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INTRODUCTION TO
FLUID MECHANICS
FUNDAMENTALS

Fluid mechanics is the
branch of physics and
engineering that
studies the behavior of
fluids—liquids, gases,
and plasmas—at rest
and in motion.
Mastering the
fundamentals of fluid
mechanics is essential
for designing
everything from
aircraft wings and
pipeline systems to
blood flow analysis and
environmental

modeling. This

discipline combines
theoretical principles
with practical

applications, relying on
a set of core concepts
such as viscosity,
pressure, density, and
flow regimes. Whether
you are an engineer
solving hydraulic
problems or a student
exploring natural
phenomena, a solid
grasp of these
fundamentals provides
the foundation for
more advanced study.
In this article, we will
explore the key pillars
of fluid mechanics:
fluid properties, fluid
statics, kinematics,
dynamics, dimensional
analysis, and real-
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world applications. By
the end, you will have
a comprehensive
understanding of how
fluids behave and how
these principles shape
modern technology.

BASIC CONCEPTS
AND FLUID
PROPERTIES

Density
and

Specific
Weight

Density (p) is the mass
per unit volume of a
fluid, measured in
kilograms per cubic
meter. Specific weight
(y) is the weight per
unit volume, given by y
= pg, where g is
gravitational

acceleration. These
properties are

fundamental to
calculating buoyant
forces and pressure
distribution in static

fluids. For  gases,
density varies
significantly with
temperature and

pressure, while liquids
are nearly
incompressible under
ordinary conditions.

Viscosity:
Dynamic
and
Kinematic

Viscosity is a measure
of a fluid's resistance
to shear or flow.
Dynamic viscosity (u)
quantifies the internal
friction between fluid
layers; it is expressed
in pascal-seconds
(Pa-s). Kinematic
viscosity (v = u/p)

2 Fluid Mechanics Fundamentals 2026-04-10



Fluid Mechanics Fundamentals 3

represents the ratio of
dynamic viscosity to
density and is useful in
characterizing flow
patterns. Newtonian
fluids, such as water
and air, have constant
viscosity at a given
temperature. Non-
Newtonian fluids, like
ketchup or blood,
exhibit viscosity that
changes with shear

rate, adding
complexity to flow
analysis.

Compress
ibility and
Bulk
Modulus

Compressibility

describes how a fluid's
volume changes under
pressure. The bulk
modulus (K) is the
reciprocal of

compressibility and
indicates the stiffness
of a fluid. Liquids have
high bulk moduli and
are typically treated as
incompressible in most
engineering contexts.
Gases, however, are
highly compressible
and follow the ideal
gas law, making
density a function of
both pressure and
temperature.

Surface
Tension
and
Capillarit
y

Surface tension arises
from cohesive forces at

the liguid-gas
interface, causing
droplets to form

spheres and allowing



insects to walk on
water. Capillarity is the
rise or depression of a
liquid in a narrow tube
due to surface tension
and adhesion. These
effects are significant
in  microfluidics, soil
mechanics, and small-
scale heat transfer
applications.

FLUID STATICS

Pressure
at a Point
and
Pascal’s
Law

In a fluid at rest,
pressure acts equally
in all directions at any
given point. This
principle, known as
Pascal's law, states
that pressure applied

to an enclosed fluid is
transmitted
undiminished
throughout the fluid. It
is the basis for
hydraulic systems used
in car brakes and
heavy machinery. The
variation of pressure
with depth in a static
fluid follows the
hydrostatic equation:
dP/dz = -pg, where z is
the vertical coordinate.

Pressure
Measure
ment
Devices

Manometers and
barometers exploit
hydrostatic pressure
differences to measure
unknown pressures. A
simple U-tube
manometer uses a
liquid column height
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difference to balance
an applied pressure.
Barometers measure
atmospheric pressure
by the height of a
mercury or water
column. These devices
are essential for
calibrating instruments
and monitoring fluid
systems.

