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Chapter 1

Introduction

This learning module introduces some basic concepts of matter and energy useful to students of
electricity and electronics. The Simplified Tutorial is very brief compared to the Full Tutorial, which
touches on basic chemistry and thermodynamics. Electricity is fundamentally regards the exchange
of energy using mobile electrical charges, and so a firm conceptual foundation in the concept of
energy, how it is conserved, as well as conservation laws related to electric charge and mass is very
important.

When first learning anything new, it is extremely helpful to challenge yourself to express what
you have learned into your own words, using your own examples, and to discover how these new
ideas connect to ideas previously learned. You can do this by writing, by speaking, and also by direct
application (by doing). Then, share your thoughts and actions with others to gain their perspective.
If you are a student in a formal educational environment, bringing this level of engagement to the
conversation will help you (as well as your fellow students) tremendously. You will find this not only
helps you remember, but it also gives you greater depth of understanding.

Important principles discussed in the Tutorial chapters include conservation laws (energy,
mass, electric charge), basic atomic structure, the relationship of energy to force and motion,
different forms of energy and how they relate to motion, and the distinction between energy versus
power. In particular, energy in its different forms is a unifying principle throughout the study of
electricity and electronics.

Here are some good questions to ask of yourself while studying this subject:

e How might an experiment be designed and conducted to explore the concept of energy
conservation? What hypothesis (i.e. prediction) might you pose for that experiment, and
what result(s) would either support or disprove that hypothesis?

e How might an experiment be designed and conducted to explore the concept of mass
conservation? What hypothesis (i.e. prediction) might you pose for that experiment, and
what result(s) would either support or disprove that hypothesis?

e How do we define energy, and how may we calculate its quantity?

e What does it mean for a physical property to be conserved?

3



4 CHAPTER 1. INTRODUCTION

e What is work, and what does it mean in the active and passive form (i.e. what does it mean
to do work on something, versus have work done on something)?

e How does power differ from energy, and why are these concepts easy to confuse with one
another?

e How does an electrostatic force differ from a gravitational force?

An excellent “active reading” strategy to apply in this text as well as all technical tutorials is to
actually perform the mathematical work shown by the author, for the purpose of reinforcing your
mathematical abilities as well as illuminating the author’s points. Look for opportunties in the text
to do this, where you can take the information given in the set-up of a mathematical problem, then
independently compute your own answer, checking against the text to see if your result matches the
author’s.

You will find many other “active reading” strategies in the “Reading outline and reflections”
subsection of the Conceptual reasoning section of the Questions chapter. Additionally, the
“Foundational concepts” subsection in that same chapter lists many of the important principles
contained in this learning module. A good self-check of your reading comprehension is to see if you
are able to define each of those listed concepts.

Common misconceptions include the following. For each of these, challenge yourself to prove
why the misconception is incorrect:

e Equating force with energy

e Equating power with energy

In the Derivations and Technical References chapter you will find resources for exploring
important concepts in greater depth. Examples include Newton’s Laws of Motion where we find Isaac
Newton’s expressions of fundamental principles related to the motion of matter, and Dimensional
analysis where we explore a powerful technique for validating the application of mathematics to
physical phenomena.



Chapter 2

Simplified Tutorial

Matter is anything possessing mass, “mass” being defined as the opposition to acceleration (changes
in velocity). Mass is related to weight, but not identical to it because “weight” is the downward force
exerted on a mass by a gravitational field. Matter in outer space, for example, would be weightless
since it experiences negligible gravity, but it would still have mass.

Isaac Newton, the famous scientist who lived from 1642-1727, formulated some laws of motion,
the first and second of which describe these properties of mass:

1. An object at rest tends to stay at rest; an object in motion tends to stay in motion®

2. The acceleration of an object is directly proportional to the net force acting upon it and
inversely proportional to the object’s mass

A very important property of mass is that it is conserved, which means it is eternal and cannot
be created or destroyed. Mass may change form, but it cannot be eliminated nor can it appear from
nothing. This is known as the Law of Mass Conservation, or simply the Conservation of Mass.

The standard metric unit of measurement for mass is the kilogram, one kilogram being equal
to one thousand grams (a much smaller measure of mass). In the Imperial (British) measurement
system mass is measured either in slugs or pounds.

Through many centuries of experimentation, people discovered that matter may be subdivided
into ever-smaller components. What may appear to be a completely solid and homogeneous object
is actually comprised of molecules, which are in turn formed of even smaller atoms, which in turn
are formed of even smaller sub-atomic particles. The separation of molecules into individual atoms,
as well as the combining of atoms to form molecules, is the domain of chemistry. The separation of
atoms into particles and combining particles to make atoms is the domain of nuclear physics.

