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Foreword

Physics is the cornerstone of engineering, providing the essential framework for our technological
world. While the academic landscape is rich with exhaustive treatises, the modern student
requires a streamlined entry point. Essential Physics for Engineers was conceived for UTCN
students as a clear, structured synthesis of core principles, distilling complex phenomena into a
coherent, efficient guide. The material is organized into two fundamental pillars:

* Part | covers mechanics, rotations, and wave phenomena, extending into the study of energy
and transport phenomena in fluids and porous materials.

* Part Il explores electromagnetism—from electrostatics to electrodynamics—culminating in
the foundations of quantum physics and the electronic properties of solids, including
semiconductors and superconductors.

This edition embraces a contemporary vision by integrating various applications of the physical

phenomena presented, ensuring that theoretical concepts are grounded in real-world engineering

contexts. Rather than a final destination, this book is a dynamic starting point. Future editions will
expand upon these foundations with applied problem sets, bridging the gap between theory and
practice to provide the analytical depth indispensable for technological innovation.
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Elements of the kinematics and the
dynamics of the material point

Contents:
1. Physical quantities in kinematics and dynamics
2. The principles of Newtonian mechanics



1. Physical quantities in kinematics and dynamics

1.1.

Kinematics is that part of mechanics that studies the motion of objects without considering the causes
producing it.

Dynamics is that part of mechanics that studies the causes of motion (the effect of forces).

Material point = physical object whose dimensions can be neglected in describing motion (e.g. motion
of the Moon relative to the Earth)

The position vector (r (t)) Describes the position of a material point in a tridimensional OXYZ

coordinate system;
* Is characterized by the coordinates: x(t), y(t), z(t);
e Can be written in a vector form as:

F(t) =X + y(t)] +z(DK

i, j,k —the unit vectors of the three directions: OX, OY, 0Z?
f=[71-[f]-1

unit vector <" 0 T h
Observations: b)=rk=Jk=1
* The arrow of the position vector describes a traiectory
* The distance form the origin (O) to the P point can be calculated as

the modulus of the position vector;

dop = [F(6)] = /X(1)? + Y(£)? +2(t)?




1.2. The velocity vector (v (1))

* The velocity vector describes how quickly the position vector changes over time;
* We distinguish two types of velocity: average velocity and instantaneous velocity

The average velocity (V ) The instantaneous velocity (V)
z4 F(t+At)—F(t) = AF —displacement vector z4 dF —infinitezimal displacement during dt
At —time interval of the displacement o dt —infinitezimal time interval (tinde spre 0)
AN ‘ N :
F r{t)y r(t+dt
r(t F(t+ At) _ W) rtrdy -
> v - L-h_FE+AD-F(t) _AF 0 "y 7= lim FAFA)—F(t) _dr
/O y nTLot | tHAL-t AT =AM ATt dt
X X
* Measuring unit for velocity is m/s; * The Instantaneous velocity (at an instant t) is

obtained as the derivative of the position vector

* Orientation of the average velocity is parallel to N
versus time;

the displacement vector
* Orientation of the instantaneous velocity is tangent

* The “average speed” is not the magnitude of to the traiectory

average velocity but the distance traveled divided
by the travel time. It is a positive, scalar quantity. * The instantaneous speed is the magnitude of the
instantaneous velocity vector, It cannot be negative.
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1.3. The acceleration vector (a (1))

* The acceleration vector describes how fast the velocity vector changes over time;

* |Inthe case of acceleration, only the instantaneous acceleration is defined

Z 4

A

v(t)
U(t + dt)

F(t+dt)

v

1.4. The momentum (p)

z

__U(t+dt)—v(t)_dv

=" idt—t dt d(dr) d?r
dr = a:a[ﬁj:dﬁ

because: V:E

dv —infinitesimal valation of the velocity during dt interval
dt —infinitesimal time interval (goes to 0) ‘

Instantaneous acceleration (at instant t) is obtained as the derivative of the
velocity vector versus time;

In SI, the measuring unit for acceleration is m/s?;

If a material point having a mass m displaces with the velocity v, it will have a
momentum:

p=mv

The Sl unit for momentum is kg-m/s; g



1.5. The translational kinetic energy (E,)

If a material point with the mass m displaces with the speed v this will store a
kinetic energy

The measuring unit for the kinetic energy (or any other form of energy) is
J=Joule;

1.6. The potential gravitational energy (E,)

!

m
G =mg
( the gravitational force)

Epo :0’7—/

If a material point having a mass m is placed in a gravitational field, at a
height h relative to an arbitrary level chosen as a “zero” potential energy
(Ey0=0), then the material point will store a potential energy

E, =mgh
g =9.81 m/s? — gravitational constant (acceleration);

The measuring unit for the potential energy (or any other form of energy) is
J=Joule;
The measuring unit for gravitational force is N=Newton




1.7. Elastic potential energy (E,.)

* If a spring of elastic constant k deforms over a distance x under the action of
an external force F, then that spring will store an elastic potential energy

Fe
kx?
— Epe :_2
0 ¢ . . . .
X * The elastic force opposing the force F oriented along the OX is of the form:
F, =—kxi’

1.8. Total energy of a moving object hanging on a spring of negligible mass (E,,,)

7 * |f a material point of mass m is placed in the gravitational field, at a height h
////M relative to the zero potential energy level (E,,=0) and displaces with the

Equilibrium velocity v, hanging on a spring with the elastic constant k, the system will
0 = position of the store the total energy
X { 77777777777 m spring V2 2
?_} Etot:Ec+Ep+Epe:m?+mgh+k7
V
h * |f no other external forces act on the system, the total energy is conserved;
P * Energy conservation means that the sum of the three energies remains
v Epo =0 constant and only the energy forms are transformed.



1.9. The work (L)

The case of a variable force The case of a constant force applied to an axis
constrained object

Variable force 4® Magnitude or variable orientation  Constant force 4® Constant magnitude and orientation

N 0
The total work produced by the force F in a In the image above, the pebble can only move
displacement of its application point between the along the fixed string. Because the force F is

positions A and B can be calculated as an integral
on the trajectory AB of the elementary work
dL = F -dr

constant on the trajectory constrained along Oy,
the scalar product becomes F - dr = Fdy cosb;

B B YB N
Lyg=[F-dF Lug = |F-dF =Fcosd [ dy=Fdcosd=F -d
A A Ya

The measuring unit for work is Joule=J



Applications:

I:external
vaw- F,=0

The work of an elastic force F, = —kxi —elastic force for a deformation x of the spring }

F .dF —the total work

—
)>
'—.UJ

B

7
% A
% T e " . = Lpg = [k -dF
y Fexternal A
Z B g! . ) dr = dxi +dyj +dzk = dxi —displacement only || with OX
< FeA:?kXA' X 2 2
e - o=tk ()0,
4 Fo=ktg i 8
: Fg = 1 > The work produced by the elastic force is equal to
0 XA XB X

the difference of the potential energies
The work of the gravitational force

z
E = G =—mgk — gravitational force | "
g gKk—g L= [ -mg dz=mg(h,~h,) =E,, ~ E,, =—AE,
G =-mgk B 3
Lag
B{ The work produced by the gravitational force
h, :J‘ T F is equal to the difference of the potential

/ energies

x/ Y dF =dxi +dyj +dzk = dzk —displacement only || with OZ

12



1.10. Conservation of the total energy
The work and the variation of the kinetic energy

A

B
Lyg = | F-dr
A
= dv
F=ma mE

Conservation of the total energy

A

h.-

z

1
. m = cnst.

v G :—mglz

y

B j— B 2 2
dv o v v
L.=m|-—-df=m|V-dv=m-B—-m-2
AB -/[dt i 2 2

L]

The mechanical work produced by the force F
on an object of constant mass m is equal to the
increase in its kinetic energy

Combining the above result for mechanical work with that obtained in the case of
gravitational force, we obtain:

2 2
V2

V. . . .
=m-2 —m-L —written as kinetic energy variation;
L, > > gy =

L,, = mgh, —mgh, —written as potential energy variation;

2

) mghl+mV?1=mgh2+m

2
V2

2

The total energy in free fall is conserved

13



.11. The Power (P)

Power is the physical quantity that shows the mechanical work produced by a force in a unit of
time. There are two types of power: instantaneous power and average power.

Instantaneous power produced by the force F during the elementary time interval dt is defined as:

P

:d_L
dt

dL= F - d7-the elementary work during dt

The average power produced by the force F during the finite time interval At is given as:

B
L= fA F - dr-the total work during the interval At

The measuring unit for power is Watt=W

L
Pavg_A_t

1)
lW_E

Another unit also used for power is the Horsepower (hp): 1 hp = 736W (the power needed to lift a 75kg body
to 1m in 1s - the European definition). This unit of measurement was originally established by James Watt
and is close to the power exerted by an average horsepower. However, the British system uses 1THP=746W



2. The principles of Newtonian mechanics

* Allclassical mechanics is based on three principles, formulated by Isaac Newton in 1687:

P1 (inertia): A body maintains its state of rest or uniform rectilinear motion as long as no resultant

external forces actonit.

P2 (force principle, fundamental law): The rate of change of the momentum of a body is equal to
the resultant force acting on that body

E_ dp| F —resultant force
~ dt| p=mvV—momentum of the body

Only in the case m=cnst., the 2-nd principle can be rewritten:

P3 (action and reaction):

If a body A acts on the body B with a force F,g ( action force) then the
body B will react on the body A with a force Fg, ( reaction force), with the
same modulus but opposed sense.

Attention!

—

F=mad

can be applied only to objects
having constant mass

15




Applications: the circular motion of the material point

* It is the movement where the magnitude r of the position vector stays constant in time and only the angle 0
with the OX axis changes;

* The movement of the material point can be described here using both cartesian (OXY) and polar (r, 0 )
coordinates

The relation between cartesian and polar coordinates

FO=xOr +y()] gy =07 HO5_ 5y g The angular velocity:
x(t)=rcosd dt dt ’
y(t)=rsing =) vx(t)=—r%—fsin9=—rwsin9 w:%—f —angular velocity
1N vy (t) = r%—tgcosé’ = rwcosd (@], =rad/s
O rcos@ X
$

The relation between angular and tangential velocity:

_ 2v? =
V=V +V. =T

The kinetic energy in circular motion can be expressed in polar coordinates:
E_ mv’ _mrie’ _le?
¢ 2 2 2
| =mr2—inertia of the material point around rotation axis (kg-m?)

16



Elements of the kinematics and
dynamics of arigid body

Contents:

1. Therigid body

2. The center of mass of a system of materials points
3. Rotational dynamics of the rigid solid

4. Translation-rotation analogy

5.

Introduction to non-rigid solids. Deformations and elasticity



1. The rigid body

* Allbodies around us have a finite, non-zero geometric dimension;

* Often the shape of the body also influences its motion, not just its mass. For example, a cylinder rolling
freely on aninclined plane from height H will have a velocity at the bottom of the plane that depends on its
mass distribution (empty or full cylinder);

* To describe the motion of physical bodies, having a finite shape, the notion of a rigid body is introduced

The rigid body consists of a system of material points (volume elements) whose distance from each
other remains invariable (does not change during the motion of the rigid solid).

S

Obs.:

* The rotational motion of the rigid solid
about an axis is equivalent to the
rotational motion of the volume elements

dV =dxdydz - volume element forming the rigid body; .

= the mass density of the body * These elements are at different dlstaljmces

r but rotate at the same angular velocity ®

—

' Lﬂ dm= pdV -masselement

* Tounderstand the rotational motion of the rigid solid we will first define the center of mass of a system of
material points and describe the circular motion of a point in the system around the center of mass
18



2. Center of mass of a system of material points

Consider in the following a system of material points consisting of bodies of masses m,...my at the
positions described by the position vectors r,...ry and moving with velocities v,...v, (as shown in the figure).

