0.008
Velocity, V= ¢ — 03 _ m
s Area gx(O.B)2 428 O

Let the two tanks are connected by a pipe as s mm\
«

Let H; =height of water in 1st tank above t
H,= height of water in 2nd tank above the centre of pipe

\v
e n water

lli's_equ to the free surface of
we have

Then the difference in ele
surfaces= H; — H,

Appling Ber
water in the

2
re h; = loss of head at entrance = 0.5 Z—g

0.5x4.2447
=——— = .459m
2x9.81 5
o 4XfXLXV
hy, = Loss of head due to friction= ———
) dx2g
4x.008xX400x4.244
= =39.16m

0.3%x2x%9.81
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10) The friction factor for turbulent flow through rough pipes can be determined by karman-
1 > 7 r RU\. 1

prandtl JrE TN R T

A
Vi o

Where f = friction factor, Ry = pipe radius, k = average roughness Two reservoir
surface level difference of 20 m are to be connected by 1 m diameter pipe6 knillong.
be the discharge when a cast iron pipe of roughness k = 0.3 mm is used? What,wil
percentage increase in the discharge if the cast iron pipe is replaced by a steel pipe o
k=0.1 mm? Neglect all local losses.

Solution:
Difference in levels, h=20 mm
Dia of pipe, d=1.0m P'S

Length of pipe, L =6km=6 x 1000=6000m

Roughness of cast iron pipe, k=0.3 mm

Roughness of steel pipe, k=0.1 mm 0
15t case. Cast iron pipe. \
In

First find the value of frictio
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FLUID MECHANICS (1LOME46B) Vtusolution.in KUMARASWAMY K L

f= (8.1:}37)2 =0.0149

Local losses are to he neglected. This means only head loss
due to friction is to be consider, head loss due to friction is

2
20 fXLXV 4
dX2g
[Here fis the friction factor and not co-efficient of friction

hecause Friction factor = 4 x co-efficient of friction] L 3
0.0149 X 6000 X V*
= - 2
D= Toxzxosr  45%6Y O
V= 42‘;6 = 2.095m/ S€

a
» Discharge ,Q = V X Area =2.095 x - x d

= 2.095 x Tx 12 = 1.645 "
2M case. Steel pipe K=0mMAR, = 500 mm
Substituting thesewva .% juation (i), we get

21 =91379

FXLXV?
d loss due to friction, 20 =
dx2g

0.0119 X 6000 X V2

- = 2
20 1.0 X 2 X 9.81 3639V
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60
. = 2.344 m/s
REAVE 3.639 /

~ Discharge,
Q=V X Area = 2.344 xgx 12
=1.841m3/s
Percentage increase in the discharge

- Q=>—Q;. __(1.841—1.645)
= > 100 = T eac <100

= 11.91%0.

11).A horizontal pipeline 40m long is connected to a water tank
into the atmosphere at the other end. For the first 23m of its
150mm diameter and its diameter is suddenly enlarge
the tank is 8m above the centre of the pipe.
determine the rate of flow, take f=0.01 for both(io the

WATER _SU RFAGE

Pl e e e m—
— — ae— —
—— et —

— —

—

KUMARASWAMY K L

8m
_l :
_____ — V.l..._'_..,_.,_..__.__.,_ .._._..y‘l......“.
_ 1
‘;—1 ;351? m L2= 15m
d,=0.3m
-
Fig. 6
Solution:
Given:
Total length of pipe, L = 40m
Dept. of Mechanical Engineering. Vtusolution.in nDtE’B’me ) | n
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Length of 1* pipe L;=25m

Dia. Of the 1% pipe, d1 = 150mm = 0.15m

Length of 2" pipe, L, =40 — 25 = 15m

Dia. Of 2™ pipe d; = 300mm = 0.3 m

Height of water, H = 8m, ’
Co-efficient of friction, f = 0.01

Applying Bernoulli's equation to the free surface of water on the tank and outlet of pip

shown in Fig. 4 and ‘
Taking reference line passing through the centre of pipe.
[Taking point 1 on the top point 2 at the outlet of pipe] O

P1/w+v12/2g+zl= p2/w+vz2/2g+0+all losses

0+ 0 +8= 0+V,’/2g +0+hi+hg+he+hp--===(1)
Where hi=loss of head at entrance=0.5v,%/2g
hg=head loss due to friction in pip 4 2/2gd1
h.=loss of head due to sudden enlargem

= (v1-vz)2/2g

hp,= head loss due to fri in szz2/2gd2

From continuity equ

hp=4f Liv,*/2gd;=(4*%0.01%25%(4v,)*)/(0.15%2g)

=106.6v,°/2g
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he= (Vi-v2)*2g=(4v2-v2)*/2¢g
=9v,’/2g
hp= 4f1,v,7/2gd,=4*0.01%15%v,%/(0.3*2g)
=2v,’/2g
Substituting the value of the losses in equation (1), we get ’
8=v,7/2g+ 8v,7/2g+106.6v,°/2g+9v,*/2g+2v,/2g
=v,°/2g(1+8+106.6+9+2)
=126.6v,°/2¢g
Vr=\(8%22)/126.6
=\(8+2%9.81)/126.6 S
V, =1.11 m/s \

Hence rate of flow ‘Q’=A2V2=(n*(0.3)2/4)*1.11

Q=0.078m’/s

Q= 78.67 liters

12) Design the diameter of a ste € water having kinematic viscosity v =10"° m*/sec
With a mean velocity of 1 is to be limited to 5 m per 100 m length of pipe.
Consider the equivalent sand Assume that the

Kinematic viscosity, S

Mean velocity, V =1 m/s.
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Head loss, hf =5 min alength L = 100m

Value of k=45x 10* cm=45x 10°m

ke 1062
Ve of = 000B8[1+ (0X 102+ )

€

0.2452 D= [1 + (% y.
0.0055 D
1

or 44.58D = [1+(:98

or

equation (ii) is solved by hit and trail method.

. correct value of D =0.0854 m

13) A pipe line AB of diameter 300 mm and length 400m carries water at the rate of 50 liters/s.
The flow takes place from A to B where point B is 30 m above A.

Find the pressure at A if the pressure at B is 19.62 N/cm” Take f = 0.008

Dept. of Mechanical Engineering. Vtusolution.in nnte&ﬂlfme ) i 1



FLUID MECHANICS (10ME46B)

Vtusolution.in

Solution:
Given:

Dia.of pipe, d =300 mm =0.30 m
Length of pipe, L =400 m
Discharge, Q =50 liters/s = 0.0

Q

Area

Velocity, V =

Pressure at B, Py = 1 Jem? =

F=0.008

Dept. of Mechanical Engineering.

S€C

104 N/m?

tion at points A and B

assing through A, we have

Vtusolution.in
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Pa , Vi P Vg

—+ -4+ z, =8B, B

pg 2g A pg+29+28+hf
But v, =V, w Dia.is same]

Zy = O,ZB = 30

AXfFxXLXV?Z
and hf — AXIXLXVE
dx2g
P 19.62x10% 4%.,008%400x.7074%
A4+ 0 =" " 4+30+ ‘
pPg 1000x%9.81 0.3%2x%9.81

= 20+30+1.088 = 51.088

P, = 51.088 x 1000 x 9.81 N/m?

Q’
51.088x1000x9.81
Py = =50.12 N/cri? \O

104

Hydraulic gradient line (H.G.L):

flowing fluid in pipe with respect to so or it is line which is obtained by joining the

top of all vertical ordinates, shg e head(p/w) of a flowing fluid in a pipe from the
centre of the pipe. The line so ed the H.G.L.

Total energy loss ( or EG

ead (which is also total energy per unit weight) with respect to any
e elevation (potential) head, pressure head and velocity head.

+v/2g

Points are worth noting

Energy gradient like always drops in direction of flow because of loss of head.

HGL may rise or fall depending upon the pressure change.

Dept. of Mechanical Engineering. Vtusolution.in nD‘tE/sanﬁcele ) | 1
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* HGL is always below the

Vtusolution.in

Energy Gradient

Problems on H.G.L and T.E.L

KUMARASWAMY K L

1) Determine the rate of flow of water through a pipe 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 the Height of water in the tank is 4 m above the centre of thépipe.
Consider all minor losses and take f=0.009 in the formula,

4.f.L.V?
dx2g

Draw the hydraulic gradient line (H.G.L) and total energy line (T.E.L9)

livieiany

~ WATER SURFACE

o

B il 4 b b Lem— SN & R B s b bl

2
-

Solution:

Diaof piped = 20cm = 0.20m
Length of pipe L= 50 m
Height'of water H=4 m

Co-efficient of friction, f=0.009

Let the velocity of water in the pipe =V m/s

Dept. of Mechanical Engineering.

Vtusolution.in
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Applying Bernoulli’s equation at the top of water
Surface in the tank and at the outlet of pipe, we have

[Taking point 1 on the top point 2 at the outlet of pipe]

2 VZZ
Ko Vi +z —=—+=117,+all losses
Py 24 17y ¢

Considering datum line passing through the centre of pipe

0+0+40=0+ 2= +h + g

VZ + h; + hy
4.0 =
4
But the velocity in pipe =V, \

Therefore V=V,

Therefore

40=2°
0= bty

From the equation for loss of héad en e of pipe

We have,

2
h; = 0.5
2g9

e values, we have

Substituting
\

0V [10+05+4xnunmu} 2

2z |5, [1.0+ 0.5+ 9.0]
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Di,hi=0‘.19

L=50m
d=20 cm

Velocity, V through pipe is calculated and its valu€1s V=2.734wun/s.

= = (.19 m

w2 DExA 747
20325 7 2x0an

And

h¢= head loss due to friction

axfxixv? _ AX0.009x50x(2.734)°
dxzg 0.2x2x9.81 =3.428 m

(@), Potalienergy lmeX(T. E. L.). consider three points, A, B, and C on the free surface of
water in‘theJank, at the inlet of the pipe and at the outlet of the pipe respectively as
shown in the fig. us find total energy at these points, taking the centre of pipe as the
reference line.

1)y, Total energy at A
2 Y 2 =04+0+40=4m
A =P4g 2g
2) Total energy at B = Total energy at A- h;
3) Total energy at C,

Dept. of Mechanical Engineering. Vtusolution.in nDtE/Sﬂ_ItﬁoelE . ”"I
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Hence total energy line will be coinciding with free surface of water in the tank. At the
inlet of the pipe, it will decrease by

h; (=.19 m) from free surface and at outlet of pipe total energy is 0.38 m. Hence in the fi
* Point D represents total energy at A ‘
* Point E, where DE = h; represents total energy at inlet of the pipe
* Point F, where CF = 0.38 represents total energy at outlet of the ‘

Join D to E and E to F .Then

DFE represents the total energy line.
(b) Hydraulic gradient line (H.G.L.). H.G.L. gives the su
(% -+ z) with reference to the datum- line.
ting fr

om total energy line. V*/2g

Hence hydraulic gradient line is obtaine su
At the outlet of the pipe, to subtracting V*/2g
From total energy at this poin
From C, draw a line CG pa
Then CG represents t ) nt line.

