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			Chapter 0

			Introduction

			The objective of physics is to explain the behaviour of nature and condense it into simple, manageable laws, which are usually written in mathematical language. Today’s accepted knowledge is the result of a chain of observations, experiments, and reasoning which took place over centuries, if not millennia.

			One of the major issues in teaching and understanding physics is that the initial stages of observation, experimentation, and reasoning are often shortened or avoided entirely, and attention is focused solely on the final results or mathematical laws.

			Knowledge of the historical development of scientific developments is widely recognized as a valuable tool in teaching, and many authors and textbooks use it. However, in order for this tool to be as effective as possible, attention should be focused more on the long and winding road of observations, experiments, and sometimes not entirely successful arguments than on the final triumph of the particular theory that we now accept as correct.

			Without question, the physical magnitude most widely used in our everyday language is energy. Most countries or municipal governments have particular ministers or organizations devoted solely to energy matters, and news about energy supplies and the energy problem may be found in all the newscasts.

			At the same time, energy is undoubtedly the topic in physics, with more literature on the subject. You only need to start a basic search in any online search engine, and thousands of results will rapidly emerge. So, among the physical magnitudes routinely used, energy is the most reported and studied. 

			Thermodynamics, particularly energy, has historically been one of the most investigated topics. There are numerous specialized books and journals on the subject that focus on many of the distinctive traits or achievements related with energy and energy conservation.

			However, despite significant efforts in its study and dissemination, there are numerous papers focusing attention on the fact that energy and its related magnitudes, work and heat, are a major source of misunderstandings and conceptual errors that can be found not only in teaching and learning, but also in specialized literature.

			But, what is energy? The term energy was first used as a well-defined physical magnitude in the middle of the nineteenth century, along with the establishment of its law of conservation. However, understanding its conceptual meaning and how to teach it in the most efficient and correct manner remain challenging issues.

			In secondary school, energy is introduced alongside elementary mechanics, distinguishing between potential and kinetic energy in basic problems of motion. Heat and temperature phenomena typically begin to be incorporated at the same time. During that period, the emphasis is on the principle of energy conservation, which is frequently found in ordinary textbooks in the form:

			Energy can neither be created nor destroyed; rather, it can only be transformed or transferred from one form to another.

			Joule, Mayer, Helmholtz, Clausius, Kelvin, and Rankine’s formulation of the laws governing the mutual conversion of heat and motion around 1850 marked the beginning of the evolution of the energy conservation law to its current state of affairs. James Clerk Maxwell set out the majority of the vocabulary and definitions used today in his book “Matter and Motion” (1877), and Einstein proposed the final advance toward contemporary conceptual development in 1905.

			However, the issue started much earlier. Long had the study of what motion is been debated, how to measure motion, what heat is, and how to measure heat. Galileo, Descartes, Huygens, Boyle, Newton, Liebnitz, Johann and Daniel Bernouilli, Euler, Black, Lavoisier, Borda, Watt, Dalton, Davy, Carnot, and many others laid between the 16th and 19th centuries the groundwork for the concepts of momentum, vis viva, work, temperature, and heat, which ultimately led to the concept of energy.

			Heat and cold, or more specifically, heating and cooling, have been recognized since the beginning of time, as has motion. However, they weren’t identified as related magnitudes. For a long time, during the 18th and first half of the 19th centuries, it was believed that heat was an indestructible substance and that observable thermal effects could be explained by its absorption or transfer. 

			Despite Rumford and Davy’s claims about the heat generated by friction, it wasn’t until Joule’s experiments that the concept of heat as a substance was abandoned. Joule demonstrated that heat, or at least its effects, can be generated by mechanical action, and that heat and mechanical action are always transformed in the same proportion.

			A long series of careful experiments allowed Joule to give the “mechanical equivalent of heat”, stating that:

			The mechanical action of 817 pounds falling by a foot height is able to increase the temperature of 1 pound of water by 1 degree Fahrenheit.

			Most textbooks use the well-known paddle wheel experiment to illustrate this result, but, although this was the last and most definitive experiment, there was a lengthy history of earlier experiments and reasoning that prepared the way for the development of the energy concept and the law of conservation.

			This book’s goal is to provide an overview of the evolution of ideas related to the concept of energy, with an emphasis on the observations, experiments, and discussions that resulted in the final definition of energy as a physical magnitude and the formulation of the law of conservation.

