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1-What is Fluid 

Before discussing fluids let’s first discuss phases of matter. Matter around us exists in three phases, 
excluding plasma. Plasma is superheated matter – so hot that the electrons are ripped away from the 
atoms forming an ionized gas. There three phases of matter are 

1. Solid 

2. Liquid 

3. Gas 

From the above three phases, liquid and gas are combinedly known as fluids. 

The main difference between fluids and solids lies in their ability to resist shear stresses. 

Let’s understand fluids with their definition. 

When a constant shear force is applied, a solid eventually stops deforming, whereas a fluid never 
stops deforming and approaches a constant rate of strain 

(ref. ‘Fluid Mechanics’ by Cengel & Cimbala) 

2-Application Areas of Fluid Mechanics 

It is important to develop a good understanding of the basic principles of fluid mechanics, since fluid 
mechanics is widely used both in everyday activities and in the design of modern engineering 
systems from vacuum cleaners to supersonic aircraft. For example, fluid mechanics plays a vital role 
in the human body. The heart is constantly pumping blood to all parts of the human body through 
the arteries and veins, and the lungs are the sites of airflow in alternating directions. All artificial 
hearts, breathing machines, and dialysis systems are designed using fluid dynamics.  

An ordinary house is, in some respects, an exhibition hall filled with applications of fluid mechanics. 
The piping systems for water, natural gas, and sewage for an individual house and the entire city 
are designed primarily on the basis of fluid mechanics. The same is also true for the piping and 
ducting network of heating and air-conditioning systems. A refrigerator involves tubes through which 
the refrigerant flows, a compressor that pressurizes the refrigerant, and two heat exchangers where 
the refrigerant absorbs and rejects heat. Fluid mechanics plays a major role in the design of all 
these components. Even the operation of ordinary faucets is based on fluid mechanics.  

(ref. ‘Fluid Mechanics’ by Cengel & Cimbala) 

 

3-No Slip Condition 

Fluid flow is often confined by solid surfaces, and it is important to understand how the presence of 
solid surfaces affects fluid flow. We know that water in a river  cannot flow through large rocks, and 
must go around them. That is, the water velocity normal to the rock surface must be zero, and water 
approaching the surface normally  comes to a complete stop at the surface. What is not as obvious is 
that water approaching the rock at any angle also comes to a complete stop at the rock surface, and 
thus the tangential velocity of water at the surface is also zero. 

Consider the flow of a fluid in a stationary pipe or over a solid surface that is nonporous (i.e., 
impermeable to the fluid). All experimental observations indicate that a fluid in motion comes to 
a complete stop at the surface and assumes a zero velocity relative to the surface. That is, a fluid in 
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direct contact with a solid “sticks” to the surface, and there is no slip. This is known as the no-slip 
condition. The fluid property responsible for the noslip condition and the development of the 
boundary layer is viscosity. 

(ref. ‘Fluid Mechanics’ by Cengel & Cimbala) 

 

4-A BRIEF HISTORY OF FLUID MECHANICS 

One of the first engineering problems humankind faced as cities were developed was the supply of 
water for domestic use and irrigation of crops. Our urban lifestyles can be retained only with 
abundant water, and it is clear from archeology that every successful civilization of prehistory 
invested in the construction and maintenance of water systems. The Roman aqueducts, some of 
which are still in use, are the best known examples. However, perhaps the most impressive 
engineering from a technical viewpoint was done at the Hellenistic city of Pergamon in present-day 
Turkey. There, from 283 to 133 bc, they built a series of pressurized lead and clay pipelines, up to 45 
km long that operated at pressures exceeding 1.7 MPa (180 m of head). Unfortunately, the names of 
almost all these early builders are lost to history. 

The earliest recognized contribution to fluid mechanics theory was made by the Greek 
mathematician Archimedes (285–212 bc). He formulated and applied the  buoyancy principle in 
history’s first nondestructive test to determine the gold content of the crown of King Hiero II. During 
the Middle Ages, the application of fluid machinery slowly but steadily expanded. Elegant piston 
pumps were developed for dewatering mines, and the watermill and windmill were perfected to 
grind grain, forge metal, and for other tasks. 

(ref. ‘Fluid Mechanics’ by Cengel & Cimbala) 

 

5-A BRIEF HISTORY OF FLUID MECHANICS: 2 

The Renaissance brought continued development of fluid systems and machines, but more 
importantly, the scientific method was perfected and adopted throughout Europe. Simon Stevin 
(1548–1617), Galileo Galilei (1564–1642), Edme Mariotte (1620–1684), and Evangelista 
Torricelli (1608–1647) were among the first to apply the method to fluids as they investigated 
hydrostatic pressure distributions and vacuums. That work was integrated and refined by the 
brilliant mathematician and philosopher, Blaise Pascal (1623–1662). The Italian monk, Benedetto 
Castelli (1577– 1644) was the first person to publish a statement of the continuity principle for fluids. 
Besides formulating his equations of motion for solids, Sir Isaac Newton (1643–1727) applied his 
laws to fluids and explored fluid inertia and resistance, free jets, and viscosity. That effort was built 
upon by Daniel Bernoulli (1700–1782), a Swiss, and his associate Leonard Euler (1707– 1783). 
Together, their work defined the energy and momentum equations. Bernoulli’s 1738 classic treatise 
Hydrodynamica may be considered the first fluid mechanics text. Finally, Jean d’Alembert (1717–
1789) developed the idea of velocity and acceleration components, a differential expression 
of continuity, and his “paradox” of zero resistance to steady uniform motion over a body. 

(ref. ‘Fluid Mechanics’ by Cengel & Cimbala) 
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6-A BRIEF HISTORY OF FLUID MECHANICS: 3 

By the mid nineteenth century, fundamental advances were coming on several fronts. The 
physician Jean Poiseuille (1799–1869) had accurately measured flow in capillary tubes for multiple 
fluids, while in Germany Gotthilf Hagen (1797–1884) had differentiated between laminar and 
turbulent flow in pipes. In England, Lord Osborne Reynolds (1842–1912) continued that work and 
developed the dimensionless number that bears his name. Similarly, in parallel to the early work 
of Navier, George Stokes (1819–1903) completed the general equation of fluid 
motion (with friction) that takes their names. William Froude (1810–1879) almost 
singlehandedly developed the procedures and proved the value of physical model testing. American 
expertise had become equal to the Europeans as demonstrated by James Francis’ (1815–1892) and 
Lester Pelton’s (1829–1908) pioneering work in turbines and Clemens Herschel’s (1842–
1930) invention of the Venturi meter. In addition to Reynolds and Stokes, many notable 
contributions were made to fluid theory in the late nineteenth century by Irish and English scientists, 
including William Thomson, Lord Kelvin (1824–1907), William Strutt, Lord Rayleigh (1842–1919), 
and Sir Horace Lamb (1849–1934). These individuals investigated a large number of problems, 
including dimensional analysis, irrotational flow, vortex motion, cavitation, and waves. In a broader 
sense, their work also explored the links between fluid mechanics, thermodynamics, and heat 
transfer. The dawn of the twentieth century brought two monumental developments. First, in 1903, 
the self-taught Wright brothers (Wilbur, 1867–1912; Orville, 1871–1948) invented the airplane 
through application of theory and determined experimentation. Their primitive invention was 
complete and contained all the major aspects of modern aircraft. 

The Navier–Stokes equations were of little use up to this time because they were too difficult to 
solve. In a pioneering paper in 1904, the German Ludwig Prandtl (1875–1953) showed that fluid 
flows can be divided into a layer near the walls, the boundary layer, where the friction effects are 
significant, and an outer layer where such effects are negligible and the simplified Euler and 
Bernoulli equations are applicable. His students, Theodor von Kármán (1881–1963), 
Paul Blasius (1883–1970), Johann Nikuradse (1894–1979), and others, built on that theory in both 
hydraulic and aerodynamic applications.  

