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1. INTRODUCTION TO FLUIDS 

 

STATES OF MATTER — SOLIDS, LIQUIDS AND GASES 
 

From the point of view of Fluid Mechanics, all matter consists of only two states: Solid and 

Fluid. 

 

 Fluids further are divided into the liquid and gaseous state. 

 
SOLID 

If a solid is subjected to shear forces, it has a tendency to resist deformation and on being 

deformed within the elastic limit, it has a tendency to regain its initial state of equilibrium when 

the applied shear forces are removed. 

 

FLUID 

A fluid is a substance which deforms continuously when subjected to shear forces, however 

small the shear force may be. 

The tendency of continuous deformation of a substance is called „fluidity‟ and the act of 

continuous deformation is called „flow‟.  

A fluid would, therefore, flow when subjected to shear forces. 

Fluids may exist as liquid, gas or vapour 

LIQUID 

Liquids are characterized by the presence of „free surface‟ as the clear interface in the vicinity of 

an immiscible fluid.  

GASES AND VAPOURS 

Gases and vapours, on the other hand, expand and adjust their shape and size so as to completely 

fill the space of the contained. The same substance may exist in one or more phases.  

The term vapour is used for a gas when it is at a temperature before the critical temperature of 

the substance.  



Solid Liquid Gas 

Molecules are closely spaced. Relatively large spacing Still larger than liquids 

Large no. of molecules in a 

given volume 

Lesser no. of molecules in a 

given volume 

Least no. of molecules in a 

given volume 

Larger force of attraction 

between molecules 

Smaller force of attraction 

between molecules 

Smallest force of attraction 

between molecules 

Compact and rigid form 
Molecules free to move 

within liquid mass 
Greater freedom of movement 

Definite volume and shape 

Definite volume but not shape 

i.e. takes the shape of 

container 

Neither definite volume  nor 

definite shape, Completely 

fills up the container 

 

TENSILE, COMPRESSIVE AND SHEAR STRENGTH OF FLUIDS 

 Solids can resist tensile, compressive and shear forces. 

 Fluids do not have tensile strength but have compressive strength. 

 Fluids cannot resist shearing stress. However, this does not mean that fluids do not offer 

any resistance to shearing forces. 

 Shearing stresses occur between the adjacent layers of fluids which opposes the 

movement of one layer over the other. 

 No shear stress can exist in a fluid at rest. 

 

Ideal fluids Real fluids 

 Ideal fluids have no viscosity and 

surface tension. 

 Ideal fluids are incompressible. 

 No resistance is encountered for an 

ideal fluid. 

 Though ideal fluids do not exists in 

nature, still water and air are close 

approximations. 

 Real fluids have viscosity, surface 

tension and are compressible. 

 Certain amount of resistance is always 

encountered in the real fluids. 

 

 



INTRODUCTION OF FLUIDS MECHANICS 
 

MECHANICS 

 

Mechanics is the oldest physical science that deals with both stationary and moving bodies 

under the influence of forces.  

 

The branch of mechanics that deals with bodies at rest is called statics, while the branch that 

deals with bodies in motion is called dynamics. 

 

FLUID MECHANICS 

 

Fluid mechanics is defined as the science that deals with the behavior of fluids at rest (fluid 

statics)or in motion (fluid dynamics), and the interaction of fluids with solids or other fluids at 

the boundaries.  

 

The subject of Fluid Mechanics deals with the study of the motion of general behaviour of a fluid 

governed by the law of conservation of mass, laws of mechanics and of thermodynamics. 

The fluid under study may be flowing in a pipe or in a channel, in a pump or in a compressor, 

around an aircraft or a missile, in an ocean or in the atmosphere thus making the subject of Fluid 

Mechanics as the most vital of all engineering studies.  

The subject of fluid flow with special emphasis to applications in engineering is termed as 

Engineering Fluid Mechanics. 

Fluid mechanics is also referred to as fluid dynamics by considering fluids at rest as a special 

case of motion with zero velocity. Further, fluid mechanics itself is also divided into several 

categories.  

 

The study of the motion of fluids that are practically incompressible (such as liquids, especially 

water, and gases at low speeds) is usually referred to as hydrodynamics. 

 

A subcategory of hydrodynamics is hydraulics, which deals with liquid flows in pipes and open 

channels.  

 

Gas dynamics deals with the flow of fluids that undergo significant density changes, such as the 

flow of gases through nozzles at high speeds.  

 

The category, aero-dynamics deals with the flow of gases (especially air) over bodies such as 

aircraft, rockets, and automobiles at high or low speeds.  

 

Some other specialized categories such as meteorology, oceanography, and hydrology deal 

with naturally occurring flows. 

 

  



FLUID PROPERTIES 

THE FLUID AS A CONTINUUM  

 

 

 

 

 

 

 

 

 

To understand the fluid as a continuum, it is important to know the following points:  

 Fluids are aggregations of molecules, widely spaced for a gas, closely spaced for a liquid. 

 When compared to the diameter of the molecules, the distance between the molecules is 

very large. [ 

 Since, the molecules are not fixed in a lattice but move about freely relative to each other, 

fluid density or mass per unit volume has no precise meaning [as the number of 

molecules occupying a given volume continually changes].  

If the unit volume is large compared to the cube of the molecular spacing then this effect 

becomes unimportant as the number of molecules within the volume remain nearly 

constant in spite of the enormous interchange of particles across the boundaries. 