1 Adding Tony’s corollary to this, an object on vacation tends to stay on vacation.
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A tremendously simplified model of a single atom of the element nitrogen is shown here, each
of its constituent particles represented by colored circles: protons, neutrons and electrons. Seven
protons and seven neutrons comprise the nucleus of a nitrogen atoms, and seven electrons “orbit”

around it:

The chemical identity of an atom is defined entirely by the number of protons (called the atomic
number) within an atom’s nucleus. Those protons and neutrons comprising an atom’s nucleus are
very tightly bound together, so tight in fact as to be almost inseparable from each other. This is why
atoms are almost impossible to modify?. The orbiting electrons are much easier to dislodge or to
add, and in fact it is precisely this process that results in atoms merging together to form molecules,
the following illustration showing a nitrogen molecule formed of two nitrogen atoms bonded together
by the sharing of three electrons:

An N, molecule

N B TR

Nl}mber of atoms
bound together
in a molecule

(Two atoms of Nitrogen bound together by the sharing of electrons)

2In fact, the word “atom” comes from the Greek word atomos, which means “indivisible”. Ancient philosophers
of nature speculated that atoms themselves were conserved (i.e. incapable of creation or destruction) but modern
scientific techniques have shown this to be untrue. Now it actually is possible to pluck particles out of or add particles
to atomic nuclei, thereby altering those atoms’ identities, but it is still very difficult process.



Electrons and protons are mutually attracted by a force known as an electrostatic force. This is
similar to gravity, but very different in one regard: whereas gravity can only attract matter together,
the electrostatic force can both attract and repel matter. The equivalent of mass for gravitational
fields is charge for electrostatic fields, and particles having the same “polarity” of charge repel each
other while particles having opposite-polarity charges attract. By convention, electrons are said to
have a negative charge and protons a positive charge. Electrons are attracted to protons, but repelled
by other electrons. Protons also tend to repel each other, but this repulsive electrostatic force is
much weaker than the strong nuclear force binding protons and neutrons together in the nucleus.
Neutrons have no charge.

In an electrically “balanced” atom, the number of electrons exactly equals the number of protons,
leaving the atom which no net charge. If an atom is stripped of one or more of its electrons, it will
have a net positive charge; if extra electrons join the atom, it will have a net negative charge. In
both cases we refer to the “imbalanced” atom as an ion, one example being a negatively-charged
nitrogen ion represented in the illustration below:

An N ion
Chemical symbol ® e ®
lonic charge
(- means extra electrons,
+ m(f/ans missing electrons)
3- ®
N .
®
®
®
®

(Possesses three more electrons than an electrically-balanced atom of Nitrogen would)

In some types of solid material, most notably metals, the atoms bind together in such a way that
their outer-most electrons are free to drift apart from their parent atoms and actually move like a
fluid within the solid. These mobile charges are the stuff of electricity. Ions existing within a liquid
or a gas — where whole atoms are free to drift independently of each other — may also serve as mobile
electric charges just like individual electrons moving about within a solid metal object.

Electric charge, like mass, is also a conserved quantity. That is to say, charges can neither be
created nor destroyed but are eternal. This is known as the Law of FElectric Charge Conservation,
or simply the Conservation of Electric Charge.

To summarize, all matter has mass and experiences an attractive force (called the gravitational
force) toward other masses. Some types of matter also have charge and experience either an attractive
or a repulsive force with other charged matter (called the electrostatic force). Both mass and charge
are conserved quantities in our universe. Charges that are free to move about is what electricity is
made of.
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A concept more abstract than either mass or charge is emergy, and for the purposes of our
discussion will be defined as that which sets matter into motion. Imagine an electron and a proton
separated a short distance from each other in otherwise empty space, their electrostatic attraction
causing them to move toward each other:

F F

© [

In the absence of any external restraint, these two charged particles will move toward each other,
and thus we may conclude energy is at work here as per our definition of energy being that which
sets matter into motion. At first one might be tempted to identify the source of this energy as the
electrostatic force acting on these particles, but this is not entirely accurate. The next illustration
should make this clear:

Here, we see the electron and proton have moved together until they touch, at which point they
cannot travel any closer to each other. The attractive force of their opposing electrostatic charges
is still there, but since there is no longer room for motion they cannot move closer. If we define
energy as “that which sets matter into motion” we must conclude energy is no longer present in this
system, even though force still is. Therefore, energy cannot be the same thing as force.