(ref. ‘Fluid Mechanics’ by Cengel & Cimbala) 

 

 

7-CLASSIFICATION OF FLUID FLOWS 

There is a wide variety of fluid flow problems encountered in practice, and it is usually convenient 
to classify them on the basis of some common characteristics to make it feasible to study them in 
groups. There are many ways to classify fluid flow problems, and here we will learn 
some general categories. 

Viscous versus Inviscid Regions of Flow 

When two fluid layers move relative to each other, a friction force develops between them and 
the slower layer tries to slow down the faster layer. This internal  resistance to flow is quantified by 
the fluid property viscosity, which is a measure of internal stickiness of the fluid. Viscosity is 
caused by cohesive forces between the molecules in liquids and by molecular collisions in gases. 
There is no fluid with zero viscosity, and thus all fluid flows involve viscous effects to some degree. 
Flows in which the frictional effects are significant are called viscous flows. However, in 
many flows of practical interest, there are regions (typically regions not close to solid 
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surfaces) where viscous forces are negligibly small compared to inertial or pressure forces. 
Neglecting the viscous terms in such inviscid flow regions greatly simplifies the analysis without 
much loss in accuracy. 

(ref. ‘Fluid Mechanics’ by Cengel & Cimbala) 

 

8-Internal versus External Flow 

A fluid flow is classified as being internal or external, depending on whether the fluid flows in 
a confined space or over a surface. The flow of an unbounded fluid over a surface such as a plate, a 
wire, or a pipe is external flow. The flow in a pipe or duct is internal flow if the fluid is bounded by 
solid surfaces. Water flow in a pipe, for example, is internal flow, and airflow over a ball or over an 
exposed pipe during a windy day is external flow. The flow of liquids in a duct is called open-channel 
flow if the duct is only partially filled with the liquid and there is a free surface. The flows of water in 
rivers and irrigation ditches are examples of such flows. Internal flows are dominated by the 
influence of viscosity throughout the flow field. In external flows the viscous effects are limited 
to boundary layers near solid surfaces and to wake regions downstream of bodies. 

(ref. ‘Fluid Mechanics’ by Cengel & Cimbala) 

 

9-Compressible versus Incompressible Flow 

A flow is classified as being compressible or incompressible, depending on the level of variation of 
density during flow. Incompressibility is an approximation, in which the flow is said to 
be incompressible if the density remains nearly constant throughout. Therefore, the volume of 
every portion of fluid remains unchanged over the course of its motion when the flow 
is approximated as incompressible. The densities of liquids are essentially constant, and thus 
the flow of liquids is typically incompressible. Therefore, liquids are usually referred to 
as incompressible substances. 

When analyzing rockets, spacecraft, and other systems that involve highspeed gas flows the flow 
speed is often expressed in terms of the dimensionless Mach number defined as  𝑀𝑎 = 𝑉𝑐 = 𝑆𝑝𝑒𝑒𝑑 𝑜𝑓 𝑓𝑙𝑜𝑤𝑠𝑝𝑒𝑒𝑑 𝑜𝑓 𝑠𝑜𝑢𝑛𝑑 

where c is the speed of sound whose value is 346 m/s in air at room temperature at sea level. 

A flow is called sonic when Ma = 1, subsonic when Ma < 1, supersonic when Ma > 1, 
and hypersonic when Ma â‰« 1. 

Note: 

• Dimensionless parameters are discussed in detail in Chap. 7.  

• Compressible flow is discussed in detail in Chap. 12.  

Liquid flows are incompressible to a high level of accuracy, but the level of variation of 
density in gas flows and the consequent level of approximation made when modeling gas flows 
as incompressible depends on the Mach number. Gas flows can often be approximated 
as incompressible if the density changes are under about 5 percent, which is usually the case 
when Ma < 0.3. Therefore, the compressibility effects of air at room temperature can be neglected 
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at speeds under about 100 m/s. Compressibility effects should never be neglected for supersonic 
flows. 

(ref. ‘Fluid Mechanics’ by Cengel & Cimbala) 

 

 

10-Laminar versus Turbulent Flow 

Some flows are smooth and orderly while others are rather chaotic. The highly ordered fluid 
motion characterized by smooth layers of fluid is called laminar. The word laminar comes from the 
movement of adjacent fluid particles together in “laminae.” The flow of high-viscosity fluids such 
as oils at low velocities is typically laminar. The highly disordered fluid motion that typically occurs 
at high velocities and is characterized by velocity fluctuations is called turbulent. The flow of low-
viscosity fluids such as air at high velocities is typically turbulent. A flow that alternates between 
being laminar and turbulent is called transitional. 

The experiments conducted by Osborne Reynolds in the 1880s resulted in the establishment of 
the dimensionless Reynolds number, Re, as the key parameter for the determination of the flow 
regime in pipes. 

(ref. ‘Fluid Mechanics’ by Cengel & Cimbala) 

 

11-Steady versus Unsteady Flow:1 

The terms steady and uniform are used frequently in engineering, and thus it is important to have a 
clear understanding of their meanings. The term steady implies no change of properties, velocity, 
temperature, etc., at a point with time. 

The opposite of steady is unsteady. 

The term uniform implies no change with location over a  specified region. 

The terms unsteady and transient are often used interchangeably, but these terms are not 
synonyms. In fluid mechanics, unsteady is the most general term that applies to any flow that is 
not steady, but transient is typically used for developing flows. When a rocket engine is fired up, for 
example, there are transient effects (the pressure builds up inside the rocket engine, the flow 
accelerates, etc.) until the engine settles down and operates steadily. 

The term periodic refers to the kind of unsteady flow in which the flow oscillates about a steady 
mean. 

Many devices such as turbines, compressors, boilers, condensers, and heat exchangers operate 
for long periods of time under the same conditions, and they are classified as steady-flow devices. 

 During steady flow, the fluid properties can change from point to point within a device, but at 
any fixed point they remain constant. Therefore, the volume, the mass, and the total 
energy content of a steady-flow device or flow section remain constant in steady operation. 

(ref. ‘Fluid Mechanics’ by Cengel & Cimbala) 

 

12-Steady versus Unsteady Flow:2 
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Steady-flow conditions can be closely approximated by devices that are intended for continuous 
operation such as turbines, pumps, boilers, condensers, and heat exchangers of power plants 
or refrigeration systems. 

Some cyclic devices, such as reciprocating engines or compressors, do not satisfy the steady-flow 
conditions since the flow at the inlets and the exits is pulsating and not steady. However, the fluid 
properties vary with time in a periodic manner, and the flow through these devices can still be 
analyzed as a steady-flow process by using time-averaged values for the properties. 

(ref. ‘Fluid Mechanics’ by Cengel & Cimbala) 

 

13-One-, Two- and Three-Dimensional Flows:1 

A flow field is best characterized by its velocity distribution, and thus a flow is said to be one-, two-, 
or three-dimensional if the flow velocity varies in one, two, or three primary dimensions, 
respectively. 

A typical fluid flow involves a three-dimensional geometry, and the velocity may vary in all 
three dimensions, rendering the flow three-dimensional 𝑉 (𝑥, 𝑦, 𝑧)  in rectangular or 𝑉 (𝑟, 𝜃, 𝑧) in 
cylindrical coordinates. However, the variation of velocity in certain directions can be small relative 
to the variation in other directions and can be ignored with negligible error.  

(ref. ‘Fluid Mechanics’ by Cengel & Cimbala) 

 

14-One-, Two- and Three-Dimensional Flows:2 

Example: Consider steady flow of a fluid entering from a large tank into a circular pipe. The fluid 
velocity everywhere on the pipe surface is zero because of the no-slip condition, and the flow 
is two-dimensional in the entrance region of the pipe since the velocity changes in both the r- and z-
directions, but not in the θ-direction. The velocity profile develops fully and remains unchanged 
after some distance from the inlet (about 10 pipe diameters in turbulent flow, and typically farther 
than that in laminar pipe flow, as in Fig. 1), and the flow in this region is said to be fully developed. 
The fully developed flow in a circular pipe is one-dimensional since the velocity varies in the radial 
r-direction but not in the angular θ- or axial z-directions, as shown in Fig. 1. That is, the velocity 
profile is the same at any axial z-location, and it is symmetric about the axis of the pipe. 

