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FLUID PROPERTIES

INTRODUCTION

Fluid Mechanics is basically a study of:

the physical behaviour of fluids and fluid systems, and of the laws governing this behaviour,

the action of forces on fluids and of the resulting flow pattern.

Fluid mechanics may be divided into three divisions:

� Hydro-statics that studies the mechanics of fluids at absolute and relative rest; the fluid elements are free from shearing stresses.

� Kinematics that deals with translation, rotation and deformation of fluid elements without considering the force and energy causing such a motion.

� Dynamics that prescribes the relations between velocities and accelerations and the forces which are exerted by or upon the moving fluid.

Analysis of fluid flow problems is generally made by considering certain fundamental principles, concepts and laws such as the principles of conservation of mass, momentum and energy; the first and second laws of thermodynamics; equation state relating to fluid properties; Newton's law of viscosity and the restriction caused by the presence of boundaries.

In this treatise on "Fluid Mechanics" it is intended to present the fundamentals of fluid mechanics along with relevant portions of experimental hydraulics and hydraulic machines.

1.2 FLUID-DEFINITION

Matter can be distinguished by the physical form of its existence. These forms known phases, are solid, liquid and gas.

The liquid and gaseous phases are usually combined and are given a common name of fluid, because of the common characteristics exhibited by liquids and gases. Solids differ from liquids and liquids from gases on account of their molecular structure (spacing of molecules and the ease with which they can move). These two variables (spacing and ease of movement of molecules) are large in a gas, smaller in a liquid and extremely small in a solid. Very strong intermolecular attractive forces exist in solids which give them the property of rigidity. These forces are weaker in liquids and extremely small in gases. This characteristic enables liquid molecules to move freely within a liquid mass while still maintaining nearness to one another. In addition, gas molecules have freedom to the extent that they completely fill any space allotted to them.

Definition of a Fluid

The word "fluid' means a substance having particles which readily change their relatative positions. A fluid may be defined as substance which deforms continuously under the action of shear stress, regardless of its magnitude (a small shear stress, which may appear to be of negligible magnitudes, will also cause deformation in the fluid). The time rate of deformation for the fluid will however, depend upon the magnitude of the shear stress.

1.3 SOLIDS, LIQUIDS AND GASES

Matter exists in two principal forms • solid and fluid. Fluid is further sub-divided into liquid and gas. Distinguishing features amongst these are:
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Spacing and the latitude of the motion of molecules is large in a gas, small in a liquid and extremely small in a solid. Accordingly, the intermolecular bonds are very weak in a gas, weak in a liquid and very strong in a solid. It is due to these aspects that solid is very compact and rigid in form, liquid accommodates itself to the shape of its container and gas fills up the whole of the vessel containing it.
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Accordingly, it may be stated: "A solid has volume and shape; a liquid has volume but no shape; a gas has neither".

(iii) For all practical purposes, liquids like solids can be regarded as incompressible. This means that pressure and temperature changes have practically no effect on their volume. Gases are, however, readily compressible fluids. They expand infinitely in the absence of pressure and contract easily under pressure. Never the-less when density variation is small, for example in the flow of air in a ventilating system, the gas flow can also be treated as incompressible without involving any appreciable error.

When a gas can be readily condensed to a liquid, we call it a vapour, such as, steam and ammonia.

(iv) The deformation due to normal and tangential forces for solids is such that within elastic limits, the deformation disappears and the solid body is restored to its original shape when the stress causing the deformation is removed. A fluid at rest can, however, sustain only normal stress and deforms continuously when subjected to a shear stress; no matter how small that shear stress may be. Even though the fluid comes to rest when the shear stress is removed, yet there is no tendency to restore the fluid body to its original shape or position.

Thus a fluid can offer no permanent resistance to shear force and possesses a characteristic ability to flow or change its shape. Flow means that the constituent fluid particles continuously change their positions relative to one another. This concept of fluid flow under the application of a shear stress is illustrated in Figure 1.1. A fluid element occupying the initial position Oil continues to move or deform to new positions 022, 033 etc. when a shear stress  is applied to it.
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The tendency of continuous deformation of a fluid is called fluidity and act of continuous deformation is called flow.

1.4 DIFFIRENCES BETWEEN GASES AMD LIQUIDS
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(i) A given mass of liquid has a definite volume independent of the size or shape of the container?* however, it changes



(i) A given mass of gas has no fixed volume, and it expands continuously to adjust completely fill any container in which it is
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its shape easily and acquires the shape of its container.

(ii) A free surface is formed if the volume of the container

is greater than that of the liquid.

· Liquids can he regarded as in compressible for all practical purposes.

· Pressure and temperature changes have practically no effect on volume of liquids.


placed,
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· No free surface is formed,

· Gases are readily compressible,

· A gas expands infinitely in

the absence of pressure and contracts easily under pressure.
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1.5 UNITS

The magnitude of every physical quantity has to be measured in terms of a unit of its own kind. It therefore follows that there will be as many units as there are different kinds of the physical quantities to be measured. To avoid inconvenience to different people using different units, the magnitude of the unit has been agreed upon either by usage or by law in every country. Such a unit is usually referred to as a standard unit.

Fundamental units: There are certain relations which exist between different kinds c physical magnitudes. It is possible to measure every physical quantity by selecting some accepted arbitrary units. Such units are called the fundamental units. The physical quantities which are most commonly employed as the fundamental units are those of length, mass and. time.

Derived units: The magnitude of certain units are determined by making use of the relation which exist between the physical quantity in question and the fundamental units. Such units are known as derived units.

Systems of units: Following are the four recognized systems of units of measurement:

(l) C.G.S. units: In this system, the fundamental units of length, mass and time are respectively centimetre, gram and second.

· F.P.S. units: In this system, the fundamental units of length, mass and time are respectively foot, pound and second.

· M.K.S. units: In this system, the fundamental units of length, mass and time are respectively metre, kilogramme and second. Our country has adopted these units by passing the Standards and Measures Act, 1956.

· SI units: This is the most recent and refinement of the metric system which is gaining popularity in all the countries of the world. Our country has also amended the Standards and Measures Act, 1956 for adopting the SI units of measurement.

Mass and weight: The amount of matter contained in a given body is known as the mass and it does not vary with the change in its position on the surface of earth. On the other hand, the weight of a body of a given mass indicates the force with which the earth attracts it and thus, it will vary with its position on the surface of earth.

Absolute and gravitational units of force: According to the Newton's second law of motion, the fundamental equation describing the relationship between force F, mass m and acceleration g is as follows:

F= Kmg where K is a proportionality factor.
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In the absolute or scientific system, K is made equal to unity by defining the unit of force. Thus, the unit of force in the metric system is kilogramme-force which indicates that force which when applied to a body having a mass of one kilogramme gives it an acceleration of 9.806 65 metres per second squared. Its symbolic notation is 'kgf. Similarly, the unit of force in the SI system is 'newton' with symbolic notation as 'N'. It indicates that force which when applied to a body having mass of one kilogramme gives it an acceleration of one metre per second squared.

In the gravitational system, the value of K is made equal to unity by defining the unit of mass. The gravitational units of force are also known as the engineer's units and it is obvious that in the metric system, they are V times greater than those in the absolute units. The SI units are the absolute units only and hence, they represent the absolute or scientific system only.

The SI units will be used throughout this book and hence, it will be appropriate at this stage to study these units in detail.

SI units: The System International d'unites (French) or the International System of Units (abbreviated as SI units) as it is called, is the most refined form of the metric system. It rationalizes the available units and streamlines them into a coherent, logical system. As stated above, it is, in essence, an absolute metric system. The symbols and notations of the SI units and their derivatives are standardized to avoid any possibility of confusion. The SI units consist of the following three categories'

Basic units

Supplementary units

Derived units.

· Basic units: Table 1-1 shows the seven basic SI units together with their respective symbols.
TABLE 1-1: BASIC SI UNITS
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	No.
	Physical quantity
	SI units
	Symbol

	
	
	
	
	
	

	
	1.
	Length
	metre
	m

	
	2.
	Mass
	kilogramme
	kg

	
	3.
	Time
	second
	s

	
	4.
	Electric current
	ampere
	A

	
	5.
	Thermodynamic temperature
	kelvin
	K

	
	6.
	Luminous intensity
	candela
	cd

	
	7.
	Amount of substance
	mole
	mol

	
	
	
	
	
	


It may be noted that the Kelvin is not a temperature scale like 1°. But it indicates a temperature interval which is equal to the temperature interval corresponding to 1°C. It therefore follows that 1K = 1°C.

(2) Supplementary units: In addition to the basic units, there are two supplementary SI units for angles:

· Plane angle radian (rad)

· Solid angle steradian (sr).

	(3)  Derived
	units:
	All  other  SI  units  are  derived  from  the  above  two
	categories  and  in

	some  cases,
	they
	have  been  given  special  names,  generally  those  of
	famous  scientists.

	Table 1-2 shows some of the derived SI units with their symbol and expression.
	


Rules and conventions: are some of the rules and conventions which are to be observed for the true implementation of the SI units:

(1) Decimal point: The decimal point should be placed at the feet of the numbers like 3.72,
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8.24, 12.35, etc.

(2) Multiples of units: Table 1-3 shows the various prefixes adopted to indicate the decimal multiples and sub-multiples of the SI units.

TABLE 1-2: DERIVED SI UNITS
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	No.
	Physical quantity
	SI unit
	Symbol
	Expression
	

	
	
	
	
	
	
	

	1.
	Area
	square metre
	-
	m2
	

	2.
	Volume
	cubic metre
	-
	m3
	

	3.
	Mass density (specific
	Kilogramme per cubic
	
	kg/m3
	

	
	
	mass)
	metre
	
	
	

	4.
	Velocity
	metre per second
	-
	m/s
	

	5.
	Angular velocity
	radian per second
	-
	rad/s
	

	6.
	Acceleration
	metre per second
	
	m/s2
	

	
	
	
	squared
	-
	
	

	7.
	Angular acceleration
	radian per second
	
	rad/s2
	

	
	
	
	squared
	-
	
	

	8.
	Force
	newton
	N
	kg.m/s2
	

	9.
	Pressure intensity .
	newton per square
	
	N/m2
	

	
	
	or stress
	metre
	Pa
	
	

	10.
	Frequency
	hertz
	Hz
	1/s
	

	11.
	Work or energy
	joule
	J
	N.m
	

	12.
	Power
	watt
	W
	J/s
	

	13.
	Discharge
	cubic metre per
	
	m3/s
	

	
	
	
	Second
	-
	
	

	14.
	Dynamic viscosity
	newton-second per
	
	N.s/m2
	

	
	
	
	square metre
	-
	
	

	15.
	Kinematic viscosity
	square metre per
	
	m2/s
	

	
	
	
	second
	-
	
	

	16.
	Surface tension
	newton per metre
	-
	N/m
	

	17.
	Momentum
	kilogramme-metre
	
	
	

	
	
	
	per second
	-
	kg.m/s
	

	18.
	Impulse (of force)
	newton-second
	-
	N.s
	

	19.
	Moment of momentum
	kilogramme square
	
	kg.m2/s
	

	
	
	or torque
	metre per second
	-
	
	

	20.
	Quantity of electricity
	coulomb
	C
	A.s
	

	21.
	Electromotive force
	volt
	V
	W/A
	

	22.
	Magnetomotive force
	ampere
	A
	-
	

	
	
	
	
	
	
	


The use of compound prefixes should be avoided. For instance, the correct form for 10-9is the prefix nano (n) and not the combination like milli micro (mm) or any other combination.

As far as possible, only one prefix should be used for forming decimal multiples and sub-multiples of a derived SI unit. For instance, the standard unit for pressure or stress is N/m2. If a multiple or sub-multiple has to be used both MN/m2 and N/mM2 available being numerically the same. It is, however, preferable to use MN/m2 because the prefix M is attached to the numerator while, in N/mm2, the prefix m is attached to the denominator.

TABLE 1-3: MULTIPLES OF SI UNITS
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	Multiplying factor
	Prefix
	Symbol

	
	
	

	1018
	exa
	E

	1015
	peta
	P

	1012
	tera
	T

	109
	giga
	G

	106
	mega
	M
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103
	kilo
	k

	102
	hecto
	h

	10
	deca
	da

	101
	deci
	d

	102
	centi
	c

	103
	milli
	m

	106
	micro
	(i

	109
	nano
	n

	1012
	pico
	p

	1015
	femto
	f

	1018
	atto
	a


	(3) Names  of  units:  The  full
	names  of  the  units,  even  when  they  are  named
	after
	persons,

	are
	not  written  with
	capital
	letters  like  newton,  joule,  watt,  etc.  However,
	their
	symbols

	are
	always  written  in
	capital
	letters  like  N,  J,  W,  etc.  The  symbols  of  other
	units
	are  not


written with capital letters like m for metre, etc.

While writing symbols for plurals, ‘s’ is not addedto indicate the plurality. For instance, the correct form of writing twenty kilogrammes is 20 kg and not 20 kgs.

(4) Space: A space, never a comma, is left between the numeral and the symbol like 8 m, etc. A space is also left between the symbol for compound units. For instance, m N (metre newton), if written as mN, will mean milli newton.

1.6 PROPERTIES OF FLUIDS

Fluids possess the following properties

	(a)
	Mass density or specific mass,
	(f) Vapour pressure,

	(b)
	Weight density or specific weight,
	(g) Cohesion and Adhesion

	(c)
	Specific volume,
	(h) Surface tension

	(d)
	Specific gravity
	(i) Capillarity,

	(e)
	Compressibility
	(j) Viscosity


1.6.1 Mass Density or specific Mass or Density (  )

The mass density of a fluid is the mass which it possesses per unit volume. It is denoted by the symbol '  '. [rho]. In S.I. Units, it is expressed in kilogram per cubic metre, i.e., kg/m3.

Mass
 m

 =
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Volume
V

The mass density of water at the standard temperature of 4°C is 1000 kg/m 3.

The mass density of a fluid is proportional to the number of molecules in unit volume of the fluid. The mass density of a fluid decreases with increasing temperature.

1.6.2 Weight Density or Specific Weight (  )

The weight density or specific weight of a fluid is the weight it possess per unit volume. It is denoted by the symbol ' ' or '  '. In S.I. units, the specific weight is expressed as N/ m3 or kN/m3.

Weight   W

 =
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Volume
V

The specific weight of water at the standard temperature of 4°C is 9810 N//H 3.

The specific weight will vary from place to place depending upon the gravitational acceleration. Specific weight also varies with temperature. The mass density p and the specific weight w are related as follows:

[image: image106.jpg]o cos P




[image: image107.jpg]


[image: image108.jpg]- (E a”b)w
4



[image: image109.jpg]=ccosb x nd

d o cos @



 =  . g

where 'g' is the acceleration due to gravity.

1.6.3Specific volume (v)

The specific volume of a fluid is the volume occupied by the unit mass of the fluid. It is denoted by the symbol V. In S.I. units it is expressed as m3/kg. Specific volume is the reciprocal of density.

Volume  1

v =

[image: image110.jpg]%d%w:ndccose

_4ocos®
wd

3



[image: image111.jpg]


Mass


Sometimes, the specific volume can also be expressed as the volume of the fluid per unit weight. In S.I. Units, it can be expressed as m3/N.

1.6.4 Specific Gravity or Relative Density (s)

Specific gravity of a fluid is the ratio of the density (or specific weight) of the fluid to the density (or specific weight) of a standard fluid.

For liquids, the standard fluid used is water. For gases, the standard fluid used is air or hydrogen.

The system for specific gravity is’s’. Specific gravity is a mere number and has no units.

density (or specific weight) of the fluid

s =
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density (or specific weight) of water

The specific gravity of water at the standard temperature is equal to unity. The specific gravity of mercury is 13.6.

If the specific gravity of any liquid is known, the specific weight (or mass density) that liquid can be calculated using the following relationship.

· = specific gravity of the liquid x mass density of water
· = s x 1000 kg/m3
 = specific gravity of the liquid x specific weight of water  = s x 9810 N/m3

Compressibility (K)

Fluids may be compressed to small volumes by applying external force. When the external force is removed, they expand to their original volume. This property of changing the volume of fluids by applying external pressure is known as compressibility. It is expressed as inverse of the bulk modulus of elasticity of the fluid.

Stress

=
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Strain



	
	
	Change in pressure
	
	
	
	dp

	
	
	
	
	
	
	dV

	
	Change in Volume
	
	


	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	

	
	
	Original Volume
	
	
	V

	
	
	
	
	
	


Rise in pressure always reduces the volume 'dV’. The minus sign is included in the equation to give a positive value of K.

In S.I. Units, it is expressed in N/m2. The bulk modulus of elasticity for water a: normal temperature and pressure is approximately 21 x 105 KN/m2. The bulk modulus of elasticity of a fluid
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increases with increase in pressure.

1.6.5 Viscosity

Viscosity is the property of fluid by virtue of which it offers resistance to shear or angular deformation.

Experimental evidence indicates that when any fluid flows over a solid surface the velocity is not uniform at any cross section; it is zero (no slip) at the solid surface and progressively approaches the free stream velocity in the fluid layers far away from the solid surface. This aspect of the velocity profiles (a curve connecting the tips of velocity vectors) indicates the existence of some resistance to flow due to friction between a fluid layer and the solid surface, and between adjacent layers of fluid itself. Again the velocity gradient (the spatial rate of change of velocity du/dy) is large at the solid surface and gradually diminishes to zero with distance from the wall. Evidently the resistance between the fluid and surface is greater when compared to that between the fluid layers themselves.

The resistance to flow because of internal friction is called viscous resistance, and the property which enables the fluid to offer resistance to relative motion between adjacent layers is called the viscosity of the fluid. Viscosity is thus a measure of resistance to relative translational motion of adjacent layers of a fluid. This property is manifested by all real fluids, and it distinguishes them from ideal or non-viscous fluids. Mollases, tar and glycerine are examples of high viscous liquids; the intermolecular force of attraction between their molecules is very large and consequently they cannot be easily poured or stirred. Fluids like water, air and petrol have a very small viscosity,' they flow much more easily and rapidly and are called thin fluids.
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Fig. 1.3: Velocity profile and viscosity concept

1.6.5.1 Newton's Law of Viscosity

Consider two adjacent layers at an infinitesimal distance dy apart and moving with velocity u and (u + du). respectively. The upper layer moving with velocity (u + du) drags the lower layer along with it by exerting a force F. However, the lower layer tries to retard or restrict the motion of the upper layer by exerting a force equal and opposite to F. These two equal and opposite forces induce a shear or viscous resistance  (pronounced tau) given by F/A where A is the contact area between the two layers. Experimental measurements have shown that the shear stress is proportional to the spatial rate of change of velocity normal to the flow:
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…(1.1)

du

The term
is usually called the velocity gradient at right angles to the direction of velocity
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dy

itself. The proportionality constant u. (pronounced mew) in equation 1.1 is a function of the fluid involved and is called the coefficient of viscosity, absolute viscosity or dynamic viscosity. Equation 1.1 was first suggested by Newton and is referred to as Newton's viscosity equation or

Newton's law of viscosity.

The following observations help to appreciate the interaction between viscosity and velocity distribution:

Maximum shear stresses occur where the velocity gradient is the largest, and the shear stresses disappear where the velocity gradient is zero.

Velocity gradient at the solid boundary has a finite value. The velocity profile cannot be asymptotic to the boundary because that would imply an infinite velocity gradient and, in turn, an infinite shear stress.

Velocity gradient becomes less steep (du/dy becomes small) with distance from the boundary. Consequently maximum value of shear stress occurs at the boundary and it progressively decreases with distance from the boundary.

Deformation of fluid elements can be prescribed in terms of the angle of shear strain d . Figure 1.4 indicates a thin sheet of fluid element ABCD placed between two plates distance dy apart. The length and the width of the plates are much larger than the thickness dy so that the edge effects can be neglected. When force F is applied to the upper plate, it causes it to move at a small speed du relative to the bottom plate. Velocity gradient sets up a shear stress  = F/A which makes the fluid element distort to position AB'C'D after a short time interval dt.

Distance BB' = CC'

= speed x time = du x dt

For small angular displacement d , BB'   dy  d
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…(1.2)

Invoke Newton's law of viscosity, i.e., express the shear stress in terms of velocity gradient:
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…(1.3)

d

Apparently the shear stress in fluids is dependent on the rate of fluid deformation
.
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dt

This characteristics serves to distinguish a solid from a fluid. Whereas the shear stress in a solid material is generally proportional to shear strain; the shear stress in a viscous fluid is proportional to time rate of strain.
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Fig. 1.4: Shear stress and time rate of shear strain

1.6.5.2
Dimensional Formula and Units of Viscosity

The units of viscosity can be worked out from Newton's equation of viscosity;  =  du/dy. Solving for the viscosity  and inserting dimensions F, L, T for force, length and time:
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When the force dimension is expressed in terms of mass, F
the dimensions for
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	viscosity in terms of mass, length and time become
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When appropriate units are inserted for force, length and time, the dynamic viscosity will have the units:
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Sometimes, the coefficient of dynamic viscosity  is designated by poise (P)
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A poise turns out to be a relatively large unit, hence the unit centipoise (cP) is generally used: 1 cP = 0.01 P, Typical values of viscosity for water and air at 20°C and at standard atmospheric pressure are:
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i. e., water is nearly 55 times as viscous as air.

Specific viscosity is the ratio of the viscosity of fluid to the viscosity of water at 20°C. Since water has a viscosity of 1 cP at 20°C, the viscosity of any fl uid expressed in centipoise units would be a measure of the viscosity of that fluid relative to water.

1.6.5.3 Kinematic Viscosity

The ratio between dynamic viscosity and density is defined as kinematic viscosity of a fluid and is denoted by v (pronounced new):

	Kinematic viscosity =
	dynamic viscosity
	; v  
	…(1.4)

	
	mass density
	
	

	
	
	
	


The dimensional formula for kinematic viscosity is:
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The kinematic viscosity does not involve force; its only dimensions being length and time as in kinematic of fluid flow. Typical units of v are m2/s or cm2/s, the latter being referred to as stroke (St) to perpetuate the name of the English physicist Sir George Stokes. A centistoke (cSt) is one-hundredth of a stoke: 1cSt= 0.01 St. Typical values of kinematic viscosity at 20°C and at stan dard atmospheric pressure are:
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i.e., the kinematic viscosity of air is about 15 times greater than the corresponding value of

water.
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1.6.5.4 Effect of Temperature on Viscosity

There exists a distinct difference between fluids of liquid and gaseous nature in the effect of temperature on the value of their dynamic viscosity. Increase of temperature causes a decrease in the viscosity of a liquid, whereas viscosity of gases increase with temperature growth. This difference in behaviour can be explained by considering the basic mechanism that gives rise to viscosity. The viscous forces in a fluid are the outcome of intermolecular cohesion and molecular momentum transfer. In liquids, the molecules are comparatively more closely packed; molecular activity is rather small and so the viscosity is primarily due to molecular cohesion. The molecular cohesion decreases with growth of temperature and consequently the viscosity of liquids drops at elevated temperatures. In gases, the molecular cohesive forces are negligibly small and viscosity results primarily from the molecular momentum transfer. This molecular activity increases with a rise in temperature and so does the gas viscosity.

The following empirical relations have been suggested for variation of viscosity with temperature and pressure:

(i) For liquids:
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where r is the viscosity at t°C, 0 is the viscosity at 0°C and A and B are the constants depending upon the liquid. For water
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The above correlation represents a hyperbola; viscosity tending to zero as temperature tends to infinity.

High pressures also affect the viscosity of a liquid; the viscosity increases with increasing pressure. This may be attributed to the fact that with pressure growth, there occurs and increase in the energy required for the relative movement of molecules. The correlation depends on the nature of the liquid and is exponential.
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where K is a constant for the liquid and  
is the viscosity at pressure p. For water, the

viscosity becomes two-fold when pressure increases from 1 to 1000 atm. For most of the oils, the increase in viscosity is of the order of 10 to 15 percent for a pressure increase of about 75 atmosphere.

(ii) For gases:

The reduction in viscosity of gases with increasing temperature is prescribed by the relationship:
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where r is the viscosity at t°C, 0 is the viscosity at 0°C, and  and  are the constants depending upon the gas. For all
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1.6.6 Vapour Pressure

All liquids evaporate or vaporize when exposed to atmosphere. When the liquid is kept in a closed vessel, it evaporates and the vapour occupies the space between the free liquid surface and the top of the vessel. This accumulated vapour of the liquid exerts a partial pressure on the surface of the liquid. This partial pressure is known as vapour pressure of the liquid.

The vapour pressure of the liquid increases with temperature. A liquid may boil even at ordinary temperature, if the pressure above the liquid surface is reduced to the vapour pressure of the liquid at that temperature.

At 20°C, water has a vapour pressure of 2.34 kPa (i.e., vapour pressure head = 0.24 m).

1.6.7 Compressibility and Bulk Modulus

Fluid mechanics deals with both incompressible and compressible fluids. i.e., with fluids of either constant or variable density. When pressure is applied to a fluid, in contracts and when pressure is released it expands. Compressibility of a fluid then characterises its ability to change its volume under pressure. The relative change of volume per unit pressure is given by the coefficient of compressibility:
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..(1.5)

where dp is the small change in pressure applied to the fluid and dN is the incremental volume change in the original volume V. The negative sign implies that a positive pressure increment results in a negative volume increment, i.e., an increase in pressure causes a decrease in volume.

Quite often, the compressibility of fluid is expressed by its bulk modulus of elasticity K which. is the inverse of the coefficient of compressibility:
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…(1.6)

The bulk modulus of elasticity measures the compressive stress per unit volumetric strain. Further, recalling that for a given mass m of the fluid;
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or

	Since mass is constant;
	d
	
	dV
	, hence equation 1.6 can be written in the alternate

	
	
	
	
	

	
	
	
	V


form:
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where dp/  represents the relative change in density of the fluid.

Further simplification of the compressibility relation (Equations 1.6 and 1.7) is possible in view of the process of compression:

(i) Isothermal process which is characterised by:

pV = constant
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	or
	…(1.8)


Thus for an isothermal process, the bulk modulus equals the pressure.

(ii) Adiabatic process which is defined by:

pV  = constant

[image: image181.jpg]d"_l’.:._]'ﬂ_._ﬂ)o(x 1)

dy b 3x107
1 = Shear stress on the bottom plate

=m% _0.2 « 500 =100 N/n?
dy



[image: image182.jpg]u=dy-y

du
Therefore d—y =4-2

Shear stress  t = p%‘ =p -2

Aty=0,1,=4n=4 x 1.5=60Pas
Aty=2.0m, 12=}l(4~4)=0




i.e., for an adiabatic process, K equals y times the pressure.

Consider volume V of a certain fluid contained in a piston cylinder arrangement (Figure 1.5) and let the piston of cross-sectional area A move downwards when a force F is applied to it. The fluid

is then compressed to volume V1 and its pressure increases. The variation of volume ratio V 1 / V with pressure p = F/A would be as depicted in Figure 1.5. The slope of this curve at any point gives the bulk modulus of elasticity of the fluid. An examination of the nature of the curve would reveal that at greater loads the curve becomes steep; it becomes increasingly difficult to compress the gas. An explanation to this aspect lies in the fact that at this stage the spacing between the fluid molecules has been reduced to the extent that it is very difficult to reduce the spacing further.

The bulk modulus of elasticity increases somewhat with temperature and pressure. At ordinary temperatures and pressures K = 20 x 108 N/m2 for water and K = 1.05 x 105 N/m2 for air that indicates that air is approximately 20,000 times more compressible than water.
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Fig. 1.5: Compressibility curve of (2.1)

To gain some idea about the compressibility of water, imagine that a 1 m3 of water is subjected to a pressure of 10 bar. Then a change in the volume of water amounts to:
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Thus the applications of 10 bar pressure to water under ordinary conditions causes its volume to decrease by only 1 part in 2000. Such a volume change is insignificant and as such water is regarded as an incompressible fluid for all practical purposes. Exceptions occur only when the water is subjected to severe accelerations such as in the water hammer that causes compression waves.

Though gases in general are compressible, their compressibility becomes important only when the gas velocity becomes more than 20% of the velocity of sound waves in that gas.

1.6.7.1 Velocity of Propagation of Sound (C)

Sound is propagated in a fluid due to compressibility of the medium, and the speed of sound C is given by
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….(1.10)

where K= bulk modulus of elasticity of the medium and p = mass density of the fluid.

1.6.8 Cohesion and Adhesion

The property of a liquid by which molecules of the same liquid are attracted to each other is known as cohesion. Due to this property, the molecules of a liquid are held together and resists a small amount of tension.

Adhesion is the property of a fluid by which the molecules of that fluid are attracted by the molecules of another liquid or by the molecules of a solid. Because of this property, two different liquids adhere to each other or a liquid adhere to a solid body.

Example 1: When split over a solid surface, Mercury does not wet the surface and forms spheres. If two spheres of mercury are brought into contact with each other, they combine together to form a bigger sphere. This shows that mercury molecules have more affinity among themselves (cohesion) and have no tendency to stick or adhere to the solid surface.

Example 2: When water is poured on the floor, the water molecules wet the surface. This shows that water molecules have more affinity to stick (adhesion) to the solid surface.

1.6.9 Surface Tension

A liquid molecule lying well beneath the free surface of a liquid mass is surrounded by other molecules all around it. Consequently the molecule is acted upon by the molecular forces of attraction (cohesion) that are equal in all directions. These equal and opposite forces cancel out, there is no resultant force acting upon the molecule within the fluid mass and this aspect keeps the liquid mass in equilibrium. Never-the-less, a liquid molecule at the free surface has no liquid molecules above it to counteract the forces due to molecules below it. Consequently as depicted in the molecular arrangement of Figure 1.6, the molecules lying at the surface have a net attraction tending to pull them into the interior of the liquid mass. A quantum of energy/work is thus expanded to bring the molecule to the free liquid surface which then acts like an elastic or stretched membrane Energy expanded per unit area of the surface is called surface tension; designated by sigma a. Surface tension occurs at the interface of a liquid and a gas or at the interface of two liquids, and is essentially due to inter-molecular forces of cohesion.
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Fig. 1.6: Forces of attraction on a liquid molecule

It is primarily due to surface tension effects that:

an isolated drop of liquid takes nearly a spherical shape birds can drink water from ponds

water can be poured into a clean glass tumbler to a level above the tip of tumbler

stretched water surface can support small objects like dust particles and a needle placed gently upon it

capillary rise and depression in thin-bored glass tubes

Surface tension forces are generally negligible in comparison with the pressure and gravitational forces, but become quite significant when there is a free surface and the boundary dimensions are small. e.g., in the small scale models of hydraulic engineering structures.
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value of surface tension depends upon (i) nature of the liquid, (ii) nature of the surrounding matter which may be a solid, liquid or a gas, (iii) kinetic energy and hence the temperature of liquid molecules. Growth in temperature results in a reduction of the inter-molecular cohesive forces and hence in a reduction of the surface tension force. At a critical point where the liquid and vapour phase become indistinguishable, the surface tension becomes zero. Surface tension values for liquids are generally quoted when in contact with air as the surrounding medium.

= 0.073 N/m for air-water interlace
= 0.480 N/m for air-mercury interface
The surface tension values drop with rise in temperature.

1.6.9.1 Pressure Inside a Water Droplet and Soap Bubble

Due to surface tension acting. at the interface, the pressure pi inside a small droplet or bubble becomes greater than ambient pressure p0.

(a) For a liquid droplet: Consider a small spherical droplet of liquid (say a rain drop) of diameter d and let it be cut into two halves.
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Fig. 1.7

The forces acting on one half (say left half) will be
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pressure force

tensile force due to surface tension acts around the circumference and equals

  circumference =   d
Under equilibrium conditions, these two forces will be equal and opposite, i.e.,
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Evidently the pressure within a liquid droplet varies inversely as its diameter; pressure intensity decreases with an increase in the size of the droplet.

(b) For a soap bubble: A soap bubble has two surfaces in contact with air; one inside and other outside.

Surface tension force will act on both the surfaces and accordingly
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Fig 1.8
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Fig.1.9

Since the soap solution has a high value of surface tensions, a soap bubble will tend to grow large in diameter with a small pressure of blowing.

(c) For a liquid jet: Consider a cylindrical liquid jet of diameter d and length l (Figure 1.9)

Pressure force = ( p1   p0 )  ld

Surface tension force =   2l

Equating the two forces, we obtain
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1.6.10 Capillary or Meniscus Effect

When a small diameter glass tube, called the capillary tube is dipped into a water container, water rises in the tube to a level that stands higher than the level of water in the container. Conversely the surface of mercury is depressed down in the capillary tubing when it is dipped in mercury. The phenomenon of liquid rise or fall in a capillary tube is called the capillary or meniscus effect. Capillary effect is a surface tension effect that depends upon the relative inter-molecular attraction between different substances; it is due to both cohesion and adhesion.
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(a) Capillary Rise
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(b) Capillary Depression

Fig.1.10. Capillary rise and depression

Adhesion between the glass and water molecules is greater than cohesion between the water molecules. Consequently the water molecules spread over the glass surface and form a concave meniscus with a small angle of contact". Opposite conditions hold good for mercury i.e., cohesion between mercury molecules is greater than adhesion of mercury to glass. Mercury then displays a convex meniscus with the angle of contact greater than 90-degree.
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 sin 

Fig. 1.11: Rise or depression of liquid in a capillary tube

Knowing the surface tension a, angle of contact , tube diameter d and specific weight of liquid w, the rise (for water) or depression (for mercury) of the liquid in the capillary tube can be worked out by the following analysis:

Weight of liquid raised or lowered in the capillary tube

= (area of tube x rise or fall) x specific weight
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Vertical component of surface tension force

=  cos  circumference
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When in equilibrium, the downward weight of the liquid column h is balanced by the vertical component of the force of surface tension.

Hence,
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	or
	
	
	….(1.13)

	
	
	
	

	It is to be noticed that for 0  
	 90°, h is positive (concave meniscus and capillary rise)


and that for 90  
180°,his negative (convex meniscus and capillary depression).

Evidently the capillary action is inversely proportional to the tube diameter. For precise work, the small diameter tubes are to be avoided; the recommended minimum tube diameter for water and mercury is 6 mm. Further, since the presence of dirt affects the surface tension and hence the capillary rise or depression, the interior surface of the tube is to be kept clean.

1.6.11 Gas Laws: Thermodynamic Relations

Density and specific weight are essentially a measure of the molecules contained in a unit volume of the substance. With rise in temperature the spacing between the molecules increases, and consequently a lesser number of molecules are contained in the same volume. Consequently, the density and specific weight diminish with temperature growth. With pressure rise, more molecules are contained in the same volume and that leads to an increase in these fluid properties. Hence density and specific weight are closely related to thermodynamic properties of pressure and temperature, and these must be quoted in precise calculations of density and specific weight. One of the most important thermodynamic relation is the characteristic equation by which pressure p, volume V occupied by mass m and absolute temperature T of a perfect gas are related by the expression:
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 …(1.14) where R is a characteristic gas constant. The units of R as defined by equation 1.14 are;
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The gas constant R for a particular gas is determined from the so called universal gas constant G that is equivalent to:

MR = 8314 Nm/kg mol K = 8314 J/kg mol K

where M is the molecular weight of the gas. The value of gas constant R for air may be taken as 287 Nm/kgK.

A change in the density can be brought about by a change in temperature or by a change in pressure. A change in the state of the fluid system at constant pressure constitutes an isobaric or constant pressure process; the changing parameters are the volume for a given mass of gas and temperature and these are related to each other by Charles law:
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…(1.15)

A change in the state of the fluid system at constant temperature constitutes isothermal process which is characterised by Boyle's law:
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…(1.16)

When no heat is given to or taken from the fluid system during its change from one state to another, the process is called adiabatic and is described by the relation,
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…(1.17)

The exponent  in the above expression depends upon the molecular structure of the gas;

and is the ratio of two specific heats of the gas, that at constant pressure c p to that at constant volume cv : (  c p / cv )

1.7 NEWTONIAN AND NON-NEWTONIAN FLUIDS

A fluid which obeys Newton's Law of Viscosity is known as a Newtonian fluid. Newtonian fluids have a certain constant viscosity, i.e., the viscosity is independent of the shear stress. Many common fluids such as air, water, light oils and gasoline are Newtonian fluids under normal conditions. However, there are certain fluids which exhibit non-Newtonian characteristics, shear stress is not linearly dependent upon the velocity gradient. Non-Newtonian fluids, therefore, do not follow Newton's law of viscosity expressed by Equation (1.1). Common examples of Non-Newtonian fluid are; human blood, lubricating oils, clay suspension in water, molten rubber, printer's ink, butter and sewage sludge. There is however, evidence to believe that Newtonian fluids may exhibit non-Newtonian characteristics under condition of higher shear stress, and hence the classification of a fluid may change with the conditions of flow. The following chart gives the classification of fluids.
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A general relationship between shear stress and velocity gradient (rate of shear strain) for non-Newtonian fluid may be written as:
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…(1.18)

where A and B are constants which depend upon the type of fluid and conditions impose on the flow (shear stress).

The fluids which obey Equation (1. 18) are called power-law fluids. The additive constant B is zero for the fluids except Bingham plastic. Based on the value of power index n in Equation (1.18), the non-Newtonian fluids are classified as:

Dilatant, if n > 1, (example-quicksand, butter, printing inks)
Bingham plastic, if n = 1, {e.g., sewage sludge, drilling muds)
Pseudoplastic, if n < 1, {e.g., paper pulp, polymeric solutions such as rubbers, suspensions paint)
A Newtoninan fluid is a special case of power law fluid having n = 1 and B = 0, and the constant A varying only with the type of fluid.

Time-independent fluids: In case of time-independent fluids, the rate of deformation or the velocity gradient depends only upon the shear stress, and is a single valued function of the latter. The viscosity of Newtonian fluids is independent of the shear stress, whereas in case of non-Newtonian fluids, viscosity is a function of shear stress.

Time-dependent fluids: The rate of deformation and the viscosity depend upon both the shear stress and the duration of its application.
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Figures 1.12 and 1.13 illustrates the shear or viscous characteristics of different fluids. Figure 1.12 illustrates the shear stress-velocity gradient relationship for various types of fluids. The Newtonian fluids, which are characterised by a linear relationship between the shear stress and the velocity gradient are represented by a straight line like OA passing through the origin and inclined at an angle a with the horizontal such that  = tan .

The Bingham plastic fluids require a certain minimum shear stress  known as the yield stress before they start flowing and exhibit a linear relationship between the shear stress and the velocity gradient as shown by the straight line PQ. The dilatant and pseudoplastic fluids are shown by curves marked OC and OB respectively. Figure 1.13 illustrates the viscosity  and shear stress 

relationship for different fluids on log-log scale. For Newtonian fluids this relationship is a straight line parallel to  -axis indicating that viscosity is independent of stress. For non-Newtonian fluids, the fact that the viscosity is a function of the shear stress can be noticed at once. The characteristics of different non-Newtonian fluids on such a plot may be studied conveniently.

Other types of non-Newtonian fluids have peculiar and an interesting property that the rate of shear deformation is a function not only of shear stress but of time as well. Thixotropic fluids are those which show an increase in apparent viscosity with time. Lipstick and certain paints and enamels

	exhibit thixotropic behaviour. The apparent viscosity may be defined as app    
	

	
	
	. Those

	
	
	

	
	du / dy


fluids which show a decrease in the apparent viscosity with time are called rheopectic. Rheopectic fluids are much less common than thixotropic fluids. Gypsum suspensions in water and bentonite solutions are examples of rheopectic fluids. Thixotropy is an important property of paints and enamels. When subjected to high shear by the brush during application of paint, the apparent viscosity is reduced so that the paint covers the surface smoothly, and brush marks disappear subsequently.

Some Common Newtonian Fluids

Air and water both have relatively low viscosities, the viscosity of oils is much higher and glycerine is the most viscous of the better known fluids (approximately one thousand times as viscous as water) having a colourless appearance and is readily miscible with water, making it useful for laboratory purposes by providing glycerine-water solutions of any desired viscosity. At ordinary temperatures, a comparison of absolute viscosities of a few common fluids shows that water is about 50 times more viscous than air. As compared to water, castor oil is 1000 times more viscous, crude oil

1

is 10 times more viscous and the gasoline is about
times viscous than water.
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1.7.1 Ideal and Real Fluids

A fluid is said to be ideal if it is assumed to be both incompressible and inviscid (non-viscous). Further, an ideal fluid has no surface tension. An inviscid fluid is one for which viscosity is zero and no frictional forces are set up even during fluid motion.

  0

  constant; K =   dp = 
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dv / v

  0

Ideal fluids are imaginary and do not exist in nature. However most common fluids such as air and water have a very low value of viscosity and can be treated as ideal fluids for all practical purposes without introducing any appreciable error. Since water is incompressible, it is more of an ideal fluid than air.

Real or practical fluids have viscosity (u), compressibility (K) and surface tension (a). Whenever motion takes place, the tangential or shear forces always come into play due to viscosity

[image: image270.jpg]du

AL
-1
oB?
Y
_dw
a =%

8¢




[image: image271.jpg]o]

Fig. 2.3: Velocity vector in cylindrical coordinates
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and some frictional work is done.

1.8 FLUID STATICS

A fluid at rest is characterised by absence of relative motion between adjacent or neighbouring fluid layers. Under such a condition, the velocity gradient, du/dy, has a zero value which results in a zero shear stress. Thus, the viscosity of a fluid has no effect on fluids at rest, and, therefore, the ideal and real fluids behave exactly in a similar manner.

There are two types of forces to be considered:

due to gravity, and
due to static pressure.
These are not tangential or frictional forces as the shear stress is zero in the absence of any relative motion.

1.8.1Variation of Static Pressure - Hydro Static Law

Let us consider a fluid element of sizes dx dz and of unit length as shown in the Fig. 1.14. Let the static pressure at the centre of the element O defined by the co-ordinates (x, z), be p. The fluid element is in equilibrium under the influence the following five forces:

the static pressure force on the left face of the element
the static pressure force on the right face
the static pressure force on the bottom face
the static pressure force on the top face
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[image: image278.jpg]Fig. 2.4: One dimensional flow
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and (v) the weight of the element,
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Fig. 2.5: Two dimensional flow
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[image: image282.jpg]Fig. 2.6: Three dimensional flow
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Fig. 1.14: Forces on a static fluid element

The  pressure  is  assumed  to  increase
with  increasing  x
and  z,
and,  therefore,
the

	
	dp
	dp

	pressure gradient in x and z directions,
	
	and
	
	, are positive.

	
	
	
	
	

	
	dx
	dz


For static equilibrium, summation of forces in the x and z directions must be zero, thus in the x direction, F x = 0 (there being no acceleration) therefore:
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	which simplifies to
	
	…(1.19)
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(b) Flow through a Non-uniform Conduit

Fig. 2.9: A Non-Uniform Conduit Conceived as a Cluster of Stream Tubes




This equation indicates that the pressure does not vary in the x direction. In other words, the static pressure remains constant in the horizontal direction. In the z direction, F z = 0; therefore,
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	which reduces to
	
	..(1.20)

	
	
	


According to equations (1.19) and (1.20), it is evident that the static pressure p is a function of

z only.

Integrating Equation (1.20), for incompressible fluids (w = constant)
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	or
	
	…(1.22)
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The expression (p/  + z) represents the piezometric head and Equation (1.20) show that for static fluid the piezometric head is constant throughout the fluid.

The result of integration of Equation (1.20) may also be written as

	p z  A
	…(1.23)


where A is a constant. At the free-surface of the liquid the pressure is atmospheric, and hence the static pressure is zero gauge.

Using Figure 1.15, at z = H, p = 0.

Substituting this in Equation (1.21), A =  H, and the equation of pressure variation is

p =  (H-z)

If the distances are measured from the free surface, the pressure at a distance h below the free surface will be

	p =  H
	...(1.24)


since z = H - h. Equation (1.22) gives the variation of static pressure in the vertical direction, the distance h being measured from the free-surface. This equation describes the law of variation of static pressure, and is often termed as hydrostatic law of pressure variation.
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Fig. 1.15: Graphical representation of piezometric head Equation

1.8.2 Pascal's Law

An important and unique property of hydrostatic pressure is reflected in Pascal's law, which states that-

"Intensity of pressure at a point in a fluid at rest is the same in all directions".

Consider a small wedge-shaped element of stationary fluid and assume that the element has a unit depth perpendicular to the plane of the paper (Figure 1.16). The element is acted upon by the

normal pressure forces and the vertical force due to weight. Let p x , p y and p0 be the pressure intensities on the faces AB, BC and AC respectively.

Then:

Force on face AB = p x X area of face AB = p x  (dy x 1) —
p x  dy

Likewise,

force on face BC = p y  dx
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force on face AC =  pq  ds

The weight of the fluid element is,

= (area of triangular element x depth) x specific weight
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and it acts through the centre of gravity. Since the fluid element is in equilibrium, the
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Fig. 1.16

forces in the horizontal and vertical directions must balance.

Resolving the forces in x-direction,

px dy  p dS sin 

Form Figure 1.16:
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 ..(1.25) Resolving the forces in y-direction,
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p y dx  1  dx dy +  p dS cos
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2

Let the size of the elemental system approach smaller and smaller dimensions; then the gravitation force (weight) which diminishes as the product of two dimensions (dx and dy) can be neglected in comparison with the pressure forces for which the diminishing effect is proportional to be reduction in single dimension (dx). This in the limit

p y dx  p dS cos

From Figure 1.16:
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…(1.26)

From equations (1.21) and (1.22), we have
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…(1.27)
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This result is independent of the angle 9 and, therefore, it follows that pressure acts equally in all directions in a stationary fluid. Pressure at a point has only one value regardless of the orientation of the area upon which it is determined. Independence of direction implies that pressure is a scalar quantity.

1.8.3 Atmospheric, Absolute, Gauge and Negative Pressure

The following terms are generally associated with pressure and its measurement:

(i) Atmospheric Pressure (Pat): This is the pressure exerted by the envelope of air surrounding the earth's surface. Atmospheric pressure is usually determined by a mercury column barometer shown in Figure 1.17. Along, clean thick glass tube closed at one end is filled with pure mercury. The tube diameter is such that capillarity effects are minimum. The open end is stoppered and kept well beneath the mercury. When the stopper is removed, mercury runs out of the tube into the container and eventually the mercury level in the tube settles at height h above the mercury level in the container. Atmospheric pressure P acts at the mercury surface in the container, and mercury vapour

pressure P vp  exists at the top of mercury column in the tube. From hydrostatic equation.

pat   psp   h
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Fig. 1.17: Simple mercury barometer

Mercury has a low vapour pressure (= 0.17 N/m2 at 20°C) and thus for all intents and purposes it can be neglected in comparison with P at which is about 105 N/m2 at mean sea level. Then

	P = h
	...(1.28)


Mercury is preferred to other liquids as it possesses sufficient vapour pressure at room temperature and creates no error in pressure indication. Atmospheric pressure varies with altitude, because the air nearer the earth's surface is compressed by the air above. At sea level, value of atmospheric pressure is close to 1.01325 bar or 760 mm of Hg column or 10.33 m of water column.

Absolute Pressure (Pabs): Pressure has been defined as the force per unit area due to interaction of fluid particles amongst themselves. A zero pressure intensity will occur when molecular momentum is zero. Such a situation can occur only when there is a perfect vacuum, i.e., a vanishingly small population of gas molecules or of molecular velocity. Pressure intensity measured from this state of vacuum or zero pressure is called absolute pressure.
Gauge Pressure (P ) and Vacuum (Pvac ):Instruments and gauges used to measure fluid pressure generally measure the difference between the unknown pressure P and the existing atmospheric pressure pat as shown in Figure 1.18.
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Fig. 1.18: Gauge pressure

When the unknown pressure is more than atmospheric pressure, the pressure recorded by the instrument is called gauge pressure. A pressure reading below the atmospheric pressure is known as vacuum, rarefaction or negative pressure. Actual absolute pressure is then the algebraic sum of the gauge indication and the atmospheric pressure
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Relation between these pressure terms is illustrated in Figure 1.19.
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Fig. 1.19: Relation between absolute, gauge and atmospheric pressure

(iv) Static (P s ) and total pressure (P t ): Static pressure is defined as the force per unit area acting on

the wall by a fluid at rest or flowing parallel to the wall in a pipe line. Static pressure of a moving fluid is measured with an instrument which is at rest relative to the fluid. The instrument should theoretically move with the same speed as that of the fluid particle itself. As it is not possible to move a pressure transducer along in a flowing fluid, static pressure is measured by inserting a tube into the flow path. Care is taken to ensure that the tube does not protrude into the pipe line and cause errors due to impact eddy formation. When the tube protrudes into the stream, there would be local speeding up of the flow due to its deflection around the tube; hence an erroneous reading of the static pressure would be observed.

Total or stagnation pressure is defined as the pressure that would be obtained if the fluid stream were brought to rest isentropically. In Figure 1.20, tube B senses the total pressure while tube A senses only the static component of pressure.

[image: image332.jpg]Ay 2%y =0
8:3y Bydx




[image: image333.jpg]


[image: image334.jpg]8\y=—@-dx+

Sy

oy

-dy



[image: image335.jpg]Oy = —vdx + udy



[image: image336.jpg]



Fig. 1.20: Static and total pressure

The difference between the total and the static pressure gives the pressure due to fluid velocity; referred to as the dynamic pressure. The dynamic pressure is due to flow speed and is also known as the velocity or impact pressure. For an incompressible fluid or for a gas flowing at low velocities, the dynamic pressure equals V2l2g where V is the velocity of fluid flow.

Velocity pressure = total pressure - static pressure
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Some of the commonly used pressure units are:

1 bar = 105 N/m2 = 100 kPa = 750.06 mm of Hg

Quite often pressure is expressed in the unit atmosphere. This unit simply uses the standard atmospheric value of 101.3 kPa and is defined as one atmosphere. "Two atmospheres" would be then 202.6 kPa. Sometimes, we assume atmospheric pressure equivalent to a rounded figure of 100 kPa and call it a technical atmosphere.

Selection of any of the various units of pressure or head depends on the use made of the measurement. Head and pressure are related by the hydrostatic equation p f = gh , where p is the pressure either absolute or gauge, h is the height of a liquid column and  is the density of the liquid.

The density of a liquid varies considerably with temperature, hence the need to state temperature when pressure is expressed in units of liquid column head. Conversions to standard conditions may

also be made by ws hs  wm hm where subscript m refers to conditions at the local measure temperature and subscript s refers to conditions at the desired temperature.

1.9 MEASUREMENT OF PRESSURE

The pressure of a fluid may be measured by the following devices:

1. Manometers

Manometers are defined as the devices used for measuring the pressure at a point in a fluid by balancing the column of fluid by the same or another column of liquid. These are classified as follows:

(a) Simple manometers:
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(i) Piezometer, (ii) U-tube manometer, and (iii) Single column manometer.

(b) Differential manometers.

2. Mechanical gauges

These are the devices in which the pressure is measured by balancing the fluid column by spring (elastic element) or dead weight. Generally these gauges are used for measuring high pressure and where high precision is not required. Some commonly used mechanical gauges are:

Bourdon tube pressure gauge
Diaphragm pressure gauge
Bellow pressure gauge, and
Dead-weight pressure gauge.
MANOMETERS

1.10.1 Simple Manometers

A simple manometer is one which consists of a glass tube whose one end is connected to a point where pressure is to be measured and the other end remains open to the atmosphere.

Common types of simple manometers are discussed below:

1.10.1 (a) Piezometer

A piezometer is the simplest form of manometer which can be used for measuring moderate pressures of liquids. It consists of a glass tube (Figure 1.21) inserted in the wall of vessel or of a pipe, containing liquid whose pressure is to be measured. The tube extends vertically upward to such a height that liquid can freely rise in it without overflowing. The pressure at any point in the liquid is indicated by the height of the liquid in the tube above that point, which can be read on the scale attached to it. Thus, if w is the specific weight of the liquid, then the pressure at point A(p) is given by

P = h

Piezometers measure gauge pressure only (at the surface of the liquid), since the surface of the liquid in the tube is subjected to atmospheric pressure. A piezometer tube is not pressure; as in such a case the air will enter the pipe through the tube.
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(b)

Fig. 1.21: (a) Piezometer tube fitted to open vessel.

(b) Piezometer tube fitted to a closed pipe.

1.10.1 (b)
U-tube manometer

The piezometer cannot be employed when large pressures in the lighter liquids are to be measured, since this would require very long tubes, which cannot be handled conveniently. Furthermore, gas pressures cannot be measured by the piezometers because a gas forms no free atmospheric surface. These limitations can be overcome by the use of U-tube manometers.

A U-tube manometer consists of a glass tube bent in U-shape, one end of which is connected to a point at which pressure is to be measured and other end remains open to the atmosphere at shown in Figure 1.22.

(i) For positive pressure

Refer Figure 1.22(a).

Let A be the point at which pressure is to be measured. X - X is the datum line as shown in

Figure 1.22.
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(b)

Fig. 1.22: U-tube manometer

Let hl = height of the light liquid in the left limb above the datum line, h2 = height of the heavy liquid in the right limb above the datum line, h = pressure in pipe, expressed din terms of head

S 1  = specific gravity of the light liquid, and

S2 = specific gravity of the heavy liquid.

The pressures in the left limb and right limb above the datum X-X are equal (as dm pressures at two points at the same level in a continuous homogeneous liquid are equal).

Pressure head above X - X in the left limb = h + hIS1

Pressure head above X - X in the right limb = h 2  S 2

Equating these two pressures, we get
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…(1.30)

(ii) For negative pressure

Refer Figure 1.22(b).

Pressure head above X - X in the left limb = h + h1Sl + h2S2

Pressure head above X - X in the right limb = 0.

Equating these two pressures, we get
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…(1.31)

1.10.1 (c) Single column manometer (micromanometer)

The U-tube manometer described above usually requires the reading of fluid levels at two or more points since a change in pressure causes a rise of the liquid in one limb of the manometer and a drop in the other. This difficulty is however overcome by using single column manometers. A single column manometer is a modified form of a U-tube manometer in which a shallow reservoir having a large cross-sectional area (about 100 times) as compared to the area of the tube is connected to one limb of the manometer, as shown in Figure 1.23. For any variation in pressure, the change in the liquid level in the reservoir will be so small that it may be neglected, and the pressure is indicated by the height of
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the liquid in the other limb. As such only one reading in the narrow limb of the manometer need be taken for all pressure measurements. The narrow limb may be vertical or inclined. Thus there are two types of single column manometers as given below:

Vertical single column manometer,
Inclined single column manometer, and
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Fig. 1.23: Vertical single column manometer

(a) Vertical single column manometer.