Force is clearly involved in energy — for without a force attracting the two particles together they
would have no impetus to begin moving toward each other — but there must be more to the concept
of energy than force alone. What we need for there to be energy is both force and displacement
(travel, or at least the potential of travel).



In the study of physics, the combined action of force and displacement is called work, and it may

be calculated as the product (multiplication) of force and displacement and the cosine of the angle

between those two vectors®.

Displacement

. x Work (W) done by force is positive
Force W = Fx cos 0°
Object —> F W= (FX) (1)

Displacement

s X Work (W) done by force is zero
- W = Fx cos 90°
; orce
ObjeCt l E W= (FX) (0)

Displacement

N Work (W) done by force is negative
Force W = Fx cos 180°
Object - F W= (FX) (-1)

When work occurs — i.e. a force acting parallel with a displacement — energy is exchanged.
Returning to our electron-proton system, one could imagine some external force prying those two
particles apart from each other against the electrostatic force of their mutual attraction. In this
case that external force would be doing work on the particles, and in so doing that work those two
particles would end up having more energy (i.e. more potential to travel toward each other) than
before. If we could somehow harness both of those separated particles to make them motivate some
other matter as they fell toward each other again, the electron and proton would be doing work on
that other matter, and in so doing that work their energy would be transferred there.

Interestingly, energy — just like mass and just like charge — is a conserved quantity, incapable of
being created or destroyed. Any time work occurs in the physics sense of that word, energy merely
moves from one location or state to another, but the grand total of energy in the universe remains
exactly the same. This is called the Law of Energy Conservation, or simply the Conservation of
Energy.

3A wector in physics is a quantity that has both a magnitude and a direction. This is true of both forces and
displacements.



10 CHAPTER 2. SIMPLIFIED TUTORIAL

Energy is usually defined as being one of two types, potential or kinetic. “Potential” energy is
capable of setting matter into motion, without any motion occurring at the moment. “Kinetic”
energy, by contrast, is what moving matter possesses — i.e. able to set other matter into motion by
its own motion (by collision, for example).

Both forms of energy are easy to calculate, potential energy being a function of force and potential
displacement parallel to that force, and kinetic being a function of mass and velocity:

1
E,=Fz By = imv2
Where,
E, = Potential energy in Joules or Newton-meters (metric), or foot-pounds (British)
F = Force in Newtons (metric) or pounds (British)
x = Potential displacement in meters (metric) or feet (British)

E), = Kinetic energy in Joules or Newton-meters (metric), or foot-pounds (British)
m = Mass of object in kilograms (metric) or slugs (British)
v = Velocity of mass in meters per second (metric) or feet per second (British)

Some quantitative examples illustrate both types of energy:

e A boulder with a weight of 500 Newtons (gravitational force) resting at the top of a 30 meter
hill possesses 15000 Newton-meters (or 15000 Joules) of potential energy

e A bullet having a mass of 2.9 grams (0.0029 kilograms) traveling at a velocity of 1100 meters
per second possesses 1754.5 Newton-meters (or 1754.5 Joules) of kinetic energy

Energy may freely exchange between these forms, and when such an exchange takes place the
sum total of energy remains constant due to Conservation. For example, if that bullet were fired
straight up* it would leave the gun barrel with 1754.5 Joules of kinetic energy, which would convert
to potential energy as it climbed to maximum altitude and minimum velocity, then would convert
back into kinetic energy as the bullet lost altitude and fell toward Earth. Air friction during its
ascent would result in the bullet attaining less than 1754.5 Joules of potential energy at its apogee,
and air friction while falling would result in even less kinetic energy when it reached ground level
again. However, total energy would remain the same: 1754.5 Joules total in kinetic energy plus
potential energy plus thermal and acoustic energy® in the air disturbed by the bullet’s flight.

Power is often confused with energy, but it means something different. Whereas “energy” is that
which sets matter into motion, “power” is defined as the rate at which energy gets exchanged from
one form to another. In the metric system the Newton-meter or Joule is used to measure energy,
but the Watt is the unit for power, with one Watt being equal to one Joule (or Newton-meter)
per second. Whereas a measurement of energy tells you how much work that energy could do, a
measurement of power tells you how rapidly work can get done.

4Please, do not attempt this experiment!
5Thermal energy is actually another example of potential energy, as temperature consists of random molecular
motion.