Buoyancy
and
Archimed
es’
Principle

Archimedes’ principle
states that a body
immersed in a fluid
experiences an upward
buoyant force equal to
the weight of the
displaced fluid. This
explains why ships
float and balloons rise.

The stability of floating
or submerged objects
depends on the
relative positions of the
center of gravity and
the center of
buoyancy. Engineers
analyze these
conditions to design
stable vessels and
offshore structures.

FLUID KINEMATICS

Lagrangia
n and
Eulerian
Descripti
ons

Fluid kinematics
describes motion
without considering
forces. In the
Lagrangian approach,
we track individual
fluid  particles over



time. In the Eulerian
approach, we observe
fixed points in space
and record how fluid
properties change. The
Eulerian method is
more common in
engineering because it
simplifies analysis of
flow fields, especially
in steady-state
conditions.

Flow
Visualizat
on:
Streamlin
es,
Pathlines,
and

Streaklin
es

Streamlines are
instantaneous curves
tangent to the velocity
vector; they never
cross in steady flow.
Pathlines trace the
actual trajectory of a
particle, while
streaklines show the
positions of all particles
that have passed a
fixed point. In steady
flow, all three coincide,
providing a clear
picture of motion. Flow
visualization using dye
or smoke is a powerful
tool for understanding
complex patterns.

Classifica
tion of
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Flow

» Steady vs.
Unsteady:
Steady flow has
constant
properties at any
point over time;
unsteady flow
varies.

e Uniform vs.
Non-uniform:
Uniform flow has
constant velocity
across a cross-
section; non-
uniform shows
spatial variation.

e Laminar vs.
Turbulent:
Laminar flow is
smooth and
layered, while
turbulent flow is
chaotic with
eddies. The
transition is
governed by the
Reynolds
number.

* Rotational vs.

Irrotational:
Rotational flow
involves vorticity
(fluid particles
spin), whereas
irrotational flow
has no net
rotation.

The Reynolds number
(Re = pVD/u)
determines whether
flow is laminar (Re <
2000) or turbulent (Re
> 4000) in pipes. This
dimensionless number
is one of the most
important concepts in

fluid mechanics
fundamentals, linking
inertial forces to

viscous forces.

FLUID DYNAMICS:
CONSERVATION
LAWS

The




Continuit

y
Equation

The continuity
equation expresses
conservation of mass
in a fluid system. For
steady flow, the mass
flow rate (pAV) remains
constant along a
streamline. For
incompressible  flow,
this simplifies to Ai1V1 =
A2V2, where A is cross-
sectional area and V is
velocity. This
relationship explains
why water speeds up
when flowing through a
narrow pipe.

Bernoulll’
S

Equation

Bernoulli’'s equation
states that along a
streamline, the sum of
pressure energy,
kinetic energy, and
potential energy per
unit volume s
constant: P + Y2pV? +
pgz = constant.
Derived from Newton’s
second law assuming
inviscid, steady,
incompressible flow, it
is a powerful tool for
analyzing flow around
airfoils, through venturi
meters, and from
orifices. The principle
also explains |lift
generation on wings:
faster air over the top
surface reduces
pressure, creating an
upward force.

Energy
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Equation

and Head

LOSS

Real fluids experience
energy losses due to
friction. The steady-
flow energy equation
includes a head loss
term (hL) representing
irreversible dissipation.
Major losses occur in
straight pipes and are
calculated using the
Darcy-Weisbach

equation: hf = f
(L/D)(V?/(29g)), where f
is the friction factor.
Minor losses result
from bends, valves,
and fittings, often
expressed as a loss
coefficient  multiplied
by the velocity head.

Momentu
m
Equation
and
Control
Volume
Analysis

The linear momentum
equation for a control
volume states that the
net force on the fluid
equals the rate of
change of momentum.
This is essential for
calculating forces on
pipe bends, jet
impingement on
blades, and thrust in
rocket nozzles. By
choosing an
appropriate control
volume, engineers can



isolate and solve for
unknown forces
without detailed
knowledge of internal
flow patterns.

