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Learning Objectives	Comment by GMP: This section is more of a "course overview" rather than a set of learning objectives. The "study goals" at the beginning of each unit are more appropriately "learning objectives". 
The main purpose of engineering is to find practical, technical solutions to practical society’s problemschallengesthat maysimplify societies’ lives. Thoese solutions are robust, reliable, and sustainable thanks to the scientific knowledge and mathematical background acquired in the study of engineering; . this knowledge starts mainly withThe foundation of this knowledge is physics.This may emphasize the importance of the present course: Fundamentals of Physics.	Comment by GMP: Please check your intended meaning is retained. "Simplifying lives" may be considered too narrow for the stated purpose of engineering.
[bookmark: _Hlk116636749]The An interesting side component of the this course resides is in the diversity and quasi-independence between the different aspects disciplines that may be encountered in engineering. After an introductory chapter spotting on the main quantities and relevant units used in Pphysics, the we will examine mechanics field will be tackled in from different sides: equilibrium and motion of rigid bodies either applying laws of forces and moments laws or laws of work and energy laws, equations related to fluids, free and forced vibrating motions of bodies and waves characteristics, heat and energy interaction with either solids, fluids, or gases and the relevant governing laws. Vibrations and waves theories will be helpful in tacklinghelp tackle the thematicthemes of light and optics, since many aspects are similar.	Comment by GMP: I'm not sure I understand why we are referencing engineering (here and in the previous paragraph) as if this were a course on engineering? Shouldn't these references be to 'physics'?
In modern engineering, it is quite impossible to dealrare to work with systems from a that are purely mechanical or ‘’passive’’ side without having an active control which that is globally responsible of for any motion triggering motion; . fFor this reason, the present course devotes a considerable part for to electricity and magnetism where many important topics such as direct and alternating current, voltage, resistance, circuits, and electrostatic and magnetic fields will be discussed.
Modern Pphysics cannot be complete without beingis closely related to chemistry, where atomic, molecular, and nuclear science offer huge horizons for radiations and energy production at lower costs and green environmental impactlow-cost, low-impact energy production.


Unit 1 – Introduction

Study Goals
On completion of this unit, you will be able to …
· … understand the meaning of technical terminologies in physics.
· … understand the main compound physical quantities.
· … assign to each physical quantity the corresponding unit.
· … use unit prefixes appropriately.


1. Introduction
Introduction
Physics is a branch of science that studies matter, its properties, its structure, its motion, its behavior, and its interactions with other constituents in the universe. It aims at understandingto understand, qualitatively and quantitatively, how material bodies in our surroundings interact and behave in order to benefit in many applications serving to human goodsso that some aspect of human activity may benefit. For instance, solar and/or wind energy, made possible by they study of physics, appear asare an economic, sustainable, and clean alternative to fuel and gas in electricity production. The medical community and indirectly patients owes the availability of many medical devices (computed tomography scanners, blood pressure tester, echography apparatuses, etc.…) to engineers and physicists.	Comment by Reynolds, Oliver: If something is in italics (other than equations), please change it to normal text; in a few cases, a word or phrase may still require emphasis, so please add quotation marks. I think normal text would be fine for the words and phrases in the Introduction, though. The author has used quite a lot of italics throughout the script, so please leave a comment by any examples you're not sure about ☺️
Qualitatively, Pphysics consists in of analyzing the reasons and consequences of the behavior and interactions of material bodies, such as a bulb that illuminates when the button switch is put turned on and switches off in the opposite case: this is due to a circuit closure that allows a flow of electrons (current) generated by an electrical tension delivered by an electric source to reach the bulb where an electric source is delivering an electric tension which generates a flow of electrons (current). Quantitatively, Pphysics establishes mathematical relationships (known as “laws”) between the different “quantities” that govern an observed phenomenon such as the equation relating the voltage (U), the current (I), and the resistance (R) leading to put the bulb on illuminating (i.e., . In the light of what has been said, Pphysics deals “experimentally” with measurements of quantities and “numerically” with calculations of those quantities.	Comment by GMP: Because IU guidelines are to use quotes rather than italics for emphasis.
The present chapter will detail the different disciplines belonging to Pphysics, as well as the basic quantities used and the relevant units and unit prefixes when needed.


[bookmark: _Toc221687482]1.1 Physics Overview
One distinguishes seven main disciplines in Pphysics, that which may overlap in many practical applications, but are studied separately for beginners. Those different disciplines will be tackled discussed throughout the different units of the present textbook.Motion: Changement ofThe change in a body’s position from a one location to another one.

1. MechanicsI. Branch The branch of Eengineering that studies the motion status of bodies. It consists of two fields: “Sstatics”, dealing with bodies at rest said to be in “static equilibrium”; and D“dynamics”, dealing with bodies in either accelerated or decelerated motions. Motions could be either “rectilinear” when the path is straight, or “curvilinear” when the trajectory is curved.	Comment by Reynolds, Oliver: I don't particularly like bold for bullet point terms when there's a sidenote in the text. So I would recommend making the first words non-bold for all bullets.	Comment by GMP: Why "engineering"? This is a physics book, so shouldn't we be saying that this is a branch of physics?	Comment by Reynolds, Oliver: Related to the Introduction comment: As an example of what to do with italics, I would maintain emphasis with quotation marks here: i.e., "static equilibrium." But would sway towards putting the other terms into normal text.
[image: ]
[bookmark: _Ref100336383][bookmark: _Ref100336934]Figure 1.1.1 Pipe lifted by three cranes
Figure 1.1.1 The figure above illustrates a long pipe to be lifted by three cranes through tension in cables. In the position shown, the system is in static equilibrium. Once the lifting operation starts, the pipes will move and becomes inchange to a dynamic status. Mechanics laws involving many physical quantities govern both statuses of the pipe.
2. Thermodynamics. Branch The branch of Eengineering that studies the effect of change in T“temperature”, “Vvolume” and “Ppressure” on the behavior of a substance and the influence on the interaction of this substance with its surroundings. This influence is quantified by amounts of “heat” and “work” exchanged between constituents.	Comment by GMP: Again, shouldn't we say 'physics'? Same for the opening lines of each of the remaining items through item 4.
[image: ]
[bookmark: _Ref100336468][bookmark: _Ref100337001]Figure 1.1.2 Air Conditioner in an appartment	Comment by GMP: IU instructions to editors are not to edit titles of graphics, but please correct the spelling of "apartment".
A famous example picked up from Tthermodynamics field is illustrated in Figure 1.1.2 the figure above showing an air-- conditioning device where heat exchange between hot air and cold refrigerant in the coils of the evaporator of the machine occurs indoors, while another heat exchange occurs outdoors between the hot refrigerant within the compressor and condenser and the air outside. Change The change in pressure, temperature, volume, and physical status of the refrigerant (hydrofluorocarbon) has been applied practically to cool the apartment.	Comment by Reynolds, Oliver: Please change the in-text references to figure numbers, because this will be different in the publishing platform. You could change it to something like "The figure above."
3. Electricity and Magnetism. Branch The branch of Eengineering that studies the status of “charged particles”, and their motions and interactions, which produce to produce “power”;. tThis is responsible of for starting motors, turning on laptops, charging mobile phones, etc.… In addition, the flow of electric particles creates a “magnetic field”. When the lines of a magnetic field are cut by a metallic rotor, electricity is generated.
[image: ]
[bookmark: _Ref100339763][bookmark: _Ref100339970]Figure 1.1.3 Quarter section of an electric motor
The Eelectric motor is one of the most famous applications that belong toassociated with this branch pof Pphysics. The internal components of this motor are shown through the cut made on in the blue housing in Figure 1.1.3the above figure. When connected to the electricity, the current flows through metallic wire coils embedded located within two poles of a magnet generating lines of magnetic field; . tThoese lines interact with the circulating electric current to create an electromagnetic force able to rotate the output shaft of the motor. In conclusionThus, the input electrical energy has been converted into an output mechanical energy.	Comment by GMP: Electromagnetic Force might be a good definition box here.
4. Vibrations and Waves. BThe branch of Eengineering that studies oscillating systems (i.e., those having repetitive and periodic motion) and measures the characteristics of theses “oscillations”. The form of oscillations propagation in time and space is known as a “wave”. 
[image: ]
[bookmark: _Ref100422499][bookmark: _Ref100423483]Figure 1.1.4 Car suspension
An interesting application example illustrating this discipline is the car suspension shown in Figure 1.1.4the above figure consisting of a stiff spring and hydraulic damping piston-cylinder system. This package is essential to absorb high amounts of wavy displacements induced to the body of the car and transmitted to the passengers once when travelling through on a bumpy road. This protects the car’s chassis and makes the travel comfortable for the driver and the passengers.
5. [bookmark: _Hlk116734647]Light and Optics. BThe branch of Pphysics that tackles describes the properties of light either in its wavy wave aspect form (like mechanical, electrical, or magnetic waves) or in its corpuscular aspect form (groups of moving particles). It studies the deviation of light either in form ofresulting either from reflection, refraction, transmission, diffraction, and or interference this when passing though many optical devices such as lenses, mirrors, prisms, or tiny slotsslits. This influences considerably the view image of an object when seen through those devices An image can be considerably altered when viewed using these devices.	Comment by GMP: In an introductory text, we might tend to say "particle form" rather than "corpuscular form".	Comment by GMP: Not just when passing through optical devices, right? Light through atmosphere, light in a vacuum, etc. 
[image: ]
[bookmark: _Ref100424165][bookmark: _Ref100424694]Figure 1.1.5 Scientist using a microscope
The optics community has provided many useful devices to a variety of scientific disciplines, such as medicine and chemistry. Many scientific tests now depend upon these optical devices. Figure 1.1.5 shows how this field has offered to the scientific community in general and for medical and chemistry community in particular extremely useful and helpful devices to accomplish easily their tasks. One may just imagine how many medical and chemical tests are nowadays depending on those optical devices!

6. Atomic and Nuclear Physics. This field in Pphysics overlaps remarkably considerably with Cchemistry. Besides studying the classical morphology and characteristics of atoms, this discipline tackles examines deeply the energetic aspect of atoms such as interactions between their electric clouds and light photons as well as and their nuclei where, besides the huge energy delivered from some certain reactions, many radiations types are also generated such as X-rays and light.
[image: ]
[bookmark: _Ref100425646][bookmark: _Ref100425920]Figure 1.1.6 Nuclear power plant feeding Isar in Bavaria with electricity
An example reflecting of an application in this discipline is depicted in Figure 1.1.6the above figure showing a huge nuclear power plant feeding Isar, a region in Bavaria,  – Germany, with electricity independently without the use of any combustible fuel combustion.
7. Relativity. Known also as Einstein’s theory or Mmodern Pphysics, relativity is a theory of gravity considering postulating that a gravity field is a four -dimensional space-time field that curves or warps upon the mass of the moving object. This discipline is out of the scope of the present textbook.	Comment by GMP: Note that there is no mention of special relativity, which is more typically what people think of re: relativity, i.e., identity of mathematical forms relative to any inertial system, time dilation, constancy of light speed, etc. Also, the term Modern Physics, while it does include both theories of relativity, usually also explicitly includes quantum theory, which is not mentioned.
Self-Check Questions
1. Please list a practical example for each of the following disciplines:
a. Mechanics: Pump transferring water at high pressure
b. Thermodynamics: Calorimeter keeping drink at a constant desired temperature
c. Vibrations: Scanner for medical detection of heart’s performance 

1.2 Physical Quantities and Units
Definition
A “physical quantity” is an amount that could can be measured and expressed by a value. To distinguish types of physical quantities, a letter or group of letter symbols are is added near the value, this is termed called a “unit". Many measured values of a the same physical quantity could can then be compared.  (Walker, 2014)	Comment by Reynolds, Oliver: The author has put all of the citations into equation boxes for some reason. Please could you remove them and include them as normal text? Thank you.	Comment by GMP: I think these are citation boxes; they do look like equation boxes but are not the same thing. They serve the purpose of ensuring consistency with the bib.
In Pphysics, there are only seven main quantities or “basic quantities". All the other available quantities are indeed derived from several basic quantities quantity combinations; thoese are termed “compound quantities”.
There are mMany international organizations that assign their own units to the relevant measured quantities., In each timecase, the conversion from one system of units to the other is possible. In the present textbook, the system of units to be adopted is the International System (SI), also called the termed also “metric system”. International sSystem of uUnits: This is a standard unsed worldwide to unify units assigned to scientific measurements.

The bBasic qQuantities
Below the list ofare the seven basic quantities used in Pphysics:
· Length. Physical A physical quantity to for evaluateing the location of an object measured with respectrelative to a determined reference and/or the dimensions of this object. Its unit is the “meter” (m). (Hibbeler, 2010)
· Time. Quantification The quantification of a succession of events or a variable status event. When an action or a process remains unchanged it is said to be “time independent”. Its unit is the “second” (s). (Hibbeler, 2010)
· Temperature. QThe quantification of the level of heat stored within an object. Its unit is the “Kkelvin” (K). (Walker, 2014)	Comment by GMP: Please note that in APA style, SI units are lower case when spelled out, even if based on a proper noun. These may be capitalized when used in abbreviated form only.
· Mass. QThe quantification of the amount of material contained in a substance. Mechanically, it represents also the resistance of a body against a change in linear velocity.  Its unit is the “kilogram” (kg). (Hibbeler, 2010)
· Electric current. RThe rate of flow of electric charges within a circuit. Its units is the “Aampere” (A). (Ohanian, 2007)
· Luminous intensity. AThe amount of visible light emitted per unit time and per unit solid angle. Its unit is “Ccandela” (Cd). (Britannica, 2022)
· Amount of substance. Ratio The ratio of the number of particles in a matter substance (atoms, molecules, …etc.) over to the Avogadro Number NA. Its unit is the “mole”  (mol). (Ohanian, 2007)Avogadro number: package of 6.02⋅ 1023 particles. Avogadro is the last name of the iItalian chemist.

The cCompound qQuantities
In the coming lineswhat follows, only the key compound quantities in each discipline will be listed. Other ‘’secondary’’ quantities will come throughout the textbook within the corresponding section related to the unit in being studystudied.
Mechanics
· Force. The ‘’push’’ or ‘’pull’’ action applied on a body by its surroundings, either by direct contact or at a distance. Its unit is the “Nnewton” (N=kg⋅ m⋅ s-2). (Hibbeler, 2010)
· Moment. Ability The ability of a couple of forces to produce rotation, or a single force to rotate about a fixed axis. Its unit is the “Nnewton⋅ -meter” (N⋅ m=kg⋅ m2⋅ s-2). (Hibbeler, 2010)	Comment by GMP: Note that a 'couple' wrt a moment has not been defined yet, so you may wish to expand this definition.
· Displacement. IThe instantaneous position of a body on a trajectory measured from a reference. Its unit is “meter” (m) for a linear displacement and “radian” (rad) for an angular displacement. (Hibbeler, 2016)
· Velocity. RThe rate of change of the displacement per unit time. Its unit is “meters per second” (m⋅s-1) for a linear velocity and “radian per second” (rad⋅s-1) for an angular velocity. (Hibbeler, 2016)
· Acceleration. RThe rate of change of the velocity per unit time. Its unit is “meters per second squared” (m⋅s-2) for a linear acceleration and “radian per second squared” (rad⋅s-2) for an angular acceleration. (Hibbeler, 2016)
· Gravity. AThe acceleration by which the earth attracts a body in free fall. It has a constant value g = 9.81 m/s2. This value changes when the gravity field changes, i.e., when the reference planet changes. (Hibbeler, 2010)	Comment by GMP: Gravity is rarely defined exclusively relative to the earth.
· Weight. AThe attractive force applied by the gravity field on a body. It is equal to the product of its the body’s mass by the gravity acceleration (i.e., W = m⋅ g). Its unit is the Nnewton. (N=kg⋅ m⋅ s-2). (Hibbeler, 2010)
· Mass moment of inertia. RThe resistance of a rigid body against a change of angular acceleration. Its unit is “kilogram⋅ meter squared” (kg⋅ m2), (Hibbeler, 2016)
· Area. The pPlanar region occupied by a substance. Its unit is “meter squared” (m2). (Knight, 2016)
· Volume. SThe space occupied by a substance. Its unit is “meter cubed” (m3). (Knight, 2016)
· Pressure. FThe force applied by a body per unit area of contact surrounding. Its unit is the “Ppascal” (Pa=kg⋅ m-1⋅ s-2). (Knight, 2016)
· Density. MThe mass of a unit volume of a substance. It is an intrinsic property to of each material. The inverse of the density is termed called “specific volume”. The unit of the density is “kilograms per meter cubed” (kg⋅m-3). (Knight, 2016)
· Stiffness. RThe resistance of an elastic body against length change. Its unit is Newtonis “newtons per meter” (N/m = kg⋅ s-2). (Hibbeler, 2010)
· Viscosity. The rResistance of a fluid against flow. Its unit is “Ppoiseuille or Ppascal⋅ second” (Pa=kg⋅ m-1⋅ s-1). (Knight, 2016)
· Stress. The dDistribution of an internal force over the internal area of a body; it could can be either normal to the area or tangential within the area. Its unit is “Ppascal” (Pa=kg⋅ m-1⋅ s-2). (Hibbeler, 2011)
· Strain. RThe relative change in dimension of a loaded body with respect to its original dimension. This quantity is “dimensionless”. (Hibbeler, 2011)
· Modulus of Elasticity. RThe resistance of a body to strain once subjected to a certain stress level. It is an intrinsic property to of each material. Its unit is “Ppascal” (Pa=kg⋅ m-1⋅ s-2). (Hibbeler, 2011)
Thermodynamics
· Energy. CThe capacity of a body to develop a work in any form. It could beExamples include electrical, mechanical, thermal, and magnetic,. …Its unit is the “Jjoule” (N⋅ m=kg⋅ m2⋅ s-2). (Moran, 2018)
· Power. RThe rate of energy per unit time. Its unit is “Wwatts”. (W=kg⋅ m2⋅ s-3). (Moran, 2018)
· Heat. AThe amount of energy transferred between two bodies each at differentof differing temperatures. It passes from a hotthe warmer body to a coldthe cooler body. Its unit is the “Jjoule” (J=kg⋅ m2⋅ s-2). (Moran, 2018)
· Enthalpy. EThe energy released or absorbed due to a reaction or a change in the pressure and volume of a substance. Its unit is the “Jjoule” (J=kg⋅ m2⋅ s-2). (Moran, 2018)
· Entropy. AThe amount of disorder within a substance. Amount of energy stored within a substance unable to produce work. Its unit is “Jjoules per kelvin” (J/ K=kg⋅ m2⋅ s-2⋅ K-1). (Helmenstine, 2021)
· Specific heat capacity. HThe heat energy needed to increase by one unit the temperature of a unit mass of a substance. It is an intrinsic property of each material. Its unit is “Jjoules per kilogram and per Kkelvin” (J/kg⋅ K= m2⋅ s-2⋅ K-1). (Walker, 2014)
· Thermal conductivity. AThe ability of a substance to transfer heat in its space within a gradient of temperature due to a the random mobility of its molecules. It is an intrinsic property of each material. Its unit is “Wwatt per meter and per Kkelvin” (W/m⋅ K= kg⋅ m⋅ s-3⋅ K-1). (Walker, 2014)
Electricity and Magnetism
· Electric Tension. Termed alsoAlso referred to as the voltage of potential difference. A, this is the amount of work needed to displace charged particles from a reference point to a target point. Its unit is “Vvolt” (V=kg⋅ m2⋅ s-3⋅ A-1). (Knight, 2016)
· Electric charge. CThe capacity of electrons and protons (charged particles) to apply attractive or repulsive force. Its unit is “Ccoulomb” (C=A⋅ s). (Ohanian, 2007)
· Electrostatic field. MA measure of the disturbances generated by electric charges in the a space when they apply mutual electric forces. Its unit is “Nnewton per Ccoulomb” (N/C= kg⋅ m⋅ s-3⋅ A-1). (Ohanian, 2007)
· Magnetic flux density. QThe quantity measuring the intensity and the direction of a magnetic field emitted around a magnet; it is also termed referred to as magnetic induction. Its unit is the “Ttesla” (T=kg⋅ s-2⋅ A-1). (Walker, 2014)
· Magnetic flux. DThe distribution of the magnetic flux density over a unit area. Its unit is the “Wweber” (Wb=kg⋅ s-2⋅ m-2⋅ A-1). (Walker, 2014)
· Resistivity. IThe intrinsic property of a material to resist against the flow of electric charges. Its unit is “Oohm⋅ meter” (⋅ m=kg⋅ m3⋅ s-3⋅ A-2). (Walker, 2014)
· Electric Resistance. Material and geometric of a aThe ability of a component to oppose againstresist the flow of an electric current. Its unit is the “Oohm” (=kg⋅ m2⋅ s-3⋅ A-2). (Walker, 2014)
· Capacitance. AThe amount of electric charges stored by a conductor for each unit of voltage. Its unit is “Ffarad” (F=kg-1⋅ m-2⋅ s4⋅ A-2). (Ohanian, 2007)
· Inductance. MThe magnetic flux linkage produced by a magnetic inductor for each unit of electric current. Its unit is the “Hhenry” (H=kg⋅ m2⋅ s-2⋅ A-2). (Walker, 2014)
Vibrations and Waves
· Frequency. NThe number of cycles or oscillations developed by an oscillating system per unit of time. Its unit is the “Hhertz” (Hz = s-1). This number of cycles could can be converted to angular unit radians, in that which case the specific term becomes angular or circular frequency expressesd in “radians per second” (rad/s=s-1). (Rao, 2011)
· Period. Time The time needed by a system to cover one cycle or one oscillation. Its unit is the “second” (s). (Rao, 2011)
· Amplitude. MThe maximum displacement value covered by a system during oscillations. Its unit is “meters” (m) for linear oscillations and “radians” (rad) for angular oscillations. (Rao, 2011)
· Phase angle. AThe angular value representing a practical time shift of a wave with respectrelative to a reference onewave. Its unit is the “radian” (rad). (Rao, 2011)
· Wavelength. The dDistance between two points of a wave separated by a period. Its unit is the “meter” (m). (Rao, 2011)
· Viscous damping constant. RThe resistance applied by a fluid to reduce amounts of oscillations. Its unit is “Nnewton⋅ -meter per second” (N.m/s = kg.s-1) for linear damping and “Nnewton⋅ -meter⋅ second per radian” (N.m⋅ s/rad = kg.m2⋅ s-1) for angular damping. (Rao, 2011)
Light and Optics
· Celerity. SThe speed of light measured in a vacuum. It has a constant value of c = 3⋅ 108 m/s. (Ohanian, 2007)
· Wave number. NThe number of cycles of a light wave travelling a unit distance. In other words, it represents a spatial frequency. Its unit is m inverse (m-1). (Walker, 2014)
Atomic and Nuclear Physics
· Half-life. Tthe time needed by a radioactive mass of radioactive substance to reduce to itsby half. Its unit is the “second” (s). (Knight, 2016) 
· Activity. NThe number of disintegrations of radioactive nuclei per unit time. Its unit is “Bbecquerel” (Bq = s-1). (Knight, 2016)
Units pPrefixes
If a quantity exhibits very large or very small numbers, it would be worth useful to ‘’reduce’’ to reduce the number of digits and ‘’replace’’by replacing the extrasome of the zeros in the number by with prefix letters before the main unit symbol in SI. For example, when the duration of an impact is 0.003 s, it is worth to  we can write 3x10-3 s or 3 ms (milli-seconds); the letter ‘’m’’ (for milli-) added to the main unit ‘’s’’ (for seconds) is a prefix. Another example could be given for a force of 5,000,000 N this could be written as 5x106 N or 5 MN (mega-Nnewton); the letter ‘’M’’ (for mega-) added to the main unit ‘’N’’ (for Nnewtons) is a prefix. The first example reflects a submultiple case (negative power of 10) while the second one illustrates a multiple case (positive power of 10).
Table 1.1The table below summarizes all prefixes used for multiples and submultiples (Walker, 2014):
	[bookmark: _Ref100515223]Table 1.1 Units pPrefixes
	

	Multiple/Submultiple
	Exponential notation
	Nomenclature
	Symbol

	1,000,000,000,000,000,000,000,000
	1024
	yotta
	Y

	1,000,000,000,000,000,000,000
	1021
	zetta
	Z

	1,000,000,000,000,000,000
	1018
	exa
	E

	1,000,000,000,000,000
	1015
	peta
	P

	1,000,000,000,000
	1012
	tera
	T

	1,000,000,000
	109
	giga
	G

	1,000,000
	106
	mega
	M

	1,000
	103
	kilo
	k

	100
	102
	hecto
	h

	10
	101
	deka
	da

	0.1
	10-1
	deci
	d

	0.01
	10-2
	centi
	c

	0.001
	10-3
	milli
	m

	0.0000001
	10-6
	micro
	

	0.0000000001
	10-9
	nano
	n

	0.000000000001
	10-12
	pico
	p

	0.000000000000001
	10-15
	femto
	f

	0.000000000000000001
	10-18
	atto
	a

	0.000000000000000000001
	10-21
	zepto
	z

	0.000000000000000000000001
	10-24
	yocto
	y



It is worth to state couple ofHere are two examples showing the conversion of units to SI onesunits:
36 km/h = 36⋅ (1000 m)/ (3600 s) = 10 m/s
500 cm2 = 500⋅ (0.01 m)2 = 0.05 m2
Self-Check Questions
1. The specific weight denotes the weight of the unit volume of a substance. Express it this unit in terms of the basic quantities’ units.
N/m3 = kg⋅ m⋅ s-2/m3 = kg⋅ m-2⋅ s-2.
2. Answer by true or false and justify your answer.
The mass of a proton is 1.6726⋅10-27 kg. This value is the same as 1.6726 yg.
True since 1.6726⋅10-27 kg is equivalent to 1.6726⋅10-24 g and each 10-24 denotes 1 yocto (y)
Summary
Physics is a branch of science that deals with matter in the universe, its constituents, structure, properties, and interaction with surroundings. It is based on qualitative analysis of observed phenomena, quantitative experimental measurements, and numerical calculations of quantities’ values related to the observed phenomena. To distinguish between types of quantities, each one is assigned a unit near its measured or calculated value. This unit consists is designated byis one or more letters. If values are considerably huge large or small, additional symbolic letters, termed ascalled prefixes, are added to the unit symbol in order to reduce the number of digits in the original value of the quantity.
There are seven basic quantities in physics and thus seven basic units: Llength (m), Ttime (s), Ttemperature (K), Mmass (kg), Eelectric current (A), Lluminous intensity (Cd), and amount of substance (mol). Any other quantity is derived from a combination of many other basic quantities.
Physics is an essential background for any engineering discipline whose goal is to either solve or simplify technical problems that will serve any the community. 
There are seven disciplines in Pphysics: Mmechanics, Tthermodynamics, Eelectricity and Mmagnetism, Vvibrations and Wwaves, Llight and Ooptics, Aatomic and Nnuclear Pphysics, and Rrelativity.


Unit 2 – Mechanics

Study Goals

On completion of this unit, you will be able to …
· … acquire understand the concept of the main static and dynamic quantities.	Comment by GMP: Please check meaning is retained.
· … apply the different principles of Mmechanics to solve any related problem.
· … calculate the stress and strain using Hooke’s elastostatics law.
· … analyze the static and dynamic status of fluids.










2. Mechanics
Introduction 
“Mechanics” is a branch of engineering that studies the status of objects either at rest or in motion. The reason behind a status resides in a combination of actions, known as “forces” and/or “moments”, applied on to the object of interest. Both solids and fluids constitute materials of interest in Mmechanics. One may distinguish two fields in Mmechanics: “Sstatics”, that which deals with the “equilibrium” of “bodies”, that is, or in other words with bodies having zero velocity; and “Ddynamics”, which that studies the motions of bodies. Dynamics consists of two essential parts: “Kkinematics”, that interestswhich is interested in monitoring the “displacement”, “velocity”, and “acceleration” of bodies, and “Kkinetics”, which that studies forces and moments that cause motion. Another important aspect component also belongs toof Ddynamics: ii  is the energetic aspect, which consists in of studying the “work” developed by a force or moment as well as the different types of “energy” generated during the motion.	Comment by GMP: Should this be "physics"?
Either Both rest or and motion status is are governed by mathematical conditions known as the classical laws of Mmechanics: thoese consist in of equations of equilibrium for bodies at rest, and principles of inertia and principle of, work, and energy for bodies in motion.
All the aforementioned these theories deal with external loads applied on to bodies. However, equilibrium is kept within any body due to internal loads that are generated within the material of the body. Those These loads develop “stresses”. In addition, since solids have elastic behavior in general, stresses will induce geometric changes known as “strains”. Elastostatics is the field that tackles studies this aspect in solid bodies.
[bookmark: _Hlk116640559]Finally, we will close the unit with a discussion of fluid Mmechanics principles applied to fluids, which exhibits different behaviors than solids mechanics, will constitute the closure of this unitas we shall see.

2.1 Statics of Solid Bodies
Particle and rRigid bBody
For the sake of simplified analysis simplifications, a solid body may be idealized by either a “particle” or a “rigid body” representation. A particle is a representation of a solid having a considerable mass but a negligible size when measured with respect to a bigger reference (Beer, 2012); a particle has the ability of translation onlyis only capable of translational motion along any direction in the space. A rigid body is a representation of a solid having both considerable mass and size (Beer, 2012); a rigid body is able tocan translate and rotate keeping almost the same size and shape (with negligible deformations) under the applied loading. In order tTo analyze either the equilibrium or the motion of a solid body, it is necessary to sketch all the efforts applied on to this body that are responsible of for its present status; this sketch is termed the “Ffree Bbody Ddiagram” abbreviated as (FBD).
The difference between both these models could can be clarified with an example: if a car is considered as the main solid in question, if whenthis car it is analyzed considering relative to a very large bridge or a very large parking as reference, this car is modelled as a particle; however, if the car is moved forwardbeing pulled by a winch the car is modeled as a rigid body cable for instance and since the size of the winch is comparable to that of the car, this latter is modelled as a rigid body.
Newton’s bBasic aAxioms
‘’Mechanics is based on only a few laws of nature which have an axiomatic character. These are statements based on numerous observations and regarded as being known from experience. The conclusions drawn from these laws are also confirmed by experience.” (Gross D. H., 2013, p. 1). Therefore, the knowledge offamiliarity with the three laws of Newton’s three laws of in Mmechanics is of high importance.Axiom: statement describing a physical fact based on experience without proof.

Axiom I: The Principle of Equilibrium
When a body is originally at rest or moving along a straight line with a constant velocity and then is subjected to a balanced system of forces, it will keep maintain its original status before the application of the balanced forces. (Hibbeler, 2010)
[image: ]
[bookmark: _Ref100682662][bookmark: _Ref100685521]Figure 2.1 House-trailer connected to a truck
Figure 2.1 In the figure above, weight is  and the normal reaction of the floor is  . If then the traction force  of the motor cannot overcome the resisting force  applied by the house-trailer on the truck, both  and  will cancel out each other out; as a result, the truck will remain at in its the same position, i.e., at rest.
Axiom II: The Principle of iInertia
If a body of mass m is subjected to an unbalanced system of forces of resultant , it will move with an acceleration   in the same direction as  and whose magnitude is proportional to the magnitude of  through the mass m. (Hibbeler, 2010)	Comment by GMP: It might be useful to explain what a resultant force is.
	
	
	[bookmark: _Ref101609504](2.1)



Figure 2.2 The figure below shows the an automobile under a system of three forces, two of them balancing each other: the weight ,  and the normal reaction of the floor ,  and thus the traction force of the motor . of the motor is the resultant of those three forces. As  and  are balanced forces, the resultant force is equivalent to , which is responsible for This latter is responsible in increasing the velocity of this the automobile and thus inducing an accelerated motion.
[image: Diagram

Description automatically generated with medium confidence]
[bookmark: _Ref100683965][bookmark: _Ref100685852]Figure 2.2 Automobile in motion under traction force
Axiom III: The Principle of aAction and rReaction
When Ttwo particles apply each on the other two mutual forces having same direction, opposite in sense and equal in magnitudeinteract they apply onto each other a force of equal magnitude but opposite direction. 
[image: ]
[bookmark: _Ref100684277][bookmark: _Ref100685617]Figure 2.3 Book resting on a table
This axiom is illustrated in Figure 2.3 the figure above where a book, considered as the first body, is resting on a table, considered as the second body. . In fact, the main reason of the equilibrium status of thishis system is in a state of equilibrium becauseis that the book applies its weight (vertically downward) onto the table while the table reacts by applying on the book a normal reaction (vertically ascendingupward) onto the book)  equal in magnitude to the weight of the book.
Force
Definition and Representation
By definition, in Mechanics, aA force is the an action exerted by a body on another neighboring body one (Beer, 2012) applied by direct contact or at a specified distance. Mathematically, a force is represented by a “vector”, which is determined by a “point of application”, a “direction”, a “sense”, and a “magnitude”. and  Hhence, those these four elements are needed to define mechanically the force, denoted by its symbol under a rightward-directed arrow: .
In Figure 2.4aThe figure below on the left is iillustratesed an example of a force: it is the action applied by the labor on the crate to raise this latterthe crate through a cable around a pulley. Figure 2.4bThe figure below to the right shows the vector representation of this force  including its four elements:
· The point of application. The point of the cable at which the force is acting. Mathematically, it is no other than the origin of the vector. (Hibbeler, 2010).
· The direction. It is tThe angular amount by which of the line of action of the force (i.e., along the cable) is inclined with respect to the horizontal line;. mMathematically, it is quantified by the algebraic angle θ formed between the horizontal line taken as reference (oriented from left to right) and the line of action of the force (Gross D. H., 2013): this angle is counted considered positive when oriented counterclockwise and negative for a clockwise orientation.
· The sense. It is tThe orientation of the vector force; inFigure 2.4b,in the below figure on the right, the sense is downward.
· The magnitude. it is tThe amount or the intensity of the applied force, measuringed its quantity in Nnewtons (N) according to the International System of Units. Its symbol is the same as the vector force but without the arrow above. One must not confuse between the vector, which is a “geometric” representation, and its magnitude, being which is a numerical value. F is the magnitude of .	Comment by GMP: Perhaps introduce the term "scalar", e.g., "...which is a numerical, or "scalar", value".
[image: A picture containing box and whisker chart
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[bookmark: _Ref100762428][bookmark: _Ref100762999]Figure 2.4 Tensile force in cable for crate lifting (a), Vector representation of this force (b)	Comment by GMP: I don't think you've defined "tensile" yet.
It should be noticed that the weight of the crate is also another force applied by the gravity field of the crate. In general, the weight vector is applied at the “center of gravity” of the body, and has a vertical direction, a downward sense, and a magnitude equal to the product of the body’s mass by and the gravity gravitational acceleration (g = 9.81 m/s2 on earth). This is illustrated in equation (2.2).
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Types of fForce
External force. A system is said to be subjected to an “external force” when this a force is applied by any component from the surrounding the system of this structure either directly or at a distance (Hibbeler, 2010). Figure 2.5aThe figure below shows a global system consisting of a table and a book resting on that table:. tThis system is subjected to the attraction force of the gravity, which is no other than the total weight of the book and the normal reaction forces applied by the floor on the table’s legs, those being in contact with the floor.
[image: Diagram

Description automatically generated]
[bookmark: _Ref100764233][bookmark: _Ref100773453]Figure 2.5 External forces applied on the system table-book (a), Internal forces between table and book
Internal force. A component, part of a global system, is said to be subjected to an “internal force” when this force is applied by any ‘’neighbour’’ component belonging to the same global system (Hibbeler, 2010). This means that internal forces do not appear unless the system is ‘’split’’ into many components, or a body is ‘’virtually cut’’ into two portions, those which appear as mutual forces between components or portions. This is illustrated in Figure 2.5bthe figure above on the right., when Where the system table-book system is split into two components, the internal efforts forces appear: those these consist of the book’s weight applied onto the table and the normal reaction applied by the table onto the book. Those two forces are collinear, equal, and opposite according to Axiom III.	Comment by GMP: You may wish to define collinear.
Concentrated force. When a force is applied at to a region of a body which that is too minutely small with respectrelative to the overall size of the body, i.e., region assimilated to a point, the force is said to be “concentrated” (Gross D. H., 2013). Figure 2.6aThe figure below shows the weights of a patient and his their bed represented as concentrated forces, since they are applied on the supporting floor, this which is hugely large compared to the sizes of the bed and the patient.
Distributed force. When the loading is applied along a considerable space of the body (or even along the entire body) and not at any specific tiny point(s), it is said to be “distributed” (Gross D. H., 2013). A loading could be distributed either over either a volume space (N/m3) or over a surface area (N/m2) or over a line (N/m). In Figure 2.6bthe below figure on the right, the weight on of the patient is applied onto the bed;, the length of this latterwhich is comparable to the patient’s length, thus the weight of the patient is distributed along the whole entire length. A force distribution could can be either “uniform” or non-uniform.	Comment by GMP: Maybe you should provide a definition for these here.
[image: ]
[bookmark: _Ref100765246][bookmark: _Ref100773502]Figure 2.6 Weights as concentrated forces (a), as distrubted forces (b)	Comment by GMP: Please correct spelling of 'distributed'.
Resultant of fForces
“Concurrent forces” are concentrated forces having a common point of application, i.e., the same vector origin (Hibbeler, 2010). For a solid modeled as a particle, this common origin represents indeed the particle itself. Despite that sometimes the visualization of the drawn forces on a body modeled as particles shows the contrary, one might slide the forces along their lines of actions until they intersect at the same origin; this will not change the effect of those forces on the particle.
The “Rresultant” is a theoretical force that replaces a group of physical forces acting on a body and keeps the same effect as the original group to be replaced (Hibbeler, 2010). Mathematically, this resultant  is determined by the sum vector sum of all forces to be replaced following the equation (2.3) below:	Comment by GMP: It doesn't actually replace the forces, does it? It's more of a net combination of the forces. Perhaps something like "...is a theoretical force that is equivalent to the combined effect of all the physical forces acting on…"
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The simplest case to start with resides in two forces   and  concurrent at an origin O and shifted by an angle . The magnitudes F1 and F2 are well known. The resultant  +  is constructed graphically as shown in Figure 2.7the figure below. The middle sketch in this latter figure illustrates the standard force vector diagram to draw  . The last sketch in this figure, is an equivalent scheme to this graphical method; it is known as “the parallelogram law”. It consists in of drawing from the tip of   a parallel and equal segment to  and then from the tip of  a parallel and equal segment to  . The result of those two operations is a parallelogram. The diagonal drawn from the origin O represents the resultant . Nevertheless, the graphical approach at this stage is not sufficient anymore; the “four elements” of the vector  have tomust be determined in a precise manner,. tThis is achieved, besides the graphical construction, by applying the sines theorem in equation (2.4) and the “generalized Pythagorean theorem” in equation (2.5) where .	Comment by GMP: I have always known this as the "law of sines"; I have never heard it referred to as the "sines theorem".
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[bookmark: _Ref100767067][bookmark: _Ref100773591]Figure 2.7 Parallelogram law for resultant determination
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It should be noticed that, for a the case of multi-concurrent forces case, the paralloelogram rule is applied, between the resultant of the first two forces and the third force; this construction stepprocess is repeated until through the inclusion of the last force.
An alternative method to find the direction and the magnitude of the resultant consists in of applying the “cCartesian formulation method”. It is known that any vector in the space exhibits three “scalar components” along the three axes of a direct orthonormal cCartesian frame reference (xyz). The cCaretesian notation of any force vector  is written as: ; when this latter notation is replaced substituted in equation (2.3) and idenftified member by member, the three scalar components of the resultant are then calculated from equations (2.6).
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The magnitude R of the resultant is then calculated then by the “Pythagorean formula” depicted in equation (2.7) while the direction angles are determined from the inverse of the cosine directions as shown in equations (2.7)(2.8).	Comment by GMP: Shouldn't this be "direction cosines"?
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[bookmark: _Ref100771396][bookmark: _Ref100773621]Figure 2.8 Scalar components and direction angles of a force in 3D (a), 2D (b)
Figure 2.8aThe above figure shows the scalar components and the three direction angles of a general force vector located in a cCartesian orthonormal frame reference (xyz). 
It should be noticed that the three cosine directions must satisfy the relationship (2.9) (Hibbeler, 2010):	Comment by GMP: Again, "direction cosines", right?
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If the force vector lies in a planar cCartesian frame reference (xy), all z-components in the equations (2.6)-(2.8) vanish, and the three direction angles reduce to one “algebraic angle”  measured from the x-axis to the force. In that particular case,  and . (Figure 2.8bSee the xy graph in the figure above)
Decomposition of a fForce
It Decomposition is totally the inverse procedure of the resultant construction of forces. It consists in of replacing a single force by with two other forces for a “two-dimensional” case (2D) or by three other forces for a “three-dimensional” case (3D). Thoese new forces produced are known as “components” of the original force. The decomposition of a force occurs by “projections” of the vector along two (for 2D case) or three (for 3D case) predefined directions. Figure 2.8aThe graph to the left in the figure above shows the three scalar components of a force in the space; the planar components are depicted in Figure 2.8bthe graph to the right above.
Equilibrium of pParticles
It is obvious that aAll forces applied on a particle are concurrent at the particle itself providing a the possibility of an ‘’exclusive’’ translational motion in case the resultant of those forces is not zero. The static equilibrium of a particle means practically that this particle is not able to move in translation and hence rotation does not play any role in a particle’s static equilibrium. To prevent the translation along the three directions x, y, and z, the three scalar components of the resultant of the applied forces vanish simultaneously; this induces a system of three equations known as “equations of equilibrium” given by the set (2.10):
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Moment
Moment of a cCouple
In mechanics, the term “couple” denotes a pair of two parallel vector forces, opposite in sense, equal in magnitude, and separated by a distance d called “arm”. (Beer, 2012)
When a couple is applied to a solid object, it has a tendency totends to produce rotation.  Figure 2.9The figure below illustrates and example, where a couple is applied on the key-screwlug wrench in order to unscrew the tire’s nut. The couple is applied at the extremities of the key toolwrench while the arm represents the length separating those extremities.Cross product: Operation between two vectors  and  resulting in a thrid third one, perpendicular to the formers others and forming with them a direct 3D base of a reference frame. It is calculated by the following determinant:


[image: ]
[bookmark: _Ref100996703][bookmark: _Ref100997252]Figure 2.9 Couple for nut unscrewing
The “moment of a couple” known also as “torque” is defined as a physical quantity measuring the ability of a couple to produce rotation. Its unit is the Nnewton-meter (N.m) in the International system. Mathematically, the moment of a couple, like the force, is also a vector, drawn as a “double arrow” and determined by the “cross product” between the arm vector  (oriented from   to  ) and the force   of the couple as expressed in equation (2.11). According to the definition of the cross product, the direction and the sense are found from the right-hand rule, while the magnitude is calculated from equation (2.11) inspired from by the cross product theory. It should be noticed that the magnitude of the moment is algebraic: it is positive when rotation occurs “counterclockwise” (ccw) while and it is negative for a “clockwise” (cw) rotation. The vector moment of a couple has no specific origin; it is a “free vector”. (Hibbeler, 2010)	Comment by GMP: "inspired from the cross product theory" is perhaps a bit ambiguous; you may want to expand on this. Otherwise, I would delete the phrase.
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Moment of a fforce about an aAxis
The “moment of a force” about a point not belonging to the line of action of the force, or an axis passing through this point and orthogonal to the plane formed by the force and the point, is defined as a physical quantity measuring the ability of this force to produce rotation about the point (i.e., the axis). Its unit is the Nnewton-meter (N.m) in the International system. (Hibbeler, 2010)
The distance separating the point of application of the force from the point of rotation O is the “arm” denoted by the “position vector”  while the distance d is measured from O to the line of action of the force. (Hibbeler, 2010) The vector formulation and the magnitude of the moment of a force about a point (i.e., an axis) is are given by equation (2.12):
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[bookmark: _Ref101019013][bookmark: _Ref101019354]Figure 2.10 Moment of an a force to open a door about its hinge	Comment by GMP: Delete the redundant "an" in the title.
	