Importnat Observation: 

• The dimensionality of the flow also depends on the choice of coordinate system and its 
orientation. The pipe flow discussed, for example, is one-dimensional in cylindrical 
coordinates, but two-dimensional in Cartesian coordinates—illustrating the importance of 
choosing the most appropriate coordinate system. 

• The velocity cannot be uniform across the cross section of the pipe because of the no-slip 
condition. However, at a well-rounded entrance to the pipe, the velocity profile may be 
approximated as being nearly uniform across the pipe, since 
the velocity is nearly constant at all radii except very close to the pipe wall. 
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Fig. 1: The development of the velocity profile in a circular pipe. 

(ref. ‘Fluid Mechanics’ by Cengel & Cimbala) 

 

15-System and Control Volume:1 

A system is defined as a quantity of matter or a region in space chosen for study.  

The mass or region outside the system is called the surroundings.  

The real or imaginary surface that separates the system from its surroundings is called 
the boundary. The boundary of a system can be fixed or movable. Note that the boundary is the 
contact surface shared by both the system and the surroundings. Mathematically speaking, 
the boundary has zero thickness, and thus it can neither contain any mass nor occupy any volume in 
space.  
  

Systems may be considered to be closed or open, depending on whether a fixed mass or a volume in 
space is chosen for study. 

A closed system (also known as a control mass or simply a system when the context makes it clear) 
consists of a fixed amount of mass, and no mass can cross its boundary. But energy, in the form 
of heat or work, can cross the boundary, and the volume of a closed system does not have to be 
fixed. If, as a special case, even energy is not allowed to cross the boundary, that system is 
called an isolated system. 

(ref. ‘Fluid Mechanics’ by Cengel & Cimbala)  
 

16-System and Control Volume:2 

An open system, or a control volume, as it is often called, is a selected region in space. It usually 
encloses a device that involves mass flow such as a compressor, turbine, or nozzle. Flow through 
these devices is best studied by selecting the region within the device as the control volume. Both 

mass and energy can cross the boundary (the control surface) of a control volume. 

A large number of engineering problems involve mass flow in and out of an open system and, 
therefore, are modeled as control volumes. A water heater, a car radiator, a turbine, and a 
compressor all involve mass flow and should be analyzed as control volumes (open systems) instead 
of as control masses (closed systems). 
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In general, any arbitrary region in space can be selected as a control volume. There are no concrete 
rules for the selection of control volumes, but a wise choice certainly makes the analysis much 
easier. If we were to analyze the flow of air through a nozzle, for example, a good choice for 
the control volume would be the region within the nozzle, or perhaps surrounding the entire nozzle. 

(ref. ‘Fluid Mechanics’ by Cengel & Cimbala) 
 

17-IMPORTANCE OF DIMENSIONS AND UNITS 

Any physical quantity can be characterized by dimensions. The magnitudes assigned to 
the dimensions are called units. Some basic dimensions such as mass m, length L, time t, 
and temperature T are selected as primary or fundamental dimensions, while others such 
as velocity V, energy E, and volume V are expressed in terms of the primary dimensions and are 
called secondary dimensions, or derived dimensions. 

There are two sets of units are still in common use today: the English system, which is also known as 
the United States Customary System (USCS), and the metric SI (from Le Systeme International d’ 
Unites), which is also known as the International System. The SI is a simple and logical system based 
on a decimal relationship between the various units, and it is being used for scientific and 
engineering work in most of the industrialized nations, including England. 

Dimensional Homogeneity 

We all know that you cannot add apples and oranges. In engineering, all equations must 
be dimensionally homogeneous. That is, every term in an equation must have the same dimensions. 
If, at some stage of an analysis, we find ourselves in a position to add two quantities that have 
different dimensions or units, it is a clear indication that we have made an error at an earlier stage. 
So, checking dimensions (or units) can serve as a valuable tool to spot errors. 

(ref. ‘Fluid Mechanics’ by Cengel & Cimbala) 

 

18-ACCURACY, PRECISION, AND SIGNIFICANT DIGITS 

In engineering calculations, the supplied information is not known to more than a certain number 
of significant digits, usually three digits. Consequently, the results obtained cannot possibly 
be precise to more significant digits. Reporting results in more significant digits falsely implies 
greater precision than exists, and it should be avoided. There are three principles that govern the 
proper use of numbers: accuracy, precision, and significant digits. 

• Accuracy error (inaccuracy) is the value of one reading minus the true value. In 
general, accuracy of a set of measurements refers to the closeness of the average reading to 
the true value. Accuracy is generally associated with repeatable, fixed errors. 

• Precision error is the value of one reading minus the average of readings. In 
general, precision of a set of measurements refers to the fineness of the resolution and the 
repeatability of the instrument. Precision is generally associated with unrepeatable, random 
errors. 

• Significant digits are digits that are relevant and meaningful. 

Key Point: A measurement or calculation can be very precise without being very accurate, and vice 
versa. 
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(ref. ‘Fluid Mechanics’ by Cengel & Cimbala) 
 

19- Fluids Properties 

Any characteristic of a system is called a property. Some familiar properties are pressure P, 
temperature T, volume V, and mass m. 

Properties are considered to be either intensive or extensive. Intensive properties are those that 
are independent of the mass of the system, such as temperature, pressure, 
and density. Extensive properties are those whose values depend on the size—or extent—of 
the system. Total mass, total volume, and total momentum are some examples of extensive 
properties. 

(ref. ‘Fluid Mechanics’ by Cengel & Cimbala) 
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20-Continuum 

A fluid is composed of molecules which may be widely spaced apart, especially in the gas phase. 

Yet it is convenient to disregard the atomic nature of the fluid and view it as continuous, 

homogeneous matter with no holes, that is, a continuum.  

The continuum idealization allows us to treat properties as point functions and to assume that the 

properties vary continually in space with no jump discontinuities. This idealization is valid as 

long as the size of the system we deal with is large relative to the space between the molecules. 

This is the case in practically all problems, except some specialized ones. The continuum 

idealization is implicit in many statements we make, such as “the density of water in a glass is 

the same at any point.” 

 

(ref. ‘Fluid Mechanics’ by Cengel & Cimbala) 
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21-Density and Specific Gravity 

Density is defined as mass per unit volume.  

Mathematically, 𝜌 = 𝑚𝑉   (𝑘𝑔𝑚3)  

The reciprocal of density is the specific volume v, which is defined as volume per unit mass. 

Mathematically, 𝑣 =  𝑉/𝑚 =  1/𝜌.  

For a differential volume element of mass δm and volume δV, density can be expressed as  𝜌 = 𝛿𝑚𝛿𝑉 . 
The density of a substance, in general, depends on temperature and pressure. The density of 

most gases is proportional to pressure and inversely proportional to temperature. Liquids and 

solids, on the other hand, are essentially incompressible substances, and the variation of their 

density with pressure is usually negligible. 

Sometimes the density of a substance is given relative to the density of a well-known 

substance. Then it is called specific gravity, or relative density, and is defined as the ratio of 

the density of a substance to the density of some standard substance at a specified temperature 

(usually water at 4°C, for which 𝜌𝐻2𝑂  =  1000 𝑘𝑔/𝑚3).  

Mathematically, 𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑔𝑟𝑎𝑣𝑖𝑡𝑦: 𝑆𝐺 = 𝜌𝜌𝐻2𝑂. 

Note that the specific gravity of a substance is a dimensionless quantity. 