			Many of the references focus attention on finding the precedents of the principle of the law of conservation in previous works. In our case, we will focus attention on the observations or experiments that were made at each moment, referring to the original texts where they were reported. Many of those observations and experiments can be repeated with low-cost simple instruments and can be taken as the subject of discussion in teaching as a preparation for the road towards the definitive establishment of present-day accepted laws.

		

	
		
			Chapter 1 

			From momentum to the conservation of living force

			Justo R. Pérez Cruz

			Department of Physics

			Faculty of Sciences

			La Laguna University

			The evolution of ideas about motion and the magnitudes related with it are discussed here. The analysis ranges from Galileo and Descartes’ introduction of momentum or quantity of motion to Huygens’ vis viva, and includes Leibniz’s debate over which of the two magnitudes is better for measuring force. The analysis concludes with the nineteenth-century introduction of the concepts of work, kinetic energy, and potential energy.

			1.1 The first ideas, Galileo, Descartes and momentum

			Motion was a subject treated in several works of the classical antiquity, in particular in Aristotle “Physics” (≈350b.c.e.), however it was not until the Renaissance that the first quantitative laws began to appear that later led to the concept of energy and its law of conservation. 

			The 14th-century French philosopher Jean Buridan (1295-1358) was the first to introduce the concept that the true measure of the force required to generate motion (impetus) is a combination of velocity and quantity of matter. It should be noted that at the time, the concepts of mass, weight, and quantity of matter were all used interchangeably.
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						Galileo Galilei 

						(1564 -1642)

					

				

			

			Whenever some agency sets a body in motion, it imparts to it a certain impetus, a certain power which is able to move the body along in the direction imposed upon it at the outset, whether this be upwards, downwards, to the side or in a circle. The greater the velocity that the body is given by the motive agency, the more powerful will be the impetus which is given to it

			….. All natural forms and dispositions are received by matter in proportion to itself. Consequently the more matter a body contains, the more impetus can be imparted to it, and the greater is the intensity with which it can receive the impetus. 

			The key contributions to our current understanding of motion were made by the Italian physicist Galileo Galilei (1564-1642). Instead of literally following ancient texts, Galileo made his own observations about simple systems like rolling balls on a slope and applied his new ideas to a variety of mechanical devices. In his “Discorsi e dimostrazioni matematiche, intorno a due nuove scienze” (1638), he came to the following conclusions:

			•Vertical fall is a uniformly accelerated motion, and hence the square of the velocity acquired during the fall is proportional to the height of the fall.The velocity acquired in the fall along a slope from a given height is the same regardless of the inclination.

			•The velocity acquired in the descent is just enough to raise the ball back to the height from which it was originally released but no more.

			Galileo noticed that the effect produced by a falling hammer, such as the one used in a pile driver, is a function of the hammer’s weight and the distance it fell. In this way, the mass, height, and velocity of a body in free fall appear to be related, and hence the effect caused by the impact.
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						René Descartes 
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			Galileo called momentum the product of velocity times the quantity of matter. The French philosopher René Descartes (1596-1650) called this magnitude quantity of motion and established a law of conservation for it. According to Descartes, the creator of the universe set the parts of matter in motion and ensured that their behaviour remained governed by the same laws, preserving an equal amount of motion in it. In his “Principles of Philosophy” (1644), Descartes stated that: 

			[Motion] has a certain and determinate quantity, which we can understand easily to be able to remain always the same in the whole universe, even though it may change in its individual parts. That is why we might think that when one part of matter moves twice as fast as another which is twice as large, there is the same amount of motion in the smaller as in the larger. 

			1.2 Huygens and vis viva
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			The conservation of the quantity of motion for impacting bodies was examined by the English mathematician John Wallis (1616–1703) and Sir Christopher Wren (1632–1723), the architect of St. Paul’s Cathedral. Wallis expressed it in mathematical terms and took into account the sign of speed before and after the collision and Wren performed several experiments on this subject. 

			The Dutch physicist and astronomer Christiaan Huygens (1629-1695) went one step further concluding that when rigid balls collide, not only does the product of mass and velocity remain constant, but the product of mass and the square of velocity also remains unchanged. In his work “On the motion of colliding bodies” (1656), he stated that

			•The quantity of motion that two hard bodies have may be increased or diminished by their collision, but when the quantity of motion in the opposite direction has been subtracted there remains always the same quantity of motion in the same direction.

			•The sum of the products obtained by multiplying the magnitude of each hard body by the square of its velocity is always the same before and after collision. 