2)A horizontal

ank is 8m above the centre of the pipe. Considering all losses of

determine the rate of flow, take f=0.01 for both section of the pipe.
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WATER . SURFAC

[ fe . W W —
— e gy d— N
e et le—
NP A
e

Ly=25m ;
'd1=0. 15 m

Solution:
Given: ¢
Total length of pipe, L = 40m
Length of 1* pipe L;= 25m

Dia. of the 1* pipe, d1 = 150mm = 0.15

Length of 2™ pipe, L, =40 — 25 = 15m

Dia. of 2" pipe d; = 300mm,= 0.3
Height of water, H = 8m,
Co-efficient of friction, f = 0.0
Applying Bernoulli's eq e surface of water on the tank and outlet of pipe

3m

rom continuity equation, we have
AVi= AV,

Vi= AyVo/V = (Do/D1)*#V, = (0.3/0.15)#V,= 4V,
Substituting the value of V| in different head losses, we have
hi = 0.5v,%/2g=0.5(4v,")/2¢g

= 8V22/2g
hg=4f L1V12/2gd1:(4*0.01*25*(4V2)2)/(0.15*2g)
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=106.6v,/2¢g
he= (v1-v2)*/2g=(4v,-v2)*/2g
=9v,’/2g
hp= 4fL,v,*/2gd,=4*0.01%15%v,%/(0.3*2g)
=2v,’/2g
Substituting the value of the losses in equation (1), we get
8=v,"/2g+ 8v,27/2g+106.6v,7/2g+9v,2/2g+2v,7/2g

=v,°/2g (1+8+106.6+9+2) 4

=126.6v,°/2¢g
Vr=\(8%2g)/126.6

=V (8%2%9.81)/126.6

V,=1.11 m/s

Hence rate of flow ‘Q’=A,v,= (n*(0.3)2/4)*1.1 1
Q=0.078m>/s
Q=178.67 liters/s

V=4V, =4x 1.113 = 4.452 m/s ¢

The various head losses are

1.113%
= ——— — 0.063 m
2x9.81
2 2
4.452
= — = 1.0 m.

g 2x9.81

Total Energy Line
¢ Point A lies on free surface of water.
e Take AB=h; =0.5m
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From B, draw a horizontal line. Take BL equal to the

Length of Pipe i.e., L;, From L draw a vertical line downward.

Cut the line LC = hs =6.73m

Join the point B to C. take a line CD vertically downward equal to he =0.568 m

From D, draw DM horizontal and from point F which is lying on the centre of the pipe,
draw a vertical line in the upward direction, meeting at M. From M, take a distance MEy=
ht = 0.126. Join DE. Then line ABCDE represents the total energy line (TEL).
Hydraulic gradient line (H.G.L.):

From B, take BG= V,*/2g=1.0m

Draw the line GH parallel to the line BC

From F, draw a line Fl parallel to the ED.

Join the point H and 1.

Then the line GHIF represents the hydraulic gradient line (HGL).

Al -
X - ‘ ‘/0.5 m IL
~T=—==-|B i
T ld Le he=6.73m
GLIH\ ~ o ~ L. f1 ]
Im g, _ i Je= 0.5611
| U S
R r 0.126
Yy ST g ....._....I_ ..:,._'.":.... ; E-
e e i
= m - e
d,=.15m Lp=15m
d2' =0.3m

KUMARASWAMY K L

3) A¢ipe ABC eonnecting two reservoirs is 80 mm in diameter. From A to B the pipe is
horizentali@s, shown in fig. 12.7 and from B to C it falls by 3.5 meters. The lengths AB and BC
are 29m and“15 m respectively. If the water surface in the reservoirs at A is 4 m above the

¢enterline of the pipe and at C

(I)The rate of flow and

1 m above the centre line of the pipe, calculate:

(2)The pressure head in the pipe at B

Dept. of Mechanical Engineering.
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Neglect the loss at the bend but consider all other losses. Also draw the energy and hydraulic
gradient lines. Take Darcy friction factor F = 0.024 and Epance = 0.5

¢

Q.
.\O

Solution:

Diameter of the pipe, D = 80 mm 5,0.8
Area, A = /4 *0.08% =0.00026 m*
Friction factor (=4f), = 0.024

Kentrance =0.5

(1) The rate of flow

Applying Berno
(considering horizo

equation between the water surfaces 1 and 2 in the two reservoirs
1 rough C as datum), we get

= velocity of flow in the pipe)
5v(2g)+ {0.024%(25+15)*v?}1/(0.08*2g) + v*/(2g)
= v*/(22)(0.5+12+1) + 13.5 v¥/(29)

v? =6.5%2%9.81/13.5= 9.446
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v =3.073 m/s
Therefore, flow rate= A* V = 0.005026*3.073 = 0.01544 m’/s
(2)Pressure head in the pipe at B,
Applying Bernoulli’s equation at 1 and B, we get
PUWAVI(2g) +21 = pe/wH+veH(2g)+25+0.5v*/(2g)+hy 'S

0+0+4 = pp/w+v*/(2)+2+0.5v*/(2g)+4fLv*/(D*2g)

4 = pplw+(v/22)+(0.5v*/22)+{0.024*25%v*/(0.08*2g)}

(vg=v =3.073m/s) ‘
4 = pplw+(v2)+(0.5v*/22)+(7.5v*/2g)
= pe/WHOV/2g) O

¢

pe/w =4 - (9v*/2g)

N\

Energy gradient and hydraulic gradi ines (B.G.L. H.G.L):
ire

=4 -(9*3.073°/2%9.81)

pe/w = - 0.33 m of water (below atmosphere)

For plotting E.G.L. and H.G.L., velocity head, (same throughout)

v2g =3.073%/(2%9.81) = 0.4

Total energy at B wit tal datum through C

3+ 3.073%/(2%9.81)

4) ipe 0 mm in diameter and 3200 m long is used to pump up 50kg per second of oil
whose density is 950 kg/m’ and whose kinematic viscosity is 2.1 strokes. The centre of the
p ne at the upper end is 40m above than that at the lower end. The discharge at the upper
end is atmospheric. Find the pressure at the lower end and draw the hydraulic gradient and

the total energy line.
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0;0282_.,m_.

AR
58.05 m

| 40 m
v 4 v
Solution
Given:

Dia. of pipe. D =300mm = 0.3m

Length of pipe, L =3200m

Mass, M = 50kgls = p. Q
Density, p Z950kg/m’
Discharge, Q=50/p = 50/950 = 0.0523 m’/s

Kinematic viscosity, W= 24l8stokes = 2.1 cm?/s
=2.1%10" m%/s
Height of upper end =40m
Pressure at upper end = atmospheric = 0
Reynolds number, R.=V*d/v
Where V=Discharge/area= 0.0526/3.14*0.3*=0.744 m/s

R. = 0.744%0.30/2.1%10*=1062.8

Dept. of Mechanical Engineering. Vtusolution.in HDtE/Sﬂjﬁoele . ”"I
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Coefficient of friction, f =16/R.=16/1062.8 = 0.015
Head lost due to friction, hy = 4*f*L*V2/d*2g
he=4*0.015%3200%0.744%/0.3%2%9.81=18.05 m of oil

Applying the Bernoulli’s equation at the lower and upper end of the pipe and taking datum li
passing through the lower end, we have

L
L3 Vi F3 Vi
P Yz =% 7+
pg  2g 1 rg  2g 2 h’f

p2=0, hy=18.05m
But Z;=0, Z,=40m, V=V, as diameter is same ‘
Substituting these values, we have
s 0O
2 =40+18.05=58.05 m of oil
p1 =58.05%p g =58.05%950%9.81 [p for N

= 540997 N/m? =540997/10°* N/cm?>

=54.099 N/cm®. Ans
H.G.Land TE.L
Vo/2g=0.744%/2 x 9.81 = 0.

H.G.Land T.E.L

Vo/2g =0.744%/ 2.x 0282 m

P/ pg=58.05mo

Pz/ P
Drawja h line AX as shown in fig.8 . From A, draw a centre line of the pipe in such a
way that poi is a distance of 40m above the horizontal line. Draw a vertical line AB through

hithat AB = 58.05m. Join B with C. Then BC is the hydraulic gradient line .

Draw a line DE parallel to BC at a height of 0.0282 m above the hydraulic gradient line. Then
DE is the total energy line.
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0.0282 m

Fig 8

5)Two reservoirs A and C having a difference of level of 5.5 m are connected by a pipe line
ABC the elevation of point B being40 m below the level of water in reservoir A. The length AB
of the pipe line is 250 m, the pipe bemg, maderefdmild steel having a friction co-efficient f; ,
while the length BC is 450 m the pipethavingymade of cast iron having a friction co-efficient f,.
Both the lengths AB and BC have a diameter of 200mm. A partially Closed valve is located BC
at a distance of 150m ffom reservoin It the flow through the pipeline is 3m3/min, the pressure

head at B is 0.5m and thediead loss at the valve is 5.0m.

Find the friction co-‘efficiéntf; and f,; Draw the hydraulic grade line of the pipe line and indicate
on theydidgramphead loss'values at significant points. Take into account head loss at entrance and
exigpointshof the pipeline.

Solution:

Difference of water level between two reservoirs = 15.5m

Diameter of the pipeline ABC, D=200mm=0.2m

Length AB, Log=250m
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Length BC, Lpc=450m

Discharge through the pipe,Q=3m’/min=0.05m"/sec

Pressure head at B,

hg= (ps/Ww) = 0.5m

Head loss the valve =5.0m X 2
Friction co-efficients f; and f5:

Velocity in the pipes ABC,

V=Q/A=1.59 m/sec ‘
Applying Bernoulli’s equation at 1 and at B we get
Pi/w+V 2 2g+z, = pe/w+V/2g+22(0.5 Vg*/2g+(hy) Ay O

£;=0.0051

Applying Bernoulli’s equation between 1 and 2 an ideri 1 losses in the pipeline ABC in
the exit loss, we have

PUWAV 128+21=pa/w+V 2 2g+2,+ 0.5V /2884 Lag VD *2)+ (4f:Lpc VH/D*2g)+5.04V/2g.

44+43.28+1159.61,+5.0+0.1288
£,=0.0066
H.G.L (hydraulic gradient line):

Above figure shows the E.G.L(energy gradient line), H.G.L will be V2/2g below the E.G.L
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6) The difference in water surface levels in two tanks, which are connected by three pipes in
series of lengths 300m, 170 m and 210 m and of diameters 300 mm, 200 mm and 400 mm
respectively, is 12 m. Determine the rate of flow of water if the co-efficient of friction are 0.005,
0.0052 and 0.0048 respectively, considering:

(i) Minor losses

(11) Neglecting minor losses

Fig 9
Solution
Given':
Difference of'water level, H=12m
Length,of pipe 1, L; =300 m and

dia. of pipe 1,
Length of pipe 2,

dia. of pipe 2

Dept. of Mechanical Engineering.
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Length of pipe 3, L; =210 m and
dia. of pipe 3, d; =400 mm = 0.4 m
Also,

f1 = 0.005, f, =0.0052 and f3 = 0.0048

(i) Considering Minor Losses. Let V|, V;, and V3 are the ’
Velocities in the first second and third pipe respectively

From continuity equation, we have

A1V =AV;=A3V;

L 2
743
L2 2 2
Vo=AVi/A; = 4d2V1 = d1 /dz(Vl) ’ O

=(0.3/0.2)* * V; = 2.25V,

V3 = A1V1/A3 = d12/d32(V1)

=(90.3/0.4)* V| =0.5625 V,

The difference in liquid surface levelsisiequ the sum of the total head loss in the pipes
0.5V72 4 fi Lq V2 4 0.5 V72 " 4 f, L, VZ 4 (Vo —V3 )2
2g dq 2g 2g d,*2g 2g

4 4xfz Ly *VE v
H= d3 *2qg 2g ]

itutin d

Subs&

or
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1.-’2
120 = 3—1 [05+200+253 80505 +2.847+3.180+03108 ]
Y

12= %[118.887]

—_—

[12+2:5.81

Vi= I——/——
A 118.887

=1.407 m/s ¢

Therefore,

Rate of flow, Q = Area * velocity = A; * V|

\ 4

=1 /4 (d))* * V, = /4 (0.3 )* *1.407 = 0.099 3s

Q =99.45 liters/s.
(ii) Neglecting Minor Losses. Using equation we havé»
h=4Xf1XL1XV12/d1X2X9.81+4Xf2XL2X 2 5 X

+4Xf3XL2XV22/d3X2X9 1

i vi 4
=29 120.0+89.505+3.189] = 2 ’

—
[2+9.81+12.0
d\-ll 11z.654

V, =

2.1 litres /s

7) Three pipes of 400 mm, 200 mm and 300 mm diameters have lengths of 400m, 200m and 300
m 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 16 m.
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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 including them.