DIMENSIONAL
ANALYSIS AND
SIMILITUDE

The
Buckingh
am Pi
Theorem

Dimensional analysis
reduces the number of
variables in a physical
problem by grouping

them into
dimensionless

parameters. The
Buckingham Pi

theorem states that if a
problem involves n

variables and k
fundamental
dimensions (mass,
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length, time,
temperature), then n -
k independent
dimensionless groups
(Pi terms) can be
formed. This technique
is invaluable for
simplifying
experiments and
correlating data.

Key
Dimensio
nless
Numbers

e Reynolds
Number (Re):
ratio of inertial to
viscous forces —
governs flow
regime.

Froude Number
(Fr): ratio of
inertial to
gravitational
forces —
important in free-
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surface flows. APPLICATIONS OF
* Mach Number g yip MECHANICS

(Ma): ratioof ~ FyNDAMENTALS
flow velocity to

d of d .
Tevems  Pipe Flow

compressibility

effects. an d

¢ Euler Number
(Eu): ratio of l
pressure forces H yd ra u | I C
to inertial forces

~ usedin Systems

cavitation
studies. Designing water
e Weber Number distribution networks,
(We): ratio of oil pipelines, and
inertial to surface  cooling systems relies
tension forces —  heavily on the Bernoulli
relevant for equation, friction head
droplets and loss calculations, and
films. pump selection.

Engineers use the
Models must achieve Moody chart to

dynamic similarity with  determine friction
prototypes, meaning  factors as a function of
all Important Reynolds number and
dimensionless numbers  nipe  roughness.
are matched. This ynderstanding whether
allows wind tunnel flow is laminar or
tests on scaled aircraft  tyrpulent directly

models to predict full-  affects pump power
scale performance.
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requirements and
system efficiency.

Open-
Channel
Flow

Rivers, canals, and
drainage channels
involve open-channel
flow where the free
surface is exposed to
atmospheric pressure.
The Manning equation
and Chezy formula

relate flow rate to
channel slope,
roughness, and

geometry. The Froude
number distinguishes
subcritical (Fr < 1) and
supercritical (Fr > 1)
flows, which exhibit
different wave
behaviors and control
structures like weirs
and flumes.

Flow
Measure
ment

Devices such as
Venturi meters, orifice
plates, and pitot tubes
rely on Bernoulli’'s
principle to measure
flow rates.
Anemometers and hot-
wire sensors measure
local velocities.
Accurate flow
measurement is critical
in industrial process
control, environmental
monitoring, and
medical devices like
ventilators.

Hydraulic
Machines
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: Pumps

Turbines

Pumps add energy to
fluids, while turbines
extract energy. Their
performance curves
are analyzed using
affinity laws derived
from dimensional
analysis. Centrifugal
pumps are common for
high-flow, low-head
applications, while
axial-flow pumps
handle large volumes
at low heads. Turbines
in hydroelectric power
plants convert
potential energy into
electricity, leveraging
the same fluid
mechanics
fundamentals.
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Aerodyna
mics and
Hydrodyn
amics

Lift and drag on
aircraft, racing cars,
and ships are predicted
using boundary layer
theory and potential
flow methods. The
Navier-Stokes

equations, though
complex, capture
viscous effects and are
solved numerically
using computational
fluid dynamics (CFD).
Understanding laminar-
turbulent transition
and separation points
helps engineers
optimize shapes for
efficiency and stability.

CONCLUSION

Fluid mechanics



fundamentals provide
the indispensable
language for describing
and predicting the
behavior of liquids and
gases. From the basic
properties of density
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and viscosity to the
powerful conservation
laws of mass, energy,
and momentum, these
principles enable
engineers to design
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