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INTRODUCTION Dr. TRARI Benaissa

i. Foreword

The mechanics of incompressible fluids is a fundamental discipline in energy. It provides the theoretical and
methodological foundations necessary for the analysis and understanding of fluid phenomena, whether the
fluids are at rest or in motion.

This handout has been prepared to serve as a teaching aid for students of physics and energy mechanics and

to facilitate the progressive acquisition of the essential concepts of this discipline.

ii. Course Positioning within the Curriculum

This course is part of the Bachelor's or Master's degree program in Physical Sciences and Mechanics, Civil
Engineering, and related disciplines. It follows courses in Mathematics, General Physics, and
Thermodynamics, and provides an essential foundation for the study of specialized modules. Mastery of the
concepts presented in this course material is required for subsequent advanced courses in compressible fluid

mechanics, particularly aerodynamics.

iii.  Importance of Fluid Mechanics in Engineering Sciences

Incompressible fluid mechanics plays a central role in the training of undergraduate and graduate students
in engineering due to its broad range of applications. It forms the basis for the study of liquid flow in pipes,
channels, hydraulic machines, and industrial installations. It allows for the analysis of pressure, flow rate,
head loss, and the forces exerted by fluids on structures. The fundamental principles derived from it are

essential for the design, operation, and optimization of hydraulic, energy, and environmental systems.

iv.  Links with Related Disciplines

Incompressible fluid mechanics is closely linked to several disciplines within energy sciences. It interacts
with thermodynamics in the study of energy balances of constant-density flows and forms a foundation for
heat transfer by forced or natural convection. It also plays a major role in process engineering, particularly
in the design of fluid transport and mixing equipment. In biomechanics, it allows for the modeling of blood
flow with low compressibility, while in hydraulics and civil engineering, it is essential for the analysis of
pressurized and free-surface flows. These interactions highlight the cross-disciplinary nature of

incompressible fluid mechanics in energy studies.

I ———
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INTRODUCTION Dr. TRARI Benaissa

v. General Organization of the Course Notes

The course notes are structured progressively to facilitate the assimilation of the fundamental concepts of

incompressible fluid mechanics.

It begins with a chapter devoted to general principles and the physical properties of fluids, followed by the
study of the statics of incompressible fluids. The following chapters address the dynamics of incompressible
perfect fluids, then those of incompressible viscous fluids, emphasizing conservation laws, flow regimes,

and practical applications.

Each chapter includes theoretical explanations, illustrative examples, and application exercises that connect
the fundamental concepts to concrete situations encountered in engineering. In addition, a prerequisite test
is provided at the beginning of each chapter to assess the knowledge required for its study, while a final self-

assessment test is available at the end of the chapter.

These assessments are posted online on the Moodle learning platform "https://moodle.univ-
tiaret.dz/my/courses.php", promoting progressive, interactive and autonomous learning, as well as

continuous monitoring of student results.

vi. Course Information

Faculty: Materials Science

Department: Physics

Target audience: Physics and Mechanics at the Bachelot's and Master's Levels
Course Title: Fluid Mechanics 11

Teaching unit: UEF1

Module: 512 Fluid Mechanics 11

Credit: 06

Coefficient: 03

Duration: The course is divided into 2 lectures and 1 classroom activity per week
Teacher: Dr. TRARI Benaissa

Contact mail: b_trari@univ-tiaret.dz

I ———
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Chapter 1 Review of Fluid Mechanics Dr. Benaissa TRARI

I.1. Learning Objectives

At the end of this chapter, students should be able to:

a. Define fluid mechanics and explain its importance in science and engineering applications.
b. Define a fluid and distinguish it from a solid based on its response to shear stress.
c. Explain the continuum hypothesis and discuss its role in the mathematical modeling of fluid flows.
d. Identify and describe the main physical properties of fluids, including:
o density
o viscosity
o mass diffusivity
o thermal conductivity
e. Interpret the physical significance of viscosity, and distinguish between Newtonian and non-
Newtonian fluid behavior.
t. Differentiate between ideal fluids and real fluids, and explain the influence of viscosity on fluid
motion.
g. Distinguish between body forces and surface forces, and identify common examples encountered
in fluid systems.
h. Classify fluid flows according to different physical criteria:
i.  Use appropriate fluid mechanics terminology and notation for the description of basic fluid
phenomena.
j. Develop a physical understanding of fluid behavior as a foundation for the study of fluid statics,

kinematics, and dynamics.

|.2. Context and importance

This first chapter provides an essential introduction to the study of incompressible fluid mechanics. Its
goal is to provide the theoretical and practical foundation needed to comprehend the fluid statics and
dynamics chapters that follow. The theoretical structure that will be used to develop the basic laws

governing fluid behavior is defined by the ideas discussed in this chapter.

The study of the physical properties of incompressible fluids, such as density, viscosity, and pressure, is
essential for accurately describing and modeling flow phenomena. These quantities appear systematically
in the fundamental equations of fluid mechanics and influence the choice of simplifying assumptions
adopted in the analysis of real flows.

I ———
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Chapter I  Review of Fluid Mechanics Dr. Benaissa TRARI
By providing a common foundation of definitions, concepts, and notations, this chapter plays a

structuring role throughout the entire course. It harmonizes the scientific vocabulary used and prepares
students for the rigorous analysis of statics and dynamics problems of incompressible fluids encountered

in engineering and industrial applications.

1.3. Introduction

In this introductory chapter, the basic ideas needed for fluid flow analysis are covered. The theoretical
and practical foundation for comprehending the behavior of fluids at rest and in motion is provided by

fluid mechanics, a fundamental area of continuum mechanics.

A precise definition of a fluid and an analysis of its fundamental physical characteristics are given at
the start of the chapter. The properties that set fluids apart from solids are highlighted, particularly their
capacity to experience continuous deformation when subjected to shear stress. The vast range of flow

behaviors seen in both natural and engineering systems are governed by these intrinsic characteristics.

A central concept developed in this chapter is "viscosity" which is a key idea that measures a fluid's
internal resistance to deformation. There is a thorough discussion of the physical causes of viscosity as
well as the factors that affect it, including temperature and fluid composition. Comprehending viscosity is

crucial for differentiating between various fluid behaviors and simulating actual flows.

The chapter also introduces the basic categorization of fluid flows. Fluid motion can be divided into a

number of complementary categories from a physical and engineering standpoint, such as:

® Depending on whether the fluid is moving or at rest, there are two types of flows: static and
dynamic;

The degree of flow organization and mixing determines whether a flow is laminar or turbulent.
Depending on time dependence, flows can be either steady or unsteady;

Compressible versus incompressible flows based on changes in density;

e @& @& o

Internal versus external flows, based on whether confining boundaries are present;

These classifications offer an organized framework for evaluating fluid behavior and choosing suitable
modeling techniques. Additionally, the distinction between "surface forces" (such as pressure and viscous
stresses, acting on fluid boundaries) and "body forces" (such as gravity, acting throughout the fluid
volume) is introduced. The formulation of the governing equations of fluid motion depends on this

distinction.

The chapter concludes by defining "real viscous fluids" and "ideal inviscid fluids" and introducing the
idea of viscous and inviscid regions within a flow. Understanding the boundaries of theoretical models

and simplifying complicated issues depend on this distinction.
I ———
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Chapter I  Review of Fluid Mechanics Dr. Benaissa TRARI
The reader will have learned the fundamental conceptual knowledge needed to deal with more

complex fluid mechanics topics by the end of this chapter, such as fluid statics, kinematics, and the

dynamics of both ideal and viscous flows.

|.4. The continuous approach's value

In fluid mechanics, matter is considered continuous, that is to say, without discontinuities at the scale of
the problem studied. This hypothesis makes it possible to apply the tools of differential and integral
calculation(Anderson, 1992).

The mathematical description is based on the concept of physical field (velocity, pressure, temperature,

etc.), expressed by partial differential equations.

1.3.1. Mechanics branches

l Mechanics
|

! v

[ Solid Mechanics ] l Fluid Mechanic

v | y

Fluid Statics Fluid Dynamics

I
v v

Incompressible Flow Compressible Flow
Hydrodynamics Gas dynamics
p~constant p~variable

Fig.I.1 Mechanics Branches

I ———
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Chapter I  Review of Fluid Mechanics Dr. Benaissa TRARI

1.3.2. Fluid mechanics branches

It is a branch of continuous mechanics which deals with the relationship between forces, motions, and

statical conditions in continuous material (Genick Bar—Meir, 2013)

[ i ]

A

Air, He, Ar, Water, Oils, Laminar Viscous  Steady  Compressible
O,.... Blood.... urltulent Inviscid Unsteady Incompressible

|

\ Stability Pressure Buoyanc;i

Compressiblity . nsity Surface

Viscosity Tension
Vapor
\ Presssure }
\/
[ INTRODUCTION } FLUID STATICS [ FLUID DYNAMICS ]

Fig.I.2 Fluid Mechanics branches (Song, 2018)

1.3.3. Fluid
The fluid is mainly divided into two categories: liquids and gases.
The main difference between the liquids and gases state is that gas can occupy the whole volume while

liquids have an almost fix volume.

As shown in Figure 1.3, the liquid occupies the same volume in each container but changes its shape to
conform to that of the container, forming an interface with liquid vapor above. The gas expands to

completely fill the larger container—its volume is not fixed, and no interface is present.

Liguid Gas

(A) (B}

Fig.1.3 Differences in characteristics of liquids and gases(Poling ct al., 2001).

(A) A liquid takes the shape of its container but retains a constant volume.

DR. BENAISSA TRARI FLUID MECHANICS II 13



Chapter I  Review of Fluid Mechanics Dr. Benaissa TRARI
(B) A gas not only takes the shape of its container but expands or contracts to completely fill a container

of any shape.
A fundamental distinction is also essential between gas and vapor (Pascal, 2020):

A gas is a fluid that remains in the gas phase under the usual conditions and can be modeled by the state

equation of perfect gases.

A vapor, on the other hand, is a fluid close to the liquid phase, which can change state under the effect of

variations in pressure or temperature.

Another distinction between liquids and gases is their compressibility, which main that the same weight on
the piston compresses the gas into a substantially smaller volume than that occupied by the liquid under

similar conditions. We conclude that all gases are far easier to compress than any liquid.

Weight

T,

4 4 Weight
Molecular Maolecular

spacing docsn’t spacing changes
cll.'mgc in e Gas mgnlﬁ::mtl}' \“""--:::'_“
a liguid ina gas
Gas
(A} — (B) ~— S

Fig.I.4 Differences in the compressibility of liquids and gases(Poling ct al., 2001)

(A) The molecular spacing between liquid molecules is not changed appreciably when a weight is applied to
the piston.

(B) In contrast, the same weight on the piston will cause a significant change (decrease) in the spacing

between gas molecules.

Fig.I.5 Coffee foam is a mixture of gas bubbles in a liquid.
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Chapter I  Review of Fluid Mechanics Dr. Benaissa TRARI
|.4. Continuum hypothesis

We are all familiar with fluids the most common being air and water and we experience them as being
"smooth," i.e., as being a continuous medium. 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.

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

Thus, fluid properties such as density, temperature, velocity, and so on, are considered to be continuous
functions of position and time, defined as mass per unit volume. To determine the density at point, we must

select a small volume, AV, surrounding the point and then determine the ratio Am/AV.

When the measuring volume AJ4is very small (approaching zero), the number of molecules in the volume
will vary with time because of the random nature of molecular motion. (Elger et al., 2020)
The density at a "point" is then defined as:

_ Am

P L.y

The limiting volume AJ~ is about 10~ mm” for all liquids and for gases at atmospheric pressure.(F'ox et al.,

2020). Fluids are aggregations of molecules, widely spaced for a gas, closely spaced for a liquid(White, 2008).

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(Cengel & Cimbala, 2017). 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.,

I.5. Characteristics of fluid medium
Various properties of fluids which to some extent permit us to distinguish one fluid from another, and they
allow us to make estimates of physical behavior of any specific fluid.
There are two main classes of properties to consider:
& Transport properties
& and (other, general) physical properties.
We will begin by considering three basic transport properties, namely viscosity, thermal conductivity and
mass diffusivity(McDonough, 2009).

I ———
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Chapter I  Review of Fluid Mechanics Dr. Benaissa TRARI
I.5.1. Viscosity

Most fluids offer some resistance to motion, and we call this resistance “viscosity.” Viscosity arises when
there is relative motion between layers of the fluid.

More precisely, it measures resistance to flow arising due to the internal friction between the fluid layers as
they slip past one another when fluid flows.

Viscosity can also be thought of as a measure of a fluid’s thickness or its resistance to objects passing through
it.

The viscosity corresponds to the resistance of the fluid towards its moving. It is a response to a shear

=3 —

. F . v .
constraint: —, the ratio: - represents the speed gradient.

A

Fig.I.6 Schematics to describe the shear stress in fluid mechanics (MARCHESSE, 2019).

Represented by the symbol p‘“eta”. where p is a constant known as the coefficient of dynamic viscosity It

is positive and is expressed in the international system in Poise .

7 :Shear stress: f_A

Strain rate % (12)

It’s the ratio of the shearing stress (f/A) to the strain rate (dv/dx)

I.5.2. Dynamic viscosity

The proportionality factor 7 is the dynamic viscosity coefficient of fluid and the relationship between the

slip force f and 7 is given by:

dv
_ 3
F = y.de (L3)

Observation: from the equation 1.3, we conclude that “when the viscosity increases, the capacity of the

fluid to flow decreases”.

I ———
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Chapter I  Review of Fluid Mechanics Dr. Benaissa TRARI

1.5.3. Kinematic Viscosity

The cinematic viscosity coefficient is the relationship of dynamic viscosity on the density:

v ="/ [m?/s] (14

Common unit used is the stoke (St) = [cm?/s]

SI unit of viscosity is the Pascal second [Pa.s], A common unit is the poise[P] where 1 Pa.s = 10P

1

1Pa.s=1kgm 1 st

1.5.4. Newton’s formula for Coefficient of Viscosity

Newton’s law of viscosity states that “Shear stress (Tangential pressure) is directly proportional to Velocity

gradient” Boundary plate (2D, moving) Velocity, U Shear stress (T) Gradient fluid Boundary plate (2D,

stationary)
Boundary Flow of a viscous fluid plate moving with speed v
oT e
plate (2D, ) P
; high speed 2
movingl > Velocity, U , igh spee
hgay stress (1) I :
1 o linear velocity
Gradient o X L 47 gradient
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Fig.I.7 Schematics to describe the shear stress in fluid mechanics(Genick Bar—Meir, 2013)
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Fig.1.8 Dependance of Viscosity with temperature (Papanastasiou et al., 2021a)

Figure 1.8 shows that Viscosity tends to decrease when the temperature increases.
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Table I.1: Some dynamic viscosities # and kinematics v at 20°C et P = latm

FLUID AIR WATER GLYCERIN  GREASE
u [Pa.s] 18.107° 1.1073 0.870 103
v[m?/s] 15.107° 1.107° 635.107° 1

Observation: Viscous friction always involves energy dissipation

1.5.5. Thermal conductivity k
It is a measure of the ability of a material to conduct heat

q=—kVT (L5)

For conduction heat transfer in the x-direction through a surface normal to the x-direction, as a scalar

equation:

dTr
g =k 6

The minus sign satisfies the convention that heat flux is positive in the direction of decreasing temperature.