— : =

Solution:

Given:

Difference of water levels, H=1

Length and dia. of pipe 1, L; =400 m

00 mm =0.2 m
00 m and
d; =300 mm =0.3 m
Dischatge through the compound pipe
(1 t neglecting minor losses
Let Vi, V, and V; are the velocities in the first, second and third pipe respectively.
From continuity equation, we have

A1V =AVy=A3V;
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L3
Vi=AVyA, =32

ds 2 2
T2 [f‘r"1:|='d'r1 "'fd‘a[f‘r"l:'
P}

=(0.4/0.2)* V| = 4V,

¢

=(0.4/0.2° Vi = 1.77 V,

Using equation, we have ‘
h=4Xf1XL1XV12/d1X2X9.81+4Xf2XL2XV22/d2X2X 4 XL2XV22/d3X2X
9.81 ’

Ve 1% .
16 = 1 ( 20+ 320 + ) ) 1 * (403.14)
29,81 29,81

A\

Therefore, Dischar

V=

Vi =n/a*(0.4)*0.882

=0.1108 m’/s

Minor losses

(a et, h; (0.5%V,%)/2%g
(b) Between first pipe and second pipe, due to contraction,

he=(0.5V2")/(2%2)=(0.5*(4V *))/(2*g)

Dept. of Mechanical Engineering.

Vtusolution.in notewsifise N



FLUID MECHANICS (1LOME46B) Vtusolution.in KUMARASWAMY K L

_ 0.5%16%V2 -V
hy==2—21 g
2xg g

{(c) Between second pipe and third pipe, due to sudden
enlargement,

) 2 ¢
hez (Vg—V:g) =(4V1—1.77V1 )
2xg 2%xg
2 V2
Vi =4973
2xg 2xg

Q.
.\O

4+0.005*400 4+0.005*200*200*16

= +
29 0.4 0.2
4+x0.005«*300%3.157
+ ]
0.3
* V‘lz
= 03.14 5+9.81

fore, Sum of minor losses and major losses

0.5V32 V2 V32 v2
= [ —1 4+ 8% —L+4973 ~ + 3.1329 —
2%g 2x%g 2*g 2xg

2

Vl
+ 403.14 ]
2*%g
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2
Vi
2*x(g

=419.746

But total loss must be equal to H
2

v / _ |16%2%9.81
Therefore 419.746 7 =~ = 16 .. V1= —419346
= 0.864 m/s
Therefore Discharge, Q=A, V, . 3
=1/ 4 (0.4)°* 07864
=0.1085 m?

¢

Problem on equivalent pipe \
8) Three pipes of lengths 800 m 500m and 40 an iameters 500 mm, 400 mm and 300
e

mm respectively are connected in series. These pip to be replaced by a single pipe of length
170 m. Find the diameter of the sin ipe.

Solution:
Given :
Length of pipe 1,

Dia., of pipe 1,

=500 m and

Length of pipe 2,

d =400 mm =04 m
L3 =400 m and

d; =300mm =0.3m

Length'of the single pipe, L =1700m

Let the diameter of equivalent single pipe = d
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Applying equation , _L _ L1 + Ly + L3
5 - 5 5
d s d, ds
0=y 5050 +- 4 = 25600 + 48828.125
d 0.5 0.4
+164609
= 239037
Therefore, d° = =
: 239037 0.007118
Therefore d = (0.007188)%2= 0.3718 m
d= 3718 mm
2

™

s one pipe as shown in fig. 3.

and 1.0 m respectively, while the

d 0.8 m. Find the rate of flow in each

e co efficient of friction for each parallel

—_— )

O\ B
D,
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/c:

notevgsdfiomic |n



FLUID MECHANICS (1LOME46B) Vtusolution.in KUMARASWAMY K L

Solution:

Given:

Length of pipe 1,
Dia of pipe 1,
Length of pipe 2,

Dia of pipe 2 dz = 0.8m

Total flow, Q=3.0mMm3/s

fi=/f,=f =.005 ’
Let @, discharge in pipe 1

Q. = discharge in pipe 2

The rate of flow in the main pipe is equal to the sum of rate of flo rough ch pipes =
= +

We have, Q Ql QZ """

h=4xf,xL;xv;>/d; x2x9.81 +4xf,xL \

or 0.8785V, +.5026V, = 3.0

V,[.8785+ .5026] =3.00RV =
or 3.0 1 m

1.3811 s
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Substituting this value in equation (ii)
v, 2.17

v, = - — 2427
17,894 .894 s

Hence Q, = Ed% XV, = g X 1% x 2.427

m3
=1.906 T.Ans. ¢
Q, =Q—Q; =3.0—1.906 =
m3
1.094T.Ans.

-:—::_:‘a- L=1500m L;=750m,d, =0.6m

1 - D-:.(),Ejm \} — . .

L,=750m,d,=0.6m

o 4
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15t case: Discharge for a single pipe of length 1500m and
dia. = 0.6m

This loss of head due to friction in single pipe is h; = 4flv*%/2gd
Where v* = velocity of flow for single pipe

or 0.3=4x.01x1500xv2/06x2g

vt = 03%0.6%2*9.81
V' 4%0.01¥1500

=0.2426m/s ‘

Discharge Q* = v* x Area = 0.2426 x  x 0.6%/4 = 0.0685
®

2" case: When an addition pipe of length 750m and diame s connected in parallel
with the last half length of the pipe

Let Q, = discharge in 1* parallel pipe &
Let Q, = discharge in 2™ parallel pipe

Therefore Q = Q; + Q,

Where Q = discharge in main pipe when p1 re parallel

But as the length and diamete parallel is same

Qi =Q= Q
Consider the flow through pipe ABC or ABD

velocity of flow through AB
= Q/Area= Q/ m x 0.6%/4 = 40/ 1t x0.36
Head lost due to friction through AB

=4 x 0.01 x 750/0.6 x 2 x 9.81 x (4Q/ 7 x 36)
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=31.87Q°
Head lost due to friction through BC =4 x fx L x V12 /dx2xg
=4 x 0.01 x 750/0.6 x 2 x 9.81 [(Q/2 x m/4 x 0.6*]
(as v1 = Discharge / (n/4(0.6)* = Q/2 x n/4(0.6)" )
=7.969 Q° 'S

Substituting these values in equation (ii), we get

0.3=31.87 Q% + 7.969 Q%= 39.839 ‘

Q= \u'o%ymg
Q =0.0867 m’/s

¢

Increase in discharge = Q - Q*= 0.0867 — 0.0685
=0.0182 m?/s

11). A pipe of diameter 20 cm an h Om c cts two reservoirs, having difference of

water levels as 20. Determine the di e pipe. If an additional pipe of diameter 20
Om length of the existing pipe, find the increase

>ct minor losses
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1** case: When a single pipe connects the reservoirs
H=4fL v*/2gd = 4f LV*/2gd (Q/ n /4 d*)*
[asV=Q/nxd¥4] 'S
=32fLQYn* gd’
20 =32 x 0.015 x 2000 x Q*/n > x 9.81 x (0.2)5
Q =0.0254 m’/s

2" cage:

Let Q; = discharge through pipe CD

Q = discharge through pipe DE

Q3 = discharge through pipe DF
Length of pipe CD, L; =800m and its
Length of pipe DE, L, =800m an
Length of pipe DF L3 = 800n

Since the diameters and length

to Qs

el pipes| we have
Q, = 2Q, [as Q. =Q; ]

ulli’s equation to points A and B and taking
ough CDE, we have

XxfxLix v /dix2x981+4xfxLsxvy?/{dsx?2x9.81
2%/4 = 4 x Q,/ 1T x0.04

8]
0.2%/4 =4 x Q->/ 1T x0.04 =4 x Q,/2 /1T x 0.04
=2 x Q,/2 /71 x 0.04
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=4 x .015x 800/0.2 x 2 x 9.81 x(4 x Q,/ 1 x0.04)> +
4 x .015x 1200/0.2 x 2 x 9.81 x(2 x Q/ 1w x0.04)?

= 12394 Q,2 + 4647 Q2= 17041 Q2
T
Q= 17041

Increase in discharge = Q, — Q = 0.0342 - 0.0254
= 0.0088 m3/s

Flow Through branched pipes

12) Three reservoirs A, B, and C are connected by a pipe system shown in the fig 17.find the
discharge into or from the reservoirs B and C if the sate of flow from reservoirs A is 60 liters/s.

Find the height of water level in the reservoir C. Take f=.006or all pipes.

40m
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Solution:

Given:

Length of pipe AD, L;=1200m

Dia. of pipe AD,

D; =30 cm =0.30 m ’
Discharge through AD, Q; = 60 liters = 0.06 m’/s

Height of water level in A from reference line, z4, =40m

For pipe DB, length, L, = 600m, d; = 20cm=0.20m, Zg = 38.0

For pipe DC, length, L; = 800m, d3 = 30cm=0.30m
Appling Bernoulli's equations to point E and D, ’
Where
Zy,=Zp+=+h

»
pg f

4.f.L,.V{
h = —
where I dyx2g
Q 0.06
Where v, = 2

h — 4x0.006x1200x.8482
fr 0.3x2x9.81

Therefore ,

Z,=27Zn+224+3518
4 D+P.9+

40.0=Z, +22 43518
Py

v

40.0 -3.518=36.482m

but Zy=38m
Hence water flows from B to D.

Appling Bernoulli’s equations to point B and D
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4

J1.518 x 0.2 x 2 x9.81
Vz ==

Z =< .006 x 600
— 0.643 ? ’\

Therefore, discharge,

Q2 = Vo x Z(d)? = 0.643 x = x(0.2)?

Q.= 0.0202 m3/s = 2

Appling Bernoulli’s equations

Ip+22=7+
D ng c

1)
Q, + Q2 =05
Q, = 0.06+ .0202 = .0802 m?/s

Q- 0.0802
T omz Eioo
4 4\
= 1.134m/s
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4%.006X800%1.134%
=/, +4.
03x2x9.81 ¢ 4194

Therefore 36.482 =7, +

Ze = 36.482 — 4.194= 32.288 m. Ans.

Unit 7: Intoduction to compressible flow

Introduction : ‘

Consider a ideal gas equation

P——ﬁ:.

¢

It seen that density is depends directly on pressure and inversely,on témperature. Thus density
changes in the flow can in fact occur . Such flows called compressible flow

Compressible flow is defined as the flow in which t

densif fluid does not remain
1O to point in compressible
f th id is assumed to be constant. In

constant during flow. This means that the densi n
flow. But in case of incompressible flow, the de
fluid flow measurements, flow passed immerse dies; viscous flow etc,

Attributes of Compressible Flo
* Density can no longer be rega
* Bernoulli’s principle
*  Coupling betwe

no longer be ignore

mpressible flow is so important because of the wide range examples that exist:
atural gas piped from producer to consumer,
¢h speed flight through air,

* discharging of compressed gas tanks,

flow of air through compressor,
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* flow of gases/steam through turbine, in machines , and many others

* Flow of gases through orifices and nozzles,

* Projectiles and airplanes flying at high altitudes with high
velocities, the density of the fluid changes during the flow.

Basic Thermodynamic Relations ‘

(1)Equation of state- is defined as the equation which gives the relationship
pressure, temperature ans specific volume of gas. For the perfect gas, the equation of st

where ‘
Vs = Specific volume or volume per unit mass = 1/p
p= Absolute pressure of gas in kgf/m*  abs

T = Absolute temperature=(t+273)°C ,absolute =Degre elv

R = Gas constant in kgf-m/kg “K or (j/kg K)

* The value of gas constant R is differen
of 1.293 (12.68 ) at a pressure
temperature 0°C, the gas con

For air having specific weight w
of Hg (or 10,332 kgf/ or 101,300 ) and

R =

— P .
1" 1% 1A

hermodynamics are also required. They are briefly described below for the purpose of
vision.

2 (a) Isothermal Process - In this process the temperature remains always constant. It
means that when a gas is compressed sufficient time is allowed to dissipate the amount of
heat generated due to compression, to the atmosphere.

Equation of state for this case is
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pvs= constant or
P1Vsi = P2Vs2 = constant....(when t =constant)  ....... 3)
which is also known as Boyle’s Law.