Refer Figure 1.23.

Let X - X be the datum line in the reservoir when the single column manometer is not connected to the pipe. Now consider that the manometer is connected to a pipe containing a light liquid under a very high pressure. The pressure in the pipe will force the light liquid to push the heavy liquid in the reservoir downwards. As the area of the reservoir | is very large, the fall of the heavy liquid level will be very small. This downward movement of the heavy liquid, in the reservoir, will cause a considerable rise of the heavy liquid in the right limb.

Let h 1  = height of the centre of the pipe above X - X,

h2 = rise of heavy liquid (after experiment) in the right limb, h = fall of heavy liquid level in the reservoir,

h = pressure in the pipe, expressed in terms of head of water. A = cross-sectional area of the reservoir,

a
= cross-sectional area of the tube (right limb),

	S1
	= specific gravity of light liquid in pipe, and

	S2
	= specific gravity of the liquid heavy liquid.


We know that the fall of heavy liquid in the reservoir will cause a rise of heavy liquid level in the right limb.
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…(i)

Let us now consider pressure heads above the datum line Z - Z as shown in Figure 1.23.

Pressure head in the left limb = h + (h 1  + h ) S 1

Pressure head in the right limb = (h2 + h ) S2

Equating the pressure heads, we get
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[image: image366.jpg]Fig. 2.18: Force balance on a moving element along a streamline
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…[Equation (i)]

[image: image376.jpg]. By

w w



[image: image377.jpg]


[image: image378.jpg]


[image: image379.jpg]Q=c,cVh




…(1.32)

When the area A is very large as compared to a, then the ratio — becomes very small, and thus is neglected. Then the above equation becomes
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…(1.33)

1.10.1 (d) Inclined single column manometer

This type of manometer is useful for the measurement of small pressures and is more sensitive than the vertical tube type. Due to inclination, the distance moved by the heavy liquid in the right limb is more.

Let l = length of the heavy liquid moved in right limb,  = inclination of right limb with horizontal.

h2 = vertical rise of liquid in right limb from X - X = / sin 

Putting the value of h2 equation 2.5, we get
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Fig. 1.24: Inclined single column manometer

1.10.2(a) Differential Manometers

A different manometer is used to measure the difference in pressures between two points in a pipe, or in two different pipes. In its simplest form, a differential manometer consists of a U-tube containing a heavy liquid, whose two ends are connected to the points, whose difference of pressure is required to be found out. The following are the most commonly used types of differential manometers.

U-tube differential manometer.

Inverter U-tube deferential manometer.
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1. U-tube differential manometer

A U-tube differential manometer is shown in Figure 1.25.

Case I: Figure 1.25(a) shows a differential manometer whose two ends are connected with two different points A and B at the same level and containing same liquid.

Let h = difference of mercury level (heavy liquid) in the U-tube,

h1 =distance of the centre of A, from the mercury level in the right limb, S 1 (=S2) = specific of liquid at the two points A and B,

S = specific gravity of heavy liquid or mercury in the U-tube, hA = pressure head at A,

hB = pressure head at B

We know that the pressures in the left limb and right limb, above the datum line, are equal.
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(b)

Two pipes at same level,

Two pipes at differential levels,

Fig. 1.25: U-tube differential manometers
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Pressure head in the left limb
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Pressure head in the right limb
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or

i.e., difference of pressure head,
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…(1.34)

Case II: Figure 1.25(b) shows a differential manometer whose two ends are connected to two different point A and B at different levels and containing different liquids.

Let h = difference of mercury level (heavy liquid) in the U-tube,

S 1  = specific gravity of the liquid in the left limb,

S2 = specific gravity of the liquid in the right limb, S = specific gravity of the light liquid,

hA = pressure head at A, and hB = pressure head at B.

Considering the pressure heads above the datum line X - X, we get

Pressure head in the left limb = hA   (h1  h)S1

Pressure head in the right limb = hB   h2  S 2   h  S1

Equating the above pressure heads, we get
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i.e., Difference of pressure head at A and B,
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1.10.2 (b) Inverted U-tube Differential Manometer

This type of manometer is used for measuring the difference of two pressures (where accuracy is the major consideration).

Refer Figure 1.26. It consists of an inverted U-tube, containing light liquid, whose two ends are connected to the points, (A and B) whose difference of pressures is to be found out. Let the pressure at A is more than the pressure at B.

Let h 1  = height of liquid in the left limb below the datum line X-X,

h2 = height of liquid in the right limb below the datum line,

h = difference of levels of the light liquid in the right and left limbs (also known
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as manometer reading),

S1 =specific gravity of the liquid in the left limb,

S 2 = specific gravity of the liquid in the right limb,

S = specific gravity of the light liquid, hA = pressure head at A, and

hB = pressure head at B
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Fig. 1.26: Inverted Differential Manometer

We know that pressure heads in the left limb and the right limb below the datum line X - X are

equal.
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Pressure head in the left limb below

Pressure head in the right limb below X – X
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Equating the above heads, we get
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Advantages and Limitations of Manometers

Advantages of Manometers

Easy to fabricate and relatively inexpensive;

Good accuracy;

High sensitivity;

Require little maintenance;

Not affected by vibrations;

Specially suitable for low pressure an low differential pressures; and

It is easy to change the sensitivity by affecting a change in the quantity of manometric liquid in the manometer.

Limitations of Manometers

Usually bulky and large in size;
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Being fragile, get broken easily;

Readings of the manometers are affected by changes in temperature, altitude and gravity;

A capillary effect is created due to surface tension of manometric fluid, and

For better accuracy meniscus has to be measured by accurate means.

MECHANICAL GAUGES

The manometers (discussed earlier) are suitable for comparatively low pressures. For high pressures they become unnecessarily larger even when they are filled with heavy liquids. Therefore for measuring medium and high pressures, we make use of elastic pressure gauges. They employ different forms of elastic systems such as tubes, diaphragms or bellows etc. to measure the pressure. The elastic deformation of these elements is used to show the effect of pressure. Since these elements are deformed within the elastic limit only, therefore these gauges are sometimes called elastic gauges. Sometimes they are also called secondary instruments, which implies that they must he calibrated by comparison with primary instruments such as manometers etc.

Some of the important types of these gauges are enumerated and discussed below:

Bourdon tube pressure gauge,

Diaphragm gauge, and

Vacuum gauge.

Bourdon Tube Pressure Gauge

Bourdon tube pressure gauge is used for measuring high as well as low pressures. A simple form of this gauge is shown in Figure 1.27. In this case the pressure element consists of a metal tube of approximately elliptical cross "section. This tube is bent in the farm of a segment of a circle and responds to pressure changes. When one end of the tube which is attached to the gauge case, is connected to the source of pressure, the internal pressure causes the tube to expand, whereby circumferential stress i.e., hoop tension is set up. The free end of the tube moves and is in turn connected by suitable levers to a rack, which engages with a small pinion mounted on the same spindle as the pointer. Thus the pressure applied to the tube causes the rack and pinion to move. The pressure is indicated by the pointer over a dial which can be graduated in a suitable scale.
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Fig. 1.27: Bourdon tube pressure gauge

The Bourdon tubes are generally made of bronze or nickel steel. The former is generally, used for low pressures and the latter for high pressures.
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Depending upon the purpose for which they are required Bourdon tube gauges are made in different forms, some of them are-

Compound Bourdon tube - used for measuring pressures both above and below atmospheric pressure.
Double Bourdon tube - used where vibrations are encountered.
2. Diaphragm Gauge

This type of gauge employs a metallic disc or diaphragm instead of a bent tube. This disc or diaphragm is used for actuating the indicating device.

Refer Figure 1.28. When pressure is applied on the lower side of the diaphragm it is deflected upward. This movement of the diaphragm is transmitted to a rack and pinion. The latter is attached to the spindle of needle moving on a graduated dial. The dial can again be graduated in a suitable scale.
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Fig. 1.28: Diaphragm gauge

3. Vacuum Gauge

Bourden gauges discussed earlier can be used to measure vacuum instead of pressure. Slight changes in the design are required for this purpose. Thus, in this case, the tube needs to be bent inward instead of outward as in pressure gauges. Vacuum gauges are graduated in millimeters of mercury below atmospheric pressure. In such cases, therefore, absolute pressure in millimeters of mercury is the difference between the barometer reading and vacuum gauge reading.

Vacuum gauges are used to measure the vacuum in the condensers, etc. If there is leakage, the vacuum will drop.
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PROBLEMS WITH SOLUTIONS

1.1 1 m3 of an oil weighs 9 AN. Calculate its density, specific weight and relative density.

Date:

Volume V- 1 m3

Weight W= 9 kN = 9000 N.

	To Calculate:
	 ; specific weight,  and relative density, s.

	Density,
	

	Solution
	
	
	
	
	
	
	
	
	
	
	

	specific weight,  
	Weight
	
	W
	
	9000
	 9000N / m3

	
	
	
	
	
	
	

	
	
	
	Volume   V
	1
	
	

	density,
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	

	Relative density, s =
	
	
	
	
	
	
	
	
	

	Results:
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	

	Specific weight, w = 9000 N/m3
	
	
	

	density,
	
	
	 = 917.4312 kg/m3
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Relative density, s = 0.9174312

1.2 2 litre of petrol weighs 14 N. Calculate the specific weight, mass density specific volume and specific gravity of petrol with respect to water.

Solution: 2 litre = 2 x 10-3m3

Specific weight is a measure of the weight per unit volume:
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Mass density is related to specific volume by the relation,  =  g
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Mass density

Specific volume v is the inverse of mass density
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Specific gravity s

1.3 If specific gravity of a liquid is 0.80, make calculations for its mass density, specific volume and specific weight (weight density).

mass density of liquid

Solution: Specific gravity =
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mass density of water
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:. mass density of liquid
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specific volume

[image: image444.jpg]n

Z
3 Q=2262 m'ls.

2262 _ 9048
s & 4





specific weight (weight density)

1.4 A mass of liquid weighs 500 N when exposed to standard earth's gravity g= 9.806 m/s2.

What is its mass?

What will be its weight in a planet with acceleration due to gravity of

3.5 m/s2 and (ii) 18.0 m/s2?

Solution: Let W = weight of the liquid and m = its mass.
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(b) The mass of the fluid remains constant regardless of its location. Hence m = 50.99 kg at all locations.

(i) If g1 = 3.5 m/s2

W 1  = mg 1  = 50.99 x 3.5 = 178.46 N

(ii)If  g 2 =18.0 m/s2

W2 = mg2 = 50.99 x 18.0 = 917.8 N

1.5 A liquid at 20°C has a relative density of 0.80 and a kinematic viscosity of 2.3 centistoke. Determine its (i) unit weight and (ii) dynamic viscosity in Pa.s.

Solution

Unit weight w =  g= (  water x RD) x g Taking  water at 20° as 998 kglm3.
 = 998 X 0.8 x 9.81

7832.3 N/m3 = 7.832 kN/m3
Dynamic viscosity u = v p

= 2.3 centistoke = 2.3 x 10-6 m2/s p = 998 x 0.8 = 798.4 kglm3
= 2.3 x 10-6 x 798.4 = 1.838 x 10-3 Pa.s.
A Certain Liquid has a dynamic viscosity of 7.4 centipoise and specific gravity 0.9. Compute the kinematic viscosity of Liquid in Stoke, in SI unit and dynamic viscosity in SI unit.

Solution:

dynamic viscosity (  ) = 7.4 centipoise = 7.4 x 10-2 Poise

1 Poise =0.1 Ns/m2 so  =7.4 x 10-3Ns/m2

Specific gravity = 0.9 so density of liquid = 900 kg/m3
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	Kinematic viscosity (v) =
	
	
	7.4 10 3
	 8.22 10
	6
	m
	2
	/ s

	
	
	
	900
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	1.7 If  the  kinematic  viscosity  of  a  certain  liquid
	is  7.5  x  103   Stoke  and  its  mass

	density is 880 kg/m3, determine it dynamic viscosity in kg/ms.

	v = 7.5 x 10-3
	Stoke = 7.5 x 10-3 x 10- 4 m2/s
	[1 stoke-1 cm2/s]

	
	
	
	= 7.5 x 10-7 m2h
	
	
	
	


 = 880 kg/m3.

= v x  = 7.5 x 10-7m2/s X 880 = 6.64 x 10-4 kg/ms.
The space between two parallel plates kept 3 mm apart is filled with an oil of dynamic viscosity 0.2 Vas. What is the shear stress on the lower fixed plate, if the upper one is moved with a velocity of 1.50 m/s?
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Fig. 1.29

Solution: Since the gap between plates is very small, a linear variation of velocity can be assumed.
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1.9 The velocity distribution in a viscous flow over a plate is given by

u = 4y-y2 for y  2 m

where u= velocity in m/s at a point distant y from the plate. If the coefficient of dynamic viscosity is 1.5 P as determine the shear stress at y = 0 and at y = 2.0 m

Solution: Given
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1.10 The velocity distribution near the solid wall at a section in a laminar flow is given by

u = 5.0 sin (5  y)

for y  0.10 m. Compute the shear stress at a section at (i) y = 0, (ii) y = 0.05 m and (iii) y = 0.10 m. The dynamic viscosity of the fluid is 5poise.

Solution: Given,
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(i) At y = 0,  = 12.5  cos (5 x 0.05) = 12.5 n = 39.27 N/w2

(ii) At y = 0.05 m,
=12.5COS(5X0.05)

12.5  x 0.707 = 27.76 Nlm2
At y = 0.10m, x = 12.5  cos (5  x 0.l) = 0

A 90 N rectangular solid block slides down a 30° inclined plane. The plane is lubricated by a 3 mm thick film of oil of relative density 0.90 and viscosity 8.0 poise. If the contact area is 0.3 m1, estimate the terminal velocity of the block (Refer Figure 1.30).
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Fig. 1.30

Solution: Given

W = 90N

V = terminal velocity  = 30°

At the terminal velocity, the sum of the forces acting on the block in the direction of its motion is zero. Hence

W sin  -  A = 0 where  = shear stress on the block and

A = area of the block.
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	 = 
	du
	
	V
	
	where h = thickness of oil film

	
	
	
	h
	

	
	dy
	
	
	

	 = 8 poise =
	8
	
	P a.s = 0.8 P. a.s

	
	
	
	
	

	
	10
	

	
	
	
	
	


h = 3 m m = 3 x 10-3 m A = 0.3m3

Substituting the various values in the above equation,
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1.12 A skater weighing 900 N stakes at 54 km/hron one ice at 0°C. The average skating area supporting him is 10 cm2 and the effective-dynamic co-efficient of friction between the skates and the ice is 0.02. If there is actually a thin film of water between the skates and the ice

determine its average thickness, water   1cP

Solution:
Weight of the skater (W) = 900 N;

Friction force developed = r  x W = 0.02 x 900 = 18 N

Above force = Viscous (shear) force (F 1 )

	Fv = Area x  x
	du

	
	
	;

	
	
	

	
	dy


Area = 10 cm2 = 10 x 104 m2

Velocity = du= 54 km/hv = 15 m/s.

 = 1 cP = 1 x 10-2 Poise = 10 -3 Nm/s2

18 = 10 x 10 -4 x 10 -3 x
15
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dy

dy = thickness of ice = 8.33 x 1 0 - 6  m
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1.13 A cylindrical shaft of 90 mm diameter rotates about a vertical axis inside a fixed cylindrical tube of length 50 cm and 95 mm internal diameter. If the space between the tube and the shaft is filled by a lubricant of dynamic viscosity 2.0 poise, determine the power required to overcome viscous resistance when the shaft is rotated at a speed of 240 rpm (Refer Fig. 1.32).
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Solution

V = Circumferential velocity of the shaft
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Assuming linear variation of velocity across the gap. Velocity gradient
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  2.0 poise = 0.2 Pa.s

Shear stress on the shaft
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= 0.2 x 452.4 = 90.48 Pa

Shear force

Fs     2r  L

[image: image480.jpg]o= — 8%y —16)
Ox

il —g—f= ~(12x)

Velocity at (2, 3), V = Ju® + o2
= J(16-36)" +(-24)" =31.24 units




[image: image481.jpg]dy Sy
dy =—— dx +—d;
i 3 x+5}' ly

= v + udy = 12x d + (16 - 12)) dy

—12- 2 06y-122 8
¥ 2 2

=67 -6y + 16y




Torque T = Fs r
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Power required

1.14 A sleeve 10 cm long encases a vertical metal rod 3.0 cm in diameter with a radial clearance of 0.02 mm. If when immersed in an oil of viscosity 6.0 poise, the effective weight of the sleeve is 7.5 N, will the sleeve slide down the rod and if so at what velocity? (Refer Figure 1.33)

Solution: Given

 = 6 poise = 0.6 P a.s

h = 0.02 mm = 0.02 x 10-3 m

Let V = Velocity of the sleeve when sliding down.
,
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At terminal velocity

Shear force = Submerged weight of the sleeve.

(2rL)  = Ws
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282.74 V=1.5

V= 0.02653 m/s = 2.66 cm/s

1.15 Two coaxial cylinders 10 cm and 9.75 cm in diameter and 2.5 cm high have both their ends open and have a viscous liquid filled in between. A torque of 1.2 N./» is produced on the inner cylinder when the outer one rotates at 90 rpm. Determine the coefficient of viscosity of the liquid (Refer Figure 1.34).
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Fig. 1.34

Solution: Tangential velocity
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1.16 A thin plate is placed between two flat surfaces h cm apart such that the viscosity of liquids on the top and bottom of the plate are (x1 and |o,2 respectively. Determine the position of the thin plate such that the viscous resistance to uniform motion of the thin plate is minimum. [Assume h to be very small].

Solution: Let y be the distance of the thin flat plate from the top flat surface (Figure 1.35) and V = velocity of the thin plate.
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Note: When plate is moving in a same liquid 1  and 2  are same 1  =
2=. Force on the plate

	
	1
	
	1
	

	due to viscosity F=VA 
	
	
	
	

	
	
	
	
	

	y
	
	h  y


1.17 A metal plate 1.25 m x 1.25 m x 6 mm thick and weighing 90 N is placed midway in the 24 mm gap between the two vertical plane surfaces as shown in the Figure 1.36. The gap is filled with an oil of specific gravity 0.85 and dynamic viscosity 3.0 N.s/m2. Determine the force required to lift the plate with a constant velocity of 0.15 m/s.

Solution: Dimensions of the plate = 1.25 m x 1.25 m x 6 mm

Area of the plate,

A = 1.25 x 1.25 = 1.5625 m2 Thickness of the plate = 6 mm

t1   t2   24  6  9mm
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(Since the plate is situated midway in the gap) Specific gravity of oil = 0.85

Dynamic viscosity of oil = 3N.s/m2 Velocity of the plate = 0.15 m/s Weight of the plate = 90 N

Force required to lift the plate:

Drag force (or viscous resistance) against the motion of the plate, F = 1 • A +  2 • A

(where 1  and  2  are the shear stresses on two sides of the plate)
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Upward thrust or buoyant force on the plate = specific weight x volume of oil displaced
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= 0.85 x 9810 x (1.25 x 1.25 x 0.006) = 78.17 N

Effective weight of the plate = 90- 78.17 = 11.83 N

Total force required to lift the plate at velocity of 0.15 m/s

F + effective weight of the plate = 156.25 + 11.83 = 168.08 N (Ans.)
1.18 Find the height through which the water is elevated by the capillary action in a glass tube of 10 mm diameter, if the surface tension at the existing temperature is 0.075 N//w.

Solution
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1.19 The capillary rise in the tube is restricted to 0.25 cm. If the surface tension of water in contact with air is 0.075 N/m, calculate the minimum size of the tube. Assume co= 0.01 N/c/w3.

Solution
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d = 1.20 cm.  (Ans.)

1.20 A glass tube of 3 mm diameter is immersed in mercury. If the surface tension of mercury in contact with air is 0.51 N/m, calculate the capillary effect in mm when the contact angle is (1) 130° and (2) 180°. Assume  of mercury = 133.42 AN/m3.

Solution:
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 = 0.51N/m
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 = 133.42 x 103 N/m3 and d= 3 x 10-3 m.

(1) When  = 130°, cos   = - 0.6428.
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Note: The negative sign indicates that in case of mercury, there is capillary depression.

(2) When  = 180°, cos   = - 1.
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-5.10 x 10-3m
- 5.10 mm. (Ans.)
Show that for two vertical parallel plates £ distance apart and held partially immersed in a liquid of surface tension s and specific weight w, the capillary rise is given by the expression
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where  is the angle of contact.
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Solution

For two parallel plates at distance t apart, resolving vertically and considering unit length.

Weight of liquid raised = Vertical component of 
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1.22 A soap bubble 62.5 mm diameter has an internal pressure in excess of the outside pressure of 20 N/m2. What is tension in the soap film?

Solution: Diameter of the bubble, d=62.5 mm = 62.5 x 10-3 m. Internal pressure in excess of the outside pressure, p = 20 N/m2.

Surface tension, :

Using the relation,
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Note: P0  - ambient (atmospheric pressure) = 0 (gauge)

1.23 If the surface tension at air-water interface is 0.073 N/M, what is the pressure difference between inside and outside of an air bubble of diameter 0.01 mm?

Solution: An air bubble has only one surface. Hence
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1.24 If the surface tension at the soap-air interface is 0.088 N//», calculate the internal pressure in a soap bubble of 3 cm diameter.

Solution: In a soap bubble, there are two interfaces.
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= 23.47 N/m2 above atmospheric pressure.
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1.25 A U-tube has two limbs of internal diameter 6 mm and 16 mm respectively and contains some water. Calculate the difference in water levels in the two limbs. Surface tension of water = 0.073 N/m.

Solution:

Let h - difference in water levels in the two limbs. By assuming the angle of contact  = 0°.
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= 3 . 1x 10-3m = 3.1 mm.
Assuming that the interstices in a clay are of size equal to one tenth the mean diameter of the grain, estimate the height to which water will rise in a clay soil of average grain diameter
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0.05 mm. Assume surface tension at air-water interface as 0.073 N/m. density of water = 998 kg/m3.

Solution:

Diameter of pores =2R = 0.005 mm

R = 0.00025 mm = 2.5 x 10- 6 m
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1.27 In order to form a stream of bubbles air is introduced through a nozzle into a tank of water (at 20°C). If the process requires 3.0 mm dia meter bubbles to be formed, by how much the air pressure at the nozzle must exceed that of the surrounding water.

What would be the absolute pressure inside the bubble if the surrounding water is at 100.3 kN/m2.

Take
surface
tension
of
water
at
20°C
=
0.0735
N/m.

Solution:

Diameter of a bubble,
d= 3.0 mm = 3 x 10'3 m

Surface tension of water at 20°C, a = 0.0735 N/m

The excess pressure intensity of air over that of surrounding water,  p = p.

	We know, p =
	4
	
	4  0.0735
	= 98 N/m2 (Ans.)

	
	d
	
	
	

	
	
	3 103
	


Absolute pressure inside the bubble, P abs :

pabs
ppatm

= 98 x 10-3 + 100.3
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0.098 + 100.3 = 100.398 kN/m2 (Ans.)

An increase in pressure of a liquid from 7.5 MPa to 15 MPa results into 0.2 percent decrease in its volume. Determine the bulk modulus of elasticity and coefficient of compressibility of the liquid.
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1.29 Find the increase in pressure required to produce 1 percent reduction in volume of water. Take bulk modulus of elasticity of water K = 2.16 GPa.

[image: image555.jpg]V= [2¢ x Differential head / (water column)




1.30 What change in pressure is required to compress a gas under isothermal conditions to quarter of its original volume?

Solution:

If V is the original volume
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where K is the bulk modulus of elasticity.
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At isothermal condition K= p. Hence change in pressure
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where p = initial pressure of the gas.

1.31 Air at 20°C and 200 kPa (abs) contained in a c ylinder is compressed to half its volume. Find the pressure and temperature inside the cylinder if the process is (a) Isothermal and (b) Isentropic with  = 1.4.

Solution:
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(a) In isothermal process p1vl =p2v2
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The temperature will remain constant and hence
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T2 = T 1  = 20°C

(b) In isentropic process:

pv = constant
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= 527.8 kPa (abs)
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For temperature,

pv
= RT and pv k = constant

RT v1 ' = constant
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T2 = 293 (2)0.4 = 386.6 K

(386.6-273) = 113.6°C
Gas A at 100 kPa (abs) is compressed isothermally and Gas B at 80 kPa (abs) is compressed isentropically ( = 1.4). What is the bulk modulus of elasticity of each gas and

which is more compressible?

Solution:

Gas A: In isothermal change K-p

	Hence
	KA = p = 100 kPa

	Gas B: In adiabatic change K = up

	Hence
	KB = up = 1.4 x 80 = 112 kPa


Since KA < KB, gas A is more compressible than gas B, in the notified situation.

1.33 A cylinder contains 0.3 m3 of air at 200 kPa and is compressed to 0.06 m3. Calculate the pressure and bulk modulus of compressed air if the compression is achieved, (i) isothermally (ii) adiabatically. For air take adiabatic exponent u = 1.4.

Solution:

p 1  = 200 kPa = 2 x 105 N/m2; v 1  = 0.3 m3; v2 = 0.06 m3

(i) Isothermal compression follows the Boyle's law: p 1 v 1 = p2v2 = constant

pressure of compressed air would be
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In isothermal change, the bulk modulus of elasticity equals the pressure

K = p2 =
10 x 105N/m2

(ii) Adiabatic compression follows the relation
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pressure of air after adiabatic compression would be
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In adiabatic change, the bulk modulus of elasticity equals y times the pressure.
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K =  p2 = 1.4 x (19.03x105) = 26.65 x 105 N/m2

1.34 A gauge records a pressure of 25 kN/m2. Calculate the corresponding absolute pressure in (1) kN/m2 and (2) in 'm' of water. The local atmospheric pressure is 760 mm of mercury.

Data:

Gauge pressure = 25 kN/m2

Atmospheric pressure = 760 mm of mercury

Specific gravity of mercury =13.6

To Calculate:

Absolute pressure in (1) kN/m2 and (2) 'm' of water.

Solution:

Atmospheric pressure = 760 mm of mercury = 101.325 kN/m2

(Q
760 mm Hg = 101.325 kN/m2)

Absolute pressure = Atmospheric pressure + gauge pressure

p = 101.325 + 25 = 126.325 kN/m2 Absolute pressure in 'm' of water

h  p  where '  ' specific weight of water
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 126.325

= 12.887 'm of water
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Result:

Absolute pressure, p = 126.325 kN/m2

h= 12.877 'm’ of water

1.35 A gauge fitted to a gas cylinder, records a pressure of 16 kN/m2 vacuum. Compute the corresponding absolute pressure in (a) kN/m2 and (b) in 'm' of water. The local atmospheric pressure is 750 mm of mercury.

Data:

Gauge (vacuum) pressure = 16 kN/m2

Atmosphere pressure = 750 mm of Hg.

To Calculate:

Absolute pressure in (a) kN/m2 (b) 'm' of water.

Solution:
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(Note: The specific weight of a substance varies with acceleration due to gravity. Hence the problem is solved as given below).

Atmospheric pressure = 750 mm. of Hg.
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Absolute pressure = Atmospheric pressure - Vacuum pressure
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99.9918 - 16 = 83.9918 kN/m2
10.2 - 1.632 = 8.568 'm' of water.

Results: Absolute pressure p = 83.9918 kN/m2

h = 8.568 'm' of water.

1.36 A gauge records a pressure of 24.52 kN/m2 vacuum. Compute the corresponding absolute pressure in (i) kN/2 and (ii) metres of water. The local atmospheric pressure is 0.75 m of mercury. Specific gravity of mercury is 13.6.

Data:

Gauge (vacuum) pressure = 24.25 kN/m2

Atmospheric pressure = 0.75 m of Hg.

Specific gravity of mercury = 13.6

To Calculate:

Absolute pressure in (i) kN/m2 and (ii) 'm' of water.

Solution:

Atmosphere pressure = 0.75'm'of Hg.

= 0.75 x 13.6 = 10.2 'm' of water.

10.336 'm' of water
= 101.325 kN/m2

[image: image591.jpg]


[image: image592.jpg]F=fn(LVgp W




= 2.5 'm' of water.
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Absolute pressure = Atmospheric pressure - Vacuum pressure.

99.9918 - 24.52 = 75.4718 kN/m2
10.2 - 2.5 = 7.7 'm' of water.

Results: Absolute pressure, p = 75.4718 kN/m2 h = 7.7 'm' of water

1.37 U-tube manometer is used to measure the pressure of oil of specific gravity 0.85 flowing in a pipe line. Its left end is connected to the pipe and the right-limb is open at the atmosphere.
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The centre of the pipe is 100 mm below the level of mercury (specific gravity = 13.6) in the right limb. If the difference of mercury level in the two limbs is 160 mm, determine the absolute pressure of the oil in the pipe.

Solution:

Specific gravity of oil, S 1 = 0.85 Specific gravity of mercury, S2 = 13.6 Height of the oil in the left limb,

h 1  = 160 - 100 = 60 mm = 0.06 m

Difference of mercury level, h2= 160 mm = 0.16 m.
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Fig. 1.37

Absolute pressure of oil

Let h1 = gauge pressure in the pipe in terms of head of water, and p = gauge pressure in terms of kN/m2.

Equating the pressure heads above the datum line X-X, we get

h  h1 S1   h2 S 2

or
h+ 0.06 x 0.85 = 0.16 x 13.6
h = 2.125m

The pressure p is given by

p =  h
[ - specific weight of water]

9.81 x 2.125 kN/m2
20.84 kPa (  = 9.81 kN/m3 in S.I. unit)

Absolute pressure of oil in the tube,

pabs
paimpgauge

100 + 20.84 = 120.84 kPa (Ans.)
The left limb of an U-tube manometer is open to the atmosphere and the right limb is connected to a pipe carrying water under pressure. The centre of the pipe is at the level of the free surface of mercury. Find the difference in levels of mercury in the limbs if the absolute pressure of water in the pipe is 15 metres of water.

The fluid in the pipe is water

The gauging liquid is mercury

The absolute pressure head in pipe = 15 'm' of water.

The centre of the pipe corresponds to Hg level in the left limb

To Calculate:

Difference in levels of mercury, h 1 = h2
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Solution:
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Referring Figure 1.38

Let ZZ - datum level

Specific gravity of mercury, s2 = 13.6 Specific gravity of water, s 1 = 1 Difference in level of mercury hl = h2 Pressure in pipe line,

h = Absolute pressure - Atmospheric pressure = 15 - 10.33 = 4.67 'm' of water

	At Datum level,
	

	Pressure head atA = Pressure head at B
	

	h2  × s2  = h + h1 × s1
	

	or, h = h2  × s2  - h1 × s1  = h2 (s2  - s1 )'
	Q h1  = h2

	.-. Difference in level of Hg,
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Result:

Difference in mercury levels, h2 = 0.370535 m = 370.635 mm

1.39 The U-tube manometer containing mercury was used to find the negative pressure in the pipe containing water. The right limb was open to the atmosphere. Find the vacuum pressure in the pipe, if the difference of mercury level in the two limbs was 100 mm and height of water in the left limb from the centre of the pipe was found to be 40 mm below.
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Solution:

Specific gravity of water, S1 = 1 Specific gravity of mercury, S 2 = 13.6 Height of water in the left limb,

h1 = 40 mm = 0.04 m Height of mercury in the left limb,

h2 = 100 mm = 0.1m

Let h = pressure in the pipe in terms of head of water (below the atmosphere).

Equating the pressure heads above the datum line X-X, we get

h  h1 S1   h2 S 2   0

or h (h1 S1   h2 S 2 )

= - (0.04 x 1 + 0.1 x 13.6) = -1.4 m of water

Pressure, p, is given by p =  h

9.81 x (-1.4) kN/m2 = -13.73 kPa

13.73 kPa (vacuum) (Ans.)
In the piezometer tube, as shown in Figure 1.40, the liquid stands 120 cm above point m. Calculate the pressure in N/m2, if the liquid is

water
oil of sp. gr. 0.90
mercury
molasses of sp. gr. 1.50
brine of sp. gr. 1.15. Solution
p =  . h
=  gh
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Fig. 1.40: Piezometer

(1) For water:

p = 9.81 x 103 x 1.20 = 11.77 x 103 N/m2

(2) For oil:

p = (0.90 x 9.81) x 103 x 1.20 = 10.59 x 103 N/m2

(3) For mercury:

p = (13.6 x 9.81) x 103 x 1.20= 160.10 x 103 N/m2

(4) For molasses:

p = (1.50 x 9.81) x 103 x 1.20=17.66 x 103 N/m2

(5) For brine:

p = (1.15 x 9.81) x 103 x 1.20= 13.54 x 103 N/m2. (Ans.)
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1.41 A differential manometer is connected at two points A and B in a horizontal pipe line containing an oil of specific gravity 0.8 and the difference in mercury level is 125 mm.

Determine the difference in pressures at the two points in terms of head of water in metres and kN/m2.

Data:

Referring Figure 1.41

Specific gravity of oil, s 1  - 0.8

Difference in Hg levels, A2 = 125 mm = 0.125 m
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Fig. 1.41

To Calculate:

Difference in pressure between A and B in

(i) 'm' of water and (ii) kN/m2.

Solution:

Refer Figure 1.41.

Pipe is horizontal,
h1= h2+ h3

Same liquid flows from A to B,
s1- s3= 0.8

Let,
ZZ - be the datum level

	
	
	
	
	
	h a  - Pressure head at A (‘m' of water)

	
	
	
	
	
	h b  - Pressure head at B ('m' of water)

	
	
	
	
	
	s2 - specific gravity of Hg = 13.6

	Pressure head difference between A and B is given by

	
	(ha -hb) = h2 (s2 - s 1 )

	
	
	
	= 0.125 (13.6 - 0.8) = 1.6 'm' of water

	
	or,
	
	
	
	pa -p b  =  (ha -hb) = 9.81 x 1.6 = 15.696 kN/m2

	Result:
	
	
	
	
	

	Pressure difference between points A and B in the pipe line,

	
	(h a
	-h b ) = 1.6 'm' of water

	or,
	(p
	a
	- p
	b
	) = 15.696 kN/m2.

	
	
	
	
	
	


1.42 An U-tube differential manometer connects two pressure pipes A and B. The pipe A contains carbon tetra-chloride having a specific gravity of 1.594 under a pressure of 120 kN/m2. The pipe B contains oil of specific gravity of 0.8 under a pressure of 220 kN/m2. The
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pipe A lies 3 metres above pipe B. The centre of the pipe B is at the level of mercury in the limb which connects the pipe A. Find the difference in the levels of mercury.

Data:

Referring Figure 1.42

Specific gravity of carbon-tetra-chloride, s 1  = 1.594

Pressure in pipe A, = pa = 120 kN/m2

Pressure in pipe B, = p b  = 220 kN/m2
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Specific gravity of oil, s3 = 0.8

Difference in heights of pipes, h 1  = 3 m

Specific gravity of mercury, s 2  = 13.6

To Calculate:

Difference in Hg levels, A2 = h3 Solution:

Referring Figure 1.42

Let, ZZ - datum level

Difference in pressure between pipes A and B, pb -p a = 220 - 120 = 100 kN/m2

	Pressure head difference, hb - ha
	=
	pb   pa

	
	
	w

	
	
	


100

= 10.19368 'm' of water

[image: image622.jpg]pVL] :pVL)
vk,

P b -
and V, P,,XV XZ 15x100x§ 60 m/s.



9.81

Pressure head at C = Pressure head at D
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Difference in Hg levels, h2 = 0.422787 m = 422.787 mm

Result:

Difference in Hg levels, h2 = 0.42287 m = 422.787 mm

1.43 Figure 1.43, shows a differential manometer connected at two points A and B. At A, air pressure is 100 kN/m2. Find the absolute pressure at B.

Solution:

Pressure of air at A,

pA = 100 kN/m2

Pressure head at A,

hA  100  10.2m 9.81
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Let the pressure at B is pB

Pressure head at B = pB 
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Considering pressure heads above the datum line X-X, we have

Pressure head in the left limb

= 650  hA  = 0.65 + 10.2 = 10.85 m A
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1000

Pressure head in the right limb

	= hB +
	
	250
	 0.85 
	150
	13.6

	
	1000
	
	
	

	
	
	1000
	


= hB +0.212 +2.04 = hB + 2.25

Equating the above pressure heads, we get 10.85 = hB + 2.25 or hB = 8.6 m

But hB =   pB
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hB = hB = 9.81 x 8.6 = 84.36 kN/m2

pB = 84.36 kPa (Ans.)

1.44 As shown in Figure 1.44, a differential manometer is used to find out the difference of pressure between two pipes A and B. The pipe A is 3 m higher than pipe B. The difference in height between two legs of the manometer is 90 cm, the column of mercury in the leg near pipe A being higher. Calculate the pressure head difference between two pipes in metres of water, if the liquid flowing in two pipes is water

Solution:

Starting from point m in Figure 1.44, z = 90 cm = 0.90 cm h m + y + x + 13.6z = h n + z + x

h m +3 + 13.6 x 0.90-0.90 = h n

h n - h m  = 14.34 m of water. (Ans.)
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Fig. 1.44: Differential Manometer

1.45 An inverted differential manometer is connected to two pipes A and B carrying water under pressure as shown in Figure 1.45. The fluid in the manometer is oil of specific gravity 0.75. Determine the pressure difference between A and B.

Solution:
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Specific gravity of oil, S = 0.75

Specific gravity of water, S1 , S2 = 1
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Difference of oil in the two limbs

= (450 + 200) - 450 = 200 mm

We know that pressure heads on the left and right limbs below the datum line X_X are equal. Pressure head in the left limb below X-X

= hA  450 1  hA  0.45 1000
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Pressure head in the right limb below X – X
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Equating the two pressure heads, we get
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1.46 Figure 1.46 shows a single column manometer connected to a pipe containing liquid of specific gravity 0.8. The ratio of area of the reservoir to that of the limb is 100. Find the pressure in the pipe.

Take specific gravity of mercury as 13.6.

Solution:

Specific gravity of liquid in the pipe, S1  = 0.8.

Specific gravity of mercury, S2 = 13.6

	
	Area of reservoir
	
	A
	 100

	
	Area of right limb
	
	
	

	
	
	
	a
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Height of the liquid in the left limb, h1 = 300 mm
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Height of mercury in the right limb, h2 = 500 mm

Let h = pressure head in the pipe.

Using the relation:

a

h =
A h2(S2 - S1) + h2S2 - hlSl
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1

or
h =
x 500 (l3.6-0.8) +500 x 13.6-300 x 0.8 mm of water
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100

64 – 6800 - 240

6624 mm of water

or
6.624 m of water

Pressure,
p = wh = 9.81 x 6.624

= 64.98 kN/m2 or 64.98 kPa

i.e.,
p = 64.98 kPa (Ans.)

1.47 In the Figure 1.46, if the local atmospheric pressure is 755 mm of mercury (sp. gravity = 13.6), calculation:

Absolute pressure of air in the tank;

Pressure gauge reading at L.
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Solution: (i) Absolute pressure of air,(pabs)air Starting from the open end,

0 - (13.6 x w) x 0.6 =p air (pressure of air)

i.e.,
p air
= - 13.6 x 9.81 x 0.6 = - 80 kN/m2

patm (atmospheric pressure)

=
755 x 13.6 x 9.81 = 100.73 kN/m2
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1000

( pabs ) air   pair   paim = - 80 + 100.73 = 20.73 kN/m2

Hence ( pabs )air  = 20.73 kN/m2 (Ans.)
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(ii) Pressure gauge reading at L:

	Pressure at L = pabs (air) +  h
	

	p
	L
	= 20.73 + 9.81 x  2 = 40.35 kN/m2
	abs

	
	
	
	

	Now,
	40.35 = pguage   paim
	


pgauge( L) = 40.35 - patm  =40.35 -100.73

= - 60.38 kN/m2

i.e., Vacuum pressure = 60.38 kN/m2

Hence pressure gauge reading at

L = 60.38 kN/m2 (vacuum) (Ans.)

1.48 A fan delivers 4 m3 of air per second at 20°C and 1.25 bar. Assuming m olecular weight of air as 28.97, calculate the mass of air delivered. Also determine the density, specific volume and specific weight of the air being delivered.

Solution: Universal gas constant G = 8314 Nm/kg mol K

:. gas constant R for air = 8314/28.97 = 287 Nm/kg K absolute temperature T= (273 + 20) = 293 K

pressure =1.25 bar = 1.25 x 105 N/m2, and volume V = 4 m3

The mass of the air being delivered can be determined by using the characteristic gas equation:

	pV = mRT
	
	
	
	
	
	
	

	:. mass of air, m 
	pV
	=
	1.25 105  4
	
	= 5.94 kg

	
	
	
	
	
	
	287  293
	
	

	
	RT
	
	
	
	

	density = mass per unit volume
	

	5.94
	
	
	
	

	 =
	
	
	
	
	
	= 1.485 kg/m3
	

	
	
	
	
	
	
	
	

	4
	
	
	
	
	
	
	

	Specific volume is the inverse of density
	

	1
	
	
	1
	= 0.673 m3/kg

	:.specific volume v =
	
	
	
	
	

	
	
	
	1.485
	


The density  and specific weight w are related to each other by the expression w  g

specific weight w = 1.485 x 9.81 = 14.57 N/m3

l.49 At 20°C, the bulk modulus of elasticity of ker osene is 1.43 x 109 Pa and its relative density 0.804. Calculate the velocity of propagation of sound in kerosene at this temperature.

Solution:

Density of kerosene  =0.804 x 998 = 802.4 kg/m3

Velocity of sound C = [image: image5.jpg]
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	
	
	1.43 109
	
	= 1335 m/s.

	
	
	
	
	

	802.4
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1.50 The velocity of propagation of sound in air is calculated by assuming the process to be isentropic. What is the velocity of sound at 80°C?

Solution:

For air, gas constant R = 287

T= 80°C = 273 + 80 = 353 K

Since the process is isentropic, K=  p.

Assuming the air as perfect gas

p = pRT

Hence the speed of sound

	C =
	
	
	RT
	
	

	
	K / 
	
	
	
	RT

	
	
	
	
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For air  = 1.4 and hence

C=
376.6 m/s.
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2

FLUID KINEMATICS AND DYNAMICS

2.1 FLUID KINEMATICS

Kinematics is the geometry of motion. Therefore the kinematics of fluid is that branch of fluid mechanics which describes the motion of fluid and its consequences without consideration of the nature of forces causing the motion. The basic understanding of fluid kinematics forms the ground work for the studies on dynamical behaviour of fluid in consideration of the forces accompanying the motion. The subject has three main aspects:

a). The development of methods and techniques for describing and specifying the motions of fluids.

b).  Characterization of different types of motion and associated deformation rates of the fluids.

c). The determination of the conditions for the kinematic possibility of fluid motions, i.e., the exploration of the consequences of continuity in the motion.

2.2 CONTROL VOLUME AMD CONTROL SURFACE

The solution to problems in fluid mechanics is sought by concentrating on a fixed region rather than a fixed mass. This fixed region of arbitrary volume is called control volume, and its bounding surface is called the control surface. The control volume may be infinitesimally small or it may be of large and finite size. The quantity of matter and its identity in the control volume may change with time but the shape and size of the control volume is fixed. Fluids in motion pass through the control surface and evidently the fluid particles that occupy the control volume are, in general, different from one instant to another. In most fluid flow problems, part of the control surface coincides with some physical boundary such as the wall of the pipe. The remaining part of the control surface is called a cross-section', a hypothetical and fictitious surface through which the fluid can flow.
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2.3 FLOW VISUALIZATION

A flow field is a region in which the flow is defined at each and every point at any instant of time. Usually, velocity describes the flow. In other words, a flow field is specified by the velocities at different points in the region at different times. A fluid mass can be conceived of consisting of a number of fluid particles. Hence, the instantaneous velocity at any point in a fluid region is actually the velocity of a particle that exists at that point at that instant. In order to obtain a complete picture of the flow, fluid motion is described by two methods discussed as follows:
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2.3.1 Lagrangian Method

In this method, the fluid motion is described by tracing the kinematic behaviour of each and every individual particle constituting the flow. Identities of the particles are made by specifying their initial position (spatial location) at a given time. The position of a particle at any other instant of time then becomes a function of its identity and time This statement can be analytically expressed as

	
	
	

	S  S (S 0 , t)
	... (2.1)




where  S  is the position vector of a particle (with respect to a fixed point of reference) at a



time t. S 0 is its initial position at a given time t = t0, and thus specifies the identity of the particle. The Equation (2. l) can be written into scalar components with respect to a rectangular cartesian frame of coordinates as

…(2.1a)
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…(2.1b)

…(2.1c)

where x0  ,y0 , z0  are the initial coordinates and x, y, z are the coordinates at a time t of
the



particle. Hence S  in Equation (2.1) can be expressed as
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from which,









where  i ,
j and k
are the unit vectors along x, y and z axes respectively. The velocity V



and acceleration a of the fluid particle can be obtained from the material derivatives of the position of the particle with respect to time.

Therefore,
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or in terms of scalar components,
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u, v, w  are the components of velocity in x, y and z directions respectively. For the acceleration,
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and hence,

The subscripts in Equations (2.2) and (2.3) represent the initial (at t = t0) position of the particle and thus specify the particle identity. The favourable aspect of the method lies in the information about the motion and trajectory of each and every particle of the fluid so that at any time it is possible to trace the history of each fluid particle. In addition, by virtue of the fact that particles are initially identified and traced through their motion, conservation of mass is inherent. However, the serious drawback of this method is that the solution of the equations (Equations (2.2) and (2.3)) presents appreciable mathematical difficulties except certain special cases and therefore, the method is rarely suitable for practical applications.

2.3.2
Eulerian Method

The method due to Leonhard Euler is of greater advantage since it avoids the determination



of the movement of each individual fluid particle in all details. Instead it seeks the velocity V  and its



variation with time t at each and every location ( S ) in the flow field. While in the Lagrangian view, all hydrodynamic parameters are tied to the particles or elements, in Eulerian view, they are functions of location and time. Mathematically, the flow field in Eulerian method is described as

	
	
	
	
	
	

	
	V  = V ( S ,t)
	
	...(2.4)

	
	
	
	
	
	

	where,
	V
	=  i u +
	j v + k w
	

	
	
	
	
	
	

	and,
	S
	= i x +
	j  y + k z
	

	Therefore,
	u = u(x, y z, t)
	
	...(2.4a)

	
	w = v(x,y,z,t)
	«
	...(2.4b)

	
	w = w(x, y, z, t)
	
	...(2.4c)


The relationship between the Eulerian and Lagrangian method can now be shown. The Equation (2.4) of Eulerian description can be written as,
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Or

The integration of Equation (2.5) yields the constants of integration which are to be found from the initial coordinates of the fluid particles. Hence, the solution of Equation (2.5) gives the equations of Lagrange as,
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or

Therefore, it is evident that, in principle, the Lagrangian method of description can always be derived from the Eulerian method. But the solution of the set of three simultaneous differential equations is generally very difficult.

2.4 LINES OF FLOW

2.4.1Stream Line

Streamline is defined as an imaginary line drawn in the flow field, such that at a given instant of time, the velocity vector is tangential to it. Figure 2.2(a). Since the fluid velocity is always tangential to the streamline, there could never be a flow normal to the streamline. From the definition of a streamline we can write
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at a given instant of time. The above equation can be expressed in its differential form as
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A series of streamlines which form a closed conduit is shown in Figure 2.2(b). Since the streamlines cannot be crossed by the flowing fluid, they act as a solid boundary within which the fluid flows. This is called a stream tube and a cylindrical surface cm always be conceived as a stream tube.
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Fig. 2.2: (a) Streamlines in a flow field (b) A stream tube (c) Path lines of points P1 and P2 (d) Streak line

2.4.2 Path Line

A path line is a line in the flow field describing the path of a fluid particle. It indicates the
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direction of the velocity of the particle at successive instants of time. In other words, a path line is a trajectory of a fluid particle of fixed identity, Figure 2.2(c).

2.4.3 Streak Line

A streak line is the locus of all particles in a flow field passing through a given point at a given instant of time, Figure 2.2(d).

While doing experiments in fluid mechanics, a dye is injected in the flow field to study the motion of fluid particles. In a steady flow, all the three lines are the same and there is no geometrical distinction between the streamline, path line and streak line.

2.4.4 Characteristics of Stream lines and Stream tubes

Stream lines

A streamline cannot intersect itself nor can two streamlines cross.

There cannot be any movement of the fluid mass across the streamlines.

Streamline spacing varies inversely as the velocity; converging of streamlines in any particular direction shows accelerated flow in that direction.
Whereas a path line gives the path of one particular particle at successive instants of time, a stream line indicates the direction of a number of particles at the same instant.

The series of streamlines represent the flow pattern at an instant.

Stream tube

The stream tube has finite dimensions.

As there is no flow perpendicular to streamlines, therefore, there is no flow across the surface (called stream surface) of the stream tube. The stream surface functions as if it were a solid wall.

The shape of a stream tube changes from one instant to another because of change in the position of streamlines.

2.5 VELOCITY

Velocity

Particle Acceleration
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Let us consider a particle of fluid flowing with a velocity U in a flow field, such that the velocity U is a function of the three space coordinates X, Y, Z and time t. For changes dx, dy, dz and dt, the total change in the velocity dU is given by
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or

dx
dy
dz

Since dx, dy, dz are the particle displacements in time dt, we can write
,
,
as
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dt
dt
dt

the components of the velocity of the particle in X, Y and Z coordinates, denoted by u, v and w respectively. Therefore,
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... (2.6)

We know that U = (ui + vj + wk), where i, j and k are the unit vectors in the X, Y and Z directions respectively. We write the acceleration of the particle as
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Therefore, the components of particle acceleration are,
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... (2.7)

In Equation (2.6), the term — represents the local change of the velocity (local acceleration) and the other terms represent the convective change in the velocity due to the change in the position of the particle (convective acceleration). In cylindrical coordinates shown in Figure 2.3, the acceleration is obtained as,
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And

...(2.8)
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	2.6
	TYPES
	OF FLUID FLOWS

	Fluids
	may  be
	classified as follows:
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Steady and unsteady flows

Uniform and non-uniform flows

One, two and three dimensional flows

Rotational and irrotational flows

Laminar and turbulent flows

Compressible and incompressible flows

Steady Flow: The type of flow in which the fluid characteristics like velocity, pressure, density, etc. at a point do not change with time is called steady flow. Mathematically, we have
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where (x0,y0, z0) is a fixed point in a fluid field where these variables are being measured with respect to time.

Unsteady Flow: It is that type of flow in which the velocity, pressure or density at a point change with respect to time. Mathematically, we have
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Uniform and Non-uniform Flows

Uniform Flow: The type of flow, in which the velocity at any given time does not change with respect to space is called uniform flow. Mathematically, we have
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where  V = change in velocity

 s = displacement in any direction.

Non-Uniform Flow: It is that type of flow in which the velocity at any given time changes with respect to space. Mathematically,
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One, Two and Three Dimensional Flows

One dimensional flow: It is that type of flow in which the flow parameter such as velocity is a function of time and one space coordinate only. Mathematically.
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u = f(x), v = 0 and w = 0

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

Two Dimensional Flow: The flow in which the velocity is a function of time and two rectangular space coordinates is called two dimensional flow. Mathematically,
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Three Dimensional Flow: It is that type of flow in which velocity is a function of time and three mutually perpendicular directions. Mathematically,
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Rotational and Irrotational Flows

Rational Flow: A flow is said to be rotational if the fluid particles while moving in the direction of flow rotate about their mass centres. Flow near the solid boundaries is rotational.

Irrotational Flow: A flow is said to be irrotational if the fluid particles while moving in the direction of flow do not rotate about their mass centres. The flow outside the boundary layer is generally considered irrotational.

Laminar and Turbulent Flows

Laminar flow: A laminar flow is one in which paths taken by the individual particles do not cross one another and move along well-defined paths (Figure 2.7). This type of flow is also [called streamline flow or viscous flow.

Turbulent flow: A turbulent flow is that flow in which fluid particles move in a zigzag way (Figure 2.8).

Laminar and turbulent flows are characterised on the basis of Reynolds number

For Reynolds number (Re)< 2000 ... flow in pipes is laminar. For Reynolds number (Re)> 4000 ... flow in pipes is turbulent.

For Re between 2000 and 4000
... flow in pipes may be laminar or turbulent.
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Compressible and incompressible Flows

Compressible flow: It is that type of flow in which the density  of the fluid changes from point to point (or in other words density is not constant for this flow).

Example: Flow of gases through orifices, nozzles, gas turbines, etc.

Incompressible Flow: It is that type of flow in which density is constant for the fluid flow. Liquid are generally considered flowing incompressibly. Mathematically, p = constant.

2.7 MEAN VELOCITY AND DISCHARGE

Discharge is defined as the rate of flow. It may be expressed in one of the following three forms' (i) volumetric rate of flow Q in m3/st which is also called cumec, (ii) mass rate of flow Q m in kg/s and (iii) weight rate of flow W in N/s. It is convenient to measure the rates of flow of compressible fluids like gases in kg/s or N/s in view of large variations density. Liquid flows are more conveniently measured in m3/s. Mean or average velocity V across any cross-section is defined as the ratio of volumetric rate of flow to the area of cross-section.

Q=AV

V=Q/A
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where V - Velocity, Q - Discharge,

A - Area of cross section.

The area at the centroid of each part is measured. The mean velocity is calculated using the following summation equation.
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... (2.9)

2.8 EQUATION OF CONTINUITY

The equation of continuity is based on the principle of conservation of mass. The equation derived here separately for one, two and three dimensional flows.