[bookmark: _Ref101019150][bookmark: _Ref101019400]Figure 2.11 Right-hand rule for vector moment


Figure 2.10The figure above on the left illustrates an example of the moment about an axis: the girl applies an opening force out of the door’s plane at the handle which is distant from the hinge, i.e., the fixed axis; this allows at opening the door to open. As more as the distance between the force and the axis decreases, the opening operation becomes harder more difficult because higher a greater force level will be needed. Figure 2.11 The figure above on the right illustrates the right-hand rule to determine the vector moment; its origin O is the trace of the axis of rotation (i.e., the intersection of this axis with the plane involving the arm and the force). The sign convention is similar tothe same as in  the case of a couple’s moment.
Resultant of pParallel fForces
By definition aA system of forces is “parallel” when all none of their lines of action do not intersect between themselves at any point. (Beer, 2012) A system of parallel forces may consist of either concentrated forces or distributed forces (volumetric, areal, or linear distribution). This is illustrated in Figure 2.12a and Figure 2.12bthe figures below.
[image: ]
[bookmark: _Ref101027499][bookmark: _Ref101028916]Figure 2.12 Prallel concentrated forces (a), Parallel distributed forces (b)	Comment by GMP: Please correct spelling of "parallel"
It is obvious that that the resultant should have the same direction as the original parallel forces. This means that the vector sum is the same as the algebraic sum of all the forces’ magnitudes. Still tTo find the position of the point of application G of the resultant: indeed, the resultant must keep the same moments as the original system about the two Cartesian axes forming the plane on which those forces are acting, that is meaning that, the moment of the resultant about the x-axis,  , must be the same as the moments of all the forces  about x. The Ssame concept applies for to moments about the z-axis. 
For concentrated forces, the resultant is determined by equations (2.13)-(2.15)
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	(2.14)
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For distributed forces, the resultant is determined by equations (2.16)-(2.18), which are inspired derived from equations (2.13)-(2.15) by replacing the discrete sum by with an integral:
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	(2.17)
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Equilibrium of rRigid bBodies
Bearings
A bearing is a physical member connected to the main rigid body to prevent its motion along one or many directions. A “translational motion” is blocked by applying a “force” along the direction of prevention, while a “rotational motion” is blocked by applying a “couple moment” about the axis along which the rotation is prevented. To generalize, one introduces the concept of “degrees of freedom” (DOF), which represents a direction along which a rigid body may move, either in translation or rotation. Upon Depending on its type, a bearing may block one or multiple degrees of freedoms. The forces and/or couples applied by bearings, are classified as external forces but they are reactive forces, those “reactions” are unknowns. The external forces applied on the rigid body are active forces, those are known.
As examples of bearings or supports, one can cite cables, planar supports, pins/ hinges, rollers, and fixed supports. Their respective symbols and reaction components are shown in Figure 2.13-Figure 2.17the figures below.
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[bookmark: _Ref101032853][bookmark: _Ref101254147]Figure 2.13 Member supported by a cable (a), Reaction of a cable (b)
[image: Diagram
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[bookmark: _Ref101254181]Figure 2.14 Member supported by a smooth plane (a), Reaction of a smooth plane (b)
[image: Diagram, schematic
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[bookmark: _Ref101254211]Figure 2.15 Member supported by a roller (a), Reaction of a roller (b)
[image: A picture containing text
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[bookmark: _Ref101254258]Figure 2.16 Member supported by a pin (a), Reactions of a pin (b)
[image: ]
[bookmark: _Ref101032857][bookmark: _Ref101254291]Figure 2.17 Fixed supported member (cantilever) (a), reactions of a fixed support (b)
It should be noticed that for a planar loading case acting in an (x-y) cCartesian reference, the reaction forces along the z-axis and reaction moments about the x- and y-axes are removed.
Equations of eEquilibrium
It is well known that a rigid body has the possibility to can translate along any direction (like a particle), but it can also to rotate about any point in the space. This results that in the vector condition   is not anymoreno longer being sufficient for static equilibrium since it does not prevent the rigid body from rotationrotating. To this latter condition, oIn addition to this condition, one must also ensure that the resulting vector moment of all the moments applied on to the body also vanishes. Mathematically, another vector equation, must be satisfied , must be satisfied where A is an arbitrary point in the space by through which three imaginary directions parallel to the reference directions x, y, and z may pass. By switching to the Cartesian notation, six scalar equations of equilibrium would ensure the static equilibrium of a rigid body in the space as follows:
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It is clear that theThis set of equations (2.19) solves six unknowns, i.e., six total component reactions must be developed by the bearings supporting the rigid body, otherwise, the system may be either “unstable” or “indeterminate”.
Application 2.1. A particle of weight 100 N is held in equilibrium by two ropes AB and AC as shown in Figure 2.18the figure below. If the angle  is set to be 30, calculate the tensile force in each of the cables.	Comment by GMP: Did you mean CB? 
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[bookmark: _Ref101033877][bookmark: _Ref101254319]Figure 2.18 Particle held by two cables
Solution 2.1. The FBD of the particle is illustrated in Figure 2.19the below figure
[image: A picture containing schematic
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[bookmark: _Ref101033915][bookmark: _Ref101254341]Figure 2.19 FBD solution of application 2.1
Applying planar equations of equilibrium (2.10):


Application 2.2. The A 500 N square plate is hinged at A and held by a cable BC joining the a hook B to a point C of the wall as shown in Figure 2.20the figure below. Determine the reactions at the hinge A and the tension developed in the cable BC.
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[bookmark: _Ref101034729][bookmark: _Ref101254367]Figure 2.20 Solid plate supported by a hinge and a cable

Solution 2.2. The FBD of the isolated door is shown in Figure 2.21the figure below. There are six unknown reaction components. If the system is stable, then one is facing a stable determinate system. By default, the senses of the components of the reaction at the hinge were are chosen in theto be positively orientedation of in the Cartesian axes. The weight, vertically descending, is parallel and opposite to the y-axis and is applied at the center of the square.
[image: Chart

Description automatically generated]
[bookmark: _Ref101034824][bookmark: _Ref101254389]Figure 2.21 FBD solution of application 2.2
However, before applying the six equations of equilibrium (2.19) note that the tension of the cable is neither parallel nor orthogonal to any of the three Cartesian axes, and hence its components, as well as the components of its vector moment about A, should be expressed. The coordinates of A, B, and C are: A(0.2, 0, 0); B(0, 0.1, 0.4); C(0, 0.4 ,0).
The components and the magnitudes of the direction vector  and the position vector  are found from equation (2.7) as follows:


From the components of the direction vector  and its magnitude, the cosine directions of the cable’s tension  and then its scalar components could can be found from equation (2.8):

From the components of the position vector and those of , the components of the moment of  about A become:

Applying the six equations of equilibrium one calculates:






Since T is calculated, Ay and Az could can be found from the second and third equations:
Ay = 312.5 N ; Az = 250 N
The positive signs of the answers designate that they act in reality inin the orientations drawn in the FBD.
Self-Check Questions
1. Choose the correct answer.
A labor worker is tightening a screw with a screwdriver of with a handle’s diameter of 3 cm applying a couple of 3 N. The moment developed measuresd in N⋅cm is:
      9                        -9                        -1                         1 
2. Which Newton’s axiom applies for to a system consisting of a lady person holding her a baby? Axiom III: the baby applies his its vertical downward weight; his mom holds him by while the person holding the baby is applying a vertical upward reaction with the same magnitude.
3. Answer by Ttrue or Ffalse and justify.
The resultant of two concurrent perpendicular forces of 40 N and 30 N magnitudes respectively, forms an angle of 42.5 with the biggest larger force. False because 
2.2 Dynamics: Kinematics and Kinetics
Kinematics
This branch of Ddynamics deals is concerned with analyzing the “position”, the “velocity”, and the “acceleration” of a moving body. (Hibbeler, 2016)
Position. A rRectilinear motion is characterized by a straight -line path. By definition, the position of a moving body is the “algebraic distance” separating this latterthe body from a reference point known as the “Oorigin”. Mathematically speaking, to measure a position, a single coordinate axis coincident with the rectilinear path is used as shown in Figure 2.22athe figure below (Walker, 2014, p. 12); the “position vector” of the body is the vector joining the origin O to the body; its algebraic magnitude, or in other words the “abscissa”, of the body denotes its position (Figure 2.22bsee figure top right). At any instant t of the motion, a position value x(t) is recorded; a graph summarizing all the positions at all instants could can be plotted.
[image: ]
[bookmark: _Ref101205414][bookmark: _Ref101254444]Figure 2.22 Coordinate axis (a), Position (b), Displacement (c), Velocity (d), Acceleration (e), Deceleration (f)
Displacement. It This is a vector quantity characterizing the change between an initial and a final position of a moving body as shown in Figure 2.22cthe middle left figure above; its magnitude  is algebraic upon depending on the sense of the vector, i.e., it is positive when the sense is similar to the sense of the coordinate axis‘ sense. (Hibbeler, 2016). On another sideAlternatively, ‘’the “traveled distance” is a “positive scalar” that represents the total length of the path over which the particle travels’’. (Hibbeler, 2016, p. 5)
Velocity. The “average velocity” denotes the rate of change of a body’s position x per unit time interval t; it is calculated by equation (2.20) and expressed in m/s. 
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The “instantaneous velocity” denotes the limit of the average velocity for very an arbitrarily small interval of time; ; mathematically speaking, it is no other thanthis is the first derivative of the displacement with respect to the time (equation (2.21)):
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Since dt is a positive scalar quantity, the vector velocity has the same sense as the vector displacement as shown in Figure 2.22dthe middle right figure above. The magnitude of the velocity vector is termed called “speed”. Moreover, the average speed denotes the ratio of the total travelled distance dtot  by to the elapsed time t; it is a positive scalar quantity. (Hibbeler, 2016)
	
	
	(2.22)



Acceleration. The “average velocity” denotes the rate of change of a body’s velocity  per unit time interval t; it is calculated by equation (2.23) and expressed in m/s2. 	Comment by GMP: I think maybe you meant "average acceleration"?
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The “instantaneous acceleration” denotes the limit of the average acceleration for an arbitrarily very small interval of time; ; mathematically speaking, it is no other thanthis is the first derivative of the velocity with respect to the time (equation (2.24)(2.21)):
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Since the velocity itself is the first derivative of the displacement, one may concludeit follows that the acceleration is the second derivative of the displacement with respect to the time:
	
	
	(2.25)



Since dt is a positive scalar quantity, the vector acceleration’s sense depends on the variation of the vector velocity: if the velocity is increasing the motion is said to be accelerated, (Figure 2.22esee bottom left figure above) thus the acceleration is positive and has the same sense as the velocity. while iIf the motion is slowing down it is said to be decelerated, (Figure 2.22fbottom right figure above) thus the acceleration is negative and has the opposite sense as the velocity. If the velocity is constant, the acceleration is then nilzero.
By eliminating dt from equations (2.21) and (2.24) and equating one gets a relationship between the kinematics quantities independent of the time:	Comment by GMP: You could perhaps soften the algebraic leap with a few words here, e.g., "By solving for dt in 2.21 and substituting into 2.24 we see that there is a relationship between the…".
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For the particular case where the acceleration is “constant” a = ac and considering the following “initial conditions”: x(t=0) = x0 and v(t=0) = v0, then integrating respectively equations (2.24), (2.21) and (2.26) one obtains the kinematic equations of a “uniformly accelerated motion”: 
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	(2.29)



It should be noticed that a direct application of this latter special case is the “free fall” of any object where the constant acceleration denotes the gravityational constant g.
Curvilinear motion. 
[image: Diagram
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[bookmark: _Ref101548951][bookmark: _Ref101604716]Figure 2.23 Position vector (a), Velocity vector (b), Acceleration vector (c)
On a curved path, the position of a moving particle at each instant t could can be measured by three coordinates x(t), y(t), and z(t) which are no other than the three components of the position vector  as illustrated in Figure 2.23(a)the figure above, top left (Hibbeler, Engineering Mechanics. Dynamics, 2016, p. 36). Since the velocity vector is the first derivative of the position vector, it remains always tangent to the path as shown in Figure 2.23b the figure top right (Hibbeler, 2016, p. 36). Figure 2.23cThe bottom figure above (Hibbeler, 2016, p. 37) shows the vector acceleration vector, being the first derivative of the velocity vector or the second derivative of the position vector. The magnitude of each of these three aforementioned kinematic quantities is calculated from the “Pythagorean theorem” while the “cosine directions” determine their respective directions in the space.	Comment by GMP: "direction cosines"?
	
	
	(2.30)

	
	
	(2.31)

	
	
	(2.32)



Normal and tangential components. 
[image: ]
[bookmark: _Ref101551359][bookmark: _Ref101604788]Figure 2.24 Curvilinear position (a), Radius of curvature (b), Velocity (c), Acceleration (d)
This is an alternative method to monitorfor monitoring the motion of a particle on a curvilinear path. The curvilinear abscissa s(t) is measured from a fixed origin O on the path as shown in Figure 2.24athe top left figure above (Hibbeler, 2016, p. 56) while the vector’s velocity and acceleration are expressed within a variable orthonormal reference ( where  is normal to the path, i.e., along the radius of curvature  (Figure 2.24bthe top right figure above, (Hibbeler, 2016, p. 56)) and  is tangential to the path;  and   are their respective unit vectors. Since the velocity vector is always tangential to the path, it has a component acting along  with a magnitude equal to the first derivative of s(t). The vector acceleration develops two components: the normal, or centripetal, component  , which expresses the rate of change of in the direction of the velocity (), and the tangential component  expressing the rate change of the magnitude of the velocity (). (Figure 2.24c-dthe bottom two figures above, (Hibbeler, 2016, pp. 56-57)).
	
	
	(2.33)

	
	
	(2.34)
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Projectile. It This is a particle moving along a “parabolic path” in the plane, under its own weight exclusively, due to an inclined initial velocity v0. The coordinates of its starting point are (x0,y0) while the acceleration is constant and equal to the gravity field as shown in Figure 2.25athe figure below  (Hibbeler, 2016, p. 41); since this latter is downwardthis has a downward sense it will be affected introduce a negative sign into the projectile’s equations. The components of the initial velocity vector are  ; . 
Applying equations (2.27)-(2.28) for horizontal and vertical motions, one gets:
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[image: Diagram
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(a)


(b)
[bookmark: _Ref101607170][bookmark: _Ref101606379]Figure 2.25 Analysis scheme of a projectile (a), Projectile example (b)
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	(2.38)



Eliminating the time t from equation (2.36) and replacing substituting into equation (2.37) one obtains the equation (2.39) of the parabolic path:
	
	
	[bookmark: _Ref101608291](2.39)


where:  and 
Figure 2.25bThe photograph above illustrates a practical example of a projectile’s motion: the path of a ball in the air thrown by a player and oriented towards the basket.
Kinetics of a pParticle
A particle has the abilityis capable of translational motion only. The equation of motion of suchin this case is no other than the Newton’s axiom IIsecond axiom illustrated in  Figure 2.26the figure below and in equation (2.1) where . This equation is applicable within a “Newtonian” or “inertial reference” meaning that it is either at rest or at in constant velocity motion.
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[bookmark: _Ref101609439][bookmark: _Ref101612790]Figure 2.26 Accelerated particle under a resultant force
By projecting equation (2.1) along the three Cartesian axes of the reference (xyz), one obtains three equations (2.40)-(2.42) as follows:
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	(2.41)
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If the motion is planar, equation (2.42) will be omitted.
An alternative set of motion equations of motion could be established in the reference ( thus:
	
	
	(2.43)
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Kinetics of a rRigid bBody
It is worth to remindremembering that a rigid body is capable to translateof translation and rotaterotation. In parallel with the linear kinematic quantities, one may define similar quantities related to rotation: the angular displacement denoted by  (rad), the angular velocity  (rad/s), and the angular acceleration  (rad/s2)
Mass Moment of Inertia
By definition, the mass moment of inertia of a rigid body I represents the resistance of this body to change in angular velocity. Mathematically, it is the “integral of the “second moment” about an axis of all the elements of mass dm which compose the body” as illustrated in Figure 2.27athe figure below left.	Comment by GMP: Is this a quotation? If so, we need a citation; if not, please remove the outer quotation marks.
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[bookmark: _Ref101622205][bookmark: _Ref102030204]Figure 2.27 Moment of inertia about an axis (a), about an axis parallel to the central axis (b)
According to the equation (2.45), two bodies having the same mass may not have the same inertial resistance to rotation; besides the mass, this property depends on “how far” the different “small portions” of this body are from the rotation axis are; in other words, as more as the size of the body increases, its moment of inertia also increases. It This is expressed in kg.m2.
The “parallel- axes theorem”, or the “Huygens-Steiner’s theorem”, (also known as “Steiner’s theorem”) allows the calculation of the moment of inertia about an axis that is parallel to a central axis (Hibbeler, 2016) (i.e., the axis is passing through the center of gravity G, Figure 2.27bsee figure above on the right) according to equation (2.46):
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The “radius of gyration” k of a rigid body represents the theoretical distance at which a very long and very thin rectangular strip having the same mass as the rigid body, should be placed far from an axis, such that this strip reaches the same mass moment of inertia as the real body:
	
	
	(2.47)



	[bookmark: _Ref101806884]Table 2.1 Mass Moment of Inertia of rRegular bBodies

	Name
	Shape
	IG

	Disk/Cylinder
	

	

	Plate
	

	

	Sphere
	

	

	Slender bar
	

	



If the mass moment of inertia of a particle of mass m located at a distance r from an axis is obviously calculated by , (Hibbeler, 2016), other bodies’ inertias are not so evident; Table 2.1The table above summarizes the mass moment of inertia about the central axes of some standard -shaped bodies.
Kinetic eEquations of mMotion
The kinetic analysis of rigid bodies will be limited to planar motion in the scope of the present book. In other words, one should expect two “translational” and one “rotational” equations of motion.
[image: ]
[bookmark: _Ref101809216][bookmark: _Ref102030245]Figure 2.28 FBD of a rigid body in motion (a), Equivalent Kinetic Diagram (b)
The left and right members of the Newton’s equations of motion are, respectively, illustrated in Figure 2.28a and bthe left and right figures above (Hibbeler, 2016, p. 425):
	
	
	(2.48)

	
	
	(2.49)
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If the body is pivoted about point P (i.e., P is a “fixed axis”) where G is far from the pivot P by at a distance rG, the three equations of motion become:
	
	
	(2.52)
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	(2.54)



Application 2.3. A ball is kicked by a goalkeeper at an initial velocity of 20 m/s at 60measured from the horizontal reference. Calculate the highest altitude reached by the ball and the time needed by the ball to touch the pitch again.
Solution 2.3. Let x0=y0=0 (the origin is coincident with the goalkeeper’s position). 
Mathematically, Tthe maximum height means mathematically the maximum ordinate y; is found by vanishing its first derivative in equation (2.39) with respect to x:	Comment by GMP: Is it reasonable to assume the students taking this course will know what vanishing the derivative means? Maybe a short reference to Rolle's theorem would be appropriate?

The ball touched the pitch: 
From equation (2.37): .
Application 2.4. A motor needs 5 seconds to reach its permanent regime at a a stable speed of 3000 RPM to deliver power to a disk of 40 cm diameter, 10 mm thickness, and 7200 kg/m3 density. Calculate the torque developed by the motor.
Solution 2.4. The angular velocity measures  , thus the angular acceleration becomes: .
The moment of inertia of the disk: is 
The torque is found by Newton’s second law in equation (2.50): 

Self-Check Questions
1. Answer by Ttrue or Ffalse and justify your answer.
The free fall motion is a particular projectile where  = - 90. True, since the initial velocity vector is vertical and downward thus no horizontal component for the motion: the path is linear, particularly vertical.
2. Choose the correct answer.
A small ball is attached to a wire of length 30 cm. A kid person is holding the other end of the wire and rotating the system at a constant angular velocity of 4 rad/s. What is the acceleration of the ball in m/s2?
      0                        1.2                      4.8                        6 
Details: The ball travels along a circular path whose center ifs the wire’s end held by the kids person’s fingers and whose radius is equal to the wire’s length. Since the angular velocity is constant and the radius of curvature is constant, this means that the tangential acceleration is nil zero and thus the whole acceleration reduces to the normal component: 

3. 3.Answer the following question.
What is the expression of the moment of inertia of a slender rod of mass m and length L about its extremity? The distance between the center G and the extremity is L/2. According to Steiner’s theorem,  
2.3  Dynamics: Work, Energy, Impulse, and Momentum
Work
Work of a fForce
The mMechanical work is a scalar amount value developed when a force applied on a body causes its displacement in the direction of the force. It is expressed in Jjoules (J).
[image: Diagram
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[bookmark: _Ref101980775][bookmark: _Ref102030278]Figure 2.29 Work of a force: physical aspect (a), Graphical aspect (b)
Figure 2.29aThis figure on the left (Hibbeler, 2016, p. 180) shows a force  moving a particle along a path where the position is changing from  to . The differential position vector  has a magnitude ds. The angle between the direction lines of  and  is denoted by . The work Wm1-2 developed to move the body from position 1 to position 2 is the “dot product” between the force and the displacement:
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One can interprete equation (2.55) as the product between of the component of the force acting along the displacement line (i.e., ) and the magnitude of the displacement. For an acute angle , the work is positive since the force and the displacement act in the same sense, while the contrary opposite occurs for an obtuse angle . For a right angle , the force does not develop any work.
The graphical interpretation of equation (2.55) is illustrated in Figure 2.29bthe above figure on the right (Hibbeler, 2016, p. 180): the work is no other than the area under the diagram of the force component   as a function of the displacement.
Work of a wWeight
Since the weight of a body is constant in direction (vertical), sense (descending), and magnitude (), thus the quantity  in equation (2.55) will be no other athe  differential vertical displacement dh (i.e., height) and the expression of the work becomes:
	
	
	(2.56)



If the body displaces upward the work is negative, while in the opposite case the work is positive.
Work of a sWpring fForce
The following figure Figure 2.30 (Hibbeler, 2016, p. 477) shows that the displacement of the body is always opposite to the force in the spring , meaning that the work is always negative.
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[bookmark: _Ref101983615][bookmark: _Ref102030318]Figure 2.30 Work of a force developed in an elastic spring
Replacing Fs isn equation (2.55) and solving the integral one gets:
	 
	
	(2.57)



Work of a cCouple
Inspired from by the work of a force, “when the body rotates in the plane through a finite angle  measured in radians, from 1 to 2, the work of a couple moment is:” (Hibbeler, 2016, p. 478)
	
	
	(2.58)


Energy
Kinetic Energy
A body of mass m and moment of inertia IG develops a kinetic energy Ek when it translates at a linear velocity vG and rotates at an angular velocity as illustrated in Figure 2.31athe below figure (Hibbeler, 2016, p. 475). Kinetic energy is a positive scalar quantity calculated by equation (2.59) and expressed in Jjoules (J).
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[bookmark: _Ref102036750][bookmark: _Ref102111759]Figure 2.31 General motion of a body (a), Rotation about a fixed axis (b)
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In the particular case where the body rotates about a fixed pivot O as illustrated in Figure 2.31babove on the right (Hibbeler, 2016, p. 475), the velocity of the center of gravity G could be written as:  and applying the parallel axes- theorem: , equation (2.59) becomes:
	
	
	(2.60)



In case the motion of the body is pure translation, it suffices is sufficient to replace set   in equation (2.59).
Potential Energy
If the work of a force depends only on the initial and final positions of the body, in other words, independent of the shape of the path, , the corresponding force is termed “conservative”, e.g., the weight of a body, or the force in a spring. (Hibbeler, 2016).
Potential energy Ep is the energy developed by a conservative force quantifying the ability to change the position of the body with respect to a reference level line termed  called  “datum”.
Gravitational Potential Energy. 
If the body is above the datum, the potential energy of the weight is counted asconsidered positive, since it needs a positive work to reach the datum again. For a body below the datum, the potential energy of the weight is counted asconsidered negative, since it needs a negative work to move towards the datum. At the datum, the potential energy is nilzero. This is illustrated in Figure 2.32the figure below (Hibbeler, 2016, p. 213).
Since y is counted considered positive above the datum, the expression of the gravitational potential energy Ep,g writesis:
	
	
	(2.61)



[image: Diagram
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[bookmark: _Ref102038918][bookmark: _Ref102111793]Figure 2.32 Potential energy of the weight
Elastic Potential Energy. 
It This is the energy stored in the an elongated or compressed spring needed to be used as a work in order to return the spring to its unstretched position (i.e., datum). 
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[bookmark: _Ref102039753][bookmark: _Ref102111820]Figure 2.33 Elastic potential energy
It is always positive since the work needed to give bring the body back to an undeformed spring is positive (i.e., force in the spring and displacement of the body are in the same sense). This is illustrated in Figure 2.33above (Hibbeler, 2016, p. 214). It is calculated using equation (2.62) and expressed in Jjoules (J).
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In conclusionsummary, the work done by external forces to move from position 1 to position 2 is the opposite to the difference in potential energies between the final and initial positions.
Mechanical Energy
It This is the sum of the kinetic and potential energy of a body.
	
	
	(2.63)



Principle of Work and Energy
For a body moving along a curvilinear path, only the tangential components of the external forces develop work since they act along the displacement direction while the normal components are perpendicular to the path, meaning that they develop zero work.
Combining equations (2.53) (where )  and (2.26) then integrating between position 1 to position 2 we get:

The first term in this latter equation is no other than the sum of the works of the external forces developed when moving from position 1 to 2 hence:
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Equation (2.64) represents the mathematical formulation of the principle of work and energy which states that the initial kinetic energy of a system plus the sum of works done by all external forces during the motion of the system are equal to its final kinetic energy. (Hibbeler, 2016)	Comment by GMP: Is this a literal quotation? If so, we need to put it inside quotation marks.
Conservation of Energy
In the absence of non-conservative forces (such as friction, damping, or loss, …), one can write ; replacing substituting in equation (2.64) one obtains:
	
	
	(2.65)



This latter equation proves shows that the mechanical energy between an initial and a final position is conserved under the condition that non-conservative forces are not acting on the system.
Power
The power generated by an engine, a motor, or a machine denotes the amount of work developed per unit time. (Hibbeler, 2016).
Mathematically, this definition is formulated by the first derivative of the work with respect to the time. Power is expressed in Wwatts (W), equivalent to J/s. Another famous unit used (not in SI) is the “horsepower” (hp) where: 1 hp = 746 W.
	
	
	(2.66)



On the other hand, knowing that:  and  , a new formulation of the power could be derived; it consists of the dot product between of the vector force and vector velocity:
	
	
	(2.67)



Power is used as a mainan important property to for selecting motors or pumps needed to supply some output devices with motion, such as disks, turbines, and fans. However, due to friction and losses between contact surfaces of many elements within such systems, the input power generated by the source will not fully reach fully the output,; some amounts of power will be lost at the contacts between components. This phenomenon needs to be quantified through the concept of “efficiency”, which is the ratio between of the output power and to the input power; and it is always less than 1:
	
	
	(2.68)


Impulse and Momentum
Linear Impulse
It This is a vector quantity measuring the effect of a force within the time during which this force is applied: . (Hibbeler, 2016). Since the time is a positive scalar, the vector impulse has the same direction and sense as the applied force. The linear impulse is expressed in N⋅ s.
Angular Impulse
It This is a vector quantity measuring the effect of a moment about a point within the time during which this moment is applied: . (Hibbeler, 2016). Since the time is a positive scalar, the vector impulse has the same direction and sense as the applied moment. The angular impulse is expressed in N⋅ m⋅ s.
Linear Momentum
The linear momentum of a body is the vector quantity measuring the ability of its amount of matter to translate by a vector velocity of its center of gravity. Mathematically, it is expressed by . Since the mass is a positive scalar, the vector linear momentum has the same direction and sense as the applied force. Its magnitude is  and is expressed in kg⋅ m/s. (Hibbeler, 2016)
Angular Momentum
The angular momentum of a body is the vector quantity measuring the ability of its inertia mass to rotate by a vector angular velocity about an axis. Mathematically speaking, it is the “moment of the linear momentum” about the axis of interest as shown in Figure 2.34below (Hibbeler, 2016, p. 280).
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[bookmark: _Ref102070239][bookmark: _Ref102111844]Figure 2.34 Angular Momentum about z-axis
The vector formulation and the magnitude can be written by the followingas follows:
	
	
	(2.69)

	
	
	(2.70)



The unit of the angular momentum is kg.m2/s.
[image: Diagram
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[bookmark: _Ref102071435][bookmark: _Ref102111867]Figure 2.35 Kinematics of a moving body (a), Body Momentum Diagram (b)

If the body is pivoted about point P (i.e., P is a fixed axis denoted by O in that special case) the angular momentum becomes:
	
	
	(2.72)



and the magnitude of the angular momentum about the center of gravity G is:
	
	
	(2.73)



Principle of Linear Impulse and Momentum
Going back to Newton’s second law of translation, and replacing the acceleration by with the first derivative of the velocity, one obtains:

Integrating this latter equation between positions 1 and 2 yields:


This latter equation represents the mathematical formulation of the principle of linear impulse and momentum which states that the initial linear momentum of a system plus the sum of linear impulses done by all external forces during the motion of the system are equal to its final linear momentum. (Hibbeler, 2016)	Comment by GMP: Is this a direct quotation? If so, place in parenthesis. Otherwise, please remove the italics.
Three scalar equations could can be derived from this latter vector formulation:
	
	
	(2.74)

	
	
	(2.75)

	
	
	(2.76)



As a practical example of application, one may mentionconsider the case of a labor worker trying to hit a nail with his their hammer into a piece of wood; if initiallyat first he they holds the nail, i.e., the initial linear momentum is nilzero, but then the impulse applied by the hammer’s impact induces in the nail a linear momentum to move and penetrate the wood.
Conservation of Linear Momentum
“Impulsive forces” are forces having huge magnitudes during very short durations such that they are ablesufficient to cause momentum change. “Non-impulsive forces” do are not have the capacity able to change the linear momentum considerably (such as the weight of a system) (Hibbeler, 2016). For a system of interacting bodies interacting together, if the external impulses balance each other between two durations t1 and t2, the linear momentum of the whole system remains unchanged:
	
	
	(2.77)



As an example, one can discuss the short duration of interaction between a racket and a tennis ball, which that constitutes a system of two bodies: in this short duration the action and reaction impulses cancel out each other out (the weight of the bodies is non -impulsive during this short duration) thus the linear momentum of this system before impact is the same after impact, however, there has been an “exchange“ of momenta between the racket and the ball; this increases the momentum of the ball to impart give it motion sustainability.
Principle of aAngular Impulse and Momentum
Going back to Newton’s second law of rotation in the plane, and replacing the angular acceleration by with the first derivative of the angular velocity, one obtains:

Integrating this latter equation between positions 1 and 2:

	
	
	(2.78)


This latter equation represents the mathematical formulation of the principle of angular impulse and momentum which states that the initial angular momentum of a system plus the sum of angular impulses done by all external moments during the motion of the system are equal to its final angular momentum. The same equation applies also if the body rotates about a fixed axis O. (Hibbeler, 2016)	Comment by GMP: Is this a direct quotation? Add quotation marks if it is and remove the italics.
One may state the example of starting a the fan of a ventilator: if it is initially at rest (i.e., zero angular momentum), starting the motor means that an angular impulse has been imparted to the fan, which is connected to the motor by a coupling and a shaft,; this impulse is converted into an angular momentum responsible of for rotating the fan and generating air flow.
Conservation of aAngular Momentum
In the absence of any angular impulse on a system, the angular momentum does not change between two considered instants t1 and t2:
	
	
	(2.79)



As a continuity of To continue with the ventilator’s example, a few seconds after the motor’s start (transient regime), the system reaches a permanent regime with a constant speed, meaning that no extra angular impulse is supplied,. tThus the angular momentum imparted at the end of the transient regime remains the same during the steady working regime of the ventilator.
Impact
“Impact” is a short-time collision between two bodies each moving each at a certain velocity. During impact, a large impulsive force will develop between collided colliding bodies to induce new velocitiesthem new velocities.
As illustrated in Figure 2.36the figure below, the vector veclocitesvelocities just before impact are indexed by “1“ (two magnitudes and two directions known) while after impact they are indexed by ‘‘2‘‘ (two magnitudes and two directions unknown).
[image: Diagram
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[bookmark: _Ref102124150][bookmark: _Ref102128230]Figure 2.36 Impact initial and final velocities
Upon the developed impulse, both particles deform gradually during impact until reaching a maximum deformation status, then they repulse one from the each other before a complete separation just after impact. In the most general case, particles absorb a portion of the momentum to deform and give back the other portion, this latter phenomenon is known as “restitution”. It is quantified by a “coefficient of restitution” given by equation (2.80):
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The denominator is known since it characterizes the initial status before impact. The coefficient of restitution e is also known for each impact case. This will lead to a first equation relating the unknowns  and . For a fully elastic impact, the coefficient of restitution is equal to 1. For a fully plastic impact, the coefficient of restitution is equal to 0.	Comment by GMP: I don't think this has been defined yet.
Figure 2.37The figure below shows the diagrams of impulse and momentum on both bodies during impact, this along both directions x and y. Applying conservation of momentum of the system along the line of impact, i.e., the x-axis, one gets another equation relating the unknowns  and .
	
	
	(2.81)



[image: ]
[bookmark: _Ref102125446][bookmark: _Ref102128256]Figure 2.37 Impulse and momentum diagrams during impact
Finally, the linear momentum is conserved along the y-axis, perpendicular to the line of action of the impact. tThis allows finding the other unknowns  and .
	