(b) Adiabatic process- In this process no heat is added or taken away from the flow

by its surroundings, that is, in this process, the expansion or compression of gas
without allowing sufficient time. A good insulated system is an example fr
neither heat can go out nor enter in. The relationship between pressur d s
volume is given by the following relationship:

(Y = k) = Bulk modulus = 1.4 for air

\ 4

k
Pv, = constant

Ko K
or P1Vsi = P2Vs = constant

¢

Pr_ Vs2 yk
P2 - (Vm ] 1 9
The equation of state gives the following relationship for process
br _ V2 vk
b2 (V51 )

This is also known as Charles’ L

Equation (4.a) in (5), the following relationships are

C))

.. (6)

(7)
( n above equations, k is given by
k =c¢p/ey

e cp =specific heat at constant pressure and

¢y = specific heat at constant volume
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(a)cp is defined as that amount of heat which is required to change the temperature of a unit
weight of fluid throug 1°C, when pressure remains constant.

1
c, = (—)F
=57 ..(8)
(b) cyis defined as the amount of heat required to change the temperature of a unit wei
fluid through 1°C when volume remains constant 'S
1 \R
¢ = (=)
...... 9

Physical properties of Various Gases

Carbon CO, 0.203 1.3
dioxide 19.50
Carbon CcO 2 0.174 1.4
monoxide 30.64
Hydrogen H, 41 2.420 1.41

425.00
oxygen o)) 0.217 0.155 1.39

26.80
Nitrogen 0.244 0.173 1.4

30.60

0.451 0.339 1.33
47.55

Entropy is defined as a property of a gas which measures the availability of heat energy for
conversion into work. It is denoted by S. It cannot be measured by instruments but like moment
of inertia it is quite real and very useful in thermodynamic calculations. Like heat it has no
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definite value, but it is measured above an arbitrary chosen datum. Its absolute value is not
important. The change of entropy during a given process is a quantity which is of interest.

If dg is the amount of heat absorbed or transferred by a unit weight of gas in a small time
interval and T is the absolute temperature of gas at that instant, then the change of entropy during
the process is

T, 8
de I
d, == 8= )~ L 2
T and T (10)

Basic Equations of Compressible Fluid Flow:

These are the same as continuity equation and momentum equation deri rom‘ee basic
principles. The only change from incompressible fluid cases is tha rmod ics of mass,
energy and momentum.

Equation of Continuity: ‘

ed that flowing fluid is
incompressible i.e. p;=p,, hence the volumetric . i.e. w volumetric discharge passing
through any section

ss whi ates that matter cannot be created nor be
Ss 18 tant. For 1-D steady flow, the mass per

This is based on law of conservatien of
destroyed. Or in other words, the r o
second = pAV

Where p = mass density, A =2 S n, V= velocity

ording to law of conservation of mass, Hence
~-(a)
pd(AV) + AVd p =0

or pAdV+AVdp=0

i’s equation
Total energy = pressure energy (p/p)+ potential or elevation energy (z) +kinetic energy ( V*/2g)

In case of compressible flow , with the change of density p, the pressure p also changes for
compressible fluids.The Bernoulli’s equation will be different for isothermal process and for
adiabatic process
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(a) Bernoulli’s equation for Isothermal process:
For isothermal process, the relation between pressure(p) and density(p) is given by equation
p/p = constant
Finally, p/pg log.p + V*/2g + Z = constant
Bernoulli’s equation for compressible flow under going Isothermal process. O

For the two points 1 and 2, this equation is written as

pi/pig logep: + Vi2/2g + Z1 = po/pag logep, + V2212 + Z,

(b) Bernoulli’s equation for Adiabatic (or Isentropic) Process: ‘
For adiabatic process, the relation between pressure(p) and densi is n by equation
p/pk = constant ‘

Finally,

momentum per second of a flowing fluid ( compressible or incompressible )
ere pAV = mass per second

pPAYV is constant at every section of flow due to continuity equation. This means the
momentum per second at any section is equal to the product of a constant quantity and the
velocity. This also implies that momentum per second is independent of compressible effect.
Hence the momentum equation for incompressible and compressible fluid is the same. The
momentum
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Equation for compressible fluid for any direction may be expressed as,
Net force in the direction of S

= rate of change of momentum in the direction of S

= Mass per second [ change of velocity]

= pAV [V2- V] S
where v2 = Final velocity in the direction of S

V1 = Initial velocity in the direction of S

Propagation of Disturbances in Fluid and Sonic Velocity of

Both solid and fluid as transmitting media consist of molecules ence that in case of a
solid the molecules are close together and in a fluid the moleg e re y apart. Whenever
a minor disturbance takes place, it is transmitted t&)u h a soli nstantaneously, but in

case of fluid its molecules change in position before the nsmitted or propagated

Thus the propagation of disturbance depends ic properties of a fluid. This
propagation of disturbance is similar to th sound through a media. The
speed of propagation of sound in a mediad ic or sonic velocity which is due to

an important factor in compressible

a long straight cylinder made of rigid material and
. Let a frictionless piston work in the cylinder with
and produces disturbance propagating along its length in the
with the velocity of sound C.

f the fluid in pipe before movement of the
iston

p = Density of fluid before the movement of the piston
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PISTON WAVE

,/f! IJIIJJJII{J[ / ’!;"nloy

Fig 2. One dimensional pressure wave propagation Q
Let C = Velocity pressure wave or sound wave wvelhr‘

vdt = distance travelled by the piston in time dt

dp = Increase in pressure
Dp =Increase in fluid density between pis nd front
dt = A small interval of time moved

Neglect friction and heat t y 1

or

cdp = pdV

(neglecting terms of higher order)
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c.d
dv = P

Therefore p

Substituting the value of dv in eqn. (a)

d
dp= pc.c—p =chdp
p
Or
c= |9
dp
Equation (b) gives the velocity of sound wave which is the square root ratio of change of
pressure to the change of density of a fluid disturbance ‘

e/Original volume)

Velocity of sound in terms of bulk modulus. ’
Bulk modulus k is defined as K = (Increase in pressu \ m

= dp/-(dvy/vs) ...(c)

Where dv, = Decrease in volume,
v¢= Original volume

Negative sign is taken as with th ase ressure, volume decreases
Now we know mass of the fluid t. Hence p * volume = constant  (since mass = p *
volume) p * vs= const
Differentiating the a (p and v, are variables)

pdve+vdp =0 dv p or dvy/ve=dp/p
subs s/Vs) in equation (c), we get K=dp/(dp/p) = p(dp/dp) or (dp/dp) = (K/p)

the'veloc f sound wave is given by

c:\/ﬁ =\/K ...(d)
dp p

Equation (d) gives the velocity of sound wave in terms of bulk modulus and density. This
equation is applicable for liquids and gases.
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Velocity of sound for isothermal process

For isothermal process , p/p = constant
p p'1 = constant
Differentiating the above equation, we get
PV p?dp+pldp =0 X 2
Dividing by p”' , we get —p p' dp +dp or —p dp + dp=0

dp = p/p dp or dp/dp = p/ p=RT (as p/p = RT...Eqn. of state)

Substituting the value of dp/dp in equation C= @ ‘
dp
K
C=F =/RT O
We get P ’

Velocity of sound for adiabatic (isentropic process

p/ p* = constant

p p'k = constant
Differentiating the above equ\

P p*dp+p*dp =0

Dividing by p’k , we get dp ordp = pk/p dp

dp/dp =p/lp k = o/p = RT...Eqn. of state)

Substituti ¢ of dp/dp in equation C= dp

dp

ropagation of the minor disturbances through air, the process is assumed to be
. The velocity of disturbances (pressure wave) through air is very high and hence there
for any appreciable heat transfer.

2. isothermal process is considered for calculation of the velocity of the sound waves (or
pressure waves) only when it is given in the numerical problem that process is isothermal. If no
process is mentioned, it is assumed to be adiabatic.
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Mach number:

Mach number is defined as the square root of the inertia force of a flowing fluid to
the elastic force.Then,

I nertiaforce | pAV?
Mach number = PP

EI asticforce | KA

\/Vi2 r C %:C L 4

Thus mach number =M [From Equation eqn. (d)]

Mach number, M = Velocity of fluid or body moving in fluid ocity und in the
fluid

M — —
C

If the Mach number of fluid flow is less than o 1), 1 owing with a velocity which is
less than velocity of sound.Such a flow is call flowFor M>1, the flow is known as
Supersonic flow. For M=1, the flow is sonic flow

Problems on Mach number

1)Find the sonic velocity of t uid :

(1)Crude oil of specifi
(ii)Mercury having a

Solution:

Give
Specific gravity =0.8

efote density of oil, p =0.8 * 1000=800 kg/m’
Bulk modulus, K = 153036 N/em® = 153036 *10* N/m’
Using the equation for sonic velocity, as

C=7(k/p) =((153036 *10%/800)
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=1383.09 = 1383 m/s

(ii) Mercury: Bulk modulus, K= 2648700 N/cm” = 2648700 * 10" N/m*

Specific gravity = 13.
Density of mercury, p =13.6 * 1000 =13600 kg/m3 ’

The sonic velocity, C is : given by C = \/(k/p)

= (2648700 * 10*)/13600)

= 1395.55 m/s ‘

2) Find the sonic velocity for the following fluids:
(1) Crude oil of specific gravity 0.8 and bulk modws 1.5

(ii) Mercury having a bulk modulus of 27 GN/m’

Solution:

Crude oil: Specific gravity =0.8

Therefore density of oil,
Bulk modulus, K =1
Mercury: Bulk modulus, K=
* 1000 =13600 kg/m’

Density ofdgnercur

Sonic velocity,

Sonic velogity is gi e relation :

((1.
= V(27 ¥10%)/13600) = 1409 m/s

/800) = 1369.3 m/s

3) Find the speed of the sound wave in air at sea-level where the pressure and temperature are
10.1043 N/cm® (absolute) and 15°C respectively. Take R =287 J/kg K and k=1.4.
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Solution: Given :
Pressure, p =10.1043 N/cm?
=10.1043 * 10* N/m’
Temperature, t=15°C
Therefore T=273+15 =288 K ’
R =287 J/kgK, k=14.

For adiabatic process, the velocity of sound is given by

\ 4

C=V(kRT) =(1.4* 287 *288)
=340.17 m/s

¢

4) Calculate the Mach number at a point on aget pr e
km/hour at sea level where air temperature is 20° ek

Solution: Given : 0
Speed of aircraft,V = 1100 km/hour

= (1100 *A0 60 % 60)= 305.55 m/s

which is flying at 1100
and R =287 J/kg K.

Temperature, t=

Therefore T 93 K

1.4 87 J/kg K.
The i ound /is‘given by the equation
C = V(kRT)
= (1.4 * 287 ¥293)
=343.11 m/s
Mach number is given as

M = (V/C) =(305.55/343.11) = 0.89
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5) An aero plane is flying at an height of 14 km where the temperature is -50°C. The speed of the
is corresponding to M = 2.0. Assuming k = 1.4 and R = 287 k/kg K, find the speed of the plane

Solution:

Height of plane, Z = 15 km(extra data)
Temperature, t = -500C

Therefore, T = -50+273 = 2230C

Mach number, M = 2.0, k = 1.4, R=287 j/kg K

Using equation, we get the velocity of sound as C = V(kRT)

=4/1.4x287x223 =

3m/s

We have Mach number M = V/C

¢

2.0=V/299.33

V =2.0x299.33 =598.66 m/s

= 598.66 x 60x60/1000 = 2155.17 r
6)Find the Mach number of rocket trave in d air with a Speed of 1600 km/hr.

Solution:

Same in MKS and SI uni
600 _ 1600 x 1000 444
T v Am/sec

Standard VS th owing values at sea level;

kgf
p = 1.0332 g

A 4

kgf 3
t=15°C; y = 1.2265(01'12 N/m*>)

kN)

cm? (or 101.3 2

msl kgm
p=0.125— (or 1.226— )
m m
T

R = 29.27
I
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Nature of propagation of pressure Waves or disturbances) in a compressible Fluid

Whenever any disturbance is produced in a compressible fluid, the disturbance 1is propagated in
all direction with a Velocity of sound. The nature of propagation of the disturbance depends
upon the Mach number. Let a projectile travel in a straight line with a steady velocity V. It will
produce disturbance propagating in all directions.

At time t = O sec, the body is at point A

At time t = 1 sec, the body is at point 1, then distance s,
= VAt

Attime t = 2 sec, the body is at point 2, then s, = 2VAt

Attime t = 3 sec,the body is at point 3, then s, = 3VAt etc.