 However, if the chosen unit volume is too large, there could be a noticeable variation in 

the bulk aggregation of the particles.  

In this situation, the “density” as calculated from molecular mass δmwithin a given 

volume δV  when plotted versus the size of the unit volume, there is a limiting volume 

δV*  below which molecular variations may be important and above which aggregate 

variations may be important.  

 The density ρ of a fluid then is best defined as: 

1 1
δV V*

δm
ρ = lim ...[ . ]

δV
 

 The limiting volume δV*is about 
9 310 mm for all liquids and gases at atmospheric 

pressure. 

CONTINUOUS DISTRIBUTION OF MATTER 
 

The mathematical ideation of continuous distribution of matter, i.e., when the 

properties of any matter are considered as a continuous function of the space 

variables, then the matter is referred to as a continuum.  
 

According to this concept, a continuous distribution of matter is considered without 

any void or empty spaces. 

Any property function P (P may be scalar, vector or tensor) defined at a point (x,y,z) 
is a continuous and differentiable function of space variables x,y,z.  
 

SYSTEM  

A system is defined as an identified lump of fluid. The lump of fluid may either be 

infinitesimal or as large as it is practicable.  
 

FLUID PARTICLES  

An infinitesimal lump of fluid is called a ‘fluid element’ or a particle. A fluid particle 

is assumed to have very small but non zero dimensions.  



 For example: 
9 310 mm of air [at standard conditions] contains approximately 

73 10 molecules, which is sufficient to define a constant density as per equation [1.1]  

 Most engineering problems are concerned with physical dimensions much larger than 

this limiting volume [given above], so that density is essentially a point function and fluid 

properties can be thought of as varying continually in space. Such a fluid is called a 

continuum, which simply means that its variation in properties is so smooth that 

differential calculus can be used to analyze the substance.  

 

NOTE: 

We shall assume that continuum calculus is valid for all the analyses in Fluid Mechanics [for 

us], but there are borderline cases for gases at such low pressures that molecular spacing and 

mean free path are comparable to, or larger than, the physical size of the system. This requires 

that the continuum approximation be dropped in favor of a molecular theory of rarefied gas 

flow. Also note, that the use of continuum calculus does not preclude the possibility of 

discontinuous jumps in fluid properties across a free surface or fluid interface or across a 

shock wave in a compressible fluid. 

 

FLUID PROPERTIES: MASS DENSITY, SPECIFIC WEIGHT, AND 

SPECIFIC GRAVITY 

 

EXTENSIVE AND INTENSIVE PROPERTIES  

Property: Any characteristic of a system that can be used to define its state. 

Intensive property: A property whose magnitude is independent of the amount of matter, like: 

pressure, temperature, mass density etc. 

Extensive property: A property whose magnitude is related to the total mass of the system, like: 

mass, weight, volume etc. 

MASS DENSITY (-PRONOUNCED RHO) 

It is a measure of the amount of fluid contained in a given volume and is defined as the mass 

possessed per unit volume. 

 
m

V
where, m= mass of fluid and V= volume of fluid 

The SI unit of density is kilogram per metre cubic (Kg/m
3
). 

The density of air at 20℃  and 1 bar is 2.24 Kg/m
3
 while the density of water at 4℃  is 1000 

Kg/m
3
.For compressible fluids, density of a fluid is not constant. 



The density of a substance, in general, depends on temperature and pressure. 

 The density of the fluids is directly proportional to pressure and inversely proportional to 

temperature.  

 Mass density is proportional to the number of molecules in a unit volume of the fluid. 

 With increase in temperature, the molecular activity as well as the spacing between 

molecules increases [and hence, the density of fluids decreases]. 

 When a large force is applied on the fluid, large number of molecules are forced into a 

given volume, hence its mass density increases. 

 

NOTE: 

 Liquids and solids are essentially incompressible substances, and the variation of their 

density with pressure is usually negligible.  

For example At 20°C, , the density of water changes from 998 kg/m3 at 1 atm to 1003 

kg/m
3 

at 100 atm, a change of just 0.5 percent.  

 The density of liquids and solids depends more strongly on temperature than it does on 

pressure.  

For example At 1 atm, the density of water changes from 998 kg/m3 at 20°C to 975 

kg/m
3
 at 75°C, a change of 2.3 percent, which can still be neglected in many engineering 

analyses. 

SPECIFIC WEIGHT (W) 

Specific weight (Weight density, w) of a fluid is the weight it possesses per unit volume. 

  
W

w
V

where, W is the weight of the fluid having volume V. 

The weight of a body is the force with which the body is attracted to the centre of the earth. It is 

the product of its mass and the local gravitational acceleration, i.e.,  W mg . The value of g at 

sea level is 9.807 m/s
2
 approximately. 

Since,    W mg it implies, for a unit volume  w g . 

 The SI unit of specific weight w, is Newton per cubic metre (N/m
3
). 

 Dimensional formula of specific weight w, 
 
 
 

3

F

L
or   

-2 -2ML T . 

 Specific weight depends upon mass density and acceleration due to gravity. 

 The variation with the temperature and pressure is same as that of mass density. 

 Since the value of „g‟ varies from place to place, hence specific weight also varies. 



NOTE: 

 The presence of suspended particles, salt in solution and dissolved air will slightly increase 

the value of the mass density and specific weight of a liquid. This is the reason; mass density 

of sea water is more than that of pure water. 