 

(ref. ‘Fluid Mechanics’ by Cengel & Cimbala) 
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22-Vapor Pressure and Cavitation:1 

It is well-established that temperature and pressure are dependent properties for pure 

substances during phase-change processes, and there is one-to- one correspondence between 

temperature and pressure.  

At a given pressure, the temperature at which a pure substance changes phase is called the 

saturation temperature 𝑇𝑠𝑎𝑡.  

Likewise, at a given temperature, the pressure at which a pure substance changes phase is called 

the saturation pressure 𝑃𝑠𝑎𝑡. 

At an absolute pressure of 1 standard atmosphere (1 atm or 101.325 kPa), for example, the 

saturation temperature of water is 100°C. Conversely, at a temperature of 100°C, the saturation 

pressure of water is 1 atm. 

The vapor pressure 𝑃𝑣 of a pure substance is defined as the pressure exerted by its vapor in 

phase equilibrium with its liquid at a given temperature. 

Partial pressure is defined as the pressure of a gas or vapor in a mixture with other gases. 

 

Note: 

 The partial pressure of a vapor must be less than or equal to the vapor pressure if there 

is no liquid present. However, when both vapor and liquid are present and the system is 

in phase equilibrium, the partial pressure of the vapor must equal the vapor pressure, 

and the system is said to be saturated.  

 The rate of evaporation from open water bodies such as lakes is controlled by the 

difference between the vapor pressure and the partial pressure. 

 

(ref. ‘Fluid Mechanics’ by Cengel & Cimbala) 
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23-Vapor Pressure and Cavitation:2 

The reason for our interest in vapor pressure is the possibility of the liquid pressure in liquid-

flow systems dropping below the vapor pressure at some locations, and the resulting unplanned 

vaporization. For example, water at, 10°C may vaporize and form bubbles at locations (such as 

the tip regions of impellers or suction sides of pumps) where the pressure drops below 1.23 kPa. 

The vapor bubbles (called cavitation bubbles since they form “cavities” in the liquid) collapse 

as they are swept away from the low-pressure regions, generating highly destructive, extremely 

high-pressure waves. This phenomenon, which is a common cause for drop in performance and 

even the erosion of impeller blades, is called cavitation, and it is an important consideration in 

the design of hydraulic turbines and pumps. 

Cavitation must be avoided (or at least minimized) in most flow systems since it reduces 

performance, generates annoying vibrations and noise, and causes damage to equipment. We 

note that some flow systems use cavitation to their advantage, e.g., high-speed “super-cavitating

” torpedoes. The pressure spikes resulting from the large number of bubbles collapsing near a 

solid surface over a long period of time may cause erosion, surface pitting, fatigue failure, and 

the eventual destruction of the components or machinery. The presence of cavitation in a flow 

system can be sensed by its characteristic tumbling sound. 

 

(ref. ‘Fluid Mechanics’ by Cengel & Cimbala) 

MTH624 VU

All VU books are available in hard copy and delivered all over Pakistan. Order now!
Website: vubookshoppk.com | WhatsApp: 0326-0775533 13

https://vubookshoppk.com
https://wa.me/923260775533


24-Viscosity:1 

When two solid bodies in contact move relative to each other, a friction force develops at the 

contact surface in the direction opposite to motion. To move a table on the floor, for example, we 

have to apply a force to the table in the horizontal direction large enough to overcome the friction 

force. The magnitude of the force needed to move the table depends on the friction coefficient 

between the table legs and the floor. 

The situation is similar when a fluid moves relative to a solid or when two fluids move relative 

to each other. We move with relative ease in air, but not so in water. Moving in oil would be 

even more difficult, as can be observed by the slower downward motion of a glass ball dropped 

in a tube filled with oil. It appears that there is a property that represents the internal resistance 

of a fluid to motion or the “fluidity,” and that property is the viscosity. The force a flowing fluid 

exerts on a body in the flow direction is called the drag force, and the magnitude of this force 

depends, in part, on viscosity. 
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25-Viscosity:2 

Mathematical Form:  

To obtain a relation for viscosity, consider a fluid layer between two very large parallel plates 

(or equivalently, two parallel plates immersed in a large body of a fluid) separated by a distance 𝓁 

(see Fig. 1). Now a constant parallel force F is applied to the upper plate while the lower plate is 

held fixed. After the initial transients, it is observed that the upper plate moves continuously 

under the influence of this force at a constant speed V. The fluid in contact with the upper plate 

sticks to the plate surface and moves with it at the same speed, and the shear stress 𝜏 acting on 

this fluid layer is 𝜏 = 𝐹𝐴 

where A is the contact area between the plate and the fluid. Note that the fluid layer deforms 

continuously under the influence of shear stress. The fluid in contact with the lower plate 

assumes the velocity of that plate, which is zero (because of the no-slip condition). In steady 

laminar flow, the fluid velocity between the plates varies linearly between 0 and V, and thus 

the velocity profile and the velocity gradient are 𝑢(𝑦) = 𝑦𝑙 𝑉;   𝑑𝑢𝑑𝑦 = 𝑉𝑙  

where y is the vertical distance from the lower plate. 

During a differential time interval dt, the sides of fluid particles along a vertical line MN rotate 

through a differential angle d𝛽 while the upper plate moves a differential distance da = V dt. 

The angular displacement or deformation (or shear strain) can be expressed as 𝑑𝛽 ≈ tan 𝛽 = 𝑑𝑎𝑙 = 𝑉𝑑𝑡𝑙 = 𝑑𝑢𝑑𝑦  𝑑𝑡 

⟹ 𝑑𝛽𝑑𝑡 = 𝑑𝑢𝑑𝑦 

Thus, we conclude that the rate of deformation of a fluid element is equivalent to the velocity 

gradient du/dy. Further, it can be verified experimentally that for most fluids the rate of 

deformation (and thus the velocity gradient) is directly proportional to the shear stress 𝜏 𝜏 ∝  𝑑𝛽𝑑𝑡 = 𝑑𝑢𝑑𝑦 ⟹ 𝜏 ∝  𝑑𝑢𝑑𝑦 
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Fluids for which the rate of deformation is linearly proportional to the shear stress are called 

Newtonian fluids after Sir Isaac Newton, who expressed it first in 1687. Most common fluids 

such as water, air, gasoline, and oils are Newtonian fluids. Blood and liquid plastics are 

examples of non-Newtonian fluids. In one-dimensional shear flow of Newtonian fluids, shear 

stress can be expressed by the linear relationship 𝜏 = 𝜇 𝑑𝑢𝑑𝑦 

where the constant of proportionality 𝜇 is called the coefficient of viscosity or the dynamic (or 

absolute) viscosity of the fluid, whose unit is kg/ms, or equivalently, 𝑁𝑠/𝑚2. 

 

Fig. 1: The behavior of a fluid in laminar flow between two parallel plates when the upper plate 

moves with a constant velocity. 

 

(ref. ‘Fluid Mechanics’ by Cengel & Cimbala) 
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26-Viscosity:3 

The shear force acting on a Newtonian fluid layer has following mathematical relationship 𝐹 =  𝜏𝐴 =  𝜇𝐴 𝑑𝑢𝑑𝑦 =  𝜇𝐴 𝑉𝑙   

This the force F required to move the upper plate in Fig. 1 at a constant speed of V while the 

lower plate remains stationary. 

For non-Newtonian fluids, the relationship between shear stress and rate of deformation is not 

linear.  

Fluids for which the apparent viscosity increases with the rate of deformation (such as solutions 

with suspended starch or sand) are referred to as dilatant or shear thickening fluids, and those 

that exhibit the opposite behavior (the fluid becoming less viscous as it is sheared harder, such as 

some paints, polymer solutions, and fluids with suspended particles) are referred to as 

pseudoplastic or shear thinning fluids.  

Some materials such as toothpaste can resist a finite shear stress and thus behave as a solid, but 

deform continuously when the shear stress exceeds the yield stress and behave as a fluid. Such 

materials are referred to as Bingham plastics. 