With point 3 as center, draw a circle with radius CA t, and with point 2, as centet)draw another
circle with radius 2cAt. similarly with point A as center draw gif€le, with radius to 4c At. From
this it will be seen that point B remains within the sphere of radius 4c

AR , et ,
h('b - Y ) 3 \ <~ LY :
Jinge® 7N\ gt
\ TNLC AL N '
A .1‘\2 T3 B A! i‘l Zi
o 7 =T
(3)SUBSONIC FLOW M <1 (DISONIC FLOW M =1

~

MACH

. {CY SUPERSONIC -FLOW M >1

Figure 3. Nature of disturbances in compressible flow
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(a) M<1, when V is less than the velocity of sound C,which means the projectile lags behind
the pressure wave.

(b) M=1 Since V=C, then circles drawn join to points as shown in Fig 1.2(b). The circle
drawn with center A will pass through B.

(c) M>1,1.e V>C, then the sphere of propagation of disturbance is smaller and the

of projectile is higher. V'S
Drawing the circles as earlier, if tangents are drawn to the circles, the spherical pressure es
form a cone with its vertex at B. It i1s known as Mach cone. Half cone angle is kno m
i1 S o L
angle and denoted by B and S v ‘
In such a case the disturbance takes place inside the coneand outsi disturbance

which is then called Silence zone. It is seen that when an aero plane 1 ving with supersonic
speed, the noise of the plane is heard only after the plane has

When M >1, the effect of the disturbance is felt only ifiythe

region is called the zone of action

Stagnation Properties:

When the fluid flowing past an i
velocity becomes zero, the value o ure and density at that point are called
Stagnation point. The values of pr ature and density are called stagnation
pressure, stagnation tempera tion density respectively. They are denoted as ps,
ps and T's respectively.

Expression for stagn pre

Consider a compres uid] flowing past an immersed body under frictionless adiabatic
conditions.

a stream line.

ompressible fluid at point 1

ty of fluid at 1 and

ensity of fluid at 1

p1, V2 p2 = corresponding values of pressure, velocity and density at point 2

By applying Bernoulli’s equation for adiabatic flow by equation at 1 and 2, we get

P e e AR A
k-11p9 k-11p,9

1 2
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Finally
(&)
_ k—
Ps = p1|:1+uM12} 1
2
Where P, =stagnation pressure
Expression for stagnation Density (ps ) X 2

ps/ ps = RT;
Expression for stagnation (T;)

Equation fo state is given by pd/ps=RT

Finally
k - 1 2
T, =T,|1+—M,
2 4
1) A projectile is travelling in air having pressure mpe e as 88.3 kN/m? and -2°C. If
the Mach angle is 40°, find the velocity of the'preject ke k =1.4 and R =287 J/kg K.

Solution:
Pressure, p= 88.3

Temperature of air, t=

onic

locity,
=(1.4%287 *271)
=330 m/s

Now, sino= C/V
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or sin 40°=330/V
or V= 330/sin40°

V =513.4 m/s

2) A projectile travels in air of pressure 10.1043 N/cm?” at 10°C at a speed of 15@
the Mach number and the Mach angle. Take k= 1.4 and R =287 J/kg K.

Solution:

Given:

Pressure, p=10.1043 N/cm?
=10.1043 * 10° N/mz’

Temperature, t=10°C

T =10+273 =283

Speed of projectile, V=1500 our
10 60 * m/s

For adiabatic processfvelocity of'soufid C is given by
C/=(kRT)
=~(1.4 * 287 *283)

=337.20 m/s

The umber, M =(V/C)
=(416.67/337.20)
=1.235.

Therefore Mach angle is obtained as

sina, = (C/V)
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= (I/M)

= (1/1.235)

=0.8097
Therefore Mach angle, o= sin'1(0.8097)

= 54.06° ¢

3) Find the velocity of bullet fired in standard air if the Mach angle is 30°. Take R = 287:

k and k = 1.4 for air. Assume temperature as 15°c.
Solution:
Given: O

¢

Mach angle o =30°
R =287.14 J/kg k
k=
Temperature, t= 15°C \

Therefore T=15+273=
Velocity of sound is given as
C = V(kRT)
=(1.4 * 28%.14 )

= 34025 m/s

Usin rela na=C/V
sin 30° = 340.25/V
V =340.25/sin 30

= 680.5 m/s
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4)An air plane is flying at an altitude of 15 km where the temperature is -50°C. The speed of the
plane corresponds to Mach number of 1.6. Assuming k= 1.4 and R = 287 J/kg K for air. Find
the speed of the plane and Mach angle o.
Solution:
Given :

4

Height of plane, H=15km =15 * 1000 = 15000 m

Temperature, t=-50°C

therefore T = -50+273 =223 K ‘
Mach number, M=1.6,k=1.4 and R =287 J/kg K
Find : (i) speed of plane (V) O

¢

(i1) Mach angle, o
Velocity of sound wave is given as

C = V(KRT) = V(1.4 * 287 *223) =229.3

(ii) Mach angle, a
Using the relation for Mach angle
sin a. = C/V = 1/(V/C)
a=sin" 0.625,38.68°

(i) Speed of pla

We know,

V,.=1.6 ¥299.33 =478.928 m/s

= (478.98 * 3600)/1000 = 1724.14 m/s
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5)Find the Mach number when an aeroplane is flying at 1100 km/hour through still air having a
pressure of 7 N/em? and temperature -5°C. Wind velocity may be taken as zero. Take R = 287.14
J/kg K. calculate the pressure, temperature and density of air at stagnation point on the

nose of the plane. Take k=1.4.

Solution:

¢

Given:

Speed of aeroplane, V=1100 km/hour

= (1100 * 1000)/(60 *60) ‘
=305.55 m/s
Pressure of air, p1=7 N/cm? = 7#10* N/m> O

¢

=-5+273 =268

Temperature, t; =-5°C
Therefore T

R = 287.14 J/kg

Using relation C = V(kRT) for velocity diabatic process, we have

C,=V(1.4 %28 63 2 m/s

™

Therefore Mach numb

=0.9309 = 0.931
Stagnation press . using@ equation for stagnation pressure,
1Z]k/(k—l)

+((1.4-1)/2)(0.931)4" 14D
10*[1+0.1733]"404

=7.0 *10"[1.1733]* = 12.24 * 10* N/m*

=12.24 N/cm®

Stagnation temperature, Ts. using the equation for stagnation temperature,
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T, = Ty[1+((k-1)/2) M{*]
=268 [1+((1.4-1)/2) (0.931)*]
=268 [1.1733] =314.44 k
Therefore
ts=Ty—273 =314.44 - 273 =41.44 °C Y 2
Stagnation density , ps. Using equation of state for stagnation density, ps/ps = RT;

Ps = ps/ (RTS)

In the above equation given, if R is taken as 287.14 J/kg K, then sure ‘sheuld ’taken in
N/m” so that the value of p isin kg/m3. Hence ps = 12.24 #10* N/m” a s=31444 k.

ps = 12.24 ¥10%/(287.14 * 314.44) = 1.355 kg/m’

¢

6) Calculate the stagnation pressure, temperature, ity o
plane, which is flying at 800 km/hour throughgstill avin
temperature -10 °C.Take R=287 J/Kg K and k =

stagnation point on the nose of a
pressure 8.0 N/em? (abs.) and

Solution:

Given:

Speed of plane, V = 800 k
= 100 =222.22 m/s

Pressure of air, m 8.0%10* N/cm?

Temperatu
+273 =263°C
=287 J/Kg" K
k=14
For adiabatic flow, the velocity of sound is given by
C = V(KRT)

= V(1.4%287%263)
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=325.07 m/s.
Mach number, M=V/C
=222.22/325.07 =0.683
This Mach number is the local Mach number and hence equal to M;.
Therefore M; = 0.683 ’
Using equation for stagnation pressure,
ps = p1 [1+ ((k-1)/2) My*] (K/(k-1))

= 8.0%104[ 1+((1.4-1.0)/2.0)*(0.683)*](1.4/(1.4-1.0))

=8.0%104[1.0933]3.5 = 10.93*104 N/m2
=10.93 N/cm2 &
Using equation for stagnation temperature

Ty =Ty [1+ ((k-1)/2) M1 =263 [1+ ((1.4-1.0)/2.

As R =2874/Kg K, alue of p, should be taken in N/m? so that the value of p, is obtained in
Kg/

ps =10.93*%10* N/m*
herefore Stagnation density,
ps = (10.93%10%) / (287%287.5)

=1.324 Kg/m’
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Area-velocity Relationship for Compressible Flow:

The are velocity relation ship for incompressible fluid is given by the continuity equation as A *
V = constant

From the above equation, it is clear that with the increase of area, velocity decreases. But in case
of compressible fluid, the continuity equation is given by, pAV = constant ...... (1)

Differentiating equation(i), we get 4

pd(AV) + Avdp =0 or p[AdV + VdA] + Avdp =0

or pAdV + pVdA + Avdp =0
Dividing by pAYV, we get dV/V + dA/A + dp/p =0 .....>i1) ‘
The Euler’s equation for compressible fluid is given by equati + VdV +gdZ =0
Neglecting the Z term, the above equation is writtch\O
dp/p x dp/dp + VdV =0
(Dividing a u ing(by dp)
or dp/dpxdp/p+VdV=0

But dp/dp = C*

dpl/p +VdV =0

This equation can also be written as

p/p+VdV =0

= VdV/C? - dV/V = dV/V[VHC? -1]

dA/A = dV/V[M3-1]
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Incompressible

¢ Subsonic
3 Transonic
il .
2 Supersonic
. U<a , Ma<1: Subs&'
&
8 ,,:" Ma=1:Sonic
Fa
d Hypersonic :
S/ yPel Ma>1; nié»
p >3

’ M : ersonic
Comparison of flow properties in subsonic and soni zzles and diffusers

itot-static tube in a compressible flow

The pitot - static tube, when used for determining the velocity at any point in a compressible
fluid, gives only the difference between the stagnation head and static head. From this difference,
the velocity of the incompressible fluid at that point is obtained from the relation

V= \/(2gh) , where h = difference in two heads.
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But when the pitot - static tube is used for finding velocity at any point in a compressible fluid,
the actual pressure difference shown by the gauges of the pitot — static should be multiplied by a
factor, for obtaining correct velocity at that point. The value of the factor depends upon the mach
number of the flow. Let us find an expression for the correction factor for sub-sonic flow.

At a point in pitot-static tube, the pressure becomes stagnation pressure, denoted by ps..The
expression for stagnation pressure, psis given by equation, as

P = p1 [1+ ((k-1)/2) M1 ¥ED i)
Where, p; = pressure of fluid far away from stagnation point,
M, = Mach number at point 1, far away from ‘

stagnation point,

For M<l,the term (k-1)/2 *M,> will be the less than 1 an e t-hand side of the
equation (1) can be expressed by binomial theorem asf)

ps = [1+((k-1)/2)M,*#k/(k-1)*((k/(k-1)*((k/(k-1)

* (((k=1)/2) My J+((R/k- 1 (kA(K-1)-1)(k/(k-1)-2)

=p1+p1 [(k/2) M "+ (k/8) M ™+ (
Ps-p1=p1#(k/2 ) My [1+(M,*/4)+ HMPE. ] (G

But M,*=V,* where C,*=kp,/

rm 12/4)+((2-k)/24)M14+...] is known as compressible correction factor. And
\%% ) is the reading of the pitot-static tube. Thus the readings of the pitot-tube must be
by a correction factor given below for correct value of velocity measured by pitot-

tube.

Compressibility Correction Factor,

C.C.F=[1+(M¥/4)+((2-k)/24)M;*+...]
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1) Calculate the numerical factor by which the actual pressure difference shown by the gauge of

a pitot-static tube must be multiplied to allow for compressibility when the value of the Mach

number is 0.9. Take k=1.4

Solution :

Mach number, M; =0.9 ’
K=14

Using equation for, Compressibility Correction Factor is

C.C.F =[ 14+(MY/4)+((2-K)24)M*+...] =1+((0.9%)/4)+((21

)+
=1.0+0.202540.0164+.... = 1.2189.

Numerical factor by which the actual pressure differzwe is td 2189

@QPPEPEEEEE@E@ @=
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FLUID MECHANICS
LAMINAR FLOW AND VISCOUS FLOWS

Viscosity plays an important role.