 

SPECIFIC VOLUME 

The reciprocal of mass density (or weight density) is the  

specific volume v, which is defined as volume per unit mass(or weight).  

 The SI unit of specific volume will be m
3
/Kg or m

3
/N. 

 For gases, specific volume is volume per unit mass i.e. reciprocal of mass density. 

SPECIFIC GRAVITY 

Specific gravity or Relative density is defined as the ratio of the mass density (or specific 

weight) of a substance to the mass density (or specific weight) of some standard substance at a 

specified temperature. 

Specific gravity

the mass density (or specific weight) of a substance
=

the mass density (or specific weight) of a standard substance

 

 For liquids, pure water at 4
0
C is the standard fluid. 

 For gases, either hydrogen or air at some specified temperature and pressure is chosen as 

standard fluid. 

 Specific gravity is a pure number independent of the system of units used. 

 Specific gravity of mercury is 13.6; this means that mercury is 13.6 times heavier than 

pure water. 

 

COMPRESSIBILITY AND BULK MODULUS 

Compressibility  

Fluid also has elastic characteristic like elastic solids i.e. when pressure is applied to a fluid, it 

contracts and when pressure is released it expands. 

Compressibility of a fluid then characterises its ability to change its volume under pressure.  

The positive change of volume per unit pressure is given by the coefficient of compressibility:  



1
c

dV

dV V

V dp dp

 
      

 
 

 

where dp is the small change in pressure applied to the fluid and  

dV 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. 

The compressibility of fluid is expressed by its bulk modulus of elasticity K which is the inverse 

of the coefficient of compressibility:  

1

/c

dp
K

dV V


   

The bulk modulus of elasticity measure the compressive stress per unit volumetric strain. 

For a given mass m of the fluid,   m V  

             dm dV V d    

Since, mass is constant; 0          dV V d    

d dV

V




  or

 
dp

K
d



  

where /d   represents the relative change in density of the fluid. 

For Isothermal process 

 pV constant  

            0pdV V dp   

     ;
/

dp
p

dV V
  

 K p  

 

Thus for an isothermal process, the bulk 

modulus equals the pressure. 

For Adiabatic process 

 pV constant   

 1 0p V dV V dp      

 

 
dp

p
dV

V

    

  K p  

 

Thus for an adiabatic process, K 

equals  times the pressure. 

 

At ordinary temperature and pressures K = 20 x 10
8
 N/m

2
 for water and K = 1.05 x 10

5
 N/m

2
 for 

air. That indicates that air is approximately 20,000 times more compressible than water. 



WHY WE CONSIDER WATER AS INCOMPRESSIBLE? 

If 1m
3
 of water is subjected to a pressure of 10 bar, then a change in the volume of water 

amounts to:  

5
3

8

1 10 10 1

20 10 2000

 
   



[ ]V dp
dV m

K
 

Thus, the application of 10 bar pressure to water under ordinary conditions causes its volume 

to decreases by only 1 part in 2000 m
3
. Hence, the effect of compressibility can be neglected. 

 

Though the gases in general are compressibility, their compressibility becomes important only 

where gas velocity becomes more than 20% of the velocity of sound waves in that gas. 

When s fluid mass is compressed i.e. pressure increased, its molecules become close together 

and resistance to further compression increases i.e. compressibility decreases and K increases. 

 For liquids, compressibility increases with increase in temperature. 

 For gases, pressure of a gas increases with the increase in temperature, hence 

compressibility decreases ( due to increase in kinetic energy of gaseous molecules) 

 

The degree of compressibility of a substance is characterized by the bulk 

modulus of elasticity. 

P

V V


  


 

Where, P represents the small increased in pressure applied to the substance 

that causes a decrease of the volume by V from its original volume of V. 

The negative sign in the definition to ensure that the value of  is always 

positive. 

Units: N m-2  

Dimensions:  ML-1 T-2. 

Typical values: For Water = 2.05 × 109 N m-2, For Air = 1.62 × 109 N m-2 

 

VISCOSITY 

Viscosity is the fluid property by virtue of which it offers resistance to the movement of one layer 

of fluid over an adjacent layer. 

It is primarily due to cohesion and the molecular momentum exchange between fluid layers. 

These effects appear as shearing stresses between the layers. 



Hence, Viscosity is a property of the fluid by virtue of which it offers resistance to shear or 

angular deformation. 
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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 profile (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 fluid. 

Viscosity is thus a measure of resistance to relative translational motion of adjacent layers of a 

fluid. 

This property is manifested by all the real fluids, and it distinguishes them from ideal or non-

viscous fluids. 



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 exerting a force 

F. 

However, the lower layer tries to retard or restrict the motion of upper layer by exerting a 

force equal and opposite to F. These two equal and opposite forces induce a shear or viscous 

resistance τ (pronounced tau) given by F/A where A is the contact area between the two layers 

y

B B'

d

A

u

D

dy

C C' F

 

 

Experimental measurements have shown that the shear stress is proportional to the spatial rate of 

change of velocity normal to the flow: 

 
du

dy
 ;  

du
µ

dy
   

 The term 
du

dy
 is more usually called the velocity gradient at right angles to the direction 

of itself.  

 The proportionality constant  µ (pronounced mew) is a function of the fluid and is called 

the coefficient of viscosity, absolute viscosity or dynamic viscosity.  