(ref. ‘Fluid Mechanics’ by Cengel & Cimbala) 
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27-Viscosity:4 

In fluid mechanics and heat transfer, the ratio of dynamic viscosity to density appears 

frequently. For convenience, this ratio is given the name kinematic viscosity ν and is expressed 

as ν = 𝜇/𝜌. Two common units of kinematic viscosity are 𝑚2/𝑠. 

The viscosity of a fluid is a measure of its resistance to the rate of deformation. Viscosity is due 

to the internal frictional force that develops between different layers of fluids as they are forced 

to move relative to each other. 

The viscosity of a fluid is directly related to the pumping power needed to transport a fluid in 

a pipe or to move a body (such as a car in air or a submarine in the sea) through a fluid.  

Viscosity is caused by the cohesive forces between the molecules in liquids and by the molecular 

collisions in gases, and it varies greatly with temperature. The viscosity of liquids decreases with 

temperature, whereas the viscosity of gases increases with temperature. This is because in a 

liquid the molecules possess more energy at higher temperatures, and they can oppose the large 

cohesive intermolecular forces more strongly. As a result, the energized liquid molecules can 

move more freely. 

In a gas, on the other hand, the intermolecular forces are negligible, and the gas molecules at 

high temperatures move randomly at higher velocities. This results in more molecular collisions 

per unit volume per unit time and therefore in greater resistance to flow. 

 

(ref. ‘Fluid Mechanics’ by Cengel & Cimbala) 
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28-SURFACE TENSION AND CAPILLARY 

EFFECT: 1 

It is often observed that a drop of blood forms a hump on a horizontal glass; a drop of mercury 

forms a near-perfect sphere and can be rolled just like a steel ball over a smooth surface; water 

droplets from rain or dew hang from branches or leaves of trees; a liquid fuel injected into an 

engine forms a mist of spherical droplets. 

In these and other observances, liquid droplets behave like small balloons filled with the liquid, 

and the surface of the liquid acts like a stretched elastic membrane under tension. The pulling 

force that causes this tension acts parallel to the surface and is due to the attractive forces 

between the molecules of the liquid. The magnitude of this force per unit length is called surface 

tension or coefficient of surface tension 𝜎s and is usually expressed in the unit N/m. This effect 

is also called surface energy (per unit area) and is expressed in the equivalent unit of N⋅m/m2 or 

J/m2. In this case, 𝜎s represents the stretching work that needs to be done to increase the surface 

area of the liquid by a unit amount. 

 

(ref. ‘Fluid Mechanics’ by Cengel & Cimbala) 
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29-SURFACE TENSION AND CAPILLARY 

EFFECT: 2 

Capillary Effect 

Another interesting consequence of surface tension is the capillary effect, which is the rise or fall 

of a liquid in a small-diameter tube inserted into the liquid. Such narrow tubes or confined flow 

channels are called capillaries.  

Example: The rise of kerosene through a cotton wick inserted into the reservoir of a kerosene 

lamp is due to this effect.  

The capillary effect is also partially responsible for the rise of water to the top of tall trees.  

The curved free surface of a liquid in a capillary tube is called the meniscus. 

It is commonly observed that water in a glass container curves up slightly at the edges where it 

touches the glass surface; but the opposite occurs for mercury: it curves down at the edges. This 

effect is usually expressed by saying that water wets the glass (by sticking to it) while mercury 

does not.  

The strength of the capillary effect is quantified by the contact (or wetting) angle ϕ, defined as 

the angle that the tangent to the liquid surface makes with the solid surface at the point of contact. 

The surface tension force acts along this tangent line toward the solid surface.  

A liquid is said to wet the surface when ϕ < 90° and not to wet the surface when ϕ > 90°. In 

atmospheric air, the contact angle of water (and most other organic liquids) with glass is nearly 

zero, ϕ ≈ 0°. Therefore, the surface tension force acts upward on water in a glass tube along the 

circumference, tending to pull the water up. As a result, water rises in the tube until the weight 

of the liquid in the tube above the liquid level of the reservoir balances the surface tension force. 

The contact angle is 130° for mercury–glass and 26° for kerosene–glass in air. 

 

(ref. ‘Fluid Mechanics’ by Cengel & Cimbala)  
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30-Pressure and Stress 

Pressure 

Pressure is defined as a normal force exerted by a fluid per unit area. We speak of pressure only 

when we deal with a gas or a liquid. The counterpart of pressure in solids is normal stress. Since 

pressure is defined as force per unit area, it has units of newtons per square meter (N/m2), 

which engineers call a pascal (Pa). 

The actual pressure at a given position is called the absolute pressure, and it is measured relative 

to absolute vacuum (i.e., absolute zero pressure) 

Most pressure-measuring devices, however, are calibrated to read zero in the atmosphere, and 

so they indicate the difference between the absolute pressure and the local atmospheric 

pressure. This difference is called the gage pressure and it can be positive or negative, but 

pressures below atmospheric pressure is sometimes called vacuum pressures and are measured 

by vacuum gages that indicate the difference between the atmospheric pressure and the 

absolute pressure. 

 

(ref. ‘Fluid Mechanics’ by Cengel & Cimbala) 
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31-Variation of Pressure with depth: 1 

Pressure at a Point 

Pressure is the compressive force per unit area, and it gives the impression of being a vector. 

However, pressure at any point in a fluid is the same in all directions. That is, it has magnitude 

but not a specific direction, and thus it is a scalar quantity. 

Variation of Pressure with depth 

Pressure in a fluid at rest does not change in the horizontal direction. However, this is not the 

case in the vertical direction in a gravity field. Pressure in a fluid increases with depth because 

more fluid rests on deeper layers, and the effect of this “extra weight” on a deeper layer is 

balanced by an increase in pressure (Fig. 1). 

 

FIGURE 1: The pressure of a fluid at rest increases with depth (as a result of added weight). 

 

(ref. ‘Fluid Mechanics’ by Cengel & Cimbala)  
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32-Variation of Pressure with depth: 2 

Case 1: Constant Density 

To obtain a relation for the variation of pressure with depth, consider a rectangular fluid 

element of height Δz, length Δx, and unit depth (Δy = 1) in equilibrium. Assuming the density of 

the fluid 𝜌 to be constant, a force balance in the vertical z-direction gives 

∑𝐹𝑧 = 𝑚 𝑎𝑧 = 0 ⇒ 𝑃1∆𝑥 ∆𝑦 − 𝑃2∆𝑥 ∆𝑦 − 𝜌𝑔∆𝑥 ∆𝑦∆𝑧 = 0 

where 𝑊 = 𝑚𝑔 = 𝜌𝑔∆𝑥 ∆𝑦∆𝑧 is the weight of fluid element and ∆𝑧 = 𝑧2 − 𝑧1. After some 

simplification above relation goes to the following form ∆𝑃 = 𝑃2 − 𝑃1 = −𝜌𝑔∆𝑧 = −𝛾𝑠∆𝑧 
where 𝛾𝑠 = 𝜌𝑔 being specific weight of the fluid. Thus, we conclude that the pressure difference 

between two points in a constant density fluid is proportional to the vertical distance Δz between 

the points and the density 𝜌 of the fluid. Noting the negative sign, pressure in a static fluid 

increases linearly with depth. This is what a diver experiences when diving deeper in a lake. 