Low velocity flows.

Laminar flow - where each fluid layer glides over the adjacent layer.

Shear stress (t) = py(du/dy).

Ex., Flow of viscous fluid through circular pipe, two parallel plates, bearings etc.,

NO SLIP CONDITION

¢

In ideal fluids, when fluid passes over a boundary, it slips over the
and velocity distribution is uniform over the boundary.

known as “No Slip Condition”.

In a real fluid flow with stationary boundary, the v,
boundary and increases as we go away from the boundary.
gives rise to a velocity gradient and hence the viscous sh
motion. Due to this resistance to motion, power is regu C intain flow of real
fluids. Hence, in many fluid flow problems, effect of
near the boundaries.

LAMINAR AND T

XPERIMENTS

Fig. Reynolds Experiments
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The nature of dye filament was observed at different velocities:

1. At low velocities, the dye remained in the form of straight stable filament
parallel to the axis of the tube: (a) — The flow is laminar.

2. At higher velocities, dye filament showed irregularities and wavy nature: (b)-
The flow is transitional.

3. With further increase in velocity, the filaments become more and more
irregular, and finally dye is diffused over the complete cross section: (c) The
flow is turbulent.

At low velocities, flow takes place in number of sheets or laminae. This flo

called Laminar Flow. At high velocities, the flow is disturbed and inter-mixing of
particles takes place. The flow is called Turbulent Flow.

TYPES OF FLOW AND LOSS OF HEAD

Loss of head, hf is measured in a pipe of length (L) for various values of
velocity (v) in the pipe and (hf/L) vs (v) is plotted in a log — log pl

¢

N

Fig. Types of Flow and Loss of Head
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Loss of head (hf) is measured in a pipe of length (L) for various values of flow
velocity (v) in the pipe and (hf/L) Vs (v) are plotted on a log — log scale. At low
velocities, up to point (B), the curve is a straight line. (hf) is proportional to (v) up to
point (B). We see transition up to point (C). After (C) again, the curve obtained has a
slope varying from 1.75 to 2.

Up to (B), it is one type of flow called the laminar flow in which (hyf) is

proportional to (v). Beyond (C), it is another type of flow in which (h¢) is proportional

to (VN) where n=1.75 to 2. This is called turbulent flow. However, if the, velogity is
reduced from a high value, line BC is not retraced. Instead, the points lie alongine
CA.

Point (B) is called as higher (or upper) critical point and the corresponding
velocity is called as upper critical velocity. Point (A) is called as lower critical point
and the corresponding velocity is called as lower critical velocity. Keynolds Number,
which is the ratio of inertia force to viscous force is the critérion ‘which degides
whether the flow is laminar or turbulent.

Re= (pVL/W)= (VL/v). For pipes, L=d, the diameter of the, pipe which is a
characteristic dimension.

The Upper Critical Reynolds Number carresponding to paint (B)is not definite.
Its value depends upon how carefully the initial, disturbance affecting the flow is
prevented. Normally, Upper Critical Reynolds Number forpipe flow is about 4000.
(Note: with proper precaution, values as high @ 50,000,can be achieved.

The Lower Critical Reynolds Number eorresponding to point (A) is definite.
For a straight pipe, its value is about 2000, L his Reynolds Number is the true Critical
Reynolds Number, which is the dividing line'betweenithe laminar and turbulent flows.
The Reynolds Number belowiwhichtthe flow is definitely laminar is called the Critical
Reynolds Number ( For pipe flowjRe (€ritical) around 2000.

LAMINAR FLOW

Definition: The flew in which the particles of fluid behave in orderly manner
with out intermixing with each, other and the flow takes place in number of sheets,
layers or laminag, eachgsliding over the other is called as laminar flow.

Characteristies, of Laminar'Flow:
1. Particle"offluidiehave in disciplined manner. No inter-mixing of particle.Flow
takes place in layers which glide over one another.
2. Velocity of/flow at a point is nearly constant in magnitude and direction.
3y Viscousgforce plays an important role in fluid flow (as compared to other
forces).
4. Shear stress is obtained by the Newton’s Law of Viscosity.
5. Any disturbance caused is quickly damped by viscous forces
6. Due to No-slip condition, velocity across the section is not uniform. Velocity
gradient and hence, the shear stress gradient is established at right angles to
the direction of flow.
Loss of head is proportional to the velocity of flow.
Velocity distribution is parabolic in nature (pipe flow)

© N

3 i
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Practical examples of laminar flow: Flow of oil in lubricating mechanisms,
capillary tubes, blood flow in vein etc.,

SHEAR AND PRESSURE GRADIENT IN LAMINAR FLOW

Because of No-Slip Condition at the wall, different layers move over each
other with different velocities in the flow near the wall. The relative motion between
the layers gives rise to shear stress. Shear stress varies from layer to layer and it is
maximum at the wall.

Shear stress (1) = p(du/dy)

Shear stress gradient exists across the flow. Also, along the flow, pr re
will vary to maintain the flow and pressure gradient exists along the flow.

RELATION BETWEEN SHEAR AND PRESSURE GRADIENT
LAMINAR FLOW

Consider the free body of the fluid element with sides dy, d sh&n in
the Fig. For ex, in the flow inside a pipe.
(t) = Shear stress; p=pressure

. Shear and Pressure Gradients in Laminar Flow

ces acting on the element are shown in Fig. For steady uniform
acceleration and the sum of forces acting in the direction of motion
| to zero. (Forces in +(x) direction are taken as positive)

sure forces + Shear forces =0

dz — {p + (dp/ox)dx}dydz] +[{t+(dt/dy)dy} dxdz — tdxdz] = O

ifying,
—(dp/ox)dxdydz + (dt/dy)dxdydz = 0; Dividing by dxdydz, the volume of the
parallelepiped,

(dp/ox) = (dT/9y)

4 i
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For a two- dimensional steady uniform laminar flow, the pressure gradient in
the direction of flow is equal to the shear stress gradient in the normal direction.
Since p=p(x) and T =t (y) only, and according to the Newton's law of viscosity,

(1) = p(du/dy); we get (9p/dx) = p(02u/dy2)

Problems on steady uniform laminar flows can be analyzed by integrating this

equation.

LAMINAR FLOW THROUGH A CIRCULAR PIPE

Consider a steady laminar flow of fluid through a horizontal circular pipe g sho
Consider a concentric cylindrical element having radius (r) and length (dx)

Note: Shear stress resists motion.

all forces acting x-direction must be zero.
p.7 r2 —(p+(9p/d
Or —(dp/
Or t=—(ap/
t

es the variation of shear stress with respect to radius.
d shear stress is zero. At the pipe wall, r=R, the shear stress is

5 .
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¢

Fig. Velocity and Shear Stress Distributions

VELOCITY DISTRIBUTIONS

\ 4

According to the Newton's Law of Viscosity,

(t) = p(du/dy); But y= (R—r) and dy =—ar
Therefore, (t)= —p(du/dr) = —(ap/dx)(r/2)
Therefore, (Ju/or) = (1/2)( Ip/ox)r X 2
Integrating w.r.t. (r) we get,

u= (1/2p)( dp/ox)(r2/2) +C ; where C=Cons

(dp/ox) is independent of (r)

Now, let us find constant C

At r = R, that is at the wall, u=0.
0=(1/4p)( dp/ox)R2 +C

Or C= —(1/4p)(9p/dx) R2
u=(1/4p)( 9p/ox)(r2-R2) or

)
u=(1/4p)(- 9p/ox)(R2-r2)

Since y, (dp/

[1-(/R)2]
0p/dx)= Umax Therefore, u= Umax [1-(7R)2]
s the velocity distribution in the pipe, which is parabolic.

6 L]
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Discharge (q) across a section is found by integrating the discharge (dq)
passing through an annular ring of width (dr) situated at a distance ( r) from the
center. Discharge through the annular ring=area of the ring X velocity at radius (r)

dg=2nr dr [(1/4u)(- op/ox)(R2-r2)]

Total discharge,

q =oR (R2-r2) r dr [(1/4p)(- 9p/ox) 2n]

=(r /2u) (-0p/ax) [(R2 r2 /2)-(r4/4)]oR

=(m/2y) (-0p/ox) [(R4 /2)-(R4/4)]

g= (nR% /8) (-9p/dx) U'S

Average velocity= ugy

=(qg/area of pipe)=(q/ TR2)

ugy= (tR% /8u) (-op/ox) (1/ tR2)

= (R2/8p) (-0p/ox); But (R2/4p)(- 9p/ox)= Umax. Therefore, ugy =|
Thus, in case of steady laminar flow through a circular pi ve&ity

is half of max. Velocity.

The radius at which the local velocity is equal to the aver is given by:

u= Umax [1-("R)2]= uav= (Umax /2)

[r2/R2]=0.5 or r=0.707R

Thus the average velocity occurs at a radial dista of m the center of

the pipe.

Pressure drop over a given pipe length: We that,

Uay = (R2/84) (-0p/ox)

(-9p/x)= [(8y uay) /R]

-dp=[(8u ugy) /R2] dx Integrati

[-dp = [(8u uay) /R2] dx At 1, p= , P=Pp2, X=X2

Fig. Pressure Drop over a Length of Pipe.

(P1- P2) = [(81 uay) /R?] (x2 — x1)

—Xx1)
(P1 - p2) = [(8M uay) /R?] (L) ------- Eq.(1)
Since D=2R, (p1 —p2) = (324 ugyL/D3)

7 .
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(P1 — p2) = [128uqL/(xD4)] --—--Eq.(2)

Equations.(1) or (2) are called Hagen-Poiseuille’s equation for steady uniform
laminar flow through a circular pipe.
To obtain H-P equation, we can also use

= (tR% /8p) (-9p/ox)
-dp = (8ug/ tRH)dx = (128uqg/ nD%)dx
Integrating between (1) and (2)
(P1 —p2) = [128uqL/nD4]
But (4q/ nD2) = ugy
Therefore, ’
(P1 - P2) = [32puayl/D2?] - ~---Eq.(3)
Another version of Hagen-Poiseuille’s Equation

'[IOW KUMARASWAMY K L
e get

LAMINAR FLOW THROUGH A CIRCU PIP ‘

For a two- dimensional steady uniform laminar r re gradient in
the direction of flow is equal to the shear S

LOSS OFE

Fig. Loss of Head

= [(32puayL)/(vD2)]
= [(128pqL)/( ynD4)]

8 L]
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FRICTION FACTOR (f)

The loss of head due to friction in pipe is given by Darcy- Weisbach equation

h = [(4fLuay2)/(2gD)] = [(32uayL)/(pgD2)]

Simplifying, we get

f= 16(p/rDugy) = [16 / Re] ; Therefore, the value of the friction factor for a steady
laminar flow through a circular pipe, f=[16/Reg]

POWER REQUIRED TO MAINTAIN THE FLOW
4

Power = Rate of doing work = (Force x Distance) /Time = Force x Velocity
Force = (-dp/dx)AL where A= Area of Pipe and

L = Length of pipe.

Power (P)= (-dp/ox)AUL ; where AU = q, the discharge, U= Average Flow Velocity.

(-dp/ox) = (p1 — p2)/L ; Therefore, ‘
Power (P) = (p1 —p2)q ; But (p1 — p2) = pght
Therefore, Power (P) = pgghf

For laminar flow through an incIineddpe, O

Laminar Flow through an Inclined Pipe,

ox)(R2-r2)
pg (-0h/ox)(R2-r2)

9 L]
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Calculate the loss of head in a pipe having a diameter of 15cm and a length of 2km.
It carries oil of specific gravity 0.85 and viscosity of 6 Stokes at the rate of 30.48 Ips
(Assume laminar flow).

(P1 —p2) = [128uqL/nD4] ; (p1 — p2)= pgght

ht = (p1 — p2)/pg = [128uqL/pgnD4]

(W/p) = v = 6 Stokes = 6x10~4 m2/s; (Stoke = 1cm2/sec.)