2.8.1 Equation of Continuity for One-Dimensional Flow

Consider the steady flow of a fluid through a stream tube [Figure 2.9(a)]. Let dA1and dA 2  be

the areas of the end sections of the stream tube. These areas are generally considered to be small enough for the velocities v1 and v2 across them to be treated as uniform. In unit time, the mass of fluid entering section (l) of the stream tube = density volume rate of the flow =  1 v1 dA1. The mass of fluid

leaving section (2) =  2 v2 dA2. These two masses must leave a stream tube in the lateral direction

or through the side walls of the stream tube. The possibility of some fluid accumulating within the tube is ruled out, since mass at some point inside the tube would have to increase, a situation feat is inadmissible in a steady flow. Thus,

[image: image752.jpg]2 2
by L +z = 2y % + 2, + Loss of head due to sudden enlargement (4)

w  2g w  2g



[image: image753.jpg]E=nA+p(b4h-4)-p-4
2,=p,, We have
E=pd+p(h-4)-p 4

=ph-pA=(p-p)4




...(2.10)

Consider a non-uniform conduit as shown in Figure 2.9(b). The entire conduit may beconceived as a cluster of small stream tubes. Integration of Equation (2.10) yields the corresponding relation for the conduit, viz.,
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Assuming the densities p1 and p2 to be constant at all points on the respective sections, the equation becomes:
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	.
	.. (2.11)

	
	
	


where Vl and V2 are the average velocities across the two end areas A1 and A2 of the conduit respectively. Equation (2.11) which is the one-dimensional continuity equation for steady compressible fluid flow states that the mass rate of flow across any section is constant. If the flow is incompressible, the density is the same at all sections and Equation (2.11) reduces to:

	V1A1=V2A2
	...(2.12)


Thus, in the case of an incompressible fluid, flow, the volume rate of flow is the same across any section.
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2.8.2 Equation of Continuity for Two-Dimensional Flow

Consider a rectangular prism of fluid of an elementary cross-section ABCD (Figure 2.10). Let its size be dx by 8y in the X-Y plane and of unit length perpendicular to the plane. At the centroid (X, Y) of ABCD, let the fluid density be  , u the X-component and v the Y-component of velocity.

Mass rate of flow across EF = u and mass rate of flow across: GH = vx . The rate change of any quantity with respect to distance in X-direction is mathematically expressed as  /  x of that quantity. Likewise  / y of any quantity represents the rate of change of the quantity with respect to distance in Y-direction,

Mass rate of flow entering the side
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and mass rate of flow leaving the side
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In unit time, therefore, the gain in mass in X-direction
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By a similar analysis in y direction, it can be shown that the gain in mass per unit time in Y-direction is equal to
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Fig.2.10: Flow through a Two-dimensional Rectangular Fluid Element

The total gain in mass per unit time
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According to the principle of conservation of mass, m should be equal to the time rate of
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increase of mass within the element, viz.,
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	or
	...(2.13)


Equation (2.13) is the continuity equation for two-dimensional unsteady compressible flow. If the flow is steady, there would be no change with respect to time and the equation reduces to
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... (2.14)

If the flow is incompressible, the density is constant and hence p can taken outside the differential Figure 2.14 further reduces to
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...(2.15)

which is the continuity equation for two-dimensional steady incompressible flow.

2.8.3
Equation of Continuity for Three-Dimensional Flow

Consider the flow through a rectangular prism of fluid ABCDEFGH (Figure 2.11) of sizes  x,  y and  z in X, Y and Z directions respectively. Let p be the density and u, v and w the three coordinate velocity components at the centroid P(x, y, z) of the element. Let  u,  v and  w be the
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mass rates of flow per unit area at P. In the X-direction, the rate of variation of  u with respect to

	(u)
	. Since the face AEHD is at a distance  x/2 on the

	distance may be generally taken as  x
	

	negative side from P, the mass rate of flow at the face AEHD is
	per unit area.

	Similarly, the mass rate of flow at the forward face BFGC is
	per unit area.

	Hence mass rate of flow entering the element through the face AEHD
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and the mass rate of flow leaving the element through the face BFGC.
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The net storage per unit time within the element in the X-direction

[image: image787.jpg]Q=4,V,=4,V,=4,V,

4
vatQ ,_ %
D} nD?




Similar expressions for the rates of storage of fluid in the Y- and Z- directions may be attained.

The total volume of fluid stored in the element per unit time is given by
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The principle of continuity requires that this quantity be equal to the rate of gain of mass of the element with respect to time, viz.
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Fig. 2.11: Flow through a Three-dimensional Rectangular Fluid Element
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This is the three-dimensional continuity equation for unsteady compressible for flow. In the case of steady flow, the time rate of variation term can be dropped and the equation becomes
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…(2.17)

If the fluid is incompressible, the density variations can be ignored and the continuity equation reduces to
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…(2.18)

2.9 VELOCITY POTENTIAL

The velocity potential is represented by  (Greek letter phi) and is defined by the following expression:
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 …(2.19) in which V s is the velocity along a small length element ds. From Equation (2.19) we
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The velocity potential is a scalar quantity dependent upon space and time. Its negative derivative with respect to any direction gives the velocity in that direction, that is
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 …(2.20) In polar coordinates (r,  , z) the velocity components are
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…(2.20a)

The  velocity
potential

thus  provides  an  alternative  means  of
expressing  velocity

components. The minus sign in Equation (2.20) appears because of the convention that the velocity potential decreases in the direction of flow just as the electrical potential decreases in the direction in which the current flows. The velocity potential is not a physical quantity which could be directly measured and, therefore, its zero position may be arbitrarily chosen.

The continuity equation for three-dimensional steady flow of incompressible fluids, Equation (2.20), gives

[image: image805.jpg]


[image: image806.jpg]Ub by 0
g==2 - 2.2k (42

Moving plate

Stationary plate

Fig. 4.18




which may be written in terms of  as

[image: image807.jpg]g=0 ... (Given)

up _ & o

2 12u ox




[image: image808.jpg]


[image: image809.jpg]2o



[image: image810.jpg]


[image: image811.jpg]



... (2.21)

Equation (2.21) is three-dimensional form of the Laplace's equation.

The angular velocities of a fluid element about its mass centre are

[image: image812.jpg]-

#|-

2l

(b—

2y)=0




... (2.22)

From Equation (2.19), it is obvious that the vorticity is two times as great as the angular velocity.

In case of a two-dimensional flow in the xy-plane, the angular velocity and the vorticity about the mass centre of an element are
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the angular velocity components in x and y directions being zero, i.e.,
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writing this in terms of  ,
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... (2.23)

Since  is a continuous function of x and y,
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and Equation (2.23) yields z = 0. The angular velocities x and  y being already zero the resultant angular velocity (rate of rotation)
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resulting in a zero vorticity. We know that if the vorticity or the rate of rotation w of each fluid particle about its mass centre is zero, the flow must be irrotational. This sets up J condition for velocity potential to exit in a flow field. The existence of velocity potential in a flow field ensures that the flow must be irrotational. It is for this reason that an irrotational flow is often called as potential flow. Lines drawn in the flow field along which 0 is constant are known as equipotential lines.

Equations (2.20) and (2.21) indicates that all flows in which  exists and satisfies the continuity equation must also satisfy the Laplace's equation.

2.10 STREAM FUNCTION

The concept of stream function 
(Greek letter psi) is based on the principle of continuity

and the properties of a stream line. It is applicable to two-dimensional flow cases. Consider the two points P1 and P2, P1 lying on the streamline D while P2 lies on another streamline C in Figure 2.12. From the definition of a streamline, it is known that no flow crosses it and, therefore, the quantity of flow between any two streamlines must remain the same in accordance with the continuity equation. If
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the points P1 and P2 have stream function values of  and  + d respectively, then the flow across P1P2 is d . Like the velocity potential, the stream function is also a scalar quantity, and is

considered positive according to a sign convention in which an observer at 0 looking towards the point P1 (that is i the direction finds that the flow crosses OP1 from left to right. In triangle AP1 P2 the flow leaving the triangle (across P1P2) is d\|/ whereas the flow entering it is udy - vds in which dx and dy are the lengths of AP1and AP2 respectively. Thus one may write,
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... (2.24)

Now, if  is considered as a function x and y, that is
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... (2.25)
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Fig. 2.12: Flow between two points and its relation to stream function

Comparing Equations (2.24) and (2.25) we obtain expressions relating the velocity components u and v with the stream function, thus
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... (2.26)

Equation (2.26) states that the partial derivative of the stream function with respect to any direction gives the velocity component 90° clockwise wit h respect to that direction.

The mathematical expression for a streamline, for two-dimensional flow reduces to (using Equation 2.4)
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... (2.27)

Analogous relations in polar co-ordinates are
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... (2.27a)

in which vr is positive radially outwards from the origin and v0 and  are positive anticlockwise.
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The continuity equation in two-dimensions takes the form
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... (2.27b)

Substituting the values of u and v in terms of 
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..(2.28)

Since  is continuous function of x and y, it may be observed that the stream function  satisfies the continuity equation. The total derivative of  is given by Equation
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writing it in terms of u and v,

If
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one obtains

...(2.29)

which  is  the  equation  of  a  streamline,  Equation  (2.27).  Thus  lines  of  constant  
represent

streamlines since there is no flow across these lines. Conversely, a streamline is that line along which the stream function  is constant. For irrotational flow,
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	....(2.30)

	
	
	


expressing u and v in terms of  , we get
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Equation (2.28) shows that the stream function must also satisfy the Laplace's equation provided that the flow is irrotational. Conversely, fluid-flow problems which do not satisfy the Laplace equation in  are rotational flows.

Let us consider a two dimensional incompressible flow in an open channel. From the principle of continuity, the rate of flow per unit width of the channel is the same at all

Fluid Kinematics and Dynamics
111 cross-sections, thus
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... (2.32)

where q is the flow rate per unit per width, dy is the spacing between adjacent streamlines measured perpendicular to u, Figure 2.19. As the flow is along the x-direction, the velocity component v = 0 and Equation (2.26) reduces to d = udy, the integration of which between the limits 0 to y gives the

difference in the stream function between the water surface and the channel bottom, thus
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... (2.33)

The right hand sides of Equation (2.29) and (2.30) are equal and, therefore,

	 1 - -  5 = q
	...(2.34)


Thus we may conclude that lines of constant stream function represent streamlines and that the numerical difference in  between two streamlines is equal to the flow rate per unit width passing

between them.

If the two points P1 and P2 have stream function  1 and  2, then  1 -  2 represents the flow passing between them. If P1 and P2 are on the same streamline, then  1- 2 = 0 as there is no flow across the streamline. Hence for all points lying on the same I streamline  = constant.

It may be emphasized here that whereas the concept of velocity potential is, in general, applicable to three dimensional irrotational flow, the stream function finds its applications in two-dimensional flow.
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2.10.1 Relation Between Stream Function and Velocity Potential

Since each component of velocity is now expressible in terms of  and , the following relation between  and  must exist. It is to be noted that  exists only in irrotationally flow whereas  exists in both rotational as well as irrotational flow.

and
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	therefore,
	... (2.35)


Equation (2.32) represents what are known as the Cauchy-Reimann conditions. From

Equation (2.30) we know that for a streamline d = 0, and
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 ..(2.36) The total derivative for the velocity potential 0 may be written as
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…(2.37)

For an equipotential line,  = constant and, therefore, d  = 0. From Equation (2.34) we obtain for an equipotential line,
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 ..(2.38) From Equations (2.33) and (2.35) it is seen that the equipotential lines (  = constant and

streamlines ( = constant) intersect each other orthogonally. Thus the streamlines are normal to the

equipotential lines. The streamlines and equipotential lines form a net of mutually perpendicular lines, which is called a flownet. The flownet, which utilises the concepts of stream function and velocity potential, is an important tool in analyzing two-dimensional, irrotational flow problems.

2.11 CIRCULATION AND VORTCITY

Let us consider a closed curve in a two- dimensional flow field shown in Figure 2.14; the curve being cut by the stream lines. Let P be the point of intersection of the curve with one streaming, q be the angle which the streamline makes with the curve. The component of velocity along the closed curve at the point of intersection is equal to V cos  . Circulation T is defined mathematically as the line integral of the ungential velocity about a closed path (contour).
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Fig. 2.14: Circulation in a two-dimensional flow

Thus,

r  ∫V cos. ds
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where V = velocity in the flow field at the element ds and

 = angle between V and tangent to the path (in the positive anticlockwise direction along the path) at that point.

Circulation around regular curves can be obtained by integration:

Let us consider the circulation around an elementary box (fluid element ABCD) shown in Figure 2.15.
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Starting from A and proceeding anticlockwise, we have
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..(2.39)

The vorticity (  ) is defined as the circulation per unit of enclosed area,  T Thus
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…(2.39)

If a flow possesses vorticity, it is rotational. Rotation © (omega) is defined as one-half of the vorticity, or
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The flow is irrotational if rotation  is zero.

For a three-dimensional flow the rotation is possible about three axes. The expressions for rotation  z ,  x and  y can be obtained in like manner.
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..(2.40)

The vorticity components are separately given by:
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…(2.41)

The motion is described as irrotational when the components of rotation or vorticity are zero throughout certain portions of the fluid. When torque is applied to the fluid particle it will give rise to rotation, the torque is due shear stress. Therefore, the rotation of fluid particles will always be associated with shear stress. As the shear stresses, in turn, depend upon the viscosity, the rotational flow occurs where the viscosity effects are predominant. However, in the cases where the viscosity effects are small, the flow is sometimes assumed to be irrotational. This simplifies analysis of problems of fluid flow.

2.12 FLOW NETS

In a two-dimensional flow, a complete visual picture of the flow pattern can be obtained "plotting a series of streamlines and equipotential lines. Since these lines are orthogonal each other, the resulting picture consists of a grid of quadrilaterals having 90-degree corners; the grid is called a flow net or net work. The flow net provides a simple graphical technique for studying two-dimensional irrotational flows especially in the cases where mathematical relations for stream function and potential function are either not available or are rather difficult and cumbersome to solve.

Consider two streamlines with stream function  and  + d respectively. The streamlines

are drawn with distance dn apart so that discharge between any two such streamlines is constant. If a line AB is drawn at right angles to these streamlines, then
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AB is a part of an equipotential line. Let V represent the results flow velocity at right angles to AB, then by the definition of stream function.
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Let A'B' be another line perpendicular to these streamlines and at a distance ds from the equipotential line AB. If AB corresponds to the potential function ), then potential function for A'B' may be designed by  + d . Again by definition.
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If changes in both sets of lines are made equal, then
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..(2.42)

i.e., the grid system comprises square quadrilaterals. These quadrilaterals will, however, be slightly distant in a curved flow but will approach the form of true squares when the grid size approaches zero, ie., the number of streamlines and equipotential lines becomes infinite.

Limitations and Characteristics of a Flow net

The fluid has a negligible viscosity and is incompressible.

The flow is irrotational, i.e., the fluid element has a zero angular velocity about its own mass centre.

The fluid flow is confined within two-dimensional boundaries.

Since there is no flow across the fixed solid boundaries, they correspond i streamlines.

Uniform regions have squares of uniform size. Spacing between streamlines as well as that between equipotential lines is inversely proportional to lad velocities. Consequently the square size decreases in a converging passage and increases in a diverging passage.

The diagonals of the squares form a rectilinear net work of smooth curves crossing each other at right angles. This aspect is often used to check the accuracy of net work construction.

The flow patterns for some typical fluid flow situations are depicted in Figure 2.17. The accuracy of net with construction can be improved by making a number of trials.
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2.13 FLUID DYNAMICS

Fluid dynamics is the branch of fluid science that deals with the study of fluid motion and the associated external forces and internal resistances. Based on Newton's second law, it is possible to derive certain differential equations, called equations of motion which completely define the dynamic behaviour of a fluid under the combined action of various forces. These differential equations by themselves do not clearly disclose the inter-relation between the parameters of the dynamic situation, unless they are integrated to satisfy the appropriate boundary conditions of the problem. For instance, Euler's equation is a differential equation connecting the various forces per unit mass of an ideal fluid. Bernoulli's energy equation which is the result of integration of Euler's equation enables pressures to be related to readily quantifiable parameters like kinetic energy and potential energy. Application of the impulse momentum principle enables the direct evaluation of forces generated by momentum changes resulting from velocity changes in fluid motion.

2.13.1 Laws Affecting Fluid Motion

The dynamics of fluid motion deals with kinetics which relates the kinematics with the forces responsible for causing the motion. This relationship of fluid motion is established by the uses of the laws of nature, namely:

The principle of conservation of mass (i.e., the continuity relationship)

Newton's laws of motion

The first and second laws of thermodynamics.

In addition, the boundary conditions such as the 'no-slip' condition implying that a real fluid has zero velocity at the boundary relative to the boundary itself or that fluids cannot penetrate a boundary must also be satisfied. At times, Newton's law of viscosity and the equation of state may also have to be used.

2.13.2 Equations of Motion

The dynamic behaviour of fluid motion is governed by a set of equations, known as equations of motion. These equations are obtained by using Newton's second law, which may be written as

... (2.43)

[image: image901.jpg]Area, A, = %x 03 =00707 m*
Diameter of the small pipe, D, = 150 mm = 0.15 m

Area, 4, = —}XO.I 5 =001767




[image: image902.jpg]and

=2
A 00707
v _Q__004
Q. _o0s_
4 001767




[image: image903.jpg]2

w

+

723

1

2g

.

w

‘/22
++z,+ 4
2 &t

D



[image: image904.jpg]


[image: image905.jpg]226°

2
1]«

2x981

=00978




where F x is the net force acting in the x- direction upon a fluid element of mass m producing an acceleration, ax in x-direction.

The forces which may be present in fluid flow problems are: gravity forces F g , pressure force

F p , force due to viscosity Fv, force due to turbulence Ft, and force due to compressibility of fluid F c ,

When volume changes are small, the force due to compressibility is negligible and the general equation of motion in the x-direction using Equation (2.43) may be written as
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... (2.44)

Similar expression for y and z-directions may also be written. When we substitute the expressions for various quantities involved in Equation (2.44) and other similar equations, the resulting equations are known as the Reynolds equations.

For flow at low Reynolds number, the force due to turbulence is of no significance and, therefore, may be ignored from Equation (2.44). The resulting equation of motion taking into account the gravity force, pressure force and the viscous force is

... (2.45)
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Equation (2.45) together with similar expressions for y and z-directions are known as the

Navier-Stokes equations.

if the flow is assumed to be ideal i.e., possessing no viscosity, the equation of motion in the x-direction may further be simplified and written, as
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...(2.46)

The equations of motion, which take into account only the gravity and pressure forces are known as the Euler's equations of motion.

2.14 EULER'S EQUATION ALONG A STREAMLINE

Euler's equation along a streamline is derived by applying Newton's second law of motion in a fluid element moving along a streamline. Considering gravity as the only body force component acting vertically downward (Figure 2.19), the net external force acting on the fluid element along the direction S can be written as
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... (2.47)

where  A is the cross-sectional area of the fluid element. By the application of Newton's second law of motion in s direction, we get
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... (2.48)

again from geometry,
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Hence, the final form of Equation (2.48) becomes

`
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..(2.49)

Equation (2.46) is the Euler's equation along a streamline.
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2.15 BERNOULL'S EQUATION: ENERGY EQUATION OF AN IDEAL FLOW ALONG A

STREAMLINE

Euler's equation (the equation of motion of an inviscid fluid) stream line for a steady flow with gravity as the only body force can be written according to Equation (2.49) as
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..(2.50)

Application of a force through a distance ds along the streamline would physically imply work interaction. Therefore an equation for conservation of energy along a streamline can be obtained by integrating the Equation (2.50) with respect to ds as
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..(2.51) where C is a constant along a streamline. In case of an incompressible flow, Equation (2.51)

can be written as
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..(2.52)

The Equations (2.51) and (2.52) are based on the assumption that no work or heat interaction between a fluid element and the surroundings takes place. The first term of the Equation (2.52) represents the flow work per unit mass, the second term represents the kinetic energy per unit mass and the third term represents the potential energy per unit mass. Therefore the sum of three terms in
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the left hand side of Equation (2.52) can be considered as the total mechanical energy per unit mass which remains constant along a streamline for a steady inviscid and incompressible flow of fluid. Hence the Equation (2.52) is also known as Mechanical energy equation. This equation was developed first by Daniel Bernoulli in 1738 and is therefore referred to as Bernoulli's equation. Each term in the Equation (2.52) has the dimension of energy per unit mass. The equation can also be expressed in terms of energy per unit weight as
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In a fluid flow, the energy per unit weight is termed as head. Accordingly, the three terms in the left hand side of the Equation (2.53), in their order from left to right, are interpreted as pressure head (pressure energy or flow work per unit weight), velocity head (kinetic energy per unit weight) and potential head (potential energy per unit weight). The sum of these three terms is known as total head (total energy per unit weight).

2.15.1 Bernoulli's Equation (For Real Flow) with Head Loss

The derivation of mechanical energy equation for a real fluid depends much on the information about the frictional work done by a moving fluid element and is excluded from the scope of the book. However, in many practical situations, problems related to real fluids can be analysed with the help of a modified form of Bernoulli's equation as
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where, h f  represents the frictional work done (the work done against the fluid friction) per unit

weight of a fluid element while moving from a station 1 to 2 along a streamline in the direction of the flow. The term h f is usually referred to as head loss between 1 and 2, since it amounts to the loss in

total mechanical energy per unit weight between points 1 and 2 on a streamline due to the effect of fluid friction or velocity. It physically signifies that the difference in the total mechanical energy between station 1 and 2 is dissipated into intermolecular or thermal energy and is expressed as loss

of head h f  in Equation (2.54). The term head loss, is conventionally symbolized as hL instead of h f

in dealing with practical problems. For an inviscid flow hL = 0, and the total mechanical energy is constant along a streamline.

2.15.2 Assumption involved in Bernoulli's equation derivation

flow is steady, i.e., at a given point there is no variation of fluid properties with respect to time. fluid is ideal, i.e., it does not exhibit any frictional effects due to fluid viscosity.

flow is incompressible; no variation in fluid density.

flow is essentially one-dimensional, i.e., along a streamline. However, the Bernoulli's equation can be applied across streamlines if the flow is irrotational.

flow is continuous and velocity is uniform over a section.

only gravity and pressure forces are present. No energy in the form of heat or work is either added to or subtracted from the fluid.

APPLICATIONS OF BERNOULLI'S EQUATION

As far as the Bernoulli's theorem is concerned, it has the widest application in the fluid mechanics as well as in the applied hydraulics. It is a main tool in the derivation of many important formulas and as such, has a number of practical applications. Following are the three important hydraulic devices which are based on the application of Bernoulli's theorem:
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I. Venturi meter

II. Orifice meter

Pilot tube

Venturimeter

An illustration of the practical use of the energy equation is provided by the Venturi meter. This instrument is used to measure the discharge through the pipes. It was invented by an American engineer Clemens Herschel (1842-1930) in 1886. But he preferred to name it as the Venturi meter in honour of an Italian physicist G.B. Venturi (1746-1822) who in 1791 had discussed the phenomenon of pressure reduction at the throats, but had not thought of putting it to practical use.

Description: The Venturimeter, in its simplest form, consists of a convergent cone, throat and divergent cone as shown in Figure 2.19.
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Fig. 2.19: Venturimeter

The convergent cone is a short conical pipe of length about 2.50 times the inlet diameter. It converges from the diameter d of pipe to the diameter d2 at throat such that it subtends an angle of 15° to 21°. The upstream end of the convergent cone i s called the inlet and the diameter at the inlet is the same as that of the pipe to which it is to be connected.

The throat is a very small length of circular pipe of diameter d2 and it connects the convergent
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The divergent cone is a short conical pipe of length about 7 times the inlet diameter. It diverges from d2 to dl to give an angle of divergence of about 5° to 7°. Su ch a length of the divergent cone ensures the minimum loss of energy in the divergent cone and it avoids the tendency of breaking away the stream of liquid from the walls due to the boundary layer effects.

Principle: Due to the reduction of area at the throat, the velocity of fluid increases and consequently, the pressure is reduced. This reduction in pressure is measured by means of either the
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piezometer tubes or the differential manometer as shown in Figure 2.19.

Theory: Consider point 1 at the entrance of inlet and point 2 at the centre of upstream face of the throat portion. The flow occurs from point 1 to point 2.

Let h = difference of pressure head or Venturi head

Q= quantity of fluid flowing through pipe = Discharge in m3/sec. a1 and a2 = areas of enlarged end and throat respectively

v1 and v2 = velocities of fluid at the enlarged end and throat respectively.

Then
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…(2.55)

Applying Bernoulli's equation to points 1 and 2 i.e., to pipe and throat,
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	or
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In other words, the increase in kinetic energy is equal to the decrease in potential energy. This statement is sometimes referred to as the Venturi principle.

Now, the Venturi meters are generally placed in an approximately horizontal position so that Z 1 = Z 2 .
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Also

Then, from equation (2),

But
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From equation (2.55)

Then

Then
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Where
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= constant for any meter

This gives the theoretical flow since it is computed by neglecting the loss of head between inlet and throat. The actual flow is less than the theoretical flow. Hence, a correction is usually applied

by a coefficient less than unity to the theoretical flow. This factor is known as the C d   coefficient of

discharge.
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The magnitude of C d  is affected by the design of the meter and by the roughness of its inner

surface. Its value can determined experimentally by measuring the actual flow Qac through the meter by volume or weight and then dividing Qac by the theoretical flow Qth.

Thus,
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It has been observed that the coefficient of discharge Cd usually has a fairly constant value between 0.96 and 0.98 although for relatively small flows, it drops to somewhat lower values.

For differential manometer, the value of h is obtained from the following expression:
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where H = deflection of measuring fluid s1 = relative density of flowing fluid

s2 = relative density of measuring fluid.

It should also be noted that if the rate of discharge remains the same, the difference between the elevations of the fluid in the piezometer tubes or the differential manometer reading remains unaffected even though the meter is horizontal or in an inclined position. This is evident from equation (2.56) which explains that the increase in kinetic energy and the corresponding decrease in potential energy must be the same without any relation to the position of the meter.

In general, it may be stated that proper value of h should be inserted in the above formula. To

work out Z 1  and Z2, the datum must be drawn through the lower of the two points.

Advantages: The Venturimeter is perhaps the best instrument for measuring the discharge in the pipe. It is widely used for such purposes in the laboratory and industry. It has low overall loss. However, the Venturi meter is expensive and does not give accurate results at low velocities. It is desirable to install the Venturimeter in such a way that it is preceded by a straight pipe of minimum length of 5 to 10 pipe diameter.

2.16.2 Orific meter

An orifice meter is used to measure the discharge in a pipe and in its simplest form, it consists of a plate having a sharp-edged circular hole known as an orifice. The plate is fixed inside a pipe, as shown in Figure 2.20. It requires less space and the loss of head across this device is more.
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Fig. 2.20: Orifice meter

A mercury manometer is inserted to find the pressure difference between the pipe and the orifice. The upstream end of the manometer is located at a distance of d1 to 2d1 from the plate and the

d

downstream end is located at vena-contract section which is about
1
from the plate. The ratio of
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2

orifice diameter d 2  to the pipe diameter d1  is usually 0.50.

The discharge through an orifice meter is calculated by using the same formula as that of the Venturimeter. Table 2.1 shows the comparison of Venturimeter and orifice meter.

TABLE 2.1: COMPARISON BETWEEN VENTURI METER AND ORIFICE METER
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No.
Venturi meter
Orifice meter
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Loss of energy is less.

Requires more space for installation.

Suitable for measuring discharges through pipes of large size.

Cost is more.

Coefficient of discharge is high.

Suitable for measuring high rates of flow.

Gives more discharge for the same different head.
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Loss of energy is more. Requires less space for installation.

Suitable for measuring discharges through pipes of small size.

Cost is less. Coefficient of discharge is low.

Suitable for measuring normal rates of flow. Gives less discharge for the same different head.
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2.16.3 Pitot Tube

If a small obstruction, in the form of a tube shown in Figure 2.21, is inserted into a fluid so as to squarely face the flow, then at a point near the nose of the tube the velocity will be zero. This point is called a stagnation point ps obtained by Bernoulli principle as
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Fig. 2.21
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 …(2.57) where p0 , Z0 and V0 are the pressure, elevation and velocity of the approaching flow.

Then, by assuming the elevation difference (Zs -Z0) to be negligible.
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A pilot tube is a device to measure the velocity of fluid flow and is based on this relationship (Equation 2.58) between the stagnation pressure and the static pressure. It consists essentially of a cylindrical tube bent into L shape. The pressure at the nose (stagnation pressure) is measured by a manometer. The static pressure in the flow can be measured separately by a piezometer. For a free surface the elevation of the free surface enables the static pressure to be determined easily.

A pitot tube which combines a static pressure hole also, is known as a pitot-static (Figure

2.22).
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Fig. 2.22: Pitot-Static

Tube In a pitot tube the velocity of the stream is
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where C = coefficient of the instrument with between 0.98 to 1.0.

2.17 CAVITATION

It is seen from the Bernoulli's equation that as velocity head increases, there is corresponding drop in pressure head provided the datum head is assumed constant. If the pressure falls below the vapour pressure of liquid at the given temperature, the liquid starts boiling and the vapour pockets are developed in the liquid. The continuity of flow is thus lost and the equation of continuity no longer exists. The bubbles of vapour when further carried into regions of high pressure suddenly condense or collapse. It develops high dynamic pressures on the boundaries and the material in that zone is damaged. This phenomena is known as the cavitation.

The cavitation can occur in Venturi meter, pumps, etc. and it leads to the following effects:

It creates noise.

It sometimes leads to the vibration.

The efficiency is lowered.

There is damage to the flow passages.
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PROBLEMS WITH SOLUTIONS

2.1 The velocity distribution for a three-dimensional flow is given by:



V  = axi + ayj —
2azk

Find the equation of streamline passing through the position vector



r  =2i + 2j + 4k

Solution: For a given flow field, the velocity components are

u = ax
; v = ay  ;
w = - 2az

and we are to find the equation of streamline passing through the point (2, 2, 4). The streamlines are defined by
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Substituting for u, v and w, we obtain
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Consider the expression (i) and (ii)
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The streamline is pasing through x = 2 and y = 2

That gives constant c = 1

x= y
... (l)

Likewise expressions (i) and (iii)would give
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The streamline passes through the point x = 2 and z = 4. That gives constant c = 4
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…(2)

Combining expressions (A) and (B), we obtain
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, which is the required streamline equation.

2.2 A three-dimensional velocity distribution is given by u = 2x, v = -y and w = 4 - z. Find the equation of the streamline passing through (2, 2, 2).

Solution:

The equation for streamline is given by
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For x = 2, z = 2 constant = 2 [image: image14.jpg]
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2 .

 x 12 y  x 12 (4  z)  2 [image: image16.jpg]
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2  is the equation for streamline.
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2.3 In a steady fluid flow, the velocity components are:
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Find the equation of a stream line passing through the point (1, 0, 1).

Solution: The stream lines are defined by:
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Substituting for u, v and w, we obtain
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(b)(c)
Considering the expression (a) and (b) and integrate
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 or log e  x - log e  x = log e  y + constant

which is equivalent toy = C1 x where C 1  is a constant.
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Likewise expression (a) and (c) yield,
	

	
	
	or log e
	x2 = - log e  z + constant

	which is equivalent to z =
	C2
	where C2 is another constant. All the streamlines in the given flow field

	
	x2
	

	
	
	
	
	

	are described by equations y =- C1x and z =
	C2
	with different values of C1  and C2

	
	x2
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For the stream line passing through the given point (l, 0, l), the constants C 1 and C2 are to be such that y = 0 and z = 1 at x = 1.

For that C1  = 0 and C2 = 1. The require stream line is therefore described by:

1

	y = 0 and z =
	
	
	
	

	
	
	x 2
	

	
	
	
	

	
	
	

	2.4 In a flow the velocity vector is given by V = 3X  i
	+ 4y i
	- 7z i . Determine the equation of the

	streamline passing through a point M (1, 4, 5).
	
	
	
	

	Solution: The equation of stream line is
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u = 3x ;
v = ay
;
w = - 7z.

Hence
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Considering equation involving x and y, on integration
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	where  C 1
	= a constant
	

	or   y = C
	1
	x 4/3
	... (3)

	
	
	
	


where C 1  is another constant.

Similarly, by considering equations with x and z and on integration
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	where  C 2
	= a constant
	

	or    z = C
	2
	x7/3
	...(4)

	
	
	
	


where C 2  is another constant.

Putting the coordinates of the point M (1, 4, 5)

From Equation (3)

From Equation (4)
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The streamline passing through M is given by

y = 4x4/3 and  z = 5/x7/3.

2.5
For the following velocity vectors determine the magnitude of velocity at
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Solution:
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Magnitude of velocity at A
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Magnitude of velocity at A
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2.6 The velocity along the centreline of a nozzle of length L is given by
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where  V—
velocity in  m/s,  t =  time in  seconds from  commencement of  flow,  x =
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distance from inlet to the nozzle. Find the convective acceleration, local acceleration and the total acceleration when t = 3 s, x = 0.5 m and L = 0.8 m.

Solution
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Local acceleration =

at t = 3 s and x = 0.5 m

Convective acceleration
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At t = 3 s and x = 0.5 m

Convective acceleration
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(iii) Total acceleration = (local + convective) acceleration

0.945 - 14.623 = - 13.68 m/s2.

A 2.0 m long conical diffuser 20 cm in diameter at the upstream end has 80 cm diameter at the downstream end. At a certain instant the discharge through the diffuser is observed to be 200 L/s of water and is found to increase uniformly at a rate of 50 L/s per second. Estimate the local, convective and total acceleration at a section 1.5 m from the upstream end.

Solution: Refer to Figure 2.23.

Diameter at section XX
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V

(i)
t= rate of increase of velocity
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(ii)
Convective acceleration a
= V
Vx
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Hence convective acceleration
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At x = 1.5 m, convective acceleration
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(iii) Total acceleration = local acceleration + convective acceleration
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At x = 1.5 m, total acceleration = 0.1507 - 0.3352

= - 0.1845 m/s2

2.8 Given the velocity field
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Find the acceleration of a fluid element at a point (1, 2, - 1) at time t = 0.5. Identity the local and convective components of acceleration in each of the three directions.

Solution:
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where
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ay (1, 2, -1, 0.5) = 450 -180 + 375 = 645, convective
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2.9 The velocity field in an incompressible fluid medium is given by V = 3y2  i - 6x j . Verify

whether the field represents the fluid motion. If so, determine the expression for stream function, and the direction of the stream line through (1, 2).
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Comparing (i) and (ii), we have
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The stream line through (l, 2) makes an angle of 26.56° with the x-axis.

[image: image1062.jpg]



[image: image1063.jpg]u=K \J2gH



[image: image1064.jpg]


[image: image1065.jpg]3
)

A



2.10 A pipe of diameter 60 cm carries liquid with the steady flow. The mean velocity of liquid is 0.60 m/s. What is the discharge of this pipe? If the diameter of pipe changes suddenly to 90 cm, calculate the mean velocity of flow in pipe of 90 cm diameter.

Solution:
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According to the equation of continuity of flow,
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2.11 A pipeline 60 cm in diameter bifurcates at a Y-junction into two branches 40 cm and 30 cm in diameter. If the rate of flow in the main pipe is 1.5 m3/s, and the mean velocity of flow in the 30 cm pipe is 7.5 m/s, determine the rate of flow in the 40 cm pipe.

Solution: From the continuity
relationship,
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Rate of flow in 30 cm pipe
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2.12 Water flows through a pipe AB 1.2 m diameter at 3 m/s and then passes through a pipe BC 1.5 m diameter. At C, the pipe branches. Branch CD is 0.8 m in diameter and carries one-third of the flow in AB. The flow velocity in branch CE is 2.5 m/s. Find the volume rate of flow in AB, the velocity in BC, the velocity in CD and diameter of CE.
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Fig. 2.25

Solution:

Discharge through AB, from continuity equation
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Velocity in pipe BC,

Velocity in CD,

Discharge passing through pipe CE
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Area of pipe CE

[image: image1078.jpg]


[image: image1079.jpg]



2.13 The velocity vector in an incompressible flow is given by

V = (6xt + yz2)i + (3t + xy2)j + (xy — 2xyz — 6tz)k

Verify whether the continuity equation is satisfied.

Determine the acceleration vector at point A (1, 1, 1) at t = 1.0.
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Solution:
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Hence the continuity equation is satisfied.
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heads (A= 50 to 500 /) and low heads
(less than 50 m).

The head is usually inadequate to
produce high velocity jet. Hence water
is supplied to the runner in the forms of
both pressure and kinetic energy.



[image: image1088.jpg]Impulse Turbine

Reaction Turbine

3. Method of Energy Transfer: The
buckets of the runner are so shaped
that they extract almost all the
kinetic energy of the jet.

4. Operating Pressure: The turbine
works under atmospheric pressure.
which is the difference between the
inlet and exit points of the runner.

5. Admission of water to the wheel:
Only a few buckets comprising a part
of the wheel are exposed to the water jet.

6. Discharge: These are essentially low
discharge turbines.

7. Speed of Operation: The speeds are
invariably high.

8. Size: These are generally small in size.

9. Casing: It prevents splashing of water.
It has no hydraulic function to serve.

10. Turbine Setting: The head between the
wheel and race is lost.

11. Maximum Efficiency: The highest
efficiency (= 88%) is less than that of
reaction turbine.

The wicket gates accelerate the flow a
little and direct the water to runner
vanes to which energies of water are
transferred.

The runner works in a closed system
under the action of reaction pressure

The entire circumference of the wheel
receives water and all passages between
the runner blades are always full of
water.

Since power is a product of head and
weight of the rate of flow, these turbines
consume large quantities of water in
order to develop a reasonable power
under a relatively low head.

Although the specific speeds of these
turbines is high, their actual running
speeds are comparatively low.

The turbine sizes are much larger than
impulse wheels, in order to accommo-
date heavy discharge.

The spiral casing has an important role
to play; it distributes water under the
available pressure uniformly around the
periphery of the runner.

The draft tube ensures that the head of
water below tail race level is not lost.

The maximum efficiency (= 95%) at
design output is higher than that
of impulse wheels.
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12. Part Load Operation: From about 20%
to 100% of design output, the efficiency
remains nearly the same. Hence the
machine is ideal for generating
small loads over long periods of time.

13. Cavitation: These machines are not
susceptible to cavitation.

14. Civil Engineering Works: Civil
works like excavation and concreting
are much simpler and economical.

With the exception of a Kaplan turbine,
all reaction turbines give poor part load
performance, i.e., appreciably low
efficiency at less than design output.

Runner blades and draft tube invariably
undergo cavitation on damage.

Civil works are more expensive on
account of spiral casing and draft tube.




2.14 Given that
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Examine whether these velocity components represent a physically possible two-dimensional flow; if so whether the flow is rotational or irrotational?

Solution: Given:
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 …velocity components A two-dimensional flow will be continuous

If
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Now,
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and
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Hence the given velocity components represent a physically possible two-dimensional flow. (Ans.)

The flow will be irrotational if
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hence the flow is irrotational. (Ans.)
For steady, incompressible flow, verify whether the following values of u and V are possible:
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Solution: For steady, incompressible flow the following
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Hence the flow is not possible.
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Hence the flow is possible.
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Hence, the flow is possible.

2.16 For the following flows, determine the components of rotation about the various axes.
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Solution: The components of rotation about the various axes are:
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As the flow is two -dimensional in the x- y  plane, x   y  = 0.

2.17 In a three dimensional in compressible fluid flow, the velocity components in x and y direction are u= x2 + y2 z3; V = - (xy + yz + zx) use continuity equation to evaluate an expression for the velocity component  in the X-direction.

Solution: For a steady, three dimensional in compressible fluid flow, the equation of continuity is
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By substituting in continuity equation we get
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2.18 An incompressible fluid flows through the circular pipe as shown in the Figure 2.28 at the rate of Q m3/s,
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Fig. 2.26

If it is assumed that the velocities at sections (1), (2) and (3) are uniform, what are the

velocities, given that the diameters of the pipe at the three sections are d 1 , d 2 and d 3 metre respectively.

Determine these velocities for,

Q = 0.3 m3/s, d 1  = 0.4 m, d 2  = 0.2 m and d 3  = 0.75 m.

(iii) Find the velocities when Q = 0.3 m3ls at section (1) but the density changes in such a way that 2 = 0.5 1 , 3 = 1.3 1 . The flow is steady in all cases.

The diameters are the same as given for (ii).

Solution: (i) From the continuity equation in one-dimensional flow Q = AV.

Velocity at section (1)
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Similarly,

(ii)

(iii) From the principle of conservation of mass, mass rate of flow in a continuous fluid is the same, thus
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it is given that at section (1), Q = 0.3 m3/s, hence,
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Also

Also, Q = Discharge between two stream lines of unit width of 1 m
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2.19 For a two-dimensional flow, the stream function is given by 
= 2xy.

Calculate the velocity at the point (3, 6).

Solution:

 =2xy.

The coordinates of the point are (3, 6) and hence,

x= 3 and y = 6.

Now
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2.20 A stream function is given by the expression  = 3x2 - y3. Determine the velocity components and resultant velocity at a point (2, 1).

Solution:

 =3x2- y2.

The co-ordinates of the point are (2, l) and hence,

x = 2 and y = 1.

Now,
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2.21 Describe the flow given by the following expressions:

(1) 
= - 16y
(2) 
= 5x
(3) 
= 3x- 4y.

Solution:

(1)
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Hence, the flow field consists of a velocity vector with velocity equa to 16 m/s in x direction.
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Hence, the flow field consists of a velocity vector with velocity equal to 5 m/s in y direction.
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Hence, the flow field consists of a velocity vector with velocity equal to 5 m/s and with angle of inclination 0 with x-axis such that
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2.22 If  = 3xy, find x and y components of velocity at (1, 3) and (3, 3). Determine the discharge passing between streamlines passing through these points. (Roorkee 1968)

Solution: The velocity components in terms of  are given by
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hence the velocity components

u = - 3y and v = - 3x.

The velocity components at (1, 3) are u = - 9

and

v = - 3 and at (3, 3), u = - 9 and v = - 3. The total derivative v may be written as
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But

the total derivative d = vdx + udy = 3xdx + (-3y) dy
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Integrating

where A = constant of integration.

Discharge between the streamlines passing through (l, 3) and (3, 3)
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2.23 For a two-dimensional potential flow, the velocity potential is given by

 = 4 X (3 y - 4)

Determine the velocity at point (2, 3). Determine also the stream function and its value at a point (2, 3). (Nagpur Univ. 1987)

Solution:

Velocity components in terms of 
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Velocity components in terms of the stream function 
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Integrating,

Its value at (2, 3),  2,3 = 6(2)2 - 6(3)2 + 16(3) = 18 units.

2.24 The stream function in a two-dimensional flow is 
= 6X- 4y+ 7xy.

Verify whether the flow is irrotational. Determine the direction of stream line at a point

(1, -1). Determine also the expression for the velocity potential.
(Nagpur Univ. 1988)

Solution: For irrotational flow, the vorticity component must be zero.

Vorticity
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The velocity components in terms of the stream function are
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Substituting in the vorticity equation (1), we find that the vorticity is zero.

Hence the flow is irrotational.
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Direction of Streamline at (1, -1)
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1

The streamline at (1, -1) makes an angle 6 with the x-axis such that tan  =
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Velocity Potential
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Integrating,

2.25 A pipe is running full of water. At point A in the pipe, the velocity of flow is 1 m/s and the pressure is 1.875 kN/m2. If A is 16.18 m above the datum, determine the total energy of 1 N of water at A. If 250 N of water is flowing in the pipe, calculate the total energy in joules.

Solution:

At point A,
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Pressure energy

Kinetic energy

Potential energy

Total energy

Total energy for 250N of water = (250 X 16.421) = 4105 J. (Ans.)
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2.26 The diameter of a pipe changes gradually from 60 cm at point A to 30 cm at point B. The elevations of points A and B from the datum line are 8 m and 3 m respectively. The pressure and velocity of flow at point A are 6000 kN/m2 and 1.80 m/s respectively. Calculate the pressure at point B. Assume that there is no loss of head between points A and B.

Solution:

Let a1, v1, p1 and Z1 represent the usual notations for point A and a2, v2, p2 and Z2 the corresponding notations for point B.
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2.27 A pipe line is carrying water. At a point A in the pipe line, the diameter is 600 mm, the pressure is 70 kNIm2 and the velocity is 2.4 m/sec. At another point B in the same pipe which is 2 m higher than A, the diameter is 300 mm. and the pressure is 14 kN/m2. Determine the direction of flow.

At point A,

diameter, d = 600 mm = 0.6 m pressure, pa = 70 kN/m2 Velocity, va = 2.4 m/s.

Water is flowing,  = 9.81 kN/m3

Assume datum line pass through A. Za = 0

At point B,

datum level, Zb = 2 m Diameter, db = 300 mm = 0.3 m pressure, pb = 14 kN/m2

To Determine: The direction of flow.

Solution:

Area of cross-section at A
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Area of cross-section at B,
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By continuity equation,
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Applying Bernoulli's equation to points A and B

T
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Total head at A

Total head at B

Total head at B is greater than total head at A.

hb , > ha
Flow takes place from B to A.

Results: Flow takes place from B to A.

2.28 A pipe 300 m. long has a slope of 1 in 100 and tapers from 1.5 m. diameter at the higher end and 0.625 m diameter at the lower end. The discharge of water through the pipe is 100 lites/sec. If the pressure at the higher end is 110 kN/m2, find the pressure at the lower end neglecting friction.

Data:

Length of pipe, I = 300 m

Shope = 1 in 100

Discharge, Q = 100 lit/sec = 0.1 m3/s.

Pressure at higher end, p2 = 110 kN/m2

Diameter at smaller end, d1 = 0.625 m

Diameter at larger end, d2 = 1.5 m

To Calculate:

Pressure at the lower end, p1

Solution:

Referring Figure 2.30

Slope of the pipe is 1 in 100.

vertical height
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i.e., The centre of the pipe at the higher end is 3 m. above that of lower end. Area of the smaller end,
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Area of the larger end,
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By continuity equation, Q = a 1  . v 1  = a 2  . v 2
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Applying Bernoulli's equation to small and large ends and assuming datum line as shown.
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Result: Pressure at the lower end, p1 = 139.37848 kN/m2.

2.29 A vertical pipe line which is 1.5 m long and tapering from 150 mm. to 75 mm. diameter is discharging water at the rate of 25 litres per second. Find the difference of pressure between the top and bottom of the pipe.

Data:

Length of pipe, I = 1.5 m

Vertical position.

Dia. of large end d 1  = 150 mm = 0.15 m

Dia. of small end, d2 = 75 mm = 0.075 m

Discharge, Q = 25 l.p.s = 0.025 m3/s.

To Calculate:

Pressure difference between top & bottom, p1 - p2.
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Solution:

Referring Figure 2.29.

[image: image1178.jpg]1000




[image: image1179.jpg]2x G x @ x 8462203162

d =0.04877 m =4.88 cm



[image: image1180.jpg]Inlet

Outlet




[image: image1181.jpg]o =200 0 =60° B=120°

nDN _mx12x450
60 60

= 28.27 m/s

u =



[image: image1182.jpg]Vv "

sin 120°  sin 40°



Area of large end,

Area of small end,
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Applying the Bernoulli's equation to large and small ends and assuming the datum line passing through bottom of the pipe.
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Result:

Pressure difference, h 1 - h2 = 0.03013 m. of water p1 - p2 = 0.2956 kN/m2.

2.30 A tapered section pipe is running full of water. The diameter of the pipe at the inlet and outlet are 1.0 m and 0.5 m respectively. The outlet is at a vertical height of 5 m. above the inlet. The loss of head in the pipe is 1/10 of the velocity head at the outlet. The pressure at the outlet section is 100 kN/m2 and at the inlet is 400 kN/m2. Calculate the rate of discharge through the pipe. Determine also the velocities at inlet and outlet.

Data:

Taper pipe

water flows,  = 9.81 kN/m3

Diameter at inlet, d1 = 1.0 m. Diameter at outlet, d2 = 0.5 m. Vertical height of outlet, Z2 = 5 m

Loss of head hL   1
velocity head at outlet
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Pressure at outlet, p2 = 100 kN/m2 Pressure at inlet, p1 = 400 kN/m2

To Calculate:

Discharge, Q

Solution: Refer Figure 2.30
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Area of pipe at inlet
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By continuity equation,  a1.v1   a2 .v2
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Applying Bernoulli's equation to inlet and outlet.
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Velocity at inlet v1

Velocity at outlet,
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Discharge Q = a1.v1  = 0.7853981 X 5.4986307

Q= 4.318614 m3/s.

Results:

Discharge, Q= 4.318614 m3/s.

Velocity at inlet, v1 , = 5.4986307 m/s.

Velocity at outlet, v2 = 21.994523 m/s.

2.31 A 30 m long pipe CD is inserted in a pipe line at 60° to the horizontal. At C which is at a higher level, the diameter is 15 cm. At D the diameter is 30 cm, the pressure is 4500 N/m2 and velocity of flow is 3 m/s. Neglecting all losses, determine the pressure head at C when the flow is downward.

If water flows from the lower to the higher level and the head loss due to friction is 1.50 m of water, find the difference of pressure heads at C and D. Determine also the energy lost per second and power required to lift water from D to C.

Solution: Refer to Figure 2.31.
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	Fig.2.31:Bernoulli'sequation

	Adopt the usual notations d 1  v 1
	and p 1 , for D and d 2  , v 2  and p 2  for C.

	Height of C = 30 sin 60° =
	26 m.

	Also,
	a 1 ,v 1 ,
	=
	a 2 v 2
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Applying Bernoulli's theorem at D and C,
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For flow from D to C
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Weight of water flowing per second
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= 2.08 x 103 N/s.

Energy lost
= W x head lost

2.08 x 103 x 1.50

3.12 x 103 N.m/s.

Power required to lift water from D to C

W[Z 2  - Z 1 ]

2.08 x 103 x 26

54.08 x 103 watts or 54.08 kW. Ans.

The diameter of a pipe carrying water changes gradually from 15 cm at A to 45 cm at B. The point A is 4.50 m lower than point B. If the pressure at A is 70 kN/m2 and that at B is 50 kN/m2 when 140 lps is flowing, determine the direction of flow and the frictional loss between the two points.

Solution: Adopt the usual notations of p 1 , v 1 and Z 1 for point A and p 2 , v 2 and Z 2 for point B. Now
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Total head at A

Total head at B

As total head at A is more than total head at B, the flow will take place from A to B. Frictional loss between A and B = (10.33 - 9.64)

0.69 m or 69 cm. Ans.

A pipe 20 cm in diameter is connected to a water tank as shown. A nozzle fitted at the end of the pipe discharges into the atmosphere. Calculate the flow rate and the pressure at A, B, C and D. Neglect losses. The diameter of the nozzle throat is 5 cm.
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Solution: Applying Bernoulli's equation between the water surface in the tank and the jet of water issued from the nozzle, taking the nozzle axis as the datum, and neglecting losses,
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Velocity of jet, V

The flow rate, Q

Velocity in the 20cm pipe

The pressures at A, B, C and D may be obtained by applying Bernoulli's equation between the water surface in the tank and these points.
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Pressure at A: 5.75 + 0 + 0
=
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Pressure at B: 0 + 0 + 0 =
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Pressure at C:  0 + 0 + 0
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Pressure at D: 5.75 + 1.8 + 0 + 0 =
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2.34 A Venturimeter is connected at the main and throat sections of tubes which are filled with the flowing fluid to a differential mercury manometer. Prove that the reading is unaffected by any slope of the meter.
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Fig. 2.33: Inclined Venturimeter

Solution: Refer to Figure 2.33.

According to the Bernoulli's theorem,
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	…(8)

	Now, for a given flow, v1  and v2  are constant.
	

	From equation (1),
	( p1   p2 )
	 Z
	2 =constant
	..(9)

	
	
	
	
	

	
	w
	
	


Consider the equal pressures at level x - x in the U-tube of the mercury differential manometer and if subscript m refers to the mercury, then
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…(10)

From equations (2) and (3),

H m  - H = constant. Ans.
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2.35 A horizontal Venturimeter is provided in a pipe of diameter 30 cm. The throat diameter is 10 cm. The pressure in the pipe is 137.34 kN/m2 and the vacuum pressure at the throat is 37 cm of mercury. Calculate the discharge in the pipe, if 4 per cent of differential head is lost in friction. Find out the coefficient of meter (discharge).

Solution:
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Pressure head in pipe =

Pressure head in throat
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2.36 A Venturimeter is used to measure oil of sp. gr. 0.85. The throat diameter is 5 cm and the pipe line is 10 cm in diameter. A differential gauge connected with inlet and throat contains water in the lower part of the tube, the remainder of the tube being filled with the oil. The difference in height of water columns in the two legs of the tube is 78 cm. If the coefficient of meter is 0.98, compute the discharge in litres per second.

Solution:
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2.37 If the main diameter is 100 mm and throat diameter is 25 mm, calculate the flow of oil in litres per hour, if its density relative to the water is 0.80 and the difference of level of the mercury column is 175 mm. Neglect friction.

Solution:
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Q in litres per hour
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2.38 A Venturimeter is to be fitted to a 25 cm diameter pipe. The maximum discharge is 120 lps. The pressure head is 6 m of water. What is the minimum diameter of the throat required so that there is no negative head in it? Assume the coefficient of the meter as 0.97.

Solution:

No negative pressure head at throat means the limiting value of pressure as zero. If the diameter of throat is decreased below the smallest permissible value, the pressure at throat will be negative.

h = Difference in pressure heads between inlet and throat
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Now,
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Also
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Squaring both the sides,
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Classification

Single stage pump Ze., with only one impeller.
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to a single shaft.

Horizontal shaft pump.

Vertical shaft pump which requires less space and is
suitable for deep wells.

Manual priming pumps.
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High lift pump Ze., the manometric head is more than
40 m.




d2 = 0.1189 m or 118.90 mm. Ans.

A Venturimeter having a throat diameter of 5 cm is introduced in a horizontal pipe line of diameter 7.5 cm. What will be the deflection in mercury columns of a mercury manometer connected to the Venturi meter when water flows through the meter at the rate of 22.7 lps? Assume coefficient of meter as 0.96.