			•A hard body at rest will receive more motion from another, larger or smaller body if a third intermediately sized body is interposed than it would if struck directly, and most of all if this is their geometric mean.

			•A wonderful law of nature (which I can verify for spherical bodies and which seems to be general for all, whether the collision be direct or oblique and whether the bodies be hard or soft) is that the common center of gravity of two, three or more bodies always moves uniformly in the same direction in the same straight line before and after the collision.

			Huygens was the designer of the first pendulum clock, the workings of which he described in his 1673 book “Horologium oscilatorium sive de motu pendulorum ad horologia aptato demostrationes geometricae” (The pendulum clock or geometrical demonstrations concerning the motion of a pendulum as applied to clocks). In this book, Huygens theoretically established the isochronism of the cycloidal pendulum, and solved several practical problems, in order to improve the working of the clock and its accuracy. 

			Huygens used the hypothesis that the centre of gravity of a rotating pendulum traverses equal arcs when descending and ascending as a starting point in the solution and derived the following two propositions:

			•If any number of bodies all fall or rise, but through unequal distances, the sum of the products of the square velocity of the descent or ascent of each, multiplied by its corresponding magnitude is equal to the product of the square velocity of the descent or ascent of the centre of gravity of all the bodies, multiplied by the sum of their magnitudes.

			•Assume that a pendulum is composed of many weights and, beginning from rest, has completed any part of the whole oscillation. Imagine next that the common bond between the weights has been broken and that each weight converts its acquired velocity upwards and rises as high as it can. Granting all this, the common centre of gravity will return to the same height which it had before the oscillation began.

			Huygens also used his knowledge of pendulums to determine the strength of gravity at the Earth’s surface to four significant digits. The main results of his research were published posthumously in 1703 in the “Opuscula postuma”, which includes the following statement:

			The motion of bodies and their equal and unequal speeds are to be understood respectively in relation to other bodies which are considered as at rest, even though perhaps both the former and the latter are involved in another common motion. And accordingly when two bodies collide with one another, even if both together are further subject to another uniform motion, they will move each other with respect to a body that is carried by the same common motion no differently than if this motion, extraneous to all, were absent.

			So, in sum Huygens proposed a relationship between the squares of the velocities acquired by the individual bobs in falling from their separate heights and the square of the velocities of the centre of gravity falling from its height.

			1.3 Liebniz and the vis viva controversy
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			The German mathematician and philosopher Gottfried Leibniz (1646–1716) started a long-running discussion about which magnitude is the true measure of the motive force of  bodies in motion. Leibniz argued whether, according to Huygens’ observations, this true measure is proportional to the square of velocity or linear with it, as Descartes’ quantity of motion suggests. In this regard, he published a paper in 1686 entitled “A brief demonstration of a notable error of Descartes and others concerning a natural law”, which marked the start of the so-called vis viva controversy.

			Leibniz’s argument is based on the fact that a body falling from a certain height acquires the same force required to raise it to its original height. The same force is required to lift a weight of 1 kg to a height of 4 meters as it is to lift a weight of 4 kg to a height of 1 meter, as, according to Galileo, the velocity acquired in the first case is twice that of the second, they have different momenta, and thus momentum is not a suitable description of force.
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			As the product of weight and height for a falling body is proportional to the product of weight and the square of velocity, Leibniz reasoned that the latter should be the appropriate magnitude to measure the force of bodies in motion. In his 1695 paper “Specimen dynamicum”, he coined the term vis viva (living force) for this magnitude, in contrast to the vis mortua, or static force of equilibrium.

			According to Leibniz, moving bodies have vis viva, whereas bodies at rest that have been raised or stretched have potential or potential force, in the sense that they can be set in motion by this condition.

			In his “Principia”, the British physicist and mathematician Isaac Newton (1643-1727) proposed a clear definition of force as the element that can cause changes in the state of motion. The above 1687 book includes the conservation of momentum and Huygens’ principle, as well as Newton’s ideas applied to a variety of motions, such as free fall, simple pendulum, conical pendulum, and collisions with wooden balls used as pendula.

			Another result in Newton’s book is that the principle of path independence established by Galileo’s inclined planes experiments is more general, being applicable to the general case of centripetal forces regardless of their nature. In this case, the square of the velocity is not proportional to the height but to the integral of the centripetal force over the displacement.

			Following Huygens’ work, the French astronomer Jean Richer (1630-1896) discovered during a trip to French Guiana in 1671 that the period of an oscillating pendulum clock has different values in Cayenne and in Paris, indicating that weight varies with latitude. This observation can be explained in Newton’s theory, which distinguishes between weight and constant mass and it is the first evidence that the shape of the Earth is not completely spherical.

