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• Momentum equation for integral control volume,
• momentum correction factor. [8]
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• Fluid as a continuum or continuum based approach:
• Fluid is made of molecules.
• However, for most of the engineering applications, when we speak of fluid's

properties such as density, or conditions such as pressure and temperature, we do not
imply such properties or conditions of individual molecules, but those of “fluid” as a
whole.

• In other words, we refer to the average or macroscopic aggregate effects of the fluid-
molecules, reflected in pressure, temperature, density, etc.

• Such an approach to treating a fluid is called continuum based approach. In other
words, fluid is treated as continuum.

• However, there is a restriction.
• The continuum approach can be applied only when the mean free path of the fluid

(largely, gas) is smaller (actually much smaller!!) than the physical characteristic
length of the system under consideration, say, the diameter of the tube in which the
gas flows, or size of a container in which gas is stored.
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• Fluid as a continuum or continuum based approach:

• In this section we will discuss under what circumstances a fluid can be treated as a 
continuum, for which, by definition, properties vary smoothly from point to point.
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• Fluid as a continuum or continuum based approach:
• The concept of a continuum is the basis of classical fluid mechanics.
• The continuum assumption is valid in treating the behavior of fluids under normal

conditions.
• As a consequence of the continuum assumption, each fluid property is assumed to

have a definite value at every point in space.
• Thus fluid properties such as density, temperature, velocity, and so on, are

considered to be continuous functions of position and time.
• To illustrate the concept of a property at a point, consider how we determine the

density at a point.
• A region of fluid is shown in Fig.
• We are interested in determining the density at the point C, whose coordinates are

x0, y0, and Z0.
• Density is defined as mass per unit volume.
• Thus the average density in volume V is given by ρ = m/V.
• In general, because the density of the fluid may not be uniform, this will not be

equal to the value of the density at point C.
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• Fluid as a continuum or continuum based approach:
• To determine the density at point C, we must select a small volume, δV, surrounding

point C and then determine the ratio δm/δV.
• The question is, how small can we make the volume δV?
• We can answer this question by plotting the ratio δm/δV, and allowing the volume

to shrink continuously in size.
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• Fluid as a continuum or continuum based approach:
• Assuming that volume δV is initially relatively large (but still small compared with

the volume, V) a typical plot of δm/δV might appear as in Fig. b.
• In other words, δV must be sufficiently large to yield a meaningful, reproducible

value for the density at a location and yet small enough to be called a point.
• The average density tends to approach an asymptotic value as the volume is shrunk

to enclose only homogeneous fluid in the immediate neighborhood of point C.
• If δV becomes so small that it contains only a small number of molecules, it

becomes impossible to fix a definite value for δm/δV; the value will vary erratically
as molecules cross into and out of the volume.

• Thus there is a lower limiting value of δV, designated δV* in Fig. b, allowable for
use in defining fluid density at a point.

• The density at a "point" is then defined as
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• Fluid as a continuum or continuum based approach:
• Since point C was arbitrary, the density at any other point in the fluid could be

determined in the same manner.
• If density was measured simultaneously at an infinite number of points in the fluid,

we would obtain an expression for the density distribution as a function of the space
coordinates, ρ = ρ(x, y, z), at the given instant.

• The density at a point may also vary with time (as a result of work done on or by the
fluid and/or heat transfer to the fluid).

• Thus the complete representation of density (the field representation) is given by

• Most engineering problems are concerned with physical dimensions much larger
than this limiting volume, so that density is essentially a point function and fluid
properties can be thought of as varying continually in space, as sketched in Fig.

• 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.
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• Methods of describing Fluid Motion:
• The analysis of fluid mechanics problem is approached by two methods: (a)

Lagrangian Method and (b) Eulerian Method.
• In the Lagrangian method, an individual fluid particle is followed as they move

about and determining how the fluid properties associated with these particles
change as a function of time.

• In the Eulerian method, the fluid particles such as velocity, acceleration, pressure,
density etc., are described at a point in flow field as functions of space and time.

• From this method we obtain information about the flow in terms of what happens at
fixed points in space as the fluid flows past those points.

• For e.g., In the Eulerian method we compute the pressure field p(x, y, z, t) of the
flow pattern, not the pressure changes p(t) that a particle experiences as it moves
through the field.