	
	(2.82)

	
	
	(2.83)



Application 2.5. Car A of mass 1.6 Tons driving at 72 km/h collides with car B of mass 1 Ton driving at 54 km/h as shown in Figure 2.38the figure below. 
[image: ]
[bookmark: _Ref102127979][bookmark: _Ref102128288]Figure 2.38 Impact between two cars
Determine the velocities of both cars for a coefficient of restitution of 0.3. Calculate alsoAlso, calculate the average magnitude of the force developed between them if the impact duration is 0.9 s.
Solution 2.5. Algebraic velocities before impact:  and 
Coefficient of restitution: 
Conservation of linear momentum:
 
Solving both equations: ; .
To calculate the average developed force, apply the principle of linear impulse and momentum at car A:

Application 2.6. A kid child of mass 6 kg is sitting on a swing’sthe seat of a swing having of mass 3 kg as shown in Figure 2.39. The length of the rope is 1 m.
[image: A person and a child in a shopping cart
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[bookmark: _Ref102147572][bookmark: _Ref102148646]Figure 2.39 Baby on a swing
The kids child’s mother pulls back the swing back by an angle of 30 from the vertical line, i.e., the equilibrium position, then releases the swing to its own. Calculate the velocity and the tension in the cable when the kid child first passes for the first time by the vertical position.
Solution 2.6. Figure 2.40The figure below illustrates positions 1 and 2 of the swing.
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[bookmark: _Ref102148791][bookmark: _Ref102383644]Figure 2.40 Pendulum idealization of the system Kid + Swing
All applied forces being conservative, the principle of conservation of energy could can be applied:



Applying equation (2.44) at position 2 we have:

Self-Check Questions
1. Complete the following sentence.
A slender bar of mass 4 kg and length 1.2 m pivoted at its extremity is released from its horizontal position. The mechanical energy measures 23.544 J while it reaches a maximum velocity of 2.971 m/s.
Details: Due to the conservation of energy principle, the mechanical energy could can be calculated at any instant, particularly at the initial instant when the bar was held horizontally; its velocity, i.e., kinetic energy, is nil zero, while its potential energy is maximum and is equal to the mechanical energy. If the datum is selected at the lowest position of the center of gravity (when the bar is in vertical position) and passing through this center of gravity, thus the height to be travelled is half the length of the bar, thus .
The maximum velocity is reached when the potential energy vanishes according to the principle of the conservation of energy. This happens when the bar passes by the horizontal position: 


2. Choose the correct answer
A player executes a penalty kick by imparting a velocity of 22 m/s to the a 400 g ball. If the impact duration measures 0.2 s, what is the average force in N applied by the player?
      11                       22                      44                         66 
Details: The ball was initially at rest on the pitch, thus its initial linear momentum is nilzero. Its final momentum just after the impulse (i.e., kick -off of the player) is calculated as . 
Applying the principle of impulse and momentum (equations (2.74)-(2.76)):


[bookmark: _Hlk116735371]3. Answer by True or Falsetrue or false and justify your answer.
A motor of 20 kW power rotating at 1500 RPM develops a torsional moment of 14 N.m. False, since the angular velocity in SI measures ; thus the torque measures 
2.4  Elastostatics
Stress
Consider a straight member piece of cross-sectional area A subjected to two equal and opposite axial forces, equal and opposite  of magnitude F.
[image: A picture containing chart
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[bookmark: _Ref102205737][bookmark: _Ref102383694]Figure 2.41 Cross section (a), Normal stress (b), Internal axial force (c), Oblique section (d), Normal and shear stresses (e)	Comment by GMP: Please hyphenate 'Cross section'.
The line joining the centroids of all consecutive cross-sections is the “longitudinal axis”, which is coincident with the x-axis of a cCartesian orthonormal frame (xy). The applied external forces generate internal ones. Those appear once the member piece is virtually sectionned. Figure 2.41aThe figure above, top left, shows the section a-a which is termed “cross-section” since it is perpendicular to the longitudinal axis of the member; it. To ensure the equilibrium of each cut portion, internal force must be applied at the cut to balance the remaining external force (in the case of Figure 2.41bthe middle image on the left above the remaining external force at each portion is F). Indeed, internal efforts are developed under a form of distribution through all points forming the section (Figure 2.41bsee the middle left image above); this distribution of internal efforts is known as “stress” expressed in Pa. In the particular case of a cross-section, developed stress is perpendicular to the cross -section hence it is termed “normal stress” and denoted by the symbol . The integration of the stress distribution along the area leads naturally to the internal force. Figure 2.41cThe bottom left image above shows the internal force, which is an “axial force”, denoted by the symbol N. According to the assumptions of Barré de Saint Venant (Hibbeler, 2011), axial force leads to a “uniform distribution” of normal stresses, meaning that all points develop the same value of normal stress once the cross -section if they are far separated from the point of application of the external force by a distance equal to a lateral dimension of the memberpiece. Practically, after the cut, one isolates either the left or the right portion, sketches the remaining external forces as well as internal forces, then calculates the axial force from the equation . and f Finally, the normal stress is determined:  is positive when “tensile” and negative when “compressive”.	Comment by GMP: Did you mean c-c? I don't see an a-a.
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However, an oblique virtual cut by an angle  with respect to the cross-sectional cut may also be applied as shown for cut c-c in Figure 2.41dthe uppermost figure on the right above. In that case, the area of this oblique plane becomes ; in that case,  and two components of internal forces will be developed: a normal component Fn acting perpendicular to c-c and a tangential component Ft acting within the place of the cut made by c-c. It should be noticed that either the left or the right portion will lead to the same magnitudes of components; however, their senses are opposite from one portion to the other due to Newton’s axiom IIIthird axiom. Thoese magnitudes are calculated from the equilibrium equations  and . In that oblique cases, two types of stresses are developed: a normal stress  which is the distribution of Fn over the oblique plane, and a tangential or shear stress  which is the distribution of Ft over this oblique plane. ThoseThese distributions are depicted in Figure 2.41ethe bottom right image in the figure above. 
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Strain
In general, the majority ofmost solid materials, exhibit “elastic behaviour”, meaning that they deform by small amounts once they are subjected to mechanical loads; they return back to their original sizes once thoese loads are removed. 	Comment by GMP: The request is to use American spelling.
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[bookmark: _Ref102212853][bookmark: _Ref102383736]Figure 2.42 Bar before and after deformation
Going back to the axially loaded straight bar, each differential portion of original length dx at the unloaded status will then either elongate or shorten upon the sense of the axial force    (i.e., “tensile” or “compressive”) as shown in Figure 2.42the figure above. The left extremity of the differential element having an abscissa x, displaces by an amount u, while the other extremity of abscissa x+dx displaces by u+du. Thus, the final length of this differential element becomes dx+(u+du-u) = dx+du. By definition, the normal strain at an element denotes is the ratio of its change in length with respect to its original length; mathematically it is no other than the first derivative of the displacement with respect to the relevant spatial variable (here, it is the abscissa x). The normal strain denoted by the symbol  is dimensionless and is naturally caused by a normal stress .
	
	
	(2.87)



It should be noticed that, since the majority ofmost standard solid materials exhibit high stiffness leading to high resistance to and deformation, the values of elongation/shortening, and hence the related strain levels, are too small. In general, strain levels are not uniform throughout all elements, however, in the particular case of an axially loaded bar, normal strain is assumed to be constant along the length;. oOne may then measure the whole change in length l of the entire bar (Figure 2.43see figure below) to calculate :. iIt is positive for elongation and negative for contraction.
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[bookmark: _Ref102214105][bookmark: _Ref102383805]Figure 2.43 Uniform normal strain
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[bookmark: _Ref102215643][bookmark: _Ref102383834]Figure 2.44 Shear distortion
In addition, consider a differential member of area dx⋅ dy subjected to shear strain  as illustrated in Figure 2.44the figure above. The element, originally rectangular, will deform in shape to become a parallelogram. Shear stress has lead caused a change in angle with respectrelative to the original non-deformed element (i.e., 90) ; this change is termed shear strain or shear distortion and is denoted by the symbol and expressed in rad, which is practically dimensionless. It is assumed that it the shear strain is distributed equally between rotations of the horizontal and vertical sides of the rectangle; this justifies the existence of the angle /2 abovein Figure 2.44. As stated earlier, solid deformations are considerably smalltiny, thus the trigonometric tangent of could be approximated by the value of  itself thus:
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If the shear strain is uniform, it could can be calculated by subtracting 90 (i.e., the original angle of the rectangle) from the final angle of the parallelogram. The shear strain  is positive for an acute parallelogram angle (as shown in Figure 2.44the figure) and negative for an obtuse parallelogram angle.
Hooke’s law
It is simplyHooke’s law expresses the relationship between the applied normal stress and the resulting normal strain in a solid material. 
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[bookmark: _Ref102223092][bookmark: _Ref102383958]Figure 2.45 Stress-Strain curve of a ductile material
This relationship is established experimentally by loading axially a bone-shaped specimen as shown in Figure 2.45the figure above (Gross D. H., 2018, p. 15). The wide parts of the specimen are used for gripping, thus the ‘’thinner part’’ will be tested; its initial length l is known as gauge length. A is its initial cross-sectional area. The value of F is increased by a constant amount within a constant interval of time at a very low speed for each value of F, the elongation l is also recorded. The increment of F and the related measurements continue until a complete fracture of the specimen. For each recorded value of F and l, the corresponding normal stress and normal strain are calculated such that:   and; . then tThe stress-strain diagram is plotted as shown in the Figure 2.45above figure; this is termed called the “law of behaviour” of the material.
By analyzing the diagram, one remarks that for low strain levels, the stress increases in a linear manner indicating a proportionality between them; this corresponds to a “linear elastic behavior” of the material. The mathematical relationship between the stress and the strain is known as Hooke’s law.
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E denotes the slope of the straight line thus it is constant in this interval. E is termed the “modulus of Eelasticity” . It carries also the name of the scientist Thomas Young, hence it may be known also as, also known as “Young’s modulus” after the scientist Thomas Young. It is an intrinsic property of a material, expressing its ability to resist to deformation under a certain level of applied stress. In other words, it expresses the theoretical amount of stress needed to cause a strain equal to the unity (i.e., elongation reaches the initial length). It is expressed in Pa. 
In this region of the behaviour, tThe material regains its initial length once the applied loading is removed.
Hooke’s law remains valid as long as the stress level remains under the particular value Y, termed “Yyield Sstrength”, which is also an intrinsic property of the material. It expresses the highest value of stress that might be applied without altering the elasticity. Beyond this limit, the strain increases at an almost constant level of stress before increasing again with the stress at decreasing slopes. Above Yyield Sstrength the material enters a “plastic behaviour” region which is considered asn “unsafe” region in Eengineering Mmechanics; the “safety” interval of operation must remain in the elastic region. However, the stress is still increasing with the strain, but in a non-linear manner, until reaching its highest level ever denoted by U, termed “Uultimate Sstrength”. In this region, when the load is removed, only a part of the strain is given back while another part remains is retained permanently: it is the “plastic strain”. The plastic behaviour between Yyield and Uultimate Sstrengths is known as Sstrain hardening, where the stress and the strain are related as follows:
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The strain hardening modulus K and the strain hardening exponent n depend on the type of material.
Beyond the ultimate strength, the strain continues its increment despite the stress is decreasing; the material’s behaviour is diverging where the cross-sectional area decreases remarkably until complete fracture: this second part of the plastic behaviour is termed “necking”. Ductile material: material exhibiting a large amount of plastic strain before fracture.
Brittle material: material that fractures at the end of the elastic behaviour without plasticity.

This entire plastic behaviour is obtained for “ductile materials”. The law of behaviour of “brittle materials” exhibits only a linear relationship with a higher slope and higher strength; fracture occurs at this highest point.
It should be noticed that, despite the cross-sectional area is decreasing during the test as F increases, the normal stress is calculated with respectrelative to the initial cross-sectional area: it this is known as Eengineering Sstress and it is used as a conventional value. The “TTrue Sstress” is calculated by dividing each level of force on by the actual real value of the area, Aa which decreases throughout the test,. however tThis quantity is brarely used in Mmechanics. 	Comment by GMP: Please check intended meaning is retained.
Similarly to the tensile test, a shear test could can be carried out. The obtained diagram - is similar to Figure 2.45the stress-strain curve figure above. The slope of the linear elastic behaviour denoted by G is termed called the “shear modulus” or “Coulomb’s modulus” or “modulus of rigidity”;. Hooke’s law for shear stress iswrites:
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Poisson’s rRatio
Due to the elasticity of the material, an axial elongation (along the x-axis) parallel to the applied tensile normal stress is accompanied with by a contraction of the transverse side (along the y-axis) of the specimen as illustrated in Figure 2.46this figure. (Gross D. H., 2018, p. 86)
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[bookmark: _Ref102286456]Figure 2.46 Axial and transverse strains
By definition, the Poisson’s ratio  denotes the absolute value of the ratio of the lateral strain to the axial strain. It is a dimensionless intrinsic property of the material. For non-porous solids, this ratio varies between 0.25 and 0.34. A maximum value of 0.5 is measured for uncompressible materials. (Hibbeler, 2011) 
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The modulus of elasticity E, the shear modulus G, and the Poisson’s ratio  are termed “Eengineering Cconstants” of materials. For particularly isotropic materials, those constants are not independent; they are related by equation (2.94).Isotropic material: material whose properties are independent of the direction.
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Application 2.7. A man of mass 80 kg is sitting on a steel chair having four identical legs of 70 cm length each and a squared cross -section of 100 mm2. If the weight of the man is supposed to be distributed uniformly on the four legs, calculate the final length and final cross -sectional area of each leg. For steel E = 200 GPa; = 0.3.
Solution 2.7. Each leg is compressed by an axial force .
The normal compressive stress developed is:  
The axial strain is calculated by Hooke’s law: 
The change in length: 
The final length of each leg: 
The lateral strain is: 
For a squared cross -section of 100 mm2, the side length measures 10 mm thus the final side length: 
The final cross-sectional area of each leg: 
Self-Check Questions
1. Answer by true or falseTrue or False and justify your answer
For a bar of with a circular cross -section of 6 mm diameter and 250 MPa yield strength, the maximum allowable axial force to be applied measures about 7 kN. True since the maximum normal stress that might be developed before failure is the yield strength itself, thus: .

2. Choose the correct answer.
A bar of rectangular cross -section 15 mm x 25 mm and made from a material of E = 200 GPa;  = 1/3 is subjected to an axial tensile force of 9 kN. The shear strain at an oblique cut of 45 measures …
      3.2⋅ 10-4              6.4⋅ 10-4             8⋅ 10-5                  1.6⋅ 10-4 
Details: The tangential stress is found by equation (2.86):

The shear modulus is found from equation (2.94): 
Applying Hooke’s law (equation(2.92)): 

2.5  Fluid Mechanics
Density and Pressure
[bookmark: _Hlk114818580][bookmark: _Hlk114818676]‘’A ‘fluid’ is a substance that flows’’. (Knight, 2016, p. 358). A fluid takes the shape of its container since it cannot withstand high shear stress levels. This is due to the nature of the molecular bonds in fluids. A fluid can be either a “liquid” or a “gas”. In a liquid, molecules are weakly bonded such that they can move each around each other but while staying close one to the othertogether. hHence, a liquid has a surface once filled in awhen it is in a container and it is said to be an “incompressible” fluid. On the other sideConversely, no bonds link the molecules of a gas; those they move freely in the space without natural interactions;. fFor this reason, a gas occupies the entire volume of its container  and it isis referred to as a “compressible” fluid. (Knight, 2016). Two key properties are used for fluids analysis: “density" and “pressure”.
Density
The “density”  of a substance is an intrinsic property that measures the mass of a unit volume of this substance. In SI it is expressed in kg/m3. However, volumes of fluids are usually expressed in Lliters (L) where 1 m3 = 1000 L thus it is more convenient to express the density of a fluid in g/L which is practically equivalent to kg/m3.
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Pressure
The “pressure” P of a substance is a scalar quantity measuring the magnitude of the pushing force applied by this substance on a unit area of contact with the a container. (Figure 2.47asee figure below, left (Knight, 2016, p. 360)). The applied force is a vector, however, the pressure is calculated from the magnitude of the force; pressure does not have one orientation. From Figure 2.47bthe below figure on the right (Knight, 2016, p. 360), the force F is measured from the spring’s change in length and knowing the piston’s the area A of the piston,. P is calculated from equation (2.96). In SI, the pressure is expressed in Ppascals (Pa).
[image: ]
[bookmark: _Ref102299297][bookmark: _Ref102299399]Figure 2.47 Pressure of a fluid (a), Pressure measurement (b)
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If a fluid does not touch a container’s wall(s), its pressure is zero. (Knight, 2016). Liquids develop pressure from “gravitational contribution” because the gravity field attracts the liquid downward thus it pushespushing on the bottom of the container;. bBeing able to flow but blocked by the walls, the liquid pushes similarly on the walls. This leads to conclude the conclusion that the pressure of a liquid increases with the depth within of the liquid column (i.e., the height of the fluid column above the point of pressure application). but aAt a same given depth level, the pressure of the fluid is the same but it actsidentical at every point and in all directions.
To calculate the pressure of a column of liquid of height h, apply equation (2.96) where the force is equal to the column’s weight of the liquid column while A is the cross -sectional area of the column:
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Being relatively light, the gravitational contribution for gases pressure is negligible. In For gases case, it is the “thermal contribution” that develops pressure; increasing the temperature leads to an increase in molecules molecular motions and thus higher more interactions with the walls on of the container. (Knight, 2016)
The “atmospheric pressure” is simply the pressure of the surrounding ambient air. Close to the Eearth’s surface, and thus near sea level, the density and amount of air molecules are considerable, while those quantities decrease when moving furtherwith increasing altitude until atmospheric pressure vanishes in outer space, which is termed called a “vacuum”. This is illustrated in Figure 2.48the figure below. (Knight, 2016, p. 361)
[image: ]
[bookmark: _Ref102301206][bookmark: _Ref102384089]Figure 2.48 Variation of atmospheric pressure with the height
As an average value of atmospheric pressure (atm), one may consider that:

Where Torr denotes is a unit of measure named for Evangelista Torricelli, the scientist who measured the atmospheric pressure by relative to an equivalent pressure of a column of mercury. (Walker, 2014)
Barometer
It The barometer is a device used to measure the atmospheric pressure. It consists We can see how the barometer works by use of a glass thin and long, thin glass tube filled with a liquid (most of casesusually mercury) and sealed temporarily with the thumb. temporarily then inverted withNow invert the tube and place it upside down in a beaker containing also containing liquid mercury liquid while and then remove the thumb is removed. At this stage, a certain mass of mercury in the tube will run out into the beaker while the other partrest of the mercury in the tube remains stabilizing stabilizes at a height h = 76 cm (assuming an atm of 1). This experiment is illustrated in Figure 2.49the figure below (Knight, 2016, p. 366) 	Comment by GMP: I know you derive the atmospheric pressure below, but the height of the mercury is a function of the atm, so the 76 cm only occurs at atm = 1, so we should probably mention that here so there is no mystery surrounding the specificity of the height.
[image: ]
[bookmark: _Ref102304486][bookmark: _Ref102384143]Figure 2.49 Barometer experiment
As said earlier, the pressure at a same given horizontal level does not changeis the same at all points of pressure, this meansing that the pressure at point 1, i.e. the atmospheric pressure, is equal to the pressure at point 2 which is equal to the pressure of the mercury column above, calculated from equation (2.97). Since , the atmospheric pressure becomes:	Comment by GMP: I don't think you've defined the 'bar' yet.

Also, we were instructed not to edit the formulae, so I will just comment that "KPa" should be "kPa".

Manometer
One defines the term “gauge pressure” Pg as the pressure measured from therelative to the atmospheric pressure  as reference;  thus . A “manomenter” is a device consisting of an open U-tube filled by with a fluid and connected to a pressurized gas-filled in a tank to measure its the gauge pressure of the gas. It is depicted in Figure 2.50the figure below (Walker, 2014, p. 344).
[image: Diagram
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[bookmark: _Ref102305994][bookmark: _Ref102305948]Figure 2.50 Meaurement of gage pressure by a manometer	Comment by GMP: Please correct spelling of 'Measurement' and spelling of 'gauge'.
At a given horizontal level, the pressure in both branches sides of the u-bend in the tube of the manomenter is the same, thus:	Comment by GMP: We were asked not to edit formulae, but "gaz" should probably be spelled "gas".

Fluid Statics
Pascal’s pPrinciple
‘’A change in the pressure applied to an enclosed incompressible fluid is transmitted undiminished to every portion of the fluid and to the wall of its container.’’ (Walker, 2014, p. 345).
[image: Diagram
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[bookmark: _Ref102315382][bookmark: _Ref102384230]Figure 2.51 Hydraulic lifter
This principle has widespread applications such as squeezing on the bottom of the toothpaste to get it out at the opening of the tube, pushing through a piston on the liquid medicine within a syringe cylinder to inject it into the patient’s body, or a hydraulic car lifter. One of the important advantages benefits of this principle is by developing that we can generate a high output useful force by applying a small level of input force as shown in Figure 2.51the figure above (Walker, 2014, p. 345).
Belonging toBeing at the same horizontal level, and according to Pascal’s principle:
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Since the liquid is incompressible, the downward displaced volume at the input piston is the same as the upward displaced volume at the output piston, this resultsing in a higher distance travelled by the input piston:
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The work developed at the input and output cylinder is conserved:

Archimede’s pPrinciple
Consider a closed sack filled of with a liquid and immersed in the same liquid. 

[image: ]
[bookmark: _Ref102324686][bookmark: _Ref102384269]Figure 2.52 Principle of buoyant force (a), Forces on a stone in a liquid (b), Foces on wood in a liquid (c)	Comment by GMP: Please correct spelling of 'Forces'.
The sack is kept in static equilibrium, meaning that the weight of the liquid in the sack is balanced by a certain vertical upward force, equal in magnitude to the weight of the volume of liquid enclosed in the sack. This force is the resultant of a pressure distribution around the sack,; certainly the pressure at the bottom of the sack is higher than the pressure at the top because of the height difference;. thethe horizontal resultant is zero since at each horizontal level pressure is the same. The vertical resultant will be obviously upward; it is termed the "buoyant” force and is denoted by  as illustrated in Figure 2.52athe leftmost image in the figure above (Walker, 2014, p. 347). Due to the static equilibrium, the magnitude of the buoyant force is equal to the weight of the fluid in the sack (Walker, 2014); however, if the sack was closed before being filled with liquidregardless of the amount of liquid in the sack, it will occupy a volume equal to the volume of the liquid that was displaced by the sack. In the most general case, it could can be stated that the buoyant force is equal to the weight of the liquid displaced by the immersed volume of the object.
If the volume of the ‘’hole’’ in Figure 2.52athe figure on the left is now filled by a stone in Figure 2.52bas in the middle figure (Walker, 2014, p. 347), the buoyant force is not able to balance the weight of the stone having heavy density, thus the own weight of the stone will overcome the buoyancy and the stone will accelerate downward to sink. On the opposite sideConversely, replacing nowby filling the ‘’hole’’ by with a wooden object, in Figure 2.52c  which has a very light density, such that the buoyant force in that case will be greater than the weight of the wooden object; this latter , which will accelerate upward and float on the surface of the fluid. See the above figure on the right .
The Archinmede’s principle could then be then stated by the followingas follows: ‘‘ When a body is fully or partially submerged in a fluid, a buoyant force  from the surrounding fluid acts on the body. The force is directed upward and has magnitude equal to the weight of the fluid that has been displaced by the body.”‘‘ (Walker, 2014, p. 348)
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When a body floats in a liquid, its weight is equal in magnitude to the buoyant force.
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Since it is in a liquid, the buoyant force cancels out either a part of the weight (sinking case) or the total weight (floating case),. iIt is worth useful to define the apparent weight of a body, which is the net weight after subtracting the effect of the buoyant force.
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The apparent weight seems to be helpful wWhen an object in a liquid needs to be lifted. In that case, the lifting force is requestedonly needs to overcome only the apparent weight instead of the entire real weight.
Fluid Dynamics
Viscosity is by definition the resistance of a fluid against flow. It is similar analogous to friction for solids. (Knight, 2016).
A flow is said to be “laminar” ‘’when the velocity at each point in the fluid is constant. The flow is smooth. It does not change or fluctuate.’’ (Knight, 2016, p. 373). Otherwise, the flow is “turbulent”. Figure 2.53aThe figure on the left below illustrates the difference between boththis difference. 
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[bookmark: _Ref102326850][bookmark: _Ref102384301]Figure 2.53 Laminar and turbulent flow of water (a), Ideal fluid streamlines (b)
An “ideal fluid” is a fluid that is “incompressible” and exhibits “non-viscous” and “laminar” flow. It This is depicted in Figure 2.53bthe figure above on the right. 
The equation of continuity
When irrigatingusing a garden hose, one may remark notice that by reducing the flow area of the water with the thumb that closes a proportion of the hose opening, the water flows faster. This means that there is a relationship between the flow velocity and the area through which the fluid flows. The analysis is based on the scheme of Figure 2.54illustrated in the figure below. (Knight, 2016, p. 374)
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[bookmark: _Ref102328039][bookmark: _Ref102384344]Figure 2.54 Liquid flow through a variable cross-section pipe
Let v1 be the velocity of the fluid when it enters a wide cross-sectional area A1 of the pipe. If during a certain well-known time interval t, the shaded partan amount of the liquid travels the distance x1, it would cover than a volume V1 = A1⋅ x1 = A1⋅ v1⋅ t. 	Comment by GMP: I'm not sure what you mean by "shaded part".
Let v2 be the velocity of the fluid when it exits a narrow cross-sectional area A2 of the pipe. If during a certain well-known time interval t, the same shaded part amount of the liquid travels the distance x2, it would cover than a volume V2 = A2⋅ x2 = A2⋅ v2⋅ t. 
Since the liquid is incompressible, the volume of this same shaded partthe liquid will remain unchanged, i.e. V1 = V2 , which will lead to the equation of continuity (2.103).
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The product of the velocity times and the area is termed called the “volumetric flow rate” Qv and is expressed in m3/s. It quantifies the volume of fluid that flows per unit time. The “mass flow rate” Qm could can be deduced by multiplying the volumetric flow rate by the density of the fluid.
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Bernouilli’sBernoulli’s eEquation 
It Bernoulli’s equation is based on applying applies the principle of work and energy on to a certain amount of fluid entering the a tube at under certain conditions (in blue color) and exiting the tube under other conditions (in green color) as shown in Figure 2.55the figure below (Walker, 2014, p. 354).
[image: ]
[bookmark: _Ref102329915][bookmark: _Ref102384376]Figure 2.55 Dynamic flow of a fluid in an interval of time t

P1, v1 , and y1 are respectively the pressure, velocity, and height of the blue amount of the fluid, i.e., at the entry entrance of the tube. P2, v2 , and y2 are respectively the pressure, velocity, and height of the green amount of the fluid, i.e., at the exit of the tube’s exit. 
The principle of work and energy states that:

The kinetic energies are:  and 
The gravitational potential energies are:  and 
There are two applied external forces:
1.   horizontally rightwards (with the entry flow) by the fluid just ‘’behind’’ the blue amount which ‘’pushes’’ the blue amount by a displacement x1,  having the same direction and sense as the force,. tThus the work done is , and
2.  horizontally leftwards (against the exit flow) by the fluid just ‘’in front of’’ the green amount which ‘’blocks’’ the green amount displacing by a displacement x2,  having the same direction and opposite sense as the force, . tThus, the work done is .
Since the liquid is incompressible, V1 = V2 = V. replacing substituting in the principle of work and energy and simplifying all terms by V, one obtains equation (2.106).
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Despite the equation seems appearing to be similar to the principle of conservation of energy, one should keep in mind that the indexes of the equation are not related to different statuses of the fluid; those reflect amounts calculated at two different points belonging to the same liquid streamline.
Application 2.8.  A can of diameter 6 cm and height 10 cm with a density of 900 kg/m3 is pushed to the bottom of a container involving holding a liquid of density 1350 kg/m3. Will the can remain at the bottom once the pushing force is removed? If not, what is the acceleration of the can and the proportion of the height that exits above the surface of the fluid?
Solution 2.8.  The weight of the can is  while the buoyant force is . Since the can is totally completely pushed submerged in the liquid thus its total volume and the immersed volume are equal (i.e., Vcan = Vimm). aAnd since the can’s density is lower than the liquid density, this leads to conclude the conclusion that the buoyant force is greater than the weight of the can. tThus, the can will accelerate upward and will not remain at the bottom of the container.
Apply Newton’s second law of translation to calculate the acceleration:
  

At the surface of the fluid, the can will float thus: 

[image: Diagram

Description automatically generated]Application 2.9.  The lid cap of an opening of diameter 1.6 cm of on the side of a cylindrical water tank of diameter 1 m is removed, thus water will flow as shown in Figure 2.56the figure, right (Walker, 2014, p. 356) . The distance between the top surface of the water and the hole opening measures 1.2 m. Calculate the volumetric flow rate.
Solution 2.9. Apply Bernouilli’s equation between the initial status (i) at the top of the tank and the final status (f) at the opening. Atmospheric pressure p0 exists at both statuses.[bookmark: _Ref102372866][bookmark: _Ref102384418]Figure 2.56 Water leakage



Applying the equation of continuity: 
Replace Substituting in Bernouilli one finds: 
The volumetric flow rate becomes: 
Self-Check Questions
1. Choose the correct answer
What is the height of a column of oil (850 g/L) that develops has the same pressure as a column of water (1000 g/L) of 1.7 m?
      2 m                    1.7m                    1.445 m               3.4 m 
Details: 

2. Answer the following question.
Why is the liquid used in the a barometer is mercury instead ofand not water? The density of the mercury is 13.6 times water’s density. To balance the atmospheric pressure, the height of the water column needed, and, in by extension, the minimum height of the experimental tube, is measures 0.76⋅ 13.6 = 10.34 m‼ . 
3. Complete the following sentence
In a  5 five-story building where the water tanks of all apartments are placed on the roof, the water velocity through a faucet in on the 2nd floor is higher than the water through a similar faucet in  on the  4th floor. A probable solution is to decrease the faucets’ diameters from floor  to floor. Also, one may increase the pressure at the water tank by mounting a pressurizer.	Comment by GMP: I don't think you've actually stated what you want to achieve, i.e., what the problem is. Do you want to equalize pressure across all floors or to simply increase pressure on the higher floors?
Summary
A rigid body is in static equilibrium if the components of the resultant of all external forces and of all external moments along the three axes x, y,  and z vanish. For a particle, it suffices is sufficient to satisfy zero resultant force.
Newton’s second law in translation states that a force resultant force induces to a body a linear acceleration proportional to the force through the body’s mass. A similar law in rotation relates the moment to the angular acceleration through the moment of inertia. The acceleration is the first time derivative of the velocity. This latter is itself the first time derivative of the displacement.
A body moving at a velocity develops a kinetic energy. When there is a change in position it develops a potential energy. A force (i.e., a moment) causing a linear (i.e., angular) displacement generates a work. This work causes a change in kinetic energy. Moreover, in absence of non-conservative forces, the mechanical energy of a system is conserved.
The integral of a force within a time interval produces an impulse, while the integral of an inertia force (i.e., moment) produces a linear (i.e., angular) momentum. The development of external impulses causes a change in momentum.
Normal stress is a perpendicular distribution of internal forces along the a cross -section; tangential stress acts within this latterthe cross-section. The change in length of an axially loaded member object with respect relative to its original length is termed called axial strain. The angular change of an object member under shear is termed shear strain or distortion. For an elastic behaviour, stress and strain are proportional: this is Hooke’s law.	Comment by GMP: Please check intended meaning is retained.
A fluid develops a pressure proportional to its height. Its velocity increases when its cross -sectional area of flow decreases. The total energy along a streamline of an ideal fluid is conserved.


Unit 3 – Thermodynamics

Study Goals

On completion of this unit, you will be able to …
· … deal withunderstand the main thermodynamics quantities such as temperature, heat, energy, and thermal expansion.
· … apply the first law of thermodynamics and evaluation of systems enthalpy.
· … apply the second law of thermodynamics and evaluation of systems entropy.
· … distinguish between different ways of transfer of heat transfer and their relevant calculations.










3. Thermodynamics
Introduction 
It is all about energy! Nowadays the entire world is seeking energy sources. Energy is needed everywhere in daily life:  for domestic applications such as heating, and  air-conditioning, food storage/, and cooking temperature, for the production of electricity, for industrial applications and manufacturing, or for medical applications like human temperature or the storage temperature of medicines. The basics of energy analysis begin with “Tthermodynamics” field. Thermodynamics is one of the most essential branches in of engineering.  dealing It concerns itself with the analysis of thermal energy, i.e., the internal energy in substances.
It is worthwill be useful to start by understanding the concept of heat and temperature along with different units and related conversion equations, and with all related quantities such as the coefficient of thermal expansion, specific heat, “enthalpy”, and “entropy”. Those two latter quantities are the main parameters influencing the first and the second law of Tthermodynamics respectively.
Moreover, it is important to close this chapter by emphasizing the concept of the transfer of heat through materials existing between “cold” and “hot” atmospheres and expose discussing the different methods upon which this transfer occurs: conduction, convection, and radiation. This requests couple ofrequires awareness of some simple engineering simple calculations including and some intrinsic properties of materials.




3.1  Temperature and Heat
Temperature
“Thermal energy” or “Internal energy” of a system quantifies how the molecules within the system are in motion and are interacting between themselves. The practical measurable value that reflectsreflecting this status of internal energy is the “Ttemperature”. (Knight, 2016). When a body is “cold” one measures a low temperature, meaning that the movement and interaction of the molecules inside the material are very limited. while tThe body is classified as “hot” when the internal molecules are moving and interacting in a considerable mannermuch more quickly, scoring high temperatureresulting in a higher temperature.
The device used to measure the temperature is the “Tthermometer”. It consists of a column of liquid is in a capillary graduated capillary glass tube, that dilates when it gets is in contact with a hot body, with the level of the liquid marking the temperature on the graduations the level of temperature. The dilatation, i.e., the length of the column of fluid, increases as long as the temperature to measure increases. This is illustrated in Figure 3.1athe figure below (Knight, 2016, p. 494) where the fluid column (in red) is “short” for icy water and “longer” for hot water.
[image: A picture containing text, device

Description automatically generated][image: A picture containing text, device

Description automatically generated]
[bookmark: _Ref102817732][bookmark: _Ref102899706]Figure 3.1 Thermometer measuring water's temperature (a), Temperature scales (b)	Comment by GMP: This graphic seems to be duplicated?
To specify the unit of the temperature value, a scale should be defined on the thermometer. Figure 3.1bThe figure above (Knight, 2016, p. 495) shows three different scales reflecting three different units systems: “degrees Fahrenheit” (), “degrees Celsius” (), and Kkelvin (K). The SI system adopts () as the temperature unit carrying the name of the Swedish scientist Anders Celsius. The scale consists in of fixing two reference points,: the first corresponding to the point of water freezing to which a temperature  is assigned;, and the second correspondsing to the boiling point of water, boiling point characterized bydefined as . The graduation of the scale is then set by linear subdivisions, each one corresponding to a temperature. 
The “linear scale” of Fahrenheit attributes todefines water freezing at and boiling points  water boiling atand . To establish a conversion relationship between Fahrenheit and Celsius, the “slope” of the straight -line temperature function is found by  and since at the “abscissa”  one measures an “ordinate” of  the linear relationship of conversion becomes:	Comment by GMP: Did you mean to say 212 deg F?
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Repeating the same rationale for conversion Celsius-Kelvin, one finds:	Comment by GMP: I don't believe you've defined kelvin yet. I might recommend moving this statement and equation 3.2 to after the following paragraph.
	

	
	(3.2)



For gases particularly, molecules are originally openly spaced and in continuous motion filling the entire space of the container. When the temperature increases, the mobility of the molecules becomes more pronounced, and thus the pressure on the walls of the container increases. InverselyConversely, when a gas gets colder its pressure drops. Globally, the variation between pressure and temperature is linear. In addition, all gases reach a zero pressure at almost the same temperature, which is  (Walker, 2014),  which corresponds to 0 K; this is known as the “Aabsolute Zzero Ttemperature”. It should be noticed that all gases experience condensation at temperatures higher than the Aabsolute Zzero.	Comment by GMP: Please check your intended meaning is retained.Condensation: transformation of a substance from a gaseous state to a liquid state.

Thermal eExpansion
When a body is heated, its atoms and molecules displace forward to occupy a wider space; this phenomenon is known as “thermal expansion”. For solids, each side expands along its a line and hence they experience linear expansion  . Inversely, cooling causes linear contraction. The relative change in length with respectrelative to the original length L0 of a solid  is directly proportional to the change in temperature . The coefficient of proportionality  is termed called the “coefficient of linear expansion”, expressed in . Physically, it is an intrinsic property of a material that expresses the amount of axial strain a material can generates when its temperature changes by . An increase in temperature induces elongation, i.e., a positive change in length, while a drop in temperature leads to a negative change in length, i.e., contraction.
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Since liquids gain assume the form of their containers, they would expand/ or contract volumetrically instead of linearly according to the same law as solids. The “coefficient of volumetric expansion”  being is the coefficient of proportionality.
	

	
	(3.4)



Since  characterizes a unidirectional expansion while and  characterizes a 3D expansion, the relationship between them writesis:
	

	
	(3.5)



This aspect of expansion is important in many applications: pipes used for cold and hot water in a heating system should be protected from this phenomenon; metallic bridges and steam pipes in power plants need expansion joints to absorb this expansion/ and contraction; expansion joints for metallic railways, (Figure 3.2)see figure below, airplanes pieces parts that experience huge differences in temperature between  on the ground and  at high altitudes. Engineering designs of all components that are subjected to change in temperature changes should take in considerationmust consider this aspect source of expansion and contraction.
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[bookmark: _Ref102899607][bookmark: _Ref102899742]Figure 3.2 Joint expansion on a railway
Heat
‘’Heat is energy transferred between the system and the environment as they interact.’’ (Knight, 2016, p. 523). In other words, heat It is a thermal interaction caused by the temperature difference between the a system and the its environment. 
If one picks up a cold water bottle having a temperature of  and places it on a table located in a kitchen where the ambient temperature is equal to the ambient, about :  there is a temperature difference of .  tThus an amount of heat will transfer from the warmest system to the coldest system to establish thermal equilibrium; upon the material type and mass this might take a certain durationthe time required for this to happen depends upon the material type and mass of the system being considered. For this reason, when one comes back after, say, one hour for instance, the water bottle will be found to be warmer since its temperature has increased to reach the equilibrium temperature, the ambient. The inverse phenomenon occurs when a hot spaghetti dish of temperature  is placed on the same table: in that case, heat will “quit” the warmer system, i.e., the food which causeswill experience a drop in temperature after few timethe passage of some amount of time, thus the food will be found “cold”.
[image: ]
[bookmark: _Ref102902284][bookmark: _Ref103151702]Figure 3.3 Heat exchange scenarios: heat loss (a), thermal equilibrium (b), heat gain (c)
Figure 3.3The figure above (Walker, 2014, p. 463) illustrates the three cases where heat is exchanged between a system and the environment. The amount Q of heat exchanged is proportional to the difference in temperature between the final and initial status; the coefficient of proportionality is denoted by C and termed is called  “heat capacity” expressed in . Q is expressed in J. Another famous well-known unit (not belonging to SI) for Q is the Ccalorie (Cal) where .
	

	
	(3.6)



In fact tThe heat capacity C is found from the product between of the mass m of the system and an intrinsic property of the system’s material termed called “specific heat” (c) expressed in  which denotes the amount of heat needed by a unit mass of a material to change its temperature by 1 degree. Thus the amount of exchanged heat becomes:
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State Transformation
Any material absorbs or ejects heat to get hotter or colder, except at some key temperatures where the materials experience a “change of phase” by converting either from a solid state to a liquid state (or vice-versa) or from a liquid state to a gas state (or vice-versa). The state transformation from solid to liquid is termed “melting” while the inverse process is the “freezing” phenomenon. The state transformation from liquid to gas is termed “vaporization” while the inverse process is the called “condensation” phenomenon. The state transformation from solid to liquid to gas induces more energy to in the molecules to so that they move more and more, this means that an amount of heat should be supplied. The same amount of heat should be removed to go back from a gas status to a liquid and then to a solid. This amount is called “heat of transformation”, denoted by the symbol L and expressed in (J/kg). It is an intrinsic property of each material. The “heat of fusion” LF is needed for a solid-liquid transformation. The “heat of vaporization” LV is needed for a liquid-gas transformation. For instance, for water,  ;   (Walker, 2014)
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Application 3.1.  A 0.8 m Aluminum rod () initially at  is cooled till to . What is the change in the length of the rod?
Solution 3.1.  Applying equation (3.1) at both initial and final temperatures and then calculating the difference one gets: 
Equation (3.3) gives: 
Application 3.2.  An amount of 150 kJ of heat is supplied to 500 g of ice at . Is it this sufficient to melt the whole entire quantity into water? Discuss. 
Given:  ; ; 
Solution 3.2.  The amount of heat needed to reach the melting point of ice () is calculated from equation (3.7): .
The amount of heat needed to transform ice to water at   is found from equation (3.8): .
This latter amount is greater than the whole supplied energy, this meansmeaning that the remaining energy ( will melt a part of the ice calculated as: . Thus, the final status will be a mixture of 434 g of water and 66 g of ice at .
Self-Check Questions
1. Evaluate the absolute zero temperature in .
The absolute zero temperature (0 K) is equivalent to , thus in it becomes 
2. Choose the correct answer.
A piece of Ccopper ( of mass 100 g and at a temperature of  is thrown into a calorimeter containing 200 g of water ( at . What is the equilibrium temperature of the whole system?
                                               
Details: Let T be the equilibrium temperature. The amount of heat lost from the copper to cool it from   to T is: 
The amount of heat gained by the copper to heat it from   to T is:.
A calorimeter is an isolated container, thus no loss during heat exchange; as a result: .