The center of mass of the system is the geometric place where the entire mass of the system can be
concentrated. It is indicated by the position vector:

N
mf;
L mpamnem 2
CM
m1+m2 +m3 Myot

N —number of material points in the system (here N=3)

The velocity of the center of mass of the system can be

calculated as the time derivative of the position vector of the
center of mass:

N
m: V. .
_ dr, 1 d =
Vo = —M = —(mr +mF, +m,,) =" = _tot
Modt m+m,+m, dt(mll 272 33) My My

_ N
Pot =D MV, -total momentum of the system
=1

19



3. Rotational dynamics of the rigid solid

* Since the rigid solid consists of a system of material points, we first refer to the material point and
introduce the main physical quantities involved in the dynamics of rotation of the material point around a
center of rotation

3.1. The torque of a force about a rotation center 3.2. The angular momentum of a material point

z 1 p=mv

=l

S y
X Rotation center X/ Rotation center

If a force F acts on a body at a distance r If a body at a distance r from a rotating center
from a center of rotation, then that force is moving with velocity v, then it will have
exerts a torque angular momentum

M =1 x F|-Thetorque L=rx p - The angular momentum

The Sl unit of torque is Nm The Sl unit of angular momentum is kgm?/s

20



3.3. The second law of dynamics for the rotational motion of a material point

Consider a material point at a distance r from a rotation center,
displacing with the velocity v.
The angular momentum of the material pointis:

—

L=rxp

The time derivative of the angular momentum is:

AL A 5 rx 3P yumy 47 xE=0+FxF =M
dt dt dt =0 because
the vectors
are parallel
dL _ M -the second law of dynamics for the
dt material point found in rotation

Notes:
* This law is analogous Newton's 2nd law of translation;
* [f M=0then L=cnst., i.e. angular momentum is conserved.

ge!
Il
3
<

=l

y:

Rotation center

21



3.4. The 2"9 law of dynamics for the rigid body

The rigid body is made of a system of material points with the masses m;

displacing with the velocities v,

N

i=1

E=Zﬁ><ﬁi

angular momenta:

dc _d
dt  dt| &
because:

wenote erszrXF -

instead 0f|I =1 i j=1

Zf‘

i,]=1

Center of rotation (does not
have to be the center of mass)

F,; = external force acting on particle "i";
N —
> F;

=1

[IHIN

i =sum of forces acting on particle "i";

—
—

N

i

=1

x F,; =sum of torques of the external forces acting on the rigid body

<

|\>||—\

N dp N N N N
[Zﬁ ] Z 'xp'|+2r><—p D Vxmv +) x| Fy+ > F; i+ Y Fx
dt dt i=1 =0 i=1 j=1 i=1 i,j=1 .

N
Z(ﬁxlfjiﬂ_"jxlf-)
4

The total angular momentum of the rigid body is the sum of the individual

By differentiating the total kinetic momentum versus time, one gets:

=3 nxF

(F —T )x Fii =
J Winternal forces
are parallel
with the position
vector connecting
the 2 particles

1
2,

%MZ

prllnmpe 3 '

The 29 law of dynamics for the rigid body

22



3.5. Equilibrium conditions of the rigid body

* 2nd law of the rigid body dynamics, together with the 2nd law of material point dynamics (here the center of
mass is assimilated to a material point) allow to establish equilibrium conditions for the rigid body.

A rigid body is found in equilibrium (uniform translation or rest, uniform rotation or rest) if two conditions are

satisfied simultaneously:

dP _

* The resultant of the external forces is zero: Z |f =0

* The resultant of the external torque is zero: Z M = O s

dt
d_E =
dt

Both forces and torques
compensate each other,
so it follows that the rigid
body is at equilibrium

0

0

—

P =cnst.

—

L =cnst.

< MV =cnst.

< lw=cnst.

23



3.6. Rotational kinetic energy of the rigid solid

We can consider the rotational kinetic energy as the sum of the energies of the volume

elements forming the rigid solid

Comments:

o
2

2

2
()
Ecrot =1 7

—rotational kinetic energy

Nooy2 N 2p2 N ,
Ecrotzzmi_lzzmi 2| :Zmiri
=1 =1 1=1
N
I =" m,r?|—moment of inertia of the rigid body
=1

* The moment of inertia | plays in the rotational motion of the rigid body the role played by
the mass min the translational motion of the material point;

* The moment of inertia | is a measure of the rotational inertia of the rigid body (that is, a
body in rotational motion is harder to stop the higher its moment of inertia is);

3.7. Total kinetic energy of a rigid body

For a rigid body rotating with angular velocity w and whose center of mass

Ectot - Ecrot + Ectrans =

0)2

-+

2
m VCM

2

moves with velocity vy, the total kinetic energy is the sum of the
translational and rotational kinetic energies:

V. — Velocity of the center of mass
@ —angular velocity
I - moment of inertia

m- mass of the rigid body 24



3.8. Calculation of the moment of inertia of a bar rotating about one end

Rotation axis

=

Moment of inertia | plays an essentialrole in rotational motion. We previously observed that: | :Zmi I'iz

1=1

To illustrate the calculation of the moment of inertia |, we consider a rod having length L and mass m that
rotates around one end. The element m, of the rigid solid at distance r; from the axis of rotation is replaced

by an infinitesimal element dm at variable distance r.
The infinitesimal moment of inertia dI of a length element dr containing a mass

dm is given by:

m _ 2 Mo _m
dr = dm="dr dl =r“dm| wheredm= I_dr the mass element =) ] =T dr
m The total moment of inertia is calculated as the infinite sum of such elementary
» moments of inertia, i.e. as an integral:
\—Yr_—’ X M m L | 2
- % / I =>"dl = [r2dm |=—jr2dr:m—
L =4 L 3

Other examples of moments of inertia (they can be calculated in a similar way; one can observe that they
depend on the mass dlstrlbutlon and the position of the rotation axis relative to the body)

@S

| =—— | =mr?

Full cylinder Empty cylinder

Full jhere Empty ;Lhere



4. Translation-rotation analogy

There is a perfect analogy between rotation and translation. Thus, the laws governing rotational motion have
the same form as those governing translational motion, except that instead of the physical quantities of
translation, equivalent quantities are used.

Translation

r(t) —position vector

V() = @—velocity vector

dt
a)= d\égt) — acceleration vector
m —mass

P =mV -momentum

—

F - force
9P _E _2nd law
dt
V2 L.
E.= m7 - kinetic energy

P =Fv - power

6(t) - angular coordinate

o= % - angular velocity
£= %—angular acceleration

| - momentum of inertia

L = I & - angular momentum

M - torque
dL _ i - 2nd law
dt

C{)Z

Eerot = | R Kinetic energy

P =M - power

Note: This analogy allows one
to quickly deduce a formula
characterizing the rigid body if
one knows the formula for the
translational motion.



5. Introduction to non-rigid solids. Deformations and elasticity

In many situations, the assumption of rigidity is not valid. Different types of mechanical stress (from external forces) can
modify a material’s shape and dimensions through reversible or irreversible deformation.

* Elastic deformation is reversible: the material returns to its original shape once the load is removed.

* Plastic (permanent) deformation is irreversible: the material does not fully recover after the applied stress is released.

Hooke’s law and the tensional stress of a uniform bar Classification of mechanical stress

E «-)# E we further denote
<+—>
lo Ng=Eg”

F Al

5-E N —Hooke's law o = (tensile/compressive) stress (Pa)

F —applied force; S —section of the element| & = the relative (tensile/compressive) strain
Al —element deformation,; |, —initial length | E =Young's modulus

Tension Compression Shear Bend Torsion

Stress vs strain for concrete
* For many materials, in the elastic domain, Hooke’s law is valid both for

tension and compression. For composite materials, they are not
equivalent. Such materials resist well to compressive stress but fail easier
under tensile stress.

o2}
o

Compressive
strength

[6)]
o

o

Compressive strength

* The stress required to induce fractures into the material is known as:

breaking stress or for compressive stress, the term used is compressive
strength and is measured in Pa. 0 10 20 30
Compressive strain (mm/mm)

o

Compressive stress (MPa)
lS N 8 B

o

27



Oscillatory motion

Contents:

1. The harmonic oscillator

2. The damped oscillator

3. Theforced oscillator. Resonance



The oscillatory motion is a repetitive motion, produced under the action of an elastic force (restoring

force), and characterized by a certain periodicity in time

Examples of oscillations

A
v
)

m Fe
Torsional Pendulum

Mass-spring system

Liquid Column in “U” shaped tube LC oscillators
29



1. The harmonic oscillator

* Oscillations take place under the action of an elastic force alone:

2 2
—> mdX_ ko M+%x:0

dt? dt?

The characteristic angular :\/K
frequency is further introduced as: 0 \m

Note: The solution of the differential
equation of the harmonic oscillator is
obtained using the method of the
characteristic equation (see math courses).

F, = —kxi

d?x

=

d?x

dz+a)0X 0

solution

=

From Newton's 2nd Law: F = mg =ma,i —onedimensional motion - memsp

The differential equation of the
harmonic oscillator

X(t) = Acos(ayt + )

(the elongation of oscillations)

A—amplitude of oscilation (m);
@, —angular frequency (rad/s);
@—initial phase (rad).

30



1.2. The parameters of the oscillatory motion

The mass-spring
system:

Equilibrium position

The position of the object:
A—amplitude of oscilation (m);

@, —angular frequency (rad/s);
@—Iinitial phase (rad).

X(t) = Acos(a,t +¢)

30

2()/,Acos(go) T

E NN NN
s VD)
2
I AVERRVANAVARRVAAY!

The period of oscillation (T)

Definition: The period represents the time needed for
one complete oscillation

& X(t)=x({t+T)
X(t) = Acos(apt +¢)

\ £

Acos(apt +¢)= Acos @, (t+T)+¢]
S o,(t+T)+o=ot+9p+27
< wyl =27

mm [T

The frequency of oscillation (v)

_ 27| The measuring unit for
B , period is s=second

Definition: Frequency gives the number of complete
oscillations in a second:

1| The measuring unit for frequency
V= T | isHz=Hertz 1Hz =1 oscillation/s

31



The velocity of harmonic oscillator(v)

The instantaneous velocity of the harmonic oscillator is

calculated as the derivative of the elongation with respect to V. =0 V
. min max
time N
dx(t . :
V= % =—w,Asin (oot + @) =V, Sin (ot + @)
where: vV, = a)oA Equilibrium position

The total energy of the harmonic oscillator (E,,,)

2 2
:EC+Ee:mV—+kX— > A?
P 2 2 Eit =M 02

k = ma,* —the defining equation for the characteristic frequency

X = Acos(ayt + ) l

oA _ A
2 2

E

tot

2
sin® (@t + )+ k'%cos2 (ot +9)
V=—ayAsin(amt + )

Note: The total energy of the harmonic oscillator e =M

remains constant over time and is divided into
kinetic and elastic potential energies.

min —

<

32



2. The damped oscillator
» Damped oscillations occur in a system if a frictional force (resistance) acts
on the oscillating body in addition to the elastic force:

Fe =—kxi —elastic force
dxy_
dt

F = F, + F, —total force acting on the body

Fro=—yV=—pV,i =—y friction force proportional with speed

= - d®X-
By applying Newton's 2nd law: F=ma=ma,l = mw' ‘
(one dimensional motion)
N
d?x y dx K d2 R - -
‘ Z 242 L P2 x=0 X ax 2, The differential
dt? 2mdt m e dt2 +20 dt +@px =0 equation of a damped
@, =\/%—the natural, characteristic angular frequency ‘ solution oscillator
5 =2 —the damping coefficient J _ A The elongation of the
2m P X(t) = A" cos(at +¢) damped oscillator
st - .
Note: The solution of the differential equation of the Aye™” —amplitude of oscillation;
damped oscillator is obtained using the method of = /wg_52 —angular frequency of oscillation;

the characteristic equation (see math courses). _—
@ —Iinitial phase.
33



2.1. The parameters of the damped oscillator

x(t)
A, Alt) = Ae™
At)
At+T) 5
A(r)=A e ) i A(57) ~f’
JWnre—

The period of the damped oscillator (T)

27 >T,=—
o g -5° )
(the period is bigger than the characteristic period)
The frequency (v)

NG

(smaller than the own frequency: VOZ% )

V=

The Logarithmic decrement of the attenuation (A)

* Indicates the degree of attenuation of the amplitude
of oscillations over a period.

A=In
A

* Itis defined by the relation: =>A=0T
Alt)=Ae™
A(t+T )= AT

The relaxation time (t)

* Thetime after which the amplitude of the oscillations is
reduced by e=2.718 times

A7) = % 1
5
A(r)=Ae "

e Using relaxation time, the elongation of a damped
oscillator can be written ats:

X(t) = Aje 7 cos(awt+g)

34



3. The forced oscillator

* Forced oscillations occur in a system if an external, periodic force acts on
the oscillating body in addition to the elastic and frictional (resistance) forces:

F, =—kxi —elastic force )
F =V =—pVyi = }/(cjj)t(l —resistance force, proportional with the velocity

Fopt = F cos(a)t)l —periodical external force, with angular frequency » and amplitude F, > mpy

F =F, +F, +F,, —total force on the oscillating body
. ’ — - 2 - -
* Byapplying Newton’s2"!law: F =mag=ma,i :m%u —1D motion )

# d2X dX
m_2+2——+kx F, cos wt 2% dx =
dt 2m dt 25—+a)§X:FOCOS(a)t)

. ) dt? dt

The differential equation of
the forced oscillator

W = \/% —characteristic angular frequency

l solution
o= ——damplng coefficient J
2m X(t) = A(w) cos(wt +¢)| The elongation of

Notes: The solution of the differential equation of the damped oscillation

oscillator is obtained as the sum of the solution of the F 1 . L

homogeneous equation and a particular solution (see the math A(w):ﬁ 2 —the amplitude of forced oscillations
2 2 2, 2

courses). The solution of the homogeneous equation smooths out \/(a) —a)o) +40°w

over time, canceling itself out. So only the particular solution tango_ 250) —the initial phase

remains. - a)o 35



3.1. Resonance

* The resonance phenomenon consists of maximizing the amplitude of the forced oscillations for an
external force frequency close to the oscillator's natural frequency. The frequency at which the
amplitude of the oscillations becomes maximum is called the resonance frequency.