•
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• Methods of describing Fluid Motion:
• The difference between the two methods of analyzing fluid problems can be seen in

the example of smoke discharging from a chimney, as is shown in Fig.
• In the Eulerian method one may attach a temperature-measuring device to the top of

the chimney (point 0) and record the temperature at that point as a function of time.
• That is, T = T(x0, y0, z0, t).
• The use of numerous temperature-measuring devices fixed at various locations

would provide the temperature field, T = T(x, y, z, t).
• In the Lagrangian method, one would attach the temperature-measuring device to a

particular fluid particle (particle A) and record that particle’s temperature as it
moves about.

• Thus, one would obtain that particle’s temperature as a function of time, TA =
TA(t).

• The use of many such measuring devices moving with various fluid particles would
provide the temperature of these fluid particles as a function of time.

• In fluid mechanics it is usually easier to use the Eulerian method to describe a flow.
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• Flow rate – Mass, Volumetric or Discharge:
• Flow rate is defined as the quantity of a fluid flowing per second through a section

of a pipe or a channel.
• For an incompressible fluid, the rate of flow or discharge is expressed as the volume

of fluid flowing across the section per second.
• For compressible fluids, the rate of flow is usually expressed as the weight of fluid

flowing across the section.
• The relationship between volume flow and mass flow follows directly from the

definition of density, ρ.

• This is the simplest form of Continuity Equation.
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• Flow rate – Mass, Volumetric or Discharge:
• Flow rate is defined as the quantity of a fluid flowing per second through a section

of a pipe or a channel.
• In other ways, a common method of measuring volume flow is to determine the

average velocity of fluid across the section.
• Consider a liquid flowing through a pipe in which
• A = Cross-sectional area of pipe
• V = Average velocity of fluid across the section.

• Then discharge, Q = V x A

• Then Continuity Equation becomes:

• M = ρ x V x A
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• Continuity Equation:
• The equation based on the principle of conservation of mass is called continuity

equation.
• Thus for a fluid flowing through the pipe at all the cross-section, the quantity of

fluid per second is constant.
• Consider two cross-sections of a pipe as shown in the Fig.

•
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• Continuity Equation:
• The equation based on the principle of conservation of mass is called continuity

equation.
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• Continuity Equation:
• The equation based on the principle of conservation of mass is called continuity

equation.
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• Continuity Equation in Three Dimension:
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• Continuity Equation in Three Dimension:
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• Continuity Equation in Three Dimension:
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• Types of Fluid Flow:
• Fluid flow is classified as:
• (i) Steady and Unsteady flows;
• (ii) Uniform and non-uniform flows;
• (iii) Laminar and turbulent flows;
• (iv) Compressible and incompressible flows;
• (v) Rotational and irrotational flows;
• (vi) One, two and three-dimensional flows.
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• Types of Fluid Flow:
• (i) Steady and Unsteady flows
• It is defined as the type of flow in which the fluid characteristics like velocity,

pressure, density, etc., at a point do not change with time.
• Thus for steady flow, we have

• For Unsteady flow, the fluid characteristics at a point changes with respect to time.
• Thus for Unsteady flow, we have
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• Types of Fluid Flow:
• (ii) Uniform and non-uniform flows
• It is defined as the type of flow in which the velocity at any given time does not

change with respect to space (ie., length of direction of the flow).
• Thus for uniform flow, we have
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• Types of Fluid Flow:
• (iii) Laminar and turbulent flows
• Laminar flow is defined as the type of flow in which the fluid particles move along

well-defined paths or stream line and all the stream-lines are straight and parallel.
• Thus the particles move in layers or laminas gliding smoothly over the adjacent

layer.
• This type of flow is also called stream-line flow or viscous flow.

• Turbulent flow is the type of flow in which the fluid particles move in a zig-zag
way.

• Due to the movement of fluid particles in a zig-zag way, the eddies formation takes
place which are responsible for high energy loss.

• Basically, the type of low is determined by a non-dimensional number called the
Reynold number.

• Between 2000 and 4000, it is a transition region where the flow may be laminar or
turbulent.
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• Types of Fluid Flow:
• (iii) Laminar and turbulent flows
• Most common experience with the distinction between laminar and turbulent flow

comes from observing the flow of water from a faucet as we increase the flow rate
and shown in Fig.