 Equation suggested by Newton and is referred to as the Newton‟s viscosity equation or 

Newton‟s law of viscosity. 

The force a flowing fluid exerts on a body in the flow direction is called the drag force. The 

magnitude of drag force depends upon the viscosity of fluid. 

Observations 

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

disappears where the velocity gradient is zero. 



2. 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. 

3. 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. 

Mathematically, 

Distance BB‟ = CC‟ = speed × time = du × dt 

For small angular displacement ,d  

BB dy d   

du dt dy d     

du d

dy dt


  

 ‟    , . .,    Invoke Newton slawof viscosity i e expresstheshear stress  

          :intermsof velocity gradients  

du d

dy dt


     

Conclusions 

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

dt


.  

 This characteristic 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. 

Dimensional Formula and Units of Viscosity 

2

2
 

1/

F

FTL
µ

Ldu dy L
X

T L



 
           

 
 

 

Hence the force dimension is expressed in terms of mass, F=
2

ML

T

 
 
 

, the dimensions for viscosity 

in mass, length and time become .
M

LT

 
 
 

 

Then appropriate units are inserted for force, length and time, the dynamic viscosity will have 

the 



2

2
 

1/

N

NsM
µ

mdu dy m
X

s m



 
           

 
 

=Pa s 

Sometimes, the coefficient of dynamic viscosity µ  is designated by poise (P) 

1    1    /      1      /  2poise gm cmsec dynesec cm  = 0.1 Ns/m
2
 = 0.1 Pa s 

Poise turns out to be a relatively large unit, hence the unit centipoises (cP) is generally used. 

Typical values of viscosity for water and air at 20
0
c and at standard atmospheric pressure at 

3

2
     1.0  10 

s
µ for water cP N

m

   

3 2    0.0181  0.0181  1  0     /µ for air cP N s m    

Hence, water is nearly 55 times as viscous as air. 

VISCOSITY 

Viscosity is the property of a fluid, due to cohesion and interaction between molecules, which 

offers resistance to sheer deformation. Different fluids deform at different rates under the same 

shear stress.  

Fluid with a high viscosity such as syrup deforms more slowly than fluid with a low viscosity 

such as water. 

All fluids are viscous; “Newtonian Fluids” obey the linear relationship, given by Newton‟s law 

of viscosity. 
du

dy
  . 

Where is the shear stress; has 

Units:  N m
−2

;   kg m
-1

 s
-2

 

Dimensions: ML
-1

 T
-2 

  

du

dy
is the velocity gradient or rate of shear strain, and has 

Units: radian s
-1 

Dimensions: T
-1 

  

µ is the “coefficient of dynamic viscosity” 

 



COEFFICIENT OF VISCOSITY (μ ) 

The Coefficient of Dynamic Viscosity is defined as the shear force, per unit area, (or shear stress

 ), required to drag one layer of fluid with unit velocity past another layer a unit distance away. 

tan

Massdu Force Velocity Force Time

dy Area Dis ce Area Area Length
 


   


 

Units: N s m
−2

 or, kg m
-1

 s 
-1

 

Typical values: 

Water = 1.14 × 10
−3 

kg m
-1

 s
-1

, Air =1.78 × 10
−5 

kg m
-1

 s
-1

,  

Mercury =1.552 kg m
-1

 s
-1

 

 

Specific viscosity  

The ratio viscosity of fluid to the viscosity of water at 20
0
c. Since a viscosity of  

1 cP at 20
0
c, the viscosity of any fluid expressed in centipoise units would be a measure of the 

viscosity of that fluid relative to water. 

 

KINEMATIC VISCOSITY ( ) 

Kinematic Viscosity is defined as the ratio of dynamic viscosity to mass density. 





  

Units: m
2
 s

-1
(  is often expressed in Stokes, St, where 10

4
 St = 1 m

2 
s

-1
) 

Dimensions:  L
2
 T

-1
. 

Typical values: 

Water =1.14 × 10
-6 

m
2
 s

-1
, Air =1.46 × 10

-5 
m

2
 s

-1
, Mercury =1.145 × 10

-4
 m

2
 s

-1 

 

So, the ratio between the dynamic viscosity and density is defined as kinematic viscosity of fluid 

and denoted by  (pronounced new): 

 
              

 

dynamicviscosity
Kinematicviscosity

mass density
  

or     /µ   

 



 The dimensional formula for kinematic viscosity is:
2

3

M

LLT

M T

L



 
       
   
 
 

 

 The kinematic viscosity does not involve force; its only dimensions being length and time 

as in kinematics of fluid flow.  

 Typical units of  are m
2
/s or cm

2
/s, the latter being referred to as stoke (St). 

Typical values of kinematic viscosity at 20
0
c and at standard atmospheric pressure are:  

 for water = 1.0 c St = 1 x 10
-6

 m
2
/s   and    for air = 15.0 c St = 15 x 10

-6
 m

2
/s i.e., kinematic 

viscosity of air is about 15 times greater than that of corresponding value of water. 

Effect of Temperature and Pressure on Viscosity 

There exists a distinct 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. 

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 the viscosity results primarily 

from the molecular momentum transfer. This molecular activity increases with a rise in 

temperature and so does the gas viscosity. 

Dynamic viscosity is independent of pressure for the range that is encountered in practice. 