A( @, )—amplitude at resonance
A

A(w) o,
Representing oscillations at
FO 3 different frequencies
me; — —
w, , , a @,
* The resonance frequency is obtained from
the condition of maximizing the amplitude
@,
dA(w) —0
do |,_,
= |0, =& —25%|-resonance angular frequency
F, 1
Alw)=-2 F . _—
m 0 —amplitude of oscillations at resonance

\/(a)z —a)z)2 +45°w? A(wr): o1
0 M 26, |wE - 52
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1. Classifications of waves

* Waves are oscillations that propagate in space from one point to another via a force field

Elastic force field —> Elastic waves
Pressure forces —> Sound waves in fluids
Electric and magnetic force field ‘ Electromagnetic waves
* Waves can also be classified by the direction of wave propagation relative to the direction of particle oscillation
v’ Longitudinal waves = direction of oscillation v" Transverse waves = direction of oscillation
parallel to direction of propagation: perpendicular to the direction of propagation:
—  ——— — >
. Propagation
Oscillation ~ Propagation Oscillation
v' Surface waves = particle motion is elliptical. They Solids Liquids Gases
occur at the boundary between two media and Transverse | Shearwaves - -
decay with depth:
Longitudinal|Compressional Sound Sound
Propagation waves
Surface Love, Sea waves, Kelvin-
waves (solid/solid) Capillary Helmholtz
Rayleigh waves, (gas/gas)

&{ Oscillation (solid/gas) (water/air)
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* Definition: The wavelength is the distance travelled by the wave in a period T

A —wavelength
C — propagation speed
T — period
 The wavefront = the geometric location of points in space oscillating in phase at a given time instant

* Thewaves can be classified by considering the shape of the wavefront (i.e. plane waves, spherical waves, etc.)

Plane waves = wave surfaces are parallel planes  Spherical waves = wave surfaces are concentric spheres

Wave surfaces

A

\

wavefront i

Simmulations: At a great distance from the source,
https://phet.colorado.edu/en/simulations/category/physics spherical waves turn into plane waves
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2. The equation of plane harmonic waves

 Consider a harmonic perturbation propagating in a system of springs and bodies that approximates a
one-dimensional medium (body = molecule or particle; spring = interaction forces):

(0t K, LIf(_>><,t)—displacement relative to x at t
—

SVWWMNWWEWWWEWWVRNVVEVIVYV

1 >
»

I i Wave function for

0 X X plane harmonic waves:
* The displacement from the equilibrium
position of the body located in the position 0: lP(O,t) = Acos wt l » P (x.t)= ACOSa)[t—Ej
(harmonic oscillations of pulsation w and amplitude A are assumed) C

* The displacement from the equilibrium position of
the body located in position x is delayed by At: P (X,t)= \P(O,t —At)
* This delayis the time the wave travels from O to x: At X
where c = the propagation speed of the wave C

Note: The wave function W(x,t) tells us how much a particle, initially found at x, displaces relative to
its equilibrium position (along a specific axis, here OX) at time t. The equilibrium position refers to the
location of the particle at x when the medium is unperturbed by the wave.
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2.1. The Differential equation of plane harmonic waves
« The wave function ‘P(X,t) = Acosa)(t—gj is the solutionto a

second order differential equation with partial derivatives.

* To find the differential equation for waves we will partially
derivate the wave function with respect to both t and x

P P
0 (X’t)z—Aa) sine| -~ 0 (X’t):AQ sine| t—2
ot C oX C C
2y 2y 2
oFxY (ZX’t):—Aco2 cosa)[t—éj 0 (2x,t):_Aa;_2 cosa)[t—zj
k6t C OX C c)
\/
oW (x,t) . .
o 0*P(x,t) 1 0°P(xt)
0¥ (x,t) =" 4] o2 2 ol =0
ox?

Particle Mation in a 10 Sound Wave

+*
*
* ;, |
-
ﬁ’ON” .
o é,‘“
+, k4
ghox Y
A
LA pT R
X8 e
SRR RS
v:;’“.o’%:. e
. I et
*

Pasition

The differential equation of plane

10

harmonic waves with propagation
direction Il OX (longitudinal waves)

* The solution to this equation can be expressed in several forms considering that:

o= ZT—”—the angular frequency
A =cT —the wavelength

_2r
k=T

¥(x,t)= Acosw(t—%) <>

the wavenumber

¥(xt)= Acos(a)t—kx)

‘I”(X,'[)IACOSZ?T[%—%
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2.2. The case of plane harmonic wave propagation in an arbitrary direction

A =~ 27 A
z 4 \ k :Tn—the wavevector
A—the unit vector indicating propagation direction
(N
' The differential equation of the wave propagating in an arbitrary direction
0 > indicated by the wave vector k
y
o7 (It F < -F
X VZ‘P(“)—C%%ﬂ — ‘P(r,t):Acos(a)t—k-r)
The solution of the differential equation
where V? = A= o’ + o’ + o’ (The Laplace operator) or 1 02 —~A = o (The D'Alambert operator)
noted Ox? ayz 0z° Cizﬁ noted P

2.3. Progressive waves and regressive waves

AVAWAS AVAVA

»
T >

[
1 »

0 X 0 X

progressive=displacement parallel with OX regressive=displacement antiparallel with OX
lPp(x,t):Acos(a)t—kx) ‘Pr(x,t):Acos(a)Hkx)
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3. The energy carried by elastic waves

Since the elastic wave moves the particles of the medium through which it propagates, it follows that it
carries energy. The energy carried is not accompanied by mass transport because particles only oscillate
around their equilibrium positions and do not travel long distances.

Y(x,t)
< <» < > *» *| < L 7 *
Wave source
< S -« < » S
7] * I -
< > +»> »: < <
_|_>.
< < < ® 3 -» »>
I | >
0 X X

The energy stored by the wave in volume V/ of the cylinder
is the sum of the energies of all particles in that volume:

ma? A2
Ectot =NE;=N 0)2
N =nV —nr. of particles inside V - Ector =

n—particle density [particles/m?]

: . : — Cctot
n-m= p—mass density of the medium by denoting W—%

The waves become plane waves at a distance
from the source and the particles of the medium
move relative to the equilibrium position
according to the relation: ¥ (x,t)= Acos(wt—kx)

The particles of the medium are like harmonic
oscillators oscillating with angular frequency w
and amplitude A. Each particle of the medium
stores energy in the presence of a wave:

2 N2
E — Mmoo~ A -The maximum kinetic energy of
¢ 2 a harmonic oscillator

The energy density of the wave

2A2 J
»W:pa)z [W]3|:_3

2 N2
DAy _ p“’zAv
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3.1. The energy flux and the wave intensity

* The energy flux (¢ ) represents the energy transported
by waves through a given surface area S, in the unit time:

The measuring unit for flux is: Watt (W)

* The energy passing through surface S during tis
*« ¥ e g3 V¢ + | —7 contained in the cylinder of base area S and
Source of waves > * < - J - height h=ct:
- *» +» <*» S 9 A2 N
1 [* * ) | T * ESZWVZWSCtZIOCa)A St 2 72
*» < <+ <+ > »> - :>cD:pCa)2 S
< > -consider the energy flux: ®=—5%
. “Thect gy n >
Note:|Z = p-C| -the acoustic impedance
Observation: only the waves found at a P Sl kg P
distance < ct will be able to pass of the medium, [Z]:m_zs: Ry (from "Rayl") /
through the surface Sin the giventimet. = 7 @ A2 S -Energy flux of elastic waves
2
* The intensity (I) of waves represents the energy | = E.| @ > -
carried by waves per unit area in the unit time (1s): T St|” S
2 p2 272
m) || =/C a)ZA _7 COZA - The intensity of elastic waves

The measuring unit for intensity is: Watt/m? (W/m?)
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3.2. The relation between flux and intensity

Observations:

If the wave energy is constant on the surface S and itis placed
perpendicular to the wave path, then we have:

vVVvYyyYy

d=1S

=l

If the energy is constant on the surface but the surface is laid at a
certain angle, then we have:

vVVvyYyy

®=1-S=1Scosa

=l

If energy falls inhomogeneously on the surface, then the flux is
calculated as an integral on the surface:

@:jjr-o@
S

vV vV vVvyy
op]]

v

=l
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4. Wave interference

Interference is the phenomenon of superposition in space of two or more waves. The result of interference may be
an increased amplitude (constructive interference) or a reduced amplitude (destructive interference).

Wave functions of the two waves in the interference region:

W, (F,t)= Alcos(a)lt K- r) A, A, —amplitudes;
B ay, @, —angular frequencies;
Y, (rt)= AZCOS(COZt—kZ'F) k;,k, —wavenumbers

The medium does
not change in the
presence of waves

The wave function resulting from the interference of the two
0 Source 2 waves if they do not change the medium through which
X they propagate:

W(r.t)=W,(F.t)+¥,(F.t)= A&cos(a)lt —k, - f’)+ A, cos(a)zt —k, - F)
Instructive simulation of interference phenomenon:
https://phet.colorado.edu/en/simulation/wave-interference

46


https://phet.colorado.edu/en/simulation/wave-interference
https://phet.colorado.edu/en/simulation/wave-interference
https://phet.colorado.edu/en/simulation/wave-interference

4.1. The interference of a progressive wave with a regressive wave
 Consider avibrating string passed over a pulley and able to be moved to the other end with a certain frequency.

Wy * The superposition between a progressive and a regressive wave
passed through the string gives rise to interference phenomena:

W, (x,t)= Acos(a)t —kx+7r)—wave function of progressive wave,;

Wave generator ', (x,t) = Acos(wt +kx)—wavefunction of regressive wave;

a+,8)cos(a—,b’)

2 2
* The wave resulting from interference becomes:

Y (x,t)=¥,(xt)+¥, (xt)= Acos(wt—kx+7)+ Acos(wt+kx)=

—propagation speed of =2Acos [a)t + %) cos [kx - %j =

transverse waves in rope

Noting that: COSc +C0S S = 2c0s(

T-tension in the rope; T
L-length of the rope; :\/%
m-mass of the body;
M-mass of the rope;
p=M/L-linear density of the string

Experimentalillustration of the superposition of a / \

< |P(x,t)= 2Acos(kx—%jcos(wt+%j

progressive wave with a regressive wave: . .
https://www.youtube.com/watch?v=-gr7KmTOrx0 The amplitude of the resu.lt.mg The . phase of the
. . . : . wave depends on the position resulting wave is
Simulation of the experiment of superimposing a . ) . .
progressive wave with a regressive wave: pass:mg throug'h' maxima mdepen.dent of position
http://www.phy.hk/wiki/j/Eng/resonanceString/resona | (@antinodes) and minima (nodes); = standing wave;

nceString_js.htm 47
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Position of wave function maxima and minima
‘P(x,t)z 2Acos| kx— = .cos| wt +%
2 2
amplitude of the resulting wave
A
2

Position of maxima (antinodes) Position of minima (Nodes)
cos|kx—2 |=+1 < kx—Z=nz (n=012..)< cos| kx—2 |=0 < kx-Z=(2n+1)Z (n=012..)<
2 2 2 2 2
T _ T _

kx:(2n+1)? ~ kx—(2n+2)?—(n+1)7z - =
<, =i* =(2n+1)Z <, < X, —(n+1)§

k = %—Wavenumber k = T—Wavenumber
Distance between two Distance between two
consecutive antinodes consecutive nodes

A A A _ A A A

Xn+1_Xn :[2(n+l)+1:|z_(2n+l)Z:§ Xn+1_xn —(n+1+1)§—(n+1)§_§

The distance between two consecutive antinodes or two consecutive nodes is A/2. This allows an easy
determination of the wavelength by directly measuring the distance between nodes or antinodes
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4.2. Interference of two harmonic waves of the same amplitude but different frequency

Consider below two harmonic waves of the same amplitude but different frequency moving in the same
direction. The result of the superposition of the two waves is calculated as described below.