• Part (a) of the figure displays a laminar (and steady) relatively low-speed flow in
which the trajectories followed by fluid particles are very regular and smooth;
furthermore, there is no indication that these trajectories might exhibit drastic
changes in direction.
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• Types of Fluid Flow:
• (iii) Laminar and turbulent flows
• In part (b) of the figure we present a flow that is still laminar, but one that results as

we open the faucet more than in the previous case, permitting a higher flow speed.
• In such a case the surface of the stream of water begins to exhibit waves, and these

will change in time (basically in a periodic way).
• Thus the flow has become time dependent, but there is still no apparent

intermingling of trajectories.
• Finally, in part (c) of the figure we show a turbulent flow corresponding to much

higher flow speed.
• We see that the paths followed by fluid particles are now quite complicated and

entangled indicating a high degree of mixing. Such flows are three dimensional and
time dependent, and very difficult to predict in detail.
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• Types of Fluid Flow:
• (iv) Compressible and incompressible flows
• Compressible flow is the type of flow in which the density of the fluid changes from

point to point or in other words the density is not constant for the fluid.
• Thus for compressible flow, we have

• Incompressible flow is the type of flow in which the density is constant for the fluid
flow.

• Liquids are generally incompressible while gases are compressible.
• Thus for incompressible flow, we have.
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• Types of Fluid Flow:
• (v) Rotational and irrotational flows
• Rotational flow is the type of flow in which the fluid particles while flowing along

steam-lines, also rotate about their own axis.

• And if the fluid particles while flowing along stream-lines, do not rotate about their
own axis then the type of flow is called irrotational flow.
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• Types of Fluid Flow:
• (vi) One, two and three-dimensional flows: Dimensionality of flow
• The dimensionality of a flow field corresponds to the number of spatial coordinates

needed to describe all properties of the flow.
• One-dimensional flow is the type of flow in which the flow parameter such as

velocity is a function of time and space co-ordinate only say x.
• For a steady one-dimensional flow, the velocity is a function of one-space-co-

ordinate only.
• The variations of velocities in other two mutually perpendicular directions is

assumed negligible.
• Thus for one-dimensional flow, we have

• Fluid flow is three-dimensional in nature.
• This means that the flow parameters like velocity, pressure and so on vary in all the
• three coordinate directions.
• Sometimes simplification is made in the analysis of different fluid flow problems
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• Types of Fluid Flow:
• (vi) One, two and three-dimensional flows: Dimensionality of flow
• Two-dimensional flow is the type of flow in which the velocity is a function of time

and two rectangular space co-ordinates say x and y.
• For a steady two-dimensional flow the velocity is a function of two space co-

ordinates only.
• The variation of velocity in the third direction is negligible.
• Thus for one-dimensional flow, we have
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• Types of Fluid Flow:
• (vi) One, two and three-dimensional flows: Dimensionality of flow
• Three-dimensional flow is the type of flow in which the velocity is a function of

time and three mutually perpendicular direcions.
• For a steady three-dimensional flow the velocity is a function of three space co-

ordinates such as x, y and z only.
• Thus for one-dimensional flow, we have
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• FLUID STATICS:

• Reference:
• Fluid Mechanics by Fox
• Fluid Mechanics by Bansal
• Fluid Mechanics by Young
• NPTEL
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• Velocity Field:
• The representation of fluid parameters as functions of the spatial coordinates is

termed a field representation of the flow. One of the most important fluid variables
is the velocity field.

• In dealing with fluids in motion, we shall be concerned with the description of a
velocity field.

• Refer to Fig. Define the fluid velocity at point C as the instantaneous velocity of the
center of the volume, δV*, instantaneously surrounding point C.

• If we define a fluid particle as a small mass of fluid of fixed identity of volume δV*,
then the velocity at point C is defined as the instantaneous velocity of the fluid
particle which, at a given instant, is passing though point C.

• The velocity at any point in the flow field is defined similarly.
• At a given instant the velocity field, V, is a function of the space coordinates x, y, z.
• The velocity at any point in the flow field might vary from one instant to another.
• Thus the complete representation of velocity (the velocity field) is given by



For Educational Purpose onlyCL203 FLUID MECHANICS 
• Velocity Field:

• By definition, the velocity of a particle is the time rate of change of the position
vector for that particle.

• The position of particle A relative to the coordinate system is given by its position
vector, rA, which (if the particle is moving) is a function of time.