Kinematic viscosity of liquid and gases at a given pressure is a function of temperature. 

COMPRESSIBLE AND INCOMPRESSIBLE FLOW 

The type of flow in which the density of the fluid changes from point to point is called 

compressible flow. 

Example: Flow of gases through orifices. 

 The type of flow in which the density of the fluid is constant for the fluid flow is called 

incompressible flow. 

Example:  Subsonic aerodynamics. 

 



SURFACE TENSION AND CAPILLARITY  

Cohesion and Adhesion 

Liquids have characteristic properties of cohesion and adhesion.  

Cohesion refers to the intermolecular attraction between molecules of same liquid. 

Adhesion represents the adhering or clinging of the fluid molecules to the solid surface with 

which they come in contact.  

Force between like molecules are cohesive and the forces between unlike molecules are 

adhesive.  

The property of cohesion enables a liquid to resist tensile stresses while adhesion enables it to 

stick to another body. 

Wetting and non-wetting liquids 

The wetting and non-wetting of the surface is dictated by the angle of contact between the liquid 

and the surface material. 

Wetting liquids 

 Liquid would wet the surface when θ<π/2 and the degree of wetting increases as θ 

decreases to zero 

 In case of water, adhesive forces are greater than cohesive forces. Naturally when water 

is poured on the same smooth horizontal surface, it would spread out and wet the 

horizontal surface.  

Non-wetting liquid 

 For a non-wetting liquid θ>π/2. 

 When a liquid like mercury, is spilled on a smooth horizontal surface, it tends to gather 

into droplets because the cohesive molecular forces are greater than the adhesive forces 

between the mercury molecules and the material of the surface. Mercury tends to stay 

away from the surface and is said to be a not wetting liquid 

The contact angle is dependent on  

i. the nature and type of liquid, 

ii. the solid surface and its cleanliness.  

For pure water in contact with a clean glass surface θ is essentially zero degree. Mercury, a non-

wetting liquid has θ between 130
0
 to 150

0
. 
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Figure: Wetting and non-wetting liquids
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SURFACE TENSION ( ) 

Surface tension is defined as a tension force acting on the surface of a liquid in 

contact with a gas or on the surface between two immiscible liquid, such that 

the contact surface behaves like a membrane under tension. It is the tendency 

of the surface of a liquid to behave like a stretched elastic membrane. 

Units: N m-1 

Dimensions: M T-2 

   

The forces of attraction binding molecules to one another give rise to cohesion, 

the tendency of the liquid to remain as one assemblage of particles rather than 

to behave as a gas and fill the entire space within which it is confined.  

On the other hand, forces between the molecules of a fluid and the molecules 

of a solid boundary give rise to adhesion between the fluid and the boundary.  

It is the interplay of these two forces that determine whether the liquid will 

“wet” the solid surface of the container. 

 If the adhesive forces are greater than the cohesive forces, then the liquid 

will wet the surface. 

 if the cohesive forces are greater than the adhesive forces, then the liquid 

will not wet the surface. 

 

 Capillarity phenomenon is defined as rise and fall of the liquid surface in 

a tube relative to the adjacent general level of liquid depends upon the specific 

weight of the liquid, diameter of tube and surface tension. 



  The water column in the sketch below rises to a height h such that the 

weight of the column is balanced by the resultant surface tension forces acting 

at θ to the vertical at the contact with the tube. 

  And from equilibrium of forces  
4 Cos

h
gd

 


  

 

Equilibrium of liquid mass beneath the free surface 

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. 

FLUID MOLECULE 
LIQUID SURFACE

Figure: Forces of attraction on a liquid molecule  

 

Molecules at free surface of liquid 

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 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 expended to bring the molecule to the free liquid surface 

which then acts like an elastic or stretched membrane.  

Energy expended per unit area of the surface is called surface tension; designated by sigma σ. 

It is the force required to maintain unit length of film in equilibrium. Hence surface tension is a 

line force. 



Surface tension occurs at the interface of a liquid and a gas or at the interface of two liquids; and  

 Surface tension is essentially due to inter molecular forces of cohesion. 

 The dimensional formula for surface tension is 
2

   
F M

or
L T

   
   
   

, it is usually expressed in 

N/m. 

Dependency of surface tension on various parameters 

 At a critical point where the liquid and vapour phase b become indistinguishable, the 

surface tension becomes zero.  

 Surface tension directly depends upon the inter-molecular cohesive forces, its magnitude 

depends for all decreases as the temperature rises. 

 It is also dependent on the fluid in contact with the liquid. Hence, Surface tension values 

for liquids are generally quoted when in contact with air as the surrounding medium. 

σ= 0.073 N/m for air -water interface 

σ= 0.480 N/m for air –mercury interface 

 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. 

Various effects of surface tension 

1. An isolated drop of liquid takes nearly a spherical shape 

2. Birds can drink water from ponds 

3. Water can be poured into a clean glass tumbler to a level above the lip of tumbler. 

4. Stretched water surface can support small objects like dust particles and a needle placed 

gently upon it  

5. Capillary rise and depression in thin bored glass tubes 

 

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.  

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

(i) Pressure = (pi-p0)
4


d

2
 

(ii) Tensile force due to surface tension acts around the circumstance and equals = σ x 

circumstances =     d   

For equilibrium, 
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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. 