Interfering waves

¥, (x,t) = Acos(at —kx);

¥, (x,t) = Acos(w,t —k,Xx);

¥, (x,t =10s)

}j\P(X’t):\lll(x’t)+\{]2(xit): 2Acos a)léa)zt—klékz Xj Cos(a)l_;a)Zt_

A

24-

¥, (x,t =10s)

o AR

LALAARALARARAAARR
VTV

X

Interference result

k, +K, x)
2

amplitude depends on position and time

—>

= _ATUIVITVToT

24

=)

* The amplitude of the resulting
wave depends on position and
is in some positions it can
become greater than the waves
that compose it;

* So-called groups of waves are
formed that travel through
space

Note: the superposition of two harmonic waves of constant amplitude results in a non-harmonic wave whose
amplitude varies in space and time and which travels in space. This wave "resembles" a real wave produced,

for example, by our voice.
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4.3. Decomposition of a wave into a sum of harmonic waves (Fourier analysis)

Above we considered only the case of two harmonic waves overlapping in different positions at the same
instant in time. Let's see what happens if we take several harmonic waves and superimpose them in the same
position (x=2m)

Overlapping harmonic waves The wave obtained by superposition

Any wave can be decomposed as

% a sum of harmonic waves of
n 61 precisely determined amplitudes
= 4 and frequencies, i.e.:
E
= N
* — (':IEL 0- =) P (x,t)=> A cos(at—k x)
T 2 i
+ 41 This decomposition of a signal
61— ; ; : . ; into its harmonics is called
0 200 400 600 800 1000 . .
. Fourier analysis.
+ timp(ms)

Note: There are advanced numerical methods that allow extracting the
coefficients A, (amplitudes) and frequencies from a recorded signal and thus
itis possible to identify the harmonics that compose the signal.
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5. Wave diffraction

* Wave diffraction is the phenomenon of waves bypassing obstacles and their penetration into the geometric
shadow region (complicated to treatise mathematically, so here we deal only with physical interpretation).

* The phenomenon of diffraction becomes more important if the wavelength of the waves is greater or of the
same order of magnitude as the size of the objects (A=d).

* The phenomenon of diffraction is explained based on the Huygens-Fresnel principle: Each point on a
wavefront can be considered as the starting point of an elementary wave propagating with the same
frequency and phase as the wavefront. These elementary waves overlap (interfere) and the new wavefront is
created by summing up all these elementary waves.

The Huygens-Fresnel principle explains the passage
of sound through small holes (e.g., the slightly
opened window) as well as the refractive
phenomenon of waves

Diffraction simulation: .
https://phet.colorado.edu/en/simulation/wave-interference http://hyperphysics.phy-astr.gsu.edu/ o1
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https://phet.colorado.edu/en/simulation/wave-interference
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Examples of diffraction and the role of wavelength

Small opening Diffraction at the corner Diffraction around obstacles

Object size: 0.2 m

Slit opening: 0.1 A=0.1m; v=100Hz;, A=2;

Small wavelength Large opening Diffraction around obstacles

Object size: 0.2 m

Slit opening: 0.1 Slit opening: 0.2
A=0.05m; v=100Hz;, A=2;

Color code: Red/Yellow = crest (+), Blue = trough (-),
= equilibrium point, Black = obstacle

Effect of diffraction on reflection

Reflection dominates 1 <d

\Y4
o

Negligible reflection A

Note: To obtain optical or ultra-acoustic images of
objects it is necessary to have reflection on them.
Therefore, the wavelength must be shorter than the
studied objects. Due to diffraction phenomena, we
cannot conventionally observe objects smaller than 1
pm under an optical microscope and it is necessary to
use an electron microscope.



Examples of diffraction in the case of sound

Diffraction on small objects and through halls

http://hyperphysics.phy-astr.gsu.edu/

Diffraction when hearing a street band
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Examples of diffraction in nature

Small opening Diffraction at the corner Diffraction around obstacles

Object size: 0.2 m

F. Logiurato,Teaching waves with Google Earth, Physics Education,47(1), 2012
(https://iopscience.iop.org/article/10.1088/0031-9120/47/1/73) o4



. Reflection and refraction of waves

At the separation surface between two media, an incident wave splits into two waves: the reflected wave
and the refracted wave.

The reflected and refracted (transmitted) waves will have the same frequency as the incident wave, but
the wavelength of the refracted wave is different.

The directions in which the two waves propagate are described by the laws of reflection and the laws of
refraction, respectively.

i-angle of incidence;
i'-reflective angle;
r-angle of refraction

Note:

In the following we choose very narrow regions (lines =
rays) in the wavefront and refer to them as rays (the
case of light) when discussing the laws of reflection
and refraction



6.1. The laws of reflection

* There are two laws governing wave reflection:
Law I: incident ray, reflected ray and the normal at the point of

incidence are in the same plane

Law Il: The angle of incidence is equal to the angle of reflection:

=k

* The demonstration of these laws can be made based on the
principle of Fermat (1662). In the following we only mathematically
demonstrate the second law because the first is obvious.

We calculate the journey time from Ato B

Iy B t=t +t,
I 24 x? 24x?  Jh2+(d—x)?
Fermat's principle (1662): szlz—hlv :>t:\/llv +\/ : \(, )
A wave will choose the path it travels L Jh7i(@—x)| According to Fermat's P: dt _0

betwe_en two points in _such a way as | t, :VZZ v t=mint) v
to arrive from A to B in the shortest ' X d—x

time. V—wave's speed, = T _\/hzz Y =0
Note: this is how we choose the route between two cities so . sini-sini'=0 < i=i'

that it can be covered in the shortest time (not necessary the
shortest distance) that is sometimes on the highway 56



6.2. Laws of refraction

* There are two laws governing wave refraction:

Law l: incident ray, refracted ray and the normal line at the point of incidence lie in

the same plane

Law IlI: The angle of incidence and the angle of refraction satisfy the relationship:

sini _ vy

sinr v,

* The demonstration of these laws can be made based on the principle of
Fermat (1662). The proof for the second law:

We calculate the journey time from A to B:

Let v; and v, — the wave velocities in medium 1 and 2
t=t +t,
| 24 x? 24 x5 (Jh2+(d-x)?
(i _oahiext Jhled-x)
A A A v,
1, /h22 +(d —x)? Applying Fermat’s P: t=min(t)
L=—t=""""—"— dt
The case of light V2 V2 iV 0
n=% - n1:£ and n, L
v Vl V2 ..
. . . n — -
n,, n, —refractive index of the two media ; = SS:% = n—2 <> |nsini=n,sin r\
c- the speed of light in vacuum !

1 d-x

1
= - =0
= vy \/hf+x2 v, \/h22+(d—x)2

sini sinr ﬁ

AL LR

Vi

sini v,
< o=
v, sinr v,

Snell's law - The second law of refraction for

light and other electromagnetic waves
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Reflection and refraction in nature

Reflection of mountains in water Fish are lower than they appear due to refraction

apparent position

real position

Fata morgana (mirage)

n,<n,<ng
Mirage
Photo with polarizing filter Photo without polarizing filter n, A
(reflected light is filtered) (reflected light passes) n i
2

According to geometric optics, light is reflected from N, / .,

the surface of water. Not only this, but polarization
effects will also take place: the reflected light will be
fully or partially polarized, having the electric field

parallel to the reflecting surface
58



Total reflection and the optical fiber

For an angle i>i; (limit angle) the wave no longer leaves the
medium from which it originates, and total reflection occurs.
The limit angle can be calculated from the condition r=90°.

sini, _n, ..o, : . [N,
——~=—*% & sinl=—=< || =arcsin| —=
sin90 n, n n,

The limit angle above which
total reflection occurs

The optical fiber

In the case of optical fiber, the angle of incidence is chosen in
Total internal reflection such a way that it is greater than the boundary angle and
In water multiple total reflections are produced.

Acceptance angle:

2 2
JynZ-n, )

0

., =arcsin(

Wilson, Hawkes - Optoelectronics. Anintroduction (Prentice-Hall, 1998)
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7. Mechanisms of intensity attenuation

* During their propagation, waves can reduce their intensity.
* There are two mechanisms for attenuating wave intensity that can act independently
or simultaneously:

-geometric attenuation;
-attenuation by absorption.

7.1. Geometric attenuation of wave intensity

* It occurs due to the scattering of wave energy over larger and larger areas
* To deduce the law of geometric attenuation, we consider a source S emitting waves isotopically, and in
addition neglect the absorption of these waves by the medium through which they propagate (see figure)

l

If we neglect the absorption of waves, it follows that
the energy flow through the two spherical surfaces
surrounding the source is conserved: 1

D, =0,

Since waves fall perpendicular to the two spherical
surfaces and the intensity on a given sphere is
constant, we have for the two fluxes:

®,=1S,= 47zR12I1 I, —intensity at distance R,
_ _ 2 I, —intensiy at distance R, J
®, =1,5,=47R]1, e
R, R, —distances to the wave source

47R21, = 47R21,

The law of geometric
attenuation of wave
intensity
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7.2. Attenuation of wave intensity by absorption

* It occurs due to the conversion of part of the waves' energy into thermal energy (heat)
* To deduce the law of attenuation by absorption we will consider a wall of thickness d and isolate in this wall a

slice of infinitesimal thickness dx (see figure)
The losses in wave intensity due to absorption through the dx slice are proportional

d
D to the thickness dx of the slice, the intensity I(x), at the entrance to the slice and
7 - depend on the material from which the slice is constructed.
— We can write:
I, ] I(x) — 1. dl ~ dx—intensity reduction proportional with the thicknes
— 7 of the absorbing layer
— SN ) g. Y . ) . :>d|:—,u|dx<:>d—|:—,udx
— dl ~ I —reduction proportional with the intensity I
dl —depends on material (via a constant 1)
dx

| Integrating the last equality (differential ec.), one obtains:

| >
| I g
0 d X le d

|, —intensity at input; JCII—Iz—yIdX < In(l)
I, —intensity at exit; l 0

_ i ici : - wave intensity by absorption
y7, absorb'Flon coefficient of the wall; = In |_e —ud o |e=|ie 1d /
d —wall thickness. l;

i This means that high-frequency waves are more
. . ‘ strongly absorbed than low-frequency ones. This

2
For many materials, the absorption H=aV is why ultrasound is absorbed more strongly by

coefficient depends on frequency: o — constant of material materials than sounds

le
l:

The law of attenuation of
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8. The Doppler effect and applications

 The Doppler effect is the change in the frequency of a wave in an observer relative to that emitted by the
source if there is a relative displacement of the source relative to the observer

Fixed source-mobile observer
i Vo é

Mobile source-fixed observer

Ao =A; =V T

A

Due to the approach of the observer to the source, the period perceived by him (the time
between two wave surfaces) will be shorter. This allows the frequency to be calculated at the
observer, asitis described below.

A

T, = — period at observer cT v
° c+v, P :>TO=C+\S/ = ToszLV = Vo:‘/s[lié)j

A =cT, —wavelength of the source ° 1+-2
Vg — observer velocity Vg = Ti_ frequency at source; + if the observer approaches

. S — if the observer moves awa
¢ —wave velocity 1 _ Y

v, == — frequency at observer; . .
To Relative displacements

Due to the approaching of the observer to the source, the wavelength | % o AL
perceived by the observer will be shorter €= Vs
Ao = A5 —VsTg —wavelenght at observer B 1

As =Ty —wavelenght emmited by the source

CTg =CTg —VgT,
Ao = €T, —wavelength detected by observator T o=l Tl <

i *~— o Vo =Vs——
V¢ —source velocity c+vg
Vv V. i Vg Vo .
o Ty =T, (1_ _S} = Vs |f the source approaches AR vy, cl+\‘0
c [1$ ng + if the source moves away C+vg
C 62




Applications of the Doppler effect

Medical ultrasonography

Av=v,-v, >0 r

Poolitzgl valn

Foolitazl ariary

Graphic explanation of the Doppler effect:

Determining the speed of a car with radars

Determination of cloud velocity

- WSR98-D Radar

https://www.youtube.com/watch?v=h40nBYrbCjY

Exo-planet detection
(the radial velocity method)

Exo-planet detection using the radial
velocity method, based on the Doppler
effect. The method enables the
measurement of various parameters
including  orbital  velocity, period,
excentricity, minimum exo-planet mass
etc.
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. Sound waves and characteristic physical quantities

Sound is a mechanical wave that produces a sensation of hearing in the human ear.
It can be described as an organized propagation of pressure variations through a medium (gas, liquid, or solid).