An easier equation to remember and apply between any two points in the same fluid under 

hydrostatic conditions is 𝑃below = 𝑃above + 𝜌𝑔|∆𝑧| = 𝑃above + 𝛾𝑠|∆𝑧| 
where “below” refers to the point at lower elevation (deeper in the fluid) and “above” refers to the 

point at higher elevation. If we take the “above” point to be at the free surface of a liquid open to 

the atmosphere, where the pressure is the atmospheric pressure 𝑃𝑎𝑡𝑚, then in the above equation 

the pressure at a depth h below the free surface becomes 𝑃 = 𝑃atm + 𝜌𝑔ℎ   or    𝑃gage = 𝜌𝑔ℎ    
For a given fluid, the vertical distance Δz is sometimes used as a measure of pressure, and it is 

called the pressure head. 
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33-Variation of Pressure with depth: 3 

Case 2: Variable Density 

For fluids whose density changes significantly with elevation, a relation for the variation of 

pressure with elevation can be obtained from the relation ∆𝑃 = −𝜌𝑔∆𝑧 as 

lim∆𝑧→0∆𝑃∆𝑧 = −𝜌𝑔 ⇒ 𝑑𝑝𝑑𝑧 = −𝜌𝑔 

Note that dP is negative when dz is positive since pressure decreases in an upward direction. 

When the variation of density with elevation is known, the pressure difference between any 

two points 1 and 2 can be determined by integration to be 

∆𝑃 = −∫ 𝜌𝑔 𝑑𝑧2
1  

 

(ref. ‘Fluid Mechanics’ by Cengel & Cimbala)  
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34-Use of Pascal Law 

Important Note 

Pressure in a fluid at rest is independent of the shape or cross section of the container. It 

changes with the vertical distance, but remains constant in other directions. Therefore, the 

pressure is the same at all points on a horizontal plane in a given fluid. 

Pascal Law 

A consequence of the pressure in a fluid remaining constant in the horizontal direction is that 

the pressure applied to a confined fluid increases the pressure throughout by the same amount. 

This is called Pascal’s law. 

Uses 

Pascal also knew that the force applied by a fluid is proportional to the surface area. He realized 

that two hydraulic cylinders of different areas could be connected, and the larger could be used 

to exert a proportionally greater force than that applied to the smaller. “Pascal’s machine” has 

been the source of many inventions that are a part of our daily lives such as hydraulic brakes 

and lifts. This is what enables us to lift a car easily by one arm. 

Noting that 𝑃1  =  𝑃2 since both pistons are at the same level (the effect of small height differences 

is negligible, especially at high pressures), the ratio of output force to input force is determined to 

be 

𝑃1  =  𝑃2 → 𝐹1𝐴1 = 𝐹2𝐴2 → 𝐹2𝐹1 = 𝐴2𝐴1 

The area ratio 𝐴2/𝐴1 is called the ideal mechanical advantage of the hydraulic lift. Using a 

hydraulic car jack with a piston area ratio of 𝐴2/𝐴1 = 100, for example, a person can lift a 1000-

kg car by applying a force of just 10 kgf (= 90.8 N). 

 

(ref. ‘Fluid Mechanics’ by Cengel & Cimbala)  
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35- The Manometer 

Since we know that from the previous lectures ∆𝑃 = −𝜌𝑔∆𝑧 ⇒ −∆𝑧 = ∆𝑃/𝜌𝑔 

This equation suggests that a fluid column can be used to measure pressure differences. A device 

based on this principle is called a manometer, and it is commonly used to measure small and 

moderate pressure differences. A manometer consists of a glass or plastic U-tube containing 

one or more fluids such as mercury, water, alcohol, or oil. To keep the size of the manometer 

to a manageable level, heavy fluids such as mercury are used if large pressure differences are 

anticipated. 

Consider the manometer shown in Figure that is used to measure the pressure in the tank. Since 

the gravitational effects of gases are negligible, the pressure anywhere in the tank and at position 

1 has the same value. Furthermore, since pressure in a fluid does not vary in the horizontal 

direction within a fluid, the pressure at point 2 is the same as the pressure at point 1, 𝑃2  =  𝑃1. 

The differential fluid column of height h is in static equilibrium, and it is open to the 

atmosphere. Then the pressure at point 2 is given by 𝑃2  =  𝑃𝑎𝑡𝑚  +  𝜌𝑔ℎ  
where 𝜌 is the density of the manometer fluid in the tube. 

 

Figure: The basic manometer. 

(ref. ‘Fluid Mechanics’ by Cengel & Cimbala)  
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36- The Barometer and Atmospheric Pressure 

Atmospheric pressure is measured by a device called a barometer; thus, the atmospheric 

pressure is often referred to as the barometric pressure. 

The Italian Evangelista Torricelli (1608–1647) was the first to conclusively prove that the 

atmospheric pressure can be measured by inverting a mercury-filled tube into a mercury 

container that is open to the atmosphere, as shown in Figure. The pressure at point B is equal to 

the atmospheric pressure, and the pressure at point C can be taken to be zero since there is only 

mercury vapor above point C and the pressure is very low relative to 𝑃𝑎𝑡𝑚 and can be neglected 

to an excellent approximation. Writing a force balance in the vertical direction gives 𝑃𝑎𝑡𝑚  =  𝜌𝑔ℎ  
where 𝜌 is the density of mercury, g is the local gravitational acceleration, and h is the height 

of the mercury column above the free surface.  

Note that the length and the cross-sectional area of the tube have no effect on the height of the 

fluid column of a barometer. 

 

Figure: The basic barometer. 
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37- Buoyancy and Stability 

It is a common experience that an object feels lighter and weighs less in a liquid than it does in 

air. This can be demonstrated easily by weighing a heavy object in water by a waterproof 

spring scale. Also, objects made of wood or other light materials float on water. These and other 

observations suggest that a fluid exerts an upward force on a body immersed in it. This force 

that tends to lift the body is called the buoyant force. 

The buoyant force is caused by the increase of pressure with depth in a fluid. Mathematically, 

it can be written as 𝐹𝐵 = 𝑔 𝜌𝑓𝑉  
 

(ref. ‘Fluid Mechanics’ by & Cimbala) 
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38- Stability of Immersed and Floating Bodies 

Note that the upward buoyant force must be equal to the weight of the imaginary fluid 

body whose volume is equal to the volume of the solid body. Further, the weight and the buoyant 

force must have the same line of action to have a zero moment. This is known as Archimedes’ 

principle, after the Greek mathematician Archimedes (287–212 bc), and is expressed as 

The buoyant force acting on a body of uniform density immersed in a fluid is equal to 

the weight of the fluid displaced by the body, and it acts upward through the centroid of 

the displaced volume. 

For floating bodies, the weight of the entire body must be equal to the buoyant force, 

which is the weight of the fluid whose volume is equal to the volume of the submerged portion 

of the floating body. That is  𝐹𝐵 = 𝑊 → 𝑔 𝜌𝑓𝑉𝑠𝑢𝑏 = 𝑔 𝜌𝑎𝑣𝑔,𝑏𝑜𝑑𝑦𝑉𝑡𝑜𝑡𝑎𝑙  
⇒ 𝑉𝑠𝑢𝑏𝑉𝑡𝑜𝑡𝑎𝑙 = 𝜌𝑎𝑣𝑔,𝑏𝑜𝑑𝑦𝜌𝑓  

This follows that a body immersed in a fluid  

(1) remains at rest at any location in the fluid where its average density is equal to the density 

of the fluid, 

(2) sinks to the bottom when its average density is greater than the density of the fluid, and 

(3) rises to the surface of the fluid and floats when the average density of the body is less than 

the density of the fluid. 

 

(ref. ‘Fluid Mechanics’ by & Cimbala) 
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39- Fluid Kinematics: An Overview 

Fluid kinematics deals with describing the motion of fluids without necessarily 

considering the forces and moments that cause the motion. It is the study of how fluids flow and 

how to describe fluid motion. 

We introduce several kinematic concepts related to flowing fluids. We discuss the 

material derivative and its role in transforming the conservation equations from the 

Lagrangian description of fluid flow (following a fluid particle) to the Eulerian description of 

fluid flow (pertaining to a flow field).  

We will discuss various ways to visualize flow fields—streamlines, streaklines, 

pathlines, timelines. We describe three ways to plot flow data—profile plots, vector plots, and 

contour plots.  