Solution:
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But

2.40 An orifice meter consisting of 10 cm diameter in a 25 cm diameter pipe has a coefficient equal to 0.65. The pipe delivers oil of relative density 0,80. The pressure difference on two sides of the orifice plate is measured by a mercury-oil differential manometer. If the differential gauge reads 80 cm of mercury, calculate the differential head and the discharge in lps.

Solution:
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Now,

[image: image22.jpg]Q=KC h
=0.65 x 0.0352 x 1280
=0.081 86 ns
= (1000 x 0.081 86)
= 81.86 Ips



Ans

2.41 Determine the rate of flow of water through a pipe 300 mm diameter placed in an inclined position where a venturimeter is inserted, having a throat diameter of 150 mm. The difference of pressure between the main and throat is measured by a liquid of sp. gravity 0.7 in an inverted U-tube which gives a reading of 260 mm. The loss of head between the main and throat is 0.3 times the kinetic head of the pipe.

Solution: Diameter at inlet, D1 = 300 mm = 0.3 m
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Throat diameter, D2 = 150 mm = 0.15 m

[image: image1266.jpg]e s (600 x1962 85 JH,
o NiDi-p2) =L )x'n: LIV —





Area of throat,

Specific gravity of lighter liquid (U-tube) S11  = 0.7

Specific gravity of liquid (water) flowing through pipe, S p  = 1.0

Reading of differential manometer, y = 260 mm = 0.26 m

Differential of pressure head, h is given by:
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Also

= 0.078 m of water

Loss of head, hL  = 0.3 x kinetic head of pipe
... (given).

Now, applying Bernoulli's equation at sections '1' and '2' we get
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But
…(as above)

And



or
…(i)

Applying continuity equation at sections 'l' and '2', we get
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Substituting this value of V1  in equation (i), we get
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or

or

or
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Rate of flow, Q =A2 V2 = 0.01767 x 1.26 = 0.0222 m3/s. (Ans.)

2.42 A vertical Venturimeter shown in the Figure 2.37 has an area ratio of 5. It has a throat diameter of 1 cm. When oil of sp. gr. 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. (I.I.T. Madras 1968)

Solution:

Difference in the piezometric heads between the inlet and the throat of the venturimeter, from principles of manometry
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in which  is the specific weight of the flowing fluid (oil in this case). Here subscripts 1 and 2 refer to conditions at the inlet and the throat respectively.

Application of Bernoulli's equation to the inlet and throat of venturimeter gives
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From the continuity equation,
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Substituting V1  in terms of V 2
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yielding,
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Discharge,

0.492 lit/sec. = 29.5 lit/minute.

Water flows through a pipe of diameter 0.30 m. What should be the velocity V for the conditions shown in the Figure 2.38 below? (GATE Exam., 1988)

Solution:
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Differential head h

(1 - S) x Differential head of manometer

(1 - 0.8) x 0.3 = 0.06 m of water
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2.44 A 300 mm x 150 mm venturimeter is provided in a vertical pipe line carrying oil of specific gravity 0.85, the flow being upwards. The difference in elevation of the throat section and entrance section of the venturimeter is 300 mm. The differential U tube mercury manometer shows a gauge deflection of 25 cm. Calculate (a) the discharge of oil. (b) the difference between the entrance and throat section. The co-efficient of meter is 0.98.

	Solution:
	
	
	
	

	Dia. of inlet = 0.3 m
	;
	Area A1 = 0.071 m2

	Dia. of throat = 0.15 m
	
	A
	2
	= 0.0177 m2
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Pressure difference h =

=
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= 0.85 x 1000 x 9.81 = 8.33 kN/m3.

Discharge Q
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To find pressure between throat inlet.
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= 3.75 - (0 - 0.3) = 4.05 m of oil.

 = Specific gravity of oil = g

p1 - p2 = 4.05 x 8.33 = 33.77 kN/m2.
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3

DIMENSIONAL ANALYSIS

3.1 INTRODUCTION

Many fluid-flow problems are so complex that it is virtually impossible to obtain their analytical solutions. The solutions to such problems are, therefore, based upon a combination of physical analysis and experimental studies. Experimental observations are necessary in order to determine the effects of different variables on the phenomenon under study and to see the dependence of one variable on the other. Dimensional analysis is a mathematical technique used in reducing the number of experiments to a minimum by determining an empirical relation connecting the relevant variables and in grouping the variables together in the most effective way.

Any analytical study of a physical phenomenon is based on certain measurable quantities like velocity, acceleration, density and so on. The magnitude of these physical quantities are expressed in terms of certain standard units of measurement. And, if we specify the units for some quantities, it is always possible to specify the units for other quantities. For example, the velocity of a particle is defined as the time rate of change of distance travelled by the particle. The distance in length and the unit of length may be taken as yard or metre and (for time,) seconds or hour. Thus, the unit of velocity will be yard/hour or yard/s or metre/s or metre/hour. That is, the unit of velocity is a derived unit and this fact remains true irrespective of the chosen system of units. Thus, it is always useful to speak in terms of the dimensions of a quantity and all variables can be expressed in terms of three primary dimensions (mass 'M', length ' L' and time ' T') irrespective of chosen system of units, as tabulated in Table 2.1.

Before the method of dimensional analysis is applied, it is essential that the variables controlling the phenomenon are identified and are expressed in terms of the primary dimensions. Because, it has been found that if any of the variables are not included in the original list of quantities, the result obtained by this method will be incorrect. The other basic requirement for this method of dimensional analysis is that any mathematical equation which correctly expresses a physical phenomenon should be dimensionally homogeneous. That is, the dimension of the terms on the left-hand side and on the right-hand side of the equation are identical. And, in that case, the equation is true and valid for all the system of units used to measure the involved physical quantities.

It should be noted that it is sometimes difficult to specify the conditions or the different variables controlling a particular phenomenon. In that case, a suitable mathematical model is constructed by making suitable assumptions which simplify the problem. A qualitative solution to the problem is then obtained by dimensional reasoning, and subsequent experimental investigation based on this analysis is likely to lead to a complete solution of the real problem.

3.2 DIMENSIONAL HOMOGENEITY

An equation which expresses the proper relationship between the variables in a physical phenomenon will be dimensionally homogeneous. This means that each of the additive terms in an equation should have the same dimension.

The principle is useful in checking the proper form of the equation, and in converting the equations having dimensional constants from one system to another.

3.3 COMMON VARIABLES IN FLUID FLOW

The commonly occurring variables in fluid mechanics together with their common notations, units of measurement in SI units and their dimensions are given in Table 3.1. This is table will be very helpful in performing a dimensional analysis and as such warrants careful study.
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TABLE 3.1: Common Variables in Fluid Flow
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	Quantity
	Notation
	Dimensions

	
	(MLT  )
	(FLT  )

	
	System
	System

	
	
	


	Length
	L
	L

	Area
	A
	L2

	Volume
	V
	L3

	Angle
	
	M° L° T°

	Angular velocity
	
	T-1

	Frequency
	f
	T-1

	Discharge
	Q
	L3 T-1

	Velocity
	U.V.
	LT-1

	Mass density
	p
	ML3

	Dynamic viscosity
	
	ML-1 T-1

	Kinematic viscosity
	v
	L2 T-1

	Surface tension
	
	MT-2

	Volume modulus
	K
	ML-1 T-2

	of elasticity
	
	ML-2 T-2

	Specific weight
	
	

	Relative density
	RD
	M° L° T°

	Force
	F
	MLT-2

	Moment, Torque
	M, T
	ML2 T-2

	Momentum
	M
	MLT-1

	Work, Energy
	W, E
	ML2 T-2

	Power
	P
	ML2 T-3

	Rotation
	rpm
	T-1

	Strain
	-
	M° L° T°

	Strain rate
	-
	T-1

	Stress, Pressure
	p
	ML-1 T-2

	Temperature
	T
	

	Specific heat
	Cp, Cv
	L2 T-2  -1

	Thermal conductivity
	k
	MLT-3  -1
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L

L2

L3

F°L° T°

T-1

T-1

L3 T-1

LT-1

FL-4 T2

FL-2 T

L2 T-1

FL-1

FL2

FL-3

F°L° T°

F

FL-3

FT

FL

FLT-1

T-1

F°L°T°

T-1

FL-2



L2 T-2  -1 FT-1  -1

3.4 METHODS OF DIMENSIONAL ANALYSIS

If the factors controlling a particular phenomenon can all be identified, the form of the equation relating them can be largely determined by dimensional analysis. Since the equation must be dimensionally homogeneous, the variable can only be combined in a very limited number of ways, and in some cases, this may lead to a unique solution. In general, there are two methods of dimensional analysis which are in use—(a) Rayleigh's method and (b) Buckingham's pi method.

3.4.1 Rayleigh's method

In this method a functional relationship between the variables controlling a phenomenon is obtained in the form of an exponential equation which is dimensionally homogeneous. Let 0 be a

function which depends upon the variables1 ,  2,  3, ...,  n . The functional relationship is written in the general form

	
	=  f1  [ 1 , 2,  3 ,....
	 n ]
	...(11)

	In Equation (11),   is a
	dependent variable
	and 1 ,   2,   3, ...,  n
	are independent


variables. The above equation is then written as
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  C( a , b , c ,... n )
	...(12)

	123
	n
	


where C is a dimensionless constant to be determined either experimentally or from the physical characteristics of the problem. The indices a, b, c,.... n are evaluated on the basis that the equation is dimensionally homogeneous.

Buckingham's  method

This method provides a systematic technique for arranging the governing parameters of a problem into dimensionless groups, facilitating experimentations and an understanding of the physical problem. It states that the number of dimensionless groups,  's, required to describe a phenomenon involving n variable is equal to the total number of variables minus the number of fundamental dimensions m in the problem.

The number of variables that describe a problem in fluid mechanics can be written as diameter D, length l, velocity V, density  , pressure drop  p , acceleration due to gravity g, viscosity  , bulk modulus of elasticity K, and surface tension  . These variables are expressed in the functional form:

(D, l,V , , p, g, , K , )  0

and their dimensions are obtained. Since there are nine variables and three primary dimensions, we will have six dimensionless groups. In this scheme, the number of repeating variables are equal to the number of primary dimensions and one repeating variable is chosen from each class of variable, such as V—kinematics, l —geometric,  — dynamic. Therefore, we choose V, l and  as the repeating

variables, and these are combined with the remaining variables in turn to obtain dimensionless numbers:

1  = Va l a  a = [(LT-1)a(L)b(ML-3)c L ] =M°L°T
0
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Equating exponents for  1,

M: c = 0

L: a + b- 3c + 1 = 0

T: - a = 0

from which a = c = 0, b = -1 and  1 = b l l . This is a ratio of characteristic lengths as we have aspect ratio (AR) in an aerofoil. Similarly, equating exponents for  2,

M: c + 1 = 0; L: a + b -3c - 1= 0 ; and so on T: - a -2 = 0

We get a = -2, b = 0 and c = - 1 and  2 =  P/ V 2 . This dimensionless
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number represents the reciprocal of Euler number,
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 / Vl

or the pressure coefficient.

For 3 , a = -2, b=1,
c = 0 and  3  = g l lV2, which is the reciprocal of Froude number,
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Following the same procedure, we get  4 =
as the reciprocal of Reynolds number,

 3 = K/  V2 that can be shown equal to the reciprocal of Mach number M= V/C, where C is the local velocity of sound, and  6 =  / V2 l as the reciprocal of Weber number
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The general functional equation is then written in terms of well-known dimensionless numbers

as

[image: image1324.jpg]



…(13)

Thus, the steps for applying dimensional analysis may be summarised as follows:

Prepare a list of relevant variables. This requires a fair knowledge about the phenomenon under study.

Express the variables in terms of primary dimensions.

Choose the repeating variables in such a way that they contain all the primary dimensions. Dependant variables must not be chosen as repeating variables.

Obtain the dimensionless parameters by adding one variable at a time to the repeating variables.

Should the need arise, alter the form of the dimensionless parameters by recombining them and keeping the same number of parameters.

DIMENSIONLESS NUMBERS

We can represent the various forces by the following dimensional equations:

Pressure forces = pressure x area   p x L2

Viscous forces = shear stress x area =  x A =  V/L x L2 =  VL

Gravity forces = mass x acceleration due to gravity  L3 g Inertia force = mass x acceleration =  L3 x LT-2 =  L2L2/T2

=  L2V2

Surface tension force = surface tension force per unit length x length

=  L Compressibility force = bulk modulus of elasticity x area

= KL2

The following dimensionless parameters representing ratios of forces per unit volume are of great significance in the analysis of fluid flow:
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For dynamic similarity where viscous forces are predominant.
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(2) Froude number

For dynamic similarity where gravity forces are predominant.
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(3) Mach number

where C = velocity of sound in the medium.

Where compressibility effects predominates, for dynamic similarity, we have the relations.

[image: image1329.jpg]



Weber number
Euler number

3.6 SIMILITUDE

In hydraulic and aeronautical engineering valuable results are obtained at a relatively small cost by performing tests on small scale models of full size systems (prototypes). Similarity, laws help us interpret the results of model studies. Similitude, the relation between model and a prototype, is classified into three kinds as follows:
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3.6.1 Geometric Similarity

If the ratios of corresponding length in a model and the prototype are the same, the model is said to be a geometrically similar model. In such models if
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	then
	..(14)

	and
	…(15)


3.6.2 Kinematic Similarity

Kinematic similarity means geometric similarity and in addition the ratio of velocities at all corresponding points in the flow is the same.
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	then    (i) time ratio =
	tm
	 tr
	
	Lr
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	(ii) acceleration ratio =
	
	am
	 ar
	
	Vr2
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	…(17)
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	(iii) discharge ratio =
	Qm
	 Qr
	
	L3r
	
	
	
	
	…(18)
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3.6.3 Dynamic Similarity

Two system are dynamically similar, if geometric kinematic similarities exist and further the ratios of corresponding forces in the two systems are the same. If forces due to

Gravity = FG

Viscosity = Fv

Elasticity = FE

Surface tension = FT

Inertia = Fl

and suffixes m and p stand for model and prototype respectively, strict dynamic similarity means
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From the above the following relationships can be derived.
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and so on for all the forces.
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PROBLEMS WITH SOLUTIONS

RAYLEIGH'S METHOD

3.1 For laminar flow in a pipe, the drop in pressure Dp is a function of the pipe length L, its diameter D, mean velocity of flow V and the dynamic viscosity m. Using Raleigh's method, develop an expression for Dp.

Solution:
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This can be written in terms of a dimensionless constant K as
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Using the MLT system of basic units
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Equating the
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Powers of M:

Powers of T:

Powers of L:

3.2 The drag force F on a body in supersonic flow is considered to depend on the length L, velocity V, diameter D, and fluid properties like density p, dynamic viscosity  and bulk modulus of elasticity E. Derive an expression for F.

Solution:

Hence
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Using the MLT system of basic units,
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Equating powers of
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Note in this case there are 6 variables and 3 equations. Values of three unknowns are expressed in term of other three (viz. c, e and f )


.

BUCKINGHAM  THEOREM METHOD

3.3 Determine the dimensions of (i) shear stress and (ii) kinematic viscosity. Solution

(i) Shear stress = tangential force/area

Force = mass x acceleration = ML T-2 and area = (length)2 = L2

Shear stress = ML T2/L2 = ML-1 T-2

Kinematic viscosity v   / p where  is the dynamic viscosity as is given by


For homogeneity,  has the dimensions of ML-1 T-1 and density is ML-3 The kinematic viscosity, v = ML-1T-1/ML-3 = L2T-1 (m2/s).

3.4 The resistance force F of a ship is a function of its length L, velocity V, acceleration due to gravity g and fluid properties like density  and viscosity  . Write this relationship in a

dimensionless form. Solution:



For using Buckingham Pi theorem, list the dimensions of each variable.


There are a total of six variables (n = 6) and 3 primary dimensions. Hence m = 3.

As such there are n - m = 3 dimensionless Pi terms. Using L, V and  as repeating variables:


Hence by equating powers of M, L and T





where Fr = Froude number = V/ [image: image23.jpg]
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 gL and Re = Reynold's number =  VL/ 


3.5 Develop an expression for the thrust developed by a propeller which depends upon the angular velocity co, approach velocity V, dynamic viscosity  , density  , propeller diameter

D, and the compressibility of the medium measured by the local velocity of sound C.

Solution:

The thrust, T = f( ,V,  ,  , D,C)

The thrust is a force and therefore its dimension is ML T2. Similarly the dimensions of the other variables are:

 = radians/second = T-1; V= LT-1/  = ML-1 T-1,  = ML-3; D = L, and C= LT-1

We choose the repeating variables as p, V, D. This we write,



3.6 A liquid flows steadily through a long horizontal pipe. Find an expression for the drop in pressure per unit length of the pipe.

Solution:

It is expected that the pressure drop per unit length of the pipe will depend on average speed of the flow V, the pipe diameter D, viscosity and density of the liquid  and  , and the inside

roughness of the pipe  . The liquid can be treated as incompressible, there is no free surface and there is no effect of surface tension. We, therefore, have the following governing variables:


There are six variables and three primary dimensions and as such, we will have three dimensionless groups. As before, we take p, V and D as repeating variables and we write


After solving the above equation, we obtain the result as


The coefficient of friction ‘f ’ in the pipe has been defined as


and therefore, we get the desired expression by dimensional analysis as


3.7 The pressure drop  p generated by a pump of a given geometry is known to depend upon the impeller diameter D, the rotational speed N, the fluid discharge Q, the fluid density p and viscosity u. Obtain the dimensionless form of the functional relationship.

Solution:  p = f n (D N, Q,  , )

List the dimensions of each variable as:


There are a total of six variables: n = 6

Number of primary dimensions m = 3

Hence there are (6 - 3) = 3 dimensionless Pi terms.

Select D, N and  as repeating variables.




The dimensional equation will be


from which we get


1 + c = 0

1+ a - 3c = 0

2 – b = 0

or
c = - 1, b = - 2 and a = - 2


Equating dimensions on either side


1 + c = 0

1+ a - 3c = 0

1 – b = 0

or
c = - 1, b = - 1 and a = - 2


Thus the functional relationship can be expressed as


3.8 In the model test of a spillway the velocity of flow and discharge is 2 m/s and 0.3 m3/s respectively. Estimate the corresponding velocity and discharge for the prototype having a scale ratio of 40:1.

Solution:

Since Froude number is predominant in free surface flows, the necessary condition for the dynamic similarity is that the Froude number for the model and prototype must be equal. That is,



 length of the prototype

the scale ratio , n

length of the prototype

the velocity ratio V p    n1  2

Vm

The discharge through the spillway = area of flow x velocity of flow.  the discharge ratio,


3.9 A 1/10 scale model of a canal is made for studying the wave motion. A wave takes 10 seconds to negotiate a distance in the model. Estimate the time taken by the wave to travel the corresponding distance in the prototype.

Solution:

In free surface flows, the significant dimensionless number is Froude number.


Since velocity = distance/time

time taken by the wave to travel the corresponding distance in the prototype is

A 1/25 model of an airplane is tested in a pressurised wind tunnel. The pressure is 15 bar, temperature 20 C and the velocity is 100 m/s. The total drag measured is 150 N. Estimate the velocity of the prototype and the resistance it would experience when flying in air at 1 bar and 20°C.


Solution:

For similarity, the Reynolds number for the model and the prototype is assumed equal. Since the temperature inside the tunnel and the ambient temperature is the same, we can say that

 p   m / 15 and  is the same.


The drag is proportional to the inertia force  V 2 L2



3.11 Oil of density 917 kg/m3 and dynamic viscosity 0.29 Pa.s flows in a pipe of diameter 15 cm; velocity of 2.0 m/s. What would be the velocity flow of water in a 1.0 cm diameter pipe, to m the two flows dynamically similar? The density viscosity of water can be taken as 998 kg/m3. 1.31 x10-3 Pa.s respectively.

Solution: Reynolds' similarity law is applicable.


Referring to oil with a subscript p and water with suffix m


3.12 The pressure drop in a flow meter in which an oil flows at an upstream velocity of 0.9 m/s is to be estimated by model studies. A 1:6 scale model using water is used. If the pressure drop in the model is 450 Pa, what will be the prototype pressure drop? If the prototype discharge is 200 L/s

what is the model discharge? The following data are relevant:

	Item
	Prototype
	Model

	Density
	900 kg/m3
	998 kg/m3

	Viscosity
	0.104 Pa.s
	1 x 10s Pa.s


Solution: The Reynolds model law is applicable.




The present problem:


3.13 A pipe of diameter 1.5 m is required to transport an oil of relative density 0.9 and kinematics viscosity = 3 x 10-2 stoke at a rate of 3.0 m3/s. If a 15 cm diameter pipe wit water at 20°C ( v = 0.01 stoke) is used to model the above flow, find the velocity and discharge in the model.

Solution:

The Reynolds number must be the same in the model and prototype for similar pipe flows.




3.14 A 1/10 model of an airplane is tested in a variable density wind tunnel. The prototype plane is to fly at 400 km/h speed under atmospheric conditions. The pressure used in the wind tunnel is 10 times the atmospheric pressure. Calculate the velocity of air in the model. To what prototype value would a measured drag of 500 N in the model correspond? If some vortices are shed at a frequency of 25 Hz in the model, what would be the corresponding prototype frequency?

Solution: The Reynolds number in the model and the prototype must be the same.


Since pressure does not affect the viscosity appreciably m   p and hence  r = 1.0. Further, at constant temperature p/  = constant.


Model velocity is the same as prototype velocity, i.e., Vr = 1.0



4

INCOMPRESSIBLE FLUID FLOW

4.1
VISCOUS FLOW

There are two types of flow namely Laminar and Turbulent flow. In the laminar flow the motion of the fluid is in layers (or) lamina, parallel to the boundary surface. Conditions favourable for laminar flow are high viscosity  , low mass density  , low mean velocity V and small flow passage "L (for

pipe flow diameter d). Since viscosity plays a major role the flow is also called "Laminar Viscous

Flow".

All real fluids are viscous in nature. Fluid viscosity produces tangential or shear stresses in a moving fluid. These tangential forces act as a friction force and tend to retard the motion of fluid particles.

4.1.1
Reynold's Number

The demarcation of laminar and turbulent flow is done by non-dimensional Reynold's number. Laminar viscous flow has a low Reynold number. Reynold number is the ratio of inertial force to viscous forces. Reynold's number can be calculated a


 -density of fluid, V - velocity of fluid, d-diameter of pipe,   - dynamic, viscosity, v - kinematic

viscosity.

R e  < 2000 - Laminar flow

R e
> 4000 - Turbulent flow

4.2 NAVIER-STOKE'S EQUATION

Consider a two-dimensional fluid element abcd of size  x by  y as shown in Figure 4.1.

Let u and v be the velocity components,  the density, p the pressure  x ,  y the normal stresses

and xy, yx the shear stresses at the centroid of the element. Let X, Y and Z be the body forces per unit mass and  /  = v the kinematic viscosity of fluid.




Fig. 4.1: Normal and Shear Forces on a 2-D Fluid Element

All the possible stresses that are likely to act on the element due to fluid motion are shown in the Figure 4.1. The following convention is used in designating the stresses. All normal stresses are considered tensile. The direction of the lower shear stress is taken as negative and the direction of the upper shear stress as positive parallel to the x-axis. The direction of the left side shear stress is taken as negative or downward, and the direction of the right side shear stress as positive or upward. All shear stresses have two suffixes, the second suffix indicating the direction of the stress and the first

the direction of the normal of the plane on which the shear stress is acting. For instance,  xy is an x-

direction stress acting on a plane, with its normal parallel to y-direction, i.e., on the face  x. Two examples are discussed to explain how the actual magnitudes of different forces are marked in Figure

	4.1. Face ad is at a horizontal distance of
	x

	
	from the centroid P of the element in the negative x-

	
	2


direction. Hence, the direct or normal stress acting on ad is less than the centroidal stress  x  by

	x
	x , where
	 x   is the general method of writing the rate of variation of a multi-parameter

	x
	2
	x

	
	
	x
	x

	function with respect to x. The resulting stress   x
	
	
	
	is multiplied by the area of the face ad,

	
	x
	2
	

	
	
	
	


viz., ( y  1) or  y to show the force acting on it. Here the dimension of the element perpendicular to the xy-plane is taken as unity. Similarly the shear stress acting on the face cd is greater than the

	centroidal stress  yx
	
	xy
	x
	
	xy
	is the rate of variation of  yx
	y

	
	by
	
	
	where
	
	
	with respect to y and

	
	
	x
	2
	
	x
	
	

	
	
	
	
	
	
	
	2


is the vertical distance of the face from the centroid P. The shear force acting on face cd is therefore

	
	
	yx
	y

	equal to   yx
	
	
	
	x where (x x 1) or x is the area of the face.

	
	
	
	
	

	
	
	y
	2
	

	
	
	
	
	


Considering all forces acting in A-direction, the total force due to fluid motion may be written

as,


Extending to three dimensions,


The equation of force balance is"- Inertial force = Resultant of all forces or Mass  acceleration = Body force + Force due to fluid motion. In x-direction, this can be expressed as follows:


where ( xyz ) is the mass of the element and


Substituting for F mx from Equation (4.1) in Equation (4.2), removing the volume (xyz ) from all the terms and writing the stresses, velocities and coordinate directions in logical sequence in


y and z directions, the following equations are obtained.


Equations (4.3) were independently derived by Navier (1827) Poisson (1831) and St. Vincent (1843). They are of little value unless the stresses are expressed in terms of measurable quantities like pressure p, velocity components u, v, w and viscosity  . Prof. G. G. Storkes (1845) has achieved

exactly this. He has given the following relations for the six stresses in terms of p, u, v, w and u.

Prof. Stokes' equations:


Substitution of Equations (4.4) in Equations (4.3) yields the following



Equations (4.5) are known as Navier-Stokes equations for the unsteady flow of a compressible and viscous fluid.


If the viscosity is constant,  . can be taken out from all the partial differentiation operators of

the above equations. The x-direction equation of Equations (4.5) for example can be simplified as follows


…(4.6)

Similarly the second and third equations of Equations (4.5) reduce to the following:



….(4.6)


Equations (4.6) may be called Navier-Stokes equations for unsteady flow of a compressible fluid of constant viscosity.

If the fluid is compressible, the continuity equation for incompressible fluid flow, viz., div V = 0, is applicable and the last terms of Equations (4.6) may be dropped. If further the flow is steady, the time components of the total acceleration terms on the left side of Equations (4.6) may also be removed and the Navier-Stokes equations for steady flow of a constant density, constant viscosity fluid may be expressed as follows:


As in Euler's equations of motion, all the terms of Navier-Stokes equations have the units of force per unit mass. The LHS terms of Equations (4.7) represent the inertial force and the RHS terms represent the body, pressure and viscous forces.

4.2.1 Exact Solutions to Navier-Stokes Equations

Navier-Stokes equations are non-linear. There is no general solution to these equations. The differential equations [Equations (4.5), (4.6) or (4.7)] together with the boundary and initial conditions of any problem are difficult to solve except in certain simple cases. Some viscous flow problems for which exact solutions are available are listed here.

(i) Poiseulle Flow: Laminar flow between two stationary parallel boundaries under a constant pressure gradient.

Couette Flow: Laminar flow between two parallel boundaries, one of them moving and the other stationary under zero pressure gradient or a constant pressure gradient.

Hagen-Poiseulle Flow: Laminar flow through a straight tube of uniform circular section under a constant pressure gradient.

Straight Flow through an Annulus: Laminar flow through a straight annulus, i.e., passage between two concentric tubes of uniform circular cross-section, under a constant pressure gradient.

Rotating flow through an Annulus: Laminar flow between two concentric rotating cylinders.

Vorticity diffusion flow: Motion of fluid on a rotating plate.


4.3 RELATIONSHIP BETWEEN SHEAR STRESS AND PRESSURE GRADIENT

Let us consider a fluid element having the form of an elementary parallelopiped shown in Figure 4.2(a). The velocity distribution is shown in Figure 4.2(b); the velocity distribution is non-uniform due to relative motion between different layers of fluid. The motion of the fluid element will be resisted by shearing or frictional forces which must be overcome by maintaining a pressure gradient in the direction of flow. Let us assume that the pressure is uniformly distributed at both the ends of the body.

Let  =  shear stress on the lower face ABCD of the element, then


Fig.4.2: Forces on a fluid element in laminar flow

For two-dimensional steady flow there will be no shear stresses on the vertical faces A' BB'A' and CDD'C. Thus the only forces acting on the element in the direction of flow (X-axis) will be the pressure and shear forces.

Net shearing force on the element


Net pressure force on the element


For the flow to be steady and uniform, there being no acceleration, the sum of the forces must be zero.

From (i) and (ii), we have



This equation (4.8) indicates that the pressure gradient in the direction of flow is equal to the shear gradient in the direction normal to the direction of flow. This equation holds good for all types of flow and all types of boundary geometry.

4.4 FLOW BETWEEN PARALLEL PLATES

Let us consider two parallel plates—the bottom plate b eing stationary while the top one moving with a constant vector U. The forces acting on an element of fluid of dimensions dx (length), dy (thickness) and unit width are as indicated in Figure 4.3.


Fig. 4.3: Laminar flow between horizontal parallel plates

Applying Newton's second law, the equation of motion for steady incompressible flow is


Simplifying and dividing by the volume of the element dx dy, one obtains


Equation (4.9) shows the interdependence of shear and pressure gradient, and is applicable for laminar as well as turbulent flow. Accordingly, the pressure gradient in the direction of the flow is equal to the shear gradient across the flow.

In case of laminar flow, the shear stress is given by Newton's law of viscosity.


Substituting for x in Equation (4.9), we obtain


where A and B are the constants of integration to be evaluated from the known boundary conditions. In the present case the boundary conditions are


	(i) at
	y = 0, u = 0

	and    (ii) at
	y = b, u = U


Substituting these conditions in Equation (4.10), the constants are obtained as--


Equation (4.10), for velocity distribution may be written as


Equation (4.11) represents the generalised Couette flow.

The discharge per unit width of plates may be obtained as


The shear distribution may be computed using Newton's law of viscosity


The type of flow discussed above, i.e., the flow between two parallel surfaces—one stationary and the other moving is known as the generalised Couette flow.

4.4.1
Both Plates at Rest

If the upper plate is also kept stationary, then U = 0, and the equations for velocity, discharge q and the shear stress can be obtained from similar equations for generalised couette flow by putting U= 0. For flow between two stationary parallel boundaries, shown in Figure 4.4, we have


Equation (4.14) represents the plane Poiseuille flow,


For zero pressure gradient, Equation (4.11) reduces to the case of plane Couette flow.



Fig 4.4: Flow between stationary plates

4.4.1.1 Maximum velocity

du

For velocity to be maximum,
= 0 i.e.,

dy


i.e., maximum velocity occurs at the centre of the flow passage.


4.4.1.2 Average velocity

Let Q be the discharge per unit width of the flow passage. Then dQ= u dy


The average velocity V av is defined as the flow divided by the area through which it occurs.


This result also follows from the geometry of a parabola; area of the parabola is two-thirds of the area of the enclosing rectangle.

4.4.1.3 Shear stress

The shear stress distribution is closely linked to the velocity distribution. To determine the shear stress distribution, we substitute the value of point velocity (equation 4.20) in Newton's law of viscosity.


b

Apparently the shear stress is zero at y =
, i.e., at the centre of the flow passage and is

2


maximum at y = 0 (at the surface of lower plate) and at y = b (at the surface of the upper plate).


The shear stress distribution has thus a linear variation from a zero value at midway between the plates to a maximum value at surface boundaries (Figure).

4.4.1.4 Pressure drop in terms of average velocity

Rewriting equation 4.18 in terms of pressure gradient, we have:


or for a finite length of plates between x = x, and x = x2


The pressure head equivalent to this pressure difference is:


where w is the specific weight of the fluid.

4.4.2 Both plates moving in Opposite Directions

The velocity distribution for flow between parallel plates as obtained in equation (4.25) is


The constants of integration A and B are to be evaluated for the boundary conditions of the

problem, that is

(i) at y = 0, u = - V
(ii) at y = b, u = U.

Substituting these boundary conditions in Equation (4.25), we obtain


and the resulting velocity distribution equation is





Fig. 4.5: Flow between parallel horizontal plates, both the plates moving in opposite directions

The distance y at which the velocity uis zero may by obtained as follows:


Solving this quadratic equation


which simplifies to


This equation gives two values of y of which only one, which is positive and less than b, will be physically meaningful and the other one may, therefore, be discarded.

The discharge per unit width of plates may be obtained as under



The shear stress distribution may be expressed using Newton's law of viscosity as


The shear stress will be zero at a distance y, which may be obtained by setting Equation (4.26) to zero.


4.5 FLOW OF VISCOUS FLUID IN CIRCULAR PIPES—HAGEN PO
ISEUILLE'S LAW

Hagen-Poiseuille theory is based on the following assumptions:

The fluid follows Newton's law of viscosity.

There is no slip of fluid particles at the boundary (i.e., the fluid particles adjacent to the pipe will have zero velocity.


Fig. 4.6: Viscous/laminar flow through a circular pipe

If  is the shear stress, the shear force F is given by F =   2r  dx

Let p be the intensity of pressure at the left end and the intensity of pressure at the right end

	
	¶p
	

	be   p +
	¶x
	× ¶x

	
	
	



Thus the forces acting on the fluid element are:

The shear force,   2r  dx on the surface of the fluid element.
The pressure force, p x nr2 on the left-end.
+ ¶p

3.
The pressure force,
p

 
¶x


¶

 r2 on the right end.
For steady flow, the net force on the cylinder must be zero.


— Equation (4.28) shows that flow will occur only if the pressure gradient exists in the direction of flow'-

The negative sign shows that pressure decreases in the direction of the flow.

	—  Equation  (4.28)  indicates  that
	the
	shear  stress
	varies
	linearly
	across  the  section

	(see  Figure  4.7).  Its  value  is  zero
	at
	the  centre  of
	pipe
	(r=  0)
	and  maximum  at

	the pipe wall given by
	
	
	
	
	
	

	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	



From Newton's law of viscosity,


Fig. 4.7: Shear stress and velocity distribution across a section

In this equation, the distance y is measured from the boundary. The radial distance r is related to distance y by the relation

y = R —
r or dy = — dr



The equation (i) becomes


Comparing two values oft of from Equations 4.29 and 4.30, we have


Integrating the above equation with respect to ‘r’,we get


where C is the constant of integration and its value is obtained from the boundary condition:


At
r = R, u = 0


Substituting this value of C in equation (4.31), we get


Equation (4.33) shows that the velocity distribution curve is & parabola (see Figure 4.8). The maximum velocity occurs at the centre and is given by


From equations (4.33) and (4.34), we have


Equations (4.31) is the most commonly used equation for the velocity distribution for laminar flow through pipes. This equation can be used to calculate the discharge as follows:


The discharge through an elementary ring of thickness dr at radial distances r is given by





Equation (4.35) shows that the average velocity is one-half the maximum velocity. Substituting the value of umax from equation (4.33), we have


The pressure difference between two sections 1 and 2 at distance x 1 and x2 (see Figure 4.6) is given by


where D is the diameter of the pipe, and L is the length.


Equation (4.36) is known as the Hagen-Poiseuille equation.

4.5.1
Momentum Correction Factor

In a circular pipe, for laminar flow, the velocity distribution at any radius r is given by equation

(4.32)


Fig. 4.8



Consider an elementary area dA. in the form of a ring (Figure 4.8) at a radius r and of width

dr then

dA = 2
r • dr

Discharge through the ring, dQ = u x 2 r • dr

Momentum of the fluid through the ring per second

= mass of fluid x velocity of flow


Total actual momentum of the fluid per second across the section


Substituting the value of u from (i), we have


Actual momentum of the fluid per second



	Momentum of the fluid per second based on average velocity = mass of fluid/sec. x average velocity


	2


= A u u  A u

where A = area of cross-section = R 2

	
	
	umax
	

	u = average velocity =
	
	

	
	2
	

	
	
	
	

	
	
	
	


Momentum of the fluid per second based on average velocity


  momentum/sec. based on actual velocity momentum/sec. based on average velocity


4.5.2 Energy Correction Factor

K.E. of the fluid flowing through the elementary ring of radius r and thickness of dr per second


Total actual K.E. of flow per second



K..E. of the flow based on average velocity


…(v)




4.6 FLOW THROUGH PIPES

The term pipe is used to indicate the closed conduit which is used for carrying the fluids under pressure. Such a flow is known as a pipe flow.

The pipe in hydraulics is a general term for a closed conduit of any cross section. However, it is generally used for a closed conduit of circular cross-section. The pipes always run full because they carry the fluids under pressure. Thus, the flow in a pipe which does not run full cannot be treated as a pipe flow.

The pipe flow is very common in the modern times in the sense that that the pipes are used to transport the water from the reservoir to the town or city, to transport oil and gases, to carry water under high pressure to the turbines for the generation of power, etc.

4.6.1 Losses of head in Pipe Flow

It is found that when a liquid is flowing in a pipe, it loses its energy or head due to various causes. The total loss of head of a liquid flowing in a pipe can be grouped in the following two categories:

I. Major loss of head

II. Minor losses of head.


Fig. 4.9: Hydraulic gradient and energy gradient

4.6.2 Major loss of head

The major loss of head is mainly due to the viscosity and turbulence of liquid. It is called the loss of head due to friction and it occurs at an uniform rate along the pipe as long as the size and quality of pipe remain constant. It is denoted by h{.



Following are the formulas adopted to find out the loss of head due to friction in pipes:

DareyWeisbach equation

Chezy's formula

Each of the above formula will now be discussed in detail.

4.6.2.1
Darcy-Weisbach Equation

(l) Darcy-Weisbach equation: This is the most commonly used equation for finding out the loss of head due to friction in pipes and it can be derived in the following way:


Fig. 4.10: Darcy-Weisbach equation

Consider an uniform horizontal pipe of cross-sectional area A and let the drop of intensity of pressure be from p1 to p2 over a length L, as shown in Figure 4.10.

Let v = velocity of flow

f '  = frictional resistance per unit area at unit velocity

It is a non-dimensional factor value depends on upon pipe material and pipe surfaces.

F = total frictional resistance P = wetted perimeter

P 1 = total force acting at section 1 - 1 in the forward direction on water column.

P 2 - total force acting at section 2 - 2 in the backward direction on water column.

Then, the net force acting on the water column between sections 1 - 1 and 2 - 2 must be equal to the frictional resistance.

Resolving horizontally and remembering that the liquid cannot resist the shear stress,

	(P 1 - P 2 ) = F
	... (4.38)


Now,
P 1 = p1 A

and
P 2 = p2 A

F =
f ' x wetted area x vn =  f ' x PL x va


Substituting in equation (1),


Dividing throughout by the density of water w and taking n = 2 as per Froude's experiments,


Let


Then,


But,


Then,


Putting,


where  f
is the coefficient called the co-efficient of friction.

Then,
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 …(4.39) The above equation is known as Darcys Weisbach equation.

Some times Darcy equation is written as follows:


f1 -friction factor

Darcy equation shows that energy loss in pipe flow is proportional to the length of the pipe, Square of mean velocity V and frictional factor f1 and inversely proportional to the diameter of pipe. Friction factor f1 ) is the direct measure of resistance of flow depends on the Reynold's number and Pipe's surface roughness.

(a) Empirical formula's to calculate co-efficient of friction (f)



(Laminar/viscous flow)


Sometimes Darcy equation is expressed in terms of discharge (Q)


g = 9.8lm/s2


4.6.2.2 Chezy's Equation

(a) Chezy's Equation: This formula was given by the French Engineer Antoine Chezy in 1775. As discussed while derving Darcy's equation


Then,
i = slope of hydraulic gradient


Let


where C is Chezy’s coefficient or Chezy’s constant.

Then,


The Chezy's coefficient in the above equation is to be determined experimentally and is very complex as it depends on various factors such as roughness of surface, hydraulic mean depth. etc. However, the Chezy's formula is not commonly used in the case of flow through pipes.

4.6.3 Minor Energy Losses

Whereas the major loss of energy or head is due to friction, the minor loss of energy (or head) includes the following cases:

Loss of head due to sudden enlargement,

Loss of head due to sudden contraction,


Loss of head due to an obstruction in the pipe,

Loss of head at the entrance to a pipe,

Loss of head at the exit of a pipe,

Loss of head due to bend in the pipe, and

Loss of head in various pipe fittings.

(a) Loss of head due to sudden enlargement

Figure 4.11, shows a liquid flowing through a pipe which has sudden enlargement. Due to sudden enlargement, the flow is decelerated abruptly and eddies are developed resulting in loss of energy (or head).


Fig. 4.11: Loss of head due to sudden enlargement

Consider two section 1-1 (before enlargement) and 2-2 (after enlargement).

Let
A 1  = area of pipe at section 1-1


(where D 1  is the diameter of the pipe),

p 1 = intensity of pressure at section 1-1. V1 = velocity of flow at section 1-1, and


p 0 = intensity of pressure of the liquid eddies on the area (A 2 - A1 ) he = loss of head due to sudden enlargement.

Applying Bernoulli's equation to section 1-1 and 2-2 we have


But
…pipe being horizontal


or
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                     …(i)

Now, the force acting on liquid in the control volume (between sections 1 - 1 and 2 - 2) in the flow direction is given by:


Assuming

…(ii)

Consider momentum of liquid at the section 1 - 1 and 2 - 2; momentum of liquid/sec. at section 1 - 1 = mass x velocity.


Momentum of liquid/sec. at section 2 – 2


Change of momentum of liquid/sec.


But from continuity equation, we have


or

Change of momentum/sec.


…(iii)

Now, net force = change of momentum
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Dividing both sides by g , we get


or


4.6.3 (b)  Loss of head due to sudden contraction

Due to sudden contraction, the streamline converge to a minimum cross-section called the vena contracta and then expand to fill the downstream pipe (Figure 4.12).

Let Ac = area of flow at section C - C, Vc = velocity of flow at section C - C, A2 = area of flow at section 2 - 2,

V2 = velocity of flow at section 2 - 2, and hc= loss of head due to sudden contraction.




Loss of head due to sudden contraction = loss upto vena contracta + loss due to sudden enlargement beyond vena contracta

or
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 …(i) From continuity equation, we have


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


…(
4.41)


and thus the loss co-efficient k is a function of ratio


and k = 0.375 for C c  = 0.62

For gradual contraction (conical reducers) k is a function of cone angle and = 0.1.

Note: If the value of C is not given then loss of head due to contraction may be taken as


..(4.42)


4.6.3 (c) Loss of head due to obstruction in pipe

Refer Figure 4.13. The loss of energy due to an obstruction in pipe takes place on account of the reduction in the cross-sectional area of the pipe by the presence of obstruction which is followed by an abrupt enlargement of the stream beyond the obstruction.

Head loss due to obstruction ( hobs ) is given by relation.
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 …(4.43) where A = area of the pipe,

a = maximum area of obstruction, and V- velocity of liquid in pipe.


4.6.3 (d) Loss of head at the entrance of pipe

Loss of head at the entrace to pipe ( hi ) is given by the relation:
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 …(4.44) where V = velocity of liquid in pipe.

,

4.6.3 (e)  Loss of head at the exit of a pipe

Loss of head at the exit of a pipe is denoted by h0  and is given by the relation:
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 …(4.45) where V- velocity at outlet of pipe.

4.6.3 (f) Loss of head due to bend in the pipe

In general the loss of head in bends ( hb ) provided in pipes may be expressed as;


…(4.46)

where V = mean velocity of flow of fluid, and k = co-efficient of bend; it depends upon angle of bend, radius of curvature of bend and diameter of pipe.


4.6.3 (g) Loss of head in various pipe fittings

The loss of head in the various pipe fittings (such as valves, couplings, etc.) may also be represented as


where V— mean velocity of flow in the pipe, and k = value of the co-efficient; it depends on the type of the pipe fitting.

4.7 PIPES IN SERIES AND PARALLEL

In series arrangement, two or more pipes of different diameters are connected with one another to form a single pipeline (Figure 4.14a).

For such an arrangement,

discharge through all the pipes is same and continuous

total loss of head through the entire system is the sum of the losses in all the individual pipes and fittings


(neglecting minor transition losses)


(b) Pipes in Parallel

Fig. 4.14: Series and parallel arrangement of pipes

In parallel arrangement, two or more pipes branch out from a single pipe and after equal or unequal lengths join to form a single pipe (Figure 4.14b). For such an arrangement.

* discharge is shared by the pipes.

Q=Q 1  + Q 2 +Q 3  + ...

* head loss through each branch is same

h f    h f 1   h f 2   h f 3   ...


The parallel arrangement is frequently used in the water supply system when a need arises to increase the discharge through the main.

4.7.1 Pipe in Series or Compound Pipes

Figure 4.15 shows a system of pipes in series.

Let D 1 , D 2 , D 3  = diameters of pipes 1, 2 and 3 respectively,

	L 1
	,L 2  ,L 3
	= lengths of pipes 1, 2, and 3 respectively,

	V 1
	,V 2 , V 3
	= velocities of flow through pipes 1, 2, and 3 respectively,


= co-efficients of friction for pipes 1, 2 and 3 respectively, and H= difference of water level in the two tanks.

As the rate of flow (Q) of water through each pipe is same, therefore,


Also, the difference in liquid surface levels = sum of the various head losses in the pipes

i.e.,


…(i)


where hi  = head loss at entrance =


h f1  = head loss due to friction in pipe 1 =


hc = head loss at contraction =


h f2   = head loss due to friction in pipe 2 =


he  = head loss due to enlargement =


h f3   = head loss due to friction in pipe 3 =



Fig. 4.15: Pipes in series

Substituting the values in (i), we have


If minor losses are neglected, then above equation becomes,


4.8 EQUIVALENT PIPE

An equivalent pipe is defined as the pipe of uniform diameter having loss of head and discharge equal to the loss of head and discharge of a compound pipe consisting of several pipes of different lengths and diameters. The uniform diameter of the equivalent pipe is known as the equivalent diameter of the series or compound pipe.

Let LI, L2, L3 etc. = lengths of pipes 1, 2, 3, etc.

DI , D2 ,D3 etc. = diameters of pipes 1, 2, 3, etc.

H = total head loss,

L = length of the equivalent pipe, and

D = diameter of the equivalent pipe.

Then, neglecting minor losses, total head loss,


(where  f1 , f 2  and  f3  etc. are co-efficients of friction)

Also, from continuity considerations,



Substituting these values in equation (4.49), assuming  f1   f 2   f 3
etc. = f , we get


…(4.51)

Head loss in the equivalent pipe,


(assuming the same value of  f
as in compound pipe)

Where


…(4.52)

From equations (4.50) and (4.51), we have

.


	or
	…(4.53)


Equation 4.54 is known as Dupit's equation. If the length of the equivalent pipe is equal to the length of the compound pipe i.e., L = (L1 + L2 + L3 + ...), the diameter D of the equivalent pipe may be determined by using this equation. Sometimes a pipe of a given diameter D which is available may be required to be used as an equivalent pipe to replace a compound pipe; in this case the length of the equivalent pipe may be required to be determined and the same may also be determined by using equation (4.54).


4.9 HYDRAULIC GRADIENT AND TOTAL ENERGY LINES

The concept of hydraulic gradient line and total energy line is quite useful in the study of flow of fluids in pipes. These lines may be obtained as indicated below:

(a) Total Energy Line (T.E.L or E.G.L)

It is known that the total head (which is also total energy per unit weight) with respect to any arbitrary datum, is the sum of the elevation (potential) head, pressure head and velocity head, i.e.,


When the fluid flows along the pipe, there is loss of head (energy) and the total energy decreases in the direction of the flow. If the total energy at various points along the axis of the pipe is plotted and joined by a line, the line so detained is called the energy gradient line (E.G.L).

In literature, energy gradient line (E.G.L) is also known as total energy line (T.E.L).

(b) Hydraulic Gradient Line (H.G.L)


The sum of potential (or elevation) had and the pressure head
at any point is called the

piezometric head. If a line is drawn joining the piezometric levels at various points, the line so obtained is called the hydraulic gradient line.

The following points are worth noting:

The energy gradient line (E.G.L) always drops in the direction of flow because of loss of head.

The hydraulic gradient line (H.G.L) may rise or fall depending upon the pressure changes.

The hydraulic gradient line (H.G.L) is always below the energy gradient line


(E.G.L) and the vertical intercept between the two is equal to the velocity head

For a pipe of uniform cross-section, the slope of the hydraulic gradient line is equal to the slope of energy gradient line.

There is no relation whatsoever between the slope of energy gradient line and the slope of the axis of the pipe.

SYPHON

A syphon is a long bent pipe employed for carrying water from a reservoir at a higher elevation to another reservoir at a lower elevation when the two reservoirs are separated by a hill or high level ground between as shown in Figure 4.16.

The highest point (S) of the syphon is called the summit. The pressure at the point S is less than atmospheric pressure (since S lies above the free water surface in the tank A). The pressure at Scan be reduced theoretically to - 10.3 m of water but in actual practice this pressure is only 7.6 m of water (or 10.3 - 7.6 = 2.7 m of water absolute). When the pressure at S becomes less than 2.7 m of water absolute, the dissolved air and other gases would come out from water and collect at the summit. Therefore the syphon should be laid so that no section of the pipe will be more than 7.6 m above the hydraulic gradient at that section. Moreover, in order to limit the reduction of the pressure at the summit the length of the inlet leg (rising portion of the syphon) of the syphon is also required to be limited (this is so because, if the inlet leg is very long a considerable loss of head due to friction is caused, resulting in further reduction of the pressure at the summit).



4.11
HYDRAULIC TRANSMISSION OF POWER

Fluid flow under pressure through a pipeline has been effectively utilized for power transmission; the noteable flow situations are:

conveyance of water from a high level reservoir to a power house

operation of hydraulic appliances such as the hydraulic press, hydraulic jack etc.


When a fluid flows through a pipeline, it encounters the friction losses due to fluid flow and local resistances at the bends, valves and other pipe fittings. Let H denote the total head at the souce

and h f be the head loss in transmission. Then the head available at the outlet of pipe equals, h  H  h f

If the minor losses are neglected, then the head loss h f due to pipe friction is prescribed by the Darcy relation.



Power available at the pipe outlet is


…(4.54)

The condition for maximisation of power transmitted demands that dP/dV = 0. Differentiating equation 4.53 with respect to V and setting the derivative equal to zero, one obtains:


Thus maximum power would be transmitted when the friction lost during transmission is one-third of the total head supplied.

Transmission efficiency  t  is defined as the ratio of power delivered to power available.


Under conditions of maximum power transmission, h f   = H/3


Thus efficiency of transmission under conditions of maximum power transmission is 66.67%.


PROBLEMS WITH SOLUTIONS

4.1 A fluid is in laminar motion between two parallel plates under the action of motion of one of the plates and also under the presence of a pressure gradient in such a way that the net forward discharge across any section is zero.

Find out the point where minimum velocity occurs and its magnitude.

Draw the velocity distribution graph across any section.

Solution: In the given case of flow, the velocity distribution is given by


and the discharge per unit width,


Net forward discharge,


or


Minimum velocity occurs where u  0

y

Thus


or



or


or


or


or


b

Hence minimum velocity occurs at a distance
from the fixed plate (Ans.)

3

The magnitude of minimum velocity is obtained by putting y  b in the equation of velocity

3

distribution. Thus


or


(ii) Velocity distribution graph: The velocity distribution graph may be drawn by substituting arbitrary values of y such as 0.1 b, 0.2.b, 0.3 b etc. in the equation


and computing u in terms of U.

Also, when u = 0, y = 0 and 2 b

3

The velocity distribution graph is shown in Figure 4.18.

Two parallel plates kept 100 mm apart have laminar flow of oil between them with a maximum velocity of 1.5 m/s. Calculate

The discharge per meter width.

The shear stress at the plates.

The difference in pressure between two points 20 m Apart.

The velocity gradient at the plates, and

The velocity at 20 mm from the plate.

Assume viscosity of oil to be 24.5 poise.


Distance between the parallel plates b = 100 mm = 0.1 m

Maximum velocity of oil, umax =1.5 m/s

Viscosity of oil u = 24.5 poise = 2.45 NS/m2

(i) The discharge per meter width a


(ii) The shear stress at the plates  0:
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 …(4.3) Substituting the values, we have


The shear stress across any section is given by


…(4.4)

The shear stress at the plates is obtained by putting y = 0 in the above equation. Thus


(iii) Pressure difference between two points 20 m apart

We know


or

Integrating with respect to x, we get


or


	
	u

	(iv) The velocity gradient at the plates;
	

	
	

	
	yy0
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(v) The velocity at 20 mm from the plate


4.2 A liquid of viscosity of 0.9 poise in filled between two horizontal plates 10 mm apart. If the upper plate is moving at 1 m/s with respect to the lower plate which is stationary and the pressure difference between two sections 60 m apart is 60 kN/m2, determine:

The velocity distribution,

The discharge per unit width, and

The shear stress on the upper plate.

Solution:

Viscosity of the liquid
=0.9 poise = 0.09 Ns/m2

Distance between the plates,
b = 10 mm = 0.01 m

Velocity of the upper plate,
U = 1 m/s

Pressure difference between the sections 60 m apart = 60 kN/m2


Fig. 4.19


The velocity distribution: The system corresponds to Couette flow for which the velocity distribution is given as,

…(4.6)

Hence the velocity distribution is: u = y (155.55 - 5555.55y) (Ans.)

(ii) Discharge per unit width, q:


(iii) The shear stress on the upper plate,  0

Shear stress,


For the top plate, y = 0.01 m

 0  = 0.09(155.55 -111111.1x0.01) = 4 N/m2 (Ans.)