General observations:
v' Sound cannot propagate through vacuum
v’ Particles oscillate about an equilibrium point;
v/ Mass transport is not the primary mechanism
of sound propagation.
v Energy is transferred from the sound source

* For an elastic wave to produce hearing
sensation it is necessary that it simultaneously
meets 3 conditions:

v The duration of oscillation must be
greaterthan 0.06 s;

v" The oscillation frequency should be in the
range 20Hz-20kHz

v" The wave intensity should be in the range The lowest intensity perceived: | =107 W/m’
of 102 W/mZ2-102 W/m?2 (the audibility threshold)
(these values may vary from person to The highest intensity perceived: | = 10° W/m®
The intensity perceived by the human ear is distributed over 14 (the threshold of pain)

orders of magnitude!!!!



1.1. The acoustic pressure(Py)

* Inthe presence of sound, the pressure at a particular location in space varies

P-P_-P P —total pressure in the presence of sound
S 0| P,—total pressure in the absence of sound (ex. atmospheric pressure)

Sound pressure (Pg) is defined as the difference between pressure in the presence of a sound wave and in its absence:

To deduce the expression of sound pressure we will consider a cylinder (one-dimensional medium) through which a

harmonic, elastic wave propagates. Due to the perturbation induced by the wave, different regions in the cylinder undergo
successive compressions and decompressions (see figure).

\P(x,tl :P(de,t) ¥ (x,t)—wave-induced displacement of the x margin
& T ¥ (x+dx,t)—wave-induced displacement of the x+ dx margin
> P, = ! | =P ) Deformation of the
> L] ¥ (x,t)= Acos(wt —kx)—the wave function selected region in the
{ { { » A-amplitude; @- pulsation; k =27/ A —wavenumber presence of the wave
X x+dx X

* Oscillations produced at one end of the cylinder propagate through it at the speed: |¢c= E

0

E - Young's modulus
p —density of the medium

* Compression and decompression of the selected region occurs due to sound pressure, Pg, which in turn produces an internal
force of compression or decompression. If we consider the bar element separately, then, as presented in chapter Il, we can

apply Hooke's law for this element,.

F _ Al Hooke's law  Analogy

S ly F _
5
Al & dV¥;
l, < dx

= PS = EW
‘P(x,t)=Acos(a)t—kx)

P, =KEAsin (ot —kx)

W_2m_2r_o

A ¢l ¢
c:\/E < E=pc?
P

The acoustic pressure:

m) |Ps =pCwAsin (a)t — kX)
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1.2. The sound intensity and sound flux

* Sound waves are a particular type of elastic wave. Therefore, the intensity and flow of energy carried by
them will satisfy the same relationships as those deduced during Chapter IV. Here we simply recall
these relationships and definitions with reference to sounds.

* The Sound intensity (l,) represents the energy carried by sound waves per unit area per unit of time:

ls

_Es
St

=

I =

oC

(OZAZ B

2

Z

* A?
2

p —density of the medium; c-wave velocity; w-pulsation;
A-amplitude of the wave; Z=pc-acoustic impedance of the medium

* Sound flux (®g) represents the energy carried by sound waves through a given surface area S in unit time:

O, =1,-S=1Scosa

—
o}

|

!
- /\ _____ If the intensity is constant
- S on the surface

If the intensity is variable
on the surface
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1.3. Sound intensity level(Ng)
* As previously discussed, the sound intensity perceived by

the human ear is distributed over 14 orders of magnitude,
between 10~1%2 W/m?2 and 102 W/m?

Typical sound level values:
Such a wide distribution of intensity values is difficult to
perceive, and therefore it is preferable to characterize the

strength of sounds to introduce a new physical quantity,
defined logarithmically, called sound level.

We define the sound intensity level by the relation:

0

stlolg[:sj [N ], =dB =deciBell

| —intensity of the considered sound,
I, =10"*? W/m? —threshold of hearing

The sounds perceived by the human ear will have sound
levels ranging from 0 dB to 140 dB

Demonstration:

10—12
N =109 7577 =10lg1=0 dB

2
Ng, .. =10|gl%2=10|glo14 ~140 dB
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1.4. Sound perception and Loudness level (N,)

* As seen above, sound level (N,) is related to the energy carried by sound. However, sounds of different
frequencies are perceived differently by the human ear, even though they have the same sound intensity,
and therefore the same sound level. Therefore, to better characterize the degree of sound perception, the
loudness levelis introduced.

140 -
Fletcher-Munson type curves (1930) approximating the 120 TN Eq“a(Ll,;’j:;fff' N\
normal-equal loudness levels according to ISO 226:2003. > 11 )
e oreing - —~ 100 | \\\\\ 100 /N
A particular person may have deviations from this average. o 100 N\ ~~
% 80 I \\\\30 v/\
. . . E I \\\\60 /\
* We define the loudness level of a sound by the relationship: s 90 X ~~" L
5 I \\40 /
IA 3 40 I \ N~— -
N, =10lg| ;4 [N, ], = phon 2 20 /
0 p
I, =107 W/m? —threshold of hearing 0 Hearing threshold
| , —hearing intensity = the intensity of a sound with 10t | MHIOZ | Hmiog | 1111111104

the frequency of 1000Hz
which would produce the same
hearing sensation as the studied sound,;

Frequency (Hz)

reduced ear
sensitivity to low
frequencies

Highest sensitivity is
found at 3-4 kHz
http://hyperphysics.phy-astr.gsu.edu/hbase/Sound/eqgloud.html
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2. Sound attenuation

As with all waves, sound waves can reduce their intensity by geometric attenuation or via absorption.
This reduction in intensity has the effect of modifying the sound levels.

* We define the attenuation of the

A=N_. —N..| Ng —final sound level
sound level by the relationship: Sf SI

Ng; —initial sound level

Geometric attenuation Attenuation by absorption

Law of attenuation of Law of attenuation of intensity by
intensity with distance absorption
from source

5 | — I-e‘*‘d p—absorptioh coefficient

l,= Il[_J e I of the material (depends

R, on frequency)
Sound level attenuation by geometric scattering: Attenuation of sound level by absorption:
I
A=Nq ~Ng =10lg 2 -101g 1 =101g 2 : A=Ng —Ng =10lg-¢
2 0 s a0 B | 2201 R (a) | ' =|A=10lge™ =-10udlge=-43ud| (dB)

|_2_ & R, R, I_eze—ﬁd
Il - RZ i

Observation: When a wave passes through a wall, some of the energy will be reflected, thus contributing the reflection to attenuation.

70



3. Reverberation of sounds

* Reverberation is the phenomenon of perceiving a sound in a room even after turning off the sound source. This phenomenon
is due to multiple reflections of sound on the walls of the room, which can also exist after cutting off the source.

* Reverberation is characterized by the reverberation time, defined as the time for which sound is still heard in the room, after
the source is turned off. A more precise definition of reverberation time is that it is the time after which the energy density of
room sounds is reduced by 10times or equivalent to 60dB

It can be shown* that in the case of a rectangular enclosure the density of sound energy in the room satisfies the relationship:

eS| W—energy density at an instant t;
W= WOG_W W, —enegy density at time of turning off the source;
o —absorption coefficient of the walls (0.015 for concrete; 0.8 for felt);
S —surface of the walls; V —volume of the room;
¢ —speed of sound

Starting from the above relationship, the reverberation time for the rectangular
enclosure can be determined:

acS acs

_LCSZ- —Lr ——7 7
W(TR)=1WT% owe ¥V F=w, 100 e ¥ R=1O‘6c>lg[e v Rjzlg(lo‘ﬁ)

Note: if the delay between sounds is
long, multiple echoes are perceived =% 1ge=6lgl0e 7, =22V _ |z =0.16-~| - reverberation time
(visit Turda Salt Mine for example) v acSlge as

Note: It is necessary that the reverberation time is generally less than 2.5s.

* E. Luca, C. Ciubotaru’ Ghe. Zet, A. PédurarU, For a classroom it must be smaller than 1s.
Fizica generala, EDP Bucuresti, 1981. Notre Dame cathedral had a reverberation time of 8.5s
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4. The spectrum of acoustic waves and their applications



5. Ultrasounds: generation and applications

» Elastic waves with frequency > 20 kHz to 10GHz

* Use: navigation, medicine, biology, chemistry, non-destructive testing (metallurgy, building materials, ...)

* Frequencies used for sound navigation and ranging (SONAR): 1-10 kHz (for long range), 100-500 kHz (for imaging)
* Frequencies used in non-destructive testing of building materials (cement, concrete, wood): 50 kHz-500KHz

* Frequencies used in medicine: TMHz-3MHz

* Active applications: ultrasounds induce changes to the exposed materials

* Passive applications: ultrasounds are non-invasive

Active applications Passive applications
Materials processing SONAR Medical imaging
Medical Therapy Non-destructive testing Sensors for robotics

Representative applications of ultrasounds
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5.1. Physical principles applied to active ultrasound applications

Cavitation effects

Consider the vapor pressure as the pressure exerted by the vapor when it is found in thermodynamic
equilibrium with its coexisting liquid (or solid) phase at a given temperature.

The acoustic pressure generated by ultrasounds can cause alternating compression and rarefaction cycles.

Any existing gas bubbles can grow if the acoustic pressure in the liquid drops bellow the vapor pressure of that
liquid.

x%E .
> O <«—Compression
Cavitation refers to the formation, growth, and collapse of Ax O P

vapor/gas bubbles in a liquid under intense pressure fields. t t )
During the collapse of unstable bubbles, the transmitted
shockwaves are so intense that the local pressures can reach
several gigapascals and temperatures of several thousand
Kelvin.

The acoustic pressure in the bubble region can be described by:

Acoustic pressure (Pa)

P =Py + Pa Sin(at) Notable applications : | Time (us)

p =local acoustic pressure * Ultrasonic cleaning
p, =steady state pressure e Sonochemistry O O Q
p,=pressure amplitude e Medical lithotripsy

D . . Unstable Coll &
w=angular frequency e Emulsification and degassing Rarefaction nstable - Lollapse

Bubble Shockwaves
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Thermal effects

 Ultrasound absorption converts acoustic energy into heat.
* Absorption is dominant at higher frequencies, in viscous

or highly attenuating or scattering media

— — X
I_IOe

u=avP

* A monochromatic plane wave can be treated as an

where y = absorption coefficient;
a and b depend on the propagation medium

effective volumetric heat source Q, [W/m3]

Qus =ul

* The temperature rise will depend on intensity, exposure

time, and medium properties

Estimations on acoustic properties of various media

Medium o} c Z a, b B/A
[kg/m3] | [m/s] | [kg/(m2s) | [dB/(MHzcm)]

Air 1.204 343 105108 ~2-6 - ~0.7
Water 20 °C 1000 1480 1.48 10° 0.002 2.0 4.96
Blood 1060 1584 1.68 10° 0.14 1.21 6
Bone 1990 3198 6.36 108 3.54 0.9
Muscle 1041 1580 1.64 10° 0.57 1.0 7.43
Fat 928 1430 1.33 10° 0.6 1.0 10.3

Frequencies selected for medical applications:
e 1 MHz (optimal heating)

e 0.5 MHz (for deep treatments)

e 8 MHZ (shallow treatments)

Notable applications:

¢ High-Intensity Focused Ultrasound (HIFU)
e Physiotherapy and diathermy

* Thermal ablation of tumors

e Materials processing
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5.2. Physical principles applied to passive ultrasound applications

* The ultrasound transferred by the transmitter (which can also be a detector) is detected after reflection
from inhomogeneities, being subjected to attenuation processes that depend on the investigated medium.

* Due to diffraction phenomena, it is necessary that the wavelength of
ultrasound is shorter than the size of the investigated feature (object,
tissue, defects, etc.). Otherwise, there is a bypassing of the feature
(which generally happens with sounds)

A << D|—feature dimension
* Due to absorption phenomena, the ultrasound cannot have very short
wavelengths (very high frequencies) because it would not penetrate the

propagation medium.
Attenuation by absorption

Reflective attenuation

The reflected ultrasound reduces its intensity due The transmitted ultrasound reduces its intensity due
to partial reflection at the interface to absorption.
2 _ —pud _ —av?d
(Zl_zz) I, =le” <1, =le

~——=/|—reflection coefficient
2
(Zl + Zz) U=av
7 .. d absorption coefficient
= pC =acoustic impedance increases with frequency




5.3. Ultrasound generation

* Ultrasounds can be generated using the piezoelectric effect in certain crystals (i.e. quartz, PZT - lead zirconate
titanate, etc ) or the magnetostriction effect specific to some magnetic materials

* Piezoelectric effect = change in the dimmesion of

h S - oo The piezoelectric generator The magnetostrictive generator
a crystal (SiO,) if it is inserted into an electric field.