Thermal conductivity k[W/m.k ] is a measure of its ability to conduct heat, depends on material type,

temperature, pressure among other factors.

1.5.6. Mass diffusivity

Mass diffusivity, often denoted as D or Dy, refers to the rate at which particles or molecules of a substance
spread out within another substance, typically in a fluid medium. Diffusion is the spread of gases, liquids,
ot solids from areas of high concentration to areas of low concentration.

The diffusion coefficient for solids tends to be much lower than the diffusion coefficient for liquids and
gasses.

Mass diffusivity is influenced by several factors, including temperature, pressure, and the properties of the
diffusing substance and the medium. It is commonly determined experimentally or estimated using
theoretical models and correlations.

It is an essential parameter for analyzing and predicting the rates of diffusion and transport of species in
different systems and understanding how they mix or disperse over time.
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The most widely used model to describe mass diffusion is Fick's Law of Diffusion (Paul et al., 2014).

J ==D(dC/ dx) (1.7)

Where:
& Jis the diffusion flux (mol/m?:s), representing the rate of diffusion.
4 D is the mass diffusivity (m?/s), which quantifies how easily a substance diffuses.

4 dC/dx is the concentration gradient (mol/m?® m), indicating how the concentration of the

diffusing substance changes over distance.

The negative sign indicates that the flux is directed from high to low concentration.
Mass diffusivity plays a critical role in various scientific and industrial applications such as:
Chemical Engineering; Pharmaceutical Industry; Biological Systems; Environmental Science; Material

Science(Ogunsona et al., 2018)

|.6.Body Forces vs surface forces

Understanding the various forces acting on fluid particles is essential when studying fluid mechanics. Every
fluid particle has the potential to:
& Surface forces (pressure, friction, viscous) that are generated by contact with other particles or a
solid surface;
& and body forces (such as gravity and electromagnetic) acting on the masses within the control
volume.
Surface forces on a fluid particle leads to stresses, which is useful for describing how forces acting on the

boundaries of a medium (fluid or solid) are transmitted throughout the medium.

1.7. ldeal fluid vs Real fluid

An ideal fluid is a theoretical concept. We define it as a fluid that is both incompressible and non-viscous.

This means a few key things(Chanson, 2009):

& Incompressible: Its volume doesn’t change under pressure. Think of trying to squeeze a balloon
filled with water — it’s really hard! Ideal fluids behave similarly.

4 Non-viscous: It has no internal friction. Imagine pouring honey versus water; honey is more
viscous. An ideal fluid would flow without any of this resistance.

# Infinite Bulk Modulus: This means it takes an infinite amount of pressure to compress it.

#® No Surface Tension: Surface tension is what allows water droplets to form. Ideal fluids don’t
have this property.

# No Resistance to Shear or Tensile Forces: Ideal fluids can’t resist internal forces that try to
deform or pull them apart.
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It’s important to note: Ideal fluids are imaginary and don’t exist in nature. They are simply a useful

simplification for theoretical calculations. They exhibit smooth, laminar flow, which is depicted below:

Fm—.

o R

| » »

\ L - ;

- > >

v . !

I I =ccutlll

Pipe Ideal Flow | Real Flow
Ideal Real

Friction =0 0
viscosity u=20 u+0
Energy loss =0 =0

Fig.I.9 Velocity distribution of pipe flow

Real fluids possess properties that ideal fluids lack:

4 Compressible: Their volume can change under pressure. While liquids are not as easily
compressible as gases, they are still compressible to some extent.

6 Viscous: They have internal friction, meaning they resist flow. This is why some fluids move
more slowly than others.

¢  Surface Tension: Real fluids exhibit surface tension.
4 Friction Effects: Real fluids experience friction as they move and interact with surfaces.

¢ Turbulent Flow: Real fluids often exhibit turbulent flow, which is chaotic and less predictable,
unlike the smooth flow of ideal fluids.

Examples of real fluids are everywhere: kerosene, petrol, and even castor oil.
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1n.1. Learning Objectives

After completing this chapter, you should be able to:

® Determine the pressure at various locations in a fluid at rest.

# Explain the concept of manometers and apply appropriate equations to determine pressures.
& Calculate the hydrostatic pressure force on a plane or curved submerged surface.
&

Calculate the buoyant force and discuss the stability of floating or submerged objects.

11.2. Introduction

The area of fluid mechanics that deals with fluids at rest and the forces they exert on their surroundings is
called fluid statics, or hydrostatics. Static fluids may seem simple, but their behavior is governed by
fundamental principles that have a wide range of applications in the physical sciences and engineering.
All shear stresses disappear in a fluid at rest, leaving only normal stresses—related to pressure—acting on
fluid elements. Consequently, the primary variable in fluid statics becomes pressure. Analyzing a range of
systems, from straightforward containers to intricate hydraulic structures, requires an understanding of how

pressure changes within a fluid and how it is transmitted.

The definition of pressure and its physical interpretation as a scalar field acting isotopically in all
directions are covered at the beginning of this chapter. Next, the fundamental law of fluid statics is
established, which links changes in pressure to the forces of the body acting on the fluid, particularly
gravity. The hydrostatic pressure distribution, which explains how pressure rises with depth in a fluid
under gravitational equilibrium, is derived as a result.

Common tools like piezometers and manometers are also used to introduce the idea of pressure
measurement. These devices are crucial for both industrial and laboratory applications and offer useful

techniques for measuring pressure differences.

The examination of the forces that fluids apply to submerged surfaces takes up a large portion of the
chapter. The resulting hydrostatic force and its application point, referred to as the center of pressure, can
be found by integrating the pressure distribution across a surface. The design and analysis of structures
like tanks, gates, dams, and underwater surfaces depend on these ideas.

Archimedes' principle, which asserts that a body submerged in a fluid experience an upward force equal to
the weight of the displaced fluid, is then used to analyze the buoyancy principle. With applications ranging
from ship design to offshore structures, this principle serves as the foundation for comprehending the

stability and equilibrium of floating and submerged bodies.

I ———
DR. BENAISSA TRARI FLUID MECHANICS II 22



Chapter 11 FLUID STATICS DR. Benaissa TRARI

Throughout the chapter, emphasis is placed on the physical interpretation of the results and their
relevance to engineering practice. Although the governing equations are relatively simple compared to
those of fluid dynamics, their correct application requires a clear understanding of pressure distribution

and force balance.

By the end of this chapter, the reader will be able to calculate pressure changes, assess hydrostatic
forces, analyze fluid systems at rest, and apply buoyancy concepts to real-world issues. These ideas serve

as an essential basis for the study of fluid motion and dynamics that follows.

11.3. Fluid statics

Fluid statics is concerned with the balance of forces which stabilize fluids at rest. In the case of a liquid, as
the pressure largely changes according to its height, it is necessary to take its depth into account.
Furthermore, even in the case of relative rest (e.g., the case where the fluid is stable relative to its vessel even
when the vessel is rotating at high speed), the fluid can be regarded as being at rest if the fluid movement is

observed in terms of coordinates fixed upon the vessel(Nakayama, 2018)

I.4. Pressure

The term pressure refers to the normal force per unit area at a specific point acting on a specific plane
within the fluid mass of interest.

I1.4.1.Unit of pressure

The pressure unit pascal is too small for most pressures encountered in practice. Therefore, its multiples
kilopascal (1 kPa = 103 Pa) and Mega Pascal (1 MPa = 10° Pa) are commonly used. Three other pressure
units commonly used in practice, especially in Europe, are bar, standard atmosphere, and kilogram- force

per square centimeter:
1 bar = 10° Pa = 0.1 MPa = 100 kPa
1 atm = 101.325 Pa = 1.01325 bars
1 kgf/cm? = 9.807 N/cm? = 9.807 X 104 N/m? = 9.807 X 10* Pa= 0.9807 bar = 0.9679 atm
Note the pressure units bar, atm, and kgf/cm? are almost equivalent to each other(Cengel & Cimbala,
2017).
I1.4.2. Measurement of Pressure

Pressure measured relative to atmospheric pressure is called gauge pressure; it is what a gauge measures
if the gauge reads zero before being used to measure the pressure. Absolute pressure is zero in a volume
that is void of molecules, an ideal vacuum. (Potter & Wiggert, 2021)
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Absolute pressure is related to gauge pressure by the equation:

gauge pressure = absolute pressure - atmospheric pressure l

»

where atmospheric pressure is the atmospheric pressure at the location where the pressure measurement is

made; this atmospheric pressure varies considerably with elevation as shown in figure 1.1

Differential

A A Pressure

— Pressure of System

Gauge
Pressure
Absolute
Pressure

Differential
Pressure

Atmospheric
Pressure

Vacuum

Fig.II.1 Graphical representation of gage and absolute pressure (Higham & Paros, 2003)

Absolute pressures are always positive, but gauge pressures can be either positive or negative depending
on whether the pressure is above atmospheric pressure (a positive value) or below atmospheric pressure (a

negative value). A negative gauge pressure is also referred to as a suction or vacuum pressure.

For example, 68, 947 kPa (abs) could be expressed as -32.405 kPa (gage), if the local atmospheric
pressure is 101.353 kPa, or alternatively 32.405 kPa suction or 32.405 kPa vacuum.(Munson et al., 2013)

I1.4.3. Characteristics of pressure
The pressure has the following three characteristics.
1. The pressure of a fluid always acts perpendicular to the wall in contact with the fluid.

2. The values of the pressure acting at any point in a fluid at rest are equal regardless of its direction.

I ———
DR. BENAISSA TRARI FLUID MECHANICS II 24



Chapter 11 FLUID STATICS DR. Benaissa TRARI

C
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pPr—d4; dA
dd, 4
A bt B
P2

Fig.I1.4 Pressure acting on a minute triangular prism (Cuneyt, 2012)

I1.4.4. Variation of Pressure with Depth

Pressure in a fluid increase 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 (figure.I1.4).

Consider a rectangular fluid element of height Az, length Ax, and unit depth (Ay = 1 into the page) in
equilibrium. Assuming the density of the fluid p to be constant, a force balance in the vertical z-direction

gives: v

Fig.IL.5 Pressure of a fluid at rest(Cengel & Cimbala, 2019)
1.2
Z F,=m.a,=0 I1.2)

P1Ax Ay — P2Ax Ay — pgAx Ay Az = 0 (IL.3)

where p g Ax Ay Az = mg is the weight of the fluid element and 4z = z, — z;
Dividing by Ax Ay and rearranging gives

AP = P2 — Pl = —pgdz = —(ys) Az (11.4)
Where Y is the specific weight of the fluid

A relation for the variation of pressure with elevation can be obtained by dividing Eq. IL.4.by 4z, and taking

the limit as Az — 0. These yields

dp
— _ 1.5
dz Py (L)
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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

2
AP=P2—P1=—fpgdz (11.6)
1
11.5. Fundamental Principal of Hydrostatic

To integrate the above equation to get p(z) we need to know how do p and g change with z.

& It’s safe to consider g~ Cste. At sea level it is 9.807m/s* and at 14 km altitude it is 9.764 m/s>

Fig.II.6 Variation of pressure with elevation

o Also, for simplicity let’s consider constant density (incompressible fluid).

If pg is constant dp/dz = —pg can be integrated to give:

p + pgz = constant (IL.7)
p1+pgZy = p2 + pgZ; (IL8)
P2 =p1 +pg (Z1-23) (IL.9)
Py =Py + pgh (IL.10)

11.5.1. Pascal’s law

As long as we remain in the same continuous fluid and the fluid is at rest, Pascal's law enables us to "jump"
between fluid columns in manometers without worrying about pressure changes. The pressure at any
location can therefore be calculated by adding or removing pgh terms as we move closer to the point of
interest, starting from a point of known pressure. For instance, the pressure at the bottom of the tank in
Figure.Il.7 can be calculated by starting at the free surface, where the pressure is Pgyqp, descending until we

reach point 1 at the bottom, and then setting the result to P;.
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Fig.IL.7 An apparatus containing various non-mixed fluids.

It gives:

Dun t LM+ P8l +prghy =P (IL.11)

11.6. Manometers

11.6.1.Barometer

In 1643 Toricelli demonstrated that atmospheric pressure can be measured using a mercury
barometer. Greek word “baros” means weight.
The mercury barometer is an example of one type of manometer, but there are many other configurations
possible depending on the particular application.
The pressure at point B in figure I1.8 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:

Dum = PG L1z

Vacuum

\ s [

Gy [

Fig.I1.8 The basic barometer pressure

DR. BENAISSA TRARI FLUID MECHANICS 11 27



Chapter 11 FLUID STATICS DR. Benaissa TRARI

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.

Fig.I1.9 Mercury barometer

Atmospheric pressure is usually measured with a mercury barometer, which in its simplest form consists of

a glass tube closed at one end with the open end immersed in a container of mercury as shown in figure.I1.9.

The tube is initially filled with mercury linverted with its open end up2 and then turned upside down (open
end down), with the open end in the container of mercury. The column of mercury will come to an
equilibrium position where its weight plus the force due to the vapor pressure (which develops in the space

above the column) balances the force due to the atmospheric pressure.

Patm — Yh + pvapor (H'13)

where Y is the specific weight of mercury. For most practical purposes the contribution of the vapor pressure
can be neglected since it is very small [for mercury, the fluid most commonly used in barometers,
Pvapor =344,7380 kPa (abs) at a temperature of 20°C], so that it is conventional to specify atmospheric
pressure in terms of the height, h, in millimeters or inches of mercury. Note that if water were used instead
of mercury, the height of the column would have to be approximately 34 ft (10363 mm) rather than 29.9 in
(759.46 mm) of mercury for an atmospheric pressure of 14.7 psia (101.353 kPa)!

This is shown to scale in the figure in the margin. The concept of the mercury barometer is an old one, with

the invention of this device attributed to Evangelista Torricelli in about 1644.

I1.6.2. Manometer

A manometer is an instrument that uses a column of liquid to measure pressure, rather than using a pressure

gage.

Manometers are used to measure pressure differences using liquid columns in tubes.
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Working principles are:
& any two points at the same elevation in a continuous liquid have the same pressure.

& pressure increases as pgh as one goes down in a liquid column.