3.2  First lLaw of Thermodynamics and Enthalpy
The First lLaw
The “first law of thermodynamics” is applied mainly on to gases enclosed in reservoirs and changing from an initial state (i) described by the initial pressure pi, initial volume Vi,  and initial temperature Ti to a final state (f) characterized by the initial pressure pf, initial volume Vf, and and initial temperature Tf. Indeed, it is no other than This can be thought of as a ‘‘thermodynamic version‘‘” of the classical principle of conservation of energy. (Walker, 2014)
The principle of work and energy (equation (2.64)) could can be re-written at the ‘‘microscopic scale‘‘” of the system as:

Where Ek denotes the change in kinetic energy, Ep denotes the change in potential energy, and Eth denotes the change in “internal thermal energy” between the molecules of the system. (In addition, knowing that the sum of the kinetic and potential energy gives the mechanical energy thus:

We define the change in internal energy of the system by ,  which involves all thermal and mechanical interactions between the particles parts of the system. Besides the mechanical work Wm=Wm,ext done by the external forces on the system, any external amount of heat Q absorbed or lost by the system influences onimpacts the internal energy of the system.; this latter parameter Q was not included in the original principle of work and energy since it has beenwas established in the absence of any heat exchange. Arranging Rearranging the latter equation, one obtains the mathematical form of the first law as follows:
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This first law could be stated as: The change in internal energy of a system U is equal to the sum of external heat Q and external mechanical work Wm exchanged between the system and its environment. (Walker, 2014)	Comment by GMP: Is this a direct quote? If so, please add quotation marks and remove the italics. 
It should be noticed that experiments have shown that either the exchanged heat Q lonely alone or the exchanged mechanical work Wm depends on the path covered between the initial status (i) and the final status (f), while their total sum does not, meaning that the change in internal energy does not depend on the path between (i) and (f); ). tThis latter depends only on the variables (pi, Vi, Ti) and (pf, Vf, Tf). (Walker, 2014)
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[bookmark: _Ref103018492][bookmark: _Ref103151790]Figure 3.4 Energy diagram of a system
Figure 3.4 shows that any amount of heat absorbed by the system or mechanical work ‘‘compressing”‘‘ the system are is consideredcounted positive, while in the opposite case (heat released by the system) those amounts are counted considered negative.
One may cite asexample of an application of the first law,  is the thermal combustion engines, where in which a heat input is supplied to the piston-cylinder chamber where an air-gas mixture is burned in order to generate a mechanical work as an output to generate motion for the automobile. Also aAnother application in the domestic field, is the refrigerator: the input is a mechanical work applied on the refrigerant in the chamber, while the output is the amount of heat removed from the refrigerator space to keep maintain a cool ambieance for food storage.
External wWork on gGas sSystems
Consider a gas enclosed within a piston-cylinder chamber. It applies a pressure p on all the chamber’s walls (see the figure below ). This would will force the piston to move rightwards unless an opposite force is applied to balance the gas force. (Figure 3.5a, )
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[bookmark: _Ref103019737][bookmark: _Ref103151846]Figure 3.5 Gas within a cylinder-piston chamber: equilibrium (a), piston motion (b)
The This equilibrium imposes requires that: . When the piston displaces by dx, the differential work done on the gas system becomes: . Replacing Substituting the above expression for Fext  by its expression and knowing that , the differential work becomes: . Integrating between Vi and Vf   one obtains the total external work done on the gas:
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[bookmark: _Hlk116658933][bookmark: _Hlk116658697]This equation shows that when the volume decreases or in other words (meaning the system is compressed), i.e., , the external work done on the system by the environment is positive. This means that the work done by the system on the environment is negative. Inversely, when the volume increases or in other words (meaning the system is expanded), i.e., , the external work done on the system by the environment is negative. This means that the work done by the system on the environment is positive.
In addition, the work done on the system could not be evaluated unless the diagram p-V is given; it is the opposite of the area under the p-V curve. This is illustrated in Figure 3.6the figure below. (Knight, 2016, p. 519)	Comment by GMP: I'm not sure you mean that the work can't be evaluated without the p-V diagram. Additionally, I don't think you've defined the p-V diagram yet. So, maybe something like: "We can diagram this changing relationship between volume and pressure using a pressure-volume (p-V) diagram to help us evaluate the work being done on the system". Then mention the difference between expansion and compression and their integration.
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[bookmark: _Ref103021706][bookmark: _Ref103151878]Figure 3.6 p-V diagram for expansion (a), compression (b)
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[bookmark: _Ref103022294][bookmark: _Ref103151899]Figure 3.7 Special p-V diagrams cases: isochoric (a), isobaric (b), isothermal (c)
Figure 3.7 The figure above shows three particular cases of p-V diagrams:
· “Isochoric process”: meaning that the gas volume remains constant, i.e., hence “zero external work” is developed in that case.Ideal gas: gas having hugely very low density where molecules interact rarely. They satisfy the condition P⋅ V/T=constant.

· “Isobaric process”: meaning that the gas pressure remains constant, this leadsleading to an external work given by:
	

	
	(3.11)



· “Isothermal process”: meaning that the gas temperature is constant. For an ideal gas, the curve p-V curve is hyperbolic, this which gives the following expression of the external work:
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· “Adiabatic process”: This process does not tackle impact the mechanical work. This process consists in fact thatIn this process zero heat is exchanged to with the system, hence the equation (3.9) of the first law reduces to: .
Enthalpy
By definition, tThe “enthalpy” of a system is an amount of energy consisting of the sum of the internal energy within the system and the product of its pressure by and its volume (Moran, 2018). It is denoted by the symbol H and expressed in J. 
	

	
	(3.13)



For an isobaric process, the first law reduces to that the amount of exchanged heat between the environment and the system is being equal to the change in enthalpy of this latterthe system:.	Comment by GMP: Please confirm intended meaning has been retained.
Application 3.3.  Consider 1.5 kg of water in a cylinder-piston of diameter 20 cm initially at   and boiled till until it is  at atmospheric pressure leading to a 15 cm stroke of the piston. Calculate the change in enthalpy and in internal energy of the system. 
Given:  ; ; 
Solution 3.3.  Since the thermodynamic process is isobaric, the change in enthalpy is no other thanjust the amount of heat supplied to the system:


At constant pressure, the transformation of water to steam leads to a volume increment pulling the piston for gas expansion, thus:

The first law of thermodynamics gives: 
Self-cCheck qQuestions
1. Answer by true or falseTrue or False and justify your answer.
In an isochoric process, the change in internal energy and change in enthalpy are is the same, both  and is equal to the exchanged heat between the system and the environment. False, since ; but when isochoric, the volume is constant hence  and not only 
2. Choose the correct answer.
An ideal gas of initial status (p0, V0, T0) is subjected to an isothermal thermodynamic process where its volume is now halved. Determine the external work done on the gas.
                                              
Details: from equation (3.12) one writes: .


3.3  Second lLaw of Thermodynamics and Entropy
Entropy
An “irreversible process” is a process that exhibits one direction path from an initial state to the final state; the returning again to the initial state is impossible. For instance, shaking a certain amount of sugar with a spoon within a cup of tea leads to dissolve the sugar dissolving in the tea; shaking the spoon in the opposite sense of rotation will not lead to the separation of sugar powder granules from the tea liquid; the initial amount of sugar powder cannot be retrieved. 
The transfer of heat always occurs always in one direction: from the hotter to the colder system; and this continues until thermal equilibrium is reached. Before the hot and the cold systems interact, their respective initial states have been quite “ordered”, each of them had its own thermal equilibrium. At interaction, and in that case  both hot and cold systems are “combined” together to form a global system,; heat will then travel from the hot to the cold environment and thus a kind of ‘’disorder’’ occurs. To add more clarity to the idea, one may consider the example of a cube of ice, which is obviously a solid body where all molecules keep their fixed, well-known positions, in a certain order, . bBy melting the ice, those molecules gain more freedom to move ‘’partially’’ and thus to break this ordered stacking as ice is transformed into water; a certain amount of disorder has occurred in the system. By vaporizing water liquid, the molecules of steam get gain more and more freedom to move within their container in a fully disordered and random manner. This disorder is described thermodynamically by a variable state, or function state, termed “entropy”, which depends only on the initial and final states of the system. An increase in disorder state leads to an increment in entropy. During the occurrence of Throughout an irreversible process, the amount of disorder increases thus the system’s entropy increases too.Variable state: Also called “function state”, this is a property depending only on the initial and final states and not on the path covered between those states. Pressure, Vvolume, Ttemperature, Iinternal Eenergy, Eenthalpy, and Eentropy are functions stateall examples of variable states.

Since the entropy depends exclusively on the initial and final states, it could be stated that ‘’the entropy change  for an irreversible process that takes a system from an initial state i to a final state f is exactly equal to the entropy change for any "reversible” process that takes the system between those same two states.’’ (Walker, 2014, p. 517). This latter changeEntropy change in a reversible system (and not the former, i.e. irreversible) could can be calculated by:
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Where Q is the amount of heat exchanged with the system and T is the system’s temperature during the process. The SI unit of the entropy is J/K.
For the particular case of an isothermal process () this latter equation becomes:
	

	
	(3.15)


The Second Law
Consider a certain amount of gas enclosed in a cylinder-piston chamber and an external compressive force is being applied on the piston to decrease the volume’s chamberchamber’s volume. This will induce an increase in pressure and thus an increase in the temperature of the gas. The A possible solution to regain a constant temperature is to remove an amount of heat Q from this chamber to a connected reservoir; this implies that the entropy of the gas decreases. However, this process is quasi-static reversible and, in addition, the gas system is not closed because it has been considered at the beginning without the reservoir. The “closed system” is consisting consists of the gas and the heat reservoir, also.  In that case, due to the reversibility of the process, the entropy lost by a part of the closed system, i.e., the gas, is the same amount as the one gained by the other part of the system, i.e. the reservoir; in other words, the change in entropy of the entire closed system is zero; it is an “isentropic” process. If the a process is irreversible in the an whole entirely closed system, the entropy increases since irreversibility tends to favorize disorder.	Comment by GMP: I don't think you've defined a closed system yet.Quasi-static process: a thermodynamic process, which occurs occuring at a very slow rate to keep the system internally in thermodynamic equilibrium.

[bookmark: _Hlk116307132]In the light of what has been said, the second law of thermodynamics could be stated as: ‘‘"If a process occurs in a closed system, the entropy of the system increases for irreversible processes and remains constant for reversible processes. It never decreases”.‘‘ (Walker, 2014, p. 523)
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Carnot cCycle
‘’An engine is a device that extracts energy from its environment in the form of heat and does useful work.’’ (Walker, 2014, p. 524). To run this process adequatelythe engine properly, a “working substance” must be involved in the engineused, behaving like blood for human bodyies. Upon A relevant working substance is selected depending on the type of engine, a relevant working substance is selected: an automobile engine necessitates a mixture of gasoline + and air, while a steam engine needs water at in both liquid and vapor phases states to work appropriatelyfunction. To obtain the desired amount of work, the working substance has tomust operate on a cyclic basis. The working substance absorbs heat from a hot reservoir and converts  part of it into a useful mechanical work, while another part is unfortunately lost to another cold reservoir. This is illustrated in Figure 3.8 the figure below (Walker, 2014, p. 525).
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[bookmark: _Ref103190030][bookmark: _Ref103321226]Figure 3.8 Concept of heat engine operation
In an automobile engine, for example, the input heat comes from the combustion of gasoline filled infed from the car’s tank, while the mechanical work developed produced is useful used to move the car forward. Some heat is lost to the ambient air.
This cycle has beenwas first established by the French engineer Nicolas Leonard Sadi Carnot. In an ideal Carnot engine, the processes are all reversible with no energy leakage. 
A Carnot cycle consists of four stages as illustrated either in Figure 3.9ain the figure below, using a  in p-V diagram or on the left and a Figure 3.9b in T-S diagram on the right. 
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[bookmark: _Ref103190918][bookmark: _Ref103321263]Figure 3.9 Carnot cycle in p-V diagram (a), T-S diagram (b)
· ab: isothermal expansion where an amount of heat QH is absorbed from the hot reservoir at constant temperature TH.
· bc: adiabatic expansion:  where the temperature decreases from TH to TL in parallel with the compression, which means an increase in temperature; this balance leads to an adiabatic process where no heat is exchanged.
· cd:  isothermal compression where an amount of heat QL is lost by the system to the cold reservoir at constant temperature TL.
· da: adiabatic compression:  where the temperature increases from TL to TH in parallel with the expansion, which means a decrease in temperature; this balance leads to an adiabatic process where no heat is exchanged.
The first two stages consist in of expansion, meaning a negative work is done on the system, while the latter two stages develop produce positive work due to expansion. The net useful work generated by this cycle represents the area within this loop cycle.
Those Viewing these stagessame stages could be plotted in the Ttemperature-Eentropy T-S diagram. T, the isothermal stages become horizontal lines (constant temperatures) and adiabatic stages mean that there is no entropy is change, thus they and are thus represented by vertical lines (isentropic processes). Thus tThe net mechanical work generated will be equivalent to the area of the rectangle abcd.
Applying the first law of thermodynamics, and since the internal energy is a function state and at the samea given time the initial and final states are the same (cycle), thus it will not exhibit anythere will be no change at the end of each cycle, one may hence write:

It should be noticed that QH is a positive quantity since it is absorbed by the system while QL is negative since it is lost by the system. Wm is a negative quantity done onrelative to the system (i.e., positive for the environment that benefits from this work).
Applying now the second law, and since the engine is ideal, the total change in entropy is nil zero, meaning that the entropy gained in stage ab is the same as the entropy lost in stage cd; there is no change in entropy for isentropic stages bc and da;. hHence:

By definition, the efficiency  of the engine denotes the ratio of the useful work gained with respect to the heat paid, hence:
	

	
	[bookmark: _Ref103193000](3.17)



Combining the aforementioned developed equations from the first and second law in this latter above equations (3.17) one gets:
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Both temperatures are typically expressed in K. Since  one can remarkwe see from equation (3.18) that the efficiency of a Carnot engine is less than 1, or less than 100%. Additionally, this efficiency depends exclusively on the temperature of the hot and cold reservoirs temperatures. As long as the difference between both temperatures is high, as more as the engine is efficientThe larger the difference between these two temperatures, the more efficient the engine. It should be noticed that this is an idealization of the efficiency since it takes into account only those two temperatures independently of the fluid used or the internal structure and conceptdesign of the engine;. iIn addition, one is not able to decrease TL and/or increase TH in an unlimited wayendlessly, as this may cause physical damages to the operating system.
Application 3.4. 20 g of sugar (c = 1250 J/kg.K) at  are dissolved into 100 g of hot coffee (c = 1500 J/kg.K) at . Assuming the system is thermally isolated, Ccalculate the change in entropy of the system supposed to be thermally isolated. Neglect the heat of solution (i.e., it is the change in enthalpy generated from the dilution of a substance in a solvent)
Solution 3.4. First, let’s calculate the equilibrium temperature. For an isolated system, the amount of heat lost by the coffee is the same as the amount of heat gained by the sugar:

To apply equation (3.14), consider each substance alone, subjected to a reversible process, changing its temperature from the same initial value to the same final value as in the real irreversible process.
For sugar: 
For coffee: 

Self-cCheck qQuestions
1. Choose the correct answer
What is the efficiency of a Carnot engine where the temperatures of the hot and cold reservoirs are  and  respectively?
                                                                      
Details:  ; 

2. Complete the following sentence.
A Carnot engine of 45% efficiency absorbs 2000 J from a  hot reservoir and loses 1100 J to a cold reservoir of . The work generated measures 900 J.
Details: 


3.4  Kinetic tTheory of gGases
Mole
The Italian chemist Amedeo Avogadro has proven that the number of atoms or molecules within an amount weighting the atomic number or molecular mass but in grams, remains the same for all substances. This number is known as Avogadro’s number and is denoted by NA. He has found that: .	Comment by GMP: I think I might choose to simplify this to something like "...proven that the number of atoms or molecules in a substance relative to the amount of the substance being measured is constant for all substances".
A total number N of atoms/molecules in a substance could can be divided into many ‘’packages’’, each containing an Avogadro’s number of those particles; each ‘’package’’ is termed a “mole” and the total obtained number of the ‘’packages’’ is termed the “mole number”, denoted by n.
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The mass of the ‘’package’’, or of the mole, is termed “molar mass” and is denoted by M. In fact, its value is the same as the atomic number or molecular mass, but expressed in g. Obviously, tThe mass m of a substance is the product of the mass on of one mole M by and the total number of moles n, thus:
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Ideal gGas lLaw
A gas is classified as an “ideal gas” if its density tends to zero. In that case, in its molecular interactions are considerably reduced. (Walker, 2014). Experimentally, it has been found that ideal gases of any substance (e.g. Oxygen, Hydrogen, Nitrogen, …)  having the same number of moles n, the same temperature T, and enclosed in a same volume container of the same volume V, exert the same pressure p on the container’s walls; those parameters satisfy the following equation (3.21), known as the ”ideal gas law”:	Comment by GMP: This example is probably not necessary since it was just prefaced by "any substance".
	

	
	[bookmark: _Ref103327208](3.21)



 Where R is the ideal gas constant. In the SI system, .
Combining equations (3.19) and (3.21), then calculating the ratio . termed referred to as the “Boltzmann constant”, the other formulation of the ideal gas law becomes:
	

	
	(3.22)



Kinetically speaking, each gas molecule moves within its container at a speed v. One may unify the molecule’s velocity by calculating the “root-mean-square speed” abbreviated by as RMS speed vrms. It is calculated by extracting the square root of the average of the square of each particle’s speed risen to power 2; i.e., . (Walker, 2014). The rate of change of one particle’s linear momentum is given by momentum/t=m⋅ v/(L/v)=mv2/L,  which is no other than equivalent to the force applied, that which can be expressed by the product of the pressure p by and the wall area A,  hence p=mv2/A⋅ L. For ideal gases, calculating the average over all the particles of the second member of this latter expression, whereand setting the volume V=A⋅ L and m=n⋅ M then rearranging,  one finds the RMS speed as:
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The average translational kinetic energy of one molecule of gas is:
   and since the ration m/M is no other thanequal to Avogadro’s number NA, and  the final expression of Ek,avg writesis written:
	

	
	(3.24)



 An additional kinetic parameter is worth to be defineddefining: is “the mean free path” . It is ‘’the average distance traversed by a molecule between collisions.’’ (Walker, 2014, p. 494). As more as the containing volume V decreases or the number of molecules number N increases or the molecules’ diameter of the molecules d increases, the probability of collision between molecules increases, and thus the mean free path value decreases. As per definitionWe define where  (Walker, 2014). Finally, the mean free path is calculated by:
	

	
	(3.25)

	
	
	



 N/V denotes the molecules molecular density, or their the number of molecules per unit of containing volume.
Specific hHeats of an iIdeal gGas
Internal eEnergy
For gases, the specific heat denoted by C is expressed for per unit of mole instead of unit of mass (J/mol⋅ K). This property could be measured either at constant volume (CV) or at constant pressure (CP).
Pointing onFor “monoatomic” ideal gases (such as He, Ar), the internal energy could be assumed to be the sum of the average translational kinetic energies of the atoms:
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Molar sSpecific hHeat at cConstant vVolume
At constant volume, the change in pressure p leads to a change in temperature T meaning that an amount of heat Q is either absorbed or desorbed by the gas, and this amount is calculated by:
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It is known that at constant volume, the mechanical work done on the gas is nilzero, thus the first law, combined with equations (3.26)-(3.27), becomes:
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It is experimentally proven that for diatomic ideal gases (e.g., Ooxygen, Nnitrogen),  while for polyatomic ideal gases (e.g., Ccarbon dioxide),  (Walker, 2014).
One may conclude that in the general case the change in internal energy depends exclusively on the change in temperature change and not on the type of process.
Entropy in iIdeal gGases
On another side, fFor a general reversible process from an initial state (i) to a final state (f), applying the first law in its differential form leading  leads to an expression in for change in entropy change (Walker, 2014) as follows:

Dividing both members sides of the equation by T and replacing p by with equation (3.21), one gets:

Integrating both members sides between (i) and (f), the final expression of change in entropy for ideal gases becomes:
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Molar sSpecific hHeat at cConstant pPressure
At constant pressure, the change in pressure V leads to a change in temperature T meaning that an amount of heat Q is either absorbed or desorbed by the gas, and this amount is calculated by:	Comment by GMP: Volume?
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It should be remindedRemembering that the mechanical work done on the gas at constant pressure is given by  ,; replacing withwe can replace the right-hand side with equation (3.21), and the expression of this work becomes: 
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Replacing equations (3.28),(3.31), and (3.32) in the first law yields:
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Adiabatic eExpansion of an iIdeal gGas
An ideal gas confined in a well-insulated piston-cylinder chamber may expand from an initial status (pi, Vi, Ti) to a final status (pf, Vf, Tf) without possibility ofany heat exchange, meaning that it is an adiabatic process (Q=0). This is illustrated in the p-V diagram of Figure 3.10the figure below (Walker, 2014, p. 508).
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[bookmark: _Ref103364410][bookmark: _Ref103427473]Figure 3.10 Diagram of adiabatic expansion of ideal gases
The first law in its differential form with adiabatic process becomes:

Differentiating equation (3.21):  then replacing R by with equation (3.33) and;, then multiplying both sides by CV(CP-CV) both members and rearranging, we have:

Dividing this latter equation by  it becomes:

In this latter equation, one defines the specific heat ratio by:
	

	
	(3.34)



Integrating the differential equation, we have:  thus finally:
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In the particular case of a free adiabatic expansion, no heat and no work are exchanged to within the system, this means that the process is isothermal (i.e., dT=0), and differentiating equation (3.21) one gets:
	

	
	(3.36)



Application 3.5. A closed tank of 20 L volume contains 0.5 kg of the monoatomic gas Hhelium () at a pressure of 150 bars. When heated, the gas pressure doubles. Calculate its change in entropy.
Solution 3.5. The number of moles is found from equation (3.20): .
The tank is closed thus the volume remains constant, meaning that the temperature changes proportionally to the pressure. Applying equations (3.29)- (3.30):



Application 3.6. Calculate the amount of heat, the change in internal energy, and the work done on the Hhelium in the tank.
Solution 3.6. Calculation ofCalculate  the initial temperature from equation (3.21):


Since the process is isochoric, the work is nil zero and the internal energy change is the same as the heat absorbed.
Application 3.7. 320 g of dioxygen O2 () is enclosed initially in a 10 L piston-cylinder container at . Calculate the work developed on the dioxygen by an adiabatic expansion to a chamber volume of 15 L. Determine aAlso determine the final temperature. For dioxygen, CV=20.785 J/mol⋅K.
Solution 3.7. The number of moles is found from equation (3.20): ,  thus the initial pressure is found from equation (3.21):

The specific heat ratio is found from equation (3.33):.
For an adiabatic expansion equation (3.35) gives,: (Pa⋅ m4.2 ).
Work done on the gas is given by equation (3.10) where p is in Pa and V in m3:


The final pressure is: 
The final temperature is : 
Self-cCheck qQuestions
1. Complete the following data for Nitrogen N2 gas () stored in a 70 L tank at 5 bars pressure and  temperature:
Mass: 407.4 g
Root-mean-square speed: 510.88 m/s
Internal energy: 53.1825 kJ
Details: Equation (3.21) gives: 
Equation (3.20) gives: 
Equation (3.23) gives: 
Equation (3.26) gives: 
2. Answer by true or falseTrue or False and justify your answer
The enthalpy of a monoatomic ideal gas measures  . 
True since  and .
3.5  Heat: Conduction, Convection, and Radiation
It is already well  known that thermal equilibrium is established when heat transfers from hot to cold systems in order to set a final equilibrium temperature. But the question is, upon whichHowever, it remains to describe the mechanisms doe used to affect this heat transfer from a one system to another? . Indeed, tThere are three mechanisms of heat transfer: “conduction”, “convection”, and “radiation”.
Conduction
When a body is ‘’sandwiched’’ between two environments, a hot one at a temperature TH and another a cold one at a temperature TC, the atoms of the surface that are in contact with the hot source will gain more energy and oscillate with higher amplitudes and then collide with neighboring atoms transferring more energy to them more energy and thus additional motion. 
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[bookmark: _Ref103425106][bookmark: _Ref103427505]Figure 3.11 Conduction of heat
This process will be repeated from one ‘’layer’’ of atoms to the next ‘’layer’’ until covering the entire body, thus allowing this amount of heat to reach the cold source to and increase its temperature. This mechanism of transfer of heat transfer is termed called “conduction”. (Figure 3.11see the figure above (Knight, 2016, p. 537)).
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[bookmark: _Ref103425904][bookmark: _Ref103427530]Figure 3.12 Pan heated by conduction
Figure 3.12The photograph above illustrates a practical example of conduction, used to heat food within a pan. First, the bottom faceunderside of the pan, in contact with the heating resistance source, will receive the an amount of heat which that will be conducted through the material of the pan to reach the food. It should be noticed that the type of material used for the pan is essential since not all materials have the same capacity of for conduction;: metallic materials are good conductors of heat while wood is not. For this reason, the handle of the pan is made of wood to avoid heating it such so that it could can be always be held by the user’s hand. The rate of conducted heat through a body could can be simulated to by a the power amount of power transferred by conduction; it is calculated by the following relationship:
	

	
	(3.37)



 Where k is the “coefficient of thermal conductivity” depending on the type of material exclusively and expressed in W/m.K; A is the contact area with the body, L the length of the body through which heat is conducted, and T = TH-TC is the temperature difference between the hot and cold sources.
It is clear that the amount of power transferred increases with the material conductivity, the area of contact between the body and the source, and the the gap of temperature difference between both sourcesthem; however, as long as the body gets thick,the thicker the body, the  it would be more difficult it would be to conduct heat, and thus this  the rate decreases.
Convection
It Convection is a process of transfer of heat transfer based on the motion of fluids with temperature differences. (Knight, 2016). Consider a fluid surrounding a body generally warmer thatn this the fluid, tThe part of this latterthe fluid that gets is in direct contact with the body gains heat (i.e., the contact part of the body becomes colder) and thus it renders becomes lighter than the other part of the fluid that was not in contact with the body. The warmer, lighter part rises upward leaving its place to a new amount of colder fluid that gets again comes into contact with the body and experiences the same process. This convection mechanism repeats itself until thermal equilibrium between the body- and the surrounding fluid is established.
This is why one blows on a hot cup of coffee in order to increase convection process and lower the coffee’s temperature – it increases the convection process. Also, daily climate changes are due to atmospheric convection between wind, oceans, deserts, and icye mountains.
The rate of heat transferred by convection depends on the surface of the exposed area, the temperature difference, and the convection heat coefficient h (W/m2.K):
	

	
	(3.38)



Radiation
This mechanismRadiation occurs due to the exchange of electromagnetic waves between sources of heat. It is particularly aA thermal radiation process, is different from magnetic or nuclear radiations. This type of mechanism does not necessitate a direct contact between the source and the body. 
It is due to this mechanism that a car parked for many hours on a road and under highly oriented sunlighta hot sun gets warmer. Also, it is by radiation that during a cold night camping one gets his handsyou can make your hands warmer by keeping them near a fire.
There is no absolute heat emitter or absorber. For instance, the human body may absorb heat from the sun by radiation, but it also emits amounts of heat from this body into its surrounding; this whole process keeps the human body in thermal equilibrium. Also, the earth absorbs heat from the sun, and emits heat into the atmosphere through infrared radiation. However, the presence of carbon dioxide and water vapor prevents restricts this emission into the atmosphere, which keeps amounts some of the heat “stored” within the surface of the earth; this is termed called the “amplified Greenhouse” effect. (Knight, 2016).
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[bookmark: _Ref103435844][bookmark: _Ref103435920]Figure 3.13 Distribution of Earth thermal radiation (NASA)
Figure 3.13The figure above illustrates the differences in thermal radiation waves throughout the earth.
The rate of heat, i.e., the power absorbed by radiation, depends mainly on the surface area A and the absolute temperature T of the body:
	 

	
	(3.39)



Where e is the emissivity of the surface, a dimensionless number in the interval [0,1] quantifying its the surface’s effectiveness of radiation effectiveness, a dimensionless number. Its values lies in the interval [0,1];  is the constant of Stefan-Boltzmann constant.
For an object at temperature T that absorbs and emits from and toexchanges heat with an environment of temperature T0, the net radiated rate of heat is the difference between the heat emitted and the heat absorbed:
	

	
	(3.40)



[bookmark: _Hlk115011720]A “perfect absorber" is a body having an emissivity equal to 1. It absorbs all radiation without emitting any. It is tTermed a “black body”, this perfect absorber is. This latter would be also a perfect emitter. (Knight, 2016)
Application 3.8. A double -glass window consists of two identical 50 cm x 90 cm rectangular glass plates, each of thickness 10 mm separated by a layer of air of thickness 13 mm. The indoor and outdoor temperatures are  and   respectively. The thermal conduction coefficients are kglass = 1 W/m.K ; kair = 0.026 W/m.K. Calculate the rate of heat travelling through the window from indoor to outdoor.
Solution 3.8. Figure 3.14The figure below shows the conduction process through the window from inside (higher temperature Ti) to outside (lower temperature To):
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[bookmark: _Ref103436904][bookmark: _Ref103503166]Figure 3.14 Heat conduction through double-glass window
The same power passes through the three layers thus:

Considering the first and third quantities in this latter equation:	Comment by GMP: I think it might be clearer to itemize the expressions to the right of P_cond as (a), (b), and (c)  so you could reference them explicitly in the narrative without having to use ordinals.

Then replacing T2 in the second quantity and equating with the first quantity:	Comment by GMP: See comment above.



Application 3.9. A cubic box of with side length of 30 cm and a temperature of rests on a table in a room where the ambient temperature measures is . Calculate the net rate of heat rate exchanged by the box for an emissivity of 0.75.
Solution 3.9. The total area exposed to the environment consists of 5 five identical faces of the box: . In addition: ; 

Self-cCheck qQuestions
1. State three practical examples reflecting conduction, convection, and radiation mechanisms respectively.
Conduction: Heat crossing passing through walls‘the walls of a house from outdoors during summer.
Convection: In a heated room, warm air circulates till topupward and cold air goes downward to be heated.
Radiation: RA room’s environment warming due tofrom the light of a bulb.

2. Answer the following question
Mugs are used to contain hot drinks such as coffee or tea. Why are they made of ceramics but not made from stainless steel, but from ceramics?
[bookmark: _Hlk115078654]Mugs have to be held directly by hand during drinking. When the a hot drink gets is in the mug, and heat will transfer quickly from inside the mug to outside due to the low wall thickness of the mug and the high temperature difference between the drink and the atmosphere, heat will transfer quickly from inside the mug to outside, thus the user’s hand, which that  is sensitive to huge amount of heatshigh temperatures, will not be able to hold the mug. The solution is to choose materials having low thermal conductivity coefficients such as ceramics.

3. Choose the correct answer
The power absorbed by a unit area of a black body at ambient temperature () measures:
      423.2 W                     444.8 W               435.3 W               416.4 W
Details: Since it is a black body means  = 1 ; , and being a unit area means A = 1 m2; T = 296 K

Summary
Temperature is a variable state that quantifies the thermal status of a body, i.e., the motion status of the particles within the body. The type of energy supplied or removed from a body to increase or decrease this mobility of particles is termed called heat, and is classified as thermal energy. In addition, a mechanical form of energy, termed called work, may also be done on a system changing its internal status. The net amount of energy stored in the particles of a system, termed called change in internal energy, is the sum of the thermal heat and mechanical work exchanged by the system. This is the first law of Tthermodynamics.
The amount of heat exchanged by a system with its environment is proportional to the system’s mass, specific heat, and difference in temperature between from the system and the environment.
The energy disorder in a system is quantified by a function state called entropy. For a closed system, the change in entropy is either nil zero if the process is reversible or positive if irreversible. This is the second law of Tthermodynamics.
An ideal gas is a gas one having a very low density where its molecules barely rarely collide . For an ideal gas of pressure p, volume V, temperature T, and number of moles n the law  is always satisfied. An ideal gas exhibits two types of specific heat: molar specific heat at constant volume and at constant pressure. Those These are related to the ideal gas constant R.
Heat transfers between systems by one of three mechanisms: conduction due to the collision of atoms from a one layer to the next, convection due to the motion of fluids having difference in different temperatures, and radiation due to waves carrying thermal energy emitted or absorbed by the system.


Unit 4 – Electricity and Magnetism

Study Goals

On completion of this unit, you will be able to …
· … deal withunderstand the main electrical and magnetic quantities such as voltage, current, resistance, capacitance, and inductance.
· … apply laws and relationships on electric circuits to calculate relevant quantities.
· … apply laws and relationships on magnetic systems to calculate relevant quantities. 
· … tackle apply Ohm’s laws for alternating current circuits.







4. Electricity and Magnetism
Introduction 
Electricity is at the heart of our daily lives. How can a liftan elevator reach the twelfth floor of a story building without electricity? How could can food be stored in refrigerators without electricity? How can a car start without a battery? How can any factory produce any product without electric power? How can one turn on a computer, a laptop, or and a mobile, which have become nowadays essentials for any career, without electricity and electronics? What about medical surgery devices based on electrical power? Hundreds of similar questions tackling aspects involved each day in our lives may be asked; and the unique answercommon element in all of them is electricity, and, indirectly, magnetism. From this context, one may imagine the importance of the present unit, which would be after all, just the ‘’alphabet’’ of this enormously wide field of electricity science.	Comment by GMP: American.
This unit starts with the main source of electric current which is the flow of electrons and thus electric and electrostatic fields. This will generate voltage and current flow, which are the triggering ‘’elements’’ of electricity. This current flow will circulate in components used in many applications: such as resistances in water heaters, capacitors in mobiles and laptops, and inductances in electrical transformers. Thus oneWe will learn how to govern the laws and equations in that govern electric circuits, considering upon the type and arrangement of the elements within the circuit, and also upon the nature of the electric current, i.e., either ifwhether it is direct or alternating. One must not forget We will also examine magnetic laws and quantities and the magnetic contribution in to either electricity production or theirand its influence in on some useful electric components useful in many practical applications. Magnetic laws and quantities will get their part in this unit. 



4.1  The eElectrostatic fField
Charge
Any substance consists microscopically of atoms. An “atom” itself consists of a “nucleus” surrounded by a cloud of particles termed “electrons”. The diameter of this cloud could be about 104 times larger than the diameter of the nucleus (Knight, 2016). The nucleus itself contains two types of small particles: “protons” and “neutrons”. ‘’The atom resembles somewhat to the Solar System, with the nucleus as Sun and the electrons as planets.’’ (Ohanian, 2007, p. 695). Planets are held around the Ssun by a gravitational force; similarly, the electrons turning around the nucleus within their orbital cloud which isare held by a force known as “electric force”. The magnitude of this latter, which is about 2⋅ 1039 times stronger than the gravitational force. Not all particles exert electric force. An “electric charge” is the ability of a particle to exert electric force, just like a in the same sense that mass being able to developdetermines an object’s gravitational force. (Ohanian, 2007). Protons and electrons develop electric forces thus they hold an electric charge; this is not the case of with neutrons: , whichthose have zero electric charge. For mathematical purposeMathematically, the electric charge of a proton is counted considered to be positive, and that of an electron is counted considered to be negative. Since an atom is electrically neutral, the number of positive and negative charges is the same, and in absolute value each particle (proton, and electron) carries the same amount of charge, expressed in SI in Ccoulomb (C)© and denoted by the symbol e. . The electric force between two charges from with the same sign is “repulsive”, while between two charges of opposite signs it is “attractive”. (Ohanian, 2007) 	Comment by GMP: Please double-check this quotation as the English is non-standard. If the quote is as you've written it, I would recommend not using it and instead use your own words to describe the idea of atom as solar system, which is a common analogue.Orbital cloud: set of shells surrounding the nucleus where electrons might exist and being in contnuous motionin continuous motion.