Substituting,

hi= (128x6x10~4x0.03048x2000)/ (1x9.81x0.15%)

Loss of head (hf) = 300 m

Problem - 2
Calculate the power required to maintain a laminar flow of an oil of viscosity, 10P.
through a pipe of 100mm diameter at the rate of 10 Ips if the length of the pipe, is

1 km. (assume laminar flow) (1 Ns/m2 = 10 Poise)
AP = [128uqL/nD4]

= (128x1x10x10~3x103)/(nx 0.14)

= 4.075x106 N/m2

Power = APxq = 4.075x106x10x10-3 = 40.75kW

Problem-3.
Oil of viscosity 8P and specific gravity 1.2 flows throeugh“ashefizontal pipe 80mm in
diameter. If the pressure drop in 100m length ofithe pipéis 1500 kN/m2, determine,
Rate of flow of oil in Ipm.
The maximum velocity
The total frictional dragqover 100m lengthyof pipe
The power required to maintain flow.
The velocity gradient at the pipe wall.
. The velocity and shear.stress at 10mm from the wall.
We have (-dp/ox)
= 1500x1000/100 = 15,000 N/m2/m
Average velocity = uav=(R2/8p)(— 9p/ox) = (0.042/8x0.8)(15,000) = 3.75m/s.
Discharge (q) = (®D2/4)ugy = 001885 m3/s
= 18.85 Ipm_= 1131pm. (D=0.08m)
Max. Velocity (umax) = 2day = 7.0 m/s (at the center line)
Wall shear stresshzo)= —(dp/ox)(R/2)=300N/m?2
Total frictional drag¥or 100m-pipe length (FpD)
21 mDL =7540N = 7.54kN (L=100m)
Power required to maintain flow (P) = Fpx ugy = 28.275 kW ;

Also, P="gAP = 0.01885x1500= 28.275 kW.
Velocity gradient at pipe wall

Tol= M (dU/dy)y=0

(0u/9dy)y=0 = (to/M) = 300/0.8 = 3.75/s

(10P = 1 N-m/s2)

O OA N
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At r=30mm, shear stress (1) = 1o (30/40) = 225N/m2
OR (1) = (-9p/ox)(r/2) = 225N/m?2
Local velocity (at r=80mm)
U= Umax [1-(/R)2] = 3.28m/s.

Problem-4

Oil is transported from a tanker to the shore at the rate of 0.6m3/s using a pipe of
32cm diameter for a distance of 20km. If the oil has the viscosity of 0.1 Nm/s2 and
density of 900 kg/m3, calculate the power necessary to maintain flow.

(P1 —p2) = [128uqL/nD4] 4
Power (P) = (p1 - p2) g

\ 4

LAMINAR FLOW BETWEEN PARALLE AT
—BOTH PLATES FIXED

Plates are at distance (B) apart. Consider a fluid element
(dx, dy, dz). The flow is a steady and uniform. Thege is Ro,accele

O

shown with sides
ion.

Fig. Laminar Flow through Parallel Plates

11 .
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Pressure forces + Shear forces =0

[p. dydz — {p + (dp/ox)dx}dydz] +[{t+(dT/dy)dy} dxdz — t dxdz] = O;
Simplifying,
—(dp/ox)dxdydz + (dt/dy)dxdydz = O; Dividing by dxdydz, The volume of the
parallelepiped,
(9p/ox) = (dT/9y)
According to the Newton's law of viscosity,
(t) = u(du/dy); Therefore, (9p/ox) = p(92u/dy2)
(92u/dy2) = 1/p (9p/ox) ; Since (dp/dx) is independent of (y), integrating the abo
equation, we get
(0u/dy) = 1/u (9p/ox)y + C1 ; Integrating again, ¢
u = 1/2u (9p/ox)y2 +C1y + Co
C1 and C2 are constants of integration.
At y=0, u=0; Therefore, Co = 0; At y=B (at the upper plate); u=0.

0 = 1/2u (9p/ox)B2 + C{B OR C1 = 1/2u (—9p/dx)B ; Substitutin
u = 1/2 (—0p/ax) [By — y2]

¢

This equation shows that the velocity distributi laminar flow
between fixed parallel plates is parabolic.
(dp/ox) — Pressure decreases in the direction of flo dp/ox)] is a positive
quantity.

Max. Velocity occurs mid-way between
y=(B/2).
Umax= B2/8u (—op/ox)

DISCHAR

Consider an element
bottom plate as shown. Q

Fig. Discharge and Average Velocity

city of fluid passing through the strip,
2y (—op/ax) [By — y?]
Discharge through the strip per unit width =
dqg = Area ~ Velocity
= dy x 1x 1/2u (—9p/ox) [By — y2]
Discharge (q) per unit width of plate

12 .
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q = ofB [1/2u (-9p/ox) [By — y2]dy
Integrating, q = 1/2u (—9p/ox)[B3/2 — B3/3]

OR g= (B3/12y) (—9p/ox)
Average velocity = ugy = (g/Area)

Area = B x 1; ugy = (B2/12y) (—op/ox)
Since Umax= B2/8u (—0p/dx); uay = (2/3) Umax

In the case of steady laminar flow between two fixed parallel plates, the
average velocity is equal to (2/3) maximum velocity

4
PRESSURE DROP OVER A GIVEN LENGTH OF PLAT

In the case of steady laminar flow between two fixed parallel plates, the average
velocity is
equal to

\ 4
Ugy = (B2/12p) (—op/ox) Q
(- 9op) = [12u ugy/B2] 9x OR ¢ O
Integrating between sections (1) and (2)

[2(=0p) = ,[2 [12 uay/B2] ox \

At (1), x=X1, p=p1; At(2), X=x2, p=p2

(P1—p2) = [121 uay/B?] (x2 —x1) OR

(P1—p2) = [12p uay/B2] L where L = (x2 -

aximum at the plates —
=0 or B.

ax) (B/2)

nar Flow through Inclined Plates:
Replace (dp/ox) by pg(oh/ox) where

h =z + (p/pg)

U =1/24 [-9 (p+ pgz)/ ax) {By — y2}]

13 :
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Fig. Laminar Flow through Inclined Plates

Problem-1 L 4

Oil of specific gravity 0.92 and dynamic viscosity 1.05 poise flows between fi
parallel plates 12mm apart. If the mean velocity is 1.4m/s, calculate (a) m u
velocity (b) velocity and shear stress at a distance of 2mm from one of the plate

(c) loss of head over a distance of 25m.

For laminar flow between parallel plates, we have ugy = 1.4 m/s. ‘
(@) Umax = (3/2) ugy = 2.1 m/s

(b) Velocity at 2mm from one of the plates:

u = 1/2u (— 9p/ox) [By — y2]; To get (9p/ox)
Ugy = (B2/12u) (—0p/ax); (—op/dx) = (12pugy/B2Y
= (12x1.05x10~1x1.4)/(12x10-3)2
= 12,250 N/m2/m; Substituting we get

u[at y=2mm] = 1.167m/s

(c) Loss of head in 25m length:

hf =[12 ugy/rgB2] L =
[(12%0.105x1.4)/(0.92x1000x9:81) (1.2%1,0—2)2
= 33.933m

Problem 2

Two parallel plates kept apart have laminar flow of oil between them. The
maximum velocity 5. Calculate (a) Discharge per meter width (b)
Shear stress at ssure difference between two points 20m apart

(d) Velocity gra lates (e) Velocity at 20mm from the plate. Take viscosity

. . Ugy = 2/3 Umax = 1m/s;

idth () = (Bx1xugy) = 0.1m/s/m width
the plate:
/2) ; Pa-s = N-s/m2

14 . .
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Pressure difference between t tBoin s 20m apart:

(o]
FLUID MECHAV\}ICS OME46
Ap = [124 uaV?E)s2] L = 58,800 N/m

(d) Velocity gradient at the plates: (ty) = p(du/dy)y=0
(du/dy)y=0 = (to)/u = 147/2.45 = 60/s
(e) Velocity at 20mm from plates: u( at y= 20mm)
= 1/2u (-9p/dx) [By — y2] = 0.96 m/s

solution.i

\ 4
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FLUID MECHANICS

FLOW PAST IMMERSED BODIES

Whenever a body is placed in a stream, forces are exerted on the body. Similarly, if
the body is moving in a stationary fluid, force is exerted on the body.

Therefore, when there is a relative motion between the body and the fluid, force i
exerted on the body.

Example: Wind forces on buildings, bridges etc., Force experienced by gtom iles,
aircraft, propeller etc.,

FORCE EXERTED BY FLOWING FLUID ON A STATIONARY B

Consider a stationary body placed in a stream of real fluid. ‘
Let U = Free stream velocity.
Fluid will exert a Force FR on the body.

The force is inclined at an angle to the direction of velo
The Force FR can be resolved into TWO conﬁ)nent e direction of flow

(Fp) and the other perpendicular to it (FL).
FR=FL+FD

Drag: The component of the total force
Drag (Fp). Drag is the force exerted b

motion. Drag resists motion of.the b
Example: Wind resistance to oVi
Power is required to overcome
minimum.

ion of motion is called as
the body in the direction of

sistance to torpedoes etc.,
rag has to be reduced to a possible

Fig. Forces Exerted by Fluid on Immersed Bodies
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Lift: The component of the total force in the direction perpendicular to the direction of
motion. Lift is the force exerted by the fluid normal to the direction of motion.

Lift is zero for symmetrical flow.

Lift = Weight (in the case of an airplane in cruise)

EXPRESSIONS FOR DRAG AND LIFT

¢

Q.
.\O

nd Drag

ions for

of the body.

e body
(8) + [(t,dA ) Sin (8) - Equation (1)
drag) = Pressure drag (or form drag) + Friction drag.

dA) Cos (0) is called the pressure drag or form drag and depends
or shape of the body as well as the location of the separation point.
quantity I(TOdA) Sin (0) is called as the friction drag or skin friction drag and
nds upon the extent and character of the boundary layer.

um of the pressure drag and the friction drag is called as total drag or profile
drag.

2 .
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If the plate is held normal to the
pressure drag
Lift = Force due to Pressure i
normal direction.
=— (pdA)Sin () + (t,dA) R — J(pdA)Sin (8) + | (t,dA) Cos (0)

----- Equation (2)

iled information regarding pressure distributions
determine Fp and F|_ on the body.

and Lift Forces are expressed as

re called Coefficient of Drag and Coefficient of Lift respectively,

, U = Velocity of body relative to fluid
e area or projected area of the body perpendicular to the direction of
e largest projected area in the in the case of submerged body.

/2) = Dynamic pressure.

3 L]
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GENERAL EQUATIONS FOR DRAG AND LIFT

Let force ‘F’ is exerted by fluid on the body.

F=F(L, p, u, k, U, g) where L =Length, p = Density, u = Viscosity, k = Bulk modulus
of elasticity, U = Velocity and g = Acceleration due to gravity. From dimensional
analysis, we get,

F = pL2U2 f(Re, Fr, M)
Where Re = Reynolds Number = (pUL/ m),

Fr = Froude Number = (UNgL) 'S
M = Mach Number = (UAk/p) = (U/a); a = Sonic velocity
If the body is completely submerged, Fr is not important. If Mach number is ive

low (say, < 0.25), M can be neglected.
Then, F = pL2UZ2 f(Re) or

FD = Cp L2 (pU2/2) = Cp x Area x (pU2/2) Y 3
FL = CL L2 (pU2/2) = C|_ « Area x (pU2/2)
CL and Cp are the coefficients of Lift and Drag respective
TYPES OF G
nds n ature of fluid and the

thetetal drag that is due to the tangential shear
he body is called the skin friction drag. It is also

or viscous drag.

The type of drag experienced by the body
shape of the body:

. Skin friction drag

Pressure drag

Profile drag

Wave drag

Induced drag

O ALN

Skin Friction Drag:
stress (t,) acting on the
called as friction d rs

Fig. Skin Friction Drag

4 i
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¢

Fig. Pressure Drag

Pressure Drag: The part of the total drag that is due to pressure on the b
is called as Pressure Drag. It is also called as Form Drag since it mainly depends o
the shape or form of the body ‘

Seperation point

>

N
&

ig. Flow over Bodies — Pressure Drag and Skin Friction Drag

or a streamlined body, pressure drag is small. Large part of drag is due to
tion. Aerofoils, modern cars etc., - Streamlines match with the surface and
e is very small wake behind the body.