Chapter 3

Full Tutorial

Physics is really the study of matter and energy, and of the laws describing the interactions of both.
The movement of matter largely follows the laws described by Isaac Newton (so much so that this
category of physics is often referred to as Newtonian physics). The flow and transformation of energy
is a category called thermodynamics. In a sense, this Tutorial may be thought of as an extremely
condensed lesson in physics.

It may also be thought of as an extremely condensed lesson in chemistry, the study of how
different types of atoms interact with each other. Matter consists of atoms, but atoms rarely exist in
isolation. Usually atoms are found bonded to each other to form larger collections of matter called
molecules.

11
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3.1 Matter and atomic structure

Matter is anything possessing mass, and “mass” is an opposition to acceleration. Masses have weight
when exposed to a gravitational field such as on Earth, but even when far removed from sources of
gravity (e.g. deep in space) matter still possesses mass’.

In everyday scenarios we find matter existing in the form of very large numbers of sub-microscopic
atoms and molecules. Common phases of matter include solid, liquid, and gas. Solids are materials
where the molecules are more or less locked together into a rigid form. In liquids, the molecules are
not locked together per se, but exist adjacent to one another while retaining individual mobility.
Gases consist mostly of empty space interspersed with molecules that are entirely mobile.

1A good demonstration of this fact would be to attempt to shake a massive object such as an anvil if brought
about an orbiting space station or other spacecraft. Though weightless, that object would still resist being shaken,
and the more mass it has the more resistance it would offer to a shaking force.
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3.1.1 Atoms and particles

Scientific experimentation has led humanity to the discovery that matter is comprised of atoms,
and that every atom consists of just three types of “elementary” building-blocks called particles:
electrons, protons, and neutrons. Combinations of these three particle types in various whole-number
quantities constitute every type of atom. These fundamental particles are absolutely miniscule in
comparison to the macroscopic existence of human beings. Just to illustrate, the mass of a single
proton is approximately 1.67 x 10727 kilograms: written without scientific notation, it would be
0.00000000000000000000000000167 kg. An electron is even smaller: weighing in at 9.11 x 1073! kg
(about 1800 times less mass than a proton!). Being far smaller in size than a wavelength of visible
light?, we cannot see these particles even with the most powerful optical microscope.

Protons and neutrons are very tightly bound together in the nucleus (center) of an atom. This
bond is so secure that only extraordinary forces are able to pry an atom’s nucleus apart. Suffice it
to say, one cannot disturb the stability of an atomic nucleus by rubbing, cutting, grinding, heating,
smashing, or any other macroscopic physical process. The force binding protons and neutrons
together in the nucleus is known as the strong nuclear force.

Electrons “orbit” the nucleus of atoms, and are held in proximity to those nuclei by electrostatic
attraction (the so-called electromagnetic force), which is many orders of magnitude weaker than
the strong nuclear force. Thus, electrons can be dislodged from or added to atoms through the
action of macroscopic forces such as rubbing, cutting, grinding, heating, etc. It is the changeable
configurations of electrons that accounts for different atoms joining together to form molecules.

The chemical identity of any atom is a simple and direct function of how many protons that
atom has in its nucleus. Each nitrogen atom, for example, has seven (7) protons in its nucleus. This
quantity is called the atomic number of an atom. In order for an atom to have a net neutral electric
charge, there must be as many electrons orbiting the nucleus as there are protons in the nucleus,
since protons are positively charged and electrons are negatively charged (equal and opposite electric
charges, each). Therefore, a neutral atom of nitrogen will have seven electrons orbiting around the
nucleus, electrically balancing the seven protons within the nucleus.

The number of neutrons within the nucleus of an atom does not affect the atom’s chemical
identity, but it may affect its nuclear properties (e.g. whether or not it is radioactive; to what degree
it captures certain forms of radiation, etc.). For example, most nitrogen atoms have seven neutrons
along with seven protons in their nuclei, giving a total nuclear particle count of fourteen — the atomic
mass of the atom, sometimes called the atomic weight. However, it is possible for a nitrogen atom to
have eight neutrons (an atomic mass of fifteen) and still be “nitrogen,” with all the same chemical
properties.