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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 Since the soap solution has a high value of surface tension σ, a soap bubble will 

tend to grow larger in diameter with small pressure of blowing. 

For a liquid jet 

Consider a cylindrical liquid jet of diameter d and length L 

 0           iPressure force p p Ld  
 

           2Surfacetension force L   

 0             2ip p Ld L   
 

Equating the two forces, we obtain:      0

 2 2
     i

L
p p

Ld d

 
  

 

CAPILLARY OR MENISCUS EFFECT  

When a small diameter glass tube, called the capillary tube is dipped into water contained, 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 is a surface tension effect that depends upon the relative intermolecular attraction 

between different substances; it is due to both cohesion and adhesion. 



 

Capillary Rise Capillary Depression 

 Adhesion between glass and water molecules is 

greater than cohesion between water molecules.  

 Opposite conditions hold good for mercury 

i.e., cohesion between mercury molecules is 

greater than adhesion of mercury to glass.  

 A wetting liquid will tend to wet the solid 

surface and will tend to rise at the point of 

contact, hence the liquid surface formed is 

concave upward and angle of contact is less 

than 90
0
. 

 When the non-wetting liquid is used, liquid 

will not wet the solid surface and liquid will 

be depressed at the point of contact, hence the 

liquid surface is concave downward and angle 

of contact is greater than 90
0
. 

 The wetting of the solid boundary by liquid 

results in creating decrease in pressure within 

liquid, hence rise in liquid surface takes place, 

so that pressure within the column the column 

at elevation of surrounding liquid surface is 

same as the pressure at this elevation outside 

the column. 

 

 The tendency of a liquid which do not adhere 

to the surface, results in increasing pressure 

across the liquid surface. It is because of the 

increased internal pressure, the elevation of 

the meniscus is lowered to the level where the 

pressure is same as that in surrounding liquid. 

 

 

       (a) Capillary rise            (b) capillary depression 

Capillary rise and depression 



Rise or depression of liquid in a capillary tube 

Knowing the surface tension σ, angle of contact θ, 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 

                    areaof tube xriseor fall specificweight   

2

4
d h w

 
  
 

 

Vertical component of surface tension force 

       cos xcircumference   

                 cos x d d cos        

When in equilibrium, the downward weight of the liquid column h is balanced by the vertical 

component of the force of surface tension. 

Hence, 2              
4

d hw d cos


    

or
4  

   
cos

h
wd

 
  

For 0 θ<90
0
, h is positive (concave meniscus and capillary rise) and  

 For 90
0 θ<180

0
, h is negative (convex meniscus and capillary depression). 

 It is expressed in terms of m or mm of liquid. 

The expression has been derived assuming that curved liquid surface is a section of sphere and 

true for tubes of very small diameter (r < 2.5 mm). 

 

For the tubes of diameter 6 mm or greater, capillary action is negligible. Hence to avoid 

correction for capillarity effect, tubes of diameter greater than 6 mm must be used. 

 

VAPOUR PRESSURE 

Evaporability means a change from liquid to gaseous phase. The evaporation rate varies for 

different liquids and depends upon the prevailing pressure and temperature conditions. 

A liquid enclosed in a closed space. The liquid molecules having high energy leave the liquid 

space in the vapour state. The vapour molecules are in gaseous nature and exert their own 

pressure, called vapour pressure.  



A molecular activity increases with increase in temperature, hence vapour pressure also 

increases. 

Vapour constitutes only a small fraction of the atmospheric pressure. 

The rate of evaporation of open water bodies like tank is controlled by vapour pressure. 

Some of the ejected molecules have a tendency to rebound back and get absorbed in the liquid 

surface. Thus there may be an interchange of molecules between the liquid and the gaseous 

space above it. The vapour pressure will have a constant value when the molecules leave and 

enter the liquid at the same rate. The constant vapour pressure is called the saturated vapour 

pressure. 

Further evaporation of the liquid ceases, once the saturated vapour pressure has been reached.  

 Mercury has a very low vapour pressure and hence it is an excellent 

fluid to be used in a barometer. 

 Various volatile fluids like benzene etc. have high vapour pressure. 

 

BOILING 

If the vapour pressure above the liquid surface gets reduced, say by evacuation, re-evaporation 

starts and continue until new equilibrium conditions are attained.  

If the vapour pressure falls considerably, then the molecules leave the liquid surface very rapidly 

and this phenomenon is called boiling.  

A liquid may boil even at ordinary temperature if the pressure above the liquid surface is reduced 

so as to be equal to or less than the vapour pressure of liquid at that temperature. 

CAVITATION 

During boiling vapours are formed in the liquid space itself and then these vapours rise to the 

surface. When these bubbles move towards a zone of high pressure, they collapse. The 

collapsing pressure of bubbles may be as high as 100 atmospheres and this may cause a local 

mechanical failure of the solid surface. This effect is called cavitation.  

The growth and decay of the vapour bubbles adversely affects the performance of a 

hydrodynamic machine and the ultimate effects may be the breakdown of the machine itself due 

to severe pitting and the erosion of blade surfaces in the region of cavitation.  

Similar effects occur when the gases dissolved in a liquid are liberated at sufficiently low 

pressure. 

NEWTONIAN AND NON NEWTONIAN FLUIDS 

Newtonian Fluids 

Fluids for which the viscosity is independent of velocity gradient are called Newtonian fluids. 



For these fluids the plot between shear stress and velocity gradient is a straight line passing 

through the origin. 