B
_ |
h A f
2]
Pa = Patm T Pgh Pa+ pgh=Dpc = Parm pa + p1ghi=pc=pp = pp + p3ghs+p,gh, Dps +pghsinb =p,
Fig.I1.10 Measuring Pressure with Manometers(Ciineyt, 2012)
1.7. Buoyancy

11.7.1.Archimedes’ Principle

A body wholly or partially immersed in a fluid will experience a buoyant force equal to the weight of the

fluid displaced.

r o iy

Fig.I1.11 The Buoyancy Apparatus(Graf, 2004)
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The buoyant force is caused by the increase of pressure with depth in a fluid.
The buoyant force acting on a body 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

Pg = Pq (no lateral force)

Pp = Pn + pgh (force directed upwards)

B = (pp — pn)A = pghd = pgV (I1.14)

B = Archimedes' thrust = the fluid's weight that the object is displacing.

Fpren = Fgramt

FArch:pfluide -Vliqu immerg- 9= pCorps-Vimmerg- g

Fg =W
(I1.15)
pngSub = pavg.bodygVTotal
£ p
Sub — avg.body (H.16)
VTotal pf
B= *szu.idVg
A
| _Buoancy
Body | _-="" | Center
Center| —  ~ "= {

Fg = pcorpng

Fig.I1.12 Forces acting on immersed body

Therefore, the submerged volume fraction of a floating body is equal to the ratio of the average density of
the body to the density of the fluid. Note that when the density ratio is equal to or greater than one, the

floating body becomes completely submerged.
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Floating
v Fluid

Suspended body
(neutrally buoyant)

I

Sinking
>
Pr -~ body

Fig.I1.13 Influence of density on immersion
A solid body dropped into a fluid will sink, float, or remain at rest at any point in the fluid, depending on

its average density relative to the density of the fluid.

I1.7.2.Center of gravity and buoyancy
4 Center of Gravity (COG) of any object can be defined as the theoretical point at which the object’s

total weight is assumed to be concentrated due to the presence of gravitational forces.

& Center of buoyancy (COB) can be defined as the theoretical center of the immersed part of an

object where the upward buoyant forces act on

buoyant center of
force volume

water surface

center of
mass

weight

Fig.II1.14 Center of gravity and buoyancy

I1.7.3. Stability of Immersed Bodies
The stability of an immersed body depends on the relative locations of the center of gravity G of the body

and the center of buoyancy B that is the centroid of the displaced volume.
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Fluid

Weight
(a) Stable (b) Neutrally stable (c) Unstable

Fig.II.15 Stability of immersed bodies cases
a) 'The body is stable if the body is bottom heady (G below B); A disturbance produces restoring
moment to return the body to its original stable position (E.g., submarines or hot-air balloons)
b) Bodies of homogeneous density are neutrally stable, for which G and B coincide.
¢) The body is unstable if G is directly above B; any disturbance will cause this body to turn upside

down.
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11.8. Problems Set
Exercise N°1:

The figure below represents an open tank, equipped with two open piezometric tubes and filled with two
immiscible liquids A and B.

Find: ‘2

1) The elevation Z A of the liquid surface in piezometer A, 2m === __‘f —==== |}

2) The elevation Z B of the liquid surface in piezometer B, S

3) The total pressute P C (in bar) at the bottom of the tank. i

NB: SG is specific gravity (density) (58 =072) |
ol

03m
Liquid B
(sg. = 236)
.Om

Solution:

a) Liquid A will simply rise in piezometer 4 to the same elevation as liquid 4 in the tank (i.e., to

elevation 2 m).

b) Liquid B will rise in piezometer B to elevation 0.3 m (as a result of the pressure exerted by liquid
B) plus an additional amount as a result of the overlying pressure of liquid A.

The overlying pressure can be determined by:
p =yh =[(0.72)(9.79)](2 — 0.3) = 11.98 kN/m”.

The height liquid B will rise in piezometer B as a result of the overlying pressure of liquid .4 can be
determined by

h=p/y = 11.98/[(2.36)(9.79)] = 0.519 m.

Hence, liquid B will rise in piezometer B to an elevation of 0.3 m + 0.519 m, or 0.819 m.

Exercise N°2 :

The closed tank in figure below is at 20°C. if the pressure at point A

3 —
n
[+ ]
=
&
]

is 98 Kpa, what is the absolute pressure at point B? what percent

1

error results from neglecting the specific weight of the air?

pair =1.2041 kg /m? at 20°C z <

-3
k-
g
o g‘

Pwater=998.29 kg/m3 at 20°C.
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Solution :

PatYairhac — Yuzohoc — Yairhps = D5

98 + (0.0118)(5) — (9.790)(5 — 3) — (0.0118)(3) = py = 78.444 kPa.
Neglecting air,
pp = 98 — (9.790)(5 — 3) = 78.420 kPa;
etror = (78.444 — 78.420)/78.444 = 0.00031, or 0.031%.

Exercise N°3: -

Ce

The system in the figure is at 20°C. If the pressure at point A is 138.8527 4ft 3ft

B
kPa, determine the pressure at point B, C and D. 14%" =

11l 4]
[ 9
B

pAir=1.2041 kg/m3 at 20°C 5ft

pWater=998.29 kg/m3at 20°C 6t ' v

NB: 1 ft = 30.48 cm. Water D 21t
.

Solution

ps = 2900 + (62.4)(4 — 3) = 2838 Ib/ft?

Pp = 2900 + (62.4)(6) = 3274 Ib/ft*
pe = 2900 + (62.4)(6 — 2) — (0.075)(5 + 3) = 3149 Ib/f”

Exercise N°4:

Calculate the pressure, in kPa, at A, B, C, and D.

|
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Solution :
pa = —(0.4 4+ 0.4)(9.790) = —7.832 kPa;
pg = (0.5)(9.790) = 4.895 kPa;
Neglecting air, pc = pp = 4.895 kPa;
pp = 4.895 4+ (0.9)(9.790)(1 + 0.5 + 0.4) = 21.636 kPa

Exercise N°5: Elev.6 m
. o Elev. 5 m Air pressure = 30kPa
A manometer is attached to a tank containing three ===
different fluids, as shown in the figure. What will be the
difference in elevation of the mercury column in the {-’il .
s.g. = 0.
manometet?
Elev.2m -
Water
Elev.0m
. 1.00
Solution: o0 m

Mercury
(s.g. = 13.6)

30 +[(0.82)(9.79)](5 — 2) + (9.79)(2 — 0) + (9.79)(1.00) — [(13.6)(9.79)]y = 0
Soy = 0.627m

Exercise N°6

Ice at -10°C has a density pjce= 995 kg/m3. A spherical iceberg of 1000 tones float on the sutface of the
water. Sea water has a density p= 1025 kg/m3

Required work:

1) Determine the fraction F of the submerged volume?

2) What will F be if the ice had a cubic shape? (D 2 iy
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Solution:
Given

® Mass m = 1000tonnes =1 X 10%kg

& Density of ice pi. = 995 kg/m3

& Density of sea water py, = 1025 kg/m3
1) Fraction Fof the submerged volume

For a floating body at equilibrium the fraction submerged is

_ Vdisplaced _ Pice
Vtotal Psw

So F =22 -0.9707317 ... ~ 0.9707.
1025

As a percentage: F' & 97.07%of the iceberg's volume is submerged.
What if the ice had a cubic shape?

The submerged fraction for a floating object depends only on densities (not on shape), so the fraction Fis
the same:

Fo. =2 — 09707 ~ 97.07%)

cube
sw

Exercise N°7

A block of parallelepiped steel floats at a water-mercury interface as shown below.
We note dAand dM the respective densities of steel and mercury

1) Calculate the ratio of distances b/a.

2) Digital application : d4 = 7,85 and dy; = 13.

Steel A

Mercury
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Solution

Given

A steel block (density dy) floats at the interface between water (density dy,) and mercury (density dy).
e Partimmersed in water: height a
e Partimmersed in mercury: height b
e Total immersed height = a + b

Principle

For equilibrium, the weight of the block equals the sum of buoyant forces from water and mercury:

Weight of block = Buoyant force (water) + Buoyant force (mercury)
Express mathematically
If the block has cross-sectional area S:

dsg.S(a+b) =dyg.S.-a+dyg.S.b

dA(a + b) == dW.a + dM b

Simplify to find =
daa + dsb = dya + dyb
(da —dw)a = (dy —da)b

b dy—dy
a  dy—d,
Numerical application
v dy =1
4 dy=7.85
b dy =13

b 785-1 685
Then: -= =—=1.33
a 13-7.85 5.15

Final Results: b_ 1.33

a

That means the part of the block submerged in mercury is about 1.33 times higher than the part

submerged in water.
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I1l.1. Prerequisite Knowledge
Students should already know:

Mathematics
. . af . .
6 Basic derivatives: —, bartial derivatives

4 Notions of gradient and spatial variation of scalar and vector fields
4 Tunctions of several variables and partial derivatives.
L}

Simple integrals

Physics
4 Notions of gradient and spatial variation of scalar and vector fields
4 Basic kinematics (velocity, acceleration)

4 Pressure concept (no fluid mechanics background needed)

11.2. Introduction

Fluid kinematics aims to describe the evolution of a fluid medium in space-time independently of
the causes and laws that govern it. Therefore, without considering the forces at their source, we will
concentrate on the motion of fluids with respect to time in this chapter.

We first begin by defining a "fluid particle" (or, more broadly, a "continuous medium particle" for
any continuous medium). The motion of this small volume of "labeled" matter is what we "follow."
To this fluid particle, we associate kinematic quantities (position, velocity, acceleration) and thermodynamic
quantities (density, temperature, pressure, etc.).

The study of fluid motion without direct reference to forces—plays a crucial role in the efficient
design, operation, and safety of piping systems, ventilation, pumps and turbines, and heat exchangers.

Example: In industrial piping for chemical plants, knowing the velocity profile prevents erosion of
the pipe walls and ensures safe transport of reactive fluids, by determining the critical flow velocity and
understand mechanisms of the phenomenon so that it can be used for proper applications(Fannel6p, 2013;

Wang & Zheng, 2021) .
I.3. Description of Fluid Motion

1.3.1. Velocity field

When we describe the flow of a fluid like water, we may think of the movement of individual particles.
These particles interact with each other through forces. We could then apply our laws of motion to each
individual particle in the fluid but because the number of particles is very large, this would be an extremely

difficult computation problem.
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Instead, we shall begin by mathematically describing the state of moving fluid by specifying the velocity
of the fluid at each point in space and at each instant in time.

In mathematics and physics, a scalar is a quantity that only has magnitude (size), while a vector has
both magnitude and direction.

& Scalar quantities include pure numbers, pressure, temperature and energy.

& Vector quantities include velocity, acceleration, momentum, and forces.

So, we define the velocity field as a vector field variable.

Pressure field P= P(x Y,z t)

Velocity field 7 V(x v,z t)

The velocity field can be expressed in Cartesian coordinates as follows:

V(u,v, w) = u(x,y,z,t);+ v(x,y,z,t)}' + w(x,y,z,t)l; (1I1.1)

1.4, Lagrangian and Eulerian Description

There are two general approaches in analyzing fluid mechanics problems(Dourmashkin, 2014;
Munson et al., 2013). The first method, called the Eulerian method. In this case, the fluid motion is given
by completely prescribing the necessary properties (pressure, density, velocity, etc.) 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 through those points.

The second method, called the Lagrangian method, involves following individual fluid particles as
they move about and determining how the fluid properties associated with these particles change as a

function of time.

In.4.1. Lagrangian approach
The Lagrangian approach involves keeping track of the position vector Xg, X7.....of each object as shown

in figure V.1 and the velocity vector of each object V(;, V—l) ..., as functions of time(BERIACHLE, 2019).
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P(t,)._FPathline

Fig.III.1 Movement of a fluid particle over time

1n.4.2. Concept of path line

This leads to the definition of the "path line" of a fluid particle “P”: it is the set of positions successively

occupied by the same particle. It is therefore a video of a chosen particle in the flow.

11.4.3. Eulerian approach

Unlike the Lagrangian description, where particles are identified, the Eulerian description consists of fixing
an observation point x in space and recording over time the velocity of the fluid particles passing by this
point.

Euler's point of view is more convenient for the experimenter, because one places oneself at a point M (x,

y, z) of the fluid and studies the variations of physical quantities (for example, velocity) at different times.

Fa Streamline
att- ¢,

Fig.III.2 Streamline concept

I.4.4. Concept of streamline

A streamline is a line which smoothly connects velocity vectors at an instance in time. In other
words, an image of the flow characterized by streamlines is like a snapshot of the flow at one moment in

time.
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I1.5. Advantages of Eulerian approach

In fluid mechanics it is usually easier to use the Eulerian method to describe a flow in either experimental
or analytical investigations(Bellakhal, 2015).

& Lagrangian information concerns the nature and behavior of fluid parcels.

& Eulerian information concerns fields, i.e., properties like velocity, pressure and temperature that

vary in time and space.

For example, suppose an apple falls from a tree. Newton taught us to describe the height and velocity
of the apple as functions of time. This is a Lagrangian description.

We could define this event as the "applicability" as (1) at the points in space and time occupied by the
apple and (0) everywhere else, then try to formulate a differential equation for it in order to describe it in

terms of Eulerian fields.

In.6. Path line and Streamline equation
In.6.1. Path line equation
The differential parametric equations of the trajectories are given by:

(dx _

J T u(x,y,zt)
dy
E = V( X,¥,2, t) (IIIZ)
dz
i w(x,y,21)

In these equations, time has become a variable
Example: At a point M (x, y), the fluid velocity is: V = (kx, ky)

Determine the path line equations of the particle.

Response: dx I )
Path line equation dt =u=kx > kdt

dy dy

—=v=k — = kdt

dt Y dy
So %:% ;f%: f% d’oﬁLny:Lnx-i-LnC;y: elnx oglnc — A ¢
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1n.6.2. Stream line Equation

Streamline Equation: With respect to an orthonormal coordinate system, the differential equation of any

streamline is written:
dx _ dy _ dz
u(x,y,zt) - v(x,Vy,7t) B w(x,Vy,zt)

(I11.3)

with t fixed.

U x,y,2,t), V (XY, z t) et w (X, Y, Z, t) are the velocity components in the considered coordinate system.

u=2x—3z
Example: Determine the equations of the streamline network: V v=0
w = 3x — 2z
We have v=0; So, the flow lies in the Oxz plane.
dx _  dz
2xX—37 - 3x—-27

Which gives (3x — 2z).dx = (2x — 3z).dz; then 3x.dx — 2d. (xz) + 3zdz =0

Therefore:

Finally: %XZ +: %ZZ — 2x7 = Cste

11.7. Deformation of Fluid Elements

A crucial classification of fluid flow involves determining whether the flow is in translation,
rotational or irrotational. This distinction plays an important role in many applications, such as fluid

dynamics, aerodynamics, and hydrodynamics.