			The Swiss mathematician Johann Bernoulli (1667-1748) provided additional evidence for Liebniz’s arguments in his 1724 work “Discours sur les lois de la communication du mouvement”. Bernoulli presented geometrical proof that if a body with a definite velocity strikes a spring, bending it to a certain extent, the same body with twice the velocity can bend four springs equally to the first, implying that the driving force of a body in motion should be proportional to the square of velocity rather than velocity alone.

			1.4 Towards the conservation of living force

			The vis viva controversy was resolved by the French scientist and co-editor of the Encyclopedie Jean le Rond d’Alembert (1717–1783). In his “Traité de Dynamique” (1743), d’Alembert demonstrated that the conflict between vis viva and momentum can be resolved through proper definitions. According to his findings, the rate of change of momentum aligns with the force exerted on a body, while the cumulative effect of a force over a distance corresponds to half the change in vis viva.
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						Jean le Rond d'Alembert (1717–1783)

					

				

			

			In the last chapter of his treatise, entitled “On the Principle of Conservation of Living Force” d’Alembert stated that this principle applies to perfectly elastic collisions of particles in the following form:

			When a number of particles collide elastically the sum of the products of each mass times the square of its velocity remains constant.

			He also extended it to an assembly of particles held together by rigid connections (a rigid body). If no “accelerating force” acts on any particle, the total vis viva remains constant regardless of the motion of the individual particles, as he demonstrated in a number of special cases. In addition, he stated:

			In the case that accelerating forces act on the body, the vis viva does not remain constant, but the change in it is equal to the “effect” (integral) of the forces along the distance.

			It should be noted that d’Alembert only refers to vis viva and does not interpret his result in terms of the conservation of a quantity composed of the sum of vis viva and another quantity determined by the positions of the particles in the system.

			The Swiss physicist Daniel Bernoulli (1700-1782), son of Johann Bernoulli, referred to the potential vis viva of a stretched cord as the vis viva generated by the cord when it is released. The same concept is referred to as vis potentialis by his friend, the Swiss mathematician and physicist Leonhard Euler (1707-1783).

			
				
					
						[image: ]
					

					
						Joseph L. Lagrange (1736–1833)

					

				

			

			The Italian-born (naturalised French) mathematician Joseph Louis Lagrange (1736–1833) presented in his “Mechanique Analytique” (1788) a closer construct to the current state of affairs. In a chapter devoted to vis viva, he showed that it is possible, in certain cases, to set up a function of the coordinates of a system of particles which, when added to the vis viva of the system, yields a quantity constant in time.

			Lagrange reported, in his book, a systematic presentation of the science of mechanics in mathematical terms, presenting his method of generalized coordinates and deriving the equations of motion bearing his name.

			1.5 Work and energy

			Throughout history, the construction of machines was rarely accompanied by a conceptual discussion of their working principles. However, in his “Memoire sur les roues hydrauliques” (1767), the French scientist and navy officer Jean Charles Borda (1733–1799) was the first to relate the change in vis viva of a descending fluid with the change in height of the load lifted by the machine.

			The French scientist and politician Lazare Carnot (1753–1823) made the product of the vertical distance and the weight lifted the generalised measure of mechanical power and the dimensional equivalent of vis viva. Lazare, father of the well-known figure in thermodynamics Sadi Carnot (1796-1832), called this product ‘’latent living force’’, or ‘’virtual vis viva’’ in a likeness to latent heat. At this time, it was already common to measure the duty of a steam engine by the height it could lift a weight by burning a given amount of coal.
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			The term energy was first used in the modern sense in the early nineteenth century by the British polymath Thomas Young (1773–1829), who took it from the Greek concept of capacity of action (energeia). Young gave energy the sense of living or ascending force, stating that it is proportional to the labour expended in producing the motion. 

			The present day definition of work as the integral of a force over a distance was introduced by the French mathematician and engineer Gustave Coriolis (1792–1843). His disciple, Jean Poncelet (1788-1867), considered that men, animals, heat, currents of water, and winds were all agents of work. Poncelet calculated the work required to accelerate a body, concluding that it corresponds to half of the change of the product of mass by the squared velocity (vis viva). However, the final state of the concept of energy and the formulation of its principle of conservation would have to wait until the observations from the mutual conversion between heat and work around 1850.
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