The laminar flow of a fluid of viscosity 0.883 Ns/m2 and specific gravity 1.26 occurs between a pair of parallel plates of extensive width, inclined at 45° to the horizontal, the plates being 10 mm apart. The upper plate moves with a velocity of 1.5 m/s relative to the lower plate and in a direction opposite to the fluid flow. Pressure gauges mounted at two points 1 m vertically apart on the upper plate record pressures of 245 kN/m2 and 78.5 kN/m2 respectively. Determine the velocity and shear stress distribution between the plates, the maximum flow

velocity and the shear stress on the upper plate.
(AMIE, 1982)

Solution:

For inclined boundaries, the Equation indicates that the pressure term p is to be replaced by p+ yz in all expressions applicable for horizontal boundaries. Hence using Equation, and noting that U = -1.5 m/s, one can write velocity distribution as



Making substitutions in Equation (i) above, the velocity distribution is given by,


Using Equation, with U = - 1.5 m/s, the shear stress distribution can be expressed as


For maximum velocity,



	or,
	150.1 7.17 x  104 (0.01 - 2y) = 0

	from which
	y = 3.954 x  10-3 m


and the maximum velocity

umax = - 150 x 3.954 x
10-3  + 7.17 x
104 (0.01 x 3.954 x
10-3 15.63 - 10-5)

= 2.323 m/s.

Shear stress on the upper plate:

 0.01  = 500.6 - 126.6 x
103 x 0.Ol

- 765.4 N/m2.

A water tank containing 4m depth of water has a horizontal crack of thickness 0.12 mm extending all the way through the 500 cm thickness of the wall at that location. The water seeps through this crack to the atmosphere. Estimate the leakage rate per minute per metre width of the crack if the crack is located at 4 m depth. Take kinematic viscosity as 0.01 stoke.

Solution:

The flow through the horizontal crack can be approximated as laminar flow between parallel plates separated by a distance b = 0.12 mm. Using Equation, the discharge through the crack per metre width,


Average velocity,


If h f   is the head loss in length


from which



Discharge per metre width,
q = V, b = 1.13 x 10-5 m3/a

0.678 litre/min. per metre width of crack

0.678 litre/min. per metre width of crack.

V

Checking for laminar flow, the Reynolds number  b = 11.3, which is well within the limit for laminar flow.

4.5 A straight stretch of horizontal pipe of 6 cm diameter was used in the laboratory to measure the viscosity of a crude oil (specific weight 9000 N/m3). During the test run, a pressure differential of 18000 N/m2 was recorded from two pressure gauges located 8 m apart on the pipe. The oil was allowed to discharge into a weighing tank and 6000 N of oil was collected in 4 minutes duration. Workout dynamic viscosity of the oil.

Solution:

Flow rate

Average flow velocity

Pressure loss for laminar flow through a pipe line is given by:

Dynamic viscosity of oil:

4.6 (a) At what distance r from the centre of a pipe of radius R does the average velocity occur in laminar flow?

(b) Water is flowing through a 20 cm diameter pipe with friction factor f = 0.04. The shear stress at a point 4 cm from the pipe axis is 100 Pa. Calculate the shear stress at the pipe wall.

Solution:

(a) Let determine the distance (r) from centre of pipe where average velocity occur in laminar flow in a pipe of radius 'R'.

We know

Since u  uave  we have


The average flow uave occurs at a radial distance 0.707 R from centre of pipe.

(b) The velocity at any radius r is given by


The minus sign is due to the fact that r is measured in a direction opposite of y.


That is shear stress varies linearly with radial distance from the pipe axis. Shear stress is given as 100 Pa at a distance of 4 cm from the pipe axis. Shear stress at the pipe wall, i.e., at 10 cm distance from the pipe axis is

11x100= 250 Pa. 4
Lubricating oil of specific gravity 0.85 and dynamic viscosity 0.1 Ns/m2 is pumped through a rough 3 cm diameter pipe. If pressure drop per metre length of the pipe is 15 kPa, determine

(i) the mass flow rate in kg/min ; (ii) the shear stress at the pipe wall; (iii) the Reynolds number of flow and (iv) the power required per 40 m length of the pipe to maintain the flow.

Solution: (i) Pressure drop for laminar flow through a pipe line is given by:


Flow rate
Q = A x V av =  (0.03)2 X 4.218 = 0.00298 m3 Is

4

Mass flow rate =  Q = (0.85 x 1000) x 0.00298 x 60 = 151.98 kg/min

(ii)  Shear stress at the pipe wall


This is less than 2000 and hence the flow is laminar.


Work done in maintaining flow = wQh f (0.85 x 9810) x 0.00298 x 1.8 = 44.73 Nm/s = 44.73 W

For40 m length of the pipe,

Power required = 44.73 x 40 = 1789 W = 1.79 kW.

4.8 An oil having a viscosity of 1.43 poise and specific gravity of 0.9 flows through a pipe, 2.5 cm diameter and 300 cm long, at one-tenth of the critical velocity for which the Reynolds number is 2500. Find: (a) the velocity of flow through the pipe, (b) the head loss in metres of oil across the pipe length required to maintain the flow, and (c) power required to overcome the viscous resistance to the flow of oil.


Solution: (a)

 . = 1.43 poise = 1.43 x 0.1 = 0.143 Ns/m2;  = 900 kg/m3


(c) Work done in maintaining flow = wQh f


4.9 A horizontal pipe of 5 cm diameter conveys an oil of specific gravity 0.9 and dynamic viscosity 0.8 kg/ms. Measurements indicate a pressure drop of 20 kN/m.2 per metre of pipe length traversed. Make calculations for the (i) flow rate of oil and centre line velocity, (ii) wall shear stress and the frictional drag over 100 m of pipe length, (iii) power of pump required assuming an overall efficiency of 60 percent, (iv) the velocity and shear stress at 1 cm from the pipe surface.

Solution: (i) The pressure loss for laminar flow through a pipe line is given by


The flow Reynolds number is less than 2000 and hence the assumption of laminar flow is correct.


Frictional drag for 100 m length of pipe,



(iii) Power required to maintain flow,

P =F D  x V av  = 3925 x 1.95 = 7654 Nm/s = 7.66 kW

Alternatively: P = Q  P = 3.83 x 10-3 x (20 x 100) = 7.66 kW

	Power of pump =
	7.66
	= 12.77 kW

	
	
	

	
	0.6
	

	
	
	


(iv)The velocity at any radius r is given by


At 1 cm distance from the wall, r =R-y =2.5 - 1 = 1.5 cm


Shear stress varies linearly with radial distance from the pipe axis;


4.10 An oil having viscosity of 7 poise and specific gravity 0.85 flows through a horizontal 50 mm diameter pipe with a pressure drop of 18 kN/m2 per metre length of pipe. Determine : (i) the flow rate of oil and the centre line velocity, (ii) the total friction drag over 100 m length of pipe and the power required to maintain the flow, (iii) the velocity and shear stress at 8 mm from the wall.

Solution:

 = 7 poise = 7 x 0.1 = 0.7Ns/m2

Pressure loss for laminar flow through a pipe line is,


This is less than 2000 and obviously the flow is laminar.


The maximum velocity occurs at centre line of the pipe and it equals twice the average flow velocity



Frictional drag for 100 m length of pipe, FD =  0  d l = 225 x  x 0.05 x 100 = 3532 N

Work done in maintaining flow = FD x
V av = (3532 x 2.01) Nm/s = 7.1 kW

The power required to maintain flow could also be worked out from the relation

P = wQh f


of pipe.

P = (9810 x 0.85) x 0.00394 x 215.8 = 7089 W = 7.1 kW

Velocity at radius r is given by


Corresponding to 8 mm from the wall,

r = R - y = 0.025 - 0.008 = 0.017

Velocity at 8 mm from the wall,


Recalling that shear stress is directly proportional to distance from the pipe axis,


0

R

 Shear stress at 8 mm from the wall,   225  0.017  153 N/m2

0.025

4.11 Crude oil of dynamic viscosity 1.5 poise and specific gravity 0.9 flows through a 20 mm diameter vertical pipe. Two pressure gauges have been fixed at 20 m apart. The pressure gauge fixed at the higher level reads 200 kPa and that lower level reads 600 kPa. Find the direction and rate of flow through the pipe. Take specific gravity of water = 10 kN/m3.

Solution:

Since the pipe is of uniform diameter, velocity head would be same and as such flow direction will be dictated by the values of piezometric head at the two sections. Reference Figure 4.21 and taking horizontal datum through pressure gauge fixed at the lower level.

Piezometric head at point 1,

p1  p1  wy1 = 200 + (0.9 x 10 x 20) - 380 kN/m2 Piezometric head at point 2,

p2  p2   wy 2  = 600 + (0.9 x 10 x 0) = 600 kN/m2



Since p2 is greater than p1  the direction of flow is upwards.

Loss of piezometric head = 600 - 380 = 220 kN/m2


Fig. 4.21

Invoking the Hagen-Poiseuille relation,


This is less than 2000 and hence the flow is laminar.


4.12 A liquid of dynamic viscosity 0.04 Pas and specific weight 8 kN/m3 is being pumped through a pipe of 1.25 cm diameter laid on a slope as shown in Figure 4.22. For the pressures indicated, work out the direction and rate of flow through the pipe

Solution:

Since the pipe is of uniform diameter, velocity head would be same at the two sections and as such flow direction will be dictated by the values of piezometric head. Taking a horizontal line passing through point 2 as the datum, then

Piezometric head at point 1,

p1  p1   wy1 =150 + ( 8 x 5 ) = 190 kPa

Piezometric head at point 2,

p2  p2   wy 2 = 200 + ( 8 x 0 ) = 200 kPa

Since p2 is greater than p1  the direction of flow is from point 2 to point 1.



Fig. 4.22

Using the Hagen-Poiseuille law.


4.13 A pipe 10 cm in diameter and 1000 m long is used to pump oil of viscosity 3.5 poise and specific gravity 0.92 at the rate of 1200 lit/min. The first 300 m of the pipe is laid along the ground sloping upwards at 10° to the horizontal and the remaining pipe is laid on the ground sloping upwards at 15° to the horizontal. State whe ther the flow is laminar or turbulent? Determine the pressure required to be developed by the pump and the power of the driving motor if the pump efficiency is 60 percent. Assume suitable data for friction coefficient f, if required.


Fig. 4.23

Viscosity  = 8.5 poise = 8.5x0.1= 0.85 Ns/m2



Since the Reynolds number is less than 2000, the flow is laminar. For laminar flow, the friction coefficient is given by


Head loss due to friction in 1000 m length of pipe


The pressure to be developed by the pump can be worked out by applying Bernoulli's equation between the pump outlet (suffix 1) and the end of the pipe line (suffix 2).


With horizontal line through the pump centre,


y 1  = 0 and y2 = 300 sin 10° + 700 sin 15° = 233.25 m

P2 = 0 as the pressure at the pipe exit is atmospheric. Also V1 = V2

 p1   = 233.25 + 768 = 1001.25 m of oil

w

Power required to develop this pressure

w Q H = (0.92 x 1000 x 9.81) x 0.02 x 1001.25

180729 Nm/s = 180.73 kW

186.73 

Power of driving motor =
301.2 kW

0.6

4.14 In a pipe of diameter 350 mm and length 75 m water is flowing at a velocity of 2.8 m/s. Find the head lost due to friction using:

Darcy-Weisbach formula;

Chezy's formula for which C- 55.

Assume kinematics viscosity of water as 0.012 stoke.

Solution:

Diameter of the pipe, D = 350 mm = 0.35 m

Length of the pipe, L = 75 m

Velocity of flow, V= 2.8 m/s

Chezy's constant C = 55

Kinematic viscosity of water, v = 0.012 stoke = 0.012 x 104 m2/s.



Re0.3

0.087

Head lost due to friction, h f

(i) Darcy-Weisbach formula: Darcy-Weisbach formula is given by


where  f
= coefficient of friction (a function of Reynolds number R)


Head lost due to friction,


(ii) Chezy's formula


4.15 Water flows through a pipe of diameter 300 mm with a velocity of 5 m/s. If the co-efficient

of friction is given by f = 0.015 +
where R is the Reynolds number, find the head lost


date to friction for a length of 10 m. Take kinematic viscosity of water as 0.01 stoke. Solution:

Diameter of the pipe, D = 300 mm = 0.3 m

Velocity of water V = 5 m/s

Length of the pipe, L = 10 m


Viscosity of water, v = 0.01 stoke = 0.01 x 10-4 m2/s

( Q 1 stoke = 1 cm2/s = 1 x 104 m2/s)

Head lost due to friction h f


4.16 In a pipe of 300 mm diameter and 800 m length an oil of specific gravity 0.8 is flowing at the rate of 0.45 m3/s. Find:

Head lost due to friction, and

Power required to maintain the flow.

Take kinematic viscosity of oil as 0.3 stoke.

Solution:

Diameter of the pipe, D - 300 mm = 0.3 m

Length of the pipe, L = 800 m

Specific gravity of oil = 0.8

Kinematic viscosity of oil, v = 0.3 stoke = 0.3 x 104 m2/s

Discharge, Q= 0.45 m3/s




(ii) Power required, P

Power required to maintain the flow, P = w Q h f where w = 0.8 x 9.81 = 7.848 kN/m3

h f  = 109.72 m, Q= 0.45 m3/s

P = 7.848 x 0.45 x109.72 = 387.48 kW (Ans.)

At a sudden enlargement of a water main from 240 mm to 480 mm diameter, the hydraulic gradient rises by 10 mm. Calculate the rate of flow. [AMIE, Punjab University]

Solution:

Diameter of the smaller pipe, D 1  = 240 mm = 0.24 m

Diameter of larger pipe, D2 = 480 mm = 0.48 m

Rise of hydraulic gradient, i.e.,


Rate of flow, Q


Applying Bernoulli's equation to small and large pipe sections (l-l and 2-2), we get


From continuity equation, we have


Substituting this value of V 1  in equation (77), we get


Now substituting the values of he and V, in equation (i), we have



4.18 A horizontal pipe 150 mm in diameter, is joined by a sudden enlargement to a 225 mm diameter pipe. Water is flowing through it at the rate of 0.05 m3/s. Find:

Loss of head due to the abrupt expansion,

Pressure difference in the two pipes, and

Change in pressure if the change of section is gradual without any loss.

Solution:

Diameter of the smaller pipe, D 1  = 150 mm = 0.15 m

Area, A 1  =  x 0.152 = 0.01767 m2

4

Diameter of the larger pipe, D2 = 225 mm = 0.225 m

Area, A 2  =  - x 0.2252 = 0.03976 m2

4

Discharge, Q = 0.05 m3/s.

(i) Loss of head due to the abrupt expansion, he


where V1 and V2 are the velocities of flow in the smaller and larger diameter pipes respectively.


(ii)
Pressure difference in the two pipes

Applying Bernoulli's equation at the smaller and the larger pipe sectons, we get



The positive sign indicates that there is gain in pressure. Thus although there is an energy loss, the pressure increases across a sudden flow of expansion.

(iii) Change in pressure with gradual change of section

If the change of section is gradual without loss, then gain in pressure,


4.19 The diameter of a horizontal pipe which is 300 mm is suddenly enlarged to 600 mm. The rate of flow of water through this pipe is 0.4 m3/s. If the intensity of pressure in the smaller pipe is 125 kN/m2, determine:

Loss of head, due to sudden enlargement,

Intensity of pressure in the larger pipe, and

Power lost due to enlargement.

Solution:

Diameter of the smaller pipe D1  = 300 mm = 0.3 m


(i)
Loss of head due to sudden enlargement, h e :

Loss of head due to sudden enlargement.



(ii) Intensity of pressure in the large pipe, p2

Applying Bernoulli's equation before and after sudden enlargement, we get


(iii) Power lost due to sudden enlargement, P lost


where w =9.81 x 1000 Nlm3

Q = 0.4 m3/s, and he = 0.918 m


 (9.811000)  0.4  0.918

Plost

1000

3.6kW (Ans.)
A horizontal pipe carries water at the rate of 0.04 m3/s. Its diameter, which is 300 mm reduces abruptly to 150 mm. Calculate the pressure loss across the contraction. Take the co-efficient of contraction = 0.62.

Solution:

Diameter of the large pipe, Dx = 300 mm = 0.3 m



Discharge, Q = 0.04 m3/s

Coefficient of contraction, C c  =0.62

Pressure loss across the contraction, ( p1   p2 )

From continuity equation, we have

A 1 V 1 =A2V2=Q


Applying Bernoulli's' equation before and after contraction, we get,


But z 1  = z2 ... because the pipe is horizontal, and head loss due to contraction (h c ) is given as:


Substituting these values in equation (i), we get


	
	= 0.26 + 0.0978 - 0.016 = 0.3418

	Hence
	p1   p2 = w x 0.3418 = 9.81 x 0.3418


3.35kN/m2 (Ans.)
A pipe of diameter 225 mm is attached to a 150 mm diameter pipe by means of a flange in such a manner that the axes of the two pipes are in a straight line. Water flows through the arrangement at the rate of 0.05 m3/ s. The pressure loss at the transition as indicated by differential gauge length on a water-mercury manometer connected between two pipes equals 35 mm.

Calculate:

The loss of head due to contraction, and

The co-efficient of contraction.

Solution:

Diameter of the large pipe, D1  = 225 mm = 0.225 m

Area, A 1 =  x 0 . 2 2 5 2  = 0.03976 m2

4

Diameter of the small pipe, D2 = 150 mm = 0.15 m :. Area, A2 =  x 0.152 = 0.01767 m2

4

Discharge, Q= 0.05 m3Is


Reading of the differential gauge, h = 35 mm = 0.035 m

(i) Loss of head due to contraction he

When the water-mercury manometer is connected across the contracted transition, then


where Sm = sp. gr. of mercury ( = 13.6), and S w = sp. gr. of water ( = l).

Substituting the values in the above equation, we get


Let V 1   and V2  be the velocities of flow in the large diameter and small diameter pipes

respectively, then


Invoking Bernoulli's equation, we have


where hc = head loss due contraction, and z 1  - z2.... the pipe being horizontal.


(ii) The co-efficient of contraction, C c :

The loss of head due to contraction is given by


from which
Cc = 0.65 (Ans.)

4.22 When a sudden contraction is introduced in a horizontal pipe line from 500 mm diameter to 250 mm diameter, the pressure changes from 105 kN/ m2 to 69 kN/m2. If the co-efficient of contraction is assumed to be 0.65, calculate the water flow rate.

Following this if there is a sudden enlargement from 250 mm to 500 mm and if the pressure at


the 250 mm section is 69 kN/m2, what is the pressure at the 500 mm enlarged portion. [AMIE]

Solution:

Diameter of the large pipe, Dx = 500 mm = 0.5 m


Diameter of the small pipe, D2 = 250 mm = 0.25 m


Pressure inside the large pipe, p 1  = 105 kN/m2

Pressure inside the small pipe, p2 = 69 kN/m2

Co-efficient of contraction, C c  = 0.65


Fig. 4.24

(i) Flow rate, Q: Head lost due to contraction is given by,


From continuity considerations, we have


Applying Bernoulli's equation at 1-1 at 2-2, we get



Substituting the values, we get


(ii)
Pressure at the enlarged section, p4

Applying Bernoulli's equation at the sections 3-3 and 4-4, we get


Substituting the values in the above equation, we get


4.23 A horizontal pipe line 40 m long is connected to a water tank at one end and discharges freely into the atmosphere at the other end. For the first 25 m of its length from the tank, the pipe is 150 mm diameter and its diameter is suddenly enlarged to 300 mm. The height of the water level in the tank is 8 m above the centre of the pipe. Considering all losses of head


which occur;

Determine the rate of flow;

Draw the hydraulic gradient and energy gradient lines. Take f = 0.01 for both sections of the pipe. [AMIE]

Solution:

Total length of the horizontal pipe line, L = 40 m.

Length of first pipe L 1  = 25 m

Diameter of first pipe D 1 = 150 mm = 0.15 m

Length of second pipe, L2 = 40 - 25 = 15 m

Diameter of second pipe, D2 = 300 mm = 0.3 m

Height of water, H=8m

Co-efficient of friction, f = 0.01

(i) Rate of flow, Q: Applying Bernoulli's equation to the free water surface (F.W.S) in the tank and outlet of the pipe as shown in Figure 4.25, we get


Fig. 4.25


Where
V2 = velocity of water at the outlet of pipe,

2

hi  = loss of head at entrance = 0.5 V1

2g



From continuity equation, we have


Substituting the value of V1  in the different head losses, we have


Substituting the values of these losses in equation (i), we get




Fig. 4.26


Hence, rate of the flow Q = A 2 V 2  = - x 0.32 x 1.11 = 0.078 m3/s
(Ans.)

(ii) E.G.L. and H.G.L. : The various head losses are: (Refer Figure 4.26)


To draw E.G.L. and H.G.L. the following procedure is followed.

E.G.L. (Energy gradient line): The point L lies on EW.S. (free water surface).

—Take LM = h 1  = 0. 5m

—From M draw a horizontal line. Taking MA equal to the length of the pipe {i.e., L 1 draw a

vertical line downward from the point A. Cut AN= h f 1  = 6.7 m.

—Join MN

—From N, draw a line NS vertically downward equal to he (= 0.56 m)

— From S, draw SB horizontal and from point U (which is lying on the centre of the pipe) draw a vertical line in the upward direction, meeting at B. From B

take BT = h f 2  = 0.126 m.

—Join ST.

—The line LMNSTrepresents the energy gradient line (E.G.L). H.G.L.


	(Hydraulic gradient lines)
	
	
	
	
	
	

	—From M, take MP =
	V12
	
	(4 1.11)2
	 1.0m
	(QV   4V
	
	)
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	2g
	2  9.81
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—Draw the line PQ parallel to the line MN

—From the point U, draw a line UV parallel to the line TS

—Joint QV

— The line  PQVU represents the hydraulic gradient line (H.G.L).

Three pipes of diameters 300 mm, 200 mm and 400 mm and lengths 450 m, 225 m and 315 m respectively are connected in series. The difference in water surface levels in two tanks is 18 m. Determine the rate of flow of water if co-efficients of friction are 0.0075, 0.0078 and 0.0072 respectively considering:

Minor losses also, and

Neglecting minor losses.

Solution:

Pipe 1: L 1  = 450 m, D 1  = 300 mm = 0.3 m, f1  = 0.0075

Pipe 2: L 2  = 255 m, D 2  = 200 mm = 0.2 m, f 2 = 0.0078

Pipe 3: Z3 = 315 m, D3 = 400 mm = 0.4 m,  f3 = 0.0072

Difference of water level, H= 18 m.

(i) Considering minor losses: Let Vv V2 and V3 be the velocities in 1st, 2nd and 3rd pipe respectively.

From continuity considerations, we have





Rate of flow, Q = A 1 x V1  =  /4 x 0.32 x 1.166= 0.0824 m3/s (Ans.)

(ii) Neglecting minor losses


:. Discharge, Q = A 1 V 1  =  / 4 x 0 3 2 x  1 . 1 8 = 0.0834 m3/s (Ans.)


4.25 A piping system consists of three pipes arranged in series; the lengths of the pipes are 1200 m, 750 m and 600 m and diameters 750 mm, 600 mm and 450 mm respectively.

Transform the system to an equivalent 450 mm diameter pipe, and

Determine an equivalent diameter for the pipe, 2550 m long.

Solution:

Pipe 1: L1  = 1200 m D 1  = 750 mm = 0.75 m

Pipe 2: L2 = 750 m, D2 = 600 mm = 0.6 m

Pipe 3: L3 = 600 m, D3 = 450 mm = 0.45 m

(i)  Equivalent length, L

Diameter of the equivalent pipe, D = 450 mm = 0.45 m (Given)

Using the relation:


or

L = 47217.2 x (0.45)2 = 871.3 m (Ans.)


(ii) Equivalent diameter, D

Length of the equivalent pipe, L = 2550 m (Given)


4.26 The main pipe divides into two parallel pipes which again forms one pipe as shown in Figure 27. The data is as follows:


Fig. 4.27

First parallel pipe: Length = 1000 m, diameter = 0.8 m Second parallel pipe: Length = 1000 m, diameter = 0.6 m Co-efficient of friction for each parallel pipe = 0.005

If the total rate of flow in the main is 2m3/s find the rate of flow in each parallel pipe.

Solution:

Length of pipe 1, L 1  = 1000 m

Diameter of pipe 1, D 1  = 0.8

Length of pipe 2,
L2 = 1000 m

Diameter of pipe 2, D2 = 0.6 m

Total rate of flow,
Q = 2 m3/s

Coefficient of friction,  f1   f 2  = 0.005

Rate of flow in each pipe:

Let
Q 1  = rate of flow in pipe 1,

Q2 = rate of flow in pipe 2, and

Q = total rate of flow (in main line).




f1   f 2  (= 0.005) and L1  = L2 (= 1000 m)

The above equation reduces to:


Substituting the values of Q 1 and Q2 in equation (i), we get, 2 = 0.578 V2+ 0.283 V2


Substituting this value of V2 in equation (ii) we get

	or
	V2 = 1.15x 2.32 = 2.67 m/s

	Hence
	Q, =A 1 V 1
	=   0.82 x 2.67 = 1.342 m3/2

	
	
	4


Q2 = Q-Q1 = 2-1.342

0.658 m3/s  (Ans.)
A pipe line of 600 mm diameter is 1.5 km long. To increase the discharge, another line of the same diameter is introduced parallel to the first in the second half of the length. If f = 0.01

	and head at inlet is 300 mm calculate the increase in discharge.
	[AMIE]

	Neglect minor losses.
	
	
	
	

	Solution:
	
	
	
	

	Diameter of the pipeline, D = 0.6m
	
	
	
	

	Length of the pipe line, L = 1.5 km = 1.5 x 1000 = 1500 m.
	

	Co-efficient of friction,  f = 0.01
	
	
	
	

	Head at inlet, h = 0.3 m
	
	
	
	

	Head at outlet (= atmospheric head) = 0
	
	
	
	

	Head lost, h f  - 0.3 m
	
	
	
	

	Length of another parallel pipe, L2 (= L1 ) =
	1500
	= 750 m
	

	
	
	
	
	

	
	2
	
	

	
	
	
	


Diameter of another parallel pipe, D2 (= D 1 ) = 0.6 m

The arrangement of the pipe system is shown in Figure 4.28.



Increase in discharge

Case I: Discharge (Q) for a single pipe of length 1500 m and diameter 0.6 m. The head lost due

to friction in single pipe is given as:


Case II: When an additional pipe of length 750 m and diameter 0.6 m is connected in parallel with the last half length of the pipe.

Let Q 1  = discharge in first parallel pipe,

Q2 = discharge in second parallel pipe,

Q = discharge in the main pipe (when pipes are connected in parallel)

Then
0 p  = Q 1  + Q2
...(Figure 4.28)

As the pipes in parallel have the same diameter and length,

Consider the flow through ABC or ABD.

Head lost (due to friction) in ABC = head lost in AB + head lost in BC
... (ii)

Head lost in ABC= 0.3 m (given)


Head Lost (due to friction) in AB



Head lost due to friction through BC


Substituting these values in equation (ii) we get

= 31.9 Q2 +7.98 Q2
Increase in discharge = Qp-Q= 0.087- 0.0687 = 0.0183 ms/s  (Ans.)


4.28 Two sharp ended pipes of diameters 50 mm and 100 mm respectively each of length 100 m respectively, are connected in parallel between two reservoirs which have a difference of level of 10 m. If the friction factor for each pipe is 0.32, calculate:

Rate of flow for each pipe, and

The diameter of a single pipe 100 m long which would give the same discharge, if it were substituted for the original two pipes. [AMIE]

Solution:

Diameter of pipe 1, D 1  = 50 mm = 0.05 m

Diameter of pipe 2, D2 = 100 mm = 0.1 m

Length of pipe 1, L 1  = 100 m

Length of pipe 2, L2 = 100 m

Difference in level, h = 10 m

Friction factor, (4f) = 0.32

(i)  Rate of flow for each pipe:

Let V1  = velocity of flow in pipe 1, and

V2 = velocity of flow in pipe 2.

Since the pipes are connected in parallel, therefore the loss of head will be same in both the

pipes.

For the pipe 1, the loss of head



Fig.4.29

For the pipe 2 the loss of head is given by,


	
	
	

	Q2=A2V2
	= 
	x 0.12 x 0.78 = 0.00613 m3/s (Ans.)

	(ii) Diameter of the single pipe
	4
	

	
	
	


Let D = diameter of the single pipe,

L = length of the single pipe = 100 m,

V- velocity of liquid in the single pipe, and

Q- discharge through the single pipe.

Now,

Q = Q1  + Q2

= 0.00108 + 0.00613 = 0.00721 m3/s.



4.29 Two reservoirs have a constant difference of levels of 70 m and are connected by a 250 mm diameter pipe which is 4 km long. The pipe is tapped mid-way between the reservoirs and water is drawn at the rate of 0.04 m3/ s. Assuming friction factor = 0.04, determine the rate at which water enters the lower reservoir.

Solution:

Diameter of the pipe, D = 250 mm = 0.25 m

Difference of level, h = 70 m

Friction of factor, 4 f = 0.04

Rate at which water enters the lower reservoir

Let Q = discharge entering the lower reservoir.

Then, discharge at the inlet = (Q+ 0.04) m3/s.


Fig. 4.30

Fig. 4.30 Now from the application of Bernoulli's equation, we have



Equation (i) becomes:


Hence the rate at which water enters the lower reservoir = 0.0485 m3/s.  (Ans.)

4.30 Two pipes of diameter 400 mm and 200 mm are each 300 m long. When the pipes are connected in series the discharge through the pipeline is 0.10 m3/s, find the loss of head incurred. What would be the loss of head in the system to pass the same total discharge when the pipes are connected in parallel? Take friction factor = 0.0075 for each pipe. [Nagpur University]

Solution:

Diameter of the pipe 1, Dl = 400 mm = 0.4 m

Length of the pipe 1, Ll = 300 m

Diameter of the pipe 2, D2= 200 mm = 0.2 m



Fig. 4.31

Length of the pipe 2, L2 = 300 m

Friction factor for each pipe (4 f ) = 0.0075

(i) Pipes connected in series - Loss of head

Velocity of flow in pipe 1


Velocity of flow in pipe 2,


Head lost due to friction in pipe 1


Assuming head lost due to contraction,


(ii) Pipes in parallel-Loss of head

From continuity consideration, we have

 Q1   Q2
 Q1   Q2
	or
	0.1= 
	x 0.42 x V1+  /4 x 0.22xV2
	

	
	4
	
	

	
	= 0.1257 V 1  + 0.0314 V2
	...(4.10)




Fig. 4.32

Also, head lost will be same, since the pipes are connected in parallel.


or

or

Substituting the value of V2 from (l) in (2), we get


Using V 1  = 0.97 m/s, we have

Q1=  /4 x 0.42 x 0.97 = 0.1219 m3 /s

Since Q 1  > Q,V 1 =.91m/s

Using V 1  = 0.677 m/s, we have

Q1=  /4x0.42 x 0.677 = 0.085 m3Is

Q2 = 0.1 - 0.085 = 0.015 m3/s


4.31 The pipes of diameter D and d of equal length L are considered. If the pipe are arranged in parallel, the loss of head for either pipe for a flow of Q is h. If the pipes are arranged is series and the same quantity Q flows through them, the loss of head in H. If d = 0.5 D, find the percentage of total flow through each pipe when placed in parallel and the ratio of H to h neglecting minor loses and assuming friction co-efficient to be constant. [AMIE, UPSC Exams.]


Solution:

Diameter of pipe 1, D 1 =D

Length of pipe 1, L 1  = L

Diameter of pipe 2, D2 = d

Length of pipe 2, L 1  = L

Total discharge = Q

Head lost when pipes are arranged in parallel = h


Fig. 4.33: Pipes connected in parallel

Head lost when pipe and arranged in series = H d= 0.5 D and f is constant.

Case I: Pipes connected in parallel

When pipes are connected in parallel,

Q  Q1   Q2

Loss of head in each pipe = h





Substituting the value of Q 1  in equation (i) we get

Q = 5.657 Q2+ Q2 = 6.657 Q2

	
	Q2  
	Q
	 0.15Q
	

	
	
	
	
	

	
	
	6.657
	
	

	
	
	
	
	

	and
	Q 1  = Q - 0.15 Q= 0.85 Q... [From (i)]
	... (v)

	
	
	
	
	

	
	
	
	
	


Fig. 4.34: Pipes connected in series


Case II: Pipes connected in series:

In this case, total loss = sum of head losses in the two pipes


From equation (ii)

And From equation (iii)


Substituting these values in equation (vi), we get


But form equation (iv) and (v)


4.32 A pumping plant forces water through a 600 mm diameter main, the friction head being 27 m. In order to reduce the power consumption, it is proposed to lay another main of appropriate diameter along the side of the existing one, so that the two pipes may work in parallel for the entire length and reduce the friction head to 9.6 m only. Find the diameter of the new main if with the exception of diameter, it is similar to the existing one in every respect. [AMIE]

Solution:

Diameter of single main pipe, D = 600 mm = 0.6 m

Friction head, h f  = 27 m

Friction head for two parallel pipes = 9.6 m

Diameter of the new main


Fig. 4.35

Case I: Single main





Case II: Two pipes in parallel

Loss of head, h f  = 9.6 m

For Pipe 1:


Dividing (i) by (iii), we get



Dividing (ii) by (iii), we get


4.33 Two reservoirs, having a difference in elevation of 15 m, are connected by a 200 mm diameter syphon. The length of the syphon is 400 m and the summit is 3 m above the water level in the upper reservoir. The length of the pipe from the upper reservoir to the summit is 120 m. If the co-efficient of friction is 0.005, determine:

Discharge through the syphon, and

Pressure at the summit.

Solution:

Diameter of the syphon D = 200 mm = 0.2 m

Length of the syphon, L = 400 m

Difference in level of the two reservoirs, H = 15 m

Height of the summit from upper reservoir, h = 3 m

Co-efficient of friction,  f = 0.005

(i)  Discharge through the syphon, Q

Applying Bernoulli's equation to points A and B, we get,




Fig. 4.36

Pressure at summit: Applying Bernoulli's equation to points A and S, we get

4.34 A 200 mm diameter pipe, 4000 m ions connects two reservoirs where surface levels differ by 40 m. At a distance of 400 m from the upper reservoir, the pipe crosses a ridge the summit of which is 9 m above the level of water in the upper reservoir. Determine:

(i) The minimum depth of the pipe below the summit of the ridge, if the absolute pressure head at the summit of syphon is not to fall below 3.0 m of water (absolute).


(ii) The discharge through the pipe.

Take co-efficient of friction f = 0.006 and atmospheric head = 10.3 m of water. Neglect minor losses.

Solution:

Diameter of the pipe, D = 200 mm = 0.2 m

Total length of the pipe, L = 4000 m

Length of syphon from upper reservoir to the summit, L 1  - 400 m

Difference in levels of two reservoirs = 40 m

Friction co-efficient,  f
= 0.006

Atmospheric pressure head = 10.3 m of water

p

Pressure head at C,
c
= 3.0 m of water (absolute)

w


Fig. 4.37

(i)  Minimum depth of pipe below the summit

Let y = depth of the pipe below the summit of the ridge.

Then height of syphon from the water surface in the upper reservoir = (9 - y) Applying Bernoulli's equation at/1 and B (taking line passing through B), we have


Now applying Bernoulli's equation at A and S (assuming datum line passing through A), we

have



	
	= 3+ 0.0832+ (9-7)+ 3.99

	or
	y = 5.77 m  (Ans.)


	(ii) The discharge through the pipe, Q.
	

	Q = A x \/= 
	x 0.22 x l.278 4

	4
	


0.04m3/s (Ans.)
A 2500 m long pipe line is used for transmission of power. 120 kW power is to be transmitted through the pipe in which water having a pressure of 4000 kN/m2 at inlet is flowing. If the pressure drop over the length of pipe is 800 kN/m2 and f = 0.006, find:

Diameter of the pipe, and

Efficiency of transmission.

Solution:

Length of the pipe line, L = 2500 m

Power transmitted, P = 120 kW

Pressure at inlet, p = 4000 kN/m2

 p  4400 

H
407.7m

w
9.81

Pressure drop
= 800 kN/m2

Loss of head, h f    800  81.5m

9.81

Co-efficient of friction,  f = 0.006

(i)
Diameter of the pipe, D:

Head available at the end of the pipe, = H - hf   = 407.7 - 81.5 = 326.2 m

Now, power transmitted is given by: P = w Q (H - hf ) kW

120 = 9.81 x Q x 326.2

where Q = discharge through the pipe in m3/s and w specific weight of water = 9.81 kN/m3



or
D = 0.1535 m or 153.5 mm  (Ans.)

	(ii) Efficiency of transmission,  : 
	H  h f
	
	407.7  81.5
	 0.8 or 80% (Ans.)

	
	H
	
	407.7
	

	
	
	
	
	



5

HYDRAULIC TURBINES

5.1
FLUID MACHINES: DEFINITION AND CLASSIFICATION

In this chapter we shall consider the fluid machines in which the fluid is in continuous motion and constitutes a medium for energy conversion. A fluid machine is a devise either for converting the energy held by a fluid into mechanical energy or vice versa. Fluid machines such as turbines, centrifugal pumps, compressors, fans, hydraulic couplings and torque converters fall under the category of rotodynamic machines. The rotodynamic machines are also called turbomachines and have a rotating element which plays an important role in causing the energy transfer between the fluid and the rotating element. The energy transfer may take place from the fluid to the machine as in the case of turbines or it may just be the reverse as in case of centrifugal pumps, blowers, fans and compressors.

Apart from turbomachines, there is a second category of fluid machines known as the positive displacement machines. In such machines, the fluid is displaced by some moving mechanical element such as a gear system rotating in a closed casing as in case of a gear pump or a piston moving in a cylinder as in case of a reciprocating pump. In positive displacement machines, the static pressure is developed by a displacement action rather than by a velocity or kinetic energy change. The present chapter deals with the hydraulic turbines and the centrifugal pumps because of their importance and wide applications in the engineering practice. The theory of all turbomachines is the same and, therefore, the equations developed in this chapter will be applicable to turbines, centrifugal pumps and blowers as well.

5.2
EXCHANGE OF ENERGY IN FLUID MACHINES

The hydraulic turbines utilize the energy of water and convert it into the mechanical energy of the rotating shaft. According to the principle of moment of momentum, if the moment of momentum of water is changed as it flows through the rotating element, there results a torque which rotates the turbine shaft. The hydraulic energy is thus converted into the mechanical energy. The hydraulic turbines constitute an important and essential item of a hydro-electric power plant. The primary function of a hydraulic turbine is to rotate the electric generators the rotation of which produces electrical power. Since the turbine main shaft is coupled to the generator shaft, the rotation of the turbine shaft ensures the rotation of the generator. The water from the storage reservoir is allowed to flow through a pressure pipe known as pen stock, to the turbine (Figure 5.1).


Fig. 5.1: Typical installation of a reaction turbine

The total energy of flow at the turbine entrance is considerably high, and as it flows through the turbine and comes out at the turbine exit, its moment of momentum is considerably utilized and


the energy of flow at the exit is appreciably reduced. This change in the moment of momentum of flow produces a torque on the turbine runner causing it to rotate. The hydraulic energy of water is thus converted into the mechanical energy represented by the rotation of the turbine shaft.

The function of a pump is to increase the energy content of the flowing liquid. The increase in fluid energy is made possible by the rotation of the impeller (the rotating element of a pump is called an impeller) and represents the mechanical energy imparted to the pump. This mechanical energy is converted into the hydraulic energy by causing the liquid to flow through the impeller. The pumps are employed when the energy of a flowing liquid needs to be increased. The situations where the use of a pump is necessary are:

When the liquid is to be pumped over long distances necessitating the fluid to possess sufficient flow energy to overcome the resistance to its flow.
When the liquid is to be pumped to higher elevations. Some of the common examples where pumps are used may be found in irrigation from ground water, water supply system, oil transportation and sewage disposal.
The functions of the turbine and the pump are thus opposite to each other; while a turbine extracts energy from the flowing water and converts it into useful mechanical energy, a pump imparts hydraulic energy through its impeller (by means of a shaft driven by a motor) to the liquid and thus increases its energy content.

5.3
BASIC THEORY OF TURBO MACHINES

Any boundary which changes the velocity of a fluid mass in direction or magnitude or both is subjected to a force by the fluid. If the boundary is a curved vane or curved blade capable of motion, work is done by the fluid in displacing the vane. Turbo machines make use of this principle of fluid work. They employ a series of curved vanes to create passages for the fluid to flow resulting in either extraction of energy from or adding energy to the fluid. Hydraulic, steam and gas turbines are examples of energy extractors. They convert the fluid energy into torque on a rotating shaft. Centrifugal pumps, axial flow pumps, blowers and compressors convert mechanical rotation into fluid energy. A combination of both pump and turbine is used in fluid couplings and torque converters for the purpose of transmission of power smoothly through a fluid medium. Theoretical analysis of impact of fluid jets on Vanes as well as experimental studies on scale models are involved in the design of an efficient turbo-machine.

After presenting the basic theory of turbo-machines, i.e., theoretical analysis of impact of a jet on vanes, three most important machines, viz., the Pelton wheel, the Francis turbine and the Kaplan turbine are chosen to highlight the mechanics of installation and operation of water turbines. Some general concepts of performance, efficiency and analysis of turbines are also included.

The application of Impulse-Momentum Principle to a curved vane

The impulse of a force F acting over a period of time dt is equal to the change of momentum during that time, i.e.,

	F dt = m . dv
	... (5.1)


Consider the application of the impulse-momentum principle [Equation (5. l)] to a stationary curved vane which deflects a fluid jet from angle  1 to angle  2 while changing the magnitude of its velocity from V1 to V2 as shown in Figure 5.2. Let Fr be the reactive force required to be applied on the fluid jet to effect the momentum change.

Let the filament of fluid move from ab to the new position a 'b' in time dt. Momentum of fluid between aa’ = (  1 A1 ds1) V1 and momentum of fluid between bb' = (  2 A2 ds2) V2 where  , A, ds

and V are the respective densities, areas, displacements and velocities.



Fig. 5.2: Motion of Fluid Jet over a Curved Vane

For steady flow, mass entering section a'- mass leaving section b or  1 Al ds l =  2 A2 ds2


Hence, mass rate of flow entering a' - mass rate of flow leaving b which may be denoted by

Qm.

:. Momentum entering a’ In time dt = Q m  dt V1 and momentum leaving b in time dt=Qm dt V2.

The above two equations may be used in evaluating the impulse [Equations (5.1)] in x- direction, a follows:


Likewise, the y-component of impulse is given by:


If [image: image34.jpg]
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 Fx2   Fy2  is written as Fr and [image: image36.jpg]


[image: image37.jpg]


Vx2Vy2is written asV


The resultant force Fr = Qm V

... (5.4)

The direction of force F, is the same as that of  V i.e., (Vfinal  - Vinitial), as shown in

Figure 5.2. The hydrodynamic force F which is equal and opposite to Fr is the force exerted by the fluid on the vane and is given by:


... (5.5)


Where (-  V) Vfinal - Vinitial ,i.e., a velocity component which is equal and opposite to the normal velocity change. Qm is the mass rate of flow. The force equations (5.4) and (5.5) derived here do not consider the retarding effect of the frictional forces encountered in the path of flow. Their effect may be neglected except where precise evaluations are required.

5.3.2 Impact of Jet on Vanes

5.3.2.1 Stationary Normal Flat Vane

Referring to Figure 5.3(a), let a = area of cross section of jet,  = density of fluid, so that Qm = mass rate of flow -  a V

Initial velocity in x-direction (at the point of impact of jet on vane = V Final velocity in x-direction (at the point of leaving the vane) = 0

	Fluid force on vane:  F = F x  Qm (V )  aV (V  0)
	

	= aV 2
	…(5.6)


5.3.2.2 Moving Normal Flat Vane

Referring to Figure 5.3(b), Volume rate of flow striking the vane Q= a (V- u) and mass


(a) Stationary Vane
(b) Moving Vane

y




(c) Series of Moving Vanes

Fig. 5.3: Impact of Jet on Normal Flat Vanes

5.3.2.3 Series of Moving Normal Flat Vanes

As shown in Figure 5.3(c), the vanes are so spaced around the periphery of the wheel that a vane is always in the normal position to receive the jet impact.

Volume rate of flow striking the vane Q= aV and mass rate of flow striking the vane Qm   =

aV

Vx1 = initial fluid velocity at point of impact = (V- u)

Vx 2 = final fluid velocity at exit = 0

	 Fluid force on vane: F = F x  Qm (V )  aV (V  u)
	…(5.8)


Work done by jet per sec = Fu = aVu(V  u)

Energy combined in jet per sec = weight rate of flow


Hence efficiency of system


... (5.9)

For maximum efficiency, d / du may be equated to zero to obtain optimum wheel velocity.


Hence, wheel velocity should be half the jet velocity to get best results.


...(5.10)

5.3.2.4 Stationary Inclined Flat Vane

Let F= normal force of jet on vane and 0 = angle between jet and vane. Mass rate of flow striking the vane Qm =  =V.

Referring to Figure 5.4,

Initial velocity normal to vane = V sin 

Final velocity (at exit) normal to vane = 0



(a) Stationary vane
(b) Moving vane

Fig. 5.4: Impact of Jet on Inclined Flat Vanes


Normal force on vane F =


….(5.11)

…(5.12)

When  = 90°,

5.3.2.5 Moving Inclined Flat Vane

Let F= normal force on vane and 9 = angle between jet and vane, x-direction velocity of jet striking the vane = V- u.

Q m  = mass rate of flow striking the vane =  a (V- u).

Referring to Figure 5.4 (b),

Initial velocity normal to vane = (V- u) sin 

Final velocity normal to vane (at exit) = 0

 Normal force of fluid on the vane

= Q m (V )  a(V  u)(V  u) sin 
a(V  u)2 sin 
F x  F sin   a(V  u)2 sin 

and
F y  F cos  a(V  u)2 sin  cos
…(5.14)

5.3.2.6 Stationary Curved Vane

Case (i) Acute Angle Deflection: Friction along the flow is ignored so that tangential velocity of fluid at the entrance = tangential velocity of fluid at the exit of vane.

Mass rate of fluid striking the vane, Q m  =  aV, where a=- area of fluid jet.



(a) Acute Angle Deflection of Jet
(b) Obtuse Angle Deflection of Jet

Fig. 5.5: Impact of Jet on Stationary Curved Vanes

In the analysis of curved vanes, the velocity triangles provide a convenient solution to problems of force and energy computations. Referring to Figure 5.5(a), in a x-direction,


…(5.15)

…(5.16)

If  is greater than 8, F will be negative as shown in Figure 5.5(a).


Resultant force of fluid F = [image: image38.jpg]


[image: image39.jpg]


 Fx2   Fy2
and v = tan 1 (F y / Fx )


Case (ii) Obtuse Angle Deflection: From the velocity triangle shown in Figure 5.15(b), it is clear that


…(5.17)

…(5.18)

	If  is greater than , F y
	will be negative as shown in Figure 5.5(b).

	
	
	
	

	Resultant force of fluid F =
	
	Fx2   Fy2   and v = tan 1 (F y / Fx )



5.3.2.7 Impact of Jet on a Series of Moving Curved Vanes Notation:

V, V 1 = Absolute velocities of fluid at inlet and outlet

V r ,Vr1 =- Relative velocities of fluid at inlet and outlet (tangential to the vane tips at inlet and outlet)



	
	
	Outlet Velocity Diagram

	(a) Wheel of Curve Vanes
	(b) Velocity Triangles on Stream Line "AB"

	
	Fig. 5.6: Impact of Jet on a Series Moving Curved Vanes


Note that the actual velocity of fluid at inlet V and the wheel velocity u combine together to produce Vr so that the entry of water is shockless. Similarly, the velocity vector Vr leaving the vane at

outlet is turned into V1 by the wheel velocity vector u1 . Also V = V r1 if the vane surface is perfectly smooth.

u, u1 = Tangential velocities of vane tips at inlet and outlet =  R and R1 .

V w 2 ,Vw1 = Velocities of whirl at inlet and outlet (tangential components of V and V 1 ) V f ,V f 1 = Velocities of flow at inlet and outlet (radial components of V and V 1 )

R , R1 = Radii of inlet and outlet of vane from centre of rotation.

,  = Directions of entry and exit of fluid with respect to wheel tangent Cb.  , = Directions of vane inlet and outlet tips (vane angles)

 = angular velocity = 2nN/60 where N = rpm

Mass rate of flow of fluid striking the vane Q m  =  aV


	
	
	
	
	…(5.19)

	
	
	
	
	…(5.20)

	
	
	
	
	acting at v = tan 1  (F y / Fx ) with Fx,

	Resultant fluid force on vane F =
	
	Fx2   Fy2
	

	Momentum per sec at inlet = Q m
	V w
	

	Moment of momentum per sec at inlet = Q m
	V w R

	Momentum per sec at outlet = Q m
	
	V w1
	

	Moment of momentum per sec at outlet = Q m
	V w1 R 1


Torque T= change of moment of momentum per sec = Q m (Vw R  Vw1 R1 )

Work done by fluid per sec = Energy transferred per set from fluid to wheel or Power transmitted from fluid to wheel



... (5.21)

Equation (5.21) is known as EULER'S EQUATION OF ENERGY TRANSFER.

5.3.2.8 Euler's Equation for Turbo Machines and Euler's head

Euler's equation is the fundamental equation of hydraulic machine is


Euler's Head (He): Work done per second per unit weight of water striking is


5.4
COMPONENTS OF ENERGY TRANSFER

If we substitute the values of V w and V w1 in terms of V, V r and u from inlet and outlet Velocity Triangles we get


These final terms give the components of energy transfer.

The first term indicates change in absolute kinetic energy or dynamic head of fluid while flowing through the rotor.

The second term represents a change in fluid energy due to the movement of the rotating fluid from one radius of rotation to another.

The third term represents change in the static head due to a change in fluid velocity relative to the rotar.

So these three are the components of energy transfer.
.

Degree of Reaction

The degree of reaction R is defined as the ratio of pressure energy change inside the runner (energy transit by means of static pressure) to the total energy transfer.

The energy transfer per unit weight (the Euler head) in a turbine is



From the inlet velocity triangle and out let velocity triangles we get


The total pressure energy change inside the runner is



Degree of reaction R =



pressure entry change inside the runner


total energy transfer



(a) Slow Runner
(b) Medium Runner
(c) Fast Runner

Fig. 5.7

For loss of kinetic energy at outlet to be minimum, the discharge is radial, i.e., P = 90° and

V w1  = 0. Further in actual machines, there is not much change in the meridional or flow velocity! V= V,

Based on these assumptions we have





The above expressions indicate that:

When  > 90° (fast runner) :  R > 1/2

When  = 90° (medium runner) : R = 1/2

When  < 90° (slow runner) :  R < 1/2
A degree of reaction less than 1/2 signifies large pressure drop in the guide blades.

A turbine will have 100 percent degree of reaction when cot a = 0, i.e., a = 90°. In that Vw = 0 and energy transfer He = Vw u/g becomes zero. Obviously no machine can be a 100 percent reaction turbine.

5.5
DEFINITIONS OF HEADS AND EFFICIENCY OF TURBINES

Figure 15.7 shows the general layout of a hydroelectric power plant using an impulse turbine (Pelton wheel).

Gross head: The gross (total) head is the difference between the water level at the reservoir (also known as the headrace) and the water level at the tail race. It is denoted by H g .
Net or effective head: The head available at the inlet of the turbine is known as net or effective head. It is denoted by H and is given by

where hf = total loss of head between the head race and entrance of the turbine,


where L = length of penstock, D = diameter of penstock, V = velocity of flow in penstock), and h = height of nozzle above the tail race.

3. Efficiencies: The following are the important efficiencies of a turbine:

(1) Hydraulic efficiency (h ): It is defined as the ratio of power developed by the runner to the power supplied by the jet at entrance to the turbine


Mathematically,




Fig. 5.8: Layout of hydro-electric power plant using an impulse turbine (Pelton wheel)

where
V w ,Vw1
= velocities of whirl at inlet and outlet respectively,

u = tangential velocity of vane, H = net head on the turbine, and

Q a  = actual flow rate to turbine runner (bucket).

The parameter H r  1 (Vw1  Vw2) u represents the energy transfer per unit weight of water g


and is referred to as the ‘runner head’ or 'Euler head'.

H -Hr =  H = hydraulic losses within the turbine.

(II) Mechanical efficiency (m ) : It is defined as the ratio of the power obtained from the shaft of the

turbine to the power developed by the runner. These two powers differ by the amount of mechanical losses, viz., bearing friction etc.

	Mathematically,m
	
	power developed at the turbine shaft
	
	shaft power

	
	=
	
	=
	
	...(5.23)

	
	
	power developed by turbine runner
	
	
	

	
	
	
	
	bucket power


Values of mechanical efficiency for a Pelton wheel usually lie between 97 to 99percent depending on size and capacity of the unit.

(iii) Volumetric efficiency (v ): The volumetric efficiency is the ratio of the volume of water actually striking the runner to the volume of water supplied by the jet to the turbine. That is

v = volume of water actually striking the runner (Q ) total water sup plied by the jet to the turbine (Q)

For Pelton turbines, r\
=0.97 to 0.99.

(iv) Overall efficiency ( 0 ) : It is defined as the ratio of power available at the turbine shaft to the power supplied by the water jet. That is

	0  =
	poweravail ableattheturbineshaft
	
	shaftpower
	
	p

	
	poweravail ablefromthewaterjet
	
	waterpower
	
	wQH

	
	
	
	
	
	



where Q= the total discharge in m 3 / s supplied by the jet.

The values of overall efficiency for a Pelton wheel lie between 0.85 to 0.90.

The individual efficiencies may be combined to give.


which is the same as defined vide equation (5.25).

If  g is the efficiency of a generator, then power output of the hydro-unit (turbine + hyrogenerators)


The product o g
is known as hydro-electric plant efficiency.

5.6
HYDRAULIC TURBINES

Definition: A hydraulic turbine is a prime mover (a machine which uses the raw energy of a substance and converts it into mechanical energy) that uses the energy of flowing water and converts it into the mechanical energy (in the form of rotation of the runner]. This mechanical energy is used in running an electric generator which is directly coupled to the shaft of the hydraulic turbine! from this electric generator, we get electric power which can be transmitted over long distances by means of transmission lines and transmission towers. The hydraulic turbines are also known as 'water turbines' since the fluid medium used in them is water.