2In order for a wave of light to be influenced at all by an object, that object must be at least the size of the wave’s
length. To use an analogy with water waves, it would be comparing the interaction of a water wave on a beach against
a large rock (a disturbance in the wave pattern) versus the non-disturbance of that same wave as it encounters a small
buoy.
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A tremendously simplified model of a common nitrogen atom is shown here, with 7 protons and
7 neutrons in the nucleus, and 7 electrons in “orbit” around the nucleus:

The atomic number of this atom (the number of protons in the nucleus) is seven, which is what
defines it as nitrogen. The atomic mass of this atom (the sum of protons and neutrons in the
nucleus) is fourteen. The chemical symbol for this atom is shown here:

Atomic mass (or weight)
(number of protons + neutrons)

N
14

2

Atomic number
(number of protons)

The atomic number is redundant to the letter “N” for nitrogen, since only the element nitrogen
can have an atomic number of seven. The atomic mass is only relevant when we need to distinguish
one isotope of nitrogen from another (variations of elements having the same number of protons but
different numbers of neutrons), and this is seldom because the chemical properties of isotopes are
identical — only their masses differ. For these reasons, you will usually find no left-hand subscripts
or superscripts placed near chemical symbols of elements in chemical expressions.
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3.1.2 Molecules and ions

By contrast, subscripts and superscripts placed to the right of a chemical symbol have very important
meanings in chemistry. A right-hand subscript refers to the number of atoms bound together to
form a molecule. A right-hand superscript refers to the electrical charge possessed by an atom (or
by a molecule) by virtue of the number of electrons not matching the number of protons:

An N5 molecule may be represented simplistically as follows, the two nitrogen atoms joined by a
mutual sharing of three of its highest-energy (valence) electrons, shown in this illustration as those
electrons residing in the largest-diameter “orbits”. Incidentally, this “triple bond” characterizing
the nitrogen molecule is very strong (the more electrons participating in the joining of two atoms,
the stronger the bond, all other factors being equal):

An N, molecule

Chemical symbol

N - T X

2 ® ®
Nu\mber of atoms

bound together
in a molecule

(Two atoms of Nitrogen bound together by the sharing of electrons)

An N3~ ion is an atom of nitrogen having three more electrons than it normally would when
electrically balanced:

An N*¥ ion
Chemical symbol ¢ e ®
lonic charge
(- means extra electrons,
+ m?/ans missing electrons)
3- ®
N =
®
®
®
®

(Possesses three more electrons than an electrically-balanced atom of Nitrogen would)
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3.1.3 Chemical formulae

A chemical formula is a written description of a molecule’s constituent atoms. Ethanol (ethyl
alcohol), for example, is a conglomerate of two carbon atoms, six hydrogen atoms, and one oxygen
atom. One way to express this structure is to write the following formula for ethanol, the right-hand
subscripts showing the relative quantities of atoms in each ethanol molecule:

C2HgO

This is called a molecular formula, because it shows the proportions of atom types comprising
each molecule.

A more common way to write the formula for ethanol, though, is this:

C.HsOH

Here, an attempt is made to show the physical structure of the ethanol molecule, where one of
the hydrogen atoms is located further away from the others. This is called a structural formula.
If more detail of the bonds between atoms in a molecule is needed, a semi-graphic representation
called a displayed formula (also known as an expanded structural formula) may be used in lieu of a
structural formula:

Displayed formula for ethanol

(C,HsOH)

H H

|
H—C—C—O0—H

|

H H

Each letter in a displayed formula represents a single atom within that molecule, and each line
segment in a displayed formula represents a bond between two.
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In organic chemistry — the study of molecules principally centered around carbon atoms — a
special type of notation is used to show the structural detail of the molecule with fewer lines and
letters than a displayed formula. This notation is called a line drawing, where each line segment
represents a single electron bond® to a carbon atom, each vertex and line-end represents the location
of a carbon atom, and any hydrogen atoms directly bound to a carbon atom are simply omitted
for simplicity. Compare and contrast these displayed formulae and line drawings for a few different
organic compounds:

Displayed formula Line drawing
Ty
H—(lj—(lj—(lj—H Propane (C3Hg) — >
H H H
I
C

T
H
O
[l O
H P I
H—C o) o
| | y-valerolactone
H-C C—H
¢
H N H
H H

An important principle in organic chemistry is that carbon atoms prefer to form exactly four
bonds with surrounding atoms®. This fact is exploited in line-drawing notation where any bonds
not explicitly shown at a vertex are assumed to be single-bonds with hydrogen atoms, enough of
them to bring the total number of bonds with that carbon atom to four. Since a great many organic
compounds are principally comprised of carbon and hydrogen, the line-drawing symbols for these
molecules tend to be more lines than letters.

30ne line represents a single bond, which is one electron shared per bound atom. Two parallel lines represent a
double bond, where each carbon atom shares two of its valence electrons with the neighboring atom. Three parallel
lines represent a triple bond, where each atom shares three of its outer electrons with the neighboring atom.