We explain the four fundamental kinematic properties of fluid motion and 

deformation—rate of translation, rate of rotation, linear strain rate, and shear strain rate.  

The concepts of vorticity, rotationality, and irrotationality in fluid flows are then 

discussed.  

Finally, we discuss the Reynolds transport theorem (RTT), emphasizing its role in 

transforming the equations of motion from those following a system to those pertaining to fluid 

flow into and out of a control volume. The analogy between material derivative for infinitesimal 

fluid elements and RTT for finite control volumes is explained. 

Pressure field is a scalar field variable; for general unsteady three-dimensional fluid flow 

in Cartesian coordinates, it can be expressed as  𝑃 =  𝑃(𝑥, 𝑦, 𝑧, 𝑡) 
Velocity field is a vector field variable in similar fashion, it can be represented as 

𝑉⃗ =  𝑉⃗ (𝑥, 𝑦, 𝑧, 𝑡) 
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40- Acceleration Field 

Acceleration field is a vector field variable and can be represented as 

𝑎 =  𝑎 (𝑥, 𝑦, 𝑧, 𝑡) 
The equations of motion for fluid flow (such as Newton’s second law) are written for a fluid 

particle, which we also call a material particle. When Newton’s second law applied to our fluid 

particle, it will give us 𝐹 = 𝑚𝑝𝑎𝑝⃗⃗⃗⃗  
Here 𝑝 stands for particle.  

Now 𝑎𝑝⃗⃗⃗⃗ = 𝑑𝑉𝑝⃗⃗ ⃗⃗  𝑑𝑡 = 𝑑𝑑𝑡 𝑉(𝑥𝑝(𝑡), 𝑦𝑝(𝑡), 𝑧𝑝(𝑡), 𝑡) 
By using chain rule, we will get  

𝑎𝑝⃗⃗⃗⃗ = 𝜕𝑉⃗⃗ 𝜕𝑡 + 𝜕𝑉⃗⃗ 𝜕𝑥𝑝 𝑑𝑥𝑝𝑑𝑡  + 𝜕𝑉⃗⃗ 𝜕𝑦𝑝 𝑑𝑦𝑝𝑑𝑡 + 𝜕𝑉⃗⃗ 𝜕𝑧𝑝 𝑑𝑧𝑝𝑑𝑡                                                                                                          (1) 

Note: If 𝑉⃗ = (𝑢, 𝑣, 𝑤); then  

𝑢 = 𝑑𝑥𝑝𝑑𝑡 , 𝑣 = 𝑑𝑦𝑝𝑑𝑡 , 𝑤 = 𝑑𝑧𝑝𝑑𝑡  

where 𝑢, 𝑣 and 𝑤 are 𝑥, 𝑦 and 𝑧 components of velocity. 

Equation (1) is now can be written as 

𝑎𝑝⃗⃗⃗⃗ = 𝜕𝑉⃗⃗ 𝜕𝑡 + 𝑢 𝜕𝑉⃗⃗ 𝜕𝑥𝑝 + 𝑣 𝜕𝑉⃗⃗ 𝜕𝑦𝑝 +𝑤 𝜕𝑉⃗⃗ 𝜕𝑧𝑝                                                                                                         (2) 
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41- Acceleration Field and Material Derivative 

As we know that from the previous lecture  

𝑎 = 𝜕𝑉⃗ 𝜕𝑡 + 𝑢 𝜕𝑉⃗ 𝜕𝑥 + 𝑣 𝜕𝑉⃗ 𝜕𝑦 + 𝑤 𝜕𝑉⃗ 𝜕𝑧 = 𝜕𝑉⃗ 𝜕𝑡 + (𝑢 𝜕𝜕𝑥 + 𝑣 𝜕𝜕𝑦 + 𝑤 𝜕𝜕𝑧) 𝑉⃗ = 𝜕𝑉⃗ 𝜕𝑡  + (𝑉⃗ . ∇⃗⃗ )𝑉⃗  
Where 𝑉⃗ = 𝑢𝑖 + 𝑣𝑗 + 𝑤𝑘 = (𝑢, 𝑣, 𝑤), ∇⃗⃗ = 𝜕𝜕𝑥 𝑖 + 𝜕𝜕𝑦 𝑗 + 𝜕𝜕𝑧 𝑘 is the gradient or del operator, and 𝑉⃗ . ∇⃗⃗ = 𝑢 𝜕𝜕𝑥 + 𝑣 𝜕𝜕𝑦 +𝑤 𝜕𝜕𝑧. 
Hence, we have  

𝑎 =       𝜕𝑉⃗ 𝜕𝑡       ⏟       +          (𝑉⃗ . ∇⃗⃗ )𝑉⃗         ⏟         

                                                     Local Acceleration                Advective Acceleration 

Important Concept:  

 The local acceleration and is nonzero only for unsteady flows.  

 The advective acceleration (sometimes the convective acceleration); this term can be 

nonzero even for steady flows. It accounts for the effect of the fluid particle moving 

(advecting or convecting) to a new location in the flow, where the velocity field is 

different. 

Material Derivative:  

The total derivative operator is given a special name, the material derivative; it is assigned 

a special notation, D/Dt, in order to emphasize that it is formed by following a fluid particle as 

it moves through the flow field. Other names for the material derivative include total, 

particle, Lagrangian, Eulerian, and substantial derivative. Its mathematical form is  𝐷𝐷𝑡 = 𝜕𝜕𝑡  + (𝑉⃗ . ∇⃗⃗ ) 
Hence the acceleration field can be written as 

𝑎 = 𝐷𝑉⃗ 𝐷𝑡 = 𝜕𝑉⃗ 𝜕𝑡  + (𝑉⃗ . ∇⃗⃗ )𝑉⃗  
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42- Flow Visualization 

While quantitative study of fluid dynamics requires advanced mathematics, much can 

be learned from flow visualization—the visual examination of flow field features. 

Flow visualization is useful not only in physical experiments, but in numerical solutions as 

well. In fact, the very first thing an engineer using Computational Fluid Dynamics does after 

obtaining a numerical solution is simulate some form of flow visualization, so that he or she can 

see the “whole picture” rather than merely a list of numbers and quantitative data. Why? Because 

the human mind is designed to rapidly process an incredible amount of visual information; as 

they say, a picture is worth a thousand words. There are many types of flow patterns that can 

be visualized, both physically (experimentally) and/or computationally. 
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43- Streamlines 

A streamline is a curve that is everywhere tangent to the instantaneous local velocity 

vector. 

Streamlines are useful as indicators of the instantaneous direction of fluid motion 

throughout the flow field. For example, regions of recirculating flow and separation of a fluid 

off of a solid wall are easily identified by the streamline pattern.  

Mathematically, however, we can write a simple expression for a streamline based on its 

definition. Consider an infinitesimal arc length 𝑑𝑟  =  𝑑𝑥 𝑖̂ + 𝑑𝑦 𝑗̂ +  𝑑𝑧𝑘̂ along a streamline; 𝑑𝑟 must be parallel to the local velocity vector 𝑉⃗⃗ =  𝑢 𝑖̂ + 𝑣 𝑗̂ +  𝑤𝑘̂ by definition of the 

streamline. Hence equation of streamline is  𝑑𝑟𝑉 = 𝑑𝑥𝑢 = 𝑑𝑦𝑣 = 𝑑𝑧𝑤  

 

(ref. ‘Fluid Mechanics’ by & Cimbala) 

MTH624 VU

All VU books are available in hard copy and delivered all over Pakistan. Order now!
Website: vubookshoppk.com | WhatsApp: 0326-0775533 36

https://vubookshoppk.com
https://wa.me/923260775533


44- Pathlines 

A pathline is the actual path traveled by an individual fluid particle over some time 

period. 