All particles have charges as that are integer multiples of the “fundamental charge” e, termed also called a “quantum” of charge. In other words, charges of all known particles could be in absolute value 0;, e;, 2e;, 3e;, etc. … Hence, a charge is said to be “quantized”.
Coulomb’s lLaw
‘’The magnitude of the electric force that a particle exerts on another particle is directly proportional to the product of their charges and inversely proportional to the square of the distance between them. The direction of the force is along the line joining the particles’’. (Ohanian, 2007, p. 698)
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Where  is the “permittivity constant”; q and q’ are the charges of the two particles and r is the distance separating the particles.
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[bookmark: _Ref103681132][bookmark: _Ref103967089]Figure 4.1 Electric force, attractive (a), Repulsive (b)	Comment by GMP: Lower case r in repulsive.
Figure 4.1The above figure (Ohanian, 2007, p. 699) illustrates the attractive and the repulsive electric forces. It The force has ais negative sign when attractive since particles are of opposite signs, while it has a positive sign when repulsive because of the same sign of the charges.
When a particle is subjected to electric forces from many other particles, the net electric force is the “vector resultant” of all the applied electric forces.
Electric fField
‘’According to the modern view, there is a physical entity that acts as mediator of force, conveying the force over the distance from one body to another. This entity is the "field.’’” (Ohanian, 2007, p. 722)
An Eelectric field is generated from by any electrically charged body by ‘’filling’’ the ‘’free space’’ around this body source; any other body that comes into contact with this electric field, is either pushed or pulled by the effect of this electric field. An Eelectrically charged particle is assumed to remain at rest, generating a static electrical field, termed also called an “electrostatic field”. Any other particles that enters this field will be subjected to an electrostatic force, by the mean offrom the electrostatic field.
Mathematically speaking, this electrostatic field is represented by a vector quantity  directed radially from the charged particle and ‘’oriented outward if the charge is positive, and inward if the charge is negative’’. This is illustrated in Figure 4.2the figure below. (Ohanian, 2007, p. 723)
[image: ]
[bookmark: _Ref103708104][bookmark: _Ref103967142]Figure 4.2 Vector representation of an electrostatic field
The magnitude of this vector is derived from equation (4.1):

The amount in parentheses represents the electrostatic field and is the mediator conveying the electric force towards toward the charge q, thus it is no other than the electrostatic field,. It is expressed in SI system units in N/C:
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The electrostatic force and electrostatic field vectors are colinear:
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Electric dDipole
A “dipole” is a group of two charged particles, having the same charge magnitude q, opposite signs, and are separated by a distance d. The lines of the electric field generated by the dipole start from the positive charge and end in the negative charge while the electrostatic field vector  is tangent to the filed field lines as shown in Figure 4.3athe figure below (Walker, 2014, p. 564)
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[bookmark: _Ref103844406][bookmark: _Ref103967176]Figure 4.3 Dipole electric field lines (a), Dipole moment (b)
An electric dipole develops a vector quantity ,  termed ascalled a dipole moment, acting along the line joining both particles and oriented from the negative to the positive charge,. while iIts magnitude is  expressed in C⋅ m.
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To establish the expression of the electrostatic field generated by a dipole, consider a point P on the dipole line, separated from the dipole center by a distance z as shown in Figure 4.3bthe figure above on the right (Walker, 2014, p. 564). The net electric field represents the resultant between of both electric field vectors generated by +q and –q:

Moreover: ; 
Thus ; 
In general, the main interest resides in the points that are quite far from the dipole center thus and thus this latter amount could be disregarded in the calculations. Considering this latterMaking this assumption in the arrangement of the expression of for E and taking into account equation (4.4) as the magnitude:
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It should be noticed that neither a charge nor a dipole are is not influenced by their own electrostatic fields, but they should they enter into another electrostatic field and they will be subjected from this latter to an electrostatic force according to the equation (4.3).	Comment by GMP: Please check your intended meaning has been retained.
Electric fFlux
‘’The electric flux  through a surface is the amount of electric field that pierces the surface.’’ (Walker, 2014, p. 585)
A Gaussian surface is an imaginary spherical form that encloses a charged particle, at the center of this sphere. Figure 4.4a and bThe figures below (Walker, 2014, p. 586) show the electric field lines piercing a the sphere’s center by charges +q and +2q. In this second case, the amount number of lines is twiceis doubled.
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[bookmark: _Ref103855677][bookmark: _Ref103967306]Figure 4.4 Electric field through a Gaussian surface involving, a charge +q (a), +2q (b)
For a differential surface dA of normal vector  pierced by an electrostatic field , the differential flux denotes the dot product between of both vectors:

The total electric flux piercing the whole surface is determined by summing all differential electric fluxes; it is expressed in N⋅ m2/C:
	

	
	(4.6)



For the entire enclosed Gaussian surface, it is aboutwe are considering the “net flux”, by integrating along the closed loop, meaning that an algebraic summation is taking place:
	

	
	(4.7)


Gauss’ lLaw
The Gauss’ law states that the value of the enclosed charge within a closed surface is proportional to the net electric flux that pierces this surface (Ohanian, 2007), hence:
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When a closed surface involves no charged particles or charged particles having zero net charge, the net electric flux is nilzero.
Application 4.1. Figure 4.5aThe figure below on the left shows three charged particles, each of charge 2q, located at points O, A, and B. Determine the resultant force acting at particle A when q=e.
[image: Diagram
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[bookmark: _Ref103874122][bookmark: _Ref103967330]Figure 4.5 Charged particles arrangement (a), FBD of particle A (b)
Solution 4.1. Since particles O and A are both positively charged, the force applied by O at A is repulsive, while the one applied by B is attractive. This is illustrated in the diagram of Figure 4.5babove on the right.
AB is the hypotenuse of the triangle AOB, thus: 
The magnitudes of both electrostatic forces are found from equation (4.1):


The components of each of the forces along x and y are:
 ;  ; ; 
The components of the resultant force: 
                                                                        
The magnitude of the resultant: 
The direction of the resultant with x-axis: 
Application 4.2.  Consider two particles, one charged by -8q and the other by +20q, placed on a horizontal line (the positive charge is at the right, the negative one at the left) and separated by a distance of 10 cm. Calculate the electrostatic field developed at the midpoint P1 between both the charges and at a point P2 placed 5 cm at to the right of the positive charge. 
Solution 4.2.  At each point of interest, draw an imaginary spherical Gaussian closed surface. Thus, the first sphere encloses only -8q, thus the electrostatic field vector is oriented inward forming an angle of  with the normal surface vector. The second sphere encloses both charges with a net charge of -8q+20q = +12q, thus the electrostatic field vector is this time outward this time, having the same sense and direction as the normal surface vector. This is depicted in Figure 4.6the figure below.
[image: Diagram
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[bookmark: _Ref103878829][bookmark: _Ref103967358]Figure 4.6 Electrostatic field vectors at P1 and P2
Applying equation (4.8) at to each of the spheres, consisting of we take the integral of the dot product between the electric foeld field vector and the differential area vector:


Self-cCheck qQuestions
3. Answer by true or falseTrue or False and justify your answer.
[bookmark: _Hlk116374607]Two oppositely charged particles, each of charge q in absolute value separated by a distance d, generate the same electrostatic field at a very far point, as two oppositely charged particles, each of charge q/2 in absolute value separated by 2d. 
True. According to equation (4.5), the electrostatic field magnitude is proportional to the dipole moment magnitude. Since in the two given cases, the moment is the same, p=q⋅d=(q/2)⋅(2d), the electrostatic field magnitude remains the same.

4. Choose the correct answer.
A particle of charge q develops produces an electrostatic field at impacting another particle far byat a distance r. If the charge is tripled, at what distance should it be placed to keep the same electrostatic field at relative to the particle of interest?
                                                                                             

Details: 
4.2  Voltage, Current, and Resistance
Electric pPotential eEnergy
A uniform electric field  is generated between two parallel plates oppositely charged. A positively charged particle existing in this field is subjected to an electric force causing its motionit to move towards the negative plate as shown in Figure 4.7athe figure below, left (Knight, 2016, p. 689)
[image: Graphical user interface, diagram
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[bookmark: _Ref103931864][bookmark: _Ref103967376]Figure 4.7 Work of an electric field (a), Energy switch on a positive charge (b), negative charge (c)
[bookmark: _Hlk116374795]Along with the kinetic energy Ek stored within the particle that may increase when speeding up and decrease when slowing down, a potential energy Ep, (of electrical  nature this time (and not gravitational), is also developed produced and to be switched withreplaces the kinetic energy, upon the motion of the particle towards a similarly or oppositely charged plate, as illustrated in Figure 4.7b-cabove on the right. (Knight, 2016, p. 690).
The electric force (related to the electric field according to equation (4.3)) develops produces an electrical work Welec for a displacement  such that: . The As the change in electric potential energy, being is the opposite amount of the electric work, one writes:

Identifying Solving for Ep,f and Ep,i, and setting the datum of potential energy at the left plate (s =0), meaning that Ep0 = 0, the electric potential energy becomes finally:
	

	
	[bookmark: _Ref103933381](4.9)



For two point charges q and q’ where q’, is generating the electrostatic field  of magnitude given in equation (4.2) and replacing s bysubstituting r for s in equation (4.9) for symbols convenience, the electric potential energy expression becomes:
	

	
	[bookmark: _Ref103937360](4.10)



For a dipole, the proof of the electric potential energy expression does not belong tois not within the scope of this course, one may admitbut we may state it as that it is the opposite of the dot product between the dipole moment and the electrostatic field:
	

	
	(4.11)


Electric pPotential 
As mentioned earlier, one or a group of source charged particles generate an electric field permeating in the free surrounding space, and exerting on any particle existing within this field an electric force, equal to the product of the value of the existing charge, times and the magnitude of the electric field. The electric field does not depend on the charge of the particle subjected to the force; it is a property depending on the source charges (Ohanian, 2007). In addition, this particle may interact with other particles to develop an electric potential energy; like the concept of electric force, this electric potential energy is equal to the product of the value of the charge, time and the magnitude of a certain field , other than the electric one, generated by this source of charges, this field is termed called “electric potential”, or simply “potential”. It is denoted by the symbol V,  and is expressed in Vvolt (V), carrying the name of the scientist Alessandro Volta. A volt is no other thanis the ratio J/C. (Knight, 2016)	Comment by GMP: You may wish to add a definition box defining "source charge".
It should be noticed that the potential is a property of the source charges (Knight, 2016) and independent of the charge lying within the field and storing the electric potential energy.
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Now it is worthwould be useful to detect the speed increment or decrement of a charged particle within a potential field. This is depicted in Figure 4.8the figure below. (Knight, 2016, p. 697). Although the case studied in this figure is considering a positively charged particle, the same rationale applies for to a negatively charged one. When a charge moves from an initial state (i) within the potential field, to a final state (f), it is said that it is moving through a “potential difference”, termed also called “electric tension “or “voltage”, V.
[image: Timeline
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[bookmark: _Ref103935846][bookmark: _Ref103967416]Figure 4.8 Speed of a charged particle within a potential field
When a positive charge moves towards an increasing potential, i.e., positive voltage, its electric potential energy increases as per equation (4.12); since the mechanical energy is constant, this means that its kinetic energy is decreasing and hence the particle is slowing down. SThe same process happens if a negative charge moves through a decreasing potential. If the positive charge moves through a decreasing potential, its motion will speed up. The principle of conservation of energy is expressed by:
	

	
	(4.13)



The potential generated by a charge q’ at a charge q far from q’ by at a distance r is obtained by combining equations (4.10) and (4.12) to get:
	

	
	(4.14)


Relationship between vVoltage and eElectric fField
‘’The electric potential and electric field are not two distinct quantities, but, instead, two different perspectives or two different mathematical representations of how source charges alter the space around them.’’ (Knight, 2016, p. 715)
Since the difference in electric potential energy is the opposite of the electric work, thuswe have:

	

	
	[bookmark: _Ref103938396](4.15)


 
This relationship shows that if the electric field is known, the voltage could can be deduced. Also, the potential decreases along the electric field lines.
Inversely, if we denote by Es, the component of the electric field along the motion line ds, one may deduce Es by inverting equation (4.15):
	

	
	[bookmark: _Ref104024515](4.16)


Battery
Equation (4.15) shows that a voltage is generated when positive and negative charges are separated from each other. This separation could be either mechanical or chemical. BA battery is the most widespread voltage source based on chemical reactions leading to separate the charges separating. It consists of two metallic plates (each from a different metal) termed “electrodes”, separated by chemical substances termed “electrolytes” (such as sulfuric acid and water in a car battery). When chemical reactions develop in the electrolytes, a transport of ions occur move from one electrode to the other, this phenomenon leads leading to split the positive charges splitting from the negative ones, each on an electrode, this which induces the generation of a potential difference. The extremities of positive and negative electrodes are termed “terminals” of the battery. The battery becomes dead once the electrolytes get are completely used.Ions: atoms losing or gainingthat have lost or gained electrons on their electric cloud. They are charged positively in the case of electrons loss, and negatively by electrons gain. 

The work per unit charge needed to transport the positive charges from the negative to the positive terminal is termed called the “electromotive force”, abbreviated by emf. A and denoted by E. Its unit is J/C which is equivalent to V. (Knight, 2016) For an ideal battery, the potential difference at the battery terminals Vbat is equal to the emf E.
Sometimes, the emf of a battery is not sufficient to supply the requested amount of voltage for a certain application (for example, to turn on a toy car,  or to illuminate a small bulb,…) for this purposeIn this case, the solution is to mount many multiple batteries in series, by connecting (either directly or through a conducting wire) the negative terminal of one to the positive terminal of the other. The total voltage produced will be the sum of the voltages of each individual battery:
	

	
	(4.17)


Capacitor
A "Ccapacitor” is an electronic component consisting of two parallel and oppositely charged separated plates. This, which will generate a voltage at the terminals of the capacitor. A capacitor is used in many electric circuits integrated within laptops, televisions, keyboards, … etc. Figure 4.9The photograph below illustrateds different types and sizes of capacitors. As a symbol within a circuit, a capacitor is represented by two parallel horizontal lines ([image: ]).
[image: ]
[bookmark: _Ref103963757][bookmark: _Ref103967443]Figure 4.9 Different types of capacitors
The plates of a capacitor are charged by connecting each of them to a battery’s terminal, where positive charges will be transported from the negative plate through the electrolytes till to the positive plate, creating a potential difference between both plates. When the number of positive charges (i.e., negative charges) on the relevant plate becomes enough to repulse extra positive charges coming from? the battery’s terminal (i.e., the same occurs on the negative plate), the capacitor is then fully charged:  and its
 voltage becomes equal to the battery’s voltage.
Capacitance
If the positive plated is charged by +Q and the negative one by –Q, the net charge is nilzero, but due to the separating distance d between both plates, a potential difference V is generated between the plates’ terminals, proportional to the charge Q. The coefficient of proportionality denoted by C, is termed “capacitance” and is a property of the capacitor plates’ area A of the capacitor as well as their separating distance d. In the SI system, the capacitance is expressed in Ffarad (F). It is calculated by:
	

	
	(4.18)



The amount of charge Q stored in a capacitor where a voltage VC is generated, is given by:
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Energy sStored in a cCapacitor
A capacitor needs a certain time to be charged from 0 to reach the total charge Q. We denote by q the instantaneous charge at an instant t. The voltage between the plates is found by V=q/C. At an instant t+dt, the charge becomes q+dq; the change in potential electric energy dEp is given by:

The total energy stored: 
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When the capacitor is in discharging, this potential energy is converted into kinetic energy, assigned toresulting from the charged particle moving within the circuit, this is no other than thecalled “electric current”. 
Arrangement of cCapacitors
In an electric circuit, capacitors may be arranged either in parallel, as shown in Figure 4.10athe figure below on the left (Knight, 2016, p. 726), where top plates are connected together from one side, and bottom plates together on the other side, or in series where the bottom plate of a capacitor is connected to the top plate of the next one as illustrated in Figure 4.10bthe figure on the right (Knight, 2016, p. 726).
[image: Diagram, schematic
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[bookmark: _Ref103967712][bookmark: _Ref104026105]Figure 4.10 Capacitors in paralle (a), in series (b)	Comment by GMP: Please correct spelling of 'parallel'.
For the parallel scheme, all capacitors are subjected to the same voltage V at their terminals where the total charge Q provided by the battery is distributed between the different capacitors;. The “equivalent capacitor", is a new capacitor that replaces all the parallel capacitors under the same voltage V and charged by Q, hence:


	

	
	(4.21)



For the series scheme, all capacitors are charged by the same amount Q provided by the battery, however, the battery’s voltage V is distributed between the different capacitors; . The “equivalent capacitor”, is a new capacitor that replaces all the parallel capacitors under the same voltage V and charged by Q, hence:


	

	
	(4.22)


Electric Current
It is known that electrons are in continuous motion within their clouds surrounding the nucleus. Under a certain potential difference, protons cannot leave the nucleus, however, electrons are able tocan flow from atom to atom to circulate within the entire material. However, this flow of electrons is not the same in any all materials, this depends on the atomic and molecular bonds and their distribution. Materials in which electrons flow occurs easily to travel throughout the whole body are classified as good “electrical conductors”; one may mentionexamples include certain metallic materials such as steel or copper as examples. For this reason, one notices thatThis is why the core of all electrical wires is made from copper. On another sideConversely, materials in which electrons are not able to transfer from atom to atom and molecule to molecule and thus the flow of electrons is not possible, are classified ascalled “electrical insulators”, such as cork or rubber. This is why the copper core of an electrical wire is covered by an insulating layer of Ppolypropylene, to avoid direct contact of the user coming into contact with the electric field.
A battery or any voltage source when disconnected or in an open loop with the surrounding, is in electrostatic equilibrium. When a conducting wire is connected to the battery, i.e., each wire extremity is in contact with one terminal (thus creating a closed loop termed called an “electric circuit”), the potential difference in the battery will lead to an electric field in the wire and thus a flow of charges throughout the wire; the loop is said to be traversed by an “electric current”. By definition, aAn electric current is can be defined as the rate of circulating charges per unit time (Ohanian, 2007). At a short instant dt, a differential amount of charge dq flows through the circuit generating an electric current I expressed in Aampere (A) and given by:Electrostatic equilibrium: a field is in electric equilibrium if the resultant electrostatic field vector is zero;  
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If the amount of flowing charge q is uniform during a certain duration t, the electric current is then constant and equation (4.23) becomes:
	

	
	(4.24)



The mMathematical theoretical convention, imposes that the sense of the current within the circuit flows from the positive to the negative terminal, which is opposite to the real sense of electrons flow, occurring which is from the negative to the positive terminal. This is illustrated in Figure 4.11the figure below (Ohanian, 2007, p. 861)
[image: Diagram
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[bookmark: _Ref104022701][bookmark: _Ref104026135]Figure 4.11 Conventional sense of the electric current (a), Real flow sense of electrons (b)
Finally, it is worth to definedefining the “current density”, which is a vector  expressing the electric current flowing through a unit surface of a conductor. It is expressed in A/m2 and related to the current by:
	

	
	(4.25)



If the electric current is uniform and the current density has the same direction as the vector surface, the magnitude of J becomes:
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Resistor
Definition
A “resistor” is an electrical component used in an electric circuit to limit the electric current generated by a well-known voltage source. In an electric circuit diagram, the resistor is represented by either the symbol ([image: ]) or ([image: ]). The characteristic property that quantifies the ability of a resistor to oppose to the current flow is termed “resistance”, denoted by R and expressed in Oohm (). 
The image of Figure 4.12below shows a group of resistors having different color marks, each reflecting a resistance value.
[image: ]
[bookmark: _Ref104022913][bookmark: _Ref104026170]Figure 4.12 Resistors with different resistance values upon color-codes
Ohm’s lLaw
A Ohm’s law states that a voltage V developed at the terminals of a resistor, delivers an electric current I passing through a resistor and that is proportional to the voltage through the resistance R:
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Resistivity
The resistivity  is an intrinsic property depending exclusively on the type of material forming the conductor. It is found from defined as the ratio between of the magnitude of the electric field to the magnitude of the current density. The inverse of the resistivity, leads to a the material’s property of the material termed called “electrical conductivity” . The resistivity is expressed in (⋅ m). (Knight, 2016)
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The resistance R of a conductor depends on its resistivity and geometry. For a resistor of length L and cross-sectional area A, made from a material of resistivity r, and combining equations (4.16),(4.26), and (4.28) for a uniform electric current and electric field (Knight, 2016), one obtains:

	

	
	(4.29)



Power in a rResistor
Under a voltage V, the delivered current I involves motion of charges dq, thus a differential potential energy dEp is developed during a differential time interval dt such that:

The power transferred P is no other than the rate of electrical energy (dEp/dt) hence:
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Since electrons moves through a resistor at constant drift speed and thus exhibit no change in kinetic energy, this implies that the change in potential energy is converted into a thermal energy leading to a dissipation within the resistor and a temperature increment. This is known as “Joule’s effect”. This thermal heat could can be used in beneficiary applications such as water heaters for water bathrooms (Figure 4.13figure below) or electric heaters stoves, which thus avoidings using natural gas as the source of energy for cooking.
[image: A picture containing wall, indoor
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[bookmark: _Ref104026045][bookmark: _Ref104026211]Figure 4.13 Water bathroom electric heater
Replacing Substituting equation (4.27) into equation (4.30) , the dissipated power becomes:
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This amount of power, expressed in watts, i.e. inor kW for high values, reflects practically an the amount of energy consumed by the user, this by multiplying the power by the consumption time, i.e., . This energy is expressed in Kkilowatts⋅ -hours (kW⋅ h) and is measured for each apartment household by an “electric-meter”. At the end of the month, the energy consumed is multiplied by the cost of 1 kW⋅ h to evaluate derive the electricity bill.
Arrangement of resistors
In an electric circuit, resistors may be arranged either in parallel, as shown in Figure 4.14athe figure below on the left,  where the top terminals are connected together from one side, and the bottom terminals together on the other side, or they may be arranged in series, where the bottom terminal of a resistor is connected to the top terminal of the next one as illustrated in Figure 4.14bthe figure on the right.
For the parallel scheme, all resistors are subjected to the same voltage V at their terminals where the total current I provided by the voltage source is distributed between the different resistors, hence this type of arrangement is termed called “current divider”; The “equivalent resistor”, is a new resistor that replaces all the parallel resistors under same voltage V and traversed by I, hence:


	

	
	(4.32)



[image: ]
[bookmark: _Ref104027378][bookmark: _Ref104026921]Figure 4.14 Resistors in parallel (a), in series (b)
For the series scheme, all resistors are traversed by the same total current I but the total voltage V provided by the source is distributed between the different resistors, hence this type of arrangement is termed “voltage divider”; The “equivalent resistor”, is a new resistor that replaces all the parallel resistors under same voltage V and traversed by I, hence:


	

	
	(4.33)



Application 4.3.  Consider four charges occupying the vertices of the square as shown in Figure 4.15. Knowing that q1 = -4q; q2 = -3q; q3 = +2q, and  q4 = +5q; q = 160 nC; and d = 5 cm, calculate the electric potential energy of the system.
[image: Diagram
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[bookmark: _Ref104029744][bookmark: _Ref104037411]Figure 4.15 Charged particles on a square's vertices
Solution 4.3.  The total electric potential energy is the sum of each energy developed produced between each pair of charges:


Application 4.4.  A capacitor of 10 F capacity charged at 12 V is connected to an uncharged capacitor of 5 F capacity. Calculate the energy stored in each capacitor.
Solution 4.4.  The amount of charge stored in the first capacitor is found from equation (4.19): 
When the second capacitor is charged from by the connection with the first, and the electrical equilibrium is established, the voltage is the same at the terminals of both capacitors (that are practically in parallel):

The charge Q that was initially stored in totality in the first capacitor will now be distributed at equilibrium:
 and 
[bookmark: _Hlk116376664]The ene
rgies stored in each capacitor are found from equation (4.20):
 ;
Application 4.5.  In the circuit shown in the Figure 4.16figure below , the emf of the battery measures 12 V while the three resistors are similar, each of 10  resistance. Calculate the electric current delivered by the battery and the dissipated power in the circuit.
[image: Diagram
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[bookmark: _Ref104037388][bookmark: _Ref104037450]Figure 4.16 Compound arrangement of resistors
Solution 4.5.  Resistors R2 and R3 are in series hence 
This latter resultant resistor is in parallel with R1 hence: 
From Ohm’s law (equation (4.27)): 
Equation (4.31) gives the dissipated power: 
Self-check questions
1. Complete the following sentence
On the front face of a carton box containing a hair drier, it is stated ‘‘1.5 KW at 220 V‘‘”. The hair drier absorbs then a current of 6.82 A  and has an internal resistance of 32.27 .  
Details:  ;  
2. Answer by true or falseTrue or False an justify your answer
A battery of voltage V storing a charge Q forms a closed circuit with three identical capacitors in series. The energy stored in each capacitor measures QV/3. False, since the series capacitors store the same charge V but distribute the potential difference, hence the voltage at each capacitor measures V/3. The energy stored is: 
UC = (1/2)⋅ Q⋅ (V/3) = Q⋅ V/6
3. An alternative unit of the electric field is:
            A/s                              C/m                         J/s                           V/m  

Details: equation (4.16) shows that the electric field is a ratio of voltage over a displacement
4.3  Analysis of dDirect cCurrent nNetworks
Elements of a cCircuit dDiagram
A “circuit diagram” is a drawing or schemascheme  showing the way upon whichhow electrical components in a circuit are connected together to form a closed loop(s) traversed by electric current(s). The aim is to achieve a practical output such as bulb lighting or water heating. Without a voltage “source” such as a battery, no electrical process would occur. The components travelled traversed by electric current delivered from the source are termed called a “load”. In Figure 4.17    one may recognize a couple ofSeveral key electric components along with their schematic symbols can be seen in the figure below .
[image: A picture containing timeline

Description automatically generated]
[bookmark: _Ref104104522][bookmark: _Ref104116263]Figure 4.17 Main electric components used in circuits and their symbols
Kirchhoff’s lLaws
Junction lLaw
Since within a circuit the total charge is conserved, as a result, the sum of input electric currents through a junction, is the same as the sum of output electric currents exiting this junction. This is shown in Figure 4.18athe figure below on the left (Knight, 2016, p. 768)
	

	
	(4.34)
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[bookmark: _Ref104106148][bookmark: _Ref104116294]Figure 4.18 Junction law (a), Loop law (b)
Loop lLaw
Since within a circuit the total energy is conserved, as a result, the sum of voltages at the components’ terminals vanishes. This is shown in Figure 4.18bthe figure above on the right (Knight, 2016, p. 768)
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Voltage sSign
The concept of voltage as an absolute value It has been already been seen in Ohm’s law the concept of voltage as absolute value. However, equation (4.35) indicates that voltage could can be counted considered either positive or negative since the global summation is nilzero.
The sign of the voltage is linked to the sense of the electric current. As earlier seen earlier, the conventional sense of the current consists in of a flow starting from the positive terminal of the source and entering the negative terminal, meaning that, within the source itself the flow is oriented from the negative to the positive terminal., iIn that case, the voltage, i.e., the emf, is counted considered positive. Meanwhile, the current enters the positive terminal of any component (e.g., a resistor) connected to the positive terminal of the source and exits via the negative terminal, iIn that case, the voltage is counted considered negative at the terminals of the component. This description is depicted in Figure 4.19the figure below. (Knight, 2016, p. 769)
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[bookmark: _Ref104107110][bookmark: _Ref104116315]Figure 4.19 Current sense and voltage signs
Grounding
Until now, we have talked about the difference in potential between two points in an In electric circuits, it has been until now talked about difference of potential between two points, without spotting on discussing the value of the potential itself at a point of interest. To do so, the negative terminal of the source must be set to 0 and this is achieved by connecting one extremity of a wire to this terminal and the other extremity to the earth floor or the ground where Vground = 0 V. In that case if a battery source disposes produces an emf of 12 V at its terminals one is certain that Vnegative = 0 V and Vpositive = 12 V. This allows us to also knowing the electric tension at each terminal of the other electrical components. The connection to the ground does not change the behaviour of the circuit; Ohm’s and Kirchhoff’s laws remain applicable. The ground symbol is ([image: ]).
RC cCircuits
In some cases, a resistor is not connected to a direct emf source, rather but to a fully charged capacitor obviously alongside with a switch as shown in Figure 4.20athe leftmost figure below (Knight, 2016, p. 784)  . Once the switch is closed, the capacitor starts i
ts discharge by delivering an electric current with the time to the resistor (Figure 4.20bmiddle figure below (Knight, 2016, p. 784)) until its it is completely discharged. On the other side, tTo charge a capacitor, an emf source must be added to the circuit as depicted in Figure 4.20cthe figure on the right (Knight, 2016, p. 786). All those circuits cases are known as RC (i.e., resistor-capacitor) circuits since they involve both a capacitor and a resistor.
[image: Diagram
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[bookmark: _Ref104110673][bookmark: _Ref104116334]Figure 4.20 Capacitor discharge, at t=0 (a), at any instant (b), Capacitor charging (c)
Applying the Kirchhoff’s loop law for the discharge case:

The current I traversing the resistor is given by I=dq/dt where dq is the differential amount of charge absorbed by the resistor; since the total charge in the circuit remains unchanged, one can write: dq=-dQ hence:

	

	
	(4.36)



This latter equation shows that the charge in a capacitor decreases exponentially with the time. 
The denominator of the exponential decay rate, R⋅ C has a time dimension. When the time of discharge reaches this value, one gets Q = 0.37Q0. One We may then define the time constant , by the necessary time needed to empty 63% of the capacitor’s charge.
	

	
	(4.37)



Since the voltage in the capacitor is proportional to the charge, it will then thus also decrease also exponentially. Also In addition, since the current is proportional to the voltage through Ohm’s law, this latter decreases from I0=V0/R following the same trend:
	

	
	(4.38)
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By repeating the same rationale for the charging case (E=Qf/C) where the loop law writescan be written:	Comment by GMP: Please check your intended meaning is retained.

Integrating from 0 to Q on the left member and from 0 to t on the right member, one gets:
	

	
	[bookmark: _Ref104124670](4.40)



By deriving this latter equation with respect to time and replacing using Ohm’s law one obtains an expression of the electric current identical to equation (4.39).
Voltmeter and Ammeter
A “voltmeter” is a device for measuring the voltagebranched at the terminals of any electric tension source of any component in an electric circuit to measure the related voltage. The “ammeter” measures the electric current passing through the component of interest. (Knight, 2016) ActuallyIn practice, many electric amounts could can be measured using one device: the “multimeter”. This are is illustrated in the figure belowFigure 4.21.
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[bookmark: _Ref104115754][bookmark: _Ref104116354]Figure 4.21 Multimeter
Application 4.6.  A battery of 12 V emf supplies a network of resistors shown in Figure 4.22the below figure. Calculate the total power generated by the battery and the currents circulating through each resistor.
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[bookmark: _Ref104119568][bookmark: _Ref104401958]Figure 4.22 Network resistors circuit
Solution 4.6.  The first step consists in of reducing the four resistors to an equivalent one according to the three-stepped scheme of Figure 4.23the figure below.
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[bookmark: _Ref104119755][bookmark: _Ref104402046]Figure 4.23 Scheme of resistors reduction
The 100   and 300  resistors are in parallel:  (step 1)
The 225   and 75  resistors are in series:  (step 2)
The 200   and 300  resistors are in parallel:  (step 3)
Applying 200 Ohm’s law for to the equivalent resistor: 	Comment by GMP: Please check your intended meaning is retained. 
The generated power is: 
The  resistor in the original circuit is completely in parallel with the battery, thus it is subjected to te samean electrical tension equal to the emf, ; Ohm’s law gives:

Applying the junction law of Kirchhoff, the current passing through the 225   resistor is:

The voltage at the 225   resistor is: 
Applying the loop Kirchhoff’s loop law in the loop (200-225-100) , one gets the voltage at the terminals of the 100  resistor and in by extension at the 300   resistor since they are in parallel: 
The currents through 100 the 300 resistors are respectively:
 ; 
Note: One remarks  that  , thus the junction law is verified.
Application 4.7.  TWith the capacitor initially empty, the switch of the a circuit of    is suddenly closed when the capacitor was initially empty. Calculate the voltage and the energy within both the resistor and the capacitor after 1.5 s of switch closure.
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[bookmark: _Ref104402066]Figure 4.24 Charging a capacitor
Solution 4.7.  The time constant measures ; it this is the time needed to fill 63% of the total charge .
Dividing equation (4.40) by C, one gets: .
Kirchhoff’s loop law gives the voltage in hte rersistorthe resistor as: .
EThe energy stored in the capacitor after 1.5 s is:  

EThe energy dissipated in the resistor is the integral of the power dissipated within the time interval [0-1.5], where :

Self-cCheck qQuestions
1. Complete the following sentence
A battery of 6 V emf supplies two series resistors such that the resistance of the second resistor is twice the resistance of the first. The voltage at the terminals of the first resistor measures 2 V while at the second resistor it measures 4 V.
Details: Resistors in series are traversed by the same electric current; the 6 V emf is divided between both resistors according to Ohm’s law: 

LUsing the loop law writeswe see that: 
2. Choose the correct answer
A circuit consists of a fully charged capacitor of 200 F and two resistors in parallel, each of resistance 5000 . The time constant in s for discharge measuresis:
            0.25                           0.5                            1                             2  

Details: the equivalent resistance of the two parallel resistors measuresis:

The time constant becomes: 
4.4  The mMagnetic fField
Magnet
A magnet is a solid body made from certain types of rock or metals, having the ability to attract toward itself some types of metallic objects. A magnet disposes consists of two distinct extremities: one termed the north pole (N) and anotherthe south pole (S). Two poles from the same type “repel” once they get close while two poles from opposite types “attract” once they are close. The effect of attraction/ or repulsion is quantified by the “magnetic force”; this has sameis an analogous concept as to the electric force discussed earlier in this unit. (Ohanian, 2007).
The core of the Earth behaves as a magnet where the geographic south pole is the magnetic north pole, and the geographic north pole coincides with the magnetic south pole.. On another hand, t The compass needle is a small magnet that rotates about its pivot upon the magnetic force exerted on it. This needle rotates under the magnetic force applied by the Eearth when it approaches to regions near or far from the poles of the Eearth. 
Similarly to the electrostatic field concept, a magnet develops produces the magnetic force by the medium of ‘’lines’’ permeating in its surrounding space such that, any object lies lying within those ‘’lines’’ will be influenced by the magnetic force; the ‘’lines’’ constitute the magnetic field. The lines emerge from the north pole and enter through the south pole.
Magnetism is not independent from electricity. Physicists have found that electric charges may develop both an electrical force (in static and dynamic statuses) and a magnetic force (when they are in motion). This leads to conclude the conclusion that a conductor traversed by an electric current is a source of magnetic fields; hence when the needle compass needle gets near the electric current, it deviates due to the magnetic force as depicted in Figure 4.25athe figure below on the left (Ohanian, 2007, p. 927) The magnetic field vector, denoted by  acts tangentially to circles centered on the conducting wire; its sense is determined from the right-hand rule where the thumb is oriented with the electric current sense and the curling remaining fingers determine the sense of the magnetic field. This is illustrated in Figure 4.25bthe figure below right. (Ohanian, 2007, p. 932). 
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[bookmark: _Ref104302623][bookmark: _Ref104402115]Figure 4.25 magnetic effect of an electric current (a), magnetic field lines (b)
The magnitude of the magnetic field B, expressed in Ttesla (T) in the SI system, is given by the following equation:
	

	
	(4.41)



Where  is the “permeability constant” or “magnetic constant”;  and r is the radial distance from the conducting wire.
When a charge q moves at velocity vector   within a magentic magnetic field  the magnetic force developed is given by the cross product:
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If a is the angle between the velocity and the magnetic field vector, the magnitude of the magnetic force becomes:
	

	
	(4.43)



If many electric currents are generating many magnetic fields, the resulting resultant magnetic field is the vector sum of the different field vectors related to the electric currents. This is the “superposition principle”.
Solenoid
‘’A solenoid is a conducting wire wound in a tight helical coil of many turns’’ as illustrated in Figure 4.26athe figure below on the right (Ohanian, 2007, p. 943). An electric current circulating through the coils of an ideal solenoid, produces a strong uniform magnetic field parallel to the longitudinal axis of the solenoid as shown in Figure 4.26bthe below figure on the right (Ohanian, 2007, p. 943). The thumb of the right-hand rule indicates the sense of the magnetic field while the other fingers curling about the coils of the solenoid following the same sense of the flowing electric current.Ideal solenoid: a very long solenoid having very tightly wound coils and traversed by an approximately uniform electric current
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[bookmark: _Ref104307387][bookmark: _Ref104402202]Figure 4.26 Current travelling in a solenoid's coils (a), Magnetic field in a solenoid (b)	Comment by GMP: Please correct spelling of 'traveling'.
If N is the number of wire turns, l is the solenoid’s length, and I is the electric current, the magnitude of the magnetic field is calculated by:
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This magnetic field could be increased by inserting iron or other ferromagnetic materials in the core of the solenoid. (Ohanian, 2007).
An “electromagnet” is originally a solenoid with a gap at a certain level number of coils such that one portion becomes a north pole while the other becomes the south pole. In this gap, loops or wires or other components could be inserted to be influenced by the magnetic field in order to develop other ourputsoutputs. An electromagnet may also consist of two solenoids separated by the desired gap.
Force on a wWire
A conductor wire of length L placed within a magnetic field  at an angle  is traversed by an electric current I will be subjected to a moving force  perpendicular to the plane (,) and given by:
	

	
	(4.45)



If the wire is straight and the magnetic field is uniform, the force becomes:
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Where the magnitude is calculated by:
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An extension of the wire study is a closed loop placed in a uniform magnetic field and through which a current circulates; two equal, parallel, and opposite magnetic forces will be generated at this loop, . sSince those they are separated by the loop’s width, a moment (i.e., a “torque”) will be developed on the loop to create a rotational motion. This is indeed the principle of operation of an “electric motor”, where the input is the electric current; the magnetic field is already generated by a magnet embedded in the body of the motor, and the output is simply a mechanical torque used to rotate a disk, fan, or turbine.
The mMagnetic fFlux
The concept of the “magnetic flux” is similar to the electric flux. It denotes the amount of magnetic field  piercing over an area for either an open or closed surface. The magnetic flux denotes denoted by B is expressed in the SI system in Wweber (Wb).
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For the particular case of a flat surface (the vector dA keeps maintains the same direction) and a uniform magnetic field (B=constant), the flux becomes: ,
The iInduced emf
Consider a conductor rod of length L placed within a magnetic field and moved moving at a certain velocity . According to equation (4.42), the electrons, each of charge –e,  will be subjected to a magnetic force , that is directed in-plane and upward following the right-hand rule; this is depicted in Figure 4.27the figure below (Ohanian, 2007, p. 995) where the lines of  are oriented in-plane, i.e., perpendicular to the circuit. Due to this phenomenonAs a result, the rod is now ‘’converted’’ to a source of voltage where an electric current is generated in the circuit, in which the rod can slide remaining constantly in contact with the horizontal wires of the circuit. The magnitude of the force is calculated by ; per unit charge, this force becomes equal to . The work developed by this force for each charge is the product of this force times and the distance by which the charge has been displaced, which is no other than the length L of the rod, hence . From an electric point of view, this work is no other than the electromotive force E developed in the ‘’rod-source’’:
	

	E
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[bookmark: _Ref104317654][bookmark: _Ref104402228]Figure 4.27 Generation of induced emf
The Faraday’s lLaw of iInduction
Consider a moving conductor rod of length L within a magnetic field perpendicular to its velocity vector. During a differential interval dt, the rod displaces by v⋅ dt and hence the change in area covered by the rod’s motion becomes: L⋅ v⋅ dt. The differential change if in flux is the product of the magnetic field magnitude by and the change in area, hence:

Taking in accountConsidering equation (4.49), this latter equation becomes:
	

	E
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The minus sign has been inserted according to “Lenz’s law”, which will be detailed sooner.
This latter equation represents the “Faraday’s law” for magnetic induction. It could be stated as: ‘’The induced emf along any moving or fixed path in a constant or changing magnetic field equals to the rate at which the magnetic flux sweeps across the path.’’ (Ohanian, 2007, p. 999).	Comment by GMP: Please check that you have accurately reproduced this quotation, as this is not standard English. It should read "...magnetic field is equal to the rate…" or "magnetic field equals the rate…". If the quotation is found to be as written I would recommend either using your own words or paraphrasing the author with a citation.
This law implies that by changing the magnetic flux in a one way or another, an induced emf, i.e., an “induced electric current” could can be generated. This law offers one of thea methods to of produce producing electricity upon the way by of magnetic flux variation, which can be achieved in several ways:	Comment by GMP: Please check intended meaning is retained.
· Changing the area’s path, leads to magnetic flux change.
· Changing the path’s position within the magnetic field, either by translation or rotation, leads to magnetic flux change.
· Changing the magnitude of the magnetic field, leads also to magnetic flux change.
All those these options are illustrated in Figure 4.28the figure below (Ohanian, 2007, p. 1000) for a closed -loop path.
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[bookmark: _Ref104364261][bookmark: _Ref104402255]Figure 4.28 Magnetic flux change by: moving loop (a), changing loop's size (b), rotating loop (c), changing magnetic field strength (d)
Rotating the loop in the magnetic field (Figure 4.28cthird figure above) constitutes the main concept of the “electromagnetic generators”, where the input is a mechanical torque for loop rotation, and the output is the induced electric current and hence electricity production. ‘’Small or medium-size generators are driven by gasoline or diesel engines, large-size generators at electric power plants are driven by steam turbines of hydraulic turbines.’’ (Ohanian, 2007, p. 1000)	Comment by GMP: Again, please double-check the quotation for accuracy. It should read "...by steam turbines or hydraulic turbines".
The Lenz’s law 
The induced electric current flows in the circuit in such a way to that it opposes the cause of its creation, i.e., the flux change.
This law may be explained through the example of Figure 4.29shown in the figure below (Ohanian, 2007, p. 1001)
[image: Diagram, schematic

Description automatically generated]
[bookmark: _Ref104365062][bookmark: _Ref104402286]Figure 4.29 Sense of the induced electric current
If the rod displaces to the left, the area of the closed circuit (at the right) increases, thus the magnetic flux changes by increasingincreases, hence the induced current must generate a magnetic field against the original existing one, to compensate for this increment in flux. By applying the right-hand rule, i.e., fingers curling against the applied actual magnetic field, one finds that the induced current must flow counterclockwise. InverselyConversely, the rod’s motion to the right decreases the circuit’s area and hence likewise the magnetic flux, and the induced current must generate a magnetic field in the same sense as the existing one to ‘’help’’ it regaining the decrement of flux, this which implies the need of a clockwise sense of the current. This latter scenario shows that the induced current acts against the change in flux and not against the flux itself. Finally, this Lenz’s law offers an interpretation of the negative sign in Faraday’s formula.
Inductor
Figure 4.30aThe figure below on the left (Ohanian, 2007, p. 1009) shows coil 1 traversed by an electric current I1, generating a magnetic field B1 and hence a magnetic flux B1. The existence of another coil 2 of other a different size than coil 1 leads to a change of the magnetic flux B1; according to Faraday’s law, an induced emf, i.e., an induced current I2, is then produced in coil 2.
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[bookmark: _Ref104368545][bookmark: _Ref104402308]Figure 4.30 Mutual induction (a), Transformer (b)
Coil 1 is the inductor while coil 2 is the being induced. The inverse may also happen. All in all, there is a mutual magnetic induction between coils 1 and 2. The geometry of the inductor-induced system inductor-induced (sizes, spacing, number of turns) generates a magnetic property of this system; it is termed called “mutual inductance”, denoted by M, and expressed in the SI system in Hhenry (H). The mMutual inductance represents the coefficient of proportionality between the current and the generated magnetic flux acting at the inductor:
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The induced emf at coil 2, becomes, according to equation (4.50):
	