• The time derivative of this position gives the velocity of the particle, drA/dt = VA.
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• Acceleration Field:
• Describing Acceleration field as a function of position and time without actually

following any particular particle.
• describing the flow in terms of the velocity field, V = V(x, y, z, t), rather than the

velocity for particular particles.
• MATERIAL DERIVATIVE:
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• Acceleration Field:
• MATERIAL DERIVATIVE:
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• Acceleration Field:
• MATERIAL DERIVATIVE:

• is termed the material derivative or substantial derivative.
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• Acceleration Field:
• MATERIAL DERIVATIVE:
• The material derivative concept is very useful in analysis involving various fluid

parameters, not just the acceleration.
• The material derivative of any variable is the rate at which that variable changes

with time for a given particle.
• For example, consider a temperature field
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• Acceleration Field:
• MATERIAL DERIVATIVE:

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

• Convective acceleration is defined as the rate of change of velocity due to the
change of position of fluid particles in a fluid flow.
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• Acceleration Field:
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• Acceleration Field:
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• Stress Field:
• In fluid mechanics, we will need to understand the forces act on fluid particles.
• Each fluid particle can experience: surface forces (pressure, friction) that are

generated by contact with other particles or a solid surface; and body forces (such as
gravity and electromagnetic) that are experienced throughout the particle.

• The gravitational body force acting on an element of volume, dV, is given by ρgdV,
where ρ is the density (mass per unit volume) and g is the local gravitational
acceleration.

• Surface forces on a fluid particle lead to stresses.
• The concept of stress is useful for describing how forces acting on the boundaries of

a medium (fluid or solid) are transmitted throughout the medium.
• For example, when you stand on a diving board, stresses are generated within the

board (deflected).
• On the other hand, when a body moves through a fluid, stresses are developed

within the fluid.
• The difference between a fluid and a solid is, as we've seen, that stresses in a fluid

are mostly generated by motion rather than by deflection.
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• Stress Field:
• Imagine the surface of a fluid particle in contact with other fluid particles, and

consider the contact force being generated between the particles.
• Consider a portion, δA, of the surface at some point C shown in Fig. 2.4.

• The fluid is actually a continuum, so we could have imagined breaking it up any
number of different ways into fluid particles around point C, and therefore obtained
any number of different stresses at point C.
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• FLUID STATICS:

• Reference:
• Fluid Mechanics by Fox
• Fluid Mechanics by Bansal
• Fluid Mechanics by Young
• NPTEL
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• Flow Visualizaion – Stream line, Path line and Streak line:
• Sometimes we want a visual representation of a flow.
• Such a representation is provided by timelines, pathlines, streaklines, and

streamlines.
• Timeline:
• If a number of adjacent fluid particles in a flow field are marked at a given instant,

they form a line in the fluid at that instant; this line is called a timeline.
• Subsequent observations of the line may provide information about the flow field.
• For example, in discussing the behavior of a fluid under the action of a constant

shear force, timelines were introduced to demonstrate the deformation of a fluid at
successive instants.
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• Flow Visualizaion – Stream line, Path line and Streak line:
• Pathline:
• Pathline is the path or trajectory traced out by a moving fluid particle.
• To make a pathline visible, we might identify a fluid particle at a given instant, e.g.,

by the use of dye or smoke, and then take a long exposure photograph of its
subsequent motion.

• The line traced out by the particle is a pathline.
• This approach might be used to study, for example, the trajectory of a contaminant

leaving a smokestack.
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• Flow Visualizaion – Stream line, Path line and Streak line:
• Streakline:
• On the other hand, we might choose to focus our attention on a fixed location in

space and identify, again by the use of dye or smoke, all fluid particles passing
through this point.

• After a short period of time we would have a number of identifiable fluid particles in
the flow, all of which had, at some time, passed through one fixed location in space.

• The line joining these fluid particles is defined as a streakline.
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• Flow Visualizaion – Stream line, Path line and Streak line:
• Streamline:
• Streamlines are lines drawn in the flow field so that at a given instant they are

tangent to the direction of flow at every point in the flow field.
• Since the streamlines are tangent to the velocity vector at every point in the flow

field, there can be no flow across a streamline.
• Streamlines are the most commonly used visualization technique.
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• Flow Visualizaion – Stream line, Path line and Streak line:
• In steady flow, the velocity at each point in the flow field remains constant with time

and, consequently, the streamline shapes do not vary from one instant to the next.
• This implies that a particle located on a given streamline will always move along the

same streamline.
• Furthermore, consecutive particles passing through a fixed point in space will be on

the same streamline and, subsequently, will remain on this streamline.
• Thus in a steady flow, pathlines, streaklines, and streamlines are identical lines in

the flow field.