Classification of Hydro Turbines

Hydraulic turbines are classified as follows:

According to the head and quantity of water available
According to the name of the originator
According to the action of water on the moving blades
According to the direction of flow of water in the runner
According to the disposition of the turbine shaft
According to the specific speed N.
According to the head and quantity of water available

Impulse turbine ... requires high head and small quantity of flow.

Reaction turbine ... requires low head and  high rate of flow.

Actually there are two types of reaction turbines, one for a medium head and medium flow and the other for a low head and large flow.

According to the name of the originator

Pelton turbine ... named after Lester Allen Pelton of California (U.S.A.). It is an impulse type of turbine and is used for high head and low discharge.

Francis turbine ... named after James Bichens Francis. It is a reaction type of turbine from medium high to medium low heads and medium small to medium large quantities of water.

Kaplan turbine ... named after Dr. Victor Kaplan. It is a reaction type of turbine for low


heads and large quantities of flow.

3. According to action of water on the moving blades


Fig. 5.9

According to direction of flow of water in the runner

Tangential flow turbines (Pelton turbine)
Radial flow turbine (no more used)
(Hi)Axial flow turbine (Kaplan turbine)

(iv) Mixed (radial and axial) flow turbine (Francis turbine)

In a tangential flow turbine of the Pelton type the water strikes the runner tangential to the path of rotation.

In an axial flow turbine water flows parallel to the axis of the turbine shaft. The Kaplan turbine is an axial flow turbine. In the Kaplan turbine the runner blades are adjustable and can be rotated about pivots fixed to the boss of runner. If the runner blades of the axial flow turbines are fixed, these are called "propeller turbines."

In mixed flow turbines the water enters the blades radially and comes out axially, parallel to the turbine shaft. Modern Francis turbines have mixed flow runners.

5. According to the disposition of the turbine shaft

A turbine shaft may be either vertical or horizontal. In modern practice, Pelton turbines usually have horizontal shafts whereas the rest, especially the large units, have vertical shafts.

6. According to specific speed

The specific speed of a turbine is defined as the speed of a geometrically similar turbine that would develop 1 kW under 1 m head. All geometrically similar turbines (irrespective of the sizes) will have the same specific speeds when operating under the same head.


Specific,

Where N = the normal working speed,

P = power output of the turbine, and

H = the net or effective head in metres.

Turbines with low specific speeds work under a high head and low discharge conditions, while high specific speed turbines work under a low head and high discharge conditions.

5.7 IMPULSE TURBINE

Pelton Wheel

This is a commonly used impulse type of turbine. It is named after an American engineer Lester. A. Pelton (1829-1908), who developed this turbine. The Pelton wheel is suitable for very high heads and it requires a lesser quantity of water. A pelton wheel is shown in Figure 5.10. It consists of


a runner, buckets, a nozzle, a guide mechanism, a hydraulic brake and casing.


Fig. 5.10: Pelton wheel

Runner and buckets

The runner is a circular disc. It consists of a number of semi-ellipsoidal buckets evenly spaced around its periphery. The buckets are divided into two hemi-spherical cups by a sharp-edged ridge known as a splitter [Figure 5.11]. This arrangement avoids the axial thrust and end thrust on bearings. (The axial thrusts being equal and opposite, neutralise each other). Generally, the buckets are bolted to the periphery of the runner. In some cases, to the periphery of the runner. In some cases, the buckets and the wheel are cast integral as one piece. In the case of the bolted type, broken or damaged buckets can be replaced economically. For low heads, the bucket is made of cast iron and for high heads, they are made of bronze or stainless steel to withstand heavy impact.


Fig. 5.11: Bucket of pelton wheel

Nozzle and guide mechanism

A nozzle is fitted to the end of the penstock near the turbine. The nozzle is provided with a conical needle or spear to regulate the quantity of water coming out of the nozzle, thereby control the speed of the runner. The spear may be operated manually by a hand-wheel (for small units) or automatically by a governing mechanism (for larger units).


Hydraulic brake

When the turbine has to be brought to rest by closing the inlet value of the turbine, the runner generally takes a very long time to come to rest due to its inertia. To bring it to rest quickly, a small brake nozzle is provided (Figure 5.12). This nozzle is opened and it directs a jet of water at the back of the buckets. This acts as a brake to bring the revolving runner quickly to rest.

Casing

The casing is made of cast iron or fabricated steel plates. It is provided for the following purposes, (l) to prevent splashing of water, (2) to lead the water to the tail race and (3) to act as a safeguard (cover) against any accidents.

Working

The water is conveyed to the power house from the head race through penstocks. The nozzle fitted to the end of the penstock (power house end) delivers a high velocity water jet into the bucket. One or more jets of water are arranged to impinge on the buckets tangentially. The impact of water jet on the bucket causes the wheel to rotate, thus producing mechanical work. An electric generator is coupled to the runner shaft and mechanical energy is converted into electric power.

After leaving the turbine wheel, water falls into the tail race. The Pelton wheel is located above the tail race so that, the buckets do not splash the tail race water.

Multiple Jet Pelton Wheel

The velocity of jet, velocity of wheel and the jet ratio (the ratio of pitch circle diameter of runner and jet diameter) are restricted in the case of a single jet Pelton wheel. Hence, a single jet Pelton wheel cannot develop high power. However the power can be increased by arranging more than one jet (usually 2, 3, 4 or 6) spaced evenly around the same runner (Figure 5.12).

The maximum number of jets with a single runner is six.


Fig. 5.12: Mutliple jet pelton wheel

Sometimes, for increasing the power, a number of runners mounted on a common shaft may be used. In certain cases, a combination of the above two systems may be preferred.

5.7.2
Work done and efficiency of a Pelton wheel

Figure 5.13 shows the velocity triangles.


Let N= speed of wheel in r.p.m., D = diameter of the wheel, d = diameter of the jet,

u - peripheral (or circumferential) velocity of runner. It will be same at inlet and outlet of the runners at the mean pitch, {i.e., u = u = u)


Fig. 5.13: Velocity Triangles

V= absolute velocity of water at inlet,

Vr = jet velocity relative to vane/bucket at inlet.

 = angle between the direction of the jet and direction of motion of the vane/ bucket (also called guide angle).

 = angle make by the relative velocity(V f  ) with the direction of motion at inlet(also called

vane angle at inlet).

Vw  and V f
= the components of the velocity of the jet V, in the direction of the motion

and perpendicular to the direction of motion of the vane respectively. Vw is also known as velocity of whirl at inlet,

V f   is also known as velocity of flow at inlet,

Vl = velocity of jet, leaving the vane or velocity of jet at outlet of the vane,

V r1  = relative velocity of the jet with respect to the vane at outlet.

 = angle made by the relative velocity Vr2 with the direction of motion of the vane at outlet

and also called vane angle at outlet.

 = angle made by the velocity, V2 with the direction of motion of the vane at outlet.

V w1  is also called the velocity of whirl at outlet.

V f 1  is also called the velocity of flow at outlet.

Inlet: The velocity triangle at inlet will be a straight line where



Outlet: From velocity triangle at outlet, we have


The force exerted by the jet of water in the direction of motion is given as

... (5.26)


[  and a are the mass density and area of jet

Now work done by the jet on runner per second


... (5.27)

Work done per second per unit weight of water striking


…(5.28)

The energy supplied to the jet at inlet is in the form of K.E. and is equal to — mV  2

Kinetic energy (K.E.) of jet per second = 1 ( aV) x V2

2


... (5.29)



From inlet and outlet velocity triangles, we have


Substituting the value of Vw and VwI in equation (15.29), we have


... (5.30)

The hydraulic efficiency will be maximum for given value of V when


…(5.31)

The above equation states that hydraulic efficiency of a Pelton wheel is maximum when the velocity of the wheel is half the velocity of jet of water at inlet. The maximum efficiency can be

V

obtained by substituting the value of u =
1
in equation (5.30)

2



Design aspects of pelton wheel

The following points should be considered while designing a Pelton wheel:

1. Velocity of jet: The velocity of jet at inlet is given by:


... ( 5.33)

where C v  = co-efficient of velocity (= 0.98 or 0.99), and

H= net head on turbine.

2. Velocity of wheel: The velocity of wheel (u) is given by:


... (5.34)

where Ku = speed ratio. It varies from 0.43 to 0.48

Angle of deflection of the jet: The angle of deflection of the jet through the buckets is taken as 165° if no angle of deflection is given.
Mean diameter of the wheel (D): The mean diameter or the pitch diameter D of the Pelton wheel is given by

…(5.35)

Jet ratio (m): It is defined as the ratio of the pitch diameter (D) of the Pelton wheel to the diameter of the jet (d). It is denoted by ‘m’ and is given as
	(lies between 11 and 16 for maximum hydraulic efficiency)
	… (5.36)






Normally, the jet ratio is adopted as 12 in practice.

6. Bucket dimensions: Some of the main dimensions of the bucket of a Pelton wheel are as follows:

Refer Figure 5.13 : B = 3 to 4d, L = 2 to 3d, T= 0.8 to \.2d.

7.
Number
of
jets:
Normally
a
Pelton
wheel
has
one
nozzle
or
one
jet.
However,
a

	number  of  nozzles  may  be  employed  when
	more  power  is  to  be  produced
	with
	the
	same

	wheel.  Theoretically,  six   nozzles   can  be
	used
	on  Pelton
	Wheel.
	However,
	practical

	considerations  limit  the  use  of  not  more  than  two
	jets  per
	runner  for
	a
	vertical
	runner

	and not more than four jets per runner if it is of horizontal configurations.
	
	
	
	


The number of jets is obtained by dividing the total rate of flow through the turbine by the rate of flow of water through a single jet.

	8.  Number  of  buckets  (Z):  The  number  of  buckets
	for  a  Pelton  wheel  should
	be  such

	that  the  jet  is  always  completely  intercepted  by  the
	buckets  so  that  volumetric
	efficiency

	of the turbine is very close to unity. Number of buckets on a runner is given by :
	

	Z = 15 + d/2D = 15 + 0.5 m
	
	... (5.37)


5.8 REACTION TURBINES

Reaction turbines operate under pressure of water. Only a part of the total head of water is converted into a kinetic head before it reaches the runner. The water completely fills all the passages in the runner (turbine runs full). Water enters the wheel due to the head of water at inlet and flows through the vanes. When flowing through the vanes, both the pressure and velocity change. The water leaves the turbine to the tail race at a reduced pressure and velocity.

Reaction turbines may be (l) radially inward flow turbines (2) outward flow turbines, (3) axial flow turbines (4) mixed flow turbines.

Francis Turbine

The modern Francis turbine is a mixed flow type of reaction turbine. In this, water under pressure enters the runner towards the centre in a radial direction and leaves the runner axially. It operates under medium heads and requires a moderate quantity of water.

Fig. 5.14: Francis turbine

Figure 5.14 shows the parts of a Francis turbine. It consists of a scroll casing, stay ring, guide mechanism, runner and draft tube.

Scroll Casing: Water from the penstock is received by a scroll casing. The scroll casing (also called spiral casting) surrounds the guide wheel and runner. The cross-sectional area of the casing decreases uniformly to distribute the water around the guide ring evenly. Also, this prevents eddy formation. In bigger units, stay vanes are provided inside the casing to direct the water to the guide vanes. The casing has inspection holes and provision for connecting a pressure gauge. The casing is made of welded steel plates or cast steel.
Speed Ring or Stay Ring: The speed ring or stay ring consists of two rings held together by a series of fixed vanes called stay vanes. This ring directs water from the scroll casing to the guide vanes. It also transfers the loads (caused by the water pressure, weight of turbine and the weight of the generator) to the foundation. It is made of cast iron, cast steel or fabricated plate steel.
Guide Mechanism: The guide blades (wicket gates) are fitted between two rings in the form of a wheel known as a guide wheel. The guide vanes guide the water to enter tangentially to the runner blades. The air foil shape of the vanes prevent eddy formation and reduces frictional losses. Each guide vane is pivoted and it can be rotated about its pivot by a system of levers and links. These rotations of guide vanes alter the width of the water passage between them. Thus, water flowing into the runner is varied accordingly to the requirement. The guide vanes are generally made of cast steel or stainless steel.
Runner: The runner consists of series of curved vanes. The vanes (16 to 24 nos) are evenly arranged around the circumference in the annular space between two plates. The vanes are properly shaped to receive the water without a shock. The runner is keyed to the shaft which may be vertical or horizontal. The runner is made of cast iron for small turbines. In large turbines, the runner is made of cast steel or stainless steel.
Draft Tube: This is a pipe or passage which leads the water exhausted from the turbine into the tail race. Its cross-section increases gradually towards the outlet. The bottom enlarged end is submerged in a tail race water level. It is made of cast steel, welded plate steel or concrete.
Working: The water from the reservoir is carried to the turbine through penstocks and enters the scroll casing. The casing distributes water evenly around the circumference of the turbine runner. From the scroll casing, the water passes through the stay ring. This ring directs water to the guide vanes or wicket gates. These guide vanes regulate the quantity of water supplied to the runner. The air foil shape of the guide vanes allows the water to flow smoothly without a shock. The water enters the runner with a low velocity and considerable pressure. As the water flows through the runner, the direction of flow of water is changed from axial to radial. The pressure energy is gradually converted into kinetic energy and the runner is rotated at high speed. This torque is transmitted to the generator which is coupled to the runner shaft. After passing through the runner, water enters the tail race through a draft tube.
Working of Proportions of Francis Turbine Runner

Net heat at the turbine runner: Reference Figure 5.15 which illustrates the general layout of a reaction turbine, we have

Gross head H g  = difference of levels between the head race and the tail race

Net head H=(H g -h f  ) where hf is the loss of hea din the penstock

The net head, also called the available or working or operation head, may also be described

as:

H= (total energy at exit from the penstock) - (total energy at exit from the draft tube)





Fig. 5.15: General layout of a reaction turbine

Let the draft tube exit be at the tail race which furthermore be assumed to the datum line. Then


Neglecting the velocity head Vf/2g with which the water comes out from the draft tube into the tail race,


Again a part of this head may be lost in the turbine casing and in the runner guide blades.

Work done by the turbine runner: Figure 5.16 illustrates the runner and the velocity diagrams for an inward flow reaction turbine.

Fig. 5,16: Velocity diagrams for an inward flow reaction turbine


General expression for work done follows from the Euler momentum equation. With usual notations:


where Q is the flow rate passing through the runner. For maximum output, the runner is so designed that there occurs a radial discharge at the outlet tip. Then V w1 = 0 and, therefore,


If H is the net head, then the hydraulic input to the turbine = wQH

Like the Pelton wheel, a reaction turbine has the usual efficiencies such as hydraulic efficiency h , mechanical efficiency m and the overall efficiency 0 . Hydraulic efficiency considers the hydraulic losses consisting of friction loss in the casing, guide passages, runner and draft tube.


A radially inward flow reaction turbine has a hydraulic efficiency of 80 to 90%.

Mechanical efficiency accounts for the friction loss at the bearings and the power absorbed by the governing mechanism. Overall efficiency considers both the hydraulic

and mechanical losses, i.e., 0   mh

Working proportions: The following working proportions pertain to a Francis turbine:
Ratio of width to diameter, b1 / D1 at the runner inlet is represented by n and its value ranges from 0.1 to 0.45, i.e.,
n = b1 / D1
;
n = 0.10 to 0.45

With increase in the value of n, the shape of the runner gets altered. For slow runners the flow is predominantly radial and exit is axial. For fast runners, the flow is more or less axial both at entry and exit.


(ii) Speed ratio K, prescribes the ratio of peripheral speed u and the spouting velocity [image: image40.jpg]
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	(iii) Flow ratio K f
	, prescribes the ratio of the flow velocity V f 1 at the inlet tip of the vane to the
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(d) Design parameters for the runner

Given: Head H, running speed N and the power output P

Required: Size of the runner and its vane angles


The design procedure involves the following steps:

Assume probable values of h , f]0 and K f
Work out the mass or volumetric flow rate from the relation:

Shaft power = (wQH) x f]0

iii) Obtain the flow velocity from the discharge and the flow area. Reference Figure 5.17 let b 1 , D] and t 1 respectively be the width, diameter and thickness of the runner vane at inlet. Then total area of the outer periphery, i.e., at the runner inlet becomes, A =  D 1 b1 . If there are Z number of vanes, then the actual area through which water enters the runner is

A1 = (D1  Zt1 )b1   K1D1b1

where the factor Kl is known as the vane thickness coefficient) its value is less than unity and is usually of the order of 0.95. Thus

	Flow velocity:    V f 1
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Fig. 5.17: Flow entry to runner vane

(iv)
Equate the two expressions for flow velocity, i.e.,

Thus assuming a suitable value of K 1 the diameter D 1 and the width b 1 of the runner at inlet can be obtained.

Work out the tangential velocity (rim velocity) ul and the velocity of whirl Vul from the relations:
Make use of the inlet velocity triangles to obtain the angle of guide blade (1 ) and the runner blade ( 1 ) at the inlet

Assume runner diameter D2 at the outlet to be approximately one-half the diameter at inlet. Accordingly

Invoke the continuity equation to write the expression

Generally it is presumed that V = V„ and Kt - Kr That gives b2 = 2b 1

(ix) Assume radial discharge at the runner exit (§2 - 0) and obtain the runner blade angle oc2 from the outlet velocity triangle,

PROPELLER TURBINE

The need to utilize low heads where a large volume of water is available makes it essential to provide a large flow area and to run the machine at very low speeds. The propeller turbine is a reaction turbine used for heads between 4 m and 80 m. It is purely an axial-flow device providing the largest possible flow area that will utilize a large volume of water and still obtain flow velocities which are not too large.

The propeller turbine (Figure 5.18) consists of an axial-flow runner with four to six or at the most ten blades of air-foil shape. The runner is generally kept horizontal, i.e., the shaft is vertical. The blades resemble the propeller of a ship. In the propeller turbine, as in a Francis turbine, the runner blades are fixed and non-adjustable. The spiral casing and guides blades are similar to those in a Francis turbine, The guide mechanism is similar that in a Francis turbine.

Fig. 5.18: Propeller turbine

5.10 KAPLAN TURBINE

The Kaplan turbine is an axial flow reaction turbine. It is suitable for relatively low heads. Hence, it requires a large quantity of water to develop high power. It operates in an entirely closed conduit from the head race to the tail race.

The main components of a Kaplan turbine are shown in Figure 5.19. It consists of a scroll casing, staring, guide vane mechanism and draft tube which are similar to those of a Francis turbine. The runner blade arrangement in a Kaplan turbine differs from a Francis turbine.

(a) Runner: The runner has 4 to 6 blades attached to a hub or boss. It resembles a ship's propeller and hence a Kaplan turbine is a type of propeller turbine. The blades are so shaped that water flows axially through the runner. The blades of the runner can also be adjusted to any desired angle and the area of flow passage can be varied. This adjustment can be carried out automatically by a servomotor governor mechanism. Thus, in a Kaplan turbine, both the guide vane angle and runner blade angle may be varied, resulting in higher efficiency. Even at part load, when a lower quantity of water is flowing through the turbine high efficiency can be obtained.


Fig. 5.19: Kaplan Turbine

(b) Working: The water from the scroll casing flows over the guide vanes. It is deflected through 90° between guide vanes and runner. Then, it flows axially into the runner. The blades are shaped such that water flows axially in the runner. The force exerted on the blades causes the runner shaft to rotate. This rotation is transmitted to the generator which is coupled to the runner shaft. After passing through the runner, the water enters the tail race through a draft tube.

5.10.1
Working Proportions of a Kaplan Turbine

The expressions for work done, efficiency and power developed by the axial flow propeller and Kaplan turbines are identical to those of a Francis turbine, and the working proportions are obtained in an identical fashion. However, the following deviations need to be noted carefully.


1, In case of a propeller/Kaplan turbine, the ratio n is taken as

where D0 = outside diameter of the runner, and

D b  = diameter of boss (or hub).


Discharge Q = area of flow x velocity of flow


The value of n ranges from 0.35 to 0.6 0.

The value of K f   0.70.

Kaplan turbine versus Francis turbine

The Kaplan turbine claims the following advantages over the Francis turbine:

For the same power developed a Kaplan turbine is more compact in construction and smaller in size.
PartToad efficiency is considerably high.
Low frictional losses (because of small number of blades used).






5.12 SPEED REGULATION (GOVERNING) OF THE PELTON WHEEL

Usually, hydraulic turbines are coupled to electronic generators. These generators are required to run at constant speed irrespective of variations in the head and power output. When the load on the turbine changes, the speed may also change, (i.e., without load the speed increases and with over load, the speed decreases). Hence, the speed of the runner must be maintained constant to have a constant speed of generator. This is done by controlling the quantity of water flowing on the runner according to the load variations. This speed regulation is known as governing and it is usually done automatically by a governor.

5.12.1 Governing Mechanism for the Pelton wheel

A servomotor governor (also known as oil pressure governor) is shown in Figure 5.20. It consists of (l) a servomotor, (2) relay valve or control valve, (3) actuator (centrifugal governor), (4) oil sump, (5) oil pump and (6) oil supply pipes.

Working

The centrifugal governor (actuator) is driven by the turbine shaft through a belt or gear. When the load on the generator reduces, the turbine speed increases. It causes the following actions to take place one after another.

Fly ball of the governor moves upward,
Sleeve moves upward,
Left hand end of main lever rises,
Bell crank lever moves down and simultaneously the piston of the control valve moves down in the cylinder.


Fig. 5.20: Governing of Pelton Wheel

The movement of bell crank lever brings the deflector in front of the jet. The deflector diverts a portion of the water jet away from the runner buckets. Thus, rapid closure of the nozzle opening is eliminated and at the same time the quantity of water striking the runner is reduced. The rapid closing of the nozzle increases the pressure of water which may result in water hammer problems.

The downward movement of the piston in the control valve forces oil under pressure from the control valve to the left side of the piston in the servomotor. The piston of the servomotor moves to the right pushing the spear forward. The oil in the right side is returned to the oil sump. The forward motion of the spear reduces the opening of the nozzle. Consequently, the rate of flow is decreased and normal speed is restored. Once the normal turbine speed is restored, the main lever returns to its initial position. The deflector is brought to its original position by means of cam arrangement.

When the load on the generator increases, the turbine speed decreases. This causes the following actions to take place one after another.

Fly balls move downward,
Sleeve moves downward,
Left hand end of the main lever lowers down,
The piston in the control valve moves upward in the cy binder,
Oil under pressure is forced from the control valve to the right side of the piston in the servomotor,
Servomotor piston moves to the left pushing the oil in the less side to the oil sump. Simultaneously, the spear moves backward.
The backward movement of the spear increases the opening of the nozzle outlet. Thus, a large quantity of water strikes the runner and the normal speed of the turbine is restored.

5.12.2 Governing of Francis Turbine

In Francis turbine, guide blades are used for governing. These guide blades are pivoted and they are connected to a regulating ring by means of levers and links. Two regulating rods are connected to the ring and these rods actuated by the servomotor governor as shown in Figure 5.21.

The actuator or pendulum is driven by the turbine. When the load on the generator decreases, the turbine speed increases. The increased speed of the runner causes the following actions to take place one after another.


The fly balls are moved upward.
The sleeve is raised.
Piston of the distributor valve (control valve) is moved donwards in the cylinder and opens the port B.
Oil under pressure enters the left side of the piston in the servometer.
Piston in the servometer moves to the right.

Fig. 5.21: Governing of Francis Turbine

Oil in the right side of the piston returns to the oil sump through port 'A'.
At the same time, the regulating ring is rotated and the guide blades are moved. This reduces the area of flow passage between the guide vanes.
Thus the rate of flow of water striking the runner is reduced. When the speed comes to the normal, the main lever, actuator and distribution valve attain their original position.

Similarly, when the load on the turbine increases, the regulating ring moves in the opposite direction. This increases the flow passage between the guide blades. Hence more quantity of water strikes the runner to meet the increased load demand. Thus, the governor maintains a constant speed irrespective of the load on the turbine.

5.12.3 Governing of a Kaplan Turbine

A Kaplan turbine has adjustments in both guide vanes and runner vanes. Generally, double regulators are provided in a Kaplan turbine. The governor regulates the guide blade opening as well


as the runner vane angles simultaneously. The adjustment of guide vanes is similar to that of a Francis turbine. The runner vanes are regulated by a separate servomotor. The control valves for both the runner and guide vanes are interconnected to ensure a definite runner vane angle for the given guide vane opening.

The runner vane angles may be adjusted while the turbine is in motion. The piston rod of the servomotor (of the runner vanes) pass through the hollow turbine shaft as shown in Figure 5.22. The movement of the piston is transmitted to the runner vane by a small crank connected to crosshead. The servomotor acts as the coupling between the turbine shaft and the generator shaft. Oil from the governor is admitted to the upper or lower side of the servomotor piston through pipes. This will reduce or increase the blade angle. The governor actuates simultaneously both the guide vane and the runner vane. Thus for all loads, the turbine is able to maintain high efficiency.


Fig. 5.22: Governing of Kaplan Turbine

5.13 DRAFT TUBES

The tube connecting the outlet of a reaction turbine runner or casing with the tail race is called the draft tube. It is made of cast steel, fabricated steel plate or concrete. It should be submerged below the water level in the tail race by at least one metre.

5.13.1
Functions of Draff tubes

Here are the two functions of a draft tube:

Increase in efficiency: Most of the kinetic energy rejected at the outlet of a runner can be gradually converted to the pressure energy in the tube. The turbine thus will give more power and hence, the efficiency of turbine will increase.
Negative head: It creates a negative or suction head at the exit of the runner. It is thus possible to install the turbine above the tail race without loss of head. It enables easy inspection and maintenance of the turbine
5.13.2 Types of Draft Tubes

As shown in Figure 5.23, the draft tubes are of the following three types:

(1)  Conical or divergent draft tube


Elbow type draft tube
Hydracone or Moody spreading draft tube

Conical or Divergent Draft Tube
Simple Elbow Draft Tube


	Elbow Tube Having
	Hydracone or Moody

	Circular Cross-section
	Spreading Draft Tube

	at inlet and rectangular at Outlet
	


Fig. 5.23: Types of Draft Tubes

Conical or divergent draft tube: The shape of the tube resembles that of a frustrum of a cone. It is commonly used in the Francis turbine. The cone angle varies from 4° to 8°. The efficiency of the conical tube is about 8.5% to 90%.
Elbow type draft tube: It may be in the form of a simple elbow type or elbow tube with a circuit inlet and a rectangular outlet section. The latter type is used in the Kaplan turbine with an efficiency of about 70%.
Hydracone or Moody spreading draft tube: This is a modification of conical tube and a solid conical cone is provided in the centre of the tube with a flare at the bottom end. Such an arrangement allows a large exit area without excessive length. The solid core at the centre enables full flow and reduces the eddy losses. The efficiency of the tube is about 85%.
5.13.3 Draft Tube Theory

Consider a turbine fitted with a draft tube (conical) as shown in Figure 5.24. Let y - distance of the bottom of draft tube from tail race, and

pa - atmospheric pressure at the surface of tail race.

Applying Bernoulli's equation to the section 2-2 (representing the runner exit or inlet of the draft tube) and the section 3-3 (representing the draft tube exit); assuming section 3"3 at the datum line, we have-




where hf - loss of energy between sections 2-2 and 3-3.

p

Rewriting the above expression (i) for
2
,
we obtain

w


Fig. 5.24: Draft Tube Theory

The term (y 2 -y) which represents the vertical distance between the runner exit and the tail water level is called the suction head of draft tube and is denoted by H.


In equation it is less than atmospheric pressure.

The efficiency of a draft tube (d )is defined as the ratio of net gain in pressure head to the velocity head at entrance of draft tube. Thus



where V2 = velocity of water at section 2-2 (inlet of draft tube),

V 3  = velocity of water at section 3-3 (outlet of draft tube).


5.13.4 Draft Tube Theory-Cavitation

Let us consider a vertical conical draft tube as shown in Figure 5.26. After neglecting frictional losses in the draft tube, we apply the Bernoulli equation between points (2)

and (4) to get


But
where p 3 is the atmospheric pressure [from fluid statics]

Equation reduces to




where h s  is the height of the runner outlet above the tail race level. The two terms within parenthesis

in the Equation
are called static suction head, h, and dynamic suction head, V22   V42

2g

Therefore, it is clear from the Equation that the static pressure at the runner outlet is less than the atmospheric pressure by an amount equal to the static and dynamic suction head. That is, by providing a draft tube we can install the turbine above the tail race level without any loss in the static head and the draft tube recovers a part of the kinetic energy that was going as a waste, into pressure energy.

It should be mentioned here, that the pressure at any point inside the turbine cannot be less than the vapour pressure, otherwise, vapours will be formed and it will lead to a phenomenon called cavitation. We know that the boiling temperature of a liquid depends directly upon the pressure and whenever the pressure in any part of the turbine falls below the evaporation pressure, the liquid water will boil and a large number of small bubbles of vapour and gases, which were dissolved in the liquid, will be formed. These bubbles will be carried away by the flowing stream to higher pressure zones and there they will suddenly collapse. This will result in the formation of a cavity where liquid particles will rush in with a very high velocity. Over a period of time, this will cause the eating away of the metallic surface of the runner blades or near the side walls of the draft tube and will lead to the formation of cavities. This pitting or erosion is often aided by chemical action between impure water and the material. This phenomenon is called "Cavitation".

Prof. Thoma of Germany has suggested a critical value for the cavitation factor, a, which identifies the zone where a turbine can work without being affected by cavitation. The critical value


where ha  is the average atmospheric pressure, h v is the vapour pressure, hs  is the suction head

(height of the runner outlet above the tail race lvel), and His the working head of the turbine, all expressed in metres of water. According to Prof. Thoma, cavitation can be avoided if the turbine is

installed in such a way that the cavitation factor a is always greater than critical .


From Equation ,


Hence the maximum length of the draft tube = 4.35 + 1.0 = 5.35 m.

5.14 SPECIFIC SPEED OF A TURBINE

The specific speed may be derived as follows:

The overall efficiency (0 ) of any turbine is given by



Where P = shaft power,

Q = discharge through turbine,

H = head under which turbine is working, and w = weight density of water.

From equation (i), P =0  x w QH

or
P  Q x H
(as
0andware constant)
... (ii)

Now, let D - diameter of actual turbine, N= speed of actual turbine,

u - tangential velocity of the turbine,

N s  specific speed of the turbine, and

V=absolute velocity of water.

The relation between V, u and H is as given below


But the tangential velocity u is given by



From equations (iii)and (iv), we have


The discharge (Q) through the turbine is given by

Q = area x velocity



Substituting the value of Q in equation. (i) we get


where K- constant of proportionality.

If P = 1 kW and H = 1m, the speed N = specific speed N s , then by substituting these values in the above equation we get


where P is in kW and H in metres.

[N s  (S.I units) = 0.86 TV (metric)]

Specific speed plays an important role in the selection of the type of turbine. By knowing the specific speed of turbine the performance of the turbine can also be predicted.

If a runner of high specific speed is used for a given head and power output, the overall cost of installation is lower. The selection of too high a specific reaction runner would reduce the size of the runner to such an extent that the discharge velocity of water into the throat of draft tube would be excessive. This is objectionable because a vacuum may be created in the extreme case.

The runner of a too high specific with a high available head increases the cost of the turbine on account of high mechanical strength required. The runner of a too low specific speed with low available head increases the cost of the generator due to the low turbine speed.

An increase in specific speed of the turbine is accompanied by lower maximum efficiency and greater depth of excavation of the draft tube. In choosing a high specific speed turbine, an increase in cost of excavation of foundation and draft tube should be considered in addition to the efficiency. The weighted efficiency over the operating range of turbine is more important in the selection of a turbine instead of maximum efficiency.

Note: For Arrange please refer Table.


5.15 PERFORMANCE CURVES FOR TURBINES

Turbines are always designed and fabricated for a given set of specifications containing variables, like speed, power output, head and discharge. And the efficiency of the unit is maximum when it operates under designed conditions. But in practice, it operates under varying conditions because the level and quantity of water in a storage reservoir does not remain constant throughout the year, and also the load on the turbine is variable. Thus, it is essential that the exact behaviour of the unit under varying working conditions are pre-determined. These are obtained by manufacturers by conducting experiments on models in a laboratory and by doing field tests on the site.

The physical parameters controlling the performance of a turbine are speed N, power output P, head H, discharge Q, the position of gate opening (nozzle opening or guide blade opening) G, and the efficiency of the turbine. The behaviour of the units are represented by curves called turbine characteristics.

The characteristics of turbines are obtained under three different categories-'

Main characteristics (Head constant)
Operating characteristics (Speed constant)
Muschel curves (Efficiency constant)
Main characteristics: In this case, the head is kept constant and the speed is varied by varying the load on the turbine. The governing mechanism is disconnected from the system so that the experiments are performed at constant gate openings. Three set of curves: speed-discharge, speed-power and speed-efficiency, each for Pelton, Francis and Kaplan turbines, have been shown in Figure 5.26 (a), (b) and (c).
Speed vs discharge curve: For a given area of flow, the discharge depends upon H1/2 for a Pelton turbine. Since His constant, the peripheral speed of the turbine is constant and therefore, the discharge is independent of speed. In reaction turbines, discharge depends upon the velocity of flow. The peripheral speed of the turbine varies with the speed and the blade angles (that is constant for a Francis turbine), the velocity of flow will decrease with increasing speed. Thus, discharge decreases with the increase in speed. In Kaplan turbines, the reverse is true and therefore, discharge increases with the increase in speed.

Speed vs power curve: Power is proportional to angular speed. When N is zero, the angular speed is zero and when N equals runaway speed, the output power is again zero. Thus, the speed-power curves for turbines are parabolic in nature.

Speed vs efficiency curve: The speed-efficiency curves for turbines are similar to speed-power curves.





Fig. 5.26: (a) Main characteristics of a Pelton turbine (b) Francis turbine (c) For Kaplan turbine

Operating Characteristics: In a hydroelectric power station, turbines are coupled with electrical alternators for producing electricity at a constant frequency and therefore, they must run at constant speed. The head and discharge depends upon their availability in the storage reservoir. The power output depends upon the demand from the locality, and the power output-efficiency, discharge-power and efficiency curves are important and have been shown in Figure 5.27 (a) and (b).

Fig. 5.27: (a) Power output-efficiency curve (b) Discharge-power and efficiency curve

Constant efficiency curve: It is evident from speed-efficiency and speed-power curves that there are two values of speed for the same power-output and efficiency, except for the point of

maximum efficiency occurring at the designed speed. Thus, we should locate the region of constant efficiency so that the turbines are operated with maximum efficiency. The efficiency curves are plotted in Figure 5.28.


Fig. 5.28: Constant efficiency cure for a Reaction turbine

5.16 SIMILITUDE IN TURBINES

Scale models are often used in designing and other studies relating to turbines. Geometric similarity is a basic requirement. Kinematic similarity is assured by having geometrically similar velocity vector diagrams. It is usual to neglect viscous effects in the model studies. The models and prototype characteristic relationships are usually expressed in terms of the following relationships between the variables:


It is seen from the above that the specific speed AT is same for both the model and prototype. Also for a given diameter ratio


This fact is expressed in terms of unit quantities. The unit speed N is defined as the speed of a geometrically similar turbine working under a head of 1 m.


The unit discharge Q m  = flow rate in a geometrically similar turbine working under a head of 1

m



Unit Power: Pu = Power generated in a geometrically similar turbine working under a head of 1

m.


These relationships are useful in studying the performance of a turbine under a varying head.


PROBLEMS WITH SOLUTIONS

5.1 A Pelton turbine works under a head of 425 m and rotating at 12 rps. Calculate the power produced and the hydraulic efficiency when the discharge through the machine is 300 1/s and the jet is deflected by 170°. Take Cv = 0.97 and the blade velocity coefficient K= 0.90.

Solution: The velocity of jet,


For maximum efficiency, the speed ratio, u/V = 0.46

and


From the velocity triangle at outlet


and hydraulic efficiency,


Now we can compute the following data:

Mean diameter of the wheel or runner,


Diameter of the jet,


Overall efficiency


5.2 A Pelton wheel has semi-circular buckets and it is working under a head of 150 m. The discharge through the nozzle is 55 lps and the diameter of the wheel is 60 cm. If the wheel is running at 600 r.p.m,, calculate (1) power available at nozzle and (2) hydraulic efficiency of the wheel. Assume Cv =0.98.

Solution:

(1) Power available at nozzle:

P = Power available at nozzle


(2) Hydraulic efficiency:


v  DN

60

   0.60  0.60

60  48.85m / s.

Then,

	h
	=
	2u(V  u)(1  cos)

	
	
	V 2

	
	
	


2 18.85(53.16 18.85)(1  cos180o )

=

(53.16)2

0.916  i.e. 91.60%  Ans
A Pelton wheel is to be designed to develop 6000 kW under a head of 300 m at 550 r.p.m. The jet ratio is 10 and the overall efficiency is 85%. Calculate the following:

	(1) discharge of  turbine;
	
	(2) diameter of wheel;

	(3) diameter of jet;
	
	(4) number of jets.

	Assume Cv = 0.98  and speed ratio = 0.46.

	Solution:
	
	

	(1) Discharge of turbine:
	
	

	
	
	

	V = C v
	2gh






=0.98
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2  9.81 300  75.19m / s


v = 0.46   [image: image46.jpg]
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2  9.81 300  35.29m / s


0Pw.Q.H

6000

0.85 =

9.81 Q  300

Q = 2.399 m 3 / s.

(2) Diameter of wheel:


(3) Diameter of jet:


(4)  Number of jets:


Area of jet

Total jet area required


Number of jets required

Thus, 3 jets are required with diameter d of each jet as:


Check:




which is close to the given value. Ans.

5.4 A Pelton wheel 2.5 m diameter operates under the following conditions. Net available head = 300 m,

Speed = 300 rpm

Coefficient of velocity of the jet = 0.98 Blade friction coefficient = 0.95

Blade angle = 165° Diameter of the jet = 20 cm Mechanical efficiency = 0.95

Determine: (i) the power developed, (ii) hydraulic efficiency and (iii) specific speed.

Solution: H= 300 m,
D = 2.5 m,
d = 0.20 m


Here


V1
=
jet velocity


Discharge

H 1
= head extracted


Hydraulic efficiency


Power developed



Specific speed (per jet)



5.5 A Pelton wheel is working under a head of 45 m and the discharge is 0.8 nf/s. The mean bucket speed is 14 m/s. Find the overall efficiency and the power produced if the jet is deflected by the baldes through an angle of 165°. A ssume the coefficient of velocity = 0.985 and mechanical efficiency = 0.95.

Solution:


Power delivered to shaft

Overall efficiency 0


5.6 A Pelton turbine produces 25 MW while running at 750 rpm under an effective head of 1770m. Calculate (i) least diameter of jet, (ii) mean diameter of the runner, and (c) number of buckets.

Solution: Let the coefficient of velocity be 0.98. The absolute velocity of water jet will than be


The maximum possible output from the turbine is  QgH. Assuming an overall efficiency equal to 0.85, the given output





the volume flow rate, Q

Since Q   / 4 d2 x V , where d= diameter of jet,


The maximum efficiency is obtained at speed ratio, u/V{ - 0.46. Therefore, the mean speed u = 0.46 V and


5.7 A Pelton wheel develops 13,800 MHP under a head of 430 m. Its specific speed is 42. Assuming suitable values of efficiency, nozzle coefficient, speed ratio and jet ration, find the speed of wheel in rpm, wheel diameter, number of jets required and the size of each jet.

Solution:


Assumptions:


Wheel diameter D


Total discharge required Q


Approximate jet diameter


Approximate discharge per jet Q


Hence number of jets required


Exact discharge per jet


Exact jet diameter d is given by


Jet ratio


Number of buckets

The nozzle of a Pelton wheel gives a jet of 9 cm diameter and velocity 75 m/s, Cv of nozzle = 0.978. The pitch circle diameter is 1.5 m and the deflection angle of the buckets is 1700. The wheel velocity is 0.46 times the jet velocity. Estimate the rpm, theoretical power developed and the efficiency of the machine.


Solution: Head H


Wheel velocity


Speed of rotation N


Discharge Q


Theoretical power P

Neglecting surface friction of buckets,




Input power


Efficiency

A double jet Pelton wheel has a specific speed of 14 and is required to deliver 1000 kW. The turbine is supplied through a pipeline from a reservoir whose level is 400 m above

the nozzles. Allowing 5% for friction loss in the pipe, calculate (a) Speed in rpm
(b)

diameter of jets (c) mean diameter of bucket circle. Take Cv = 0.98, Speed ratio = 0.46 and

overall efficiency = 85%.

Solution: Net available Head
H = 400 (1 - 0.05) = 380 m

Power per jet

Specific speed


[Note: For multiple jet Pelton
wheels the specific speed is based on

brake power per jet. ]

Rotational speed


Speed ratio

= mean diameter of bucket circle


Power developed


As there are two jets of diameter d,



A reaction turbine works at 450 rpm under a head of 115 m. The diameter of the inlet is

m and the flow area is 0.4 /n2. At the inlet the absolute and relative velocities make angles of 20° and 60° respectively with the tangent ial velocity. Determine (i) the power developed and (ii) hydraulic efficiency. Assume the velocity of whirl at the outlet to be zero.

Solution: Refer to Figure 5.29,


Fig. 5.29


At the inlet

Form A ABC, ACB = 40°





Velocity of flow

Velocity of whirl

Discharge

Power developed

But
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  velocity of whirl at outlet = 0


(i) Hence P


(ii) Hydraulic efficiency



(Francis Turbine): An inward flow reaction turbine has inlet and outlet diameters of 1.2 m and 0.6 m respectively. The breadth at inlet is 0.25 m and at outlet it is 0.35 m. At a speed of rotation of 250 rpm, the relative velocity at entrance is 3. m/s and is radial. Calculate the (i) absolute velocity at entrance and the inclination to the tangent of the runner, (ii) discharge and (iii) the velocity of flow at the outlet.

Solution: Referring to Figure 5.30 ,


As


(i)


absolute velocity at entry


Discharge

At outlet

velocity of flow at outlet = 5.0 m/s.




5.12 Francis turbine is working under a head of 14 m. It has a guide blade angle of 20° and radial vanes at inlet. The ratio of inlet and outlet diameters is 3 to 2. The velocity of flow at the exit is 4 m/s. Assuming the velocity of flow to be constant, determine the peripheral velocity of water at inlet and the vane angle at outlet.


Inlet Diagram
Outlet Diagram


Fig. 5.31: Francis Turbine

Solution: Figure 5.31 shows the inlet and outlet velocity diagrams of the Francis turbine. From inlet diagram,

tan   Vf  where u = peripheral velocity of wheel at inlet

	
	
	u
	

	
	tan 20o  
	4
	
	V f    4m / s

	
	
	u1
	

	
	
	
	

	
	V  11m / s
	


2


3



For a Francis turbine, the discharge is radial. Also, as the outer diameter of the 2 turbine is

	2
	

	of the inner diameter, the peripheral velocity of wheel at outlet will be
	
	11  = 7.33m/s.

	
	3
	

	
	
	


	From outlet diagram,
	
	
	
	
	

	tan 
	V f
	
	4
	 0.5457

	
	
	
	
	
	

	
	
	u
	
	7.33
	

	
	
	
	
	
	

	
	
	  28o37'. Ans.


A Francis turbine has an inlet diameter of 2.0 m and an outlet diameter of 1.2 m. The breadth of the blades is constant at 0.2 m. The runner rotates at a speed of 250 rpm with

a discharge of 8.0 m3/s.
The vanes are radial at the inlet and the discharge is radially

outwards at the outlet. Calculate the angle of guide vane at the inlet and blade angle at the outlet.

Solution: Referring to Figure 5.32,


Inlet Outlet

Fig. 5.32


Peripheral velocity


At the outlet

Discharge


Flow velocity at inlet


Velocity of flow at outlet


As the vanes are radial at the inlet, v= V f  = 6.366 m/s.

From the inlet velocity triangle,
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 Inlet guide vane angle

At the outlet,


Outlet blade angle.



At what angles the wicket gates of a Francis turbine be set to extract 8000 kW of power from a flow of 30 m3/s when running at a speed of 200 rpm ? The diameter of the runner at inlet is 3.0 m and the breadth of openings at inlet is 0.9 m (Figure). The flow can be assumed to leave the runner radially, and the blade angle b is obtuse.


Fig. 5.33


Solution:

Discharge

= velocity of flow at inlet = 3.537 m/s


Power

Since the outlet flow is radial


From the inlet velocity triangle



5.15 A Kaplan turbine produces 50,000 kW under a head of 22 m with an overall efficiency of 92%. Assuming the value of speed ratio as 1.50, flow ratio as 0.60 and the hub diameter as 0.35 times the outside diameter, calculate (1) hub diameter and (2) speed of turbine.

	Solution:
	
	
	

	(1) Diameter of hub:
	
	
	

	
	Let
	d
	=
	hub diameter

	and
	D
	=
	outside diameter

	Flow ratio
	
	
	

	
	
	
	
	
	
	

	
	
	
	
	
	
	

	
	
	
	
	
	
	

	
	
	
	
	
	
	



	
	
	
	Input power
	
	
	
	
	
	

	But Input power
	=
	
	w.Q.H
	

	
	54.348
	=
	9.81  Q  22
	

	
	Q
	=
	251.82 m2 / s
	

	Now,
	Q
	=
	
	D 2   d 2 Vf
	

	
	251.82
	=
	
	 D 2 1  0.352 12.47

	
	
	
	
	
	
	4
	
	

	
	D 2
	=
	
	251.82  4
	
	 29.30

	
	
	
	
	
	  0.8775 12.47
	

	
	
	
	
	
	
	
	
	

	
	D
	=
	
	
	5.41 m
	

	
	d
	=
	
	
	0.35  5.41 = 1.89 m .





(2) Speed of turbine

v

	Speed ratio
	=
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	2gH
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	v
	

	
	1.50 =
	
	
	
	
	
	
	
	
	v    =
	31.16m / s

	
	
	
	
	
	
	
	
	
	
	
	

	
	
	2 
	9.81 22
	
	
	

	
	DN
	
	
	
	
	

	
	
	31.16
	
	
	
	
	

	
	=
	
	
	
	
	
	

	
	60
	
	
	
	
	
	
	
	
	
	
	

	
	
	N   =
	31.16  60
	 110 rpm
	

	
	
	
	
	
	

	
	
	
	
	
	
	
	  5.41
	



(Kaplan Turbine): A Kaplan turbine develops 15000 kW power at a head of 30 m. The diameter of the boss is 0.35 times the diameter of the runner. Assuming a speed ratio of 2.0, a flow ratio of 0.65 and an overall efficiency of 90% calculate the (i) diameter of the runner, (ii) rotational speed and (iii) specific speed.


Solution: Speed ratio

Here

Hence

Diameter of boss


Flow ratio


Power


But discharge



If speed = N rpm,

(iii) Specific speed

Here

5.17 A Kaplan turbine runner has an outer diameter of 4.50 m and an inlet diameter of 2.50 m. It develops 20.600 kW when running at 140 r.p.m. under a head of 20 m. If h = 94% and

o = 88%, find the discharge through the turbine and the guide blade angle at the inlet.

Solution:

Also,


Then,


A Kaplan turbine has a runner diameter of 4.0 m and a hub diameter of 1.2 m. The discharge through the turbine is 70 m3/s. The hydraulic and mechanical efficiencies can be assumed to be 0.9 and 0.93 respectively. Assuming an absence of whirl at the outlet and the discharge is free, estimate the net available head on the turbine and the power developed. If the speed ratio is 2.0, estimate the specific speed.

Solution:


Discharge


	Velocity of flow
	
	
	
	
	
	
	
	

	Let
	H = Net available head on the turbine.

	Since at the outlet
	V
	=  V f 1  = 6.1213 m / s , by energy equation

	H 
	V22
	 Head extract = H e = H H

	
	2g
	

	
	
	
	
	
	
	
	
	
	

	
	
	
	
	= 0.9 H

	
	
	
	
	(6.1213) 2
	

	
	0.1 H =
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	2  9.81
	

	
	
	
	H = 19.1 m.

	Power developed
	P
	
	=  QHH  m

	
	
	= 9.79 70 19.1 0.9  0.93

	
	
	
	= 10955kW

	
	
	
	
	
	
	u

	Speed ratio
	
	=
	
	
	
	=2.0
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	


2gh



	
	u = 2.0
	
	
	2  9.81 30
	
	 38.72m / s

	But
	u1
	
	D1 N
	
	  4  N
	
	

	
	
	
	
	
	60
	
	
	
	60
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	N =
	
	60  38.72
	 184.9rpm
	
	

	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	  4
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	184.9 
	
	
	

	Specific Speed
	N s  =
	
	N
	
	P
	
	
	
	10955
	
	 485

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	H 5 / 4
	
	
	(19.1)5 / 4
	
	



A Kaplan turbine has an outlet diameter of 6 m and inlet diameter of 2.50 m. It develops 28 x 106 W at 100 r.p.m. under a head of 12 m. The discharge through the runner is 280

m 3 / s. If h  = 92%, calculate m  and 0 .

Solution:

(1) Mechanical efficiency:


Also,
Wheel power

Then,

(2) Overall efficiency:


5.20 A Kaplan turbine develops 20,000 kW at a head of 35 m and at a rotational speed of 420 rpm. The outer diameter of the blades is 2.5 m and the hub diameter is 0.85 m. If the overall efficiency is 85% and the hydraulic efficiency is 88%, calculate the discharge, the inlet flow angle and the blade angle at the inlet.

	Solution:  Power
	
	
	P
	= 0
	 QH

	
	
	20,000
	=
	
	0.85 x
	9.79 x Q x   35

	Discharge
	Q =
	20,000
	
	
	 68.67m 3 / s

	
	
	
	
	
	
	
	
	
	

	
	
	0.85
	 9.79  35
	

	
	
	
	
	

	
	Q =
	 ( D2   Db2 )V f
	

	
	
	4
	
	
	
	
	
	
	

	68.67 =
	
	{(2.5) 2 (0.85)2 }V f
	 4.3413V f

	
	4
	
	
	
	
	
	
	
	

	Flow velocity at inlet
	
	
	
	
	
	

	
	
	V f 1  =
	
	
	68.67
	
	 15.82m / s

	
	
	
	
	
	4.3413
	
	

	
	
	
	
	
	
	
	

	Peripheral velocity at inlet
	u
	=
	DN    2.5  420  54.98m / s

	
	
	
	
	
	
	
	60
	
	60


Hydraulic efficiency

H
Vwu

gH

0.88 =
Vw (54.98)


9.8135

Whirl velocity at inlet V u1  5.495m / s

Since V w <u, the inlet velocity triangle is as in Figure 5.34

Let
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  inlet flow angle




Fig. 5.34 Inlet Velocity Triangle


Inlet blade angle


5.21 A turbine develops 8,000 kW when running at 100 rpm. The head on the turbine is 30 m. If the head is reduced to 18 m, determine the speed and power developed by the turbine.

Solution: For geometrically similar turbines, the unit speed


Unit power

	
	
	 P1
	
	H 2
	3 / 2

	P
	2
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	H 1
	

	
	
	
	
	
	


	
	18
	3 / 2
	

	= 8000
	
	
	
	= 3718kW

	
	
	30
	
	

	
	
	
	
	



5.22 A Francis turbine produces 6750 kW at 300 rpm under a net head of 45 m with an overall efficiency of 85%. What would be the revolutions per minute, discharge and brake power of the same turbine under a net head of 60 m under homologous conditions ?

Solution: Power developed

	
	P =  0  QH

	
	6750
	= 0.85
	(9.81 998)
	 Q  45

	
	
	
	
	

	
	
	1000
	

	Discharge
	Q =
	18.03 m 3 / s


For calculating N,Q and P at H= 60m the unit relationships are used.

	
	N u 
	
	
	
	N
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	N 2
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	H1
	
	H 2
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	N 2  N1
	
	
	
	
	H 2
	 300
	
	60
	
	 346.4rpm

	
	
	
	
	
	H1
	
	
	45
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	Q u 
	Q
	
	
	
	
	
	
	
	
	
	
	

	
	
	H
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Q 2  Q1
	
	
	
	
	H 2
	
	 18.03
	
	
	
	60
	
	 20.82m3 / s

	
	
	
	
	
	H1
	
	
	45
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



5.23 A conical draft tube having inlet and outlet diameters 1.5 m and 1.75 m respectively discharges water at outlet with a velocity of 3 m/s. The total length of the draft tube is 6.5 m and 1.5 m is immersed in water. If the frictional losses in the draft tube is 0.25 x velocity head at outlet, calculate the pressure head at the runner outlet and efficiency of the draft tube.

Solution:

The cross-sectional area of flow at inlet and outlet to the draft tube is



discharge through the draft
tube


frictional loss in the draft tube =

By applying the Bernoulli equation between (1) and (2), we have


If p a / g  10.3m of water and from fluid statics,

	
	
	
	
	
	
	p2
	
	
	pa
	 1.5 ,
	
	
	
	
	

	
	
	
	
	
	
	g
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	g
	
	
	
	
	
	

	
	
	
	
	
	
	p1
	
	 10.3  1.5  6.5 
	
	V12  V22
	 losses

	
	
	
	
	
	
	g
	
	
	
	2g
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	=5.0237 or 5.2763m below atmospheric pressure.

	
	
	v 2
	 v 2
	
	 loss
	
	
	
	
	
	
	
	
	
	
	

	2
	1
	
	
	
	
	
	
	
	
	
	
	
	
	

	 of the draft tube =
	
	
	2g
	
	
	 1 
	
	
	loss
	
	 1 
	0.1147
	 0.707

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	(V
	2   V 2 ) / 2 g
	
	(V 2
	 V 2 ) / 2g
	
	
	

	
	
	
	
	
	
	
	
	0.391
	

	2
	1
	
	
	2
	1
	
	
	
	
	



5.24 State the purpose of a draft tube in a reaction water turbine.

A conical draft tube of 5 m length has a diameter of 2.0 m at its top. Water discharge through it with flow rate of 20 m3/s and 1.2 m/s velocity at the outlet. The pressure head at the top is 5.8 m of water (vacuum) and atmospheric pressure equals 10.3 m of water. Neglecting friction loss, calculate

the length of tube immersed in water.