H.7.1. Translation
o |
— : 1 Fluid element moves No Deformation Just movement
SR 3
1.7.2. Rotation (vorticity)
Q N \,3 Fluid element rotate No Deformation Just movement
& A
B
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11.7.3. Deformation (strain rates)
—_— s
== '
i' ']
i , ‘ 1‘ Shear Strain Deformation
!
.=
- —

Shear strain rate can be mathematically defined as in Cartesian coordinates the partial derivative of the
velocity components along the principal axes:
ou ov

_I_

=t — 114
5y ox (5

7
Where:
u = velocity component along the x directions [m/s]

v = velocity component along the y directions [m/s]

The viscosity of a fluid plays a significant role in determining the shear strain rate.

I.7.4. Shear Stress vs Shear Strain Rate

& Shear stress in fluids refers to the force applied parallel to the surface of the fluid, divided by the
area over which it is applied. It represents the intensity of the internal forces within the fluid that

resist the sliding of adjacent layers. Shear stress causes continuous shear deformation in a fluid.

&  Shear strain rate, on the other hand, is a measure of the rate at which adjacent fluid layers deform
or move relative to each other under the influence of shear stress. It is the change in shear strain
(the deformation) per unit of time.
For Newtonian fluids, the relationship between shear stress and shear strain rate comes from the Newton’s

law of viscosity. This linear relationship can be expressed as:

T=uy (1IL.5)
Where:
e T = shear stress [Pa]

e u = dynamic viscosity of the fluid [Pa.s]

Example of flow deformation:

Consider water flowing through a pipe that gradually narrows (a converging section). At the walls, the fluid
velocity is zero due to the no-slip boundary condition, while the central core of the flow moves faster. This

velocity gradient generates a shear deformation in the fluid.
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—\H e
\zf

Fig.II1.3 Flow of Water Through a Converging Pipe (Becauvais, 1994)

Observations:
1. Shear Strain Near Walls: Fluid layers close to the walls deform more because of the high velocity
differences between neighboring layers.
2. Deformation Tensor: The fluid element experiences a combination of linear strain and shear strain.
Rotation of the element (vorticity) occurs but is separated from pure deformation for analysis.
3. Material Motion: Following a small fluid element (Lagrangian perspective), the shape continuously
changes, elongating along the flow and compressing perpendicular to it while conserving volume

for incompressible flows

11.8. Vorticity and Irrotationality

The concept of vorticity and irrotationality are very useful in analyzing many fluid problems.
Vorticity is a type of fluid motion characterized by the presence of vortices or rotational components within
the flow field. Unlike irrotational flow, where fluid particles move without rotating, rotational flow involves
the swirling or circular motion of fluid particles around a central axis (White, 2008).

It is commonly observed in natural phenomena like tornadoes, whirlpools, and turbulent flows. The
presence of vortices in rotational flow can have significant effects on fluid behavior, such as changes in
pressure distribution, mixing and diffusion rates, and the development of shear forces.

A flow is said to be rotational if the fluid particles while moving in the flow direction rotate about

their mass centet.

In fact, the irrotational flow exits only in the case of ideal fluid for which no tangential or shear
stress occur. The flow of low viscosity fluid may be considered as irrotational flow.

Rotational flow (vorticity vector) is defined as a flow for which we have:

T j k
curl (V) = rotV= U vowlz g (111.6)
9x 9y oz
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From this equation we can deduce that:

curl (7) =VxV (111.7)
Which implies that, for an incompressible fluid and irrotational flow, the equation will be:
div(V) + % =0 (I11.8)
1n1.9. Flows Properties
1.9.1. Planar flows

In space referred to the direct orthonormal coordinate system (O; x, y, z), the flow considered is said to be

planar flow parallel to the plane (O; x, y) if the velocity vector V(u(x, y,z,t),v(x,y,71t), w(x¥y,71t))

expressed in Euler variables is such that:

(u = u(x,y,t)
V= v(x,y,t) (ITL.9)

o=0

11.9.2. Steady Flow
A flow is said to be steady (or permanent) if the velocity, expressed in Euler variables, does not explicitly

depend on time t. In other words: I7(u, v, w):

u=u(x,y,z)
V= v(x,y,z) (HI.lO)
o=w(x,y,z)

Naturally, a flow that is not steady is said to be unsteady. For a steady flow, the streamlines remain fixed

over time.

111.9.3. Conservative flow (without fluid production)

The equation for the overall form of the mass conservation principle:

Local equation and steady state:
. - 6,0
div +——=0 I1.11

Steady state: dp/dt = 0 hence div (p)) = 0
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11.9.4. incompressible fluid

In case of an incompressible fluid (p=constant):

dp/dt = 0 then divV = 0 (I11.12)

This equation represents the conservation of volume flow rate for an incompressible fluid.

111.9.5. Acceleration Field
The material acceleration is defined as the acceleration following a fluid particle(Yunus, 2010). Since

acceleration is the time detivative of velocity V... (f) = V(x articule (), aricule (¢).z (t)) .

> < particule

The material acceleration can be derived from the definition of material derivative as follows:

lf,pam_cule (t) — E — df/ ('xparticule (t) > yparticule (t) b Zparticule (Z))

dt dt

= a_V ﬂ + aV dxparticule + aV dy particule + aV dZ particule
at dt axparticule dt 8yparticule dt aZ particule dt

(L1L.13)

= v oV oV v oV
Fparticule(x,y,zjt)zzzg.p 6 ay a)a_
X 2z

The tensor model of the acceleration of a fluid particle:

model of the acceleration of a fluid particle:

fparticule (x,y,Z,t):(ii—I;:%—It/‘f'(?.%)V (11114)
ov

With local acceleration E and (?6) ¥ advective (convective) acceleration

The components of acceleration in Cartesian coordinates:

ou Ou Ou ou
N =—+u—+v—+0o—

o o oy oz

ov ov Ov ov
[ =—+u—+v—+o— (IL.15)
Yoot ox Oy 0z

- _Ga)_l_ ow Ow ow

=—dy—
o oy o
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111.10. Flow Visualization & Measurement

Flow visualization is an essential technique in engineering that allows engineers and researchers to study and
analyze the patterns of fluid flow(Smits, 2012). Whether in aerodynamics, hydrodynamics, or within systems
like pipelines and engines, understanding how fluids move is crucial for design, safety, efficiency, and

troubleshooting.

1.10.1. Types of Flow Visualization Techniques

Flow visualization can be broadly classified into qualitative and quantitative techniques. Qualitative methods
provide visual insight into the flow, generally highlighting structures and behaviors, while quantitative

methods involve measurements of flow characteristics like velocity, pressure, and density.

¢4 Smoke and Dye Visualization:

This is one of the simplest and most intuitive methods of flow visualization. Colored dyes or smoke
are introduced into a flow field, and their dispersion provides visual insight into flow patterns, wakes,

vortices, and mixing layers. It is typically used in wind tunnels and water channels.

Fig.II1.4 AI generated of Smoke Visualization

¢ Particle Image Velocimetry (PIV):

PIV is a sophisticated technique that uses particles seeded in the flow which are illuminated by a
laser sheet. Cameras capture the motion of these particles over a short time interval, and the particle

displacement fields are computed to map velocity vectors across the plane of the laser sheet.
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Light sheet—"

Fig.III.5 Particle Image Velocimetry (Al Makky, 2007)
¢ Laser Doppler Velocimetry (LDV)
LDV utilizes the Doppler shift of laser light scattered by particles flowing with the fluid to measure

the velocity at specific points in the flow field. This method is highly accurate and non-intrusive,

making it suitable for detailed research studies.

Fig.III.6 Laser Doppler Velocimetry(Beauvais, 1994)
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111.10.2. Application Areas

Each flow visualization technique has its unique application areas and is chosen based on the desired

information, the phase of the fluid (liquid or gas), and the physical parameters involved.

4 Aerodynamics: Techniques like Schlieren photography and smoke visualization are widely used in
the study of airflows around objects, helping in the design of aircraft, automobiles, and buildings

against wind loads.

¢ Marine Engineering: Dye and smoke methods help visualize the flow around ship hulls and

propellers, crucial for optimizing design for stability and efficiency.

¢ Medical Engineering: Laser Doppler Velocimetry is used in biomedical research to measure blood

flow in cardiovascular research, contributing to advancements in medical diagnostics and treatments.

¢ Environmental Engineering: Particle Image Velocimetry can be utilized to study sediment
transport in rivers and the dispersion of pollutants in air or water, aiding environmental protection

efforts.
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II1.11. Problems Set
Exercise N°1

Consider the flow defined by the following velocity field:
u=»Xx
{v =—y
a. State if the flow is cutl
b. Determine the streamline equation

c. Determine the path line equation

Solution:
u=»Xx

Consider the velocity field: {v =—y

—_— =

a. Cutling flow: It is sufficient to check that: curl V. =0

Calculation of the curl:

s roJ k Pk a0 9 0 a a a
719 4 8| =9 90 9 =*(_°_ﬂ)_*(_°__x) *(ﬁ__x):
curl V |a g El lax P azl A riniry IG5 +k % 7y 0
u v ow x -y 0

Therefore, the flow is irrotational. The velocity field derives from a potential, and this type of
flow is called a potential flow.

Thus, the velocity detives from a potential function ¢, such that: V= Vo

cddy = 22 99
So:d¢p = " dx + 3y dy
2
Since u = 3—2 = x, we have: ¢ = x? + ()
2
Since v = 3—? = —y, we obtain: ¢ = —y7 + f2(x)

x2

2
By identification: f;(y) = — y?,fz (x) = Y

%2

y?
Thus: qb(x, y) = PR
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1. Streamline equation

tw i i 1 ; : . . dx d

For a steady two-dimensional incompressible flow, the equation of the streamlines is: —= Ty
g dx d

Substituting 4 = x and v = —y: —= _73’

After integration: In x +1In y = C = xy = A(arbitrary constant)
.y =t

oy ==

Thus, the streamlines are hyperbolas.

2. Path line equation

Since:u=%=x,v=%= -y
We have: ax _ dt,d—y = —dt
x y
This gives:In x =t + C,In y = -t + C,
Therefore: t =In x — C;

From which:ln x +1In y =B

So:xy =Bory = g; This is also the equation of a hyperbola.
Thus, in a steady flow, streamlines coincide with the path line.
Exercise N°2

Consider a velocity field; V= (4 +xy+ 21‘)1T +6x° ] + (3xt2 + Z)/g ;

1. State, justifying your answer with calculations, whether the flow is:

Planar flow?

Steady or unsteady flow?

Compressible,
- Curling

2. Find the acceleration of a fluid particle at (2, 4, -4) and time t = 3.
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Solution:
The velocity field: ¥ =(4+xy+2t)i +6x°j +(3xt2+2)k ;

. ., 0 a 2
1. Comptessible means div V== +—+=2 %0
dx dy 0z

. o d(4+xy+2t) | a(6x3) | A(3xt2+z) N> 27
divV =—=——+ o = (yx*)T + z°k
- AV o oo\
Fparticule (x,y,z,t) = E = E +(VV)V

2. Fluid particle acceleration, Tensor notation:
av = v ua—V+v6—V+ a)ﬁV Either 8_V = 2;+ 6xt/;

Heoce ot (x,3,2:0) =2 = Zrbu vt o o

(176)17 =u2—z+vg—i+a)g—z = (u%+v%+w%}[(4+xy+2t)l?+6x3j+(3xt2+z)l€J

= u(y_l:+ 18x2;’ +3t21_é)+v(x;)+ w(l_é)
= (4y+xp?+ 2ty +6x" )i +(72x% +18x°y + 3612 j + (122 + 3xp1> + 61 +3x1> + 2 ) k

Finally, the acceleration field can be expressed by:

T paricate (%, 9, 2,8) = (2+ 4y + xp2 + 2ty + 6x* )i + (7202 + 182y + 3602 ) j + (6t +12% + 3xyt> + 61 + 3x1> + 2 ) k

The acceleration vector at point (2, 4, -4) and at time t=3s can be determined by substituting the values of

X,¥,Z and t into the equation.
We obtain: T paricue (2,4,~4,3) = 170i +1296 j + 572k

Exercise N°3

Given the velocity field: V= (5)C)l7 + (15 y+1 l)] + (191‘2)12 , determine the path line and streamline

equation of a particle which is at (4,6,2) m, at time t=3s.
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Solution:

Given the velocity field: ¥ =(5x)7 +(15y+11)j +(1922)k , at (4,6,2) m, at time t=3s.

dx
— =b5x
dt

1. Path line (trajectory of the particle): LA 15y + 11;

dt
d
2 = 19¢2,
dt

with initial conditions x(t = 3) =4, y(t =3) =6, z(t = 3) = 2.

- Solve for x(t): %=5x = x(t) = Ce®, Use x(3)=4

x(t) = 4573 = 456715

C, = 4e 15,

So

- Solve for y(t) : %— 15y = 11. Integrating factor e~ 15t i(ye_lst)le_lst = ye 15t =

dt

11 ,-15¢t
——e C,.
15 Tl

Thus y(t) = —% + C, e’ Use y(3) = 6:-1—; + (et =C, = g5,

15
_ = 1 101 a5(e-3) i — 11y p15(t-3) ).
So| ¥(t) St e .| (Equivalently y(t) =T (6 + 15)6 D3
19 5
Solve for z(t){ z(t) = St 169.
x(t) = 4 ¢5(t=3)
11 101 _
So, the particle path line at points (4, 6, 2, t=3s) is: yi) =- 15 + 15 15(6-3), :
2(t) =2t - 169.
2. Streamline at time ty = 3
A streamline at fixed time tgsolves: & %,
u v w
withu = 5x, v = 15y + 11, w = 19¢3.
Here ty = 3s, w=19-32=171. Thus &= =2
5x 15y+11 171
Relation between x and y:lﬂ =1l &
5 x 15 y+11/15
11 11 3
Integrate: 3In (x) = In(y + E) +C>y+ == Csx>.
The streamline through (4’ 6/ 2)fixes Cg: 6 + T Cs-43=64C, = C, = o
15 15 960
. S DS R

So the x-y equation of the streamline is: | y = se0 ¥ -
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. 1dx dz 171
Relation between xand z: T DI Tln x+C'.

Use (x,2) = (4,2)to get C' = 2 —islln 4.So|z= 1—;1

In()+2.
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IV.1. Prerequisite Knowledge
Before studying this chapter, students should be familiar with:

& Newton’s second law.

& Basic concept of mechanical energy (kinetic and potential energy).
& Manipulation of partial differential equations.
b

Ability to interpret mathematical operators in a physical context.

IV.2. Learning Objectives
By the end of this chapter, the student should be able to:

® Describe the characteristics of flow

& Distinguish between the different flow regimes of a fluid.

& Explain the consequences of the equation of continuity to the conservation of mass.

& Apply Bernoulli's theorem for the steady flow of a real, incompressible fluid, with or without
energy exchange.