Slope of the line equals the coefficient of viscosity,  /  / .µ du dy  

Fluids represented by curves (a) and (b) are Newtonian fluids; fluids represented by line (a) is 

more viscous than that represented by line (b).  

Non Newtonian Fluids 

Fluids for which the viscosity coefficient depends upon velocity gradient are referred to as Non-

Newtonian fluids. 

The viscous behaviour of a Non-Newtonian fluid may be prescribed by the power law equation 

 /    
n

A du dy B    

Where A is a consistency index and n is a flow behaviour index. 

For a Newtonian fluid, the consistency index A becomes the dynamic viscosity coefficient µand 

the flow behaviour index n assumes a unity value. 

 

Variation of shear stress with velocity gradient (time rate of deformation) 

  



Pseudo-plastic Fluids 

Fluids for which the flow behaviour index n is less than unity and B= 0 are called pseudo-plastic. 

Viscosity coefficient is smaller at greater rates of velocity gradient and the curve becomes flatter 

as the shear rate (i.e., velocity gradient) increases (curve c). 

Examples of pseudo plastic fluids are the milk, blood, clay and liquid cement. 

Dilatant Fluids 

Fluids for which the index n is greater than unity and B=0 are called dilatant. 

Viscosity coefficient is more at greater rates of viscosity gradient and the flow curve steeps with 

increasing shear rate (curve d).  

Concentrate solution of sugar and aqueous suspension of rice starch are examples of dilatants 

fluids. 

Bingham or Ideal plastic Fluids 

This type of substance indicates no deformation when stressed upto a certain point (yield stress) 

and beyond that it behaves like a Newtonian fluids and hence is represented by line (e). 

Mathematically, 

du
µ

dy
    

where τ0 is yield shear stress 

 

Ideal Solids 

For certain substances, there is finite deformation for a given load, i.e., rate of deformation is 

zero. These materials plot as ordinate (curve f) and are called elastic materials or ideal solids. 

Real Solids 

Actual solids deform slightly when subjected to shear stress of larger magnitude and hence plot 

as a straight line almost vertical (g). 

Ideal Fluids 

A fluid for which shear stress is zero (even if there is velocity gradient) is the ideal fluid and it 

plots as abscissa (h). 

  



TIME DEPENDENT FLUIDS 

Thixotropic Fluids  

Fluids which show an apparent increase in viscosity with time are called thixotropic. 

It is a non-Newtonian fluid having non-linear relationship between the shear stress and the rate 

of angular deformation 

Printer‟s ink is an example of such fluid.  

Rheopectic Fluids 

If the apparent viscosity decreases with time, the fluid is called rheopectic. 

SOLVED EXAMPLES 

EXAMPLE 1.1 

At a depth of 8 km from the surface of the ocean, the pressure is stated to be 82 MN/m
2
. 

Determine the mass density, weight density and specific volume of water at this depth. 

Take density of water at surface 21025 /ρ  kg m  and bulk modulus of elasticity K = 2350 

MPa for the indicated pressure range. 

SOLUTION: 

For a finite pressure increase 

dp dp
K

dV d

V
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Therefore, at a depth of 8 km from the free surface, mass density becomes 

31025 35.76 1060.76  /kg m     

Weight density 

31060.76 9.81 10406  /w g N m     

Specific volume 



31 1
0.000943 

1060.76

m
v

kg
    

EXAMPLE 1.2 

Through a very narrow gap of height h, a thin plate of large extent is pulled at a velocity V. 

On one side of the plate is the oil of viscosity 1μ and on the other side oil of viscosity   2μ . 

Calculate the position of the plate so that 

i. The shear force on the two sides of the plate is equal. 

ii. The pull required to drag the plate is minimum. 

 

SOLUTION: 

Let y be the distance of the thin plate from the one of the surfaces 

i. Force per unit area on the upper surface of the plate 

1 1

dv V

dy h y
 
 

  
 

 

Force per unit area on the bottom surface of the plate 

2 2

dv V

dy y
 
 

  
 

 

    ,Equating thetwo  

1 2

V V

h y y
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ii. Let F be the pull per unit area required to drag the plate, then 

 1 2

V V
F

h y y
  


 

F is the sum of the shear forces per unit area on the both surfaces of the plate. 



For the force F to be minimum 

0
dF

dy
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EXAMPLE 1.3 

A cubic block weighing 4.5 N and having a 40 cm edge is allowed to slide down an inclined 

plane surface making an angle 30
0
 with the horizontal on which there is a uniform layer of 

oil 0.005 cm thick. If the expected steady state velocity of the block is 12.5 cm/s, determine 

the viscosity of the oil. Also express the kinematic viscosity in stokes if the oil has a mass 

density of 800 kg/ 2
m . 

SOLUTION: 

 

Component of weight of block along the plane = sinW   

Assuming a linear velocity profile in the oil film. 