Solution: With respect to an equation,


2m


	hs
	5m


y

	p1
	
	pa
	
	V12   V22
	

	
	
	
	 hs
	
	
	 h f

	
	
	
	
	
	
	

	w
	
	w
	
	2g
	


	Given:  V
	2 
	
	
	20
	
	 6.37m / s;
	
	V 3  1.2m / s;   h f   0

	
	
	
	
	
	
	
	
	

	
	
	
	
	(2)
	2
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	pa
	 10.3m;
	p2
	
	 10.3  5.8  4.5m

	
	
	
	
	
	

	
	w
	
	
	
	
	w
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	6.37
	2
	1.2
	2
	
	


	
	
	
	
	
	
	
	
	
	
	
	
	
	 0
	; hs   3.805m

	
	4.5 = 10.3-h s
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	2  9.81
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	


Length of draft tube immersed in water, y - 5 - 3.805 = 1.195 m


5.25 Explain briefly the function of a draft tube and sketch some typical draft tubes.

A Kaplan turbine operating under a head of 7.5 m develops 1835 kW with an overall efficiency of 87%. The turbine is set 2.5 m above the tail water level and vacuum gauge inserted at turbine outlet records a suction head of 3.15 m. Calculate the efficiency of the draft tube if it has an inlet diameter of 3 m and the loss of head due to friction in the draft tube equals 25% of kinetic head at outlet.


Solution: Power available from the turbine shaft,


With respect to Figure and equation,


	
	
	
	
	
	
	
	
	
	
	
	

	
	V
	2
	
	
	1.727 2
	
	
	
	
	

	h f
	 2.25
	
	2
	 0.25 
	
	
	 0.038
	
	
	

	
	
	
	
	
	
	
	
	
	
	

	
	
	2g
	2  9.81
	
	
	

	Draft tube efficiency, d  
	V12   V22 ) / 2 g  h f
	
	0.688  0.038
	= 0.773 or = 77.3%

	
	
	
	
	

	
	
	
	
	
	
	V 2
	/ 2g
	0.840
	

	
	
	
	
	
	
	1
	
	
	
	
	



The following data refer to an elbow-type draft tube. The inlet area = 2.5 /n2, outlet area

m2, velocity of water at inlet to the draft tube = 8 m/s, efficiency of the draft tube =

and the elevation of the inlet plane above tail race level = 2.5 m. Determine (i) vacuum at inlet, (ii) head wasted in the draft tube, and (iii) power lost in tail race.

Solution: The quantity of water flowing through the draft tube is given by

Q = area x velocity =2.5 x 8 = 20 m3/s = a2 V2

Velocity of water at outlet = 20/11.6 = 1.724 m/s

Since only 70 per cent of the dynamic suction head is available, the loss in the draft tube is equal

to

	
	
	64
	 (1.724)
	2

	h f
	= 0.3(V12 V22 ) / 2g = 0.3
	
	
	
	= 0.993m

	
	
	
	2  9.81
	
	

	
	
	
	
	
	


By applying the Bernoulli equation between the inlet and exit of the draft tube, we have

	p
	
	V 2
	p
	2
	
	V 2
	

	1
	
	
	1
	 z1  
	
	
	
	
	2
	 z
	2   losses

	g
	
	
	
	
	g
	
	
	
	
	

	
	
	
	2 g
	
	
	
	2 g
	


let p 2 / g be the atmospheric pressure head equal to 10 m of water and we assume that V2 = 1.724 m/s when Z 2 the elevation of the draft tube exit above the tail race level, is zero. Thus, we have

	p
	 10 
	(1.724) 2
	 0.933 
	64
	 2.5
	 5.322m or 4.678 m vacuum

	1
	
	
	
	
	
	

	g
	
	2g
	
	2g
	
	

	
	
	
	
	
	
	


Head wasted in the draft tube exit = (1.724)2/2  9.81 = 01515 m

Power lost in tail race =  Q g H = 103 x 20 x 9.81 x 0.1515 = 29.72 kW


6

HYDRAULIC PUMPS

6.1
PUMP : DEFINITION

A pump is a device which lifts water from a lower level to a higher level at the expense of mechanical energy. Thus, a pump is a power absorbing device used to increase the pressure energy of a liquid. The pressure energy is increased by creating a region of low pressure (usually lower than the atmospheric pressure) near the inlet of the pump and a higher pressure at the outlet of the pump. Due to this low inlet pressure, the liquid rises to the pump from a low level reservoir (sump) and the high pressure created inside the pump forces the liquid out of the pump to be delivered to the reservoir.

6.2
CLASSIFICATION OF PUMPS

Pumps can be broadly classified into two categories -positive displacement pumps and rotodynamic or dynamic pressure pumps. In a positive displacement pump a small quantity of liquid is taken inside the pump and is bodily displaced and forced out of the pump under pressure. The liquid inside a positive displacement pump may be subjected either to a reciprocating motion (a reciprocating pump) or to a rotary/circular motion (gear pump, screw pump, etc.). In rotodynamic or dynamic pressure pumps the liquid is subjected to whirling motion by an impeller (a rotating disc having a finite number of blades similar to the runner of a turbine) and the gain in the kinetic energy of the liquid is converted into the pressure energy inside the pump.

6.3
ROTODYNAMIC PUMPS - CENTRIFUGAL PUMPS

The centrifugal pump is a roto-dynamic type pump and it works on the principle that when a vessel containing liquid is rotated about a point, the centrifugal force causes the liquid level to rise. If more liquid is constantly made available at the centre of rotation, a continuous supply of liquid at a higher level may be ensured. As these pumps lift the liquid due to the centrifugal action, they are known as the centrifugal pumps.

The idea of lifting a liquid by the centrifugal force was introduced by French scientists in 16th century when reciprocating pumps were very popular. The centrifugal pumps of the present day are made with a high degree of precision and they are very popular all over the world in various applications such as drainage, irrigation, oil refineries, sewage work, water supply schemes, etc.

6.4
COMPONENT PARTS OF CENTRIFUGAL PUMP

As shown in Figure 6.1, a centrifugal pump usually consists of the following parts-'

Casing: It surrounds the impeller and it is designed with a gradually increasing diameter. It is an airtight and watertight chamber.
Delivery pipe: It takes the water from the outlet of pump and delivers it to a point higher than the position of the pump.
Delivery valve: It is provided on the delivery pipe just near the outlet of the pump to control the flow into the delivery pipe.
Impeller: It is a rotor with series of curved vanes or blades. It is mounted on a shaft.
Prime mover: It rotates the shaft of the impeller. The electric motor is usually provided for this purpose.

Suction pipe: The upper end of the suction pipe is connected to the inlet of pump and its lower end is submerged into a sump or suction well from which the water is to be pumped.
Strainer and foot valve: The arrangement of strainer and foot valve is made at the lower end of the suction pipe. The water first enters the strainer which keeps out the floating debris and allows pure liquid to be sucked up by the suction pipe. The foot valve is of non-return or one-way type opening upwards and it will not allow the water to move in a downward direction.

Fig. 6.1: Component parts of centrifugal pump

Working of centrifugal pump

The centrifugal pump works as follows:

Priming: To work a centrifugal pump, it must first be primed i.e., all the air in the suction pipe, pump casing and the small portion of delivery pipe upto the delivery valve is to be driven out and its place is to be occupied by the liquid which is to be pumped.
Rotation of impeller: After the pump is primed, the delivery valve is still kept in a closed position and the electric motor is started to rotate the impeller. The rotation of the impeller causes strong suction or vacuum just at the eye of the casing. The circular hole in the suction pipe through which the liquid enters the casing, is known as the eye.
Normal speed: The speed of the impeller is gradually increased till it rotates at its normal speed and develops normal energy required for pumping the liquid.
Opening of delivery valve: After normal speed of the impeller is attained, the delivery valve is opened and the liquid is continuously sucked up the suction pipe from the sump or suction well.
Action of impeller: The liquid passes through the eye of the casing. It then enters the impeller at its centre and then enters the impeller vanes at their inlet tips. This liquid is impelled out by the rotating vanes as it comes out, at the outlet tips of the vanes, into the casing. The impeller thus impresses the centrifugal head on the liquid or in other words, the pressure head of the liquid

increases as it passes through the impeller. The velocity head of the liquid also gets increased due to the impeller action. Some of this velocity head is converted into pressure head in the casing.

(6) Delivery pipe: From the casing, the liquid passes into the delivery pipe and is lifted to the required height. The liquid is then discharged from the outlet or upper end of the delivery pipe. Thus, the liquid enters and leaves the impeller continuously so as to maintain a steady flow to the required height.

6.5 WORKING OF A CENTRIFUGAL PUMP

A centrifugal pump works on the principle that when a certain mass of fluid is rotated by an external source, it is thrown away from the central axis of rotation and a centrifugal head is impressed which enables it to rise to a higher level.

The working/operation of a centrifugal pump is explained step-wise below:

	1.
	The  delivery valve  is closed  and  the  pump  is primed  that  is,  suction  pipe,  casing

	
	and a portion of the delivery pipe upto the delivery valve are completely filled with the liquid

	
	(to be pumped) so that no air pocket is left.


Keeping the delivery valve still closed the electric motor is started to rotate the impeller. The rotation of the impeller causes a strong suction or vacuum just at the eye of the casing.
The speed of the impeller is gradually increased till the impeller rotates at its normal speed and develops the normal energy required for pumping the liquid.
After the impeller attains the normal speed the delivery valve is opened when the liquid is continuously sucked (from sum well) up the suction pipe, it passes through the eye of casing and enters the impeller at its centre or it enters the impeller vanes at their inlet tips. This liquid is impelled out by the rotating vanes and it comes out at the outlet tips of the vanes into the casing. Due to impeller action the pressure head as well as velocity head of the liquid are increased (some of this velicty head is converted into pressure head in the casing and in the diffuser blades/vanes if they are also provided).
From the casing, the liquid passes into pipe and is lifeted to the required height (and discharged from the outlet or upper end of the delivery pipe).
So long as motion is given to the impeller and there is supply of liquid to be lifted the process of lifting the liquid to the required height remains continuous.
When the pump is to be stopped the delivery valve should be first closed, otherwise there may be some backflow from the reservoir.
CASINGS

The impeller is enclosed in the casing which is so designed that the kinetic energy of the liquid is converted into pressure energy before it leaves the casing. The pump casing should be designed to have minimum loss of kinetic energy which will increase the efficiency of the pump.

6.6.1
Functions of casing

The functions of casing in a centrifugal pump are as follows:

To convert a larger portion of the kinetic energy of the liquid flowing through it into the pressure energy.
To increase the efficiency of the pump by eliminating the loss of head.
To maintain uniform velocity of flow throughout the casing.
To provide space for the liquid coming out of the impeller and to transfer it to the delivery

pipe.

To reduce the loss of head by providing uniform velocity.
Types of casings

Here are the three common types of the casings:

Volute casing
Vortex casing
Volute casing with guide blades.
Each casing will now be briefly described.

(1) Volute casing: As shown in Figure 6.2, the impeller is surrounded by a spiral casing. It provides a gradual increase in the area of flow. Thus, the velocity of liquid decreases and correspondingly, the pressure head and efficiency of the pump are increased. In this type of casing, a considerable loss takes place due to the formation of eddies and the centrifugal pump with this type of casing is known as the volute pump.


Fig 6.2: Volute casing
Fig 6.3: Vortex casing

Vortex casing: This is an improved type of a volute casing in which the spiral casing is combined with a circular chamber known as the vortex or whirl pool chamber, as shown in Figure 6.3. The eddies are reduced to a considerable extent in this type of casing and an increased efficiency of the pump is obtained.

Volute casing with guide blades: As shown in Figure 6.4, a diffuser ring with guide blades is provided in this type of casing. The blades are arranged at such an angle that the liquid enters without a shock and forms a passage of increasing area through which the liquid passes and reaches the delivery pipe. This type of casing is more efficient and it is used in all multi-stage centrifugal pumps. The pumps with this type of casing are also known as the diffuser pumps or turbine pumps.





Fig 6.4: Volute casing with guide blades

6.7 IMPELLERS OF CENTRIFUGAL PUMPS

Depending upon the nature of liquid to be pumped, a centrifugal pump may have one of the following three types of impellers:

Closed or shrouded impeller
Semi-open impeller
Open impeller.
Each of these impellers will now be briefly described.

Closed or shrouded impeller: As shown in Figure 6.5, the impeller has vanes with shrouds on both sides as in the case of the radially inward flow reaction turbine. Such an impeller is used for the pumping of liquids which are pure and comparatively free from foreign matter or debris like water, oil of low viscosity, acids, chemicals, etc. The material of the impeller has to withstand the chemical reaction of the liquid, if necessary.

Fig. 6.5: Closed or shrouded impeller


Fig. 6.6: Semi-open impeller

(2) Semi-open impeller: When the vanes have only a base plate and no crown plate, the impeller is known as the semi-open impeller, as shown in Figure 6.6. It is useful for pumping liquids charged with debris to some extent like sewage effluent, paper pulp, sugar molasses, etc. It is provided with less number of vanes with greater length to avoid the clogging.


(3) Open impeller: When the vanes have neither the crown plate nor the base plate, the impeller is known as an open impeller, as shown in Figure 6.7. In such a case, the vanes are attached to a web plate which is fixed to the shaft. It is used to pump liquids having coarse debris of large size. As these impellers have to perform rough work, the vanes are made of forged steel.


Fig. 6.8: Open impeller
Fig. 6.9: Curved-back vane

Types of Vanes

The vanes on the impeller may be of the following three types-'

Curved-back vanes
Radial vanes
Curved-forward vanes.
Each of these vanes will now be briefly described.

(1) Curved-back vanes: These vanes are curved back or away from the direction of rotation of the impeller, as shown in Figure 6.9. They thus present a convex surface to the liquid which is impelled or forced out by them out of the impeller. They are more efficient and unless otherwise mentioned, it is understood that the impeller has curved-back vanes. For this type of vane, 9 < 90° and <  > = 90°.

(2) Radial vanes: These vanes have got their outlet tips in the radial direction, as shown in Figure 6.10. They are less efficient as compared to the curved-back vanes. For this type of vane, 9 < 90°

and < > = 90°.

(3) Curved-forward vanes: These vanes are curved forward in the direction of rotation of the impeller, as shown in Figure 6.11. They thus present a concave surface to the liquid which is impelled or forced out by them out of the impeller. They are the least efficient vanes. For this type of vane,  < 90° and  > 90°.



Fig. 6.10: Radial vanes
Fig. 6.11: Curved-forward vane

6.8 PRIMING OF A CENTRIFUGAL PUMP

When the impeller rotates, it develops a centrifugal head in the casing and it is impressed upon the liquid to be pumped. The centrifugal head developed in this manner will depend on the density of the liquid against which the impeller rotates. If there is no liquid in the casing at the time of starting of the pump, the impeller will rotate against air whose density is comparatively smaller and the corresponding centrifugal pressure developed will not be enough to lift the liquid from below. The process of filling up the liquid in the casing, suction pipe and delivery pipe upto the delivery valve of a centrifugal pump before starting the pump is known as the priming. It is necessary when the pump is installed above the water level.

There are several methods of priming and they can be grouped in the following three categories:

Manual priming
Priming by vacuum
Self-priming.
In manual priming, the liquid is poured through the priming cock by a funnel and the air vent in the casing is opened. When all the air from the suction pipe and casing has been displaced, the cock is closed and the pump can then be started.

In large pumps, the priming is done by evacuating the casing and suction pipe with the help of an air pump or ejector. The water is thus drawn into the suction pipe from the sump and it is called priming by vacuum.

In case of self-priming, the internal construction of a pump is such that it primes automatically. Self-priming pumps are better, but they are more costly.

6.9 CLASSIFICATION OF CENTRIFUGAL PUMPS

Centrifugal pumps can be classified on the basis of a number of factors. Table 1 shows the classification of the centrifugal pumps according to direction of flow, number of entrances to the impeller, number of impellers per shaft, positions of shaft, priming, type of casing, type of impeller and working head.


TABLE 1: CLASSIFICATION OF CENTRIFUGAL PUMPS


6.10 WORK DONE BY THE IMPELLER (OR CENTRIFUGAL PUMP) ON LIQUID

The expression for work done or energy supplied by the impeller of a centrifugal pump on the liquid flowing through may be derived in the same way as for a turbine. Figure 6.12 shows one vane of the impeller.

The liquid enters the impeller at its centre and leaves at its outer periphery.


Assumptions:

Liquid enters the impeller eye in a radial direction, the whirl component V w  (of the

inlet absolute velocity V) is zero and the flow component V f equals the absolute velocity itself (i.e., Vf= V); = 90°.

No energy loss in the impeller due to friction and eddy formation

No loss due to shock at entry.

There is uniform velocity distribution in the narrow passages formed between two adjacent vanes.

Figure 6.12 shows a portion of the impeller of a centrifugal pump with the one vane and the velocity triangles at the inlet and the outlet tips of the vane.


Fig. 6.12: Velocity triangles for an impeller vane

Let D 1  = diameter of the impeller at inlet (R 1  = D 1 /2),

N= speed of the impeller in r.p.m.,
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u1 = tangential velocity of the impeller at inlet
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D2 = diameter of the impeller at outlet (R2 = D/2) u2 = tangential velocity of impeller at outlet
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V 1  = absolute velocity of water at inlet,



	Vw 1
	= velocity of whirl at inlet,

	V r1
	- relative velocity of liquid at inlet,

	V f 1
	= velocity of flow at inlet,


 = angle made by absolute velocity (V1 ) at inlet with the direction of motion of vane

 = angle made by the relative velocity (K,) at inlet with the direction of motion of vane, and

Vw2, V2,V r 2 ,V f 2 . 
and  are the corresponding values at outlet.

While passing through the impeller, the velocity of whirl changes and there is a change of
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	Work done per second = torque singular velocity
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Work done per second per unit weight of liquid/sec. of water = Vw2 u2

g

Equation has been developed assuming flow at inlet to be radial (i.e., V w1 = 0). If the flow is not radial, the expression for work done may be written as
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Equation (2) is known as the Euler momentum, equation for centrifugal pumps.

The term = [where W-

= D2B2 x V f 2
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	weight of liquid = w  x Q, Q = volume of liquid = DlBl x V f 1

	
	
	
	
	
	
	


where B, and B2 are the widths of the impeller at inlet and V f 1 and Vf2 are the velocities of flow at inlet and outlet respectively.]

Equation 1 stipulates that for delivering liquid at high heads the peripheral velocity u2 must be high and vector Vw2 must be large (so as to provide adequate whirl to the liquid). The increase in u2 can be obtained by increasing the impeller diameter and speed of rotation. The whirl component Vw2


however can be augmented by the providing adequate number of vanes of suitable size and shape. Further, from outlet triangle, we have
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Similarly from inlet triangle we can obtain

u1Vw1   1 (V12   u12   Vr21 )

2

Substituting in equation (2) we obtain

Work done per second per unit weight of liquid (or H)



... (i)

... (ii)

	=
	V22   V12
	
	u22   u12
	
	Vr21  Vr22
	..(3)
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Equation (3) indicates that work done on the liquid consists of three terms

the first term   2    V12  represents the increase in kinetic energy or dynamic head.
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	The second terms
	
	
	
	
	represents an increase in static pressure.
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	 Vr22
	
	

	-
	The third term
	
	
	
	
	indicates the change in kinetic energy due to retardation of flow
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relative to the impeller (this term, therefore, represents conversion of kinetic energy within the impeller itself).

6.11 HEAD OF A PUMP

The head of a centrifugal pump may be expressed in the following ways:

(i) Static head; (ii) Manometric head; (iii) Total, gross or effective head.


(i) Static head: The sum of suction head and delivery head is known as static head. This is

	represented by H star   and is written as
	

	H star=h s  + h d
	...(4)


Where h s = suction head (it is the vertical height of the centre line of the pump shaft above the liquid surface in the sump from which the liquid is being raised),

h d = delivery head (it is the vertical height of the liquid surface in the tank/reservoir to which the liquid is delivered above the centre line of the pump shaft).

The term h s
and h d
are known as static suction lift and static delivery lift respectively

(ii) Manometric head: The height against which a centrifugal pump has to work is known as the manometric head. It is the head measured across the pump inlet and outlet flanges. It is denoted by H and is given by the following expressions:

(i) H mano = head imparted by the impeller to liquid – loss of head in the pump (i.e., impeller; and casing)
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	where h Li
	and
	h Lc  are the losses of head in the impeller and casing respectively.
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	..if loss of head in the pump is zero………………..(6)
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	(ii) H mano
	 H static
	 losse sin pipes 
	Vd 2
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………………….(7)

where ht = suction head; hd = delivery head;

hfi = frictional head loss in the suction pipe;

h,= frictional head loss in the delivery pipe; and Vd - velocity of liquid in delivery pipe.

(iii) H mano
= total head at outlet of the pump-total head at inlet of the pump


where
P 2
= pressure head at outlet of pump hd
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V 22

velocity head at outlet of the pump
	2 g
	Vd 2

	= velocity head in the delivery pipe  =
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z2 - vertical height of the pump outlet from the datum line, and


corresponding values of pressure head, velocity head and datum head at inlet of the pump.

Total, gross or effective head: It is equal to the static head plus all the head losses occurring in flow before, through and after the impeller.
LIMITATION OF SECTION LIFT


When the suction for a centrifugal pump is high, a large vacuum is created at the pump inlet. If this vacuum pressure falls below the vapour pressure corresponding to that temperature, the water will vaporise and cavitation or separation will occur in the flow of liquid.

When cavitation occurs, vapour bubbles are formed and they move from the low pressure side i.e., entry to the impeller to the high pressure side i.e., exit of the impeller and collapse suddenly. They hit the vanes of the impeller when they collapse and the impeller may be worn out. This damaging of impeller by cavitation is known as the pitting and it should be avoided by preventing the occurrence of cavitation.

The precautions to be taken to prevent cavitation are as follows:

The impeller is provided with more number of vanes to reduce turbulence.
The pump speed should be reasonably low.
The sharp bends in the suction pipe should be avoided to reduce the frictional losses.
The suction lift is kept between 5 m to 6 m.
The velocity in the suction pipe should be low.
LOSSES AND EFFICIENCIES

6.13.1
Losses in Centrifugal Pump

Energy losses in centrifugal pumps may be classified as follows:

Mechanical losses: (a) Disc friction loss and (b) Loss due to mechanical friction in glands and bearings.

Hydraulic losses: (a) Pipeline losses (friction loss + minor losses) and (b) Pump Losses.

The following four are pump losses.

Shock loss due to turbulence at entry and exit of vanes at flows other than the design discharge.
Surface friction loss in impeller passages.


(i) Manometric efficiency, (

Friction and eddy losses in diffusers and casing.
Pressure loss due to leakage from outer periphery to eye of impeller.
Efficiencies of Centrifugal Pump

The various efficiencies of a centrifugal pump are:

(i) Manometric efficiency, ( mano )
(ii) Volumetric efficiency, ( v )

(III)) Mechanical efficiency,(  m)
(iv)Overall efficiency, ( o).

mano ): The ratio of the manometric head developed by the pump to the

head imparted by the impeller to the liquid is known as manometric efficiency. Thus

manomertic haed

	 mano
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	head imparted by impeller t o liquid

	
	
	


or




(ii) Volumetric efficiency (0 ): The ratio of quantity of liquid discharged per second from the pump to the quantity passing per second through the impeller is known as "volumetric efficiency'. Thus,

	v
	=
	liquid discharged persecond from the pump

	
	
	

	
	
	quantity of liquid passing per second throught the impeller

	
	
	



where Q = actual liquid discharge at the pump outlet per second,

q = leakage of liquid per second from the impeller (through the clearance between the impeller and casing).

(iii) Mechanical efficiency (m ): The ratio of the power delivered by the impeller to the liquid to the power input to the pump shaft is known as mechanical efficiency. Thus

	m
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	Power delivered by the impeller t o the liquid power
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(iv) Overall efficiency (0 ): The ratio of power output of the pump to the power input to the pump is known as 'overall efficiency. Thus
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	power output of the pump
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	wQH mano

	
	
	power input to the pump I shaft
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which is the same as equation

6.14 MINIMUM STARTING SPEED

The minimum starting speed of a centrifugal pump is the one where the centrifugal head created by the impeller is equal to or greater than the manometric head that it is

	expected to overcome. Thus
	u 2  u 2
	
	 H m
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In the limiting case,
u22   u12
should not at least be equal to H m


2 g


Where D1 =rim diameter and D e =inlet or eye diameter of the impeller.


This is the minimum starting rpm of the pump.

6.15 WORKING PROPORTIONS OF A CENTRIFUGAL PUMPS

(a) Rim Diameter
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	Rim diameter = Rim diameter = D1  
	
	
	2gK u     H m  
	
	K u    H m

	
	N
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	where N = rpm, H m  = manometric head in metre and K u = u1  /
	
	2gH m  speed ratio. K u  varies from



to 1.8 depending on the specific speed.

Eye Diameter and Outlet Width

	The values of K u
	D e ID, and B,/D, ratio are given in Table 2.
	
	
	
	

	
	Table 2: Values of Speed Ratio and Impeller Proportions
	
	

	
	
	
	
	
	
	
	
	

	Specific speed
	
	300
	600
	1200
	1800
	3000
	6000
	9000

	K u
	
	0.95
	0.96.
	1.1
	1.2
	1.3
	1.6
	1.8

	D e ID,
	
	0.29
	0.43
	0.51
	0.61
	0.75
	1.0
	1.0

	
	
	
	
	
	
	
	
	

	B,/D,
	
	0.015
	0.045
	0.11
	0.16
	0.22
	0.28
	0.32



(c) Pipeline Diameters

The diameters of suction and delivery pipes are designed to give velocities not exceeding 1.5 m/s and 3 m/s on suction and delivery sides respectively.

(d) Discharge

The discharge or capacity of a centrifugal pump is given by

Q= KD1 B1 Kt

where AT is a factor to account for the reduction in flow area due to thickness of impeller vanes, D] = rim diameter, B] = rim width, V f . = K ft = constant velocity of flow through the impeller. In cases where precise data are not available, K is taken as 100%.


6.16 MULTISTAGE PUMP

Centrifugal pumps can normally develop pressures up to 1000 KPa. If higher pressures are required there are three options: (i) increase of impeller diameter, (ii) increase of rpm and (iii) use of two or more normal impellers in series. The pump looks clumsy in option (i). The impeller material is stresses heavily in option (ii). The third choice is the best and is generally adopted. The impellers which are usually of the same size are mounted on the same shaft. The unit is called a multistage pump. It discharges the same quantity of fluid as a single impeller pump but the head developed is 2.3 or 4 times the head of a normal pump depending on the number of stages.


Fig. 6.13: Two-Stage Centrifugal Pump

As shown in Figure 6.13, the outflow from one impeller is guided to the eye of the next impeller. The last impeller delivers the fluid at the required pressure. Since the primary function of the pump is to generate a high pressure, diffusers are provided in each stage to increase the pressure to the maximum possible extent. Although the maximum number of stages in use is 54, the number of stages required in most cases is less than 10.

6.16.1
Pumps in Series

For obtaining a high head, a number of impellers are mounted in series or on the same shaft; if more number of impellers are mounted on the same shaft the pressure at outlet will be increased

further. If in each stage, the manometric head imposed on the liquid is H mano
, then for n identical

impellers the total head developed will be; H total = n H however, the discharge passing through each impeller is the same.

The series arrangement is employed for delivering a relatively small quantity of liquid against very high heads.

The advantages of multi-stage pumps-impellers in series over single-stage pumps are as follows:

Less loss due to friction.
Reduced stresses.
Small slip leakage.
The number of stages may be so chosen that the pump speed suits the driving motor speed.
By proper arrangement of impellers axial thrust can be eliminated.

Owing to lower specific speed of individual impellers a higher suction lift is possible.
6.16.2 Pumps in parallel

When a large quantity of liquid is required to be pumped against a relatively small head

(which is impossible for a single pump to accomplish), two or more pumps are employed which are so arranged that each of these pumps working separately lifts the liquid from a common sump and delivers it to a common collecting pipe through which it is carried to required height. This arrangement is known as pumps in parallel (since each pump delivers the liquid against the same head). If Q is the discharge capacity of one pump and there are n identical pumps (arranged in

parallel) then total discharge will be, Q total =nQ


Fig 6.14: Pumps in Parallel

6.17 SPECIFIC SPEED OF A CENTRIFUGAL PUMP

In the study of pumps, the concept of specific speed has a three-fold use: (i) for comparing the performances of different pumps, (ii) for predicting the behaviors of a prototype machine base on model results, and (iii) for selecting the appropriate pump for a given speed Nt of a turbo-pump is defined as the speed of rotation of a hypothetical pump

Which is geometrically similar to the given pump and of such a size that it would discharge on litre per second or against a head of one meter. An expression for TV may be derived as

Follows. The pump discharge is Q = KD1 B1V f 1

Since B1D1,QD12V f 1

In terms of flow ratio K f   the velocity of flow is
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	another constant C.
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	From the definition of specific speed, when N = N s , Hm= 1 metre and Q = 1 m 3 /sec

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	There fore C=N s
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	Like the turbine speed, the pump specific speed is also dimensional. While Ns of a turbine has

	the dimensions
	M 1/ 2 L1/ 4T 5 / 2    the Ns  of a pump has the dimensions L3 / 2T 3 / 2 . Units of Ns  are


usually not mentioned because they are too long to be appended every time TV is expressed.

6.18 SIMILARITY RELATIONS

When investigating the operating characteristics of homologous (identical) pumps, the following assumptions are made:

the pumps are kept geometrically similar and that all linear dimensions are proportional to the impeller diameter, e.g., breadth of impeller B  diameter D

there is similarity in the velocity triangles; the pumps have the same hydraulic and volumetric efficiency

all velocities are proportional to the square root of head H

there is equality of flow, the Reynolds number through the pumps being examined.

Discharge Q  area of flow x flow velocity
DBV f

	Since V f
	  H  and B  D ,we obtain
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The factor Q/ND 3 is called the flow co-efficient.
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The factor H/N 2 D 2  is called the head or lift coefficent

(iii) Power P  wQH 
QH

Since Q  ND 3  and H 3  N 2 D 2

P (ND 3  N 2 D 2 )N 3 H 5 or Q/N 3 D 5 =constant

The parameter Q/N3 D5 is called the power coefficient.

Relations can be used to determine the performance of prototype pumps from the test results on model pumps. If it is merely needed to determine the performance of on particular machine, the general non-dimensional coefficients get simplified to'-

/N=const; H/N 2 =constant; P/N 3 =const.

CHARACTERISTIC CURVES

In order to predict the behaviour and performance of a pump under varying conditions, tests are performed and the results are represented graphically. The curves thus obtained are known as characteristic curves of the pump.

These curves are obtained by fixing the pump speed at some arbitrary value. The discharge ‘Q'is varied by means of delivery value. For the different values of discharge, the head, power required and efficiency are determined and plotted. By plotting these values, a set of three curves is obtained for that speed. These curves are discharge verses head (Q v/s H), discharge verses power (Q v/s P) and discharge versus efficiency (Q v/s  )

The speed is now changed to some valve and a similar set of curve is drawn. The procedure is repeated for different speeds and for each speed one such set of curves is drawn.

Q v/s H Curve: The curves of discharge versus head for different speeds are shown in Figure 6.15. it is seen for a given discharge 'Q’ when speed 'N’ increases, the head 'H’ also increases, this is because H  N2. For a given speed 'N’ if discharge ‘Q' increases, the head gradually falls.


Fig .6.15 Q v/s H
Fig .6.16: Q v/s

Q v/s
Curve: The discharge versus efficiency curves for different speeds are shown in Figure

6.16. It is seen that for a given speed, as discharge increases, the efficiency of the pump also increases upto a maximum value. For further increase of discharge efficiency decreases. For a given discharge as the speed increases the efficiency also increases.

Q v/s P curve: The discharge versus power curves for different speeds are shown in Figure 6.17. It is seen that the graphs are almost straight. For a given speed, as the discharge increases the power required also increases. For a given discharge, as the speed increases the power also increases


because P  N3


Fig. 6.17: Q v/s P


Fig. 6.18: Q v/z H, P,  and Q for max

Operating characteristics

Usually, a pump is required to run at a constant speed (designed speed). The set of main characteristics (head, efficiency and power) which corresponds to the designed speed is known as 'operating characteristics'. Such characteristics of a single stage centrifugal pump is shown in Figure 6.18. The discharge is plotted in the abscissa and the ordinate represents the head, power and overall efficiency.

It will be seen that the discharge. Head curve continuously falls as Q increases. The value of head when there is no discharge (Q= 0) is known as "shut off" head. The discharge - power curve is almost straight and rises continuously. The discharge-efficiency curve first rises from the origin and after reaching a maximum it falls. The values of the head discharge and power corresponding to the maximum efficiency are known as normal (designed) head, designed (normal) discharge and designed power. A pump should always run under these conditions, since for any other value of discharge, the efficiency will not be maximum. With these operating characteristics, it is possible to determine:

Whether the pump can handle the necessary quantity of water against the designed head.

what will happen if the head is increased or decreased,
Size of the motor required to drive the pump at the required condition (from P vis Q curve).
Whether the motor will be overloaded or not under any other operating conditions.
NET POSITIVE SUCTION HEAD (NPSH)

It is the net head that is required to make the liquid flow through the suction pipe from the


sump to the impeller. NPSH is given by
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where pm = saturation vapour pressure of the liquid, hs= suction head or height of pump centre line above the sump liquid surfaces, b= friction loss + minor losses in suction pipe and V = velocity through the suction pipe.

For the liquid to flow in the suction pipe, NPSH should be positive. In the limiting
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	For ordinary water, pvap  is approximately equal to 0.26 bars (abs). Taking
	patm
	=10.3 m

	
	
	

	
	w

	of water, it is clear that even for the smallest flow to occur (Vs = 0 and h fl  = 0),
	
	


(hs )max =10.3 – 2.6=7.7 m

The suction velocity head and losses in suction pipe usually limit ( hmax ) to about 6 m. This is the maximum height of setting of a centrifugal pump above the sump water level.

6.21
CAVITATION IN CENTRIFUGAL PUMPS

Cavitation is the phenomenon of formation and collapse of vapour bubbles of the liquid at points where the pressure is low enough to initiate vaporisation of the liquid. Cavitation in a pump impairs the performance of the machine by reducing its pressure-building capacity and efficiency. It also causes physical damage to the impeller. The cavitation parameter, also called the pump sigma,
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Comparison of Equations gives NPSH =  Hm.

Computation of NPSH is therefore not only useful in determining the safe height h of the pump setting as explained, but also in appraising a pump with regard to its tendency to cavitate. Every

pump has its critical Thoma number  cx The setting of the pump should be such that the actual a as given by Equations is greater than  cx

The harmful effects of cavitations are

pitting and erosion of surface (due to continuous hammering action of collapsing bubbles)
sudden drop in head, efficiency and the power delivered to the fluid
noise and vibration
Factor which leads cavitation are:

Restricted Suction.
Too high specific speed for optimum design parameters.
High runner speed.
Too high temperature of the flowing liquid.
To prevent cavitation, the following precautions should be observed.

Suction lift is kept between 5 m to 6 m.
The velocity in the suction pipe should be low.

The pump speed should be reasonably low.
Sharp bends in the suction pipe should be avoided to reduce frictional losses.
Impeller is provided with more number of vanes to reduce turbulence.
RECIPROCATING PUMPS

The reciprocating pump is a positive displacement pump as it sucks and raises the liquid by actually displacing it with a piston/plunger that executes a reciprocating motion in a closely fitting cylinder. The amount of liquid pumped is equal to the volume displaced by the piston.

The pumps designed with disk pistons create pressures up to 25 bar and the plunger pumps build up still higher pressures. Discharge from these pumps is almost wholly dependent on the pump speed.

The total efficiency of a reciprocating pump is about 10 to 20 % higher than a comparable centrifugal pump.

Reciprocating pumps for industrial uses have almost become obsolete owing to their high capital cost as well as maintenance cost as compared to that of centrifugal pumps. However, small hand-operated pumps such as cycle pumps, football pumps, kerosene pumps, village well pumps and pumps used as important parts of a hydraulic jack etc. still find wide applications. The reciprocating pump is best suited for relatively small capacities and high heads. This type of pump is very common in oil drilling operations.

The reciprocating pump is generally employed for:

Light oil pumping,
Feeding small boilers, and
(iii)Pneumatic pressure systems.

6.23 WORKING OF RECIPROCATING PUMP

A reciprocating pump consists of a piston or plunger having a reciprocating motion inside a cylinder with the help of a connecting rod and a crank as shown in Figure 6.19. The crank can be rotated either manually or by an electric motor. The cylinder is connected to the sump by the suction pipe and to the reservoir by the delivery pipe. At the bottom end of the suction pipe, we have a strainer and a fool-valve (non-return type). The foot-valve allows water to flow only in an upward direction in the suction pipe. There are two more valves—suction and delivery valves, placed near the suction and delivery side of the pump. The suction pipe and the clearance volume of the cylinder is filled with water before the pump starts working.

When the crank starts rotating from 0 to 180°, the pi ston moves outwards creating a vacuum inside the cylinder. The atmospheric pressure acting on the free surface of the water in the sump, forces water to enter the cylinder through the suction pipe, and water continues to enter the cylinder till the piston reaches the outermost position ( = 180°). When the crank is rotating from 180 to 360°, the piston describes the inward stroke and water is pushed upwards in the delivery pipe to be delivered to the reservoir. The centreline of the pump is usually installed at a height over the level of water in the sump and this height is called suction head, hs. The vertical distance between the centre-line of the



Fig. 6.19: Single acting reciprocating pump

pump and reservoir is called delivery head, hd Thus a small quantity of water is lifted through a static head, H = hs + hd while the crank completes one revolution. The cycle repeats itself and more and more water is lifted to the reservoir.

Let A = cross-sectional area of the cylinder (m2)

L = stroke length of the piston (m) N = rpm of the crank

the discharge from the pump, Q= ALN/60 m 3 /s.

and the power required to drive the pump = pQgH, where H= static head. Since there are going to be frictional losses in the pipe, valves and fittings, the actual power required will be more than the theoretical power.

6.24 CLASSIFICATION OF RECIPROCATING PUMPS

Reciprocating pumps can be classified as single acting and double acting. The pump described in Figure 6.20 is a single acting pump, because the liquid is filled only on one side of the piston. Figure 6.20 describes a double acting pump in which water is filled on both sides of the piston. Each stroke of the piston is a suction and delivery stroke. That is, when the piston is describing the outward stroke, water enters through the left side of the cylinder (suction stroke) and water is being pushed out of the cylinder through the right side (delivery stroke). Similarly, when the piston is describing the inward stroke, water enters the cylinder from the right side and leaves from the left side. The two processes (suction and delivery) take place simultaneously, and the discharge through the pump is given by

Q = ALN / 60 + (A – a)  LN/60

where a is the cross-sectional area of the piston rod. Since a < < A, the discharge through a double


acting pump can be written as

Q=2ALN/60


Fig. 6.20: Double Acting Reciprocating Pump (c) Schematic Sketch (d) Variation of Discharge with Crank Angle

Multicylinder Pumps

A reciprocating pump can have more than one cylinder and these are called multicylinder pumps. A double cylinder or two throw pump has two cylinders connected) to the same shaft. Each piston is connected to separate cranks set at 180° to each other. Therefore, when there is suction in one pump, there is delivery from the other and the liquid is always flowing through the delivery pipe, Figure 6.21. In a three cylinder or a three throw pumps, the cranks are set at 120° to one another, shown in Figure 6.22.



Fig. 6.22: Multi throw Reciprocating Pump (a) Two-throw Pump (b) Three-throw Pump (c) Variation of Discharge in a Three-throw Pump

6.25 SLIP AND COEFFICIENT OF DISCHARGE

Slip is the volume of liquid equal to the difference between the swept volume of the cylinder and the actual volume of liquid delivered. Or,

Slip = Q th  (swept volume per stroke) - Q act (actual volume delivered per stroke)

And Percentage slip = Q th  Qact  100

Qth

The slip is usually positive. But in reciprocating pumps it is possible to have a negative slip. This may happen when the suction valve remains open during the delivery stroke of the piston and some quantity of water goes directly from suction side to the delivery pipe, and the actual discharge is more then theoretical discharge. The coefficient of discharge is defined as

 Actual discharge per stroke

Cd

Swept volume per stroke


6.25.1
Negative Slip

During certain circumstances, the actual discharge may exceed theoretical discharge. Then slip becomes negative. The negative slip (Q > Q) may occur in the following cases:

(l) Very long suction pipe, (2) Very low delivery head, (3) High speed.

The pressure of water entering the cylinder during suction stroke will be greater than the pressure of water column in the delivery pipe on the delivery valve. Due to this high pressure of water, the delivery valve may open even during the suction stroke and water flows directly through the delivery pipe even before the delivery stroke starts. Thus the actual discharge exceeds the theoretical discharge. In this case Cd is greater than unity and slip become negative.

6.26 ACCELERATION HEAD

In a reciprocating pump, the piston is connected to the rotating crank by a connecting rod. The piston reciprocates inside the cylinder with a simple harmonic motion. Hence, the velocity of the piston is not its centre. The piston is accelerated for the first half of each stroke and retarded for the other half of the stroke. The effect of acceleration and retardation is transmitted to the liquid in the suction and delivery pipes. These variations in velocities of liquid flow gives rise to inertia pressures and causes pressure variation in the cylinder. The head required to induce this acceleration and retardation is called 'acceleration head'.


Fig. 6.23: Acceleration head

Consider the crank and connecting rod mechanism as shown in Figure 6.23. Assume that the piston moves with simple harmonic motion.

	Let, r — Radius of crank  (m)
	
	
	

	 — Angular velocity of crank (rad./sec)
	
	
	

	N — Speed of crank (r.p.m.)
	
	
	

	A — Area of cross-section of piston or plunger  (m2)
	
	

	V — Velocity of the piston  (m/s)
	
	
	

	f — Acceleration of the pison  (m/sec2)
	
	
	

	a — Area of cross-section of pipe (suction or delivery)  ( m2 )
	

	v — Velocity of flow in the pipe (suction or delivery)
	(m/sec)
	
	

	l — Length of pipe (suction or delivery)  (m)
	
	
	

	f pipe
	— Acceleration of liquid in the pie (suction or deliver y) (m/sec2)

	pa — Intensity of pressure due to acceleration  (N/m2)
	
	

	 — Specific weight of liquid  (N/m3)
	
	
	

	H a
	— Pressure head due to acceleration  (m)
	
	P
	

	
	
	H a  
	a
	

	
	
	
	
	

	
	
	
	w


Let the crank pin rotate through an angle '9' from its inner dead centre (I.D.C.) position covering a distance ‘x’ in a time ‘t’ seconds. Then



	
	
	
	
	  .t 
	2 .N.t
	Q 
	2 .N
	rad / sec

	
	
	
	
	
	
	
	
	

	
	
	
	60
	
	
	60
	
	

	
	
	
	
	
	
	
	
	

	Horizontal displacement,
	x = r-r . cos  = r – r .
	cos ( t)
	

	Velocity of piston, V=
	dx
	  2 .r.Cos( t)= 2 .r.cos
	

	
	
	
	

	
	dt
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Acceleration of piston . f
	
	dv
	  2. .r.cos(t )   2 .r.cos
	

	
	
	
	
	
	

	
	
	
	
	dt
	
	
	
	
	
	
	
	
	

	By continuity equation: AV=a.v; v
	A
	.V
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	a
	
	
	
	
	
	
	
	
	

	Velocity of liquid in pipe,
	v 
	A
	.r.sin(t ) 
	A
	 .r.sin ........(1)
	

	
	
	
	
	
	
	

	
	
	
	
	
	a
	
	
	
	
	a
	

	Acceleration of liquid in pipe  f pipe  =
	A
	. f  
	A
	 .r.cos........(2)
	

	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	a
	a
	
	
	
	
	
	


Weight of liquid in the pipe accelerated (or retarded) = w.a.l.

w.a.l

Mass of liquid in the pipe accelerated (or retarded) =

g

Accelerating force = Intensity of pressure x Area of cross-section of pipe = pa . a

But, by Newton's II Law of Motion

Accelerating force = Mass of liquid x Acceleration of liquid

w.a.l  A   2. .r.cos g a

	pa. a =
	w.a.l
	
	
	A
	
	 2. .r.cos  (or)

	
	
	g
	
	
	a
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	pa =
	w..l
	
	A
	 2. .r.cos

	
	
	
	
	
	

	
	
	g
	
	
	
	
	a
	
	
	
	
	
	

	Accelerating head, H a  
	Pa
	
	
	
	l
	
	A
	 2. .r.cosm..........(3)

	
	w
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	g   a


From equation (3), it is seen that presure head developed due to acceleration on the piston vary with angle ' Q'.

	At the beginning of stroke;  = 0 ; cos = 1
	
	

	
	
	
	H a  
	l
	
	A
	 2 .r.(m)
	[Acceleration]

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	g   a
	
	

	At the middle of stroke;  = 90°, cos  = 0 ;
	
	H a   = 0

	At the end of stroke;  = 180°; cos   = 1
	
	

	H a  
	l
	
	A
	 2 .r.(m)
	[Retardation]
	

	
	
	
	
	
	
	

	
	g   a
	
	



The equation (3) may be applied to both suction and delivery pipes. The acceleration head for suction pipe is given by

	H a
	
	ls
	
	A
	  2 .r.cos.............(4)

	
	
	
	
	
	

	
	
	g
	
	as


where  l s Length of suction pipe (m)

as - Area of cross secti on of suction pipe (m2) The acceleration head for delivery pipe is given by

	H ad
	
	ld
	
	A
	  2 .r.cos.............(4)

	
	
	
	
	
	

	
	
	g
	
	ad


where, Id - Length of delivery pipe (m)

ad -Area of cross section of delivery pipe (m2).

6.27 EFFECT OF FRICTION

When a liquid flows through suction and delivery pipes of a reciprocating pump, there will be some loss of head due to friction in the pipes.

The velocity of liquid in the suction or delivery pipe is given by,

v  A .r.sin 
[from equation (l)].

a

The loss of head due to friction in the pipe is given by


At the beginning of suction or delivery stroke, 9 = 0°, sin 9=0. Hence, there is no loss of head due to friction. ( h f = 0).

At the middle of suction or delivery stroke, 9 = 90°; sin 9 = 1. The loss of head due to friction is given by


At the end of suction or delivery stroke, 9 = 180°; s in 9 = 0 . There is no frictional losses (hf =

0).

6.28 INDICATOR DIAGRAM





Fig. 6.24: Indicator diagram

The indicator diagram is a graph representing the stroke length as abscissa and pressure head as ordinate as shown in Figure 6.24. This is known as a 'theoretical indicate diagram'. The area of the indicator diagram represents the work done per revolution for a single acting pump. For a double acting pump, twice the area of the rectangle gives the work done per revolution.

Let H atm
— Atmospheric pressure head  (m) [10.33 m]

Hs — Suction head
(m)

Hd — Delivery head
(m)', L- Length of stroke (m).

IIn the diagram line
ef represents the atmospheric pressure head.  H atm The pressure during

suction stroke is below atmospheric pressure (H atm - Hs). It is constant throughout the stroke and represented by the line 'ab'. The pressure during delivery.stroke is above atmospheric pressure (H

atm + H d ).It is also constant throughout the stroke and represented by the line 'cd.

Area 'abfe’ — represents work done during suction stroke to some s cale

Area cdef’ — represents work done during delivery stroke to the  same scale

Are 'abed' — represents total work done. [ =
Hs   H d )L]

6.28.1
EFFECT OF THE ACCELERATION HEAD ON INDICATOR DIAGRAM

The acceleration head is developed during the suction and delivery strokes due to the acceleration of the piston. The theoretical indicator diagram is modified taking into consideration the acceleration head as shown in Figure 6.25.

Let, Ham — Atmospheric pressure head  (m)

Hs — Suction head
(m)

Hd — Delivery head (w)

Has — Acceleration head in suction pipe
(m)

Had — Acceleration head in delivery pipe
(m)

Suction pipe: At the beginning of the suction stroke, (when 9 = 0°) , the acceleration head ' Has’ is positive. The liquid in the suction pipe is to be accelerated. Due to this, additional pressure drop in the cylinder is required. Hence, the pressure head in the cylinder further drops by an amount ‘Has’. The

absolute pressure in the cylinder is " H atm   (H s  + H 1as  ')."

In the middle of the stroke (when 0 = 90°), there is no acceleration head (Has = 0). The absolute pressure in the cylinder is "Hatm - Hs".

At the end of suction stroke (when 6 = 180°), the acce leration head ‘Has ‘ is negative. Hence, the liquid in the cylinder is to be retarded. Due to this, a pressure rise in the cylinder is required. The pressure head in the cylinder rises by an amount ' Has '. The absolute pressure in the cylinder is " Has”

" H atm   (H s  + H as  ')" m.

Thus area (a’ b’  f e ) represents modified indicator diagram for suction stroke.



H ad ”

Fig. 6.25: Indicator Diagram (with effect of Acceleration head)

Delivery pipe: Similarly, at the beginning of a delivery stroke (when  = 0°), the acceleration head,

H ad is positive. The liquid in the delivery pipe is to be accelerated. The additional pressure head

H ad is to be developed in the cylinder. Hence, the absolute pressure in the cylinder is

“Ham -(H d  + H ad  ')."m

In the middle of a delivery stroke (when 9 = 90°), th ere is no acceleration head (Had = 0). The

absolute pressure in the cylinder is “Ham +

At the end of a delivery stroke (when  = 180°), the acceleration head is negative (retardation). The pressure head in the cylinder drops by an amount 'HJ. The absolute pressure in the

cylinder is “Ham -(H d  + H ad  ')."

Thus, the area (c'd'ef ^represents a modified indicator diagram for a delivery stroke.

The area (d b'c d') represents the modified indicator diagram taking into consideration, the effect of acceleration. It also represents work done per revolution.

6.28.2 Effect of Friction in Indicator Diagram

There is some loss of head due to friction ( h f ), when water flows through the suction or delivery pipe in a reciprocating pump.

At the beginning and end of the strokes (suction or delivery), there is no frictional losses (sin  = 0, h f = 0). At the middle of suction and delivery strokes there is loss of head due to friction (sin  = 1 ) and it is given by,

	
	
	F .l
	A
	
	2

	h f
	
	
	
	
	.r
	m

	
	
	
	
	
	
	

	
	
	2 g.d   a
	
	


The indicator diagram is modified as follows considering the effect of friction as shown


Fig. 6.26: Indicator Diagram

Suction pipe: At the beginning of a suction stroke, the absolute pressure in the cylinder is “Ham -(H s

	+ H
	1
	')."" since there is an acceleration head ( + H
	as
	), but no frictional loss( h
	f
	= 0).

	
	as
	
	
	
	
	


At the middle of a suction stroke, the absolute pressure in the cylinder is "Hatm-(H s  +  h f  )." ,

since there is frictional loss ( h f  ), but no acceleration head (Has = 0).

At the end of a suction stroke, the absolute pressure in the cy linder is "Hatm  -(Hs  - H as )",

since there is retardation (- H as ) and no frictional loss ( h f   = 0).

In the figure line a’ m b' represents suction stroke.

Delivery pipe: At the beginning of a delivery stroke, the pressure in the cylinder is “Ham(H d + H ad since there is acceleration (+ H ad ), but no friction frictional loss ( h f =0)

At the middle of a delivery stroke, the pressure in the cylinder is Ham + (Hd + h f  ) "since there

is frictional loss( h f   ) and no acceleration (H ad = 0).

At the end of a delivery stroke, the pressure in the cylinder is “Ham -(H d  + H ad  ')” since there

is retardation (-H ad )and no frictional loss (hf - 0).

In the diagram, the line ‘c’nd' represents the delivery stroke. The area a'mb'c'nd' represents the modified indicator diagram with effect of acceleration head and friction. This area represents work done per revolution.

	The work done by a pump per second  (Hs  + Hd +
	2
	h fs
	
	2
	h fd ).h fs , h fd    are head loss

	
	
	
	
	
	

	3
	
	3
	


due to friction in suction and delivery pipes respectively (which includes area of rectangle and area of parabola due to friction).

	The work done per second by a single action.
	
	
	
	
	
	

	Pump =
	gALN
	(H s   H f
	
	2
	h fs
	
	2
	h fd )

	
	
	
	
	
	
	
	
	

	60
	
	3
	
	3
	


6.29 SEPARATION OR CAVITATION

At the beginning of a suction stroke, the absolute pressure in the cylinder is "Ham-(Hs + H as )"

which is below atmospheric pressure. If the pressure in the cylinder is too small (less than 2.6 'm' in the case of water), dissolved gases are liberated from the liquid The continuity of flow is stopped because, the liquid begins to vaporise. This phenomenon is known as 'separation or 'cavitation' and this should be avoided. The head at which separation takes place is known as Separation head'

( H sep  ) and it is given by

H sep   H atm   (H s   H as )m

If water is pumped by a reciprocating pump, the absolute pressure in the cylinder should not be less than 2.6 'm' of water.

H atm   (H s   H as ) >2.6 m of water or, (H s   H as ) < 7.73 m of water.


6.30 AIR VESSELS

An air vessel is a cast iron chamber. It has an opening at its base, through which the liquid flows into or from the air vessel. The air vessels are fitted to the suction pipe and delivery pipe very close to the cylinder of a reciprocating pump (as shown in Figure 6.27). They are fitted to obtain uniform discharge and to reduce acceleration head. These vessels are filled with compressed air and hence called air vessels.


Fig. 6.27: Air Vessels in reciprocating pump

The working of the air vessel is described below:

Delivery side: During the first half of the delivery stroke, the piston moves with acceleration. It forces the liquid into the delivery pipe with a high velocity (greater than mean velocity). The excess flow of liquid enters the air vessel in the delivery pipe, compressing the air inside the vessel. During the next half of the delivery stroke, the piston moves with retardation. The liquid flows into the delivery pipe with a low velocity (less than mean velocity). The liquid stored in the air vessel flows into the delivery pipe and the deficiency in the flow is adjusted. Thus a constant discharge in the delivery pipe beyond the air vessel is maintained.