4Incidentally, nitrogen atoms preferentially form exactly three bonds, and oxygen atoms exactly two bonds. The
reason for this pattern is the particular patterns of electrons orbiting each of these atoms, and their respective energy
levels. For more information on this, see section 3.2 beginning on page 19.
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Chemical engineers often perform mass and energy balance calculations for processes where
mixtures of similar compounds exist. Wastewater treatment is one example, where an array of
organic compounds must all be treated through oxidation (chemical reaction with oxygen). In such
cases, it is common for chemical engineers to write formulae expressing the average ratios of elements,
so that they may calculate the quantity of reactant(s) needed to complete the desired chemical
reaction with compounds in the mixture. Primary sludge clarified from municipal wastewater, for
example, may be represented by the compositional formula CooHgz9O19N. This does not suggest the
existence of some monstrous molecule consisting of twenty-two carbon atoms, thirty-nine hydrogen
atoms, ten oxygen atoms, and a lone nitrogen atom somewhere in a sample of sludge, but rather
that the combined average carbon, hydrogen, oxygen, and nitrogen quantities in that sludge exist in
a variety of molecular forms in these approximate proportions. This aggregate formula expression
helps the engineer quantify the gross chemical characteristics of the sludge, and from that determine
how much oxygen will be necessary to completely oxidize it.

Sometimes, compositional formulae are written with non-integer subscripts. An example of this
would be the compositional formula C4 gHg 404 2, which also happens to be an average composition
for municipal wastewater sludge (ignoring nitrogen content). The same formula could just as well
have been written CygHgsO92, or even CosH420171, because these subscript values all express the
exact same proportions.



3.2. ELECTRONIC STRUCTURE 19

3.2 Electronic structure

Earlier in this chapter you were shown a model of a nitrogen atom with a dense nucleus (comprised of
protons and neutrons) surrounded by electrons whirling around like satellites around a planet. While
there are some useful features of this model, it is largely in error. A more realistic view of atomic
structure begins with the realization that electrons do not exist as discrete particles, but rather as
wave packets. In a sense, they orbit the nucleus within certain areas of probability, as described by
the principles of quantum mechanics. One way to envision this is to think of an electron’s placement
around the nucleus in the same way you might picture a city shrouded by a layer of fog. The electron
does not have a discrete location (even though there is a discrete number of them found in every
atom), but rather may be found anywhere within a certain region to varying degrees of probability.

Things get even stranger the more electrons there are in an atom. No two electrons may share
the same quantum states in the same atom — a principle called the Pauli Exclusion Principle. This
means the electrons surrounding a nucleus must exist in distinct patterns. Just a few of these
patterns are shown here as orbitals (regions of high probability where up to two electrons may be
found surrounding a nucleus):”

Electrons situate themselves around the nucleus of any atom according to one basic rule: the
minimization of potential energy. That is, the electrons seek the lowest-energy positions available
around the nucleus. Given the electrostatic attraction between negative electrons and the positive
nucleus of an atom, there is potential energy stored in the “elevation” between an orbiting electron
and the nucleus, just as there is gravitational potential energy in any object orbiting a planet.
Electrons lose energy as they situate themselves closer to the nucleus, and it requires an external
input of energy to move an electron farther away from its parent nucleus.

In a sense, most of chemistry may be explained by this principle of minimized potential energy.
Electrons “want” to “fall” as close as they can to the positively-charged nucleus. However, there is
limited “seating” around the nucleus. As described by Pauli’s Exclusion Principle, electrons cannot
simply pile on top of each other in their quest for minimum energy, but rather must occupy certain
regions of space allowed by their unique quantum states.

An analogy® for visualizing this is to picture an atom as if it were an amphitheater, with the
stage being the nucleus and the concentric array of seats being places where electrons may reside.
All spectators (electrons) desire to be as close to the stage (nucleus) in an amphitheater (atom)
as possible, but since everyone cannot occupy the best seat, people are forced to choose seats at

5These orbitals just happen to be the 1s, 2p, 3d, and 4f orbitals, as viewed from left to right. In each case, the
nucleus lies at the geometric center of each shape. In a real atom, all orbitals share the same center, which means
any atom having more than two electrons (that’s all elements except for hydrogen and helium!) will have multiple
orbitals around one nucleus. This four-set of orbital visualizations shows what some orbitals would look like if viewed
in isolation.