	E2
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If the roles are inverted between the inductor and the induced, it will be sufficient to invert the indexes ‘’1’’ and ‘’2’’ in equation (4.52).
A practical application of this mutual induction phenomenon resides inis the “transformer”, depicted in Figure 4.30bthe figure above on the right (Ohanian, 2007, p. 1053), used to step-up or step-down the desired voltage at the output. The transformer consists of two coils, the primary having number of turns N1 turns and the secondary of having N2 turns, depending upon the ratio of these two numbers number of turns, the output E2 voltage maybe stepped up or down according to the following equation:
	

	E2E1⋅ 
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Additionally, an inductor may induce itself by changing any of the parameters influencing the magnetic flux through the inductor itself. According to Lenz’s law, an induced current will be generated to oppose the change of flux within the inductor itself traversed originally by a current creating the original magnetic flux; the related induced emf is then termed “back emf”. 
For the self-induction phenomenon, the property related to the inductor’s geometry is termed called the self-inductance or simply inductance,. It is denoted by L and is also expressed in Hhenry (H). Its symbol in the circuit is ([image: A black and white logo

Description automatically generated with low confidence]). The magnetic flux and the back emf expressions could be inspired derived from equations (4.51) and (4.52):
	

	
	(4.54)
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Magnetic eEnergy
Similarly to capacitors, which store electric energy, and resistors, which  dissipates thermal energy, inductors store magnetic energy.
One should start from the electric power general equation, and combine it with equation (4.55):
 
The negative sign denotes the energy ‘’lost’’ by the current within the inductor, thus the differential magnetic energy stored by the inductor writesis:

Integrating between the initial current value (I = 0) to and the final value (I=I0), the total energy stored in the inductor becomes:
	

	
	(4.56)


RL cCircuits
An RL (i.e., resistor-inductor) circuit is an electric circuit that involves comprises a resistor and an inductor in series along with an electric tension source. This is illustrated in Figure 4.31athe figure below on the left (Ohanian, 2007, p. 1015). At the start, i.e., t = 0, the electric current was I = 0. Due to the presence of the inductor, the electric current cannot increase suddenly up to its final value I0=E/R. In fact, the self-induction phenomenon developed in the coils of the inductor generate an induced current acting against the effect of the emf source,; this would ‘’slow down’’ the increment of the current in the circuit; and this latter would take a certain time period to reach its final level I0. 
According to the Kirchhoff’s loop law, the emf of the source is split between the terminals of the resistor and those of the inductor, hence:
E
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[bookmark: _Ref104384488][bookmark: _Ref104402325]Figure 4.31 RL circuit with emf source (a), RL circuit after emf source removal (b)
Dividing both members sides of the equation by R and setting  the latter equation becomes:

The solution of to this differential equation provides the profile 
of the current as a function of time. It increases exponentially as the following equation shows:
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The parameter  is termed “characteristic time”, it and is the time needed for the current to reach 63% of its final value:
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Now that the current has reached its steady value and it will never change with the time, the voltage at the terminals of the inductor vanishes, and the whole entire emf of the source will be absorbed by the resistor. 
At this stage, if the source is suddenly removed and the circuit is closed again as shown in Figure 4.31bthe figure above on the right (Ohanian, 2007, p. 1017), the resistor will dissipate the energy stored in the inductor, which will leads to a decrease of the current from I0=E/R till to 0. Applying Kirchhoff’s loop law and solving the differential equation we have:
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Application 4.8.  A wire of length 1m and weight 1 N, is part of a closed circuit out of the page (parallel to the z-axis). It is travelled traversed by a current of 6 A and immersed in a uniform magnetic field of magnitude 0.5 T. It was initially (before the current circulatescirculated) held by a vertical cable (parallel to the field lines) as shown in Figure 4.32athe figure below on the left . Calculate the angle of deviation of the holding cable with respect to the vertical once the current ist switched on.
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[bookmark: _Ref104394664][bookmark: _Ref104402345]Figure 4.32 Wire held by a cable in a magnetic field (a), FBD after current flow (b)
Solution 4.8. According to equation (4.46), the right-hand rule gives a magnetic force  in the horizontal direction oriented to the right, which justifies the FBD in Figure 4.32bin the figure above on the right. Equation (4.47) gives the magnitude of this force where  as:

The static equilibrium of the rod satisfies: .
Projecting along the horizontal axis yields: .
Projecting along the vertical axis gives: .
Eliminate T by dividing eq1 by eq2: .
Application 4.9.  A solenoid is fabricated by tightly warping wrapping tightly a 0.2 mm diameter wire into 50 coils, each of 8 cm diameter. It is then connected in series with a resistor of 10  and a 20 V battery. (i) Calculate the self-inductance of the solenoid. (ii) Determine the time needed to reach a current of 1 A and the corresponding magnetic energy.
Solution 4.9.  (i) for a solenoid, the magnetic field is uniform and longitudinal, hence has the same direction as the surface vector of the coils. Combining equations (4.44) and (4.48), one gets:  where  and .
And since  one establishes a final expression of the self-inductance as:

(ii) The characteristic time is: .
The saturation current is: .
From equation (4.57): .
The stored energy is: .
Self-cCheck qQuestions
1. Answer by true or falseTrue or False and justify your answer.
a) A charged particle moving in a plane perpendicular to a metallic rod traversed by an electric current ([image: Diagram

Description automatically generated]), experiences a maximum magnetic force. False, because the magnetic field generated by the current acts within successive planar circles centered at the rod, which is perpendicular to those circles and hence to the magnetic field. This implies that the magnetic field vector and the velocity vector are parallel, leading to a zero magnetic force.
b) In a transformer where the number of coils at the secondary is one-third of the primary, both output voltage and current are divided by three. False. The statement related to the voltage is true as per equation (4.53). However, concerning the current, the effect will be inverse to the onethat of the voltage,. tThe output current will be tripled in order to keep a constant power at both primary and secondary, equal to the product of the voltage times the current.

2. Choose the correct answer.
In an RL circuit where R = 100 , it was is found that the electric current drops by 30% after 50 s. Calculate in mH the self-inductance in this circuit.
            14                              4.15                          28                           8.3  

Details: if the current drops by 30% of its initial value, this means that it has decreased to 70% of this initial value hence I/I0=0.7. From equation (4.59), one finds the characteristic time:  = -50/ln(0.7)=140 s. And from equation (4.58), the inductance gives: L=140⋅ 10-3⋅ 100 = 14 mH.
4.5  The aAlternating cCurrent
Background
The emf sources already discussed in the previous sections deliver steady electric current in the relevant circuits; those are termed “direct current” circuits, abbreviated by as “DC circuits”, and the source is named “DC source”. However, generators and power plants produce electricity based on Faraday’s law, where the magnetic flux is changed by rotating the coils to cut the magnetic field lines. ‘’As the coil spins, the emf and the induced current oscillate sinusoidally. The emf is alternately positive and negative, causing the charges to flow in one direction and then, a half cycle later, in the other.’’ (Knight, 2016, p. 906). This emf generates then an “alternating current” (AC), which itself varies sinusoidally at the same frequency; it is abbreviated by AC current and the emf source is known as the “AC source”.Frequency: number of cycles generated per unit time. It is expressed in Hhertz, Hz (s-1)

Figure 4.33aThe figure below on the left (Knight, 2016, p. 906) shows the graphical representation of a sinusoidal alternating emf, which is expressed mathematically by:
	

	EE0⋅ 
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[bookmark: _Ref104449850][bookmark: _Ref104535759]Figure 4.33 Graphical representation of alternating emf (a), Phasor (b)
E0 is the “peak emf” or the “peak voltage” generated by the AC source; mathematically it is the “amplitude” of the sinusoidal signal. f is the linear frequency, expressing the number of cycles per second (Hz), which is equal to the inverse of the period T of oscillations.  The “angular frequncyfrequency” is a the conversion of the lienar linear frequency into radians per second (rad/s); .Period: the time needed for a signal to cover 1 complete cycle.

Figure 4.33bThe above figure on the right (Knight, 2016, p. 906) illustrates another method to represent an AC emf. This representation is termed “phasor”. It consists of a vector of constant magnitude equal to the peak emf having an origin coincident with the origin of a direct 2D orthonormal reference frame. This vector rotates counterclockwise (ccw) at a constant angular speed , hence the phase angle between the vector and the horizontal is t. The instantaneous alternating emf is found on this graphic through the horizontal projection of the phasor.
Resistor cCircuit
Figure 4.34aThe figure below on the left (Knight, 2016, p. 907) depicts an AC circuit involving solelywith just a resistor. 
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[bookmark: _Ref104461069][bookmark: _Ref104535801]Figure 4.34 AC circuit involving a resistor (a), a capacitor (b), an inductor (c)
Applying the Kirchhoff’s loop law of kirchhoff:
E
According to equation (4.60), the tension vR at the terminals ot of the resistor is sinusoidal with a magnitude VR=E0. In addition, applying Ohm’s law allows us to find the instantaneous AC current in the resistor: iR=vR/R .
	

	
	(4.61)

	
	
	(4.62)



The lastThese two expressions prove that the voltage and current signals at the terminals of a resistor are “in phase”: both vanish or pass by maxima and minima at the same instants.
Capacitor cCircuit
Figure 4.34bThe middle image above (Knight, 2016, p. 908) depicts an AC circuit involving solelywith just a capacitor. 
Applying theKirchhoff’s loop law of kirchhoff:
E
According to equation (4.60), the tension vC at the terminals ot of the capacitor is sinusoidal with a magnitude VC=E0. In addition, the charge stored in the capacitor is proportional to the voltage across it:

To find the current through the capacitor, derive the charge with respect to the time:
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The expressions of instantaneous voltage and current across a capacitor writeare:
	

	
	(4.64)

	
	
	(4.65)



‘‘The AC current of a capacitor “leads” the capacitor voltage by /2, or 90‘‘ (Knight, 2016, p. 909)
Identigfying equation (4.63) with Ohm’s law, one may define a characteristic of a the capacitor, theoreitcallytheoretically similar to the resistance, termed called “capacitive reactance” denoted by XC and expressed in Oohm (). However, it relates the peak voltage to peak current, but not the instantaneous ones.
	

	
	(4.66)


Inductor cCircuit
Figure 4.34cThe rightmost figure above (Knight, 2016, p. 913) depicts an AC circuit involving solelywith just an inductor. 
Applying the Kirchhoff’s loop law of kirchhoff:
E
According to equation (4.60), the tension vL at the terminals ot of the inductor is sinusoidal with a magnitude VL=E0. In addition, for an inductor, the voltage is proportional to the first derivative of the current:
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The expressions of instantaneous voltage and current across an inductor writeare:
	

	
	(4.68)

	
	
	(4.69)



‘‘The AC current of an inductor “lags” the inductor voltage by /2, or 90‘‘ (Knight, 2016, p. 914).
Identigying Identifying equation (4.67) with Oohm’s law, one may define a characteristic of a the capacitor, theoreitcallytheoretically similar to the resistance, termed called “inductive reactance” denoted by XL and expressed in Oohm (). However, it relates the peak voltage to peak current, but not the instantaneous ones.
	

	
	(4.70)


The sSeries RLC cCircuit
It The series RLC circuit consists of a resistor, inductor, and capacitor mounted together in series and connected with to an AC emf source within a closed circuit. Figure 4.35aThe leftmost figure below (Knight, 2016, p. 914) shows the RLC series circuit.
The instantaneous current circulating in all the components of the circuit is the same, i.e., i = iR = iL = iC while the voltage of the source is distributed between the three components: E = vR+vL+vC. The phasor construction of this latter equation is illustrated in Figure 4.35b-dbelow. (Knight, 2016, p. 915)
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[bookmark: _Ref104480061][bookmark: _Ref104535830]Figure 4.35 RLC circuit (a), Phasor of the current (b), Phasor of voltages at R, L and C (c), Resultant voltage (d)
As a first step, since the current is the same within R, L, and C, draw its phasor of peak value I in the planar frame reference (Figure 4.35bsecond image above). The next step consists of drawing the phasor of the voltages (Figure 4.35cthird figure above):. aAcross the resistor the voltage and the current are in phase, across the capacitor the voltage lags the current by /2, while the inductor’s voltage leads the current by /2. Finally, the resultant of the three voltages’ phasors represents the emf of the source, which is shifted by a phase angle  from the current (Figure 4.35dfourth figure above). This angle is counted considered positive when it curls ccw from the current phasor to the voltage phasor. In the drawn phasor diagram, VL was assumed to be greater than VC,  which has resulted in a positive phase angle, ; however, the inverse scenario might occur leading to a negative phase angle. All in all, the possible values of  lie between -/2 and +/2.
The expression of the instantaneous current could can be written as:

Applying the Pythagorean theorem to the right-angle triangle in Figure 4.35dthe rightmost image above yields:
E0
	

	E0
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This latter equation compared to the OOhm’s law leads to deduce the deduction that the amount multiplying the current is equivalent to a resistance; this amount physically involves physically a resistance, inductive, and capacitive reactances. This amount is termed called “impedance”, and is denoted by Z and expressed in Oohm ().
	

	
	(4.72)



From theUsing trigonometry in on the the right-angle triangle in Figure 4.35dthe rightmost figure above one may determine the expression of the phase angle as:
	

	
	(4.73)



The voltage peak across the resistor is easily determined as:
	

	E0
	(4.74)



Resonance
Equation (4.71) shows that at very low frequencies,  and  leading to very low values of the peak electric current. Additionally, at very high frequencies,  and  meaning also very low values of peak current are measured. This means that for a moderate particular value 0 of  the peak current passes by its maximum; this happens for a minimum impedance. Since this latter consists of the sum of two squared amounts where one of them is constant and independent of the frequency, the only option way to minimize the impedance is by vanishing the other amount depending on the frequency. This phenomenon is termed “resonance” and 0 is the “resonant frequency”. In that case Imax = E0/R.
	

	
	(4.75)


The Pphenomenon of resonance maximizes the delivered electric current from the source and hence the power geenrated generated by this source; for small resistance values in the circuit, the current’s increment is favorisedfavored. ‘‘Resonance circuits are widely used in radio, television, and communication equipment because of their ability to respond to one particular frequency. ‘‘” (Knight, 2016, p. 917). It should be noticed that electric current is almost worldwide generated by power plants at a frequency of 50 Hz.	Comment by GMP: Please check the intended meaning is retained. "Favorized" is a rarely used word, so I replaced with the more common "favored", but I'm not sure that that is what you intended because I'm not sure how  an increment is favored in this case.	Comment by GMP: A sizeable portion of the world use 60Hz, so it might be misleading to say "almost worldwide".
Average pPower
Since in AC circuits both emf and current are instantaneous, the power supplied by the source Psource = i⋅ E is also instantaneous. One is interested by We shall examine the “average power” dissipated of or stored in each of the electric components in an RLC circuit.
In the resistor, the average power dissipated per cycle is determined by:
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For the capacitor and the inductor, repeating the same integration calculations for instantaneous powers pC=iC⋅ vC and pL=iL⋅ vL respectively, one obtains zero average powers for both: PC=PL=0.
Going back to equation (4.76), one may write: . Identifying with the DC circuit power equation, one may conclude that a DC current equivalent to the peak AC current over  dissipates the same power in the same resistor. Mathematically speaking, one may write  , which represents the square- root of the average squared current; this is no other than is the root-mean -square current Irms. Similarly, one may define the root-mean -square of the following quantities:
Irms = IR/ ;   Erms = E0/;   Vrms = VR/.
It should be noticed that rms values are the values measured by voltmeters, ammeters, and multimeters. Peak values are obtained by multiplying the measured values by .
The average power lost within the resistor could can be reformulated as:
	

	
	(4.77)



The average power supplied by the source when the circuit involves solely a resistor becomes:
	

	Erms
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Power fFactor
Equation (4.78) applies for a purely resistive circuit, however, when an inductor and a capacitor are involved in the circuit, the phase between the voltage and the current influences the power supplied by the source; ‘‘ the current and the emf aren’t pushing and pulling together, the source delivers less energy to the circuit.‘‘ (Knight, 2016, p. 920). 
The integration calculation is the same as done earlier for the resistor:
E⋅ dt,  where  and E=E0
	

	Erms⋅ 
	(4.79)



The term  in this latter equation is termed the “power factor”. It reflects the energy lost due to the phase angle between the current and the voltage. Mathematically,  means that the theoretical full power deliverddelivered by the source is decreased. As long as the power factor gets closer to the unitone, the level power level supplied by the source improves. The best two best scenarios leading to ,  and thus full power supply, occur either at resonant frequency, or when capacitive and inductive reactances cancel each other out. For this reason, huge industrial motors used in factories which that have an inductive electrical structure due to existance the use of electromagnets in their morphologies design are connected to large capacitors on the transmission line in order to get a power factor, the closest as close as possible to the unityone.
Application 4.10. An AC source delivers an electric tension of (V) to a series RLC circuit where R = 4 ; L = 39.8 mF, and C = 0.497 mF. Calculate the rms current, the peak voltages across each component, and the average dissipated power in the resistor.
Solution 4.10. Calculate first the capacitive and inductive reactances:

The impedance is: ; Peak current: 
The rms current is: 
Peak The peak voltages are: ; ; .
AThe average power in the resistor is: .
Self-cCheck qQuestions
1. Complete the following sentence
An AC source delivers an electric tension of (V) to a series RLC circuit where R = 20 ; L = 50 mF,  and C = 100 F. The expression of the current circulating in the circuit is  , while the average power supplied by this source measures 746.1 W.
Details: The impedance is: 
The phase angle is: 
The current peak is: 
The expression of the current becomes: 
The power factor is: 
The average power supplied is: 
2. Choose the correct answer
The peak emf delivered by an AC source measures 50 V to an RLC circuit consisting of R = 20 ; L = 160 mF,  and C = 100 F. The resonant frequency in Hz measures:
            16                              625                          250                           40  

Details: 
Summary
A charge is the ability to repel a similar entity or to attract an opposite one located at a known distance. This is achieved through an electrostatic field, permeating through the surrounding free space of the charge. In an atom, electrons carry negative charges and protons positive ones, with all charges being equal in magnitude. The energy developed by charges under electrostatic forces is the potential. A group of negative charges is gathered together and separated from another gathered group of positive charges, create a potential difference or voltage or electric tension; this property pushes electrons to flow throughout the conducting material, generating an electric current. Normally this current flows steadily in the circuit, it and is known as direct current (DC).
A conductor rod traversed by an electric current has the ability tocan attract some metallic materials: in fact, a magnetic field is generated around the rod. This field is generated in higher strength through a solenoid consisting of many tightened coils. Magnetic field lines piercing any physical surface develop a magnetic flux. The rate change in magnetic flux leads to the creation of an induced emf, hence to an induced current, acting to oppose to this flux change. This is Faraday’s law, the basis of electricity production based on magnetism. A particular change of in flux may occur by rotating a closed loop within a uniform magnetic field; this generates an oscillating emf and current, this latter is  known as alternating current (AC).
Three main components are used in circuits, : a resistor dissipating power, a capacitor storing electric energy, and an inductor storing magnetic energy. The existence of inductors and capacitors in an AC circuit decreases the average power supplied by the emf source due to the lag between instantaneous current and voltage.


Unit 5 – Vibration tTheory and Waves

Study Goals

On completion of this unit, you will be able to …
· … calculate the natural frequency and the response of a free vibrating system.
· … determine the steady state response of a forced vibrating system.
· … understand the concept and types of waves and their propagation. 
· … deal withapply the superposition of waves.






5. Vibration tTheory and Waves
Introduction
[bookmark: _Hlk115177106]Energy does never disappears. It converts constinuouslycontinuously from a one form to another, or maybe it even switches back -and -forth, and thus alternately between two distinct forms, namely between kinetic and potential form. This alternating switch will lead to a repetitive motion, termed “vibrations” or “oscillations”.  In some applications,, repetitverepetitive motion is requested required, like pistons strokes in internal combustion engines cycles or like repetitive cycles of motion of a kid child in a swing, . bBut in others other applications, this phenomenon is to be avoided, such as oscillations of a diesel engine on its chassis, or vibrations of a car’s steering wheel at a certain speed of the car’s engine.
The first half of Tthis unit is devoted in its first half to the discussion and analysis of discuss and analyze vibrating motions of single coordinate systems, to establish the equation of motion and deduce the natural frequency and response, and also to study the system’s behaviour under an external harmonic force. This analysis helps at definingto define the status of the system and thus to conclude abouthelps us decide whether a design should favorizing or not the vibrating motion or not, upon application.
The second half of the actual unitsthis unit, consists in dealingis concerned with waves in general, knowing that oscillations consitiuteconstitute a particular case of mechanical wave signals. Longitudinal and transverse waves will be discussed, also the speed of wave propagation of waves depending upon type, as well as the Doppler effect when the wave source and eave wave detector are displacingmoving relative to each other. Finally, operations on multiple waves, particularly the superposition of waves, will be the last topic in this unit.



[bookmark: _Ref104716517]5.1 Free oOscillations
Fundamentals of vVibration
By definition, A “vibration” is a motion that repeats itself within a well-determined interval of time. It is also termed called an “oscillation”s. (Rao, 2011). Originally, vibration motion results from an alternating switch between kinetic and potential energy. This concept could can be illustrated by the example of a kid child on a swing. The vertical position is the position of equilibrium, and it is the lowest height of the seat, thus at this position, the potential energy of the gravity is zero. Initially, when one of the parents pulls back the swing’s seat (certainly the kid is on the seat) but is still holding it, the potential energy at this position is maximum since the seat is at maximum height, but the kinetic energy is zero since its velocity is nil zero (seat held by the parents). Once released, the seat’s height decreases leading to a decrease in potential energy, at the same time the kinetic energy is increasing thanks due to the velocity increase; passing by the vertical position, the potential energy vanishes while the kinetic energy passes by its maximum. The swing after that will then continue its motion by going up beyond the vertical position, the velocity and hence kinetic energy decreases while the height, and thus the potential energy, increases again, until the last highest point where the height is maximum and the velocity vanishes; in the absence of energy loss, this energy switch, and thus repetitive motion, continues. Since the mechanical energy is constant, the amount of kinetic energy lost is converted into potential energy and vice-versa. Oscillations are said to be “undamped” in that case. In case there is a source of any energy loss (wind effect, friction at the pin of the swing…, etc.) amounts of this mechanical energy are lost progressively from cycle to cycle, thus the displacement decreases until the motion dies out after many cycles. This is the case of “damped vibrations”.Dashpot: cylinder-piston system containing a viscous fluid to dampen the piston’s translation motion ([image: ])

In conclusion, tThe analysis of a vibrating system is complicated; for this reason, idealized models of those systems are employed. Any vibrating system could be modelled by connections of three types of elements: elements storing potential energy modelled by a “spring”, elements storing kinetic energy modelled by a “mass” or an “inertia”, and elements leading to energy loss modelled by a dashpot or “viscous damper”. It should be noticed that there are many sources of energy loss (dry friction, hysteretic damping, etc.…), however, in the scope of this textbook, only viscous damping will be considered. Hysteretic Damping: energy dissipation within the macromelecules macromolecules of a damping material (rubber, silicon, etc.…) due to movement of those chains from a one position to another.

A linear viscous damper, is characterized by a property termed called “damping constant” denoted by c and expressed in N.s/m or kg/s. It develops a “resistant force” against the motion, proportional to the net velocity at the dashpot’s terminals: . The concept of this force is similar to the force in the linear spring, this latterwhich is proportional to the net displacement at the spring’s terminals: .
Oscillations are said to be “free” when the system vibrates to on its own, without any external source, like a swing given only an initial push without any extra force during the motion. Oscillations are said to be forced, when at each cycle of vibration extra external energy is supplied, like the parents who pushes the kid child in the swing at each back -and -forth moving cycle.
Dynamic aAnalysis
When only one coordinate is sufficient to locate the position of the vibrating system at any instant t, the system is classified as a “single degree of freedom system” (SDOF). 
[image: Diagram
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[bookmark: _Ref104627529][bookmark: _Ref104793384]Figure 5.1 Undamped system status: static (a), dynamic (b); Damped system: dynamic (c), FBD (d)
The mathematical relationship between this coordinate and its time derivatives is termed “equation of motion”. The solution of this differential equation is termed called the “response” of the system. Figure 5.1a-bThe first two images in the figure above (Rao, 2011, p. 132) illustrate the force analysis of a classical, undamped spring-mass classical system while a damped system analysis is depicted in Figure 5.1c-dthe two images to the right (Rao, 2011, p. 159). The degree of freedom is the vertical translational coordinate denoted by x for dynamic motion. When the block of mass m is hung on the spring of initial length l0, and before any vibrating motion, the spring deflects by a static amount denoted st. The position of static equilibrium will be always be the reference line from which the dynamic coordinate x is measured. 
Static equilibrium, for both undamped and damped systems is the same, since the viscous damper effect depends on the velocity, being which is zero in static statuscases:

Undamped oOscillations
For undamped cases, apply Newton’s second law, where the spring’s force acts against the acceleration of the block:

Replacing Substituting the static equation into this latter one, the final “equation of motion” writescan be written:

One may remarkNote that in dynamic motion, the weight as a force does not act come into play since it is balanced by the static tension of the spring. This It is extremely important in the analysis, not to include the weight in the dynamic calculations each time a static component cancels it out.
, the solution of this differential equation is either a cosine (or sine) function, and hence the response of a free vibrating system is harmonic. 	Comment by GMP: Is something missing here?
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Harmonic motion: repetitive motion where the displacement is proportional to the acceleration. Mathematically, this is satisfied by a sine or cosine expression.

The quantity n denotes the angular “natural frequency” of the system, expressed in rad/s. It defines how many angular cycles in radians the system oscillates in a unit of time. The “linear frequency” fn=n/2 is the linear natural frequency: the number of cycles oscillating in a unit of time, expressed in Hhertz (Hz). The natural frequency is found by replacing substituting one of the expressions (5.1) into the equation of motion, to find:
	

	
	(5.2)


 
A denotes the “maximum displacement” covered by the system during vibration; it is termed called the “amplitude” of oscillations. or 0 denotes the “time shift” between the time origin and the first time the system passes by the equilibrium reference (x=0) for a sine motion, or the first time it passes by the maximum value (x=A) for a cosine motion; however, mathematically it is converted into an angular amount for unit compatibility, it and is termed “phase angle”. 
If the natural frequency is a function of the configuration of the system (mass and stiffness only), the amplitude and the phase angle depend on how the oscillations have been triggered; in other words, they depend on the values of the displacement and the velocity at the start of the motion, i.e., at t = 0; those two values are termed “initial conditions” (IC), i.e., . Replacing Substituting those two IC values into one of the equations and taking its first time derivative, one determines the amplitude and the phase angle and hence the response of the system. 
It is worth fFinally, it is worthwhile to define the natural period n of oscillations by the time (s) needed to cover one complete cycle: 
	

	
	(5.3)



 All the aforementioned parameters are shown on the graph of the undamped response in Figure 5.2athe figure below on the right (Rao, 2011, p. 136).
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[bookmark: _Ref104634142][bookmark: _Ref104793436]Figure 5.2 Undamped response (a), Damped responses (b)
Damped oOscillations
Comparing to the undamped equation of motion, only  We will now examine the damping force developed by the viscous damper (Figure 5.1dsee the rightmost figure at the beginning of the Dynamic Analysis discussion) will be added:	Comment by GMP: Please check intended meaning is retained. I am not entirely sure of your phrasing.

The general solution in that this case writescan be written: : where  . The response is harmonic when the power s of the exponential in the solution is complex exclusively since it that is the only possible case where the exponential generates a cosine and a sine, ; while if the power is real, the response is not harmonic. Mathematically speaking, the quantity under the radical must be negative to lead to a harmonic response, thus the particular value of the damping constant c that vanishes the radical in  is termed called the “critical damping constant” cc calculated by:
	

	
	(5.4)


We then define a dimensionless parameter termed the “damping ratio” .
When c<cc (i.e., <1) the damped response is harmonic since the power s becomes complex, and the vibrating system is classified as “underdamped”. When c=cc (i.e., =1) the damped response is not harmonic, and the vibrating system is classified as “critically damped”. When c>cc (i.e., >1) the damped response is not harmonic, and the vibrating system is classified as “overdamped”. In those two latter cases, the motion is “aperiodic” and the displacement dies out after a certain time, even without oscillations as depicted in the graph of Figure 5.2bfigure above on the right (Rao, 2011, p. 163). The scope of the present document is limited to the underdamped response expression.
	

	

	(5.5)



One may remarkNotice that two main differences exist between undamped and underdamped responses: (i) Tthe underdamped amplitude is not anymoreno longer constant; it decreases exponentially from cycle to cycle, and (ii) Tthe frequency of oscillations is not anymoreno longer n, it is a new frequency termed called the damped frequency of oscillations d., obviously  This frequency is less than n due to the damping constant, and indeed it is actually equal to n but also modified by a factor depending on  as shown in equation (5.6). The graphical comparison is illustrated in Figure 5.2bthe figure above on the right (Rao, 2011, p. 163). The initial amplitude and phase angle are found from the ICs similarly toas in the undamped case.
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One may mention aAs an example, the rubber pads placed between the diesel engine and the chassis, those modelled as act as a spring-damper, in order to; they reduce the vibrating amplitude of the engine in the form of an underdamped motion. On another sidethe other hand, the hydraulic piston-cylinder placed at the top of some offices doors have has the role to of dampening their closure in ‘’one shut’’, ; this is an aperiodic damped motion, or in other words, an overdamped motion.
Remark: For undamped systems, one could have applied the principle of conservation of energy as an alternative method of Newton’s law to establish the equation of motion.

Spring-mass system: ; 
Replacing the derivatives of the energies in the conservation equation and simplifying by  one again finds again the equation of motion.
Application 5.1. A block of mass 1 kg connected to  a 
spring of stiffness 1000 N/m is given an initial angular displacement of 3mm. Determine the response of the oscillations.
Solution 5.1. 
NThe natural frequency of the system is: 
HThe harmonic motion is: 
VThe velocity is: 
IC: 
      . From (eq1), 
(eq1) gives  , thus the response:



Application 5.2. A block of mass 5 kg is connected to a spring of stiffness k=500 N/m and a viscous damper of constant 50 kg/s. Calculate the period of damped vibrations.
Solution 5.2.  The undamped natural frequency is: 
The critical damping constant is: 
The damped frequency is: 
The damped period is: 
Self-cCheck qQuestions
3. Consider the plot of free oscillations of in Figure 5.4the figure below. Deduce the following quantities if it is a cosine function:
[image: Chart, line chart
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[bookmark: _Ref104713397][bookmark: _Ref104793487]Figure 5.3 Free oscillations graphical representation

Period: 1 s        ;            Linear frequency:   1 Hz      ;   Angular gfrequency:   2 rad/s        
Amplitude:  4 cm        ;   Phase angle:  -/5 rad        ;     Initial velocity: 14.77 cm/s
Details: From the graph, the duration separating two consecutive positive (or negative) peaks measures 1 s, this is the period. By inverting the period, one gets the linear frequency of 1 Hz. Multiplying this latter by 2, the anglualr angular frequency is obtained. The maximum ordinate value of the plot denotes the amplitude, 4 cm. Moreover, looking at t=0, x0 = 3.236 cm, and mathematically, x0=4cos, thus the phase angle  . 
Since the slope at t=0 is positive, the initial velocity is positive, and mathematically,  must be positive, which implies that the sine amount must be negative hence =-/5 rad.  This gives .
4. Answer by true or falseTrue or False and justify your answer
A spring-mass-damper system of configuration (k=1000 N/m; m=2.5 kg; c=100 kg/s) is a critically damped system. True, since the critical damping constant is equal to the real damping constant c involved defined in the system.

5.2 Forced oOscillations
This vibration phenomenon occurs when an external excitation, either a force or a displacement, is applied to the system. As stated earlier, when a mother pushes its her kid child on a swing, at each cycle, she exerts an external force, hence the oscillations of the swing are “forced”. The external force, i.e., the moment for a rotation or torsion, may be of any form., Hhowever, the present course is limiting the study to a harmonic external excitation which is expressed mathematically as:  or . The amplitude of this force is F0 , which is constant during the whole entire motion, while its frequency is , and is completely independent of n, the natural frequency of the system subjected to this force.
Considering the general spring-mass-damper system, the equation of motion writescan be written as:

. Mathematically, the general form of the steady state response solution of this latter equation is written as:

Where the amplitude X and the phase angle  between the force (i.e., input) and the displacement response (i.e., output) are constants of the system  and are determined by replacing substituting x(t) in the equation of motion. We present below the result of this differential equation, which the reader is invited to verify. Detailed calculations go beyond the scope of the present document;.
	

	
	(5.7)
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Where:
· The “static displacement” of the system is denoted by  , which designates the displacement of the system when the external excitation is theoretically applied steadily through its amplitude F0, without any oscillations.
· The frequency ratio is denoted by  , which designates represents the ratio between of the exciting frequency over to the natural frequency of the system.


One may notice the following points concerning the two latter relationships:
· X and  depend only on the configuration of the system (i.e., mass, stiffness, and viscous damper), the amplitude, and the frequency of the exciting harmonic force.
· For a moderate constant exciting frequency (i.e., r = constant), the displacement amplitude X decreases as long as the amount of damping (i.e.,  level) increases; at the same time the shifting (i.e., phase angle) between the force and the response increases. This observation is expected since increasing the damping amount leads to more energy absorption hence a decrement in displacements and a delay in time. Thus the viscous damper controls then the behaviour.
· At very low frequencies (i.e., ), the displacement amplitude tends to a constant value no other than equal to the static displacement while . In that case, the stiffness contribution dominates the behaviour, since the spring element keeps force and displacement in phase (i.e.,  = 0).
· At very high frequencies (i.e., ), the displacement amplitude decreases and tends to 0, while . In that case, the mass contribution dominates the behaviour since at high speeds the inertia effects become more pronounced; indeed, the mass element keeps the inertia (i.e., acceleration) out of phase from the displacement (i.e.,  = ).
· When the exciting frequency equals the natural frequency (i.e., r = 1) the phenomenon is termedthis is called “resonance”. The amplitude X will be controlled by the amount of damping since . As the amount of damping decreases, the levels of X increases. The most dangerous case occurs when the system is totally undamped (i.e., ), . In practice, tThis infinity displacement means in practice a failure or a fracture of the system. One may cite the collapse of the famous Tacoma Narrows Bridge in Washington on nNovember 7th, 1940 due to wind-induced vibration resonance. (Rao, 2011). In resonance cases, and for either undamped or damped systems, the phase angle .
· At a well-known amount of damping (i.e.,  = constant), the exciting frequency that maximisesmaximizes the amplitude is found by  , which deliversyields:	Comment by GMP: I'm not sure "well-known" is the right choice of word here; if the damping ratio is constant the amount of damping should be "consistent"; is that what was intended?
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Monotonic function: a function that increases or decreases continuously, thus its derivative does not vanish, i.e., is never zero.

Equation (5.9) shows that the maximum exists only for ,  otherwise  X decreases monotonically when as the frequency increases. The same equation shwos also shows also that for the damped case, the maximum does not occur at resonance, but nearly just below. As long as the damping level decreases, the maximum gets closer to the resonance. This maximum amplitude is an important aspect to be considered since it represents, for many applications, a critical case that should be avoided as much as possible. 

