
1.1 INTRODUCTION

Fluid mechanics is concerned with the study of the motions of fluids (i.e., liquids and gases)
and with the forces associated with these. The subject is of great interest for two reasons. First,
an understanding of fluid mechanics helps us to explain a variety of fascinating phenomena
around us. Second, an understanding of this subject is essential to solve many problems
encountered by an engineer.

We live in a thin layer of air that blankets the surface of the earth. The local and global
movements of the air determine our weather. The origins of tornadoes, hurricanes and the
monsoon can be understood only through the use of the laws of fluid mechanics. The availability
of water has been associated historically with the development and flourishing of many
civilizations. To utilize the available water resources optimally, we need to predict the flow rates
of water in the rivers during different seasons. The prediction of floods in rivers is equally
important. In recent years, we have realized that large scale discharge of effluents into the
atmosphere, sea, lakes and rivers has led to serious problems of pollution. In order to control
pollution, one has to know the rates of mixing and dispersion of pollutants in these natural
‘sinks’ nature has provided us with. The rates of mixing are affected to a large extent by the
local flow patterns and, therefore, an understanding of air and water movements in the
atmosphere, rivers, etc., is required before these rates of dispersion can be calculated.

We are concerned with fluids in a more intimate sense as well. The flow of blood through
our arteries and veins and the flow of air through our respiratory passages into the lungs, are
examples of fluid motion which one needs to understand in order to deal with circulatory and
pulmonary disorders. Artificial heart-lung machines (Fig. 1.1) have been made possible only
after a thorough understanding of the fluid mechanics of blood flow in the heart, and the exchange
of oxygen and carbon dioxide between the blood flowing on one side and inhaled air on the other,
in the lungs. Similarly, artificial kidneys are now available, which duplicate the flow of blood
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Fig. 1.1. A rotating disc artificial lung. The rotating discs pick up a thin layer of blood which is oxygenated
as it comes in contact with oxygen-rich air.

through the kidneys with continuous removal of the waste products from the blood as it passes
through the machine. Certain voice disorders can be treated, now, with a thorough understanding
of how the exhaled air interacts with the vocal cords and makes them vibrate. The relatively
new science named tribology is focussing attention, among other things, on the lubrication of
various joints in the body.

Most of the engineering applications of fluid mechanics are related to two aspects of fluid
motion: one, the forces which cause or result from these motions, and the other, the effect of
these fluid motions on the rates of transfer of heat and of mass (e.g., dispersion of pollutants)
through the fluid body. The forces in fluids are put to such diverse uses as a sail boat, a wind
mill, a hydraulic transmission, and in controlling the motion of an aircraft or a spacecraft, and
even in the curving of the trajectory of a tennis ball.

Fluid motion is used to modify heat and mass transfer rates in heat exchangers, cooling
towers, boilers, chimneys, artificial kidneys and heart- and- lung machines, and in the
manufacture of semiconductor devices, protection of spacecrafts from intense heating during re-
entry in the earth’s atmosphere, etc.

A knowledge of fluid mechanics is essential in such diverse branches of engineering as
aeronautics, astronautics, automotive engineering, biomedical engineering, structural
engineering, mining and metallurgical engineering, naval architecture and nuclear engineering.

1.2 FLUIDS

Fluids, as a class of matter, are distinguished from solids on the basis of their response to an
applied shear force. If a solid bar is subjected to a torque, it twists (Fig. 1.2). The restoring
elastic stresses in a solid (below the yield limit) are proportional to the strains, and therefore, a
solid, when subjected to a torque, distorts through an angle θ (equilibrium distortion) such that
internal stresses are developed which just balance the applied torque. The magnitude of the
angle θ depends on the applied torque as well as on the elastic properties of the solid.
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Fig. 1.2. Difference between a solid and a liquid. The solid bar in (a) will acquire an equilibrium
deformation, while the fluid in (b) will continue to deform under the action of a torque.

If, however, the torque is applied to a fluid, the behaviour is entirely different. The fluid
does not acquire an equilibrium distortion but continues to deform as long as the torque acts.
This behaviour is used to define a fluid. Thus, a fluid is a substance which cannot be in
equilibrium under the action of any shear force, howsoever small.

Although a fluid does not resist a shear force by acquiring an equilibrium deformation,
that is, the outer cylinder in Fig. 1.2 does not have an equilibrium position under the action of
a torque, it, however, has an equilibrium velocity. This equilibrium value increases with the
applied torque. This suggests that a fluid does resist a shear force,* not by acquiring an
equilibrium deformation but by acquiring an equilibrium rate of deformation. Thus, a fluid
deforms continuously under the action of a shear force, but at a finite rate determined by the
applied shear force and the fluid properties.

1.3 VISCOSITY

The property which characterizes the resistance that a fluid offers to applied shear forces is
termed viscosity. This resistance does not depend upon the deformation itself (as is the case
with solids) but on the rate of deformation. Consider a fluid confined between two parallel plates,
with the lower plate stationary and the upper plate moving with a velocity V0 (Fig. 1.3). The
upper plate sets the fluid in motion with a velocity Vx, which is a function of y, the vertical
distance measured from the lower plate. Extensive experiments have shown that, for all real
fluids possessing any viscosity, however small, the fluid particles in immediate contact with
any solid surface, move with the velocity of the surface itself. That is, there is no relative motion
between the fluid near the surface and solid surface itself. This condition is termed the no-slip
condition, and holds good for all fluids except super-cooled helium. We shall require here that
Vx = 0 at y = 0 and Vx = V0  at the moving plate and thus, Vx changes with y. It can be seen
that the rate of deformation of the fluid, in such a simple geometry, is (Fig. 1.3)

Rate of deformation =
∂
∂t  (shear strain)

* Otherwise the cylinder will continue to accelerate.
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Fig. 1.3. Flow between two parallel plates.
The line PQ moves to P'Q' in time δt resulting in a shear strain γ.

Newton’s law of viscosity states that the stresses which oppose the shearing of a fluid are
proportional to the rate of shear strain, i.e., the shear stress, τ, is given by

τ = xdV
dy

µ ...(1.2)

for such simple flows. The coefficient µ is termed the viscosity* (or the dynamic viscosity) and
plays an important role in the study of forces in fluid flows.

The viscosity of some fluids like air, water and glycerin is almost constant over a wide
range of rates of deformation. This implies that the shear stress varies linearly with the rate of
strain. Such fluids are termed as Newtonian fluids and in this book we shall confine our attention
to such fluids only. The fluids in which the shear stress does not vary linearly with the rate of
strain are termed as non-Newtonian. Blood, grease and sugar solutions are some common
non-Newtonian fluids. There are also some substances which cannot be classified as either fluids
or solids, but show intermediate behaviour. These are called viscoelastic fluids. Both non-
Newtonian and viscoelastic fluids fall outside the scope of this text. Figure 1.4 gives a partial
classification of substances based on their rheological (i.e., shear stress vs. rate of strain)
behaviour. An ideal fluid with zero viscosity plays an important part in the study of fluids. Such
a fluid offers no resistance at any rate of strain, and therefore, the upper plate in Fig. 1.3 will
move with an ever increasing velocity even with the slightest of forces, if the gap between the
two plates is filled with an ideal fluid.

* From Eq. 1.2, it can be seen that the units of viscosity are Pa s (which is the same as kg/ms). A
commonly used unit is centipoise (cp) which is equal to 10–3 Pa s.
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Fig. 1.4. Rheological classification of matter.

1.4 EFFECT OF VISCOSITY

Consider a very large plate initially at rest in a large expanse of a stationary fluid. At time
t = 0, the plate starts to move with a constant velocity V0. The layer of fluid in the immediate
vicinity of the plate moves with it, so that there is no relative motion between the solid and the
fluid in immediate contact with it (by the no-slip condition).

As soon as the fluid in immediate contact with the plate starts moving with a finite velocity,
the action of viscosity comes into play. The viscous forces tend to drag other layers of fluid along
as well. Figure 1.5 shows the velocity variations normal to the plate at various times. It is
noticed that at any given time, the velocity decreases rapidly from its value V0 as we move
away from the plate and soon becomes negligible. The distance over which its value reduces to
a fixed fraction of V0 (usually 1%) is termed as the penetration depth and signifies the distance
through which the effect of the impulsive plate motion has penetrated into the fluid.

Increasing time

y

V0

Fig. 1.5. Velocity profiles over a flat plate which is set in motion impulsively.

The penetration depth increases with time. Note that this penetration (of the motion of
the plate) is solely due to the action of viscosity, and if the viscosity were zero, this diffusion of
fluid velocity (or momentum) into the interior would not have taken place. It can be shown that
m can be taken as a measure of the rate at which fluid momentum diffuses.
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1.5 FORCES IN FLUIDS

For over two thousand years, man has been aware that fluids in motion or even at rest are
capable of exerting forces on solid objects in contact with them. Archimedes discovered around
250 BC that a solid immersed in a fluid experiences a buoyant force equal to the weight of fluid
displaced by it. The Roman builders of the famous aqueducts which supplied water to Rome
across large distances were familiar with the relationship between the rate of flow of water in
a channel and the slope of its bed. But it was only in the seventeenth century that the French
mathematician B. Pascal clarified the nature of pressure–the force (measured per unit area)
which stationary fluids exert on a surface. He postulated that the pressure at a point in a fluid
is the same in all directions and this led to the development of the hydraulic press (Fig. 1.6).

Fig. 1.6. Hydraulic ram or press.

It is evident from our common experience of walking against a strong breeze that fluid
streams moving past a solid body exert a force on it in the direction of fluid flow. Similarly, a
body moving through a stationary fluid experiences a force opposite to the direction of motion.
The existence of this force, termed as drag, has been known to man for a long time. He had to
overcome the drag of water when he propelled his boat or ship. He also found by experience that
the shape of the hull, the portion of the boat in contact with the water, controls the drag to a
large extent, and that a cusped hull gave the lowest drag (Fig. 1.7). An engineer is often called
upon to calculate drag forces and to control them. A ship designer wants a hull leading to the
lowest drag. An aeroplane or a racing car must also have the minimum possible drag
corresponding to its size, for one has to expend power for maintaining motion of the vehicle
against the drag.* Also, the designer must know the magnitude of the drag to prescribe the
power of the engine required.

(a) (b)

Fig. 1.7. The cusped hull in (b) gives a lower drag.
Lines represent the pattern of water flow as observed from the boat.

* The drag becomes more and more important at high speeds as will be discussed in Chapter 13.
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There are several applications where an engineer wants to maximise the drag. A parachute
exploits the large drag its canopy experiences. Its designer must prescribe a canopy diameter
large enough to provide sufficient drag to overcome most of the weight, but not so large that the
downward velocity becomes frustratingly low. One part of the wings of aeroplane is raised on
landing so as to be perpendicular to the direction of motion and thus, substantially increase the
drag force and reduce the landing run (Fig. 1.8). Ships use a similar drag-increasing device for
applying brakes.

Fig. 1.8. Air brakes in an aircraft. The figure represents the cross-section of the wing. A pivoted flap is
raised while landing. It increases the drag and shortens the landing run.

Some equipment used for separating light from heavy solids (or solids of different densities)
in chemical and metallurgical industries rely on differential drag forces. In one common separator
called gravity settling chamber which is used for pollution control, dust laden gases enter a
vessel as shown in Fig. 1.9. The smaller particles experience a smaller transverse drag than
the larger particles, and thus, are decelerated less in the horizontal direction. Because of this
difference in drags, the larger particles settle to the bottom closer to the point of entry A than
the smaller particles which collect at B. The separation of wheat from chaff in a stream of air,
as the two are dropped slowly from above the ground, works on the same principle. The chaff,
which presents a larger surface area for drag forces, is blown farther than the wheat.

A B

Larger
particles

Smaller
particles

Dust laden gases
at high velocities Exit

Fig. 1.9. Gravity settling chamber.

The drag that a body experiences while moving through a fluid is opposed to the direction
of its motion.* A body can also experience a force perpendicular to its direction of motion. This
is demonstrated by the fact that aeroplanes (which are heavier than air and do not have sufficient
buoyancy) can fly. The force that balances the weight of the aircraft is perpendicular to the
direction of flight (and hence to the direction of relative wind) and is called lift (Fig. 1.10). A
cricket ball curves (swings) in flight because of an aerodynamic force acting normal to the
direction of flight.

* If both the body and fluid move, the drag acts against the relative velocity direction.
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Fig. 1.10. Forces on an aircraft in flight. Aerodynamic lift balances the weight and the engine thrust
overcomes the drag due to the forward motion in air.

One of the more intriguing features of the forces due to fluid flow is the possibility of periodic
forces even when all the imposed conditions are time independent. Examples of the transverse
periodic force acting on bodies when air flows past them include the excitation of the vocal cords
in sustained vibrations as air from the lungs is exhaled through gaps in between the cords (see
Fig. 1.11). These vibrations produce sound (which, when modulated, results in speech). There are
several other examples where such fluctuating forces due to steady fluid motion come into play.
Overhead telephone wires ‘sing’ when wind blows steadily past them. In 1940, the suspension
bridge at Tacoma Narrows, Washington, USA, started oscillating wildly during a storm and
ultimately collapsed. It was obviously a case when the wind, even though largely steady, applied
periodic forces on the bridge at a frequency near its natural frequency, causing resonance. To
prevent such catastrophies, a bridge designer or a designer of tall or long structures (like
skyscrapers, chimneys, etc.) must calculate the frequency and intensity of periodic forces acting
on it due to the wind and make the structure strong enough to withstand these oscillating forces.

Vocal
cords

Trachea

Air from
lungs

To oral
cavity

Fig. 1.11. Vocal cords (sectional view).
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1.6 FLUID-FLOW PHENOMENA

One of the more serious hurdles in analysing the flow of fluids is the bewildering range of
phenomena which may occur in seemingly simple flow situations; and how, at times, very small
changes in flow parameters produce drastic changes in flow behaviour. Thus, when a water
faucet is opened, water comes out initially in a smooth ‘transparent’ stream and remains so as
the flow rate is increased (Fig. 1.12). But then, suddenly, when a critical flow rate is exceeded,
the smooth stream breaks up into an irregular one. Clearly, the mathematical models describing
the behaviour of the water stream in the two cases have to be quite different.

At low
velocities

Laminar

Turbulent

At high
velocities

Fig. 1.12. Two types of flow.

Consider next, the drag experienced by a circular cylinder in a uniform air stream. When
the drag force is measured at various velocities, varying from very low to very high values and
the non-dimensional drag (defined as drag/{ 1

2
 density × velocity2 × frontal area} and called drag

coefficient) is plotted against the flow velocity, we obtain a plot as shown in Fig. 1.13. The
striking thing about this non-dimensional drag versus velocity curve is its complexity. It will
be seen shortly that as the velocity increases, a series of fluid-flow phenomena unfolds itself.
Each change in the nature of the curve in Fig. 1.13 corresponds to a major change in the flow
behaviour. For this reason, it has not been possible to construct a single model that will predict
correctly the drag coefficient over the entire range of velocities. The knowledge of fluid behaviour
in a particular range will help in modelling the flow for that range of velocities.

The study of fluid flow is full of such surprises. The following sections are intended to
introduce the wide variety of flow phenomena that are encountered in even simple flow situations
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Fig. 1.13. Variation of non-dimensional drag of a cylinder vs. free-stream velocity.
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which form the subject matter of this text. This introduction will hopefully help in gaining a
better insight for modelling of flow problems, and may help develop a perspective of the subject
which is constantly threatened by mathematical complexities.

The phenomena described herein are restricted to those observed in flows that are largely
incompressible, i.e., in which the density changes are insignificant. This covers almost all
flows involving liquids and low velocity flows of gases. Some fluid phenomena peculiar to
compressible flows will be discussed later in Chapter 15. Also, it should be noted that only a
few of the important phenomena have been discussed here. Others are beyond the scope of
this text.

1.7 FLOW PAST A CIRCULAR CYLINDER

One important class of fluid flow phenomena concerns the relative motion between a fluid and
the object submerged in it. The flow of air past a telephone wire or a bridge or the motion of an
aircraft in a stationary atmosphere are some examples. The last flow situation is unaltered if
we fix our reference system with the aircraft so that it appears stationary with air blowing past
with the same relative velocity. To study the essential flow phenomena in such situations we
take an idealized geometry. This is a long circular cylinder held with its axis normal to a steady
stream.

To identify the various fluid flow phenomena associated with this geometry we use a
technique termed flow visualization. In this direct method of observation of the fluid behaviour
an attempt is made to identify some fluid particles and visually follow their motion. One of the
ways is to introduce a coloured fluid (e.g. smoke in the case of air, dye in the case of water) at
some selected points upstream of the cylinder and then record the motion of these particles,
either visually or photographically.

As the speed of the flow is varied from very low to very high values, a series of changes in
the type of flow pattern is observed. These changes coincide with the changes in the nature of
the drag vs. velocity curve (Fig. 1.13). Some of these patterns shall be described. But before
doing this, it should be pointed out that the velocities at which transitions from one type of flow
pattern to another occur depend upon various flow parameters such as the diameter D of the
cylinder and fluid properties like density ρ and viscosity µ. If, however, we non-dimensionalize
V0, the velocity far up-stream, by dividing it by µ/ρ D (having the dimensions of velocity), it is
found that the transitions occur at fixed values of ρV0D/µ the non-dimensional velocity.*  Thus,
a given transition in the flow of water over a cylinder will occur at about 1/13 of the velocity at
which it occurs in flow of air over the same cylinder because µ/ρ of air is about 13 times that of
water. Therefore, in the discussion of the flow patterns we will use  ρV0D/µ as the parameter
instead of the velocity V0. This parameter is termed as Reynolds number (and denoted as Re)
after the 19th century British physicist Osborne Reynolds, who first discovered its significance.

At very low values of Reynolds number (Re� 1) the lines indicating the paths of the fluid
particles are shown in Fig. 1.14. The important thing to note in this pattern is its symmetry.
The velocity of a fluid decreases along OA as it approaches the cylinder. Point A, where the
fluid particles come to rest, is called the stagnation point. The velocity increases from A to B
(or A to B′) attaining the maximum at B (or B′). The fluid decelerates to C which is another

* It will be seen in Chapter 9 that we can use the concept of similitude to arrive at this conclusion.