6Please understand that like all analogies, this one merely illustrates a complex concept in terms that are easier to
recognize. Analogies do not explain why things work, but merely liken an abstract phenomenon to something more
accessible to common experience.
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different positions around the stage. As a result, the inner seats fill first, with most empty seats
being furthest away from the stage. The concept of energy fits neatly into this analogy as well: just
as electrons give up energy to “fall into” lower-energy regions around the nucleus, people must give
up money to purchase seats closest to the action on stage.

The energy levels available for orbiting electrons are divided into categories of shells and subshells.
A “shell” (or, principal quantum number, n) describes the main energy level of an electron. In our
amphitheater analogy, this is equivalent to a tier or seating level. A “subshell” (or, subsidiary
quantum number, 1) further divides the energy levels within each electron shell, and assigns different
shapes to the electrons’ probability “clouds.” In the amphitheater analogy, a subshell would be a
row of seats within a particular tier. To make the analogy accurate, we would have to imagine each
row of seats in a tier having a different shape (not all arcs or straight lines), with varying degrees
of viewing comfort afforded by each shape. The first row in each tier faces uniformly toward the
stage, allowing easy viewing. Successive rows (subshells) in each tier (shell) contain more seats, but
are bent in such a way that the stage is not as easy to view, making these rows less desirable to
occupy. Electron subshells always have an even-numbered electron capacity, analogous to theater
rows containing even-numbered quantities of seats, because atomic electrons tend to gather in pairs
called orbitals.

Chemists identify electron shells both by number (the value of the quantum number n) and/or
by capital letters: the first shell by the letter K, the second by L, the third by M, and the fourth
by N. Higher-order shells exist for atoms requiring’ many electrons (high atomic number), and the
lettering pattern is alphabetic (fifth shell is O, sixth is P, etc.). Each successive shell has a greater
number of subshells available, like successive amphitheater tiers having more rows: the low-level
tiers closest to the stage having the fewest rows, and the high-level tiers furthest from the stage
having the most rows.

A numbering and lettering system is also used by chemists to identify subshells within each shell
(the ! quantum number value starting with zero, and lower-case letters beginning with “s”): the
first subshell (I = 0) in any shell represented by the letter s, the second (I = 1) by p, the third
(I =2) by d, the fourth (I = 3) by f, and all others by successive lower-case letters of the alphabet®.
Each subshell of each shell has an even-numbered capacity for electrons, since the electrons in each
subshell are organized in “orbital” regions, each orbital handling a maximum of two” electrons. The
number of orbitals per shell is equal to twice the [ value plus one. An “s” subshell has one orbital
holding up to two electrons. A “p” subshell has three orbitals holding up to six electrons total. A
“d” subshell has five orbitals holding up to ten electrons total. An “f” subshell has seven orbitals
holding up to 14 electrons total. A “g” subshell has nine orbitals holding up to 18 electrons total.

The number of subshells in any shell is the same as that shell’s n value. Thus, the first (K) shell
has only one subshell, “s”. The second (L) shell has two subshells, an “s” and a “p”. The third (M)

[19%2) [{3e)

shell has three subshells available, an “s”, a “p”, and a “d”; and so on.

"Truth be told, higher-order shells exist even in simple atoms like hydrogen, but are simply not occupied by that
atom’s electron(s) unless they are “excited” into a higher energy state by an external input of energy.

8The letters s, p, d, and f refer to the words sharp, principal, diffuse, and fundamental, used to describe the
appearance of spectral lines in the early days of atomic spectroscopy research. Higher-order subshells are labeled
alphabetically after f: g, h, and i.

9The two electrons of any orbital have opposite spin values.
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This table shows the first few shells, their subshells, and electron capacities of each:

Shell Subshell Subshell electron capacity
(n value) (1 value) =2(20+1)
| n=1;K | 1=0;s | 2x (2x0+1)=2
n=2;L [=0;s 2x (2x0+1) =2
Il=1;p 2x(2x141)=6
n=3;M I1=0;s 2x(2x041)=2
I=1;p 2x(2x141)=6
l=2:;d 2x(2x241)=10
n=4;N [=0;s 2x(2x041)=2
I=1;p 2x (2x1+1)=6
l=2;d 2x(2x241)=10
[=3;f 2x(2x34+1)=14

Reviewing our amphitheater analogy, atomic shells are like seating tiers (levels), subshells are
like rows of seats within each tier, and subshell electron capacity is like the number of seats in each
row. This simple illustration shows an atom with three shells (K, L, and M) with the respective
subshells (s, p, and d) represented by differently-shaded rings within each shell, having different
numbers of places for electrons within each one:

This illustration is vastly over-simplified, failing to show the diverse shapes of each subshell,
serving only to show how each successive shell grows in subshells and electron capacities.
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The complete electron configuration for an atom may be expressed using spectroscopic notation,
showing the shell numbers, subshell letters, and number of electrons residing within each subshell as
a superscript. For example, the element helium (with an atomic number of 2) would be expressed
as 1s2, with just two electrons in the “s” subshell of the first shell. The following table shows the
electron structures of the first nineteen elements in the periodic table, from the element hydrogen

(atomic number!” = 1) to potassium (atomic number = 19):
Element Atomic number Electron configuration
Hydrogen 1 1s!
Helium 2 152
Lithium 3 1s%2s!
Beryllium 4 152252
Boron 5 1522s22p!
Carbon 6 1522s%2p?
Nitrogen 7 1s22s522p°
Oxygen 8 1s22s22p?
Fluorine 9 1s22s522p°
Neon 10 1522s%2p"
Sodium 11 15225%2pf3s!
Magnesium 12 1522522p%3s?
Aluminum 13 1522522p®3s23p!
Silicon 14 1522s%2p%3s23p?
Phosphorus 15 1522522p®3s23p3
Sulfur 16 1522522p%3s23p?*
Chlorine 17 1522s522p%3523p°
Argon 18 1522522p%3s23p°
Potassium 19 1522522p%3s23p0as!

In order to avoid having to write unwieldy spectroscopic descriptions of each element’s electron
structure, it is customary to write the notation only for subshells that are unfilled. For example,
instead of writing the electron structure of the element aluminum'! as 1s22s22p®3s23p!, we might
just as well write a condensed version showing only the last subshell (3p!), since all the previous
subshells are completely full.

Another way to abbreviate the spectroscopic notation for elements is to condense all the shells
below the newest (unfilled) shell as the corresponding noble element, in brackets. To use the example
of aluminum again, we could write its spectroscopic notation as [Ne|3s?3p! since its shell 1 and shell
2 configurations are completely described by the electron configuration of neon.

10The atomic number is the quantity of protons found in an atom’s nucleus, and may only be a whole number.
Since any electrically balanced atom will have the same number of electrons as protons, we may look at the atomic
number of an element as being the number of electrons in each atom of that element.

11 Building on the amphitheater analogy for one atom of the element aluminum, we could say that there are two
electrons occupying the “s” seating row on the first level, plus two electrons occupying the “s” seating row on the
second level, plus six electrons occupying the “p” seating row on the second level, plus two electrons occupying the

“s” seating row on the third level, plus one electron occupying the “p” seating row on the third level.
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Re-writing our electron shell table for the first nineteen elements using this condensed notation:

Element Atomic number Electron configuration
Hydrogen 1 1s!
Helium 2 152
Lithium 3 [He]2s!
Beryllium 4 [He]2s?
Boron 5 [He]2s?2p!
Carbon 6 [He]2s%2p?
Nitrogen 7 [He]2s22p3
Oxygen 8 [He]2s?2p?
Fluorine 9 [He]2s22p®
Neon 10 [He]2s%2p®
Sodium 11 [Ne]3st
Magnesium 12 [Ne|3s?
Aluminum 13 [Ne]3s23p!
Silicon 14 [Ne]3s23p?
Phosphorus 15 [Ne]3s23p3
Sulfur 16 [Ne]3s?3p?
Chlorine 17 Nel3s?3p°
Argon 18 Ne|3s%3p°
Potassium 19 [Ar]ds?

If we progress from element to element in increasing atomic number, we see that no new shell
begins to form until after we reach the noble element for that period'? at the far right-hand column.
With the beginning of each new period at the far-left end of the Table, we see the beginning of
the next higher-order electron shell. The shell(s) below are represented by whichever noble element
shares that same configuration'?, indicating a “noble core” of electrons residing in extremely stable
(low-energy) regions around the nucleus.

12Recall the definition of a “period” in the Periodic Table being a horizontal row, with each vertical column being

called a “group”.
13Building on the amphitheater analogy once again for one atom of the element aluminum, we could say that all
seats within levels 1 and 2 are occupied (just like an atom of neon), plus two electrons occupying the “s” seating row

on the third level, plus one electron occupying the “p” seating row on the third level.
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The beginning of the next higher-order shell is what accounts for the periodic cycle of ionization
energies we see in elements of progressing atomic number. The first electron to take residence in a
new shell is very easy to remove, unlike the electrons residing in the “noble” configuration shell(s)
below:

Period 1 Period 