Pathlines are the easiest of the flow patterns to understand. A pathline is a Lagrangian 

concept in that we simply follow the path of an individual fluid particle as it moves around in 

the flow field. Thus, a pathline is the same as the fluid particle’s material position vector (𝑥particle(t), 𝑦particle(t), 𝑧particle(t)). 

Pathlines can be calculated numerically for a known velocity field by the following 

equation 

𝑥⃗ = 𝑥⃗start + ∫ 𝑉⃗⃗𝑑𝑡𝑡end𝑡start  
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45- Plots of Data 

It is usually necessary to plot flow data in ways that enable the reader to get a feel for how 

the flow properties vary in time and/or space. 

There are additional types of plots that are useful in fluid mechanics—profile plots, vector plots, 

and contour plots.  

Profile Plot:  

A profile plot indicates how the value of a scalar property varies along some desired 

direction in the flow field. 

Profile plots are the simplest of the three to understand because they are like the common 

xy-plots that you have generated since grade school. Namely, you plot how one variable y varies 

as a function of a second variable x. In fluid mechanics, profile plots of any scalar variable 

(pressure, temperature, density, etc.) can be created, but the most common one is the velocity 

profile plot. We note that since velocity is a vector quantity, we usually plot either the magnitude 

of velocity or one of the components of the velocity vector as a function of distance in some 

desired direction. 

Vector Plot:  

A vector plot is an array of arrows indicating the magnitude and direction of a vector 

property at an instant in time.  

Contour Plot:  

 A contour plot shows curves of constant values of a scalar property (or magnitude of a 

vector property) at an instant in time. 
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46- Kinematics Description and Rate of 

Translation and Rotation 

Types of Motion or Deformation of Fluid Elements 

In fluid mechanics, as in solid mechanics, an element may undergo four fundamental types of 

motion or deformation: (a) translation, (b) rotation, (c) linear strain (sometimes called 

extensional strain), and (d) shear strain. The study of fluid dynamics is further complicated by 

the fact that all four types of motion or deformation usually occur simultaneously.  

Because fluid elements may be in constant motion, it is preferable in fluid dynamics to describe 

the motion and deformation of fluid elements in terms of rates. In particular, we discuss velocity 

(rate of translation), angular velocity (rate of rotation), linear strain rate (rate of linear 

strain), and shear strain rate (rate of shear strain). In order for these deformation rates to be 

useful in the calculation of fluid flows, we must express them in terms of velocity and derivatives 

of velocity. 

Rate of Translation 

The rate of translation vector is described mathematically as the velocity vector. In Cartesian 

coordinates, 𝑉⃗⃗ =  𝑢 𝑖̂ + 𝑣 𝑗̂ +  𝑤𝑘̂. 

Rate of Rotation 

The rate of rotation (angular velocity) at a point is defined as the average rotation rate of two 

initially perpendicular lines that intersect at that point.  

The rate of rotation vector is equal to the angular velocity vector and is expressed in Cartesian 

coordinates as 

𝜔⃗⃗⃗ = 12 ((𝜕𝑤𝜕𝑦 − 𝜕𝑣𝜕𝑧) 𝑖̂ + (𝜕𝑢𝜕𝑧 − 𝜕𝑤𝜕𝑥 ) 𝑗̂ +  (𝜕𝑣𝜕𝑥 − 𝜕𝑢𝜕𝑦) 𝑘̂) 

(ref. ‘Fluid Mechanics’ by & Cimbala) 

MTH624 VU

All VU books are available in hard copy and delivered all over Pakistan. Order now!
Website: vubookshoppk.com | WhatsApp: 0326-0775533 39

https://vubookshoppk.com
https://wa.me/923260775533


47- Linear Strain Rate 

Linear Strain Rate 

Linear strain rate is defined as the rate of increase in length per unit length. Mathematically, 

the linear strain rate of a fluid element depends on the initial orientation or direction of the 

line segment upon which we measure the linear strain. In Cartesian coordinates, it can be 

expressed as 𝜀𝑥𝑥 = 𝜕𝑢𝜕𝑥 𝜀𝑦𝑦 = 𝜕𝑣𝜕𝑦 𝜀𝑧𝑧 = 𝜕𝑤𝜕𝑧  

Volumetric Strain Rate 

It is the rate of increase of volume of a fluid element per unit volume. In Cartesian coordinates, 

it can be expressed as 1𝑉 𝑑𝑉𝑑𝑡 = 𝜀𝑥𝑥 + 𝜀𝑦𝑦 + 𝜀𝑧𝑧 

Note: The volumetric strain rate is zero in an incompressible flow. 
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48- Shear Strain Rate 

Shear strain rate at a point is defined as half of the rate of decrease of the angle between two 

initially perpendicular lines that intersect at the point.  

In Cartesian coordinates, it can be expressed as 𝜀𝑥𝑦 = 12 (𝜕𝑢𝜕𝑦 + 𝜕𝑣𝜕𝑥) 𝜀𝑧𝑥 = 12 (𝜕𝑤𝜕𝑥 + 𝜕𝑢𝜕𝑧) 𝜀𝑦𝑧 = 12 (𝜕𝑣𝜕𝑧 + 𝜕𝑤𝜕𝑧 ) 
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49- Discussion on Shear Strain Rate 

Key Point: 

We can mathematically combine linear strain rate and shear strain rate into one symmetric 

second-order tensor called the strain rate tensor. In Cartesian coordinates, it can be expressed 

as 

𝜀𝑖𝑗 = (𝜀𝑥𝑥 𝜀𝑥𝑦 𝜀𝑥𝑧𝜀𝑦𝑥 𝜀𝑦𝑦 𝜀𝑦𝑧𝜀𝑧𝑥 𝜀𝑧𝑦 𝜀𝑧𝑧 ) 

We use the notation 𝜀𝑖𝑗 for the strain rate tensor to emphasize its nine components. 

(ref. ‘Fluid Mechanics’ by & Cimbala) 

  

MTH624 VU

All VU books are available in hard copy and delivered all over Pakistan. Order now!
Website: vubookshoppk.com | WhatsApp: 0326-0775533 42

https://vubookshoppk.com
https://wa.me/923260775533


50-Example of Steady Two-Dimensional Velocity 

Field: 1 
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51- Example of Steady Two-Dimensional Velocity 

Field: 2 
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52-Acceleration Field 
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53-Examples of Acceleration Field
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54-Material Derivative 
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55-Material Derivative Note from Example1:1 
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56-Material Derivative Note from Example1:2 
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57- Vorticity and Rotationality:1 

The vorticity is a kinematic property of great importance to the analysis of fluid flows. It is 

defined as the curl of velocity vector.  𝜁 = ∇⃗⃗⃗ × 𝑉⃗⃗ 

Physically, you can tell the direction of the vorticity vector by using the right-hand rule for cross 

product.  

Key Point: 

Rate of rotation vector (𝜔⃗⃗⃗) is equal to the half of vorticity vector. i.e.  

𝜔⃗⃗⃗ = 𝜁2 = 12 (∇⃗⃗⃗ × 𝑉⃗⃗) 
Thus, vorticity is a measure of rotation of a fluid particle.  

 If the vorticity at a point in a flow field is nonzero, the fluid particle is rotating; the flow 

in that region is called rotational.  

  If the vorticity in a region of the flow is zero, fluid particles there are not rotating; the 

flow in that region is called irrotational. 
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58- Vorticity and Rotationality:2 
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59- Comparison of Two Circular Flows 
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60-The Reynolds Transport Theorem 
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61-Application of Leibnitz Theorem 
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62-Exercises/Examples:1 
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63-Exercises/Examples:2 
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64-Exercises/Examples:3 
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65-Conservation of Mass 
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66- Mass, Bernoulli and Energy Equations 
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67- The Linear Momentum Equation 
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68- Conservation of Mass: Mass and Volume 

Flow Rates 
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69- Mass and Volume Flow Rates 
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70- Bernoulli Equation 
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 8𝜈𝐿 .  
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