Shear stress  

du u

dy t
     

Shearing force opposing the motion  

u
A

t
   

Under equilibrium conditions 



sin
u

W A
t

    

Dynamic viscosity 

sin  

 

W t

u A





  

 
   

0 2

2

4.5 sin 30   0.005  10

12.5 10 0.4 0.4








  
 

2
0.0056 0.0056 

Ns
poise

m
   

Kinematic Viscosity 

6 20.0056
7 10 /

800
m s






     

2 210
7 0.07 

cm
stokes

s



    

EXAMPLE 1.4 

In a 50 mm long journal bearing arrangement, the clearance between the two concentric 

conditions is 0.1 mm. the shaft is 20 mm in diameter and rotates at 300 rpm. The dynamic 

viscosity of the lubricant used is 0.01 Pa-s and the velocity variation in the lubricant is 

linear. Considering the lubricant to be Newtonian, calculate the frictional torque the 

journal has to overcome, and the corresponding power loss. 

SOLUTION: 

 

For a linear velocity profile 

du u

dy t
  



Where u is the tangential velocity of shaft and t is thickness of oil film. 

Viscous shear stress 

du u

dy t
     

Viscous resistance or force on bearing 

2
u

A rl
t

       

Viscous torque 

2
u

T rl r
t

     

Also 

2   2 0.01 3000
3.14  /

60 60

r N
u m s

   
    

20.01  0.01  /Pa s Ns m     

10  0.01 r mm m   

50  0.05l mm m   

  33.14
0.1 2 0.01 0.05 0.01 9.85 10

0.0001
T Nm          

If shaft rotates with angular velocity   

2 2 3000
314  /

60 60

N
rad s

 



    

Power utilized in overcoming friction 

39.85 10 314 3.09 3.09 
Nm

P T W
s

        

EXAMPLE 1.5 

To eliminate the extraneous rotations in electrical measuring devices, the motion of the 

pointer of indicating mechanism is often dampened by having a circular disk turn in a 

container filled with the oil. For one such system as shown in fig, make calculations for 

damping torque if the rotational speed of the disk in an oil of viscosity 7.5 310  Pa is stated 

to be 0.2 rad /sec. 

SOLUTION: 



 

Since the oil film is thin, a linear velocity profile may be assumed. Consider an element of width 

dr at a radial distance r. Shear stress acting on this element, 

du u

dy t
     

Shearing force on element 

2
u

dF A rdr
t

       

Viscous Torque 

2
u

dT dF r rdr r
t

       

If disk rotates at   /rad s  then u r  

2
r

dT A rdr r
t


        

Total torque 

3 4

0

2
R

T r dr R
t t

 
   

Damping torque 

 3

4 5

3

7.5 10 0.2
0.04 2.41 10

0.5 10
T Nm

 






   


 

EXAMPLE 1.6 

A 2 cm wide gap between two vertical plane surfaces is filled with oil of specific gravity 

0.85 and the dynamic viscosity 2.5 Ns/m
2
. A metal plate 1.25 1.25 0.2  m  m  cm  thick and 

weighing 30 N is placed midway in the gap. Find the force required if the plate is to be 

lifted up with constant velocity of 0.12 m/s. 



SOLUTION 

Shear stresses on the two sides of the plate are 

1

1

du u

dy t
     

2

2

du u

dy t
     

 

Drag force or viscous resistance against the motion of  plate 

1 2 1 2

1 1V V
F A AV

t t t t
  
   

      
   

 

Since the plate is placed mid-way in the gap 

1 2t t  

Therefore 

2
AV

F
t


  

2 0.2
0.9  0.009 

2
t cm m


    

 2.5 1.25 1.25 0.12
2 104.17 

0.009
F N

  
    

Buoyant force on the plate 

         specificweight volumeof oil displaced   

   0.85 9810 1.25 1.25 0.002 26.06 N       

Effective weight of the plate 



30 26.06 3.94 N    

Total force required 

104.17 3.94 108.11 N    

 

EXAMPLE 1.7 

In measuring the unit energy of a mineral oil ( sp gr = 0.85) by the bubble method, a tube 

having an internal diameter of 1.5 mm is immersed to a depth of 1.25 cm in the oil. Air is 

forced through the tube forming a bubble at lower end. What magnitude of the unit 

surface energy will be indicated by a maximum bubble pressure intensity of 150 N/m
2
? 

SOLUTION 

 

Gauge pressure inside the bubble 2150  /ip N m  

Gauge pressure outside the bubble 2

0 0.85 9810 0.0125 104.3  /p wh N m      

Net pressure attributable to surface tension 2

0 150 104.3 45.7  /ip p p N m      

For a bubble 

0

4
ip p

d


   

Taking bubble diameter equal to the diameter of tube 

4
45.7

0.0015


  

0.0172  /N m   

  



EXAMPLE 1.8 

Glass tubing is to be used in a differential U-tube manometer is not of uniform diameter 

and the two limbs are stated to be 4 mm and 5mm in diameter. Assuming that the 

manometer to be used to measure readings in the range of 25mm to 150 mm, make 

calculations for the percentage error that can creep the highest and lowest readings. 

Take surface tension  0.0735  /N m   and angle of contact as 0 degree. 

SOLUTION 

The height to which liquid is rises or depresses in a capillary tube is given by 

4 cos
h

wd

 
  

In 4 mm limb 

1

4 0.0735 cos0
0.0075 

9810 0.004
h m

 
 


 

In 5 mm limb 

2

4 0.0735 cos0
0.006 

9810 0.005
h m

 
 


 

Error in pressure measurement 

0.0075 0.006 1.5 mm    

%age error 

At the highest reading = 
1.5

100 1%
150

   

At the lowest reading = 
1.5

100 6%
25

   

Hence, the capillary error is relatively much higher at low pressure readings. 

 