For a bluff body, streamlines don’t match with the surface. Flow separates
ives rise to large wake zone. Pressure drag is predominant compared to friction

drag — Ex., Bus body.

t

5 L]
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Profile Drag or Total Drag is the sum of Pressure or Form drag and Skin
Friction drag.

Wave Drag: When a body like ship moves through a fluid, waves are
produced on the surface of the liquid. The drag caused due to these waves is called
as wave drag. The wave drag is obtained by subtracting all other drags from the total
drag measurements. The drag, which is caused by change in pressure due to a
shock wave in supersonic flow, is also called as wave drag.

Induced Drag: When a body has a finite length (Ex., Wing of an *olan e
pattern of flow is affected due to the conditions of flow at the ends. Theflow cannet
be treated as two-dimensional, but has to be treated as three-dimensional
to this, body is subjected to additional drag. This drag, due to the three dime
nature of flow and finite length of the body is called as Induced Drag.

Deformation Drag: If the body with a very small length . re Qves
at very low velocity through a fluid with high kinematics visco
than 0.1), the body experiences a resistance to its motion du the wide spread
deformation of fluid particles. This drag is known as De

4

Problem —1.
A circular disc 3m in diameter is held norm

required to hold it at rest? Assume densi ir
Cp=1.1.

ind veI00|ty What force is

Force requiféd to hold thedisc = Drag = Fp =CpA(pU2/2)
= 1.1x(nx32/ 1. 42/2) = 3251.5 N

6 .
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Problem-2.
Calculate the power required to overcome the aerodynamic drag for the two cars
both traveling at 90km/h using the following data.

Car (A) — Cp = 0.8, A (frontal) = 2m2,

Car (B) - Cp = 0.4, A (frontal) = 1.8m2.  Take p = 1.164 kg/m3.
For Car (A)

Power = Force x Velocity = Fpx U

U = 90km/hr = 25m/s.

Power = Cp A(pU2/2) xU

=0.8x 2x(1.164x252/2) x25 = 14550W = 14.55kW

Similarly for Car (B),

Power = 0.4x 1.8 x (1.164 x252/2) x25 = 6.55kW

Problem-3.

Experiments were conducted in a wind tunnel with a wind speed‘of 50km/h. of a flat
plate of size 2m long and 1m wide. The plate is kept at sieh an angle that the
co-efficient of lift and drag are 0.75 and 0.15 respectively. Detemmine (a)*Lift force
(b) Drag force (c ) Resultant force (d) Power required toshaintain flows

Take p = 1.2 kg/m3.

Given: A =2m2; C| = 0.75; Cp = 0.15; p = 1.2 kg/m3; ‘U= 13.89m/s
Drag force = Fp = CDA(pU2/2) = 34.72N

Lift force = F|_ = C| A(pU2/2) = 173.6N

Resultant force = FR = (Fp2 + F1 2)1/2 = 177.03 N

Power = Fp «U = 482.26 kKW

BOUNDARY.LAYER CONCEPT

Ideal fluid theory assumes that fluid is ideal, zero viscosity and constant density.
Results obtained doat,match with experiments.

With ideal fluid, there is no dragiforce. However, in practice, drag force exists.

In practice, fluids adhefetoithe boundary.

At wall, fluidevelocity'= wall'velocity- this is called No Slip Condition.

The velocity ‘afithe fluidgs zero at the wall and goes on increasing as we go away
from the wall if theywall'is stationary.

$hisy variation invelocity near the wall gives rise to shear stresses resulting in
resistanceto,motion of bodies.

CONCEPT OF BOUNDARY LAYER

L'Prandtl developed Boundary Layer Theory

Boundary layer theory explains the drag force experienced by the body. The fluid in
the vicinity of the surface of the body may be divided into two regions — (1) Boundary
layer and (2) Potential flow or Ir-rotational flow region.

7 .
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BOUNDARY LAYER

Boundary layer is a very thin layer of fluid in the immediate vicinity of the wall
(or boundary). When a real fluid flows past a solid boundary, there develops a thin
layer very close to the boundary in which the velocity rapidly increases from zero at
the boundary (due to no slip condition) to the nearly uniform velocity in the fre
stream. This region is called Boundary layer. In this region, the effect of viscosit
predominant due to the high values of (du/dy) and most of the energy islost in, thi
zone due to viscous shear.

The layer of fluid which has its velocity affected by the boundary s is

called as Boundary Layer. A thin layer of fluid in the vicinity of the boundary, w
velocity is affected due to viscous shear, is called as the Boundar r ‘

o
N\
N

ndary layer Flow Regions

IRROTATIONAL FLOW REGION

The portign of id outside the boundary layer where viscous effects are
negligible is cal ential flow or ir-rotational flow region. The flow in this region
can be trea s ldeal Flaid Flow.

8 .
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BOUNDARY LAYER ALONG A FLAT PLATE AND IT’S
CHARECTERISTICS

Consider a steady, uniform stream of fluid moving with velocity (U) on a flat
plate. Let U = Free stream velocity or Ambient velocity. At the leading edge, the
thickness of the boundary layer is zero. In the down stream direction, the thickn
of the boundary layer (8) goes on increasing as shown. *

Q.
.\O

Up to a certain length al m the leading edge, boundary layer
thickness increases and the_boun hibits the characteristics of a laminar
flow irrespective of whethertt flow is laminar or turbulent. — This is known
as laminar boundary laye
The thickness of the la
where u = local v

ary layer () is given by (3) = y (at (u/U) = 0.99)

the laminar boundary layer is given by (8) = [5x/(Rex)0-2]
nol ber based on distance from the leading edge (x)

fore, (8) = 5(xv/U)0-5

istribution is parabolic in nature.

nd some distance from the leading edge, the laminar boundary layer
becomes unstable and the flow in the boundary layer exhibits the characteristics
en laminar and turbulent flows. This region is known as the transition region.
After this region, the thickness of the boundary layer increases rapidly and the flow in
the boundary layer exhibits the characteristics of the turbulent flow

This region is known as the turbulent boundary layer. In the turbulent boundary layer,
the boundary layer thickness is given by

(8) = [0.377x/(Rex)0-2]
The velocity profile is logarithmic in the turbulent boundary layer.

9 .
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The change from laminar to turbulent boundary layer depends mainly on Rex
= (Ux/v). The value of critical Reynolds number varies from 3x109 to 6x102 ( for a
flat plate).

For all practical purposes, we can take R¢r = 5x10°
x= Distance from the leading edge.

If the plate is smooth, the turbulent boundary layer consists of a thin layer
adjacent to the boundary in which the flow is laminar. This thin layer is known as
laminar sub-layer.

The thickness of the laminar sub-layer (&) is given by L 4
(&) = [11.6V/ (t/p)0-9] = [11.6v/U*] where
U = (t,/p)0-2 is called the shear velocity.
The laminar sub-layer, although very thin is an important factor in deci

\ 4
ERS

whether a surface is hydro-dynamically smooth or rough surface.
FACTORS AFFECTING THE GROWTH OF BOU YL
1. Distance (x) from the leading edge — Boundary ss ries directly

with the distance (x). More the distance&,

), MO ness of the
boundary layer.
2. Free stream velocity — Boundary laye kn a versely as free
stream velocity.
3. Viscosity of the fluid — Boundary | thic s yaries directly as viscosity.
4. Density of the fluid — Boundary layer ne ries inversely as density.

THICKNESS UNDARY LAYER

Boundary layer th eSS)- It e distance from the boundary in which the
local velocity reaches 99 in stream velocity and is denoted by (5).
y = (8) when u=0.9

e

Fig. Boundary Layer Thickness

10 .
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Displacement Thickness (8*): It is defined as the distance perpendicular to
the boundary by which the boundary will have to be displaced outward so that the
actual discharge would be same as that of the ideal fluid past the displaced
boundary. It is also defined as the distance measured perpendicular from the actual
boundary such that the mass flux through this distance is equal to the deficit of mass
flux due to boundary layer formation.

Deficit of mass flow (discharge) = (b.dy)(U-u)p
Total deficit of mass flow:

oj°< (b.dy)(U-u) = Pbs*U ‘
= of3 (1- u/U)dy

¢

Fig. Displaceme ickne

Momentum thickness (0): It is defined as the distance
perpendicular from the actual boundary such that the
distance is equal to the deficit of the momentum

asured
ux through this
ndary layer

formation.
Momentum deficit = p(b.dy)(U-u)u
Total momentum deficit = Moment throu ick

oj°< (b.dy)(U-u)u = pbeU?
= of® (1- WU)(w/U)dy

Fig. Momentum Thickness

y Thickness (8**): It is the distance perpendicular to the boundary by

ich the boundary has to be displaced to compensate for the reduction in the

ic energy of the fluid caused due to the formation of the boundary layer. Energy

ess is also defined as the distance measured perpendicular from the actual

boundary such that the kinetic energy flux through this distance is equal to the deficit
of kinetic energy due to the boundary layer formation.

of= 0.5p (b.dy)(U2-u2)u = b §**U (pU2/2)
(8°*) = of° {1- (WU)2}(u/U)dy

11 )
Dept. of Mechanical Engineering. Vtusolution.in nnt%ﬂjfwe 1n



FLUID MECHANICS (1LOME46B) Vtusolution.in KUMARASWAMY K L

Shape Factor (H) : It is defined as the ratio of the displacement thickness to
the momentum thickness. H = (5*/0)

LAMINAR BOUNDARY LAYER

Boundary layer thickness (d)
(8/x) = (5/(Rex)9-2) where Rey = (Ux/v) TS
& = 5(xv/U)0-5
Local co-efficient of drag (Cf|) is defined as the ratio of wall shear stress (z,) t
quantity V2(pU2)
(Cfl) = [ty / Ve(pU2)] TS
= [0.664/(Rex)0-9]

Average Drag Co-efficient (Ctg) is defined as the ratio of the tot g force’(Fp) to
the quantity (‘/z(pAU2). ‘A’ is a reference area.
(Cta) = [FD/ V2(pAU2)] 4

= 1.328/(ReL)0-9 ; Where Regl = (pUL/p)

SOME VELO

For Laminar Flow:

(UWU) =21 —n?2 where
=(3/2)n - %13
= 2n —2n3 +n4

For Turbulent Flow:

(W) = (y/d)1/n

Problem-1

If the veloc he boundary layer over a flat plate is given by

en = (y/d)
t thickness, momentum thickness and the shape factor.

ckness: 8" =of® (1- u/U)dy
ivide by (3) we get,
- u/U) d(y/d)
M) = (u/U) = 2n —n2 Also, 1 = (y/d)
ny=0,n=0; y=d, n=1.
8 =8 o' (1-2n +n2)d(n); Therefore,
& =8n-n2+n3/3]p]
&* =(8/3)

12 . . s
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Momentum Thickness:

8) = of° (1- u/U)(u/U)dy Rearranging,

=38 o' {1- F()} F(n) d(n)

Substituting for F(1) = 2n —n2;

0) = 5 of'{1- 2n + 12} (2n —n2) d(n)
Integrating we get,
Momentum thickness (6) = (2/15) &
Shape Factor (H) = (8*/0) = (6/3)/(28/15) = 2.5 'S

Problem-2

A flat plate of 1.2m wide and 1m long is held in air flow of velocity 5m/s paralle
flow. Find the boundary layer thickness at the end of the plate and the drag on the
plate.

Average co-efficient of drag is given by

Cta= (1.328/Rg|). Assume p = 1.226kg/m3 and

u=0.184 x104 Pa-s

Find out the Reynolds number at the end of th late tg he boundary
layer is laminar.

Rel = (pUL/p) = (1.226 x 5 x 1)/(0.184 x10-4

= 3.332 x10°
Since Rg] is less than 5 x 109, the boun
laminar.
Boundary layer thickness(d) 5/(
(8) at x=L, = (5LNRgJ) = [(5x1)
Cia= (1.328/Rg|) = (1.328/ 3 )
=0.0023
Fp = Drag on both sides =
= [(Csq x Area /2)} %2
=[0.0023 x1@2%(1. ] x2 = 0.0846N

at plate is completely

Rex = (Ux/v)
=0.866 x 102 m
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