Practically, forced oscillations exist in many applications., oOne may cite oscillations that are may be transmitted to the ground due to a vibrating pump or an engine placed on the floor without isolation. tThis transmitted displacement may cause damage to other systems placed on the floor or even disturbance down through to the floor itself. Also iIn washing machines, when the laundary amount gets excentricis spread non-uniformly within their cylindrical housing, at a certain speed, the washing machine can vibrates considerably suchso vigorously that it may move from its original position.
Application 5.3.  A trailer of mass 4 kg is connected to a dashpot and a spring of stiffness 250 N/m and subjected to a harmonic external force:  as shown in Figure 5.5athe figure below. cCalculate the value of the damping constant that ensures maximum displacement and then calculate then this maximum.
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[bookmark: _Ref104725382][bookmark: _Ref104793523]Figure 5.4 Trailer-spring-damper: system (a), FBD (b)
Solution 5.3.  . Applying Newton’s second law for translation (Figure 5.5bsee figure above, right):


The natural frequency is calculated as: 

From equation (5.9):
The critical damping constant is: 
The damping constant is: 
The static displacement is: 
From equation (5.10): 
Self-cCheck qQuestions
1. Choose the correct answer
What should be the damping ratio be of a spring-mass-damper system in order to achieve, at resonance, an amplitude equal to the static displacement increased by 60%?
            0.833                         0.3125                       0.625                      0.25  

Details: at resonance, 
2. Answer by True of False and justify your answer
a) The phase angle of an undamped system subjected to a harmonic excitation is always 0. False, because according to equation (5.8), if the system is undamped, then ,  meaning that  is 0 only if the denominator is positive (r<1), but it is equal to 180 if the denominator is negative (r>1).
b) If  the static displacement coincides with the maximum displacement. True, because replacing substituting  in equation (5.10) one obtains . One may also find this result, by replacing substituting this value into equation (5.9), where one gets  meaning that the maximum occurs when the excitation acts with its static magnitude force F0 leading to the static displacement 0.
5.3 Waves
Definition and cCategories
A wave is a the propagation of any type of disturbance throughout a medium in a repetitive, arranged, and progressive manner.
When a small rock falls into the water of a pond, a disturbance has been generated; once sees it propagating to cover a considerable part of the water surface in the form of concentric circles, with progressively increasing diameter.
One may distinguish three main categories of waves:
· “Mechanical waves”, are triggered by an initial physical effort pulse such as a sound wave and or seismic wave. They propagate in material media. (Walker, 2014)
· “Electromagnetic waves”, propagate through a vacuum at constant speed c = 3⋅ 108 m/s thus they do not need any physical medium. One may citeExamples include ultraviolet light, radio waves, and X-rays as examples. (Walker, 2014)
· “Matter waves”, those propagate at atomic and molecular scales; they are primarily applied especially in high technology fields. (Walker, 2014)
Transverse and Longitudinal wWaves
When the a wave propagates perpendicularly to the travel line of travel, it is classified as transverse. One may cite the example ofAn example is the sea wateran ocean wave, which propagates along the string but at right angles with respect to the string’s lineline of travel (i.e., the waves move up and down perpendicular to the direction of the wave’s travel). (Figure 5.6)
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[bookmark: _Ref104825588][bookmark: _Ref104825757]Figure 5.5 Sea water transverse wave
When the wave propagates parallel to the travel line, it is classified as longitudinal. A Ssound wave that travels through the air, propagates in a longitudinal direction where air molecules collide one with each other. (Figure 5.7)
[image: Scatter chart

Description automatically generated with medium confidence]
[bookmark: _Ref104825643][bookmark: _Ref104825827]Figure 5.6 Longitudinal sound wave
Mathematical fFormulation
An ideal transverse wave is assumed to have a sinusoidal propagation. One is interested mathematically in evaluating the height of a point on the wave at any instant t travelling along a one one-dimensional space variable (i.e., abscissa x). The mMulti-axial waves do not belong toare not within the scope of this manuscript. The general sine formulation of the height (i.e., ordinate) of any point one the wave writesis written:
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[bookmark: _Ref104830154][bookmark: _Ref104829883]Figure 5.7 Snapshot of a transverse wave at a known instant

Figure 5.8The figure above is not technically a plot in practice; it is simulated as a snapshot taken at a certain well determined instant during the wave propagation. An active graph is considered when a certain well-knowngiven point is considered (x = known value) and the evolution of its ordinate y is plotted with respect to the time. Mathematically, Figure 5.8the figure above has been obtained by replacing t by with its known value t0 in equation (5.11) and ‘‘plotting‘‘” y(x,t0).
It is worth to defineing some wave’s characteristics:
· Each of the top points ‘a‘ and ‘d‘ (and all similar ones) in Figure 5.8the above figure is termed called a “crest”. 
· Each of the bottom points, such as point ‘e‘ is termed called a “trough”. 
· The maximum ordinate of a point on the wave is the “amplitude” ym, meaning that the vertical distance from crest to trough measures 2⋅ ym. 
· The distance between two consecutive crests (i.e.,or two consecutive troughs) is termed the “wavelength”, denoted by . 
· The number of wave “cycles” (crest-trough-crest) covering a unit length, is termed called the wave number; it is no other than 1/.
· The “angular wave number” k (rad/m) (in equation (5.11)) becomes then:
	

	
	(5.12)



· The time needed for a crest point (i.e.,or trough) to reach the location of the next crest (i.e.,or trough), is knwon known as the “period”, denoted by T.
· The number of crests (i.e.,or troughs) passing by a fixed point per unit time defines the linear frequency of the wave and is denoted by f=1/T expressed in Hz.
· The “angular frequency” (rad/s) (in equation (5.11)) becomes then becomes:
	

	
	(5.13)



· The “phase constant”  is an angular value representing the space shift of the wave from the origin. A positive phase constant shifts the wave to the left, while a negative value shifts it to the right.
Speed of pPropagation
Figure 5.9The figure below (Walker, 2014, p. 397) shows two snapshots at two different instants separated by t. Any point A on the wave displaces by x during t. The velocity v=dx/dt (or x/t) represents the “speed of propagation” of the wave.
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[bookmark: _Ref104834226][bookmark: _Ref105005411]Figure 5.8 Wave propagating at a velocity v
Since the ordinate y of A remains the same during the propagation, this means that the argument of the sine expression in equation (5.11) is constant:

	

	
	(5.14)



It should be noticed that the argument  applies if the wave is moving rightwards, hence in a positive x-sense. If it moves leftwards, i.e., towards in a negative x-sense, one has tomust replace t by –t , thus the sine expression of the wave becomes .
Application 5.4.  A propagating wave is given by: , with time being measured in seconds. Calculate the wavelength, the period, the speed of propagation, and the maximum transverse speed (rate of change of the transverse displacement).
Solution 5.4.  Wavelength:  ; period: 
Propagation speed: 
Transverse velocity: 
Self-cCheck qQuestions
1. Answer by true or falseTrue or False and justify your answer
a) A wave of wavelength 1 m propagates slower than a wave of wavelength 10 cm. False since the speed of propagation depends also depends on the period of the wave; maybe perhaps the period of the first wave is more than 10 times less than the second wave, this leadswhich would lead to a faster propagation of the first wave.
b) The linear oscillation of a spring is a longitudinal wave. True, since the displacement of any point on the spring occurs parallel to the main axis of the spring’s coils.
c) The value of the phase constant does not influence on neither the speed of propagation nor the maximum transverse speed. True, since the speed of propagations depends on the wavelength and the period, while the maximum transverse speed depends on the amplitude and the period.
5.4 The Doppler eEffect
The starting device from which a wave is emitted, is termed called the “source”. Any device that receives this wave is termed called a “detector”. 
If one takesConsider an the example of the a sound wave, emitted from an ambulance siren as the source which is an ambulance siren and detected by the ear of any person. If the ambulance is parking parked at a fixed position waiting for the patient with its siren switched on, it will be detected at a constant frequency by the detecting ear of a person standing on the balcony of another building located at 100 m from the where the ambulance parkingis parked. When the ambulance moves forward, the distance with the person on the balcony gets and closer to the building, this latter the person on the balcony will detect the siren’s sound at a higher frequency. Once the ambulance passes in front of the balcony and continues its pathjourney, it will be moving away from the personbuilding, so the person on the balcony; this latter will hear the siren’s sound at a lower frequency. 
The “Doppler effect” is a principle that evaluates the frequency of a wave when either the source, or the detector, or both, move towards each other or away from each other. This effect carries the name of the Austrian scientist Johann Christian Doppler. It states that the wave’s frequency shifts upward when the source and the detector move towards each other, while it shifts downward when they move away from each other. (Walker, 2014)
f denotes the original frequency of the source’s wave, v is the speed of propagation of the wave in a medium, vS is the relative speed of the moving source with respect to the medium, vD is the relative speed of the moving detector with respect to the medium. (Walker, 2014) The new frequency f’ is calculated by:
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The choice between the positive and the negative sign in the numerator and the denominator separately has tomust be taken into account such that a “toward motion shifts up” the new frequency while an “away motion shifts down” the new frequency. (Walker, 2014)
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[bookmark: _Ref104921901][bookmark: _Ref105005499]Figure 5.9 Fixed source, moving detector (a), Moving source, fixed detector (b)
Two particular scenarios illustrated in Figure 5.10the above figure (Walker, 2014, pp. 444-445) will be analyzed by equation (5.15). The original wavelength of the sound is expressed as . In Figure 5.10athe figure on the left, the source of the sound wave is stationary, i.e., vS=0, while the ear detector is moving at a speed vD toward the source, meaning that in the numerator the positive sign should be kept in order to shift up the frequency:

This latter equation shows that, in that this case, the increment of the new frequency is due to the increase of the new speed of propagation increasing from v to v+vD, while the wavelength have has not been changed by the motion of the detector.
In Figure 5.10bthe figure above on the right, the ear detector of the sound wave is stationary, i.e., vD=0, while the sound source is moving at a speed vS (shown by the instantaneous positions Si) toward the detector, meaning that in the denominator the negative sign should be kept in order to shift up the frequency:

This latter equation shows that, in that this case, the increment of the new frequency is due to the decrease of the wavelength from to ’(i.e., the Wwavefronts Wi get closer), while the speed of propagation have has not been changed by the motion of the source.	Comment by GMP: Note that you have not yet formally defined "wavefront".
Application 5.5.  The A police car siren emits originally a sound wave at a frequency of 1000 Hz. If the police car moves at a speed of 90 km/h toward another car moving in the same sense at 72 km/h, calculate the frequency sensed detected by the persons in the second car. The speed of the sound wave measures 343 m/s.
Solution 5.5.  The Sspeed of the source is: vS = 90/3.6 = 25 m/s.
SThe speed of the detector is: vD = 72/3.6 = 20 m/s.
Since the source is moving toward the detector, its effect must be increaseincreasing the frequency; being in the denominator, one must select the minus sign. The detector is moving away (the second car is travelling in the same sense as the police car), so its effect must be decreasingdecrease the frequency; being in the numerator one must assign then the minus sign. Applying equation (5.15):

Self-cCheck qQuestions
1. Complete the following sentence
The maximum increase or decrease in the frequency occurs when the source and the detector move in opposite senses. One cannot tell aboutdetermine a general tendency of frequency change when they move in the same sense.
2. Choose the correct answer
In the air, the sounds speed of sound is 343 m/s. A sound source of 750 Hz frequency moving at 43 m/s toward a sleeping person, emits a wavelength (in cm) of:
            51.5                           20                             40                            25.75  

Details: the detector is stationary, while the source moves toward the detector, meaning that its speed should be subtracted from the propagation speed to increase the frequency, hence the wavelength becomes: ,
5.5 Interference
When two or more waves propagate in the same medium and through the same points, they do overlap, however but they do not alter each other’s the travel paths of each other (Walker, 2014). Instead, they instead add algebraically to generate a “resultant wave” or “net wave”. This phenomenon is termed called “superposition”.
For two waves  and  of the same wavelength and same frequency, the net wave y(x,t) is determined from the algebraic addition at each instant for the same point:
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[bookmark: _Ref104981499][bookmark: _Ref105005525]Figure 5.10 Phasors of two waves (a), Net wave phasor construction (b)
The net wave could can be written as . The unknowns ym and  are found by phasors construction. Figure 5.11aThe figure above on the left (Walker, 2014, p. 412) shows the phasors representations of the original waves y1(x,t) and y2(x,t) shifted by .  The phasor of the net wave is the vector sum of the two original phasors as illustrated in Figure 5.11bthe above figure on the right (Walker, 2014, p. 412). The unknowns are calculated from the generalized Pythagorean theorem (replacing setting  and the sines theorem:	Comment by GMP: I have always refered to this as the law of sines.
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Now, considering the special case where the amplitudes of both original waves are equal, i.e., ym1=ym2=ym0, and replacing using the identity  in equation (5.16), one gets:
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This latter equation represents a particular phenomenon or of superposition: it is the “interference” phenomenon. ‘‘If two sinusoidal waves of same amplitude and same wavelength travel in the same direction , they interfere to produce a resultant sinusoidal wave travelling in that direction.‘‘” (Walker, 2014, p. 407)	Comment by GMP: Please double-check the quotation to ensure it's been copied correctly (it should be "...waves of THE same amplitude and THE same wavelength…".
When the original waves are in phase. i.e.,  = 0, they interfere to generate a wave with double amplitude. When they are out of phase, i.e., = 180, they cancel each other out to obtain a zero net wave. When they are shifted by any other value of , an intermediate net wave generates is generated from the interference. Those These cases are illustrated in Figure 5.12a-fthe figure below (Walker, 2014, p. 408).
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[bookmark: _Ref104983551][bookmark: _Ref105005543]Figure 5.11 Original waves, in phase (a), out of phase (b), any phase shift (c), net resultant for, in phase waves (d), out of phase waves (e), any phase shift (f)	Comment by GMP: Please hyphenate 'in phase' and 'out of phase' when they are used as adjectives as they are here.
Application 5.6.  Find the expressions of two original waves of the same amplitude of 8 cm and the same wavelength of 10 cm propagating at a speed of 5 m/s knowing that the amplitude of their resultant wave measures 8 cm.
Solution 5.6.  From equation (5.19): 
The linear frequency is: 
The expressions become:
  and  .
Self-cCheck qQuestions
1. Choose the correct answer
Consider a wave given by . What should be the phase constant of the a second wave be to so that it interferes with the first one in order to resulting toin a zero net wave?
            0                                                              2/3                         4/3  

Details: the total shift between both waves must be equal to p to guarantee fully out of phase the waves are out of phase and thus result in a zero net wave:  .
2. Complete the following sentence
Consider  and . The resultant wave has an amplitude of 1.562 and is shifted from the first wave by a constant phase of 0.46 rad.
Details: from equation (5.17), . From equation (5.18),.
Summary
Vibration or oscillation means a repetitive motion within a constant interval of time. It comes from an alternating switch between kinetic and potential energy during the motion. If this energy is conserved, osciallationsoscillations are undamped. Otherwise, vibrations are damped. 
When a system oscillates without any external source of energy, oscillations are free and occur at a natural frequency depending only on the mass and stiffness of the system. The evolution of the system’s position with the time is termed response and is generally harmonic, meaning exhibiting it exhibits a sinusoidal expression. When an external energy source intervenes at each cycle, oscillations are forced. In the most of the cases, the external excitation is harmonic having a frequency not related to the natural frequency of the system. The exciting frequency could be regulated; in this case, it equals the natural frequency and a catastrophic phenomenon occurs leading to damage and failure: this is the resonance phenomenon. The existence use of certain amounts of viscous damping reduces resonance damage.
A wave is a disturbance propagation throughout a medium at in a repetitive and arranged structured manner. Mathematically it has a sinusoidal expression depending on many characteristics. The amplitude of the wave denotes its maximum displacement; its wavelength denotes the distance separating two peaks or two valleys; its frequency denotes the number of cycles moving per unit time at a known location, and its speed of propagation denotinges the rate of space travelled and is no other that the ratio of the frequency over to the wavelength.
The frequency of a wave increases when the source moves toward the detector or vice-versa and decreases when it moves away: this is known as the Doppler effect.
Multiple waves of the same wavelength and frequency overlap together to lead to a new resultant wave by addition: this is known by the phenomenon ofas interference.


Unit 6 – Optics and Acoustics

Study Goals

On completion of this unit, you will be able to …
· … distinguish between reflection and refraction of light through different types of media. 
· … construct images of physical objects through optical devices such as mirrors and lenses.
· … analyze the interference and diffraction phenomena of light waves. 
· … determine the main characteristics of sound waves.







6. Optics and Acoustics
Introduction
Optics is a branch of physics dealing concerned with the characteristics of light waves, and itstheir propagation through media and its characteristics. Electromagnetic waves in general, and light waves in particular, are highly extensively analyzed in Pphysics due to their need in many useful applications:. optical aberrations impose fabricationDifferent optical requirements demand the manufacture of relevant different types of lenses, : the observation of planets and stars observations requires telescopes, and the examination of atoms and molecules or blood cells requires microscopes. The analysis, design, and production of optical devices would not be possible before without understanding the nature and properties of light waves. In the actualthis unit, the phenomena of reflection and refraction of light waves through different media will be tackledexamined and . Iimages construction through different types of optical devices will be detaileddiscussed. Also, this unit presents the phenomena of interference, diffraction, and polarization of light waves.
Acoustics is a branch of physics dealing concerned with the characteristics of sound waves, and their its propagation through media and its characteristics. Many practical applications require considerable background inknowledge of acoustics, such as the sound isolation of engines and pumps, the design of absorbers and mounting pads for motors and ducts to avoid sound transmissibility, the design of microphones and sound amplifiers, and the construction of ultrasonic devices for defects detections. In this context, tThis unit offers provides a solid background about in sound waves, its their propagation in different types of media, interference of sound waves, and noise level. This background will allows you to assimilate and analyze in the future advanced topics related to optics and acoustics, perhaps ultimately leading even to creative engineering creative designs.	Comment by GMP: I would recommend removing this last fragment as it doesn't really add any new information to the idea of the paragraph.



6.1 Reflection
Light wWave
A “Vvisible light wave” is a type of electromagnetic wave of short wavelength, i.e., within a range of 370-700 nm, detectable by the human eye and generated from by a change of energy level of electrons under oscillations, due to heat or electric current. (Ohanian, 2007). Besides visible light, there are other types of light waves, namely “infrared radiations”, “ultraviolet radiations”, and “X-rays”, within a wavelength range of 10-3-10-11 m. It should be reminded remembered that the speed of acceleration of an electromagnetic wave in a vacuum is the “celerity” c = 300000 km/s. Energy level: a series of successive orbitals or ‘shells‘ around the nucleus of an atom along which electrons are distributed and are in continuous motion. At each level, electrons dispose a certain amount of energy which increases moving far further from the nucleus.

Light propagates following the principle of “Ggeometrical Ooptics” basis stating that “light propagates in a fixed direction, along a straight line (rectilinearly), while in uniform medium; and suffers changes of direction only when it encounters surface separating two different media.’’ (Ohanian, 2007, p. 1112). A propagating straight line of light is termed called a “ray”; a group of rays is the a beam “light beam”. Upon encountering the separating surface between two media, a light ray may be either “reflected”, “refracted”, “absorbed”,  or “transmitted”.	Comment by GMP: Please double-check the quotation to ensure it is correct as the English is non-standard.
Flat Mirror
If the surface encountered by a light wave is smoothly polished and silvered, almost the totalitynone of the wave will not be able to penetrate this the surface, and it will “return back” but following a different direction; this phenomenon is termed called “reflection”. The device exhibiting this silvered surface is termed called a “mirror”. If this surface is flat thus the device is called a “flat mirror”. The angle between the ray hitting the surface of the flat mirror and the normal line to this surface is termed the “angle of incidence” ; the angle between the reflected ray forms with thisand the normal line is the “angle of reflection” ‘. The “law of reflection” through relative to a flat mirror states that the angles of incidence and reflection are equal, i.e., =’. This law is illustrated in Figure 6.1athe figure below  (Ohanian, 2007, p. 1115).	Comment by GMP: "return back" implies that the light wave goes back to the source, which is not the case; maybe something like "...will bounce off the surface in a phenomenon called reflection".
Any real object such as a pencil, a ball, or a person’s hand scatters light rays when hitting itcoming from another a source of light such as the sun or a bulb such that this object itself plays itself the role of a light source. When the rays coming from the object hit the surface of a flat mirror and then reflect, imagine extrapolating the rays through the mirror at the same angle of incidence of the original rays; those prolonged reflected extrapolated rays intersect behind the mirror at a point symmetric to the real source object with respectrelative to the mirror; those rays seem likewill appear as if they were emitted from this ‘’virtual point’’ and arrive to at the observer’s eye such that this latterthe observer is able to see the point, but the reality is that the rays are coming from the source object. For this reason, the point behind the mirror is termed called a “virtual image”. This is shown in Figure 6.1bthe figure below (Ohanian, 2007, p. 1116). A flat mirror generates from a real object, a virtual image from a real object having the same size as the object and located behind the mirror, this latter beingwhich is called the plane of symmetry.
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[bookmark: _Ref105172949][bookmark: _Ref105571959]Figure 6.1 Sketch of a flat mirror with: rays angles (a), virtual image (b)	Comment by GMP: I would recommend removing the colon.
Concave Mirror
A “concave mirror” is a portion of a sphere’s surface having a reflecting, silvered surface on its inner face. The axis of the mirror is the horizontal line passing through the center of curvature of the mirror, it and is termed called the “optical axis”. (Ohanian, 2007) The law of reflection is also applicable for to concave mirrors. As a result, all light rays parallel to the optical axis hit the mirror and then reflect by converging all at a single point F belonging to the focal line and located at the midpoint of the sphere’s radius R,. A point C being is at the center of the sphere; . The horizontal distance from F to the mirror is termed “focal length” f = R/2. Inversely, any incident light ray passing through the focal point will reflects parallel to the optical axis. Any incident ray passing through the center of curvature of the mirror, is naturally perpendicular to the mirror and hence it reflects back along the same incident direction.
[image: Diagram
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[bookmark: _Ref105175066][bookmark: _Ref105572015]Figure 6.2 Image through a concave mirror (a), Image through a convex mirror (b), Sign convention for mirror equation (c)
A “real object” is schematized by a vertical arrow PQ perpendicular to the optical axis as shown in Figure 6.2a-bthe figure above (Ohanian, 2007, p. 1130) perpendicular to the optical axis. Normally, one needs to form the image of two points from the object to get the entire image; since Q belongs to the optical axis, its image Q’ does also. Image P’ is the intersection of two reflected light rays incident from the source P. This forms the final image P’Q’, which is a “real image” for the concave mirror case of figure (Figure 6.2athe leftmost image above) since reflected rays are coming in reality from P’Q’ to beand will be detected by the eye. However, it is as an inverted image.
Convex Mirror
A “convex mirror” is a portion of a sphere’s surface having a reflecting, silvered surface on its outer face. This type of mirror exhibits the same elements as the concave one (i.e., an optical axis, focal point, center of curvature, focal length) but they are all located behind the mirror. Also, the law of reflection and the light rays’ incidence and reflection paths are identical to those of concave mirrors. Figure 6.2bThe center figure above illustrates the construction of the image P’Q’ from the real object PQ; in that this case, the light rays are seeming appear to come from the image and but really are not, really doing hence in that case P’Q’ is a virtual image. However, it  has conserved preserved the same sense as the object source.
The Mirror eEquation
It The mirror equation is a relationship between the object position s measured from the mirror, the image position s’ measured form from the mirror, and the focal length f. However, those These amounts are algebraic;  and their signs rule is illustrated in Figure 6.2cthe rightmost figure above (Ohanian, 2007, p. 1131). This equation is given by:
	

	
	(6.1)



It should be noticed that by when using a compound optic system, the image constructed from the first device is considered as an object for the second device; the image coming from the second device is an object for the third device, and so continues the processon until the last device.
Application 6.1.  An object AB of height 10 cm is placed at 25 cm of from a concave mirror of focal length 50 cm. Determine the nature, position, and size of the image A’B’.
Solution 6.1.  The construction of the image A’B’ is illustrated in Figure 6.3below showing a virtual direct image.
[image: ]
[bookmark: _Ref105177563][bookmark: _Ref105572061]Figure 6.3 Image construction of an object close to a concave mirror
s = OA = + 25 cm; f = +50 cm. The mirror equation writesis written as:

By joining B’ to B the prolongation would cut the optical axis at the center of curvature C (since the incident and reflected ray are the same) hence the similar triangles give:

Self-cCheck qQuestions
5. Answer by true or falseTrue or False and justify your answer
The mirror equation is not applicabledoes not apply to a flat mirror. False; it is applicable since for a flat mirror the radius is infinity, hence the focal distance is infinity; replacing substituting this into the mirror equation one gets: s’=-s, which means that the image is virtual (behind the mirror) and is symmetric to the object with respect to the mirror.
6. The frequency in a vacuum of a light wave of wavelength in vacuum 500 nm measuresis:
     0.6 THz                       6 THz                       60 THz                   600 THz  

Details: 
6.2 Refraction
Concept
A light ray propagating from a transparent medium to another transparent medium experiences at the interface surface a partial reflection while the majoritymost of the light continues its path forward to the second medium but with a different speed of propagation and also a different direction. This change of speed and direction is termed “refraction”. This change in speed of propagation depends on a parameter characterizing the nature of the transparent medium termed called the “index of refraction”, denoted by a dimensionless quantity n, a dimensionless quantity. In a vacuum, the index of refraction is 1 while in another transparent material it is greater than 1. In the air, the index is very close to 1 such that one may coincide mathematically treat between a vacuum and air the same. 
The speed of propagation c in a vacuum will decrease in another medium due to the index of refraction,; it this speed becomes v and is calculated by:
	

	
	(6.2)



Since the color of light does not change with the medium, this leads us to conclude that the frequency of a light wave remains constant from one medium to another and hence the wavelength of light becomes shorter with respect to its value in a vacuum, hence:
	

	
	(6.3)


The lLaw of rRefraction
 Known also as the Snell’s law, it the law of refraction states that the ratio of the sines of the angle of incidence 1 in a medium 1 over and the angle of refraction 2 in a medium 2 is inversely proportional to the ratio of their respective indexes of refraction n1 and n2: (Knight, 2016)
	

	
	(6.4)



One may apply this law particularly for vacuum-material propagation where n11 and n2=n>1; one gets  meaning that the refraction angle decreases when as the index increases as shown in Figure 6.4athe figure below (Ohanian, 2007, p. 1121). 	Comment by GMP: Please check this. I think you may mean n_1 = 1.
Another interesting application depicted in Figure 6.4bthe below figure on the right (Ohanian, 2007, p. 1121) shows is that a light ray passing through two parallel faces of a transparent medium (i.ee.g., glass) conserves the initial angle of incidence (i.e., entry to the medium) and the final angle of refraction (i.e., exit from the medium).
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[bookmark: _Ref105231383][bookmark: _Ref105572140]Figure 6.4 Incident and refracted rays (a), Ray through a parallel faces glass medium (b)
Thin lLenses
A “thin lens” is an optical device made of a transparent material (such as glass) consisting of either two convex surfaces (“convex” or “converging lens”) or two concave surfaces (“concave” or “diverging lens”). 
[image: Diagram
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[bookmark: _Ref105233810][bookmark: _Ref105572174]Figure 6.5 Image through a convex lens (a), Image through a concave lens (b), Sign convention for lens equation (c)
Similarly to mirrors, a thin lens exhibits an optical axis but with two focal points F and F’ because of the existence of two curved surfaces; those focal points are located symmetrically from each part of the lens. The focal distance f as a function of the lens’ index of refraction n and both radii of curvature R1 and R2 is given by:
	

	
	(6.5)



The image construction, like with mirrors, is made by rays tracing. Incident rays parallel to the optical axis striking the lens refract and converge (i.e., diverge) to pass by the focal point. An incident ray passing through a focal point and striking the lens refracts parallel to the optical axis. An incident ray passing by the center of curvature of the lens continues its path without refraction. Two refracting rays intersect leading to a real image; the intersection of two prolonged refracting rays leads to a virtual image. This is illustrated in Figure 6.5athe above left figure (Ohanian, 2007, p. 1137) for a convex lens and in in Figure 6.5bthe above middle figure (Ohanian, 2007, p. 1137) for a concave lens.	Comment by GMP: Did you perhaps mean "(or diverge)"?
The “lens equation” is similar to the mirror equation with the sign conventions shown in in Figure 6.5cthe rightmost figure above (Ohanian, 2007, p. 1138) for concave lenses.
Prism
It A prism is a glassy triangular optic device used to separate white light ray into its original colored rays’ constituents. The prism’s glass material has slightly different indices of refraction such that white light, which is a combination of many colored light rays at different wavelengths, gets dispersed at different angles at the exit ofupon exiting the prism.
[image: ]
[bookmark: _Ref105235660][bookmark: _Ref105572193]Figure 6.6 Schematic refraction in a prism (a), Coloured light obtained through a prism (b)	Comment by GMP: Please change to the American spelling 'colored'.
Figure 6.6aThe figure on the left (Ohanian, 2007, p. 1126) shows schematically how a white light ray refracts in the prism at different angles depending upon the wavelength of each constituent. Figure 6.6bThe figure on the right (Ohanian, 2007, p. 1126) shows the seven colored rays coming from a refractioned of a white light ray: red, orange, yellow, green, blue, blue -violet, and violet. This is exactly how a rainbow is formed when the light rays of the sun strike rain droplets, which play the role of a prism and separate the original white ray light into many colored rays. Each colored ray is a “spectral line”; the entire beam of colored rays is the “spectrum”.[bookmark: _Ref105238250][bookmark: _Ref105572212]Figure 6.7 Rock's image in water

[image: Chart, line chart

Description automatically generated]Application 6.2.  A small rock is lying at the bottom of a water container and an observer whose head is in the airabove the water is looking at the rock almost through the vertical passing by the rock. Determine the percentage of distance by which the observer sees the rock either further or closer. Given: .
Solution 6.2.  The image of the rock A is constructed by the intersection of two refracted rays (or their extrapolation). A perpendicular incident ray from the rock does not refract, while another inclined ray refracts by a higher angle since the index of refraction of the second medium (air) is less than that of water; thus, the virtual image A’ is constructed as shown in Figure 6.7the figure above.
Since the eye of the observer is almost vertically above the rock, the angles of incident incidence and refraction are too very small, thus their sines could be approximated to by their tangents, hence the combining the refraction law with the approximation of small angles and the trigonometry in the right-angle triangles AOO’ and A’OO’ one gets:

Self-cCheck qQuestions
1. Complete the following sentence
A light wave of wavelength 480 nm in vacuum propagates in the glass (n = 1.5) at a speed of 2⋅ 108 m/s with a frequency of 625 THz.
Details:  ; 
2. Choose the correct answer
An object located at 20 cm in from the front of a thin lens has an image located at 25 cm behind the lens. What is, in cm, the focal distance of this latter?
     -11                             11                             100                          -100  

Details: s >0 (near side) and s’>0 (far side) thus 
6.3 Optical aAberrations
An “Aaberration” is an anomaly in the image formation due to defects in an optical device leading to a scatter of reflected or refracted rays instead of a focus at one point. This results to in blurry images. One may distinguish between aberrations with monochromatic light and polychromatic (or simply chromatic) light.Monochromatic light: light exhibiting a wave with a single wavelength. Each wavelength characterizes a main light main color.
Contrarily to pPolychromatic light light that consists of a spectrum of waves at different wavelengths;, such as white light.

Monochromatic aAberration
Spherical aberration. Occurs This occurs with curved optical devices such as lenses and curved mirrors. Refracted or reflected rays intersect at the optical axis at points closer or further from the device depending upon how far from the optical axis the incident rays are. 
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[bookmark: _Ref105575350][bookmark: _Ref105575522]Figure 6.8 Normal refraction (a), Spherical aberration (b)
Figure 6.8b The figure above on the right shows this type of aberration compared to the normal operating case (Figure 6.8aabove figure on the left). This aberration could can be corrected by using a composition combination of concave and convex lenses or aspheric forms.
Comatic aberration. Known simply as “coma”;, comatic aberration it appears at in images coming from off-axis sources showing many superimposed magnified blurry images seeming like havingto have a cornet tail, as shown in Figure 6.9the figure below. Each of the two diffracted rays, depending upon their distance from the center of the device, intersect at different height points but at the same perpendicular line to the optical axis. It could can be corrected directly by modifying directly the lens’ curvature or indirectly through additional optical devices.
[image: Chart, radar chart
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[bookmark: _Ref105576641][bookmark: _Ref105576665]Figure 6.9 Comatic aberration
Astigmatism. This is a Ddeviation of the focal point of a lens or a human eye (which is similar to a system of lenses) due to geometrical imperfections. 	Comment by GMP: The human eye is literally a lens system, so I might suggest changing the parenthetical to "which is a lens system". However, as the human eye is subject to all of the aberrations mentioned so far, I might delete the reference to the human eye here and add a sentence to the introductory paragraph of the section e.g., "It should be noted that the human eye is a lens system and, as such, is subject to many of the aberrations discussed below for the same reasons a manufactured optical device would be".
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[bookmark: _Ref105578352][bookmark: _Ref105578400]Figure 6.10 Normal view (a), Astigmatism (b)
Due to this deviation, refracted rays will converge poorly leading to a blurry image. This is illustrated for the human eye case is Figure 6.10in the figure above. This aberration could can be corrected by adding lenses (or eye glasses or contact lenses for humans) that exhibit the reverse effect for of this deviation, such that the resulting total optical system (original defected defective device + correcting lens) results in a normal non-deviated focal point and optical axis.
Field curvature. This is the Fformation of a curved image from a flat object source perpendicular to the optical axis. This is due to the intersection of each pair of refracted rays at distinct points and also out of the focal plane as shown in Figure 6.11the figure below. This aspect could can be corrected by using a “field flattener lenses” (like those in binoculars) or also by inserting a focal curve for images capture (similar to the eye’s retina).
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[bookmark: _Ref105579780][bookmark: _Ref105580404]Figure 6.11 Curvature of the image field
Image distortion. It This is a change in the image shape, or in other words caused by a change deviation in the positions of one point on the image with respectrelative to the another. This results in non- parallel lines in the image: magnification may increase when moving further from the central axis, leading to “pincushion distortion”, or it may also decrease leading to “barrel distortion”. This could can be corrected by changing the lens arrangement or and properties. Those These are illustrated in Figure 6.12the figure below.
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[bookmark: _Ref105582592][bookmark: _Ref105582627]Figure 6.12 Distorted and normal images
Chromatic aAberration
This type of aberrations tackles is associated with chromatic light consisting of many colored light waves. It is defined as the non-abilityinability of an optical device to focus all reflected or refracted rays at one point. Due to this mismatch, each wave with its own wavelength, i.e., its own color, refracts and focuses at a distinct point leading to “dispersion”. Figure 6.13The figure below illustrates this chromatic aberration.
[image: Diagram
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[bookmark: _Ref105585041][bookmark: _Ref105583703]Figure 6.13 Normal, axial and tranverse chromatic aberration	Comment by GMP: Please place a comma after 'axial' and correct the spelling of 'transverse'.
One many may distinguish between two types of chromatic aberrations: (1) “axial” or “longitudinal aberration” when different monochromatic light waves converge at distinct points along the optical axis (Image 2 in the figure above); it this type of aberration occurs with long focal lengths devices; and (2) “transverse” or “lateral aberration” when different monochromatic light waves converge at the same focal plane but at different heights along this plane (Image 3 in the above figure); it this type of aberration occurs with short focal lengths devices. Image 1 above reflects a normal image. Chromatic aberration may be corrected by using “low dispersion glass” including fluorite as lens material. Also Another correction is toby attaching an extra optical glass piece (termed called a crown) having a high index of refraction) to the original lens: the this package is termed called an “achromatic doublet”.
Self-cCheck qQuestions
1. Identify the aberration corresponding to each case to thebelow corresponding aberration.  
a) A square object appears having to have four curved convex sides. Barrel distortion
b) A tree image appears having to have many surrounding non-blurry (clear) colored layers. Lateral chromatic aberration
c) A flying bird appears as two barely slightly shifted ones. Astigmatism.

2. Answer by true or falseTrue or False and justify your answer
Increasing the index of refraction of a lens helps in to correct astigmatism correction. False since it astigmatism is a the result of a geometric imperfection and not a material defect.
6.4 Interference and Polarization of lLight wWaves
Diffraction
Before tackling discussing the phenomenon of “interference”, it is will be worthwhile to briefly introduce briefly another useful phenomenon that occurs to any type of wave, namely including light: the “diffraction”. Its principle states that ‘’if a wave encounters a barrier that has an opening of dimensions similar to the wavelength, the part of the wave that passes through the opening will flare (spread) out -will diffract- into the region beyond the barrier.’’ (Walker, 2014, p. 949). As the size opening goes narrowernarrows, the wider the diffraction’s occupied space widens. This concept constitutes a limitation of the “Optics Geometrygeometrical optics” theory, which considers that light propagates in the same medium following a straight line direction; this is valid under the condition that the orifice penetrated by the light is large, namely much greater larger than the wavelength of the light wave.
Interference
The classical experimental set-up for light waves interference has beenwas established by the physicist Thomas Young and is shown if Figure 6.14ain the figure below (Walker, 2014, p. 950).
[image: Diagram

Description automatically generated]
[bookmark: _Ref105691918][bookmark: _Ref105747188]Figure 6.14 Young's experimental set-up (a), Path length difference (b)
This set-up consists of an opaque screen A containing a slit S0 having a size comparable to the wavelength of the monochromatic incident light wave; this slit plays the role of a light source. Light will then diffract beyond screen A to hit another opaque screen B holding two slits S1 and S2 separated by a known distance d, and playing the role of two new light sources,. definitely These are called “coherent”, since which means that the phase shift between waves is constant. From each slit, light will diffract in circular waves leading to an overlap between diffracted waves; this latter phenomenon is termed called as interfrence”interference”. When the waves interfere, the result will appear on a viewing screen C, spearated separated from B by a distance D, too that is large compared to d. This result consists in of “bright and dark bands” alternately distributed along the viewing screen C,. tThe ‘‘package‘‘” of all bands is the “interference pattern”, while each band is termed called an “interference fringe”. “Bright fringes” are also known as “maxima”, and dark ones are the “minima”.	Comment by GMP: I don't think you've defined coherent yet, so I've reworded to let this sentence suffice as one.
The reason of for the bright fringes generation appearing is the superposition of waves that propagate in phase;, thoese have an additive or “constructive” effect between them, leading to the maxima, while out-of-phase waves have a subtractive or “destructive” effect between them, such that they cancel each other out to lead to the minima. The “central fringe”, located at the intersection between the horizontal line passing through the midpoint of S1S2 and the viewing screen C, is the most intensively illuminated fringe since it results from the superposition of in-phase waves propargating without any mismatch in path length. However, any other fringe, either bright or dark, is formed from rays superposition travelling through different paths lengths.
In Figure 6.14bthe figure on the right above (Walker, 2014, p. 651) consider a point P coincident with any arbitrary fringe on the interference pattern and consider a ray r1 coming from S1 and a ray r2 coming from S2, intersecting at P. Since D ≫ d, those rays could beare considered to be parallel namely at the neighborhood of the opaque screen B. We denote by  the inclination of P with respect to the central fringe. Indeed, r2 covers a longer path than r1 to reach P,; this “path length difference”, denoted by L, is schematized by the length S2b, where b is the intersection between the perpendicular line to r2 issued from S1.
From the geometry of the right-angle triangle S1S2b, the path length difference is:
	

	
	(6.6)



To achieve a constructive interference, L must be either zero or an integer multiple j of the wavelength , hence the inclination angles, i.e., the positions on the screen, of the bright fringes are given by:
	

	
	(6.7)



The central fringe corresponds to j = 0, the first bright fringe to j = 1, etc.
Dark fringes form when L is an odd integer multiple of half the wavelength hence:
	

	
	[bookmark: _Ref105699146](6.8)



The first dark fringe corresponds to j = 0, the second dark fringe to j = 1, etc.
Polarization
Naturally, since a light wave being is an electromagnetic wave, it consists of an electric field that oscillates in all directions. This status of the light is termed called “unpolarized”. “Polarization” is a process that forces the electric field to propagate only along a desired direction. This occurs by filtering the light wave; this “polarizing filter” is termed called a “polaroid”. The direction of the filtered wave transmitted through the polaroid is the “polarizer axis”.
[image: Diagram
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[bookmark: _Ref105697807][bookmark: _Ref105747234]Figure 6.15 Polarizing filter (a), Polarizing intensity (b)
Figure 6.15aThe figure on the right above (Knight, 2016, p. 897) shows the polarization process. The polaroid consists of a plastic plate where the polymeric macromolecules stand parallel between among themselves like the vertical steel bars of a jails door; the conducting electron can oscillate parallel to the macromolecules and absorb the wholeall of the light energy; for this reason, the waves perpendicular to the macromolecular lines may continue their path past the polaroid.
However, polarization is accompanied by a drop in the intensity of the transmitted light Itr with respectelative to the intensity of the original unpolarized one light I0. Experimentally this is tested by a double filter consisting of a polarizer and an “analyzer” shifted by an angle  as illustrated in Figure 6.15aabove (Knight, 2016, p. 897). When both filters are perfectly parallel () all of the amount of light would transmit, while in a position of crossed polarizers (), the light is completely blocked. (Knight, 2016). Mathematically, this is expressed in the “Malus’s law”, where intensity’s unit in SI is the cCandela (Cd):
	

	
	(6.9)



Application 6.3.  In a two-slits interference experiment, the viewing screen is placed at a distance of 75 cm from the slits, separated by 1.5 cm distance through which monochromatic light of 520 nm is passing. Calculate the position of the fifth dark fringe. For small angles: .
Solution 6.3.  The fifth dark fringe carries an integer number j = 4. Using equation (6.8), the angle  is found by:


Self-cCheck qQuestions
1. Choose the correct answer
A For a monochromatic light wave of wavelength 425 nm, the larger diffraction occurs for a slit of size:
     0.5 m                        625 nm                     0.02 cm                   0.3 mm  

Details: 625 nm = 0.625 m ; 0.02 cm = 200 m; 0.3 mm = 300 m. The smallest smaller the size, the larger the diffraction, hence the 500 nm = 0.5 m width generates the largest diffraction; in addition, it is in the order of the wavelength which is an essential condition for diffraction to take place.
 