* For the generation of ultrasound one can silver the
sides of a quartz crystal and apply an alternating A
voltage on them. In this way, oscillations of 2
frequency equal to alternating voltage can occur.

=L

NS
'[

* For the crystal faces to oscillate with maximum
amplitude and for the ultrasonic generation
process to be more efficient, anti-nodes need to ﬂﬂchozvi—wavelength of the ultrasound
form on the faces, i.e. the crystal thickness should 0
be A/2. This condition limits the production of very C:F—velocity of the elastic wave (ultrasound)
high ultrasound frequencies due to the limited P

quartz crystal thickness. E -Young modulus
p- density of the material

* The magnetostrictive effect = change in the size of | _ihickness of the quartz crystal (bar length)

a ferromagnetic material if it is inserted into a
magnetic field. The ultrasound generation is similar, #
only now the magnetic field induces the vibrations

The fundamental frequency generated

1
T ; depends on the thickness of the crystal

2L

Vo

ﬁ
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Ultrasound transducers based on the piezoelectric effect

« For a given application, the ultrasound frequency, power and beam Obstetric sonogram

geometry are carefully tuned to achieve optimal performance (i.e.
resolution, penetration depth, signal to noise ratio, etc.). The contributions
of diffraction, reflection, scattering and attenuation must be assessed.

* As shown previously, the main frequency depends mainly on the
impedance and thickness of the piezoelectric element.

* The frequency band, the power and beam geometry will be influenced by
the probe architecture and electronics.

* Note that ultrasound transducers can function both as acoustic emitters
and detectors, exploiting the reciprocal nature of the piezoelectric effect.

The piezoelectric effect at atomic

<cales in a PZT unit cell Vibrations in one PZT element Depiction of a sonography probe based on a convex

transducer array



5.4. Passive applications of sound and ultrasounds

Basic Principle of Sound Navigation and Ranging (SONAR)

* In active sonars, a “PING” signal is generated typically by a transducer array at time t=0.

* The signal backscatters from a surface and travels back to the transducers at At.

* The time of flight (At), the signal amplitude and phase difference between all transducers is
recorded and processed to obtain the position, size and reflective properties of the object.

* The distance r from the target is determined using:

r=c—
2
* Passive sonars (hydrophones) are advantageous for stealth conditions.
* In deep sea (~10% m), due to pressure and temperature, a natural and horizontal waveguide is
formed that makes the signal attenuate by a 1/r law. This is called the Sound Fixing and Principle of SONAR
Ranging (SOFAR) channel.

Typical transducer for  Bow sonar array specialized
underwater applications for military submarines

[llustration of sonar displays



Non-destructive testing of concrete structures using ultrasounds
Ultrasound transducers in transmission

* Cement and concrete are heterogeneous building materials with complex ¢
set-up

microstructures.

* In practice, ultrasound velocity through such media is used as a non-destructive
technique for quality assessment of concrete elements. The table indicates the
standard classification.

* Small frequencies are used to reduce attenuation (20-150 kHz)

Ultrasound pulse speed
* The transit time needed for an ultrasonic pulse to travel from one probe to another is
determined. Measuring the thickness of the investigated sample, one may compute
the propagation speed: . d| d=distance traveled
At] At = transit time

* The propagation speed of one-dimensional longitudinal waves is interconnected
with the mechanical properties of the material:
€ = wave propagation speed (—)
S
C= |[— .
p| E=Young's modulus (Pa) Correlate with
kg stiffness and

p = bulk volumetric density (— porosity
m

Concrete testing device

* For bulk, isotropic solids, the local deformation is not purely axial, as the
material compresses along the traveling direction and expands laterally. The
relation becomes:

E 1-u _ Lateral Strain _AD |,

JF (1=2u)(1+4)

" Longitudinal Strain @, Al
80
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Ultrasonic non-destructive testing of steel and other metals

* Metals and alloys are far more homogeneous and less scattering than concrete.

* This allows NDT tesing at higher frequencies (1-10 MHz), hence improved
resolution and lower detection limit for defect size.

* Thetechnique enables the non-invasive flaw detection (cracks, inclusions, voids)
that are inaccessible to surface sensitive techniques ( i.e. liquid penetration)

* The most frequently used operation mode is pulse-echo (one probe). The
transmission mode, also imaging (phased array) are also well represented.

* The operation principles are similar as for the other ultrasound applications

* Both longitudinal and transverse waves are commonly used.

* The measured signal is processed to extract parameters sensitive to various
defect features: time of flight (defect depth), amplitude (defect size/reflectivity),
signal shape (defect type).

Determination of flaws in a plate in pulse-echo mode

Determination of a flaw in a plate by transmission

Determination of the thickness of a pipe and the
corrosion effect



VI

Thermal transport phenomena

Content:
1. Temperature, thermal energy and heat
2. Heattransfer mechanisms. Thermal conduction, convection and radiation



1. Temperature, thermal energy and heat

Temperature (T) is a measure of the thermal agitation energy of atoms and molecules of a physical system
(body or gas)

If the thermal agitation energy comes only from the translational motion of the molecules of a gas, then
between the average kinetic energy of a molecule and the temperature of the gas, there is a relationship:

v 3 m—mass of a molecule; Relation between
W = mV_ = Sk.T — . temperature expressed in
— Ty Tt v© —mean square velocity of molecules Kelvin and  temperature
kg =1.381-102%J / K —Boltzmann's constant expressed in Celsius
T —absolute temperature (K=Kelvin) ‘T (K)=t(°C)+ 273.15\

If the energy of thermal agitation comes from the translation, rotation and vibration of molecules of a gas,
then between the energy of a molecule and the temperature of the gas there is the relationship:

The case of the bi-atomic molecule

t+r+2v t—nr. of degrees of translational freedom;
W = 2 kBT r —nr. of degrees of rotational freedom;
v—nr. of degrees of vibrational freedom;

t=3
r=2 = WzngT —energy of a bi-atomic gas molecule (ex. H,, O,)
v=1
In the case of solids, the connection between internal energy and temperature is more complicated, but

here we are not interested in energy itself, because we cannot measure it (there is no energy thermometer),
but energy transfer, ie heat. 83



* Heatis a measure of the transfer of thermal energy between two bodies.

It receives thermal Since heat represents
energy (Q) and transferred  energy, it

increases its ..
follows that it is measured

Loses

thermal

energy temperature fromT,

Q = heat toT, in Joule (J)

Other physical quantities that characterize heat received or lost by a body: heat capacity (C), specific heat

(c), and molar heat (C,):

e Calorific capacity (C) is the heat received or lost by a body to change its temperature by 1K. Therefore, the
heat Q received/lost by a body to change its temperature from T, to T, can be expressed as:

Q= C(T -7 ) C —caloric capacity (J/K); Note: The calorific
2 1 T, —initial temperature (K); capacity of a body

T, —final temperature (K) depends on its mass and
physical characteristics.

* Specific heat (c) is the heat received/lost by the unit mass in a body to change its temperature by 1K.

Q _ mc(T -7 ) C =mc|-relationship between caloric capacity and specific heat
2z 1 m—mass of the body (kg)

[c]g, =J/kgK
* Molarheat (C) is the heat received/lost by a mole of a material to change its temperature by 1K.
Q=vC (T2 _Tl) [C=vC, |- relationship between caloriccapacity and molar heat
|4

v —number of mols of substance
[C, ], =J/molK 84




2. Heat transfer mechanisms

The transfer of thermal energy between two bodies can be achieved by three mechanisms:
1. Thermal conduction;

2. Thermal convection;
3. Thermal radiation. L=>1,

According to the 2" principle of thermodynamics, heat always transfers by itself
from the body with the higher temperature to the body with the lower temperature

Note: It is possible to transfer heat from the cold body (thus
cooling it further) to the warm body (heating it more), but not by

itself, but under the action of an external force (e.g. heat pump)
2.1. Thermal conduction

=

The three mechanisms can be superposed but can also be analyzed independently .
T,
Q

Thermal conduction is the transfer of energy that occurs by means of atomic collisions, the vibration of the
lattice of atoms (phonons) and electronic diffusion, in the case of metals.

The phenomenon of thermal conduction is present in all states of aggregation of matter: solids, liquids, gases.

Simulation of heat transfer in a metal

https://www.tec-science.com/wp-
content/uploads/2020/01/en-thermodynamics-heat-
transfer-thermal-conduction-principle-metals.mp4
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* Thermal current density (jo) is defined as the heat energy transported (heat transported) per unit area of the
conductor per unit time:

j :2 Q-heat (Joule) transported during time t;
Q St|  s-the cross-surface of the heat-conducting material

=) Measuring unit: [jQ} :%:ﬂz
sl S m

Integral Fourier law

* Fourier's law describes the transport of thermal current (heat) by thermal conduction.

* Forthe deduction of Fourier's law we consider a wall of thickness d at temperaturest,and t_, as in the
figure, and make the following experimental observations:

Experimental observations Integral Fourier law

o (ti —te)—current density proportional
t >t : : :
(- with the difference in temperature; . /1ti -t _ /ITi —Te
t t 1 o . . AP e TA T T
i e o H—current density inversely proportional with the
thickness of the wall Jo —thermal current density;

| > jo —depends on the material of the wall - t —interior temperature;
Jo t, —exterior temperature;

d —wall's thickness;
A —thermal conductivity [A], =W /m-K
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The differential (local) Fourier law

T(x) | Tlxvdx)

™,

| |

Jex

O

\ PN
/ .

0

y . X

x  x+dx

The differential, or local, Fourier law can
be obtained from the integral law if we
choose the wall as being of very small
thickness dx and the temperatures t=t(x)
and t_=t(x+dx):

: t-t t(x)—t(x+dx
Jx =4 d < Jx =4 ( ) d(X )
_ t(x+dx)—t(x) dt
=1 Y Rl
Jox dx dx
: dT
= JQX 2—25

Note: Here we took into account that
dt=dT because T=t+273.15

The obtained equation describes heat
transport only along the direction of the
OX, being caused by a temperature
difference on the OX axis. If there is a
temperature gradient in the material
(temperature varies locally in a certain
direction) then the above equation can be
generalized like this:

-

Jo=—A-grad (T)=-AVT

(The Differential (local) Fourier law)

where grad (T)EVT =%—1T+%T+%_-IZ_ K
(the temperature gradient)

Note: The thermal current density vector
also indicates the direction of heat flow

The thermal conductivity

The thermal conductivity A depends on
the type of the material (state, structure,
porosity, etc.). It is higher in metals
because of the contribution of free
electrons. It is lower in air-filled porous
materials.

Material Thermal conductivity
(W/mK)
Copper (pure) 399
Gold (pure) 317
Aluminum (pure) 237
Iron (pure) 80.2
Carbon steel (1 %) 43
Stainless Steel (18/8) 15.1
Glass 0.81
Plastics 02-03
Wood (shredded/cemented) 0.087
Cork 0.039
Water (liquid) 0.6

Ayoro ™ 0.012 W/mK

Agiamona ~ 2000 W/mK
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2.2. Thermal convection

e Thermal convection is the transfer of heat that occurs via a mass transfer.

e Thermal convection can be free or forced.

Free convection

If the movement of fluids (liquids, gases) that produce
heat transfer occurs under the action of gravitational
force, due to a difference in density between heated
and cold liquid, we speak of free convection

jQ =a (Ti _Te)

o —heat transfer coefficient

depending on several factors (i.e. system geometry,
the velocity and physical properties of the fluid, etc.)

Convective currents

Cold water is more dense
=> Cold layer descends

Warm water is more dense
=>Warm layer ascends

Forced convection

If the movement of fluids (liquids, gases)
that produce heat transfer occurs under
the action of external forces, we speak
of forced convection

Air fan currents

Hot element

Nl
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2.3. Thermal radiation. The Stefan-Boltzmann Law

Radiation emission-absorption

Ideal black body

T a0

T=enclosure temp.=black body temp.

An incident radius on the hole may no
longer leave the enclosure due to
successive absorptions on its walls. The
surface of the hole appears black and is
called a black body (because it absorbs
all incident radiation)

* All bodies emit heat in the form of thermal radiation and absorb heat from the
environment, also in the form of thermal radiation;

* Thermal radiation originates from the vibrations of the atoms and molecules that
make up the material from which the surface of that body is formed.