#® Describe the relationship between flow rate and velocity

#® Determine the head losses and the power involved.

IV.3. Introduction & Context

In this chapter, the fluids studied have zero viscosity, and a constant density “p” (which can be the
case for gases when their flow velocity is less than 0.3 X the velocity of sound).
Two particularly important relationships for the adjuster will emerge from this chapter:
& The continuity relationship
# The Bernoulli equation
We will explore the differences between turbulent and laminar regimes in the following chapter.
But the distinction is not necessary here, since the treated fluids are supposed to be perfect, that is to say
that the fluid cells slide without friction on each other.
The different conservation principles of Physics will give us very important equations.
The principle of conservation:
& Of the MASS leads to the CONTINUITY EQUATION
4 The QUANTITY OF MOVEMENT leads to EULER’S THEOREM
4 ENERGY leads to BERNOULLI'S THEOREM
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IV.4. Definition of Incompressible Perfect Fluid

An incompressible fluid is a fluid whose density remains constant under the application of external forces,
such as pressure or temperature changes. (Panton, 2024). In fluid mechanics, the assumption of
incompressibility simplifies fluid equations and makes the analysis more manageable for a wide range of

engineering applications.

IV.5. Conservation of Mass

The conservation of mass relation for a closed system undergoing a change is expressed as:
pav. av. (dx xdy xdz) _

= p XX B) _

My, = constant or dMy,s/dt = 0, " I ”

which is the statement that the mass of the system remains constant during a process.
For a control volume (CV), mass balance is expressed in rate form as

The mass conservation at a volume element dV = dx X dy X dz for steady, incompressible flow

ou Jv oOw
2 2 2 (IV.1)

dx 0dy 0z

In general, the conservation of mass at a volume element may be formulated as follows (Oertel, 2004):

The rate of change of mass in a volume element

% the mass fluxes into the volume element

2 the mass fluxes out of the volume element

L% o

IV.6. Mass and Volume Flow Rates

IV.6.1. Mass Flow Rate

The first rate of change of interest for fluid in motion is the mass flow rate: the amount of mass that passes

through a checkpoint in one unit time. Or, mathematically,

Am

Mass Flow Rate = m = —
At

However, since there may not always be a practically measurable amount of, say, water flowing through a
pipe, calculating the mass of a fluid is difficult at times. Relations to density, p = V /m, are therefore
preferred.
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Combining this equation with the mass flow rate equation above gives:

Am AV

—_ — — V.Z
At p'At av-2)

m

Provided the pipe is prismatic, its volume can be expressed V' = A. L where A is the cross-sectional area

and L is a length perpendicular to that area.

Am AV AAlx Ax
Therefore,
. Am
Mass Flow Rate: m= vl 2 v.A (IV.4)
IV.6.2. Volume flow rate
AV A.AL AL
Volume flow rate = T A s AE =Av
Therefore,
Volume Flow Rate: Q,, = AA—Z =Av (IV.5)
Mass Flow Rate: h = p X V IV.0)

Be careful:

The mass flow is preserved, but the volume flow is only if the fluid is INCOMPRESSIBLE .......

Observation

In fluid flow analysis, four fundamental equations are employed to describe the general behavior of fluids:
the continuity equation, momentum equation, energy equation, and equation of state.

However, when dealing with incompressible fluids where the density is constant, the energy equation
becomes uncoupled and the equation of state simplifies to the statement that density is neatly constant. As

a result, analyzing incompressible flow only necessitates continuity and momentum analysis.

IV.7. Continuity equation

The continuity equation describes the conservation of mass within a fluid flow. It states that the rate of
mass entering a control volume must be equal to the rate of mass exiting the same volume, as shown in

tigure IV.2 below.
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Fig.IV.2 Mass conservation in a control volume(Treciber & Kesting, 2025)

In general, the continuity equation for a steady, one-dimensional flow can be expressed as:

Am, Am,
_— = — IvV.7)
At oyt At in
According to the definition of density m = p.V, so
AV. AV
pav2  _ paVa (IV.8)

At out At in

As long as the fluid is incompressible, the density will not change from one section to the next, so g cancels
out of both sides. Additionally, if the pipes are prismatic (as most conventional pipes are), then the volume

can be expressed in terms of the cross-sectional area and length: V' = A. L. The equation is now

A. AL, _ A AL,
At out At in
AL AL
2._2 = Al_l
At out At in
. AL _
Since vl v
Az. 172 - Al' 171 (IVQ)
IV.8. Newton’s Second Law

According to Newton’s second law of motion, if the fluid motion is governed only by pressure and gravity

forces it applies to a fluid particle in the form:
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(Net pressure force on particle) + (Net gravity force on particle)

= (Particle mass) X (Particle acceleration)

Z Fext. - m-a_G) av10)

We will apply this relation to a fluid particle, of very small dimensions
«dx », «dy », and « dz » and located at a coordinate point « X », « y » and « z ».
The volume of this particle is therefore dV = dx.dy.dz (Pascal, 2020)

The volume containing this fluid particle is in the Earth's gravitational field (considered to be uniform):

e

3 By m—

X

’

+
I
Vs H
o ]
42 g
L7 [
‘ ’ = -
£ E‘,"

dy

Fig.IV.3 Applied force on a fluid particle (Pascal, 2020)

In the case of a still fluid, the fundamental relation of dynamics allows us to obtain:
P ax=0-2 av=0.-2 4z = —
ax.dx—O,ay.dy—O,aZ.dz— p-g.dz IV.11)

The forces to take into account are the pressure forces exerted on the 6 faces of the cell, as well as the
weight. The R.F.D. being a vector relationship, let's project this relationship onto each of the 3 axes.

4 Along the Ox axis: faces in « x » and in « x + dx »
-p x+dx,y,2). dy.dz + p (x,, 2). dy.dz = p.dx.dy.dz.% (IV.12)
where vy is the velocity of the cell according to Ox, and of course, p. dx.dy.dz is the mass of this cell.
Simplifying this equation gives:

px+dx,y,z) —p(x,y;2z)  dvy,

V.13
dx Pt AV-13)

dp dv,

_ % V.14
ox  Par V.19
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Fig.IV.4 Pressure force exerted on fluid surfaces.

& Along the Oy axis: faces in « y » and in « y + dy »

-p(x;y+dy;2).dxdz +p (x,y, 2). dx.dz = p.dx.dy.dz. % IV.15)
: _p_ Ay
Or: L= IV.16)

& Along the Oz axis :

Here, the weight intervenes and the equation is written:

- pdxdydzg - p (5,7, 2 + dz). dsdy + p (5, v, 2). dx.dy= p.dx.dy.dz. 2 av.17)
. . a dv,
which gives: —-p.g — a—IZ) =p d_vt (IV.18)

& Expression of the total pressure differential:
The derivative of the pressure no longer makes sense here, which is why we introduced the notion of partial
derivative (we drift in relation to only one of the variables, the others being considered as fixed...).
The impact of these small variations on the function is called the “differential” of the function and denoted
by «d ».

So «dp » is the differential of the pressure function « p » and the link with the partial derivatives is:
dp dp dp
dp=— dx +—dy +—d 1V.19
P=ox Ty T, % Av-19)

We summarize this expression as follows:

ap . . . . .
4 £ is the rate of change of pressure in the direction « x » (same in « y » and « z »)

L) £ dx is therefore the value of the variation of the pressure in the direction « x » when the variable

« X » varies by a small quantity « dx » (same in « y» et «z» ...)
&  this expression “simply” gives us the small variation « dp » which results from the small vatiations
of its 3 variables (x, y and z).

Using the 3 equations (IV.14) (IV.16), and (IV.18):
dvy dv dv,
dp = (—p d—vt) Jdx + (—p d—ty) .dy + (—p.g — pd—vt) .dz (IV.20)
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: . d d d
Which can be written as: dp = —pdv, d—: — pdv, d—i —p.g.dz — p.dv, d—i
Either: dp = —p.Vy. dvy — p.vy,.dv, — p.g.dz — p.v,. dV,
Knowing that:

Uy dv,
17 vy and d‘l}) dvy
Uz de

U.dV =v,.dv, +v),.dv, +v,.dv,
So:dp = —p.v.dv —p.g.dz
EULER Equation : dp +p.v.dv+p.g.dz=0 (IvV.21)

This Euler equation has an immediate application: Bernoulli’s theorem

V.9. Bernoulli Theorem

The application of the principle of conservation of energy to frictionless laminar flow leads to a very useful
relation between pressure and flow speed in a fluid. This relation is called Bernoulli’s equation, named after
Daniel Bernoulli (1700-1782), who published his studies on fluid motion in his book Hydrodynamica (1738)
As the Figure below show, when a fluid flows into a narrower channel, its speed increases. That means its
kinetic energy also increases. The increased kinetic energy comes from the net work done on the fluid to
push it into the channel. Also, if the fluid changes vertical position, work is done on the fluid by the

gravitational force.

Ay
o :
{ \ \
Tg | |
| ( | I| A \ e
I | | - ‘ J i
2 V.
. ! -
v 4 / 2
Wl §
A o

Fig.IV.5 kinetic energy on the fluid into the channel(Halliday et al., 2010).
A pressure difference occurs when the channel narrows. This pressure difference results in a net force on
the fluid because the pressure times the area equals the force, and this net force does work. Recall the work-

energy theorem.

1 1
Whet = Emvz2 — Emvl2 (Iv.22)
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The net work done increases the fluid’s kinetic energy. As a result, the pressure drops in a rapidly moving

fluid whether or not the fluid is confined to a tube.

V.9.1. Energy Conservation and Bernoulli’s Equation

Consider an incompressible fluid flowing through a pipe that has a varying diameter and height, as
shown in Figure IV.6. Subscripts 1 and 2 in the figure denote two locations along the pipe and illustrate the
relationships between the areas of the cross sections A, the velocity of flow v, the height from ground y,
and the pressure p at each point.

We assume here that the density at the two points is the same. Therefore, density is denoted by
without any subscripts and since the fluid is incompressible, the shaded volumes must be equal.

We also assume that there are no viscous forces in the fluid, so the energy of any part of the fluid
will be conserved.

To derive Bernoulli’s equation, we first calculate the work done on the fluid:

dx,
7~ F2=P2Az
T A, av L -
dx, Va
Fi=p1A
— [ A, |av Y,
A

.
Vi Y1

FLOW

P

Fig.IV.6 Geometry used for the derivation of Bernoulli’s equation(Halliday ct al., 2010).

dW - Fldxl - dexz (IV23)
AW = p,A1dx; — prA,dx, = pdV — pdV = (py — pp)dV Iv.24)
The work done was due to the conservative force of gravity and the change in the kinetic energy of the

fluid. The change in the kinetic energy of the fluid is equal to:

1 1
dK = Emzvg — §m1v12 = EpdV(vz2 —v?) (IV.25)
The change in potential energy is:
dU =mgy, —mgy, = p.dV.g(y2 = y1) Iv.26)
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The energy equation then becomes:

dw = dK + dU (IV.27)
(p1 = p2)AV =5 pdV (v} —v) +p.dV.g(y; = y1) (1V.28)
(Pr—p2) = 5pWi—vd) +p.g(y:—y) (1V.29)

Rearranging the equation gives Bernoulli’s equation:

1 1
pL+ ;Pv12 +p.9g.2, =py + Epv% +p.9.2, IV.30)

This relation states that the mechanical energy of any part of the fluid changes as a result of the work done
by the fluid external to that part, due to varying pressure along the way. Since the two points were chosen

arbitrarily, we can write Bernoulli’s equation more generally as a conservation principle along the flow.

V.9.2. Bernoulli’s Equation
For an incompressible, frictionless fluid, the combination of pressure and the sum of kinetic and potential
energy densities is constant not only over time, but also along a streamline:
1
p+pv* + p.g.z = Constant (IV.31)

_P 2_ 2
L BTN L e(2,-2)=0 (IV.32)

Yol 2

P

2

IV.9.21.  Case of work exchange of fluid flow with a hydraulic machine

Hypotheses

Hydraulic machine placed between sections S1 and S2, characterized by a net power Pye¢ exchanged with

the fluid and a certain efficiency 7).

This machine can be either a turbine or a pump.
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A

e R T

Fig.IV.7 Hydraulic machine between sections of a fluid vein(Hamouda, 2009)
& 1In the case of a pump: the efficiency is given by the following expression:

power gained by the fluid P,
=5 : (IV.33)

abs

* shaft power driving the pump -

P

net

L

& In the case of a turbine: the efficiency is the inverse of pump efficiency given by the following

expression:

Mechanical power output P,
= (IV.34)

net

7= Mechanical energy removal from the fluid -

P Ezbs

net

When fluid passes through a hydraulic machine, it exchanges energy with that machine.

We get the following Bernoulli equation:

2 2
- P-P P
V2 Vl + 2 1+g(Zz_Zl): net
2 P m

(IV.35)
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IV.10. hydraulic head
In general, the hydraulic head, or total head, is a measure of the potential of fluid at the measurement point.

It can be used to determine a hydraulic gradient between two or more points.

1 1
py + EPV12 +p.g.hy =p, + Epv§ +p.g.hy (IV.36)

Bernoulli Equation: H, = H,

Continuity
2 _ 2
Y dl =V dz

Fig.IV.8 Hydraulic head, of fluid at the measurement point(Sultanian, 2021).

IV.10.1. Bernoulli’s principle and Venturi effect
Bernoulli’s principle states that as the speed of a fluid increases, the pressure and temperature decrease. The

venturi effect is the demonstration of this principle in a confined pipe.
QU = Az.vz = Al.vl (|V37)

1 1
pl +5PU12 = pz + Epv% as h1:h2
1 V.38
P, =P, +5p(1 —v3) (1V-38)

Therefore: Venturi effect

(IV.39)

7
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The Venturi effect is a fluid dynamics phenomenon where a fluid's pressure decreases as it flows
through a constricted section of a pipe, leading to an increase in its velocity(Qin & Duan, 2017).

The Venturi effect occurs when a fluid moves through a pipe that narrows in the middle and then

widens again as shown below:

Fig.IV.9 Venturi principle(Sultanian, 2021)

V.10.2. Applications of the Venturi Effect

The Venturi effect has numerous practical applications across various fields, including(Monchwe, 2023):

% Flow Measurement: Devices like Venturi meters utilize the pressure difference created by the

Venturi effect to measure the flow rate of fluids in pipes.

Fig.IV.10 Venturi Meters in Industrial Applications
& Carburetors: In automotive engineering, carburetors use the Venturi effect to mix air and fuel in
internal combustion engines, ensuring efficient combustion. The principle of the carburetor is

based on the Bernoulli principle. The carburetor allows the gasoline and air to enter the engine's
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combustion chamber as the pressure decrease and velocity increase. The venturi tube, the primary

component of any carburetor, is solely responsible for its operation.

AIR

Alir Cleaner

Float Valve

Float Arm

" Float

Float
Chamber

N

Jet
= Throttle Valve

Fig.IV.11 Venturi effect carburetor (INawale, 2021)

& Aspirators: By using the Venturi effect, that generates a pressure drop at the constriction and
permits the entrainment of fluids or gases, these devices generate a vacuum.

c dA VACUUM
ompressed Air INTAKE

N

Outlet

Pressure drop at constriction (Bernoulli principle), allows
entrainment (suction) by the Venturi effect

Fig.IV.12 Venturi Effect Vacuum

& Irrigation Systems: The effect is also used in irrigation systems to control and measure the flow
of water. A vacuum is created the water flows through a converging passage that gradually widens.
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Injection is activated when there is a pressure differential between the water entering the injector
and the water and chemical leaving the irrigation system.

Fig.IV.13 Venturi injector (Baylar & Ozkan, 2000)

# Aerodynamics: Understanding airflow over wings and through turbines is enhanced by the
principles of the Venturi effect, which is crucial for designing efficient aerodynamic structures.
A Venturi tube is installed on the side of the fuselage. The tube inlet creates a suction, allowing
wind to pass through the tube. As the air passes through the central constriction, the air molecules
speed up to facilitate the passing of the same amount of air molecules from the outlet as entered
through the inlet. This ensures the conservation of mass for incompressible, inviscid fluid. Once
passed through the constriction, the air molecules slow down again during the exit.
The suction created by the Venturi tube in airplanes can play an important role in operating
gyroscopic instruments. In simple early aircraft, the Venturi tube provides a low-cost option for

creating suction.

lower pressure

higher pressure

Fig.IV.14 Aircraft winds (Zhang, 2025)
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IV.11. Static, Stagnation, Dynamic, and Total Pressure
The simplified form of Bernoulli’s equation can be summarized in the following memorable word equation
Static pressure + dynamic pressure = total pressure (stagnation pressure)

Total and dynamic pressure are not pressures in the common sense. It can be only measure by putting the

fluid to rest, e.g. using a pitot tube. That's why it's sometimes called stagnation pressure.

IV.11.1. Static Pressure

In fluid dynamics, many authors use the term static pressure in preference to just pressure to avoid
ambiguity. The term static pressure is identical to the term pressure and can be identified for every point in
a fluid flow field.

Bernoulli’s effect causes the lowering of fluid pressure (static pressure) in regions where the flow velocity
increases.

V.11.2. Dynamic pressure

Dynamic pressure is one of the terms of Bernoulli’s equation. In incompressible fluid dynamics, dynamic

pressure is the quantity defined by:

1
Dayn = Epvz (IV.40)
V.11.3. Stagnation pressure (total pressure)

In fluid dynamics and aerodynamics, stagnation pressure (or pitot pressure or total pressure) is the static
pressure at a stagnation point in a fluid flow.

At a stagnation point, the fluid velocity is zero, and all kinetic energy has been converted into pressure
energy (isentropically).

This effect is widely used in aerodynamics (velocity measurement or ram-air intake).

Stagnation point Stagnation streamline

Stagnation point

(a) (b)
Fig.IV.15 Stagnation points on bodies in flowing fluids (Vogel, 1996)
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IV.12. Problem Set

Exercise N°1
To accelerate the flow of a perfect fluid in a pipe so that its speed is multiplied by 4. To achieve this, the

pipe has a convergent section characterized by the angle a.

R4

i i ke
Hhco——————"roulloononooooonooooonoe dboooo —

1) Calculate the ratio of the radius (R1/R2).
2) Calculate (R1 - R2) as a function of L and a. Deduce the length L. (R1 = 50 mm, o = 15°).

Solution

1) Let’s applied continuity equation to the flow:

A v R v
A,.v, = AV or—1=—2;S =nR2and S, =TR2so—== |22 =2
2 V2 1-VY1 1 1 2 2
Ay 1q R, vy

Rl_

_ Ri—-Ry _ Ry _
2) tga=——s0 l = = 93.3mm

Exercise N°2

Consider a reservoir filled with water to a height H = 3 m,
equipped with a small orifice at its base with a diameter d = 10 mm.

1) Specifying the assumptions made, apply Bernoulli's theorem to H
calculate the water flow velocity V.

2) Deduce the volumettic flow rate V in (I/s) at the outlet of the V2

orifice.
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Solution

Dr. Benaissa TRARI

1) Let’s apply Bernoulli's theorem between the up surface of the reservoir @and the outlet of the

orifice®,

1 2 _ 1 2
P1+5PU1 +p.9.21 =p, + S PV2 +p.9.2;

p,=p,=

patm

21—22:H

vy is negligible to v, , so v; = 0

L} - vP )= g.H

vy = /2gH=7.66m/s

”(dz)z
T

2) The volumetric flow rate Q, = A,.v, =

Exercise N°3

1,=0.000601™"/s=0.601 !/

In a horizontal pipe with a diameter D = 9 cm, we want to measure the water flow rate. A Venturi tube (D

=9 cm, d = 3 cm) is inserted. The difference in height h of the

mercury in a U-shaped tube can be measured accurately.

Given: pmercury = 13600 kg/m?,

Required work:

1) Deduce the average flow velocity Vg at the throat in section Sp
as a function of the velocity V4 in section Sy.

2) Determine the pressure difference: (Py, - Pg,) as a function of g,

pmercury, Zy,, and Zg,.

Z.ﬂ.

2s=2p |-

mercury

3) Similarly, determine the expression for the pressure difference ( Py - Py,) as a function of g, pwater,

Zy,,and Z,.

4) Likewise, determine the expression for the pressure difference (Pg, - Pg) as a function of g, water, Zp,,

and Zg.

5) Assuming that water is a perfect fluid, and applying Bernoulli's theorem between A and B, give the

expression for the flow velocity VA as a function of the pressure difference (P4-Pg), p water.

6) Deduce the expression for the volumetric flow rate @, as a function of D, pmercury Pwater> 9, I

7) Perform a numerical application for a difference in elevation h = 4 mm.
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Solution

1)

. . . s
Let’s applied continuity equation: Sy.v4 = Sp.Vg SO or Vg = S—AvA =9y,.
B

2) hydrostatic theorem between A’ and B’ gives: par — g/ = Pmercury9 (Zpi-Zar)
3) hydrostatic theorem between A and A’ gives: Py — Par = Pwaterd (Zar-Zy)
4) hydrostatic theorem between B’ and B gives: pp, — Pp = Pwaterd (Zp-Zp,)
5) by summing the previous relationships:
Pa— Ps = (Pmercury = Pwater)-9-(Zs = Zp1) = (Pmercury — Pwater)- - h
6) Bernoulli's theorem between A and B gives: v, ;v; + f ’;PA +g(2,-2,)=0
But Z, = Zg and vg = Qv 50 vy = (pmercz(r;;p—wpav:::er)-g-h
7) Flow rate: Qy = Sy.v4 = nD? |(Pmercury—Pwater)-g-
4 40.pyater
8) Numerical application: @, = 7.10™* m3/s
Exercise N°4 B
Consider a siphon with a diameter d = 10 mm, fed by a gasoline tank h“
that is large compared to d and open to the atmosphere. — . B 1
Assume that: the density of gasoline: @ = 6896 N/m3H = 2.5 m. T
1) Calculate the flow velocity Vg in the siphon. H
2) Deduce the volumetric flow rate Q.
3) Give the expression for the pressure pp at point B as a sl ___v____

function of h, H, @, and Patm.
4) Perform a numerical calculation for h = 0.4 m.

5) Can "h" take any value? Justify your answer.
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Solution
vZ V2
1) Bernoulli's theorem between A and B gives: =~ +-5+Z =—4+-4+7
2¢ @ 2¢ @

we know that py = Ps = Patm,Va = 0and Z, — Zs=H; So vg = \/2.g.H = 7m/s

) Flow rate: Q = v5.2-=5.5.10"* m*/s = 0.55 /s

3) Bernoulli's theorem between B and S gives: Py =P, —ZD'.(H+h) ; pg = 80001.6 Pa = 0.8 bar

atm

4) No. pg must be greater than 0 (pg > 0), so ZU.(H+h) <P, and h< Lim + H which means that
@

h<12m

Exercise N°5

Oil is accelerated through a converging cone-shaped

'y Fra
nozzle.
I T
The nozzle is equipped with a U-shaped manometer ' :

) ._._.h_t.lil_e.__(q.)ci,_é!_[i_.__ ......... T R 2.=2,

containing mercury.
Part 1: Nozzle Analysis L
With a volumetric flow rate Q, = 0.4 L/s, the oil flows
through section S; with a diameter d; = 10 mm at a flow

velocity v; and a pressure pq, exiting into the atmosphere

through section S, with a diameter d, at  a flow velocity

v, = 20 m/s and a pressure Py = Pypyy = 1 bar, pg;; = 800 kg/m?.

1) Calculate the flow velocity v;.
2) Deduce the diameter d.

3) Determine the pressure p, in bar.

Part 2: Study of the Manometer (U-tube).

The manometer, a U-tube, contains mercury. It allows the pressure p; to be measured from a reading of
the height difference "h". Given: L. = 1274 mm.
1) Determine the pressure p3.

2) Similarly, determine the height difference "h" of the mercury.
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Solution

Part 1: Nozzle Analysis

1) flow velocity v; = :54 =5m/s

2) continuity equation: S1.v; = S,.V; ot dy = J?dl =5mm.
2

2_ 2 P_P
¢! 2V1 +2—+g(Z,-2,)=0 but Z; = Z, and p, = Patm

oil

3) Bernoulli's theorem gives:

so, we have:p, =p, + %poil(vg —v?) = 25.10%Pa = 2.5 bar

Part 2: U-tube

4)  Applied the RFH between (1) and (3): p3 = p1 + Poir- g-L = 2.6.10°Pa = 2.6 bar
5) Similarly, Applied the RFH between (3) and (4): p3 — Pa + Pmercury-9- (Za — Z3)
knowing that: Z, = Z3 = h

Soh= —2B"P* —12m

Pmercury-9

Exercise N°6

A pump P supplies a water tower from a well through a pipe with a diameter d = 150 mm.
Given: Z, =26 m, Z; =-5m, p; = p, = 1.013 bar; v = 0.4 m/s,
1) Calculate the volumetric flow rate Q,, of the pump in 1/s.

2) Write Bernoulli's equation between surfaces 1 and 2.
3) Calculate the useful power Py of the pump.

4) Given that the pump's efficiency is 80%, calculate the power P, that it absorbs

22 2

z1
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Solution

=7.10"3m3/s=0.551/s=71/s

md?
1. Flow rate: Q, = V.=

2. Bernoulli equation for an incompressible flow with machine work exchange:
vi-v! P -P P
2 1 + 2 1+g(Z2_Z]): net
2 p PO,
3. Useful power Ppe¢ of the pump:

Poor = Qp.p.g.(Hy + Hy) = 7.1073.1000.9,81. (26 + 5) = 2128.77W

4. Absotbed power: P, = P’;’“ = 2661 W
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V.1. Learning Objectives

Understand the physical meaning of viscosity
Distinguish between laminar and turbulent flows

Use the Navier—Stokes equations for viscous flows
Compute pressure losses in pipes (major + minor losses)

Apply the Reynolds number and friction factor in simple systems

e & o > @ >

Understand boundary layer development and separation

V.2. Prerequisite Knowledge

Students should already master:

V.2.1.Mathematics Prerequisites

® Vector & Calculus
Differential Equations in Fluid Mechanics

# Basic Tensor Concepts

V.2.2.Physics Prerequisites

# Fluid Statics
#® General Fluid Properties
& Perfect Fluid Dynamics

V.3. Introduction & Context

This course covers the study of real fluids, that is, fluids with viscosity. We see how Eulet's equation
and Bernoulli's relation are modified to account for dissipative effects within the fluid. We also introduce
the concepts of pressure drop and aerodynamic coefficients.

The ideal fluid studied in the previous chapter does not always accurately reflect reality. Fluids all have
varying degrees of viscosity, which must be taken into account, particulatly near the walls of solids or in the
areas they leave behind.

To solve a real fluid flow problem, experimental results are used. A simplified method for calculating head
losses based on these experimental results is proposed. It is essential for sizing various hydraulic installations

(pumping, turbines, hydraulic and thermal machines in which a real fluid is conveyed, etc.).
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It is known that in real fluid flow, fluid particles are subjected to frictional forces due to viscosity and

turbulence during their movement. To overcome these forces, kinetic energy is dissipated and transformed

into thermal energy, resulting in a head loss (a pressure drop).

V.4. Definition

Real flow describes a fluid’s movement where its internal friction, or viscosity, plays a role. This internal
resistance to flow distinguishes real-world fluids from theoretical “perfect” fluids that are considered
frictionless(Papanastasiou et al., 2021b). A simple way to visualize this is by comparing how water and honey
pour from a container. Water, with low viscosity, flows quickly, while honey, with high viscosity, flows

slowly and resists movement.

V.5. Ideal Fluid vs. Real Fluid: Key Differences

When we talk about fluids, whether it’s the water we drink or the air we breathe, we often simplify things in
physics to make calculations easier. This leads us to the concept of an “ideal fluid.” But how does an ideal

fluid compare to the real fluids we encounter every day?

V.5.1.What is an ldeal Fluid?

An ideal fluid is a theoretical concept. We define it as a fluid that is both incompressible and non-viscous.
This means a few key things(I<isclev et al., 1999)
¢ Incompressible: Its volume doesn’t change under pressure. Think of trying to squeeze a balloon
filled with water — it’s really hard! Ideal fluids behave similarly.
¢ Non-viscous: It has no internal friction. Imagine pouring honey versus water; honey is more
viscous. An ideal fluid would flow without any of this resistance.
¢ Infinite Bulk Modulus: This means it takes an infinite amount of pressure to compress it.
¢ No Surface Tension: Surface tension is what allows water droplets to form. Ideal fluids don’t have
this property.
4 No Resistance to Shear or Tensile Forces: Ideal fluids can’t resist internal forces that try to
deform or pull them apart.
It’s important to note: Ideal fluids are imaginary and don’t exist in nature. They are simply a useful

simplification for theoretical calculations. They exhibit smooth, laminar flow, which is depicted below:
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[}

r Yy

(@)

Ideal
Friction=0
Viscosity = 0
Energy Loss =0
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(b)
Real

Friction# 0
Viscosity # 0
Energy Loss # 0

Fig.V.1 Typical velocity profile (a) Ideal fluid (b) Real fluid (Sachin Thorat, n.d.)

V.5.2.What is a Real Fluid?

Now, let’s talk about fluids we actually see in the real world. Real fluids are, well, real.

They possess properties that ideal fluids lack:

4 Compressible: Their volume can change under pressure. While liquids are not as easily

compressible as gases, they are still compressible to some extent.

¢ Viscous: They have internal friction, meaning they resist flow. This is why some fluids move more

slowly than others.

& Surface Tension: Real fluids exhibit surface tension.

¢  Friction Effects: Real fluids experience friction as they move and interact with surfaces.

4 Turbulent Flow: Real fluids often exhibit turbulent flow, which is chaotic and less predictable,

unlike the smooth flow of ideal fluids.

Examples of real fluids are everywhere: kerosene, petrol, and even castor oil.

Here’s a table to clearly outline the differences between ideal and real fluids:

Table V.1 Characteristic of ideal and real fluids

Characteristic Ideal fluid Real fluid
Compressible No Yes
Viscosity No Yes
Surface Tension No Yes
Flow Type Laminar  Turbulent
Friction No Yes

In essence, ideal fluids are a useful theoretical construct that helps simplify fluid dynamics calculations.

However, it is important to remember that real fluids have characteristics like viscosity and compressibility,

which affect their behavior.
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V.6. Viscosity

The viscosity is a physical quantity that describes a fluid’s resistance to flow(Westerhof et al., 2019). Viscosity
denotes opposition to flow.
A liquid's viscosity is a measure of its resistance to gradual deformation. For liquids, it corresponds to the

informal notion of "thickness". For example, honey has a much higher viscosity than water.

V.6.1.Dynamic viscosity

A force is required to move F at a constant velocity ==> there is a dissipative process. It’s defined as the

resistance to movement of one layer of a fluid over another as shown in figure V.1.

— | _Shear Area (A)

E Force (F)

L

.

El—

£ —’ il Velocity _ du
_g gradient gy
2 |»

& |_Fluid

Fig.V.2 Shear stress Vs velocity gradient

Since viscosity measures the resistance of a fluid deformed by shear, it is expressed as the ratio of the shear

stress to the velocity gradient:

F=- ,uA@ V.1
dy

Where:
F is the applied force
A is the area over which the force is applied
du/ 0y is the velocity gradient
W is the dynamic viscosity [N.m~2.s] = [kg.m™1.s71],
For practical applications, smaller units are often used. The centipoise (cP), from the CGS system, is

1

commonly employed, where 1 ¢P = 0.001 Pa's =0.001 N.s /m =0.01g.cm™*.s71. Water at room

temperature (20°C) has a dynamic viscosity of approximately 1 cP, making it a convenient reference.
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Table V.2. Typical value of the viscosity

Liquid Absolute Viscosity
(N s/m? Pas)

Air 1.983x10°
Water 10°

Olive Oil 10"
Glycerol 10°

Honey 10!

Golden Syrup 10°

Glass 10%

V.6.2.Kinematic viscosity

Kinematic viscosity is the ratio of - absolute (or dynamic) viscosity to density - a quantity in which no force
is involved. Kinematic viscosity can be obtained by dividing the absolute viscosity of a fluid with the fluid

mass density like

y=Elmls] v2)
D
Where:
Y : kinematic viscosity (m®/s)
i : absolute or dynamic viscosity (N s/m?)
p : density (kg/m’)

In the SI-system the theoretical unit of kinematic viscosity is m?/s or the commonly used Stoke (St) where:

1 St (Stokes) = 10~*m?/s = 1cm?/s

V.7. Types of flow

All fluid flow is classified into one of two broad categories or regimes. These two flow regimes are laminar

flow and turbulent flow.
Understanding the characteristics and implications of these flow patterns is essential for predicting and

controlling fluid behavior in engineering applications.

V.7.1.Laminar Flow

Laminar flow is referred to as streamline or viscous flow. It occurs when a fluid flows smoothly in parallel

layers without any significant mixing,.
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In practical applications:
¢  Fluid flow is smooth and ordered.
& Frictional losses are minimized.

& Noise and vibrations are reduced.

V.7.2.Turbulent Flow

Turbulent flow is characterized by the irregular movement of particles of the fluid.
The particles travel in irregular paths with no observable pattern and no definite layers.
In practical applications:

¢ Fluid flow is chaotic and disordered.

¢ Friction losses are increased.

& Noise and vibrations may be significant.

Laminar flow

Turbulent flow

Fig.V.3 Flow Velocity Profiles

V.7.3.Reynolds Number and Flow Pattern

Reynolds number is an important dimensionless parameter that identifies the behavior of fluid based on
attributes like viscosity or velocity of the fluid. Accordingly, the value of Reynolds number (Nr) can be
expressed as:
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_puDy, _ pu2R)
H H

N,

Note that:
p is the density of the fluid
u is the axial fluid velocity
Dhyaq is the hydraulic diameter (of pipe, tube, or duct).
For practical purposes, if the Reynolds number is:
® Laminarif Ny < 2000
& Turbulent if Ng > 3500
® Transitional flows if 2000 < Ng < 3500

Dr. Benaissa TRARI

V.3)

Table V.3 : A spectrum of Reynolds numbers (Grant et al., 1959)

Type of flow Reynolds Numbers
A large whale swimming at 10 m/s 300.000.000

A tuna swimming at 10 m/s 30.000.000

A duck flying at 20 m/s 300. 000
Flapping wings of the smallest flying insects 30
Atmospheric flow 10t

Blood flow in the aorta 104

Field of aerodynamics 107
Microfluidics field 103 to 1

V.8. Hydraulic Diameter

For flow in non-circular pipes, the Reynolds number is based on the hydraulic diameter Dyyq defined as:

44
D, ,=—
P

Ly

V4

Where Ac is the cross-sectional area of the pipe and p is its wetted perimeter.

The hydraulic diameter is defined such that it reduces to the ordinary diameter.

4 nD?
Circular Conduct 4
Dy, = =D
i D /

4a?

Square Conduct D,,= =a
) 4 a
a
DR. BENAISSA TRARI FLUID MECHANICS II 85



Chapter V Real Fluid Dynamics Dr. Benaissa TRARI

4ab 2ab
Rectangular Conduct Dhyd = 2(a T b) = ( a4+ b) a 3
/ -
4ab
Ch 1 = a
anne hyd 2a + b i
-« ) —»
V.q. Pressure Drop

The pressutre drop AP is a decrease in pressute as fluid flows through a system, usually due to friction and

obstructions.
| Pipe wall |
l | Fluid:p, 2] | '
| [
o AR
[} [}
.'I:l X7

Fig.V.4 Pressure drop in a Steady laminar flow in a long round pipe (Cengel & Cimbala, 2019)

For all kinds of fully developed internal flows (laminar or turbulent flows, circular or non-circular pipes,

smooth or rough surfaces, horizontal or inclined pipes), it is practical to express the pressure drop as follows:

2
L Vv
AP= = p ez (V.6)
L
2
where p ng is the dynamic pressutre and f is the Datcy friction factor,
8t
f=— (V-7
P Vavg

7, is the shear stress force

The pressure drops VP = p; — p, between two points (1) and (2) in a hydraulic circuit (fig. V.4) originates
from:
&  Friction of the fluid on the inner wall of the pipe: these are called regular or systematic
pressure losses.
& Resistance to flow caused by flow disturbances (bends, enlargements or reductions in

cross-section, control devices, etc.): these are called accidental or singular pressure losses.
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The calculation of its pressure drops depends on:

& Fluid characteristics: density, kinematic viscosity

&  Pipe characteristics: shape and dimensions, length, roughness

- 'H.__Xj."'“"-»._x
o % o :]i; \EH\

elbows — /’"‘\/
70 =

[ s [\« Reducer
length P \/\J\
g

- Tee

Closed ball—-*lf \:‘l
Y

valve
1
|

L

Fig.V.5 Hydraulic circuit

The value of the major loss coefficient f depends on:

64
4 Inalaminar flow regime: f=—

R

e

¢ In a smooth turbulent flow regime for Re < 10°: Blasius Formula; f =0.3 16R**

e

&
¢ In a rough turbulent flow regime for R, > 10%: Blench formula; f =0.79, /B

With &: roughness of the internal surface of the pipe (mm). In practice(Jiang et al., 2025):
welded steel pipes: € € [0.15; 0.20]

Galvanized iron: € € [0.015; 0.020]

Copper: € = 0.000015
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V.10. Moody Diagram

This is a nomogram for directly calculating the pressure loss coefficient, based on the Reynolds number and

the relative roughness of the internal wall of the pipe.

0_100 T T T T rrirr \I T T rrrrr T T T rrrrr T T T rrrrr T T T 1T rrrr
0.090 < < »
0.080 aitical fransitional ~ fully| turbulent ]
0070 \g ] = 4 0.05
0.060 | ?;5 \\: \ . 3.00:
) i) :
w, 0050 % 1002 Ei
s \ e 0015
£ 0.040 - \\_“ . lo01 @
R \ ; 0008 @
0006
= a : ~ ] &
5 0.030 0004 2
= = 0003 7
" — [
i 0.002 o
o 0020 4 0,001 -.%
o 0.0006 =
= 00004 2
: 0.0002
S \\_\_ 0.0001
52-05
0.010 [ \
0.009 } \\-me A
A T e (s Ve i 2 M L =Ny 1e-05

0.008 L -
10° 10* 10° 108 107 108

Reynolds number, Rej
Fig.V.6 Friction factor for fully developed flow in circular pipes(Saad ct al., 2024)

Example of reading the Moody diagram in figure V.6. For a Reynolds number equal to 10 and a relative
roughness %,ZO.OOS the coefficient f= 0.03.

Exercise

Calculate, using the Moody diagram, the linear loss in a commercial steel pipe with a diameter of 700 mm

and a length of 400 m, carrying a flow rate of 2.6 m?/s.

Generally:
# The Moody diagram initially covers laminar flows (left side, for low Reynolds numbers). In this
case, there is only one straight line, and it is sufficient to read the corresponding value on the

graduated axis to the left of the diagram.

# Tor intermediate Reynolds numbers, the flow regime is transient, and the same methods as for

turbulent flow must be used (without certainty regarding the accuracy of the result).

&  For sufficiently high Reynolds numbers, the flow regime is turbulent. The relative roughness of
the pipe's inner wall must first be calculated.

& A line is chosen from the graph's right side based on the relative roughness (for instance, here
for 0.02 or 0.0005).
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& Two slightly different turbulent domains are indicated by the central dashed curve.

® In the lower part, the pressure loss coefficient depends on both the Reynolds number and the
roughness.

& 1In the upper part, the pressure loss coefficient becomes independent of the Reynolds number

and therefore depends only on the relative roughness (horizontal domain).

& Tastly, we say that we are in a smooth turbulent regime when we are on the lower curve of the
turbulent domain. The flow velocity alone, not the roughness, is what causes the turbulence.

V.11. Head loss

Head loss denoted “ H “ is a way of expressing pressure in terms of the height of a fluid column that
would produce the same pressure (Madeira, 2020). It consists of:

® The head loss due to viscous effects in the straight pipes, termed the major head loss and denoted

(13 2
hmajor .

® and the head loss in the various pipe components, termed the minor head loss and denoted “R 1inor "

Major Loss
Ap: Pressure Loss
Minor Loss (7.‘__‘”_'_., T}
T e
Fig.V.7 Head Loss
That is:
H = hmajor + hminor (V8>
Where:

H head loss or pressure loss in the pipe or duct system
Rinajor—ioss is major loss due to friction in the pipe or duct system.

Rinor—toss is minor loss due to the components existing in the pipe system.
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V.11.1. Major Loss (regular loss)

The major head loss are associated with frictional energy loss per length of pipe, are due to friction along
the length of a straight pipe, and depends on:

Pipe length, diameter, fluid velocity, viscosity, and roughness.

As shown in figure V. 8 the static pressure (seeing in chapter II) can be related with pressure loss in pipe.

Ap = pgh (IL.5)

Stagnation
' pressure
Static

pressure _f—
hAP = pgh

Fig.V.8 Pressure loss Vs static pressure

for a single pipe or duct can be expressed as:

_Ap =k£v§i[m]

Major head =h,,, = V.9

“ pg D2g

Ap LYV,
E loss =g.h, . =——=kl — |-=£[J/k 10
nergy 1oss = gy == (Dj S ke (V.10)

2
L vavg

regular pressure 10ss = Ap, .1, = P-&Myyjor = k(Bj.p.T[Pa] (V.11)

Equation V.9 is valid for duct flows of any cross section and for laminar and turbulent flow. It was proposed
by Julius Weisbach, a German professor who in 1850 published the first modern textbook on
hydrodynamics(\White, 2008).
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V.11.2. Minor loss (singular loss)

For any pipe system, in addition to regular (major loss) there are additional so-called minor losses due to

fittings, bends, valves, expansions, contractions, or other local disturbances.

K=0.5

Pipe entrance or exit —=V |D K=0.8 —_—V
foet=f T
=
Al f ."512
e

Sudden expansion or —l—
contraction _\

K=1

Bends, elbows, tees,
and other fittings

4.3

Valves, open or
partially closed

m—
Outline

Gradual expansions or
contractions

In this case pressure loss or min loss is accomplished by changing the geometry of the system li.e., closing
or opening the valve alters the flow pattern through the valve.
These minor losses are generally observed in:

& Restriction devices (a sudden reduction in pipe cross-section)

& Connecting devices (bends, gradual passage cross-section, etc.)

A singular head loss is expressed as a function of the average velocity Vayg before the singularity.

Based on experiments, head losses are proportional to the square of the velocity, and therefore the following

form has been adopted:
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2
Singular pressure loss AP[Pa]=k. p.% (Iv.12)
V2
Minor head in meters of fluid column h.. [m] = k.z— (V.13)
g
2
Energy loss ghy [/ kg]= k.p.% (V.14)

K': The coefficient of singular pressure losses is determined experimentally.

V.12. Bernoulli's theorem applied to a real fluid

Consider a flow between two points @ and @ of a real fluid in a pipe. Assume that there are hydraulic

machines between @ and @.

(2)
Screwed Sh arp =
regular s
80° elbow \\ =
r N |
bl (i )
\
Sharp ! :
entrance Half-open
gate valve

bend radius

I
Open globe

valve

Fig.V.9 Flow in pipe with hydraulic machine and minor losses(White, 2008)

There are three forms to write Bernoulli equation:

V.12.1. Energy form of Bernoulli equation

Bernoulli's equation in the form of energy (pet unit mass) takes the following expression:

p V2 P p V2
—+—+ghj + 2 = (—+—+gh] +gh,, . +gh, . A2
(p 2 | Qm p 2 5 Y (V )
V.12.2. Pressure form of Bernoulli equation

Bernoulli's equation in the pressure form takes the following expression:

1 P 1
(p+5pvz+pghj + QHE[ :(p+5pv2+pghj +Apregular+Apsingular (V13)

1 v 2
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V.12.3. Head form of Bernoulli equation

In the head form, Bernoulli’s equation represents the total energy per unit weight of a fluid along a streaml

ine. It is written as:

2 2
(£+v_+h] +i:(i+v_+hj + H (V14)
pg 2g ) g0, \pg 22 ),
Where:
6 77—/} + A is the sum of all singular and linear pressure losses between sections (1) and (2).

major minor

& When a hydraulic device is present and exchanges work with the fluid in motion.
Pnet 1s the mechanical power transmitted between the machines and the fluid, potentially
positioned between (1) and (2).
For a Pump: ppee > 0
For a Turbine: pper < 0

& (,, is the mass flow rate.