2. Answer by true or falseTrue or False and justify your answer.
In a double polarizing filter where initially both filters have been aligned, the polarizer is then rotated by 60ccw and the analyzer by 30cw. The light is then completely blocked. True since the net angle between both filters is 60-(-30)=90, hence those are crossed polarizers.
6.5 Fundamentals of Acoustics
The sSpeed of sSound
It is worth to remind Recall that “sound” is a longitudinal wave propagating through a medium by alternating tension and compression of its molecules, those thus transmitting energy forward. The point from which the sound has started, i.e., emitted, is the “sound source”.  Sound is emitted in all directions, in the form of “wavefronts”, which are circular (or partially circular) surfaces along eachwhich, sound oscillations exhibit same leveltravel. “Rays” are lines perpendicular to wavefronts indicating the direction of propagation. (Walker, 2014).	Comment by GMP: Please check your intended meaning is retained. I wasn't quite sure what was intended by "exhibit same level".
The “bulk modulus” K of a material denotes the ratio of the uniform pressure applied over to the resulting relative change in volume ; it is expressed in Pa. Knowing the modulus of elasticity (E) and the Poisson’s ratio (n) of the material, the bulk modulus is determined by the following relationship:   (Hibbeler, 2011):
	

	
	(6.10)



The speed of the sound wave through a medium is related to the bulk modulus and the density of this medium (Walker, 2014). It is determined by:
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The pPressure of sSound
It is worth to remindYou may remember that the sound wave’s displacement y(x,t) is sinusoidal and is described by equation (5.11): . As already stated, regions of the medium where sound is propagating are alternately expanded and compressed, meaning that a sinusoidal pressure p(x,t) is developedproduced. It is counted considered negative in the expansion case and positive in the compression case. (Walker, 2014).
According to the definition of the bulk modulus, the pressure is given by:

The volume of a medium element of cross -section A and length x is:.
When the sound propagates, the net displacement of two parallel faces of the medium element becomes y meaning that the volume change is: .
Replacing Substituting this into the expression of for the pressure yields:

The negative sign could can be converted to a p phase angle, it does not  without affecting the amplitude, hence:
	

	
	(6.12)



The amplitude pressure  ; replacing K by with equation (6.11) and  and k by with w/v, it becomes:
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Interference of sSound wWaves
Consider two sound sources S1 and S2 emitting similar waves, i.e., they have the same amplitude and frequency; those sources are said to be in phase. Normally, the emitted sounds are in phase also, thus if they travel the same path length their effects will be completely “constructive”, i.e., additive. However, when a sound ray from S1 interferes with a sound ray from S2 at a certain point P that is, for instance, closer to S1 than S2, those two rays have not covered the same path length,. rRay form S2 has propagated along a longer distance, hence there is a “path length difference” L. Theis phenomenon is identical to light interference as discussed in the previous section. In this actual case, the scenario looks like both the waves are not in phase when they interfere at P; mathematically speaking, there is a phase angle between ray 2 and ray 1 hence the resulting sound wave could be deduced from  where the amplitude is: . (ym0 being the amplitude of each of the original waves).
The conversion from the practical path length difference to the theoretical phase angle could can be deduced from the proportionality between  and 2 on one hand, and L and  on the other hand thus: 
	

	
	(6.14)



“Fully “constructive” sound interference occurs when  is zero, 2p or any integer multiple of 2“ (Walker, 2014, p. 430), i.e.,  where  Hence constructive interference is obtained when the path length difference is equal to an integer multiple of the wavelength:
	

	
	(6.15)



‘’Fully “destructive” sound interference occurs when  is an odd integer multiple of “ (Walker, 2014, p. 430), i.e.,  where  Hence destructive interference is obtained when the path length difference is equal to an odd integer multiple of half the wavelength :
	

	
	(6.16)



Intensity of sSound 
‘’The intensity I of a sound wave at a surface is the average rate per unit area at which energy is transferred by the wave through or onto the surface.’’ (Walker, 2014, p. 433). Mathematically: . 
The differential kinetic energy dEk of a differential element of mass dm through which the sound propagates writescan be written:


Assuming that, at on average scale, the rate of change of the potential energy is the same as the rate of change of the kinetic energy, thus the total average rate is twice the kinetic energy rate thus:  which gives:
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However, the intensity of sound emitted by a source towards a point, decreases as the point gets further from the source. A sound source emitting waves of power Ps produces a sound intensity at a certain point distant oflocated a distance r from the source equal to the ratio of Ps byand the area of an imaginary sphere centered at the source and whose periphery passes by the point of interest, hence:
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The dDecibel sScale
The interval of displacement amplitudes that could can be heard by the human ear is [10-11-10-5] m,  which defines a ratio range of 106. In terms of intensity, and according to equation (6.17), this ratio measures 1012. (Walker, 2014). Since this range is enormous, it has been found is worth useful to express exclusively the exponent the order of this ratio exclusively using the exponent; the mathematical function extracting this exponent is the base 10 logarithm, i.e., . This leads toUsing this method, we conclude that the loudest sound level exceeds the finest quietest one by 12. 
It is worth henceuseful, therefore, to define the “sound level” denoted by b b and expressed in “decibels” (dB) by the following relationship:
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I0=10-12 W/m2 is a standard reference sound intensity to which all other intensities are compared; this reference corresponds practically to the lowest intensity captured by the human ear. , i.e.,In other words, if I=I0, =0 dB. For instance, if I is 1000 times greater than I0 by 1000 times, the related sound level measures 30 dB.
Application 6.4.  In the air cConsider a sound wave propagating through air generating a pressure function of . If the air density is 1.2 kg/m3 and the sound speed measures 345 m/s, calculate the amplitude displacement, the sound intensity, and the sound level of this wave.
Solution 6.4.  Applying equation (6.13), . In addition, the intensity is calculated from equation (6.17): 

The Ssound level comes from equation (6.19): .
Self-cCheck qQuestions
1. Complete the following sentence
Two identical sound waves of 1000 Hz frequency and 8 m amplitude interfere with each other in the air (at a speed of 343 m/s). The lowest (non-zero) path length differences leading respectively to constructive and destructive interferences measure 34.3 cm and 17.15 cm. The constructive amplitude measures 16 m.
Details: constructive interference: 
Destructive interference: 
For the constructive case, .
2. Answer by true or falseTrue or False and justify your answer
A source sound of sound level ofwith a  power level equal to 160 nW produces a sound level of 35 dB at a point far separated from the source by 2 m. True since the intensity of sound calculated from equation (6.19) gives 10-9.5 W/m2 and from equation (6.18), Ps = 4⋅22⋅10-9. 5(3.5-12)=-8.5=15.9⋅ 108W = 159 nW.  
Summary
Light is an electromagnetic wave that propagates in all directions with a speed of 3⋅108 m/s in a vacuum. Monochromatic light has a unique wavelength. When it consists of a spectrum of many monochromatic waves, light is polychromatic: white light is the main example. Each wavelength characterizes a light color.
According to Optics Geometrygeometrical optics theory, light propagates in a homogenous continuous medium as a straight line. When it strikes a polished silvered surface it experiences a reflection phenomenon, where the incident angle is equal to the reflection angle. Flat, concave, and convex mirrors are the main optical devices that reflect light. When a light ray strikes a transparent medium, it transmits by its majoritymost of its light to the new medium but with another direction and another speed; this is the refraction phenomenon. Each medium is characterized by a refraction index. As the refraction index increases, the refraction angle decreases according to Snell’s law. Parallel planes film, convergent lenses, and divergent lenses are the main optical devices that refract light. Nevertheless, due to some geometrical or material imperfection in optical devices, aberrations may generate blurry images,. tThoese could can be corrected by adding other lenses types or modifying the defected defective optical device.
When light penetrates an opening whose size is comparable to the wavelength, light diffracts to cover the larger space. Two or many more diffracted light waves interfere together with each other to form either bright or dark fringes upon the path length difference of light rays. Light could can also be filtered to keep only one direction of propagation: it is polarized, referred to as polarized light.
Sound is a longitudinal wave propagating by alternately expanding and compressing alternately regions of the medium. It exerts a sinusoidal pressure and generates an intensity, ratio of the sound power over to the intercepting area. The sound level or the decibel measuresis measured by the logarithm of the intensity with respect to the lowest reference intensity could that can be sensed by the human ear; this measure is called the decibel.


Unit 7 – Introduction to Particle Physics

Study Goals

On completion of this unit, you will be able to …
· … distinguish between different historical atomic models and deal withapply the periodic table of chemical elements. 
· … understand the photoelectric effect and calculate the related energy.
· … establish radioactive reactions producing different types of rays and dela withapply related calculations. 
· … deal withunderstand fusion and fission reactions of atomic nuclei and calculate the generated energy.




7. Introduction to Particle Physics
Introduction
[bookmark: _Hlk116465829]The Aatom is the smallest unit in the universe that constitutes any material in this universe; it cannot be seennaturally unseen with the naked eye. Sand, water, air, wood, steel, and blood cells are all made essentially from atoms. A group of atoms bonded together forms a molecule. Each atom consists of a “nucleus” surrounded by an “electrons” cloud. It is strongly obvious that The analysis of atoms makes is an important part of Pphysics,; as atoms those are constituents of all devices and materials used in physics on the one hand (lenses, conductors, gases, …etc.) and are involved directly in some scientific applications such as batteries battery tension generation and light production on the other hand.

This unit starts by exposing different models proposed in the throughout history to describe atoms and how their constituents are located before sorting all basic chemical elements in the nature within a particular table termed called the “periodic table”. The next topic consists of focusingfocuses on the electronic cloud, electrons repartition and their electron energy levels, which helps at understandingus to understand its atomic interaction with light., a This phenomenon is known as the “photoelectric effect” which and it offers a widespread range of practical applications.	Comment by GMP: I'm not sure you meant to say "electron repartition"?

The other aspect of the atom to be studied in the atom resides in is its nucleus. Changing the morphology of an atomic nucleus through a process termed “nuclear reaction” leads to the apparition creation of a new chemical element, new types of beneficial rays, and the generation of a huge amount of energy that may be invested applied in many fields, namely in the production of electricity. Particular reactions dealing with atomic nuclei Nuclear reactions consist in of either partitioning a main nucleus into many other ones, called the a “fission” reaction, or the inverse by of merging many nuclei to form a heavier one, called the a “fusion” reaction.


7.1  Historical oOverview of aAtomic mModels
Earlier Early in the study of atomss history, and inscientists lacked of sufficiently advanced experimental advanced tools, many scientists have  and so tried to suggest a simplified representation of an atom, termedwhich we call an “atomic model”. Those models have carriedcarry the names of the researchers who have established them. The coming lines will expose In the next sections, we will briefly discuss the models of Dalton, Thomson, Rutherford, Bohr, and the modern model. (Özdin, 2021)
Dalton’s aAtomic mModel
John Dalton has proposed his atomic model in 1804, which considered by considering the atom as to be a fully filled sphere, identical, similar to a billiard ball as shown in Figure 7.1athe figure below (Özdin, 2021, p. 8).
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[bookmark: _Ref105926987][bookmark: _Ref106002064]Figure 7.1 Atomic models: Dalton (a), Thomson (b), Rutherford (c), Bohr (d), Modern (e)
Atoms conserve all the properties of the substances from which they are picked make up; atoms cannot be divided, and they have different masses upon depending on their types. No electrically charged particles exist in this model.
Thomson’s aAtomic mModel
In 1897 , Sir Joseph John Thomson discovered the negative charges of “electrons”. Since an atom is electrically neutral, there are an equal number of positively charged particles. Neutrons have were not been mentioned in this model. , rather, Thomson’s An atom is assimilatedexisted as to a sphere of 1 A (Angstrom) radius where positive and negative charges are were arbirtrarily dispersed like dried grapesraisins in a cup cake as illustrated in Figure 7.1bthe figure above, top right (Özdin, 2021, p. 10). Ein this model, electrons mass is too small compared to the positive charges.Angstrom: a unit of length equivalent equal to 10-10 m.

Rutherford’s aAtomic mModel
In 1911, Ernest Baron Rutherford discovered the “nucleus” of the atom, which is the central dense region where all positive particles, the called “protons” and discovered in 1919, are gathered. Electrons are moving randomly around the nucleus, like the peach fruit structure (Figure 7.1csee figure above (Özdin, 2021, p. 10)) or also like the sun-planets system (i.e., sun = nucleus ; planets = electronsin which the sun is the nucleus and the planets are the electrons). It is not before until the 1930’s that James Chadwick discovered the existence of neutrally charged particles, the “neutrons”, alongside with the protons within the nucleus.
Bohr’s aAtomic mModel
In 1913, Niels Bohr analyzed the movement and the distribution of electrons around the nucleus. Electrons He described electrons are as moving in a stable mannerstably and distributed on circular ‘‘shells‘‘ “shells” termed “energy levels”, each located at a known distance from the nucleus. Those levels are named either by letters (K, L, M, N, etc.)…. or by integer numbers (n = 1; 2; 3; …etc.). This model resembles to a cross -section of an onion as illustrated in Figure 7.1dthe figure above (Özdin, 2021, p. 11). When an electron falls from a higher to a lower level of energy it emits a “quantum of light”.
Modern aAtomic mModel
In the 1920’s and, after a series of experiments, Louis de Broglie, Werner Heisenberg, and Erwin Schrödinger have concluded proposed the existence of a “cloud of electrons” around the nucleus (Figure 7.1esee figure above (Özdin, 2021, p. 11)) where a probability of existence of a specific electron particle in this cloud has a probability of existing within this cloudis the theory that governs this model. If the electron is considered as a wave, an “electron density function” is defined.
Self-cCheck qQuestions
7. Answer by true or falseTrue or False and justify your answer
The scenario of layers of cars turning about a turn-aroundtraffic circle offers an additional example of Rutherford’s model. False, since cars travelling on a road have a planar motion about the turn-aroundtraffic circle, moreover, there is no intersection between the car’s’ paths to avoid travel’s mess, thus this example is closer to Bohr’s model.
8. Cite two differences between Thomson’s and Bohr’s models
Thomson: (i) protons and electrons are ‘’mixed’’ together; (ii) the diameter of the atom is constant.
Bohr: (i) electrons surround the protons gathered in the nucleus; (ii) electrons are distributed on many energy levels at different distances from the nucleus.
7.2 The pPeriodic tTable of eElements
Brief hHistory
The “periodic table” is a special table in which the “individual elements” in the nature are arranged in a certain particularspecific order. An “element” is a natural substance that is formed from the arrangement of identical individual atoms that are not bonded together chemically. A substance consisting of “molecules”, formed by chemically bonded atoms, is not classified as an element. 
‘’Dmitri Mendeleev is often considered the ‘’father’’ of the periodic table and the studies of many scientists have also contributed to form the modern periodic table.’’ (Özdin, 2021, p. 28). In 1869, Mendeleev has proposed to arrange the elements following the increasing order of their atomic mass. Between 1894 and 1900, William Ramsay has added the noble gases he discovered to the periodic table his discovered noble gases which has ‘’perturbated’’ Mendeleev’s arrangement. At this stage, the scientist Henry Moseley has found in 1913 that the more logical increasing sequence to in which to arrange the elements is was by their atomic number rather than atomic mass. This has led to the birth of the modern periodic table.Noble gases: list of gases belonging to group 8A, hence having 8 peripheric electrons. They are inert monoatomic gases.
Atomic mass: characteristic number denoting the sum of protons and neutrons in a nucleus. Symbolized by A.
Atomic number: characteristic number denoting the electrons in an atom, the same as protons. Symbolized by Z.

Structure of the pPeriodic tTable
Each box of the periodic table contains the symbol of the element (consisting of one or two letters, with the first letter always being capitalized), its atomic number Z at the upper left corner of the box, and its average mass number or atomic mass A at the bottom center of the box as illustrated in Figure 7.2the figure below (Knight, 2016, p. 1244). In this latter figure, the example of the element Ccobalt element (symbol Co) is stated called out with Z = 27 and A = 58.9.
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[bookmark: _Ref105935755][bookmark: _Ref106002186]Figure 7.2 The periodic table of elements
The table consists of 7 seven main horizontal rows, each row termed called a  “period”. The first element in each period is a metal (except period 1, Hhydrogen is a gas). The last element of each period is a noble gas. The noble gas of the last period has not been found yet. The first two and the last six columns constitute the “A groups” or the “main groups”. 
Each vertical column of the table is termed called a “group”. Another terminology ofThe term “family” could can be found in some references, since elements belonging to the same group exhibit similar properties. Each family is designated by a specific name reflecting its property as shown in Figure 7.3athe figure below (Özdin, 2021, p. 35) The other intermediate columns involving the transition elements (metallic) constitute the “B groups”.
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[bookmark: _Ref105939211][bookmark: _Ref106002609]Figure 7.3 Groups of the periodic table (a), Order of orbitals filling (b)
The oOrbitals
It is worth to remindRecall that according to Bohr’s model, electrons are distributed following energy levels numbered ordered by increasing integer numbers from the closest to the nucleus until to the furtherst. Hence the K level is numbered designated by 1, L level by 2, M level by 3, and N level by 4, and so on. In addition, each energy level is divided into many “sub-levels”, termed “orbitals” and are denoted by small letters s, p, d,  and f. The energy level 1 consists of the s-orbital, this latter couldwhich can be filled by a maximum of 2 two electrons. The energy level 2 consists of both s- and p-orbitals, this latter couldwhich can be filled by a maximum of 6 six electrons (practically p-shell consists of 3 three orbitals, each filled by two electrons). Furthermore, a maximum of 10 and 14 electrons maximum may fill the d-f-orbital respectively. According to Figure 7.3athe figure above on the left (Özdin, 2021, p. 35), the A-groups elements have their electrons occupying the s- and p-orbitals. Figure 7.3bThe figure above on the right (Özdin, 2021, p. 37) indicates the order of energy levels and their respective orbitals to be followed in order to fill contain the total number of electrons: this operation is termed the “electron configuration”. 
Example: the 16 -electrons configuration of  writesis written: . One may remark Notice that Surflur the sulfur atom exhibits 3 energy levels, with the last energy level (number 3) is occupied by 6 six electrons, termed called “peripheral electrons”. 
The pPeriods
The period of an element represents the number of energy levels needed to fill contain all the electrons. For instance, all elements of period 4 need 4 energy levels to configure their electrons.
The gGroups
The group of an element represents the number of electrons filling occupying the last energy level; those are the peripheral electrons. For instance, all elements of group 3 have three electrons occupying the last energy level. 
If one goes back to the Ssulfur example, looking at the electron configuration, one may deduce easily and without looking at the periodic table that this element belongs to group 4, period 3.
It should be noticed that elements from the same group exhibit similar properties, fFor this reason, there is another way to enumerate the groups, : by disregarding the classification between A and B, it is simply and following a continuous enumeration from 1 to 18 passing from one column to the next one. 
Self-cCheck qQuestions
1. Complete the following sentence
The Ccalcium element  occupies the second group and the fourth period in the periodic table.
Details:  is the electron configuration of Ccalcium; one may see that there are four energy levels and two peripheral electrons.
2. Choose the correct answer
The atomic number of an element belonging to the fifth A-group and fifth period is:
     49                               50                            51                            52  

Details: the fifth period means that there are five energy levels; the fifth main group means that there are 5 five peripheric electrons occupying s- and p- sub-levels:

7.3  The pPhotoelectric eEffect
The qQuantum of lLight
“Quantum Pphysics”, known also as “Qquantum Mmechanics” or “Qquantum Ttheory”, is a branch of Pphysics that studies and analyzes quantities found in their elementary amounts and as integer multiples of this these amounts; thus those these amounts have discontinuous specific values and could cannot achieve any intermediate other values. This studied physical quantity is classified referred to as being “quantized”. ‘’The elementary amount that is associated with such a quantity is called the “quantum” of that quantity (“quanta” is the plural).’’ (Walker, 2014, p. 1042).	Comment by GMP: You may want to consider simplifying and generalising your definition. Perhaps a little less quantitative and a bit more qualitative at first. Perhaps something like: "...is a branch of physics that studies the existence and behaviors of the fundamental, indivisible particles that comprise all of nature".	Comment by GMP: Particle?
One may concretize this concept by a very simple example: consider a family of five members; the number of members is quantized since it can be either one, two, etc….; one may not talk about two and a half members, and half for instance, or three members and one-quarter members: the number of members has specific integer multiple values.
In 1905, Albert Einstein has developed an aspect idea of the light as something other than the a wave: it is the “corpuscular aspect”. It states that light is quantized and consists of particles (corpuscles) termed “photons”. The energy E carried by a photon is a function of the frequency f of the light as a wave and is given by:	Comment by GMP: I might change this to "the corpuscular theory of light".
	

	
	(7.1)


 
Wwhere h is the “Planck constant”;: .
E is expressed in Jjoule (J) in the SI system, but it may also have another unit, the “electron volts” ().
The total energy carried by light is quantized since it is equal to the integer number of photons multiplied by h⋅f. Hence it is impossible to develop an energy of 0.43h⋅f or 15.23h⋅f for instance.
Absorption and eEmission of lLight
Furthermore, Einstein has found that either absorption or emission of light, i.e., photons, by an object occurs at the atomic level, namely specifically at the level of the atom’s electrons. (Walker, 2014)
A lLight of frequency f is absorbed by an atom when this photon forces the an electron to move from a stable energy level (close to the nucleus) to an excited energy level (far from the nucleus),. inIn energy terms, h⋅f is transferred from the photon to the electron; upon depending on the value of this energy value, the electron may either stay on this stable energy level if this the energy is not sufficient to excite the electron, or it may move to the furthest excited energy level without leaving the atom if the photon’s energy is moderate;. iIf the photon’s energy is considerable it would not only move the electron from an one energy level to the another, but also this latterit may acquire a sufficient kinetic energy to completely escape completely from the material. This phenomenon is termed the “photoelectric effect” and the targeted electron is termed the “photoelectron”. The related photoelectric equation could can be written as:
	

	
	(7.2)



Where  is the “work function: ”, which is a characteristic property of the material denoting the minimum requested required energy for the electron to escape from its stable energy level. If h⋅f< no photoelectric effect occurs.
Ek,max is the kinetic energy gained by the electron to while escape escaping completely outside the material, ; this energy appears if h⋅f>.
In the particular cases where the photon’s energy equals the work function of the material (i.e., the kinetic energy nilis zero) the minimum frequency f0 needed to trigger the photoelectric effect is termed called the “cutoff frequency”. Any light of with a frequency below f0 is will not be able to generate photoelectrons. The expression of f0 is:
	

	
	(7.3)



One may citeThere are many beneficial applications based on photoelectricity such as sunglasses, solar panels that absorb light to produce electricity, or the ‘’electric eye’’ for garage door’s safety that blocks once a hurdle cuts the incident light.
The photoelectric effect may occur inversely, meaning that an atom may emit light photons. and t This occurs when an electron initially in an excited energy level falls to a lower, more stable energy level, i.e. more stable energy level. The difference in energies of the electron between its final and its initial status is quantized and equal to h⋅f. Light production from lamps is based on this phenomenon.
Energy of Hhydrogen aAtoms
[bookmark: _Hlk115340884][bookmark: _Hlk115340832]Niels Bohr has tackledstudied the special case of electron’s  the electron in a Hhydrogen atom (or a Hhydrogen-like ion such as ( etc.)) towards  generating a photon of light generation once the electron falls from an excited energy level to a more stable energy level. Inversely, this model also applies when the electron absorbs light’s energy to escape to more excited energy levels, or even leaving to leave the cloud leading to ionization. This theory is quite similar to Einstein’s, one however, the quantization in that case is coming from the energy level’s numbers rather than from the photons. Upon Depending on the initial and final energy levels, a special type of light, i.e., with a characteristic wavelength, is generated as shown in Figure 7.4the figure below.	Comment by GMP: You may wish to provide a definition box for "ion" here.
[image: ]
[bookmark: _Ref106012142][bookmark: _Ref106012585]Figure 7.4 Light emission from electron's jump in Hydrogen atom	Comment by GMP: Please correct to "...from an electron jump in a hydrogen atom".
The energy of the an electron existing on an energy level n is determined by:
	

	
	(7.4)



where Z being is the atomic number. A more negative energy means a more stable electron, meaning that the level of instability, i.e., excitation, increases with the number of the energy level and thus when the electron gets more distant from the nucleus. The energy of the electron for the most stable case corresponds to n=1, it and is termed called the “ground energy”.
The energy difference E when an electron falls from ni to nf is equal to the photon’s energy h⋅f. By elaborating the calculations, one obtains the “Rydberg formula”, which that determines the wavelength of the emitted light:

Solving for :

Grouping all values except energy levels:
	

	
	(7.5)



R being the “Rydberg constant” expressed in m-1:

	

	
	(7.6)



It should be noticed that, the absorption of light leads to an the escape of an electron towards a further energy level; in caseif the electron quits leaves the atom definitelycompletely, “ionization” will occur. Mathematically, this corresponds to the electron escape from a well-known initial energy level to a final level  always with the absorbed energy always being h⋅f.
X-rays
X-rays are also electromagnetic waves, classified as invisible light produced also due to couple ofby phenomena applied on to electrons. They have been named X-rays since their real source is unknown. They have beenwere discovered in 1895 by Wilhelm Conrad Roentgen. Those are X-rays can be produced in an X-raya tube as shown in Figure 7.5the figure below.
[image: Diagram
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[bookmark: _Ref106030124][bookmark: _Ref106030769]Figure 7.5 X-ray tube
[bookmark: _Hlk115342136]First, a metallic piece termed called a “cathode” C is subjected to a voltage in order to generate an electric current. This current has the target to heats the cathode and hence to thus excites its electrons until ionization occurs leading to electrons escapinge, a process termed “thermionic emission”. The second step consists in of inducing very high speed to the emitted electrons to move at a rapid speed, this is ensured  by applying a very high voltage between the cathode (charged negatively charged) and another metallic plate, termed called an “anode”, A (charged positively charged); this will force the electrons to quickly accelerate enormously until hitting the anode, causing a this sudden deceleration leadsing to the emission of X-rays. The metallic anode is cooled continuously by water flows that enter and exit the cooling region of the anode. The intensity of the X-rays is increased by increasing the number of electrons and hence the electric current on the cathode. The X-ray’s energy is increased by increasing the acceleration of the electrons and hence the high voltage applied at to the electrons once emitted.
Despite being invisible, X-rays are able tocan penetrate the human body;. tThis property has been used to benefit medical science through from the invention of many medical devices used to scan some internal organs of the human body to detect some illness sourcesillness and injury.
Application 7.1.  Calculate the rate of photons number emitted by a 70 W power lamp if the wavelength of the emitted light measures is 575 nm. If each emitted photon hits then hits the surface of a cadmium plate ( = 4.8 eV) check the occurrence of the photoelectric effect.
Solution 7.1. The total energy is equal to the single energy times the number of photons: . Dividing both members by the duration t, one gets the total power on the left side and the rate of photons on the right side:

The energy carried by one photon is:  
This energy is in eV is  hence there is no photoelectric effect.
Application 7.2.  The red light of the Balmer series is generated when a Hhydrogen’s electron falls from level 3 to 2, calculate the frequency of this wave.
Solution 7.2. Apply Rydberg’s formula:
Self-check questions

Self-check questions

1. Choose the correct answer
The cutoff wavelength to excite an electron of Ccadmium ( = 4.8 eV) measuresis:
     443 nm                       259 nm                     392 nm                    288 nm  

Details: The cutoff frequency is: 
2. Answer by true or falseTrue or False and justify your answer
The ionization energy of a Hhydrogen-like atom (Z = 3) from its ground level measures 54.4 eV. False, since .
7.4  Radioactive rRadiation
Radioactivity
In the previous section, the analysis has beenwas purely focusing focused on the electron cloud of the atom: the electron’s movement, jump, and fall throughout the energy level, and their interaction with light’s photons. Contrarily, the actualthis section deals with reactions tackling of atoms’ic nuclei, namely the unstable nuclei namely, those that are able to emit rays in order to reach a more stable status. The emission of rays from a nucleus, or in other terms in other words, the “disintegration” of a nucleus, is termed calledthe “radioactivity”. (Özdin, 2021)
Radioactive reactions lead to the appearance of new elements since the nucleus morphology is changing. Atoms exhibiting an equal number of protons and neutrons are strongly stable and the related elements are not radioactive. In the periodic table, all elements after  show different numbers of neutrons and protons. Mostly of the radioactive elements are those who that have at least 1.5 times a number ofmore neutrons greater bythan  at least 1.5 times the number of protons and at the same time have an atomic number greater than 83. (Özdin, 2021)
Nevertheless, it should be noticed that the isotopes of the elements having Z<20 may be radioactive.Isotopes: variants of a same chemical element having the same atomic number but a different atomic mass. Example:  and 

The emitted radioactive rays are termed called “radioactive decays”. There are three main radioactive decays: alpha (), beta (), and gamma (). In addition, a nucleus may disintegrate and emits neutrons, however, this reaction occurs rarely.
The aAlpha pParticles
Alpha particles () are heavy particles that are and twice positively charged particles, similar to the Hhelium nucleus; they may be denoted by . Their speed is estimated to be 10% of light speed. Their ability of penetration ability is low meaning that a thin metallic sheet can stop their motion.
The original unstable nucleus, termed called a “parent nucleus”,  () disintegrates into a “daughter nucleus” () by emitting one alpha particle according to the following nuclear equation, where the balance of the atomic number and mass numbers is always conserved:
	

	
A=A’+4
Z=Z’+2
	[bookmark: _Ref106044358](7.7)



In case the daughter nucleus Y is itself unstable, it should be denoted by .
The bBeta pParticles
Beta particles () are light particles that are and negatively charged particles, similar to an electron; they may be denoted by . They are fast radiations being able to penetrate a few millimeters of a metallic sheet. Practically, the emission of a  particle is equivalent to a transmutation of one neutron () to one proton () in the nucleus and it is never affectsing  the electron cloud. It has been found that the emission of  is accompanied by an the emission of another particle, very light and electrically neutral, denoted by  named and called an “antineutrino”, where the word “neutrino” means ‘’the little neutral one’’. (Knight, 2016)

The general nuclear equation of disintegration emitting  particle writesis:
	

	
A=A’
Z=Z’-1
	(7.8)



Inversely, in the nucleus a proton may be converted into an electron by the emission of a  particle, termed called a positron and denoted by () or (). This emission is also accompanied also by an the emission of another very light and electrically neutral particle, very light and electrically neutral denoted by  and called anamed “neutrino”.

This latter reaction could also be obtained in another way, by “electron capture”:

The gGamma rRays
Gamma rays () are hugely very high -energy electromagnetic radiations, with nearly zero mass, and a neutral charge, and an enormous ability of penetration that reaches many centimeters into a lead block. (Özdin, 2021). Gamma rays do not have an ionizing effect. They are not emitted, nor are they emitted from an original parent nucleus; indeed, the resulting unstable daughter nucleus emits gamma rays in order to reach a more stable status.
	

	
	(7.9)


The nNeutron eEmission
It The neutron emission is a rare nuclear reaction, however, its occurrence changes exclusively only the mass number, keeping the same atomic number. In other words, neutrons emissions () results in an isotope and does not generate a new element.
	

	
	[bookmark: _Ref106044359](7.10)


The nNuclear eEnergy
Unlike chemical reactions characterized by conservation of mass, radioactive reactions exhibit a mass deficit of the products compared to the original reactive elements. This mass gap in mass is indeed converted into a huge amount of energy (which is denoted in equations (7.7)-(7.10)). This generated energy, termed called nuclear energy, is used in nuclear power plants to produce electricity. Petroleum costs are considerably saved by adopting this method of electricity generation and, according to many, thanks to this adopted way the environment is protected from pollution combustionusing nuclear energy protects the environment from combustion pollution. However, the safe management of nuclear power plants towards safety requires huge special care; any nuclear leakage may cause catastrophesbe catastrophic for humans health. One may cite the terribleAs an example, consider the  accident happened in at the Chernobyl nuclear reactor in the Ukraine (ex-Soviet Union) in 1986, which caused causing around thousands of cancer deaths over many years. In addition, one may talk aboutmust consider the nuclear waste generated from reactions; those , which needs considerable time to degrade leading their radioactivity to ceaseto a non-radioactive state, beside their poisonous effect to humans. Hence, getting rid of this nuclear waste disposal presents a real challenge.
The nNuclear energy is calculated by Einstein’s formula: 
	

	
	[bookmark: _Ref106092230](7.11)



 Where: . Each atomic mass is expressed in “units of atomic mass” (u) where: 
The nNuclear hHalf-life
It is worth to notice that until those linesSo far, we have, only considered natural radioactivity, has been considered meaning that nuclei disintegrate to on their own without any externally forced processes. Let N0 be the initial number of radioactive nuclei at t = 0. When disintegrating, this initial number will decrease and becomes N at any instant t. Rutherford has founddiscovered that the emission of this decrement follows an “exponential decay” law given by the following relationship:
	

	
	[bookmark: _Ref106089134](7.12)



 is termed called the “lifetime” of the nucleus. It This is the time needed to disintegrate 63% of the initial quantity, i.e., at .
However, it is more practical to measure a more remarkable period of disintegration termed the “half-life” : it is the time needed to decay half of the existing amount (i.e., ). Replacing Using this in equation (7.12) we have:

	

	
	[bookmark: _Ref106094784](7.13)


The nNuclear aActivity
The nuclear activity A of a radioactive sample is the rate of decay;, i.e., the number of disintegrations per unit time (Knight, 2016). It is expressed in decays/s (i.e., s-1) or “Bbecquerel” (Bq). Mathematically, it is the absolute value of the first derivative of N(t):
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The initial activity A0 at t = 0 is calculated by:
	

	
	[bookmark: _Ref106095042](7.15)



Another unit, the Ccurie (Ci), may also be used for the activity. The conversion to Bq is given by: .
Application 7.3.  Radioactive A radioactive nucleus isotope of Tthorium  emits one alpha particle. Write the nuclear equation, identify the daughter element Y, and calculate in J the generated energy from this nuclear reaction. Given: mTH = 230.033132 u; mY = 226.02541 u; mHe = 4.0026 u.
Solution 7.3.  The nuclear equation is: . From equation (7.7):
; . From the periodic table,  ,  which is the Rradium element. To calculate the generated nuclear energy, apply equation (7.11):

Converting to J: .
Application 7.4.  The half-life of Ppolonium  is 102 years. It decays by emitting one alpha particle. Consider 20 kg of Po. (i) Write the nuclear equation and identify the daughter element Y. (ii) Calculate the total nuclear energy. (iii) Calculate in Ci the activity of Po and its remaining mass after 25 years of decay. Given: mPo = 208.982405 u; mY = 204.974457 u; mHe = 4.0026 u.
Solution 7.4.  (i) The nuclear equation is: . From equation (7.7):
; . From the periodic table, ,  which is the Lead element lead.
(iii) The number of moles of Po:  hence the initial number of Po nuclei is: 

Converting to J: .
(iv) From equation (7.13): . The initial activity is found from equation (7.15): . For t = 25 years apply equations (7.14) then (7.12):


The number of moles remaining: 
The mass remaining: 
Self-cCheck qQuestions
1. Choose the correct answer
The most radioactive carbon isotope is:
                                                                                        

Details: in  the number of neutrons is 9, highest higher than the remaining isotopes; in other words, Nn/Np = 9/6 = 1.5 is the highest ratio.
2. Complete the following nuclear reactions


Details: in the first equation, it is clear that the element is remaining the same, hence it is an isotope, and its atomic number is always Z = 36. This means that the emitted particle has a zero charge and unit mass, it is no other thanand is thus a neutron .
In the second equation, it is clear that the missing particle has zero mass and one positive charge to complete the 11 of Na and reach the 12 of Mg; it is no otheris thus a than positron .
3. Answer by true or falseTrue or False and justify your answer
If 891 g out of 1 kg of  remain after 5 years, the half-life of Ccesium is 23 years. False since according to equations (7.12) and (7.13),  this gives .
7.5  Nuclear fFission and fFusion
Artificial rRadioactivity
Unstable nuclei decay naturally. However, stable nuclei may also emit particles and rays, but they need to be bombarded by high -speed particles. This bombardment of stable nuclei is termed called “artificial radioactivity”. 
One may cite the example of is the stable nucleus of Nnitrogen  bombarded by an alpha particle,. tThis nuclear reaction produces a stable Ooxygen nucleus and emits a proton particle following the equation:

Nuclear fFission
‘’The disintegration of a heavier nucleus into lighter nuclei by neutron bombardment is called “nuclear fission” (nuclear division).’’ (Özdin, 2021, p. 71). The fissionable nucleus is termed called the “fissile”.
[image: Diagram
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[bookmark: _Ref106102406][bookmark: _Ref106132068]Figure 7.6 Fission reaction of Uranium
The most famous element subjected to nuclear fission is the uUranium isotope  which when bombarded by one neutron generates two lighter nuclei, Kr and Ba, three neutron particles, and an enormous amount of energy as illustrated in Figure 7.6the figure above (Özdin, 2021, p. 72). Besides the huge amount of nuclear energy, it is worth to noticeimportant to note the three neutrons produced by this reaction, which could be used to bombard other Uuranium nuclei and generate new fission reactions. and t Thishe process continuous continues as long as available amounts of Uuranium are still existing; for this reason, this process is known as a “chain reaction”. This concept was established by Enrico Fermi in 1942. It and constitutes the basis of the atomic bomb. However, a promising aspect of this reaction is the usage of the huge energy released in power plants to produce electricity. Fission of 1 kg of Uuranium produces 2.5 million times of the energy as that 1 kg of coal produces.
Nuclear fFusion
‘’The combination of two or more lighter nuclei to form a heavier nucleus is called ‘nuclear fusion’.’’ (Özdin, 2021, p. 74). The most famous nuclear fusion reaction example is the reaction between two Hhydrogen isotopes, Ddeuterium () and Ttritium () to produce a Hhelium nucleus. This is the basis of the Hhydrogen bomb.

However, the initiation of this reaction requires huge an amount of energy equivalent to an atomic bomb, energy since nuclei by nature repel and henceand require a huge amount of energy is required to merge those nuclei. But theAn advantage, however, is that the energy released by fusion reaction is much more enormouslarger than the by fission reaction’s energy. A hydrogen bomb releases 1000 times more energy than an atomic bomb. ‘’The energy sources of sun and stars are samples of fusion reactions.’’ (Özdin, 2021, p. 74).
Application 7.5.  Calculate the nuclear energy released by a fusion reaction of 1 mole of Ddeuterium and 1 mole of Ttritium. Given: mDeut = 2.014102 u; mTri = 3.016049 u; mHe = 4.0026 u; mn = 1.008665 u.
Solution 7.5. From equation (7.11):
 

Self-cCheck qQuestions
1. Complete the following sentence
A uranium nucleus () bombarded by an alpha particle emits one proton and another element having an atomic number Z = 93 and a mass number A = 238.
Details: . . 
2. Choose the correct answer
The fusion reaction of two identical Ddeuterium nuclei produces:
           Helium and neutron                                       Helium and positron              

            Helium                                                              Helium and gamma
Details: 
Summary
AAn atom is the smallest entity that constitutes a substance keeping while still maintaining its properties. An atom consists of a central entity known as the nucleus and of a cloud surrounding the nucleus. Within this cloud turn continuously around the nucleus negatively charged particles, the called electrons. The nucleus contains two types of particles: positive charges,  calledthe protons, and neutral particles, the called neutrons. An atom is characterized by two numbers: the atomic number (Z) denoting the number of electrons, which is equal to the number of protons, and the mass number (A), denoting the total number of protons and neutrons.
[bookmark: _Hlk116729255]The periodic table contains the symbols along with atomic and mass numbers of all individual elements of in the nature. Each row constitutes a period which that denotes the number of energy levels in the electron cloud. Each column constitutes a group which that denotes the number of electrons occupying the last energy level.
Besides the wave theory of light, another theory assumes considers light as a group of particles named photons, each carrying an amount of energy. The lLight energy is hence quantized. When an electron falls or jumps from an one energy level to another, it emits or absorbs, respectively, light photons. This is the photoelectric effect. The work function is the energy needed for an electron to jump to a more excited energy level. If the photon energy exceeds the work function, the electron develops a kinetic energy to escape outside the material.
Radioactivity is a the disintegration of an unstable nucleus that emits particles and rays creating a new stable nucleus. This is accompanied by a the release of huge amounts of energy. This nuclear reaction could can be natural or artificial. Artificial radioactivity may consist of either fission, when in which a heavy nucleus bombarded with a neutron produces lighter nuclei, or fusion, in which when many light nuclei merge leading to a heavier one.
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