* The emission and absorption of radiation depends on temperature but also on the
nature of the surface of the body and is characterized by an emissivity coefficient
€. The best emitter, but also absorbent, is the black body for which €=1.

The radiative power emitted by the surface S of a body per unit
of time is given by the relation:

P

emtted — go—STbAr Emissivity of

o different surfaces
The power absorbed by the surface S per unit time:

Material Emissivi
4 ty

Pabsorbed = 508Tm Pnlished silver 0.02

The power lost by a body through thermal radiation is given by the ~ Felished copper 0.03
. . Polished gold 0.03

difference between the power emitted and the power absorbed: Alumi .

uminum foil 0.07

_ _ _ 4 T4 Wood 0.85

F>Iost - I:)emitted I:)absorbed =£03 (Tb Tm ) P 0.9

& —surface emissivity; White paint 0.9

W Vegetation 0.94

o=5.67-10"° P Stefan-Boltzmann constant; White paper 0.94

m
Water 0.95
S —surface emitting radiation (m?); Black paint 0.98

T, — temperature of the boby emitting radiation (K);
T, —temperature of the medium (K) 89



VI

Fluid transport phenomena in porous
media

Content:

1. Porous media and characteristic physical quantities
2. Fluid flow as a result of a pressure difference

3. Molecular migration by diffusion;

4. Liquid transport by capillary suction



1. Porous media and characteristic physical quantities

A porous medium is a solid structure that has a system of voids (pores) that can be interconnected (open

porous media) orisolated (closed pores). Examples of porous media: concrete, BCA, brick, soils, wood,
leather, textiles, filters, xerogels, aerogels, etc.

Hydrated cement

Wood and cellular materials Aerogels and nanoporous materials

vvvvv

https://upload.wikimedia.org/wikipedia/co

mmons/6/69/Aerogelflower_filtered.jpg
The movement of fluid molecules through a porous medium occurs as through a
B

labyrinth (geometric obstruction) and in addition, for nanometer-sized porous
media, it is influenced by the interaction with the surface.
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Porous media are characterized by:

2D Porous environment
1. The size (radius) of the pores = the average radius (R) corresponding

to the sphere that can be included in the pores;

Pore volume = volume of material voids (V,);

3. Porosity (®) = the ratio between the pore volume V, and the volume
of the material V:

N

V

O="r
V

4. Specific surface area =the surface area corresponding to the unit
mass of the material

S, —total pore surface;
m | m—mass of the material, [Sm}SI =m?/kg

5. Tortuosity = the ratio of the average particle path length through the
material ({) and the length of the direct path ({,)

| | —average length of the path between two points A and B hhrough the porous system;
l,| 1,—length of the direct path;

Note: All these parameters determine the molecular transport

and the flow of fluids through the porous medium. .



2. Fluid flow as a result of a pressure difference

* Ifthereis a pressure difference, AP, between the surfaces of a porous medium, saturated with a fluid (liquid or gas), then this
will determine an average flow velocity of the fluid that satisfies Darcy’s law:

Prof. R. Kimmich, Uni-Ulm, Germania

v—mean flow velocity of the fluid (m/s);
V=— 1AP| AP- P,—P  -pressure difference (N/m?);
1 AX] Ax= X,—%  -thickness of the porous medium (m);
n —viscosity coefficient of the fluid (N -s/m?);
k —permeability of the porous medium (m?)

Observations:

In the above relation the viscosity coefficient (n) of the fluid is a characteristic
quantity that depends on the friction between the molecules

Nwater =10 Ns/m?;
Mol (5W 40) =287.23-10°Ns/m? la 20°C

The viscosity coefficient decreases with increasing liquid temperature.
The permeability k corresponding to the pore medium depends on porosity, pore

size and tortuosity. It is considered that, in general, permeability scales with the
square of the average pore dimension d:

k =Cd?
The measuring unit for permeability is: [kJa =m?
Alternatively, it is expressed in Darcy: 1Darcy =1D =10"**m?
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3. Molecular migration by diffusion

Diffusion = the random movement of atoms or molecules of a fluid (gas, liquid) as a result of their thermal
agitation energy.

Due to diffusion, the atom moves from its initial position, and the displacement follows a random trajectory. If we consider
the environment through which the particles move as isotropic (the same properties in all directions) and unrestricted, then
the average deviation of molecules from their initial position at a given point in time is:

(F(t))=0
On the other hand, the mean square displacement of the molecules, after a certain diffusion time t satisfies the law:

<r2 (t)> =6Dt| -Einstein's law

Displacement of 3
molecules from their
initial position

N
Here we have: <F2 (t)> = %Zﬁz (t)—mean squared displacement relative to the initial position;
1=1

I, —position of the atom i at an instant t;
D —diffusion coefficient (m?/s). ~ — D, =2.3-10°m?/s
Observations:

* The diffusion coefficient (D) plays an essential role in describing the random movement of
molecules as a result of their thermal agitation energy. D depends on the nature of the
medium through which the diffusing molecules move and on the geometric characteristics of
these molecules (size and shape)

* Inthe case of pure liquids, the diffusion coefficient satisfies the relationship:

k —Boltzmann's constant; T —temperature (K);
f f =6znR —friction factor in the case of spherical molecules of radius R;
n —viscosty coefficient of the liquid in which the molecule displaces




Self-diffusion in porous media

* If aliquid uniformly fills a porous medium and a 2nd liquid (molecules drawn in red) is dissolved in this liquid, then the molecules of the
2nd liquid will not be characterized by a net transport of the substance but will execute random movements characterized by an
average quadratic deviation depending on the porous medium, the geometric characteristics of the molecules that diffuse and the

liquid (blue) medium in which they diffuse.
* The self-diffusion coefficient of the molecules of the 2nd liquid (red) through the porous medium depends on the characteristics of the

porous medium as follows:

D =D,®"| -Archie'sLaw

D —diffusion coefficient inside the porous medium;
D, —diffusion coefficient in the bulk liquid;

o= \é — porosity of the material;

Obs.: measurement of the diffusion
coefficient D (eg. by NMR
techniques) allows the extraction of
information about the porous
medium to be studied

m—empiric coefficient (experimentaly determined).

Diffusion induced by a concentration gradient

* [fthe molecules of a liquid (drawn in red) are concentrated more in a certain region of the porous medium, then they will leave that

region, producing a molecular current density described by Fick's laws:

j=-DVn(r,t)|-low I of Fick

o))

n(F,t)
ot
j—molecular current density

= DVZn(F,t) —low I1 of Fick

Obs.: These equations describe the
ingress of pollutants through a
porous medium soaked with a liquid
or even the ingress of that liquid.

(nr. of molecules through unit area in unit time)
D —diffusion coefficient inside porous medium;

n—molecule concentration in a certain region
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4. Liquid transport by capillary suction

It is experimentally observed that some liquids adhere to the surface of solids (wet the surface) and others do not
adhere (do not wet). The explanation of this phenomenon lies in the balance of forces in the system and in the
difference between the adhesion and cohesion forces, as illustrated in the figure below.

The liquid wets the surface:

F, —adhesion force from the solid;

Glass
6 —contact angle

The liquid wets the surface if
# the adhesion forces are
greater than the cohesion
forces and the contact angle is

F>F < 0<90°
less than 90°

The liguid does not wet the surface:

Paraffin
The liquid does not wet the
surface if the adhesion forces
are less than the cohesion
forces and the contact angle is

F<F < 6>90° greater than 90°
a C

Adhesion and cohesion in tubes

Adhesion forces

Strong
cohesion forces
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4.1 Surface tension and Laplace's law

*  Cohesion forces (dipole or hydrogen bonds) act between the liquid molecules, the effect of which is to create a surface layer that acts
as a membrane that compresses the liquid (surface tension is exerted). That is why liquids, unlike gases, are already compressed and
changing their volume is possible (additional compression) only under the action of extreme pressures.

A net downward cohesive force acts on the molecules on the surface, If we put a paper clip on that imaginary membrane, it will float. There are also
compressing the liquid like a membrane insects that can walk on water (e.g. the water spider), moving like a membrane.

Both adhesion and
cohesion forces act

I

Cohesion forces that
cancel each other out

000000
Q0000000000

*  Due to the curvature of the liquid surface, the membrane formed by the surface layer produces an increase or decrease in the
pressure of the liquid depending on how it is oriented. The modification of the pressure under the membrane satisfies Laplace's law:

The pressure increases  The pressure drops 1 1 )| AP=P —F -pressure difference induced by the surface layer (membrane);
under the membrane under the membrane |AP = o E + R_ R11 Rz — curvarure radii defining the surface;
! 2 o —surface tension coefficient of the liquid,;
ie. 0,,=727-10°N/m; o, =472-10°N/m;

If the membrane is spherical: R,=R,=R ‘ AP =—

Laplace's law governs the transport of fluids through porous
media based on the phenomenon of capillary suction 97




4.2. Ascent of fluids in capillary tubes. Jurin's Law

» Starting from Laplace's law, which describes the changes in pressure introduced by the curved surface of a liquid, we can calculate the
capillary ascension h (or depression if the liquid does not wet the walls of the tube) of the liquid through the tube.

* To calculate capillary ascension we observe that the pressure at the base of the tube exerted on an imaginary surface must be equal,
that s, it must be the same from bottom to top as from top to bottom. It is written mathematically as follows:

=R
AP ~
P.=PR, :>P0:PO—AP+pgh<:>AP:pgh<:>h=—g
yo
P, =F-AP+ pgh Jurin's Law
According to Laplace's law, the change in pressure induced 20 20 >‘ h= 20 cos¢

by the concavity of the spherical surface of radius Ris:

We consider the relationship between the radius of the meniscus, ? R-_ "'
R, the radius of the capillary tube, r, and the contact angle 6: cosé )

Question:

Obs. : Jurin’s law describes the height to which the What happens to the fluid if the capillary is shorter than h?

liquid rises through the capillary tube and is obtained
because of the compensation of the gravitational
force by the forces of surface tension. It is observed
P, —athmospheric pressure (N/m®); | that h depends on the contact angle. If it is higher
pgh—hydrostatic pressure (N/m?); | than 90 degrees, we are talking about capillary
(exerted by the liquid column) depression. In the case of very thin tubes 6=0.

R — meniscus radius (m);
r —tube radius (m);
h — capillary ascension (m);

@-contact angle (rad);

(at very thin tubes 6=0) 98



4.3 Velocity of displacement by capillary suction. The case of porous materials

* The movement of the liquid through the capillary tube as a result of capillary suction does not occur instantaneously but over time,

being characterized by a certain speed of advancement.
* If we consider the pressure difference AP, described by Laplace's law, as the driving force that pulls the liquid into the tube, we can
calculate its average velocity by applying Darcy's law and then calculate the penetration depth (distance traveled) over time.

Capillary tube

Porous material

In the case of the capillary tube, Darcy's law is written:

v=Kk L1AP_ Darcy's law
n AX

AP = 2% = 2—0005.9— Laplace's law
r

N Liquid velocity through the capillary
1K 20 tube becomes smaller and smaller
v=-—""—cos@|« | asthefluid is absorbed into the tube
> Zn r (zincreases)

k = C r? —relationship permeability pore radius

Ax = z(t)—height of the liquid inside the tube/ C =1/8—for a cpillary tube

If we take into account the definition of speed, in the last equation we have:

E_lZCrG

dt z p nr

7 (k2o ko cosd
—=|——=c0s0 |[r=127, =2 TS
2 nr nr

experimentally.

cosO < zdz =(52—Gcosejdt = _f zdz =(52—Gcoserdt RS

r
0
z(t)=2 X €050+ s 2(t) =2 /wt@ z(t) =St
nr n /

S=2 Corcosd
In the case of a porous material, the penetration depth n

depends on time via the same relationship, z = S/t , only in
<— this case the suction constant S must be determined

Penetration depth as a function of time

° <

n
o

- suction constant - can be
calculated exactly in the
case of a capillary (as seen
above)
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Elements of electrostatics

Content:
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The electric field intensity vector
The electric potential

Gauss's Law
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1. Introduction

* Electrostatics is that part of physics that studies electric fields produced by charges at rest;

* Electric charge is an intrinsic property of elementary particles. These particles
modify the space around them, producing electric fields;

e The measuring unit of charge is Coulomb (C)
e InSlwe have: 1C=1A-1s

 There are only two elementary particles that are charged with electric charge: the proton (p)
and the electron (e);
The electric charge of the proton is positive and equalto:  1e* =1.6-107°C
The electric charge of the electron is negative and equalto: 1o~ =—1.6-10"°C
Although the mass of the proton is much greater than that of the electron (m,=1836m,), the

charge is identical in modulus; (m_ =1.67-10%/Kg; m,=9.1-10°"Kg;)

* All bodies will have multiple charges of these elementary charges. We can say that electric charge is
quantized

Q=ne

n—no. of excess protons, or electrons
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Observations:

1. The total charge in the Universe is 0, that is, there is as much positive charge as there is a negative
charge;

2. The total charge of a closed system shall be conserved similarly as the total energy of the system
shall be conserved;

3. There are other charged particles (positrons, muons, quarks) but these do not manifest
themselves in ordinary energy physics, of interest in engineering;

4. Charging with electric charge of a body is done by removing electrons or bringing electrons onto it;

5. Bringing or removing electric charges can be done by physical contact between two differently

charged bodies, by friction of the bodies, or by radiation (including visible light)



2. Coulomb’s law

 The force of interaction between two point charges Q and q at a distance r from each other is given by
Coulomb's law (1780, French physicist Charles Augustin de Coulomb):

The electric force is much stronger
than the gravitational force:

electron

F,=8210°N | F,
Fpr =36-10N | Fy

F-_1 Q4

2
Arey 1

F —force of Q acting on q

r-distance between charges;

f- unit vector of the pozition vector T pointing from Q to q;
£, =8.85-10"'?C?/ Nm—electric permitivity of vacuum

1 Nm

2
7 o2 —approximation used in applications
&,

~9.10°

Observations:

If the charges are of the same sign (++or +-) the force will be repulsive;

If the charges are of different signs (- + or + -) the force will be of attraction;
According to the principle of action and reaction, an equal force in the
opposite sense will also act on the charge Q:

Gravitational forces can be neglected

_ 1039
=2.2:10" = in the study of the atom

—
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3. The electric field intensity vector (E'))
* The electricfield is a modified state of space that manifests itself by exerting a force on electric charges.

* |tcanbe produced by electric charges or variable magnetic fields (we will see in the following chapters);

* The electric field is characterized by the vectorial physical quantity called electric intensity (E'))

Definition: The electric field intensity (E) is the force acting on the unit, positive charge, placed in the field
(Electric force on a +1C of charge)

The electric force acting on the charge q placed in the electric field is: |fe = qE = [E]SI =%=\%
3.1. The intensity of the electric field produced by a point charge Q
The force exerted by charge Q on = 1 Qq
g . F=_- Xdp
charge q is given by Coulomb's 47ng r2 0
law: E= < f
= Are, r?

The field intensity E is the force
exerted on the unit charge:

mu
Il

Electric field intensity

o |
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3.2. The intensity of the electric field produced by a system of point charges

In the case of a system of point charges, the total intensity produced by all charges at a point P shall be
calculated as the vector sum of the intensities produced by each load in the system:

= — — — 1 ql A 1 q2 A 1 q3 A
E, E=E+E+B+.= —hpt———hpt o —— -+
yA Are, s Are, o Are, Isp

0;,d,, 0; -charges in the system;

[y

Np=r-T; I, =T—T,, G, =r—T, -vectors connecting the charges with P

3

N

:
|
G,

X
3.3. The intensity of the electric field produced by a charge distribution

If the electric charge is continuously distributed in space, then the electric field it produces at the P-point can
be calculated as a vector sum of the electric fields produced by the volume elements into which the given
distribution can be decomposed.

dg=p(x',y,z")dVv"

The charge contained inside the volume element

dE dE =

p(x',y',z")—charge density in the position (x',y',z") =

= charge of the unit volume in the position (x',y",z")(C/m?)

1 dq - the elementary electric field

F—r'
. _\2 produced by the volume
47[80 (r —r ) element dV'
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. . g . ] Positive charge distribution
3.4. Representation of the electric field by field lines

The electric field produced by a system of charges or by a single

charge may be represented by field lines if the following rules are
considered:

1. The density of the field lines is proportional to the strength of the
field (magnitude/magnitude of vector E);

2. The orientation and direction of a field line indicate the path
along which a positive charge placed in the field would travel;

3. The electric field intensity vector E is always tangent to field
lines.

The arrow indicates the direction of
movement of a positive charge

Positive charge Negative charge System of two charges
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4. The electric potential (V)
* We define the electric potential (V) produced by charge Q at point P as the work done by the electric
field to move the unit charge of from point P to infinity
[F.dr [qE-dr
_ P —

Vp: o [ — _ P :IEdr <:> Vp:
g q q P

The potential of
the electric field at
a certain pointin
space

V38
my
o
=l

Here we considered that: F = qE —electric force
The electric field potentialis a
scalar quantity and is

measured in Volt (V)
4.1. The potential of a point charge

 The potential produced by a point charge Q at a point P can be calculated from the relation of definition, in
which we take into account the field strength produced by the point charge:
=V QJ.rizdr<:>V—1g<:>V—19

V,=|E-dr
o 'p
P E_ 1 rQ_2 ¢ 4re, Are, Tp ey T

!

'p

4”‘90 The electric potential produced
by the point charge Q at distance
r from it.
y Here we took into account that: f-dr =dr
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4.2. The potential of the electric field produced by a system of point charges

In the case of a point charge system, the total potential produced by charges at a point P is calculated as the
algebraic sum of the potentials produced by each charge in the system:

V=V, +V, +V 1 1 1
AR V=V, +V,+V, +...= N % , % , .
Argy Np  Amey N  4me, Tp

Gy, 0,, 0; - charges of the system;
Np :‘f—l"i‘; Iop :‘r_rz‘; I3p :‘F—@‘
[ the magnitude of the vectors J

X d, connecting the charges g, with point P

4.3. The electric field potential produced by a charge distribution

If electric charge is continuously distributed in space, then the electric field potential it produces at point P

can be calculated as an algebraic sum of the electric fields produced by volume elements into which the given
distribution can be decomposed.

dg=p(x'y',z")dVv' p(x',y',z')—charge density in the position (x',y",z') =
,:nTtﬂZ 32?{%%‘;?25?;25%\, = charge of the unit volume in the position (x',y',z")(C/m°)

P
av,

av, = 1 *dqﬂ _ 1 ,ﬂo(Fﬂ) dx'dy'dz’ the elementary electric potential
Arey [F =T Adme, |[F—T| produced by the volume element dV'
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4.4. Potential difference. Relation between intensity (E) and potential (V)

Consider two points in space A and B and aim to calculate the potential difference between the two points.

4 v, Ve

=

A

If the two points A and B are very close then:

AV > dV =—E-df

AV =VB—VA=TE-dr—T ”-dr:-rfé-dr—ofé-drz—jE-dra AV =—[E-dF
g [es)

A Ia Ia

The potential difference
between two points Aand B

-

dv

dr

—grad (V)=-VV

The relation between the electric field
intensity and the electric potential

Note: the relationship between electric field intensity E and the electric potential V allows to obtain the
intensity (vector quantity) as the spatial derivative of the potential (scalar magnitude)

Example:

The calculation of the electric field strength produced by a point charge Q at position x

Q V(=E(X

) ; >
0 X X

V(x)
E(x)

__10Q
4me, X __1Q
:_av(x) B(x)= Argy X

OX
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4.5. The potential difference in the case of a constant electric field. Electric tension (Voltage)

* The potential difference between two points in space in a constant electric field, as shown in the figure, is:

—

E = cnst.

VVYVYVYYY

N 4

AV =V, —VAz—fE-sz—fde:—E(xB—xA):—Ed
XA XA

Since the difference is negative, it follows that we have a potential drop
from point A to point B. We denote that potential drop with U and call it
electric tension (or voltage)

U=-AV=Ed < [U=Ed < Ez%

The connection between electric tension
(U) and electric field strength (E) in the
case of a constant electric field




4.6. The flux of the electric field through a certain surface

* The flux of the electric field through a given surface is defined by the
integral of the inner product E - ds on that surface:

®:.L."Ed§ [CD]Slz\%mzzvm

S- The total surface (orange region)
ds-surface element, oriented

Observations:

* If the electric field intensity vector is constant on the surface S and
additionally perpendicular to it, then the electric field flux is calculated as
follows:

®=ES

* If the electric field strength vector is constant on the surface S but oriented
at an angle 0 to it, then the electric field flux is calculated as follows:

®=E-S=EScosd

E
EE d_.
L S
—
e
E N
- = 5 S
—_—
_—
—_—
E
—
- S __
— i
- » S
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5. Gauss's law

* Gauss's law allows the calculation of the strength of the electric field E produced by symmetric
configurations of electric charge for which a Gaussian surface £ can be chosen so that the flux ® of the
electric field E throulg this area to be easily calculated;

¢ (Gauss's law states that the flux of electric field E through a closed surface X, (also called Gaussian)
depends only on the electric charge contained inside that surface, and satisfies the relationship:

Dy = % -the mathematical formulation of Gauss's law

%0 Q,, —the total charge inside surface =

b = <ﬂ> E.dS  -the electric field flux through the enclosed surface >
) -represents an infinite sum of elementary fluxes

d®=E-ds

Observations:
The charge outside the surface 2, does not « The total charge inside X, in the case represented in the
produce a flux through this surface figure: Q, ,=0+0y-Ga;
* One can observe that g, which is located outside 2,
does not contribute to the electric field flux
* The law described by the above formula will be applied
in the following for some practical applications
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The integral and differential form of Gauss's law

Gauss's law can easily be put into integral form if one expresses the charge inside the closed surface as a
function of the charge density in volume V bounded by the surface.

J

E Dy = Ot _ Gauss law A
ds o The integral form of Gauss's law
S ®,. =¢b E - ds — flux through = - 1
=% cm>[fE-ds- L[] pav
> oV
Qi = ijdv —charge inside V
\%

If in the integral form of Gauss's law one takes into account the Gauss-
Green-Ostrogradsky formula:
2-enclosed - .
surface bordering Eﬁs E-ds= HI(V E)dV
> \Y,
volume V . . . .
which converts an integral on the enclosed surface X into an integral
on volume V bounded by that surface, yields:

The differential form of Gauss's law

_ 1 -
J.\J;J.(V-E)dV:g—OUIpdV m) VE:g% where V-E:%+Z—?+%

] ] (the divergence of the E vector )
The differential form of Gauss's law

shows that electric field lines diverge 114

p= :—8 —charge density [ p], =C/m’




6. Applications of Gauss's law

6.1 The intensity of the electric field produced by an infinitely long wire

* Consider an infinitely long wire charged with the linear density of electric charge A. The unit of Ais C/m.

* We ask ourselves: what is the electric field strength at distance r from the wire?

* To answer this question, we draw a cylindrical Gaussian surface wrapping the wire and observe that the
electric field strength on this surface is constant and perpendicular to the surface X

Lateral view

Front view

Observations:

cancel each other out

* The electric field lines around the wire are
radially oriented and perpendicular to the wire.

* This happens only for an infinite wire because
the components of vector E parallel to the wire

Demonstration that the electric field vector is

perpendicular to the wire

A

These components of the electric field
produced by two symmetrical elements
in the wire cancel each other out. It
follows that only the component
perpendicular to the wire survives,
which  gives an  electric field
perpendicular to the wire.
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* To calculate the strength of the electric field, we apply Gauss's law,
in which we consider the following observations:

B Qint The Mathematical formulation of
Gauss's law

The flux of the electric field through the enclosed surface X is calculated as the sum of the flux through the
lateral surface and the flux through the two bases:

@, ={pE-ds = E-ds+ {p E-ds+ {p E-ds= {p E-ds= {p Eds=E ¢ ds=E2arL
) 2 lateral 2 basel > base2 2 lateral 2lateral 2 lateral
(‘they are zero because E_Ld5s) (here we used E||dS si E=cnst. on the lateral surface)

The charge contained inside the Gaussian surface is that contained in
the length L of the wire. It can be expressed as it follows:

Qint =AL

Substituting @5 and Q,,, into the mathematical formula of Gauss’s law, we get:

L A e g ) .
E2zrL = AL # E- The elec.trlc.: fleld intensity at d/.stanc'e rfrom
€o 27e, an infinitely long and straight wire
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6.2.The intensity of the electric field produced by an infinite plate

* Consider an infinite plate charged with the surface density of electric charge o. The unit of measurement for ¢ is C/m?.
*  We ask ourselves: what is the electric field strength at distance h from the plate?

* To answer this question, we draw a Gaussian surface X, cylindrical, which cuts the plate and observe that the electric field
strength on the two bases is constant and perpendicular to the surface of the bases

*  We ask ourselves: what is the electric field strength at distance h from the plate?
E * To answer this question, we draw a Gaussian cylindrical surface X, which cuts the
plate and observe that the electric field strength on the two bases is constant and
perpendicular to the surface of the bases.
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