Bernoulli’s equation can be stated in three different forms, depending on whether each term has units of

energy, pressure or distance. It can be written as follow:

Energy Form [ J/kg ] Pressure Form [Pa] Head Form [m]
2 1 2
P.Y veh=C propvi+pgh=C L ih=cC
p 2 pg 2g
V.13.  Poiseuille’s law

Hagen—Poiseuille formula describes the flow of an incompressible, Newtonian fluid (a fluid with constant
viscosity) through a long cylindrical pipe of constant cross-section. This law is used primarily in fluid

dynamics to predict the volume flow rate of the fluid.(Cengel & Cimbala, 2019)

Fig.V.10 Flow rate prediction
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The necessary pumping power to overcome the pressure loss is calculated from the pressure loss (or head
loss).

for a specified flow rate, the pressure drops and thus the required pumping power is proportional to the
length of the pipe and the viscosity of the fluid, but it is inversely proportional to the fourth power of the

radius (or diameter) of the pipe.

Ppump = QVAP = Qm’g'hmqjor (V.lS)
xApdt

Sl Suin 16

Oy S 1 L (V.16)
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V.14, Problems Set
Exercise N°1
Heavy fuel oil with a dynamic viscosity 7 = 0.11 Pa. s and a density d = 0.932 flows through a pipe of
length L. = 1650 m and diameter D = 25 c¢m at a volumetric flow rate Q,, = 19.7 L/s.
Required tasks:
1) Determine the kinematic viscosity ¥ of the fuel oil.
2) Calculate the flow velocity.
3) Deduce the nature of the flow.

4) Calculate the energy loss in the pipe.

Solution

1) The kinematic viscosity ¥ of the fuel oil: y =118. 10 ~® m?/s

2) The flow velocity: v =0.4013m/s
3) The nature of the flow. N = 850.022; The flow is Laminar
4) The energy loss coefficient in the pipe. k = ;—4 = 0.075;

R

2

So the energy loss equal to k(%)% =594J / kg

Exercise N°2

A coolant circulates in a coiled radiator. The coil comprises the following elements:
& 12 straight tubes, each with a diameter d = 10 mm and a length of 1 m.
& 11 of 180° bends, each with a pressure drop coefficient k = 0.4.

The pipe catties a volumetric flow rate @, = 0.25 L/s; The inlet pressure is P; = 3 bat.

The characteristics of the coolant are given: 1 = 1073 Pa's; p = 1000 kg/m?.

Required work :

1) Specity the nature of the flow.

2) Calculate the head losses: (1) (':“\ rf‘“‘\ R f"“\ f:'\\ ~ (2)

3) Determine P,
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Solution

1) The natute of the flow: v = 3.183 m/s ;
Ng = 850.022; The flow is turbulent.

H=h _+h

2) 'The head losses: major " "minor

LV 125 (1) (3.183)’
Mojor =2 )55 h,,., = 0.02366x
' D22 f=0316N; %% = 0.02366; " 107 2x981 = 14.68 m

APmaj = PGhma; =~ 1000 - 9.81 - 14.68 ~ 1.44 x 105 Pa (~ 144 kPa).

v 3.183)2
hminor :Z(k)_ 11X(04)xu
% - 2x9.81 =2272m
APpin = PGhmin = 1000 - 9.81 - 2.27 ~ 2.23 x 104 Pa (= 22.3 kPa).

3) The out let pressure: (£+v—+zj :(£+v—+z) F Rior + Minin o> kROWINgG that: Y1 = V2and
pg 2¢ ) \pg 28 ),

=2

SO P2 = P1 +p.g (hmaj + hmin) = 1.342 Bar

Exercise N°3

Water at 10°C flows from a large reservoir to a smaller one through a 5cm-diameter cast iron piping system,
as shown in the Figure.

The piping system involves 89 m of piping lenght, a sharp-edged entrance (K = 0.5), 2 elbows (K = 0.3
each), a fully open gate valve (K = 0.2), and a submerged exit (K = 1.006).

Determine the elevation z; for a flow rate of 6 L/s.

Properties The density and dynamic viscosity of water at 10°C are:

p =999.7 kg /m3 and n = 1.307 X 1073 kg/m.s. The roughness of cast iron pipe is € = 0.00026 m

=" @ Sharp-edged
| entrance, K, =0.5

T
: — Standard elbow,
| I flanged, K, = 0.3
1 I [ r ____ |
| §
]
: @D n=4m
: 9m Gate valve, I
: | — Control fully UF:‘U
| volume K, =03~
: boundary
| i —-
L i - 3 =
| 30m | —Exi K, =108
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Solution

Bernoulli between free-surface points @ and @:

pl +_+ _&+—+Zz+hmaj0r+hminor
pg 2g pg 28

Knowing that: v; = v, ;p; = P,

=2 +hmajor ‘minor (f +sz

So

The velocity number of the piping system is equal to:
Qy 0.006

V=—= ~ 3.05577 m/s.

A 19634954 x 1073

nD? _ m(0.05)2

The Cross-sectional area: A = = 1.9634954 x 1073 m?

puD, .,  305577%0.05

130739x10-6 > 1.16865 X 10°. So the flow is turbulent.

The Reynolds number: N, =

&
the Major loss coefficient: f = 0.79\/g= 0.03152.

L v?

2
The Major (regular) head loss: g = f Y ~0.03152 - == . G057

0. 05 2:9.81

~ 26.701 m.

2

The Minor (singular) head loss: ho. =k 2—
g

First sum the Kvalues: Ktor = K, + 2Kepow + Ky + Kexit = 0.5+ 2(0.3) + 0.2 + 1.06 = 2.36.

V2 2
Then: h . = k.2— = 2.36 - % ~ 1.12320 m.
g &

Total loss: Aror = Mmgj + hmin = 26.701 + 1.1232 = 27.8246 m.
Corresponding pressure drop

AProsal = P9 hror = 999.7 X 9.81 X 27.8246 ~ 272,900 Pa (~ 272.9 kPa).

Finally, required upstream free-surface elevation

2, = 7y + Ryop = 4.00 + 27.8246 ~ 31.82 m.

I ———
DR. BENAISSA TRARI FLUID MECHANICS II 97



Chapter V Real Fluid Dynamics Dr. Benaissa TRARI

Exercise N°4

A pump with a volumetric flow rate qv = 2 L/s and an efficiency n = 70% pumps water from a lake to a
reservoir located on a hill, as shown in the figure.

The water is conveyed through a pipe with a diameter d = 130 mm, consisting of three straight sections:

- AB, length L1 = 10 m,

- CD, length 1.2 = 12 m,

- EF, length 1.3 = 8 m,

- two 45° bends: BC and DE, each with a head loss
coefficient Ks = 0.33.

zl

water supply z;

-z =0 and z, = 10m.

1) Specify the nature of the flow.
2) Determine the net power Ppg; of the pump

3) Deduce the power Pa absorbed by the pump

Solution
1) Nature of the flow

& Velocity: V = Qv _ _0.002

A~ 0.01327

~ 0.1507 m/s

VD 0.1507x0.13
“ Reynolds number:Np = ~ ® Tixio6

Since Np > 2300the flow is turbulent

2) Friction factor: No roughness given — use Blasius:

f ~0.3164 Ny /* ~ 0.3164 x (1.96 x 10%)"1/4 ~ 0.0267.

~ 1.96 x 10*.

3) Head losses:
Major Loss (Darcy—Weisbach):
Total straight length L = L; + L, + L3 =10+ 12+ 8 =30m

V2 30 (0.1507)2

L
= f——=10.0267 - ~7.12x1073 m.
hmaj = 54 = 00267 53 o8 7 0 m

Minor (singular):
Bends: two 45° bends, Ky, = 2 X 0.33 = 0.66.
v? (0.1507)?
Rinin = KTotE = 0.66 - 2.981

Total hydraulic losses: hiogs = Ryngj + Amin = 0.00712 + 0.00076 ~ 0.00788 m.

~ 7.65 X 10~* m.

4) Pump net hydraulic power Ppeq:
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P
Equation Bernoulli: P + —_ + e _P

+—+zz+h +h
pg 2g g0, pg 2g

‘major ‘minor

Orvy =v; andp; = P2 = Parm-
Hydraulic (net) power delivered to the fluid:
Phet = ngv(hmaj + hmin) = 1000 -9.81-0.002 - 10.0079 = 196.2 W.
Round to sensible precision: Ppey = 196 W.
5) Power absotbed by the pump (shaft/electrical) P,
Given pump efficiency 1 = 70% = 0.70 Power required at pump shaft (input) is

Pret _ 196.2

P =
@ 7 0.70

~ 280.3 W.
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VI.1. Appendices

VI.1.1. Mathematical reminders

VI.1.1.1.  Vectors : (Marc, 2023)

Let A and B be two vectors in R The scalar product is equal to:

— 2
AB=AB +AB =) AB, (VL1)
i=1
Let A and B be two vectors in oriented space. We define their vectorial-product ANB by:
C=idnB=4B,-4B (V1.2)
The tensor product, which is a matrix:
Modepo| M AL
= = I.
AB AB (V1)
yox Yoy
VI1.1.1.2. Scalar function f(x,y,t) of 2 spatial variables x,y and time t

Example: f(x,y,1)=x2ye™

0 0 0
Its differential is a scalar: df = l dx + ldy + ldt
ox oy ot

Its gradient is a vector of components: %’(Z So gradf = al; +g2 - 2xye”
ox 0Oy ox

=2xye 'dx+x?e'dy — x> ye 'dt

y xzeft
VI.1.1.2. 2D Vector Function

If ﬁ(x,y,t) is a vector field in R? space and time u(x,y,t) and v(x, y,t) are its components in 2D

direction in X and Y direction.

. — , . Ou Ov
¢ Then the divergence of U(x,y,t) is defined by: divU = —+—
ox 0Oy
It can be written symbolically divU=V.U
— 2xye”!
Example: U (xa yat) = |:(x2 n yZ)et
Its divergence is a scalar: divU = ou + o =2ye " +2yé
ox Oy

Note: Divergence reflects the compression or expansion of the field
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¢ Its curl is a vector perpendicular to XY plane and its amplitude is defined as:

i J
curlU=V AU = ii
ox Oy
u vy
So CurlU = @_6_u k
ox Oy

Note: The curl represents the solid rotation of the field

VI.1.1.3. Incompressible Euler and Navier-Stokes equation (Boyer & Fabrie, 2005)

A flow is said to be incompressible if one of the following equivalent properties is satisfied:
The volume of any fluid element is constant over time;

The velocity field v has zero divergence: div v /& 0;

The density is constant along the trajectories.

divl’ =0
8tV+(v.V)v+Vp—VAV =f
Where “v”is called kinematic viscosity, and the "pressure" p (which is no longer a function of density) is

understood as a Lagrange multiplier associated with the incompressibility stress div v & 0.

VI.1.1.4.  Euler equations for homogeneous incompressible
In the case of a non-viscous, incompressible, homogeneous fluid (sometimes called a perfect fluid), we
obtain the following system:
The vorticity within the flow is defined as follows: @ = curl(v)

In 2D: curl(v) = M _m eR
ox, 0Ox,
ov_ ov
ox,  Ox,
In 3D: curl(v) = % —% e R’
ox,  Ox
P
| Ox,  Ox, |

Note: In French, the curl operator is called rot.
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VI.1.2. Fluid propreity tables

Table VI.1 : Common engineering fluids at 20°C and 1 atm:

Fluid Density, Dynamic Kinematic
o (kg/m3) Viscosity, Viscosity,
w (N. s/m?) v (m?/s)
Water 998 1.01E-03 1.01E-06
Air 1.21 1.84E-05 1.54E-05
Engine Oil 888.1 0.8374 9.429 X 10—4
Glycerin 1264 1.519 1.201 X 10-3

Table VI.2— Thermophysical properties of water (Yunus, 2010)

Temperature Density Spécific Heat thermal Dynamic kinematic
(°C) p (kg'm™) cp (kJ-kg'-K™) Conductivity Viscosity Viscosity v
k(W-m'-K1) u (Pa-s) (m?-s") x10°¢

0 999.8 4.217 0.561 1.79%x1073 1.79
10 999.7 4.192 0.580 1.31x1073 1.31
20 998.2 4.182 0.598 1.00x1073 1.00
30 995.7 4.178 0.615 0.80x1072 0.80
40 992.2 4.178 0.630 0.65x1072 0.65
60 983.2 4.183 0.653 0.47x1072 0.48
80 971.8 4.195 0.670 0.36x1072 0.37
100 958.4 4.216 0.679 0.28x1072 0.29

Table V1.3 : Physical Properties of Common Liquids at 20°C(I'ox et al., 2020)

Liquid Isentropic Bulk Modulusa Specific Gravity (—)
(GN/m?
Water 2.24 0.998
Seawater 2.42 1.025
Glycerin 4.59 1.26
Castor oil 2.11 0.969
Benzene 1.48 0.879
Carbon tetrachloride 1.36 1.595
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VI.1.3. Physical Constants

Physical Constants Used in Incompressible Fluid Dynamics:
1. Gravitational Acceleration

Symbol: g; Value: g = 9.81

Role: Appears in hydrostatic pressure, Bernoulli equation, and free-surface flows.
2. Reference Atmospheric Pressure

Symbol: P, ; Value: pyy = 101 325 Pa

Role: Used as reference pressure in open-flow problems and gauge pressure calculations.
3. Fluid Density (Constant for Incompressible Flow)

Symbol: p; Typical values: Water (20 °C): 998

Air (treated as incompressible at low speed): 1.2

Role: Central parameter in momentum, continuity, and energy equations.
4. Dynamic Viscosity

Symbol: u ;

Typical values: Water (20 °C): 1.0 X 1073 Pa\s

Role: Governs shear stresses and viscous dissipation.
5. Kinematic Viscosity

Symbol: v

Definition: v = %

Typical value (water, 20 °C): v = 1.0 X 1076 m?/s
Role: Used in Reynolds number and viscous flow analysis.
6. Surface Tension (when free surfaces are present)
Symbol: o
Typical value (water—air, 20 °C): ¢ = 0.0728 N\m™2
Role: Important in capillary flows, droplets, and microfluidics.

7. Thermal Constants (when coupling with heat transfer)

Constant Symbol Typical value (water, 20 °c)
Specific heat @ 4182
Thermal conductivity ‘ k 0.6
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