Suction side: Similarly, during the first half of the suction stroke, the excess liquid flows into the air vessel in the suction pipe due to acceleration. During the next half of the stroke there is retardation. The liquid stored in the air vessel flows into the suction pipe to maintain a constant flow.

Advantages of air vessels

Uniform (constant) rate of flow is obtained.
Acceleration head is reduced.
Discharge capacity is increased.
Power consumption due to acceleration head is saved.
The chances of separation and cavitation are reduced.
The pump speed can be increased.
Suction lift is increased.
Work done against friction is saved.
An indicator diagram with air vessels in both suction and delivery pipes.



Fig.6.28.Indicator Diagram

When air vessels are fitted on suction and delivery pipes the velocity of flow in pipes, i.e., suction and delivery pipes may be assumed constant and equal to the mean flow velocity.

disch arg e  ALN / 60

Mean Velocity=

areapipe
a

 ALN

v

a60


	Loss of head due friction = h f
	
	4 flv 2
	where  f
	-co-efficient of friction
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	Workdone by pump against friction
	
	
	
	
	

	
	
	
	
	
	
	
	=area of rectangle=base  height
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6.31
COMPARISON OF CENTRIFUGAL PUMP WITH RECIPROCATING PUMPS:


Centrifugal Pump
Reciprocating Pump



Discharging capacity is very high.
It can be used for lifting highly viscous liquids such as oils, muddy and sewage paper pulp, sugar molasses, chemicals, etc.
It can be operated at very high speeds with out any danger of separation or cavitation.

It cannot build up very high pressure.

Flow is uniform.
Uniform torque.
Maintenance cost is low.



Discharging capacity is low.

It can be used to handle only pure water or less viscous water, liquids.

It can be operated at low speeds only to avoid separation.

It can build up very high pressures and hence suitable for lifting oil from very deep oil wells.

Flow is fluctuating.

Torque is not uniform.

Maintenance cost is high because of large number of reciprocating parts


	8.
	Compact and occupies less space -
	8.
	Occupies
	more  space  -  more  weight,

	
	less weight.
	
	
	
	

	9.
	Requires lighter foundation.
	9.
	Requires
	heavier   foundation.

	10. Simple in construction, - has less
	10.
	Complicated in construction,

	
	number of parts.
	
	has more number of parts.

	
	
	
	
	
	


6.32
ROTARY DISPLACEMENT PUMPS

The rotatory positive displacement pumps consist essentially of a stationary housing in which a power driven unit carrying one or more pumping elements is made to rotate. With rotation, the suction and delivery ports open and close mechanically and at appropriate times. The requisite pressure is built up either by pure rotation or by combined rotation and oscillation of the pumping elements. Though the pumping element is rotating, yet its action is not dynamic and it merely serves to displace the liquid. Such units have the advantages of both centrifugal and reciprocating pumps viz.

uniform discharge of centrifugal pump, and

high pressure and positive displacement of a reciprocating pump

These pumps are primarily used as power sources in the hydraulic control systems and to supply pressurised oil for lubrication of motors, turbines and machine tools.

6.32.1 Gear Pumps

The unit consists of two identical intermeshing spur gears with involute teeth. One of the gears is keyed to the driving shaft of the motor and the other gear revolves idly. These gears rotate in opposite directions in a closely fitting stationary housing. The oil coming in at the suction port fills the space between the teeth, is carried around the periphery of revolving gears and is finally pushed out to the discharge port. The teeth of the gears have a perfect meshing and that serves both to transmit the drive and to maintain a seal between the suction and discharge side. Care is taken to ensure that the oil trapped between the successive lines of contact does not build up pressure. A change in the flow direction can be affected by reversing the direction of the gear assembly. But the spur gear pump delivers hydraulic fluid always at right angle to the axis of rotation.

A single stage gear pump can generate pressure upto 15 MPa. However, due to internal leakage the gear pumps are used up to 1 MPa pressure only.


Fig. 6.29: Schematics of a spur gear pump

Vane Pumps

The unit consists of a hollow cylindrical rotor which is mounted eccentrically in relation to a


cylindrical housing. The hollow rotor has radial slots into which are inserted the sliding vanes. The vanes are spring loaded, i.e., they are held tight against the housing by means of springs. This provides the required seal between the suction and discharge connections. When the rotor rotates, the vanes undergo a free to and fro sliding movement in the slots. On the suction side, the pocket (space) between the vanes tends to increase in volume and the space get filled with oil. After the point of maximum distance between the rotor and casing has passed, the space opens to delivery and the oil is discharged. The quantity of oil pumped and the flow direction can be controlled by affecting a change in the degree of eccentricity.

A single vane pump can develop pressures from 1.75 to 7 MPa. For higher pressures, more than one stage can be incorporated.


Fig. 6.30: Schematics of a vane pump


PROBLEMS WITH SOLUTIONS

6.1 Determine the inlet vane angle, discharge in 1pm, manometric head, shaft power and torque of a centrifugal pump from the following data. Eye and rim diameters = 10 cm and 20 cm, outlet width = 1.25 cm, vane angle at outlet rim = 25°, speed = 2900 rpm, constant velocity of flow = 3 m/s, manometric efficiency = 78% and overall efficiency = 72%.

Solution:


Fig .6.31


From Figure 6.31, inlet angle


	
	
	
	
	
	
	
	
	

	H m
	 manu
	Vww
	u2
	 0.78
	
	23.9  30.4
	 57.8m

	
	
	
	g
	
	
	9.31
	

	
	
	
	
	
	
	
	


Discharge= D1 B,1 V f 1    (0.2)0.0125  3  0.0236m 3 / s



	Shaft Power=
	Pump, output
	
	wQH m
	
	9810  0.0236  57.8
	
	
	1
	 18.55KW

	
	
	0
	
	
	
	0
	
	0.72
	
	1000
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Torque=
	SP
	
	SP  60
	
	18.550  60
	 61N
	
	
	
	

	
	
	
	2
	
	
	
	
	
	
	

	
	
	
	
	
	2 (2900)
	
	
	
	
	
	


6.2 A centrifugal pump is to discharge 100 L/s at a speed of 1450 rpm against a head of 15 m. The impeller has an outer diameter of 25 cm with a width at the outlet of 6 cm. The manometric efficiency is 0.08. Estimate the blade angle at the outlet.

Solution: At the outlet

Peripheral Velocity u2   D2 N    0.25 1450  18.98m / s

60
60

Assuming radial flow at the inlet, the manometric efficiency

	
	H
	
	gH
	

	
	
	
	u2Vw2

	
	
	
	
	

	
	0.80 
	
	9.81
	15

	
	
	18.98
	Vu 2

	
	
	
	

	Swirl velocity at outlet Vw2
	 9.69m / s
	
	
	
	
	

	The discharge  Q  D2 b2V f 2
	
	
	
	
	

	0. 100 =  x0.25x0.06xV f 2
	
	
	
	
	

	Velocity of flow at outlet
	V f 2 =2.122m/s
	
	


From the outlet velocity triangle (Figure 6.32)


Fig. 6.32: Velocity Triangle of Outlet

	tan  
	
	V f 2
	
	2.122
	 0.2284

	
	u2
	 Vw2
	
	(18.98  9.69)
	

	
	
	
	
	
	


2   tan 1   0.2284  12.87o
A centrifugal pump is running at 1000 r.p.m. The impeller has diameters of 30 cm and 60 cm at inlet and outlet respectively. The vane angle at outlet is 25°. If the velocity of flow through the impeller is 3 m/s, calculate the work done per 10 Nof water on the impeller.

Solution: Refer to inlet and outlet diagrams.

	Now u1  
	D1 N
	
	  0.30 1000
	 15.7m / s

	
	60
	
	60
	

	
	
	
	
	



	u2  
	D2 N
	
	  0.60 1000
	 31.42m / s

	
	60
	
	60
	

	
	
	
	
	

	From outlet diagram, tan  
	
	V f 2

	
	(v2
	 Vw2 )

	
	
	
	
	

	tan 25o  
	
	3
	
	

	
	(31.42  Vw1 )
	

	
	
	

	Vw1
	 24.99m / s
	


Work done per 10 N  u1Vw 2 u2

2 4 . 9 9 3 1 . 4 2

785 N.m/s or 0.785 kW. Ans.

A centrifugal pump has an impeller of 80 cm in diameter and it delivers 1 m 3/s against a head of 80 m. The impeller runs at 1000 rpm and the width at outlet is 8 cm. If the leakage loss is 3 per cent of the discharge, external mechanical loss is 10 kW and the hydraulic efficiency is 80 per cent, calculate the blade angle at outlet, the power required and the overall efficiency of the pump.

Solution

u2   D2 N / 60    0.8 1000 / 60  41.893m / s

	h   0.8 
	gH
	
	

	
	
	
	

	
	
	Vw2 u2

	Vw2
	
	9.841 80
	 23.417m / s

	
	
	
	

	
	0.8  41.893
	


If the leakage loss takes place after the impeller, the total quantity of water flowing through the impeller = 1.0 3 m31 s = n D2b2V f 2

	
	V f 2
	
	1.03
	
	 5.122m / s

	
	
	
	
	
	
	
	
	

	
	
	
	  0.8
	
	0.08
	

	
	
	
	
	
	
	
	
	

	from the outlet velocity triangle.
	
	
	
	
	
	
	

	Vw2
	 u2   V f 2 cot 
	
	
	
	

	 cot  
	u2
	 Vw2
	
	41.893  23.417
	 3.607

	
	
	
	
	
	
	

	
	
	
	V f 2
	
	5.122
	

	  15.5o
	
	
	
	
	
	
	
	


Thus useful power= QgH  103 1.00  9.81 80  784.6kw

The actual power required= (Q Q)Vw2 u2   mechanicalloss

= 1 0 3 1 . 03x 23 . 4 1 7 x 4 1 . 893+1 0kW = 1020.44 kW

	Also, the volumetric efficiency =
	Q
	
	1
	 0.9708

	
	(Q Q)
	
	
	

	
	
	1.03
	



The mechanical efficiency=- 1010.44/1020.44 = 0.99

The hydraulic efficiency = 0.8.

The overall efficiency=
volmechhyd

overall   0.9708  0.99  0.8  0.769

0 = 7 84 . 6/ 1020 . 44 = 76.9%
A centrifugal pump has an impeller 0.5 m outer diameter and when running at 600 rpm discharges 8000 litres/minute against a head of 8.5 m. The water enters the impeller without whirl and shock. The inner diameter is 0.25 m and the vanes are set back at the outlet at an angle of 45° to the periphery. The area of flow is constant from inlet to outlet of the impeller and is 0.06 m2. Determine the (a) vane angle at the inlet (b) monomeric efficiency of the pump and (c) speed at which the pump commences to work.

Solution:

(a)  Figure 6.33 show the velocity triangles at the inlet and outlet

	
	V f 1   V f
	2  
	8000 10
	 2.22 m / s

	
	
	
	
	

	
	
	
	
	60  0.06
	
	
	

	u1
	
	D1 N
	
	  0.25  600
	 7.85 m /s

	
	
	60
	
	60
	
	
	

	
	
	
	
	
	
	
	

	u2
	
	D2 N
	
	  0.5  600
	 15.71 m / s

	
	
	60
	
	60
	
	

	
	
	
	
	
	
	
	



Figure 6.33: Velocity Triangles

	From the inlet triangle,  tan1
	
	V f 1
	
	2.22
	 0.2828

	
	
	
	u1
	
	7.85
	

	
	
	
	
	
	
	

	
	
	
	1
	 vane angle at inlet=15 o  47



	(b)From outer velocity triangle.
	
	
	
	

	
	
	
	
	
	tan2
	 tan 45 
	u2   Vw2
	

	
	
	
	
	
	
	
	V f 2

	
	
	
	
	
	
	
	
	
	

	
	
	
	
	15.71  Vw1   2.22

	
	
	
	
	V w1 15.71  2.22  13.49m / s

	Manometric efficiency,
	gH
	
	9.81 8.5
	 0.3935  39.35%

	
	
	
	
	
	
	
	

	
	u2Vw2
	15.7113.49
	
	
	

	(c) Minimum starting speed,N, in rpm is given by

	
	
	
	
	
	
	N 2 m
	D22   D12  2 gHm

	
	
	
	
	
	
	2
	

	
	
	(60)
	
	
	
	

	
	
	
	N 2 m
	( 0.5) 2
	 (0.25)2  2  9.81 8.5

	
	
	
	2
	
	

	
	
	(60)
	
	
	
	
	
	


N m   570rpm

6.6 The impeller of a centrifugal pump is 1 m in diameter and rotates at 1500 rpm. The blades are curved backwards and make an angle of 30° to th e tangent at the outer periphery. Calculate the power required if the velocity of flow at outlet is 20 m/s. Determine the head to which water can be lifted when a diffuser casing reduces the outlet velocity by 60 per cent.

Solution: The peripheral velocity at outlet,

u2  D2 N   11500  78.54 60 60

From the outlet velocity triangle of,

Vw2   u2   V f 2 cot 30o   78.54  20 cot 30o   43.9m / s

Power required per kg of water flowing =Vw2 u2

=43.978.54=3.448KW/kg

Absolute velocity of water at outlet’

V2  [image: image51.jpg]


[image: image52.jpg]


V f22   Vw22  [image: image53.jpg]


[image: image54.jpg]


202   43.9 2   48.24

	Velocity head at impeller outlet =
	V 2
	(48.24)
	2
	

	
	
	2
	
	
	
	 118.61m

	
	
	
	
	2  9.81
	

	
	
	2g
	
	


The total head developed by the impeller=Vw2 u2  / g  351.46m

pressure head at impeller outlet=351.46 – 118.61=232.85m of water and =66.25 percent When the diffuser casing is there, the velocity at outlet=0.4 48.24 =19.296 m/s

	Velocity head at outlet
	=
	(19.296)2
	 18.98

	
	
	2  9.81
	

	
	
	
	


Pressure head at outlet=351.46 – 18.98 =332.48 and the
332.4894.6%

351.46


6.7 A centrifugal pump has an impeller of diameter 325 mm and backward curved blades making an angle of 30°with the direction of rotati on. It runs at 1450 rpm. The velocity of flow is 1.5 m/s and is constant through the impeller. Estimate the percentage of kinetic energy recovered in the volute casing if the hydraulic efficiency is 0.88.

Solution: The peripheral speed of the impeller,


From the outlet velocity triangle


The absolute velocity of water at outlet,


By applying the energy equation between the inlet and outlet of the impeller, we have


and the pressure rise through the impeller,


	
	
	
	
	
	
	= 30.65 m

	the hydraulic efficiency,   0.88 
	
	gH

	
	
	
	
	
	

	
	
	Vw2 u2

	Head developed=  0.88 
	gH
	 0.88 
	22.11 24.66
	 48.8m

	
	
	
	
	

	
	Vw 2 u2
	9.81
	


Pressure rise through the impeller + the percentage of kinetic energy recovered in the volute casing = head developed

V22 48.8  30.65  18.15m 2g


	Percentage fraction  k 
	18.15
	
	18.15  2  9.81
	 0.728

	
	
	
	
	

	V22 / 2 g
	22.11 22.11
	


6.8 A pump can deliver a discharge of 0.1 0 m3/s to a head of 30 m. The critical cavitation number a c for the pump is found to be 0.12. The pump is to be installed at a location where the barometric pressure is 96.0 kPa (abs) and the vapour pressure is 3.0 kPa (abs). Assuming an


intake pipe friction of 0.3 m, determine the minimum value of NPSH. What would be the maxi-mum allowable elevation above the sump water surface at which the pump can be located?

Solution:

	(i) c  
	
	( NPSH )min
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	H
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	0.12 
	(NPSH ) min
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	30
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Minimum NPSH = 3.6 m
	
	
	
	
	
	
	

	(ii) NPSH 
	(Patm ) abs
	
	pv
	 Z s   hL
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	w
	
	
	w
	
	
	
	
	
	
	

	where Z s   = elevation of the pump above the sump water surface. (Z s ) max
	corresponds to  c

	Hence
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	(Z s )max
	
	( patm )abs
	
	pv
	 hL  (NPSH )min
	

	
	
	
	
	
	
	
	
	
	
	
	w
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	w
	

	
	
	
	
	
	
	
	
	
	96.0
	
	3.0
	 0.3  3.6  5.6m
	

	
	
	
	
	
	
	
	
	
	
	
	9.79
	
	

	
	
	
	
	
	9.79
	
	
	
	
	
	
	


6.9 It is required to pump water out of a deep well under a total head of 90 m. A number of identical pumps of design speed 1000 r.p.m., and specific speed 30 with a rated capacity of 0.15 m3/s are available. How many pumps are required and how should they be connected whether in series or in parallel?

Solution: Total head H total  = 90 m; Design speed, N= 1000 r.p.m.

Specific speed, N s  = 30; Discharge through each pump Q- 0.15 m3/s

Number of pumps required, IT. Let H mano  = manometric head developed by each pump.


	Now, specific speed N s
	
	N  Q

	
	
	

	
	
	(H mano )3 / 4

	
	
	


	
	1000 
	
	
	
	
	
	1000 
	
	
	
	4 / 3

	
	
	0.15
	
	
	
	
	0.15
	
	
	

	or 30 
	
	
	
	
	or
	H mano  
	
	
	
	
	 30.28m

	
	
	
	
	
	
	
	30
	
	
	
	

	
	
	(H mano )3 / 4
	
	
	
	
	
	
	
	

	Number of stages
	
	Htotal
	
	
	90
	
	 3
	
	
	
	

	
	
	
	
	
	30.28
	
	
	
	
	
	

	
	
	
	
	H mano
	
	
	
	
	
	
	



As the total head required to be developed is more than the head developed by each pump, the pumps should be connected in series.

6.10 Two homologous pumps A and B are to run at the same speed of 600 rpm.Pump A has an impeller of 50 cm diameter and discharges 0.4 m3/s of water under a net head of 50 m. Determine the diameter of impeller of pump B and its net head if it is to discharge 0.3 m3/s.

Solution: For homologous pumps the specific speed is the same.

	
Hence  N sA
	
	N A    QA
	
	600
	0.4
	 20.18

	
	
	
	
	
	
	

	
	
	H A3/ 4
	
	50
	3 / 4
	

	
	
	
	
	
	
	

	For Pump B, N sB   N sA
	 20.18
	






H B   41.28m

From the similarity relation


6.11 A pump running at 900 rpm delivers 50 liters per second against a head of 6 m. Estimate the speed, discharge and power of a geometrically similar pump, three times bigger in size when working against a head of 25 m with an overall efficiency of 85 per cent.

Solution: Area of flow D 2 , Velocity of flow  u[image: image55.jpg]
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 HDN


6.12  In order to predict the performance of a large centrifugal pump, a scale model of one-

sixth size was made with the following specifications : Power P = 25 kW; Head Hmano = 7 m ; Speed N = 1000 r.p.m. If the prototype pump has to work against a head of 22 m, calculate its

working speed, the power required to drive it and the ratio of the flow rates handled by the two pumps.


Solution: Scale ratio = one-sixth

Model:
Prototype:

Power, Pm   25kW
Power, P p  ?

Head, (H mano )v =m
Head, (H mano ) p =22m

Speed, N m   1000 r.p.m
Speed, N p

	Speed    of    prototype,
	
	H
	mano
	
	
	H
	mano
	
	
	we have

	
	N p
	
	
	
	
	
	
	
	;
	

	
	
	
	
	
	
	
	
	
	
	

	
	
	DN   m
	
	DN   p
	



	
	
	
	P
	
	
	
	p
	
	

	Power required to drive the prototype pump
	P  
	
	
	
	
	
	we have

	
	p
	D 5 N 3
	
	m
	
	D 5 N 3
	
	p

	
	
	
	
	
	
	
	
	
	



	
	Q p
	
	Q
	
	Q
	

	Ratio of the flow rates,
	
	
	
	
	
	
	
	we have

	
	
	
	
	
	
	
	
	

	
	Qm
	
	D 3 N  m
	
	D 3 N  p



6.13 3 m3 of water per second is lifted to a height of 30 m with an efficiency of 75 percent by single-stage centrifugal pump. The impeller diameter is 300 mm and it is rotating at 2000 r.p.m. Find the number of stages and diameter of each impeller of a similar multi-stage pump to lifet 5m3 of water per second to a height of 200 m when rotating at 1500 r.p.m.

	Solution
	

	Single stage pump:
	Multi-stage pump:

	Discharge Q1 = 3 m3/s
	Discharge, Q2 = 5 m3/s

	Manometric height, (H mano1 ) = 30 m
	Manometric height (per stage) (H mano 2 ) =?



Diameter of impeller, D1  = 300 mm or 0.3 m
Diameter of each impeller, D2 =?

Speed, N1 = 2000 r.p.m
Speed, N 2 = 1500 r.p.m.

Number of stages, n: Since specific speed should be same, therefore,


	Number of stages=
	Total head
	
	
	200
	 6.966  7
	
	

	
	
	
	
	
	
	
	
	
	
	

	
	Head per stage   28.7
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	H
	mano1
	
	
	
	H
	mano1
	
	

	Diameter of each impeller, D2
	=
	
	
	
	
	
	
	
	
	
	
	
	we have

	
	
	
	
	DN
	
	
	
	
	DN
	
	

	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	1
	
	
	
	
	2

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


6.14 In a single acting reciprocating pump, the diameter of a cylinder is 152 mm. and the stroke is 304 mm. The water is raised through a height of 18 m. at a pump speed of 40 rpm. Calculate the theoretical power required and the discharge in litres per second. If the actual discharge is 0.2122 m3/ mt. determine the coefficient of discharge and the percentage slip.

Data: Diameter of cylinder, D = 152 mm = 0.152 m

Stroke, L - 304 mm = 0.304 m

Pump Speed, N= 40 r.p.m

Actual discharge, Q= 0.2122 m3/min

Height, H= 18 m.

	To Calculate:
	
	
	
	
	
	
	
	

	(a) Theoretical power, P
	
	
	
	
	
	(b) Theoretical discharge, Qt

	(c) Co-efficient of discharge, Cd and
	
	(d) Percentage slip

	Solution: Theoretical discharge,
	
	
	A.L.N
	 D 2  
	L.N
	

	Qt
	
	
	
	
	

	
	
	
	
	
	

	
	60
	
	4
	60
	

	   (0.152) 2
	
	0.304  40
	 0.003678m 3 / s

	
	
	
	
	
	

	4
	60
	
	
	
	
	



Qt = 0.003678  60= 0.22068 m3/min = 0.003678 1000 = 3.678 lit./s.

Theoretical Power P  .Qt .H  9.81 0.003678 18  0.649kW

	Coefficient of discharge,   Cd
	
	Q
	
	0.21222
	 0.9616

	
	
	
	
	
	

	
	
	Qt      0.22068
	


Percentage slip, = (1  Cd )
100 = (l – 0.9616)100 = 3.84%

Results:

(a) Theoretical Power, P = 0.649 kW;

(b) Theoretical discharge, Qt
= 3.678 Ht./s

Co-efficient of discharge, Cd = 0.9616;
Slip = 3.84%
6.15 A single acting reproducing pump has a plunger diameter of 250 mm and stroke of 350 mm. If the speed of the pump is 60 rpm and it delivers 0.0165 m3 per second of water, find the theoretical discharge in litres per second, co-efficient of discharge, the slip and the percentage slip of the pump.

Data: Plunger diameter D = 250 mm = 0.25 m;

Stroke, L = 350 mm = 0.35 m

Speed, N = 60 r.p.m

Actual discharge, Q= 0.0165 m3/s

To Calculate:

(a) Theoretical discharge, Qtr
(b) Co-efficient of discharge, Cd

(c) Slip and
(d) Percentage slip

Solution: Theoretical discharge,


	Co-efficient of discharge,  Cd
	
	Q
	
	0.0165
	 0.9604lit / s

	
	
	Qt
	
	
	

	
	
	
	0.01718
	


Slip=
Qt   Q = 0.01718-0.0165= 0.00068 m3/s = 0.68 lit/s.

Percentage slip = (1  Cd ) 100  (1  0.9604) 100  3.96%

Results:

Theoretical discharge Qt =17.18 lit/s;

Co-efficient of discharge, Cd= 0.9604
Slip = 0.68 lit/sec (or) 3.96%
Water is lifted to a height of 18 metres by a double acting reciprocating pump having a piston diameter of 150 mm and a stroke of 300 mm. Find the theoretical power required and theoretical discharge, if the pump is running at 40 r.p.m. If the pump has an actual discharge of 400 litres/min. find the percentage slip and co-efficient of discharge.


Data: Height H= 18 m; Piston diameter, D = 150 mm = 0.15 m

Stroke L - 300 mm = 0.3 m\ Speed, N= 40 r.p.m.

Actual discharge, Q= 400 lit/min = 0.4 m3/min = 0.006667 m3/s.

	To Calculate:
	
	
	
	
	
	

	(a) Theoretical power, P
	
	
	
	
	
	(b) Theoretical discharge, Qt

	(c) Co-efficient of discharge, Cd and(d) Percentage slip

	Solution: Theoretical discharge,
	
	
	
	
	
	

	Qt  
	2.A.L.N
	
	2   (0.5)2  0.3  40
	 0.007068m3 / s

	
	
	
	
	
	
	
	

	60
	
	
	60
	
	
	
	

	Theoretical Power,  P  Qt H  9.81 0.007068 18  1.248kW

	Co-efficient of discharge, Cd
	
	Q
	
	0.006667
	 0.9433

	
	
	
	
	
	

	
	
	
	
	
	Qt0.007068


Percentage slip = (1  Cd )  100 = (1 - 0.9433)  100 = 5.67%

Results:

Theoretical Power, P= 1.248 kW;
Theoretical discharge Qt = 0.007068 m3/s.
Co-efficient of discharge, Cd = 0.9433,'
Slip = 5.67%.
A three-throw pump has a 20 cm diameter cylinder and a stroke of 40 cm. The pump is required to deliver 5000 litres/minute of water at a static head of 80 m. Friction losses can be taken as 2.0 m in suction pipe and 18 m in the delivery pipe. Assume a slip of 2% and pump efficiency of 90%. The velocity head in the delivery pipe can be neglected as too small. De-termine the speed of the pump and the power required.

Solution:
A = 
(0.2)2 = 0.3142 m2,  L= 0.4 m,

4

Q a  = (50000 / (60  1000) = 0.0833 m3/s

For a three-throw pump

	
	Q  
	3.A.L.N
	
	
	

	
	t
	60
	
	
	

	
	
	
	
	
	
	

	
	Q  
	0.3142  0..40  N
	 6.283 10 4 N

	
	
	
	

	
	t
	60
	
	

	
	
	
	
	
	

	Since Slip=2%
	
	
	
	

	
	(6.28 104 N  0.0833)
	 0.02
	 0.02

	6.28 104
	N
	
	

	
	
	
	


N=135.4rpm

Total head= H  (H s   h fs )  (H d   h fd )

Power =P=Qa H t  /  (9800  0.00833 100) / 0.90

=778W=90730W

=90.73kW



psep =0.028N/mm 2 =28kN/m 2

6.18. A reciprocating pump has the following specification ,Diameter of before 100mm;stroke-200 mm; diameter of suction pipe -82.5mm;Length of suction pipe-4.25m;suction lift-3.75m,The plunger makes S.H.M .if there is no air vessel fitted on the pump, determine the maximum speed a which the pump can run without separation , assuming that it occurs at a pressure of

0.028N/mm 2 absolute

Data: Diameter of bore, D =100 mm=0.1m

Stroke, L=200mm=0.2m

Suction pipe diameter, d s  82.5mm = 0.0825m

Length of suction pipe, I s =4.25m

Suction lift, H s =3.75m

Separation pressure,

To Calculate: Maximum Speed, N

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	Psep
	28
	
	
	
	

	Solution: Separation Pressure, H sep
	
	
	
	
	
	 2.8542m

	
	
	
	
	9.81
	

	Crank radius, r 
	L
	
	0.2
	
	 0.1m
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	2
	
	
	
	2
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Area of cross section of suction pipe: as
	 d s2
	  (0.0825) 2
	 0.00534m 2

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	4
	
	4
	
	
	

	Area of bore, A   .D 2
	  (0.1)2
	 0.007854m2
	
	

	4
	
	
	
	
	
	
	
	4
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Taking atmospheric pressure, H atm =10.4’m’of water
	
	

	Separation Head, H sep   H atm
	 (H s   H as )
	
	
	
	
	

	2.8542=10.4 – (3.75+ H as )
	
	
	
	
	

	Acceleration Head, H as
	
	ls
	
	A
	 2 .r
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	g
	
	
	as
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	H as. .g.a
	
	
	
	
	3.7958  9.81 0.005346
	
	 7.7226rad / sec

	
	
	
	
	ls .a.r
	
	
	
	
	
	
	
	
	4.25 
	0.007854 1
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	2 .N
	, N 
	60  
	
	60  7.7226
	 73.75r. p.m

	
	
	
	
	
	
	
	

	
	
	
	
	
	60
	
	
	
	
	
	
	
	
	
	2
	2
	
	



Maximum Speed N=73.75r.p.m

6.19 A single acting reciprocating pump has the following characteristics:

Cylinder diameter = 15 cm

Stroke length = 30 cm

Suction head = 2.5 m

Diameter of suction pipe = 5.0 cm

Suction pipe length = 5.0 cm

Assuming atmospheric pressure = 10.0 m water (abs) and cavitation occurs at 2.0 m water (abs) determine the maximum speed at which the pump can be run without cavitation.

Solution: Maximum acceleration



At Limiting conditions for a suction pipe

Hence
H atm   5.5  0.007543 N 2

 27.0rpm

A single acting reciprocating pump has a 20 cm cylinder with a stroke of 40 cm. The suction pipe is 10 cm diameter and 5 m long. If the speed of the pump is 30 rpm, determine the maximum suction lift if separation occurs at 2.5 m water (abs). Assume atmospheric pressure = 10.0 m water (abs).

Solution: Maximum acceleration head in suction pipe

At limiting condition for a suction pipe

H atm   H v   H s
Hatmo

4.24  2.5  H s   10.0

Hence H s  =suction life t=3.476m

6.21 Determine the maximum speed in rpm at which a single acting reciprocating pump without an air vessel of the following details can be operated without causing separation at any stage during the operation of the pump. Compute the discharge at this speed. What would be the speed and discharge if an air vessel is fitted near the pump on the suction side? The fluid is water. Assume f- 0.01 for the pipes. Diameter of plunger = 15 cm, stroke = 22.5 cm. suction pipe diameter = 10 cm, length = 50 m, state suction head = 4 m, static delivery head = 25 m, atmospheric pressure = 101 KPa and vapour pressure of water = 25.5 KPa (abs).

Solution:


Referring to Figure 6.34(a), permissible


Referring to Figure 6.34(b), permissible


(a) Effect of Acceleration on Suction Side



	  2   14.257or  3.776 radians/sec and N 
	30
	=36rpm

	
	
	

	
	
	


Hence, maximum safe speed to avoid separation = 36 rpm.

Corresponding discharge Q  A.L.N   (0.15) 2  0.225  36  0.0024m 3 / s  2.4lps 60 4 60


If an air vessel is provided on the suction side, the acceleration head is absent and the friction loss of head is uniform as shown in Figure 6.35. The velocity is uniform and equal to the mean velocity.

Maximum permissible friction head
h fs   H atm   H s   H vap   10.3  4  3.6  3.7m


Fig .6.35


Discharge= Q  A.L.N   (0.15) 2  0.225  564  0.0374m3 / s  .37.4lps 60 4 60


6.22 A single acting reciprocating pump has the following data:

Cylinder diameter = 10 cm

Stroke = 25 cm

Static suction head = 4.0 m

Diameter of such pipe = 5.0 cm

Suction pipe length = 6.0 m

Crank speed = 30 rpm

Delivery pipe diameter = 5.0 cm

Length of delivery pipe = 25.0 m


Static delivery head = 16.0 m

Estimate the pressure head on the piston at the (1) beginning (2) mid and (3) end of the suction and delivery strokes Assume atmospheric pressure = 10.0 m water (abs) Darcy-Weisbach friction faction f= 0.02

Solution:


Suction side: Acceleration head;


Friction head:


Pressure head on the piston




Delivery Side: Acceleration head-


Friction head:

	h fd  
	
	fL
	
	A
	
	2

	
	
	d
	
	
	
	

	
	
	
	
	
	
	

	
	
	2gd d
	
	Ad
	r sin 

	
	
	
	
	
	
	
	

	=
	
	0.02  25
	
	(4  3.1414  0.125  sin  )2

	
	
	 9.81 0.05
	

	2
	
	


= 1.2576 sin2 

Pressure head on the piston


6.23 Estimate the percentage of work saved in one cycle of a single acting reciprocating pump when the air vessel is provided on the delivery side very near to the cylinder. What would be the value if the pump is double acting?

Solution: (a) Single Acting Pump

With Air Vessel: When an air vessel is provided very near to the cylinder in the delivery pipe the flow in the pipe is steady. The average velocity in the delivery pipe.

	
	
	
	
	
	LN

	
	
	
	A
	

	Vd
	 Qt  / Ad
	
	
	
	

	
	
	
	
	
	60

	
	
	
	Ad
	


h fdl = head loss in the delivery pipe

	
	2
	
	
	
	
	
	
	
	2

	
	
	
	fLd
	
	A  LN
	

	
	fLdVd
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	

	
	2 gd d
	
	
	
	Ad   60
	
	

	
	
	
	2 gd d
	
	
	



If W= f-friction factor weight of water pumped per stroke, Work done per stroke P1  Wh fdl

	
	
	
	fL
	
	
	
	A
	
	
	r sin 
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Percentage savings in work done per stroke = 84.8%.

(c) Double Acting Pump

	
	
	
	
	
	Ln

	
	
	
	A
	

	Vd
	 Qt  / Ad
	
	
	
	

	
	
	
	
	
	60

	
	
	
	Ad
	


h fd 3 =head loss in the delivery pipe

	2
	
	
	
	
	
	
	L 2
	
	2
	
	

	
	
	fLd
	A
	
	
	
	
	

	
	fldVd
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	2 gd d
	
	
	
	Ad
	2 60
	
	
	
	

	
	
	
	2 gd d
	
	
	
	
	
	

	If W= weight of water pumped per stroke,

	Work done per stroke P3 = W h fd 3
	

	With No Air vessel: h fd  
	fL
	
	
	A
	2

	
	
	
	d
	
	
	
	

	
	
	
	
	
	
	
	

	
	
	
	
	
	
	Ad
	r sin 

	
	
	
	
	
	
	
	
	2gd d
	
	


Maximum head loss occurs when 9 = 0 °

ha = maximum head loss
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Percentage savings in work done per stroke =39.2%.

6.24 A single acting reciprocating pump has the following particulars. Piston diameter = 18 cm, stroke = 36 cm, speed = 72 rpm, static suction head = 3.5 m, suction pipe diameter = 10 cm, length = 60 m, friction factor f= 0.01. Two large air vessels are fitted on both suction and delivery pipes at distances of 1 m and 3 m away from the pump respectively. Assuming overall efficiency = 70%, determine (a) pressure of water in the cylinder at the commencement of suction and delivery strokes, (b) total head against which the pump has to work and (c) the power of the prime-mover.

Solution:


Referring to Figure 6.36, between pump and air vessel on suction side,


v 

Beyond air vessel on suction side (vs ) mean  
s
max
1.4m/s



Between pump and air vessel on delivery side,


v 

Beyond air vessel, on delivery side, (vs ) mean  
s
max
2.488m/s



Acceleration heads between pump and air vessels



Maximum friction heads between pump and air vessels


Fig 6.36

Average friction heads beyond air vessels


All the heads are shown in Figure 6.37. At the beginning of suction stroke,

H= - 3.5 - 0.3 - 3.38 = - 7.18 m,

p = wH= 9810  (- 7.18)/1000 - 70.4 KPa



Fig. 6.37

At the beginning of delivery stroke,

H= 35 + 9.59 + 18.03 = 62.62 m, p = wH= 9810  62.62/1000 = 614.3 KPa
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REVIEW QUESTIONS

UNIT1

2 litre of petrol weighs 15 N. Calculate the specific weight, mass density, specific volume and specific gravity of petrol with respect to water.
If specific gravity of a liquid is 0.65, make calculations for its mass density, specific volume and specific weight (weight density).
A liquid at 20°C has a relative density of 0.75 an d a kinematic viscosity of 3.0 centistoke. Determine its (i) unit weight and (ii) dynamic viscosity in Pa.s.
The space between two parallel plates kept 4 mm apart is filled with an oil of dynamic viscosity 0.15 Pa.s. What is the shear stress on the lower fixed plate, if the upper one is moved with a velocity of 2.00 m/s?
A cylindrical shaft of 100 mm diameter rotates about a vertical axis inside a fixed cylindrical tube of length 50 cm and 105 mm internal diameter. If the space between the tube and the shaft is filled by a lubricant of dynamic viscosity 1.5 poise, determine the power required to overcome viscous resistance when the shaft is rotated at a speed of 300 rpm.
Find the height through which the water is elevated by the capillary action in a glass tube of 6 mm diameter, if the surface tension at the existing temperature is 0.075 N//n.
	1.7 The
	capillary
	rise
	in   the
	tube
	is
	restricted
	to
	0.35   cm.   If   the   surface   ten

	-sion
	of  water
	in
	contact
	with
	air
	is  0.075
	N/m,
	calculate  the  minimum  size

	of the tube. Assume w= 0.015
	N/cm3.
	
	
	
	


An increase in pressure of a liquid from 10.0 MPa to 15 MPa results in a 0.15 percent decrease in its volume. Determine the bulk modulus of elasticity and coefficient of compressibility of the liquid.
Air at 20°C and 150 kPa (abs) contained in a cylin der is compressed to half its volume. Find the pressure and temperature inside the cylinder if the process is (a) Isothermal and
(b) Isentropic with A= 1.3.

A gauge records a pressure of 30 kN/m2. Calculate the corresponding absolute pressure in (1) kN/m2 and (2) in 'm' of water. The local atmospheric pressure is 765 mm of mercury.

Data: Gauge pressure = 25 kN/m2

Atmospheric pressure = 760 mm of mercury

Specific gravity of mercury = 13.6

To Calculate:

Absolute pressure in (1) kN/m2 and (2) 'm' of water.

The left limb of an U-tube manometer is open to the atmosphere and the right limb is connected to a pipe carrying water under pressure. The centre of the pipe is at the level of free surface of mercury. Find the difference in levels of mercury in limbs if the absolute pressure of water in the pipe is 12 metres of water.

Fluid in the pipe is water

Gauging liquid is mercury

Absolute pressure head in pipe = 12 'm' of water.

Centre of pipe corresponds to Hg level in the left limb


To Calculate:

Difference in levels of mercury, Zry ■=h2

In the piezometer tube, as shown in Figure 1.40, the liquid stands 150 cm above point m. Calculate the pressure in N/m2, if the liquid is

water
oil of sp. gr. 0.90
mercury
molasses of sp. gr. 1.50
brine of sp. gr. 1.15.



	
	UNIT 2

	2.1
	The velocity distribution for a three-dimensional flow is given by:

	
	

	
	V = axi + ayj — 2azk

	
	Find the equation of streamline passing through the position vector

	
	

	
	r   = 1i + 1j + 3k

	2.2
	For   the   following   velocity   vectors   determine   the   magnitude   of   velocity   at

	
	A(X= 1, y= - 2, z = 1, t= 3).


V = (10 t2 + xy)i+ (- yz –  10t)j+ (- yz + z2/2)k
V = 4xi+ (- 4j-+ 3t)j
A 1.0 m long conical diffuser 20 cm in diameter at the upstream end has 80 cm diameter at the downstream end. At a certain instant the discharge through the diffuser is observed to be 300 L/s of water and is found to increase uniformly at a rate of 75 L/s per second. Estimate the local, convective and total acceleration at a section 0.75 m from the upstream end.
A pipeline 100 cm in diameter bifurcates at a Y-junction into two branches 50 cm and 25 cm in diameter. If the rate of flow in the main pipe is 2.0 m3/s, and the mean velocity of flow in the 25 COT pipe is 10.0 m/s, determine the rate of flow in the 50 cm pipe.
If  = 5.x2y, find x and y components of velocity at (1, 1) and (2, 3). Determine the discharge passing between streamlines passing through these points.
For a two-dimensional potential flow, the velocity potential is given by

 = 5x(3y2 - 4)

Determine the velocity at point (1, 4). Determine also the stream function and its value at a point (1, 4).

A pipe line is carrying water. At a point A in the pipe line, the diameter is 700 mm, the

	pressure
	is    80    kN/m2      and    the    velocity    is
	3.0
	m/sec.At
	another

	point  B
	in  the  same  pipe  which  is  1.5  m  higher
	than  A,
	the  diameter
	is  350

	mm. and the pressure is 16 kN/m2. Determine the direction of flow.
	
	


At point A,

diameter, d = 600 mm = 0.6 m pressure, pa = 70 kN/m2 Velocity, va = 2.4 m/s.

Water is flowing,  = 9.81 kN/m3

Assume datum line pass through A.  Za = 0

At point B,

	datum level, Z b  = 2 m
	
	
	
	
	
	
	

	Diameter, d b
	= 300 mm = 0.3 m
	
	
	
	
	
	
	

	pressure, p b
	= 14 kN/m2
	
	
	
	
	
	
	

	To Determine: The direction of flow.
	
	
	
	
	
	
	

	2.8   A  pipe  400  m.  long
	has  a  slope  of  1  in
	200
	and  tapers
	from  2.0
	m.  diameter

	at  the  higher  end  and  0.75  m  diameter
	at
	the
	lower  end.
	The
	discharge
	of

	water  through  the  pipe  is  150  litres/sec.
	If  the
	pressure
	at
	the  higher  end
	is

	120 kN/m2, find the pressure at the lower end neglecting friction.
	
	
	
	



Data:

Length of pipe, I = 300 m

Shope = 1 in 100

Discharge, Q = 100 lit/sec = 0.1 m3/s.

Pressure at higher end, p 2  = 110 kN/m2

Diameter at smaller end, d 1  = 0.625 m

Diameter at larger end, d2 = 1.5 m

To Calculate:

Pressure at the lower end, p 1

A 40 m long pipe CD is inserted in a pipe line at 50° to the horizontal. At C which is at higher level, the diameter is 20 cm. At D the diameter is 40 cm, the pressure is 5000 N/m2 and velocity of flow is 5 m/s. Neglecting all losses, determine the pressure head at C when the flow is downward.

If water flows from lower to higher level and the head loss due to friction is 2.0 m of water, find the difference of pressure heads at C and D. Determine also the energy lost per second and power required to lift water from D to C.

A horizontal Venturimeter is provided in a pipe of diameter 40 cm. The throat diameter is 20 cm. The pressure in the pipe is 150.34 kN/m2 and the vacuum pressure at the throat is 36 cm of mercury. Calculate the discharge in the pipe, if 5 per cent of differential head is lost in friction. Find out the coefficient of meter (discharge).
A Venturimeter is used to measure oil of sp. gr. 0.90. The throat diameter is 0.75 cm and the pipe line is 18 cm in diameter. A differential gauge connected with inlet and throat contains water in the lower part of the tube, the remainder of the tube being filled with the oil. The difference in height of water columns in the two legs of the tube is 78.5 cm. If the coefficient of the meter is 0.97, compute the discharge in litres per second.
An orifice meter consisting of 12 cm diameter in a 28 cm diameter pipe has a coefficient equal to 0.60. The pipe delivers oil of relative density 0.90. The pressure difference on two sides of the orifice plate is measured by a mercury-oil differential manometer. If the differential gauge reads 85 cm of mercury, calculate the differential head and the discharge in 1ps.
UNIT 4

4.1 A liquid of viscosity of 0.8 poise in filled between two horizontal plates 20 mm apart. If the upper plate is moving at 1 m/s with respect to the lower plate which is stationary and the pressure difference between two sections 100 m apart is 75 kN/m2, determine:

The velocity distribution,

The discharge per unit width, and

The shear stress on the upper plate.

Lubricating oil of specific gravity 0.90 and dynamic viscosity 0.15 Ns/m2 is pumped through a rough 4 cm diameter pipe. If pressure drop per metre length of the pipe is 20 kPa, determine (i) the mass flow rate in kg/min ; (ii) the shear stress at the pipe wall; (iii) the Reynolds number of flow and (iv) the power required per 50 m length of the pipe to maintain the flow.
In a pipe of diameter 400 mm and length 100 m water is flowing at a velocity of 3.0 m/s. Find the head lost due to friction using:
Darcy-Weisbach formula;


(ii) Chezy's formula for which C- 60.

Assume kinematics viscosity of water as 0.012 stoke.

4.4
In
a
pipe
of
250
mm
diameter
and
1000
m
length
an
oil
of
specific
gravity

is flowing at the ate of 0.5 m3/s. Find:

Head lost due to friction, and

Power required to maintain the flow.

Take kinematic viscosity of oil as 0.4 stoke.

The diameter of a horizontal pipe which is 400 mm is suddenly enlarged to 800 mm. The rate of flow of water through this pipe is 0.5 m3/s. If the intensity of pressure in the smaller pipe is 130 kN/m2, determine:

Loss of head, due to sudden enlargement,

Intensity of pressure in the larger pipe, and

Power lost due to enlargement.

A piping system consists of three pipes arranged in series; the lengths of the pipes are 1000 m, 750 m and 500 m and diameters 600 mm, 450 mm and 300 mm respectively.

Transform the system to an equivalent 500 mm diameter pipe, and

Determine an equivalent diameter for the pipe, 2550 m long.

A pipe line of 500 mm diameter is 2.0 km long. To increase the discharge, another line of the same diameter is introduced parallel to the first in the second half of the length. If f-
and head at inlet is 500 mm calculator the increase in discharge.

Neglect minor losses.

UNIT 5

A Pelton wheel is to be designed to develop 1000 kW under a head of 400 m at 520 r.p.m. The jet ratio is 10 and the overall efficiency is 85%. Calculate the following:

(1) discharge of turbine;
(2) diameter of wheel;

(3) diameter of jet;
(4) number of jets.

Assume C v  = 0.98 and speed ratio = 0.46.

A Pelton wheel 2.5 m in diameter operates under the following conditions.

Net available head = 325 m,

Speed = 300 rpm

Coefficient of velocity of the jet =0.98

Blade friction coefficient = 0.95

Blade angle = 168°

Diameter of the jet = 20 cm

Mechanical efficiency = 0.95

Determine: (i) the power developed, (ii) hydraulic efficiency and (iii) specific speed.

A Pelton wheel is working under a head of 50 m and the discharge is 0.9 m3/s. The mean bucket speed is 15 m/s. Find the overall efficiency and the power produced if the jet is deflected by the blades through an angle of 166°. A ssume the coefficient of velocity = 0.985 and mechanical efficiency = 0.95.

A reaction turbine works at 475 rpm under a head of 120 m. The diameter of the inlet is 1.30 m and the flow area is 0.5 m2. At the inlet the absolute and relative velocities make angles of 15° and 50° respectively with the tangent ial velocity. Determine (i) the power developed and (ii) hydraulic efficiency. Assume the velocity of whirl at the outlet to be zero.
(Francis Turbine): An inward flow reaction turbine has inlet and outlet diameters of 1.25 m and 0.9 m respectively. The breadth at inlet is 0.25 m and at outlet it is 0.35 m. At a speed of rotation of 200 rpm, the relative velocity at entrance is 2.5 m/s and is radial. Calculate the (i) absolute velocity at entrance and the inclination to the tangent of the runner, (ii) discharge and (iii) the velocity of flow at the outlet.
6. At what angles the wicket gates of a Francis turbine be set to extract 7000 kW of power from a flow of 25 m3/s when running at a speed of 250 rpm?. The diameter of the runner at inlet is 3.0 m and the breadth of openings at inlet is 0.9 m (Figure). The flow can be assumed to leave the runner radially, and the blade angle b is obtuse.


A Kaplan turbine produces 60,000 kW under a head of 25 m with an over all efficiency of 90%. Assuming the value of speed ratio as 1.50, flow ratio as 0.60 and the hub diameter as 0.40 times the outside diameter, calculate

hub diameter and

speed of turbine.

A Kaplan turbine develops 25,000 kW at a head of 40 m and at a rotational speed of 400 rpm. The outer diameter of the blades is 2.5 m and the hub diameter is 0.85 m. If the overall efficiency is 80% and the hydraulic efficiency is 90%, calculate the discharge, the inlet flow angle and the blade angle at the inlet.

A turbine develops 10,000 kW when running at 150 rpm. The head on the turbine is 40 m. If the head is reduced to 20 m, determine the speed and power developed by the turbine.

A conical draft tube having inlet and outlet diameters 2.0 m and 2.50 m respectively discharges water at an outlet with a velocity of 4 m/s. The total length of the draft tube is

m and 1.5 m is immersed in water. If the frictional losses in the draft tube is 0.25 x velocity head at outlet, calculate the pressure head at the runner outlet and efficiency of the draft tube.

A Kaplan turbine operating under a head of 8.0 m develops 2000 kW with an overall efficiency of 90%. The turbine is set 2.0 m above the tail water level and vacuum gauge inserted at turbine outlet records a suction head of 3.0 m. Calculate the efficiency of the draft tube if it has an inlet diameter of 3 m and the loss of head due to friction in the draft


tube equals 25% of kinetic head at outlet.

UNIT 6

Determine the inlet vane angle, discharge in 1pm, manometric head, shaft power and torque of a centrifugal pump from the following data. Eye and rim diameters = 15 cm and 30 cm, outlet width = 1.50 cm, vane angle at outlet rim = 25°, speed = 3000 rpm, constant velocity of flow = 2.5 m/s, manometric efficiency = 80% and overall efficiency = 75%.
A centrifugal pump is running at 1200 r.p.m. The impeller has diameters of 40 cm and 80 cm at inlet and outlet respectively. The vane angle at outlet is 30°. If the velocity of flow through the impeller is 4 m/s, calculate the work done per 10 N of water on the impeller.
A centrifugal pump has an impeller 0.5 m outer diameter and when running at 800 rpm discharges 10000 litres/minute against a head of 9.0 m. The water enters the impeller without whirl and shock. The inner diameter is 0.30 m and the vanes are set back at the outlet at an angle of 45° to the periphery. The are a of flow is constant from inlet to outlet of the impeller and is 0.06 m2. Determine the (a) vane angle at the inlet (b) mo-nomeric efficiency of the pump and (c) speed at which the pump commences to work.
A pump can deliver a discharge of 0.20 m3/s to a head of 40 m. The critical cavitation number a c for the pump is found to be 0.12. The pump is to be installed at a location where the barometric pressure is 97.0 kPa (abs) and the vapour pressure is 3.5 kPa (abs). Assuming an intake pipe friction of 0.3 m, determine the minimum value of NPSH. What would be the maximum allowable elevation above the sump water surface at which the pump can be located?
It is required to pump water out of deep well under a total head of 100 m. A number of identical pumps of design speed 1200 r.p.m., and specific speed 30 with a rated capacity of 0.20 m3/s are available. How many pumps are required and how should they be connected whether in series or in parallel?
Two homologous pumps A and B are to run at the same speed of 700 rpm. Pump A has an impeller of 60 cm diameter and discharges 0.5 m3/s of water under a net head of 60 m. Determine the diameter of impeller of pump B and its net head if it is to discharge 0.4 m3/s.
In a single acting reciprocating pump, the diameter of cylinder is 160 mm. and the stroke is 300 mm. The water is raised through a height of 15 m. at a pump speed of 30 rpm. Calculate the theoretical power required and the discharge in lites per second. If the actual discharge is 0.3 m3/mt. determine the coefficient of discharge and the percentage slip.
Data: Diameter of cylinder, D = 152 mm = 0.152 m

Stroke, L = 304 mm = 0.304 m

Pump Speed, N = 40 r.p.m

Actual discharge, Q = 0.2122 m3/min

Height, H= 18 m.

To Calculate:

(a) Theoretical power, P
(b) Theoretical discharge, Q,

(c) Co-efficient of discharge, Cd and
(d) Percentage slip

Water is lifted to a height of 15 metres by a double acting reciprocating pump having piston diameter of 200 mm and a stroke of 350 mm. Find the theoretical power required and theoretical discharge, if the pump is running at 50 r.p.m. If the pump has an actual discharge of 500 litres/min. find the percentage slip and co-efficient of discharge.


Data:
Height H= 18 m; Piston diameter, D = 150 mm = 0.15 m

Stroke L = 300 mm = 0.3 m; Speed, N= 40 r.p.m.

Actual discharge, Q= 400 Iit/min = 0.4 m3/min = 0.006667 m3/s.

To Calculate:

(a) Theoretical power, P
(b) Theoretical discharge, Q,

(c) Co-efficient of discharge, C d ; and
(d) Percentage slip

A single acting reciprocating pump has the following characteristics:

Cylinder diameter = 20 cm

Stroke length = 40 cm

Suction head = 3.0 m

Diameter of suction pipe = 6.0 cm

Suction pipe length = 6.0 cm

Assuming atmospheric pressure = 10.3 m water (abs) and cavitation occurs at 2.0 m water (abs) determine the maximum speed at which the pump can be run without cavitation.

Determine the maximum speed in rpm at which a single acting reciprocating pump without an air vessel of the following details can be operated without causing separation at any stage during the operation of the pump. Compute the discharge at this speed. What would be the speed and discharge if an air vessel is fitted near the pump on the suction side? The fluid is water. Assume f= 0.01 for the pipes. Diameter of plunger = 20 cm, stroke = 25.0 cm. suction pipe diameter = 10 cm, length = 50 m, state suction head = 4 m, static delivery head = 25 m, atmospheric pressure = 103 KPa and vapour pressure of water = 26.0 KPa (abs).
A single acting reciprocating pump has the following particulars. Piston diameter = 20 cm, stroke = 40 cm, speed = 75 rpm, static suction head = 3.6 m, suction pipe diameter = 15 cm, length = 60 m, friction factor f= 0.01. Two large air vessels are fitted on both suction and delivery pipes at distances of 1 m and 3 m away from the pump respectively. Assuming overall efficiency = 75%, determine (a) pressure of water in the cylinder at the commencement of suction and delivery strokes, (b) total head against which the pump has to work and (c) the power of the prime-mover.
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