• The shapes of the streamlines may vary from instant to instant if the flow is
unsteady.

• In the case of unsteady flow, pathlines, streaklines, and streamlines do not coincide.
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• Viscosity:
• For a solid, stresses develop when the material is elastically deformed or strained;

for a fluid, shear stresses arise due to viscous flow.
• Hence we say solids are elastic, and fluids are viscous.
• As two fluids (such as water and oil) can have approximately the same value of

density but behave quite differently when flowing.
• There is apparently some additional property that is needed to describe the “fluidity”

of the fluid (i.e., how easily it flows).
• The most important of these is viscosity, which relates the local stresses in a moving

fluid to the strain rate of the fluid element.
• Viscosity is a quantitative measure of a fluid’s resistance to flow.
• More specifically, it determines the fluid strain rate that is generated by a given

applied shear stress.
• We can easily move through air, which has very low viscosity.
• Movement is more difficult in water, which has 50 times higher viscosity.
• Still more resistance is found in SAE 30 oil, which is 300 times more viscous than

water.
• Fluids may have a vast range of viscosities.
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• Viscosity:
• To determine this additional property, consider a hypothetical experiment in which a

material is placed between two very wide parallel plates as shown in Fig.
• The bottom plate is rigidly fixed, but the upper plate is free to move.
• When the constant force δF is applied to the upper plate, it will move continuously

with a constant velocity δU.
• This behavior is consistent with the definition of a fluid—that is, if a shearing stress

is applied to a fluid it will deform continuously.
• A closer inspection of the fluid motion between the two plates would reveal that the

fluid in contact with the upper plate moves with the plate velocity, δU, and the fluid
in contact with the bottom fixed plate has a zero velocity.

• The experimental observation that the fluid “sticks” to the solid boundaries is a very 
important one in fluid mechanics and is usually referred to as the no-slip condition.

• All fluids, both liquids and gases, satisfy this condition.
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• Viscosity:
• The shear stress, ζYX , applied to the fluid element is given by

• where δAy is the area of contact of a fluid element with the plate, and δFX is the
force exerted by the plate on that element.

• During time interval δt, the fluid element is deformed from position MNOP to
position M'NOP’.

• The rate of deformation or rate of shear strain of the fluid is given by:
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• Viscosity:
• The distance, δl, between the points M and M' is given by

• For small angles; tan δα = δl / δy

• Now, δu δt = δy δα

• Rearrange the terms

• Taking the limits of both sides of the equality, we obtain
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• Viscosity:
• Thus, the fluid element, when subjected to shear stress, ζyx, experiences a rate of

deformation {shear rate) given by du/dy.
• The rate of shearing strain is increased in direct proportion—that is,

• This result indicates that for common fluids, such as water, oil, gasoline, and air, the
shearing stress and rate of shearing strain (velocity gradient) can be related with a
relationship of the form:

• where the constant of proportionality is designated by the Greek symbol μ (mu) and
is called the absolute viscosity, dynamic viscosity, or simply the viscosity of the
fluid.
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• Viscosity:
• Kinematic viscosity is defined as the ratio between dynamic viscosity and density of

fluid.
• Thus, we have:
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• Viscosity:
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• Viscosity:
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• Newtonian Fluid:
• Most common fluids such as water, air, and gasoline are Newtonian under normal

conditions.
• If the fluid is Newtonian, then

• It states that the shear stress on a fluid element layer is directly proportional to the
rate of shear strain or velocity gradient.

• The constant of proportionality is called the co-efficient of viscosity.
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• Non-Newtonian Fluid:
• Fluids in which shear stress is not directly proportional to deformation rate are non-

Newtonian.
• Non-Newtonian fluids commonly are classified as having time-independent or time-

dependent behavior.
• Familiar example is toothpaste.
• Toothpaste behaves as a "fluid" when squeezed from the tube. However, it does not

run out by itself when the cap is removed.
• There is a threshold or yield stress below which toothpaste behaves as a solid.
• Strictly speaking, our definition of a fluid is valid only for materials that have zero

yield stress.
• This may be adequately represented for many engineering applications by the power

law model, which for one-dimensional flow becomes
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• Newtonian Fluid:
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• Newtonian Fluid:
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• FLUID STATICS:

• Reference:
• Fluid Mechanics by Fox
• Fluid Mechanics by Bansal
• Fluid Mechanics by Young
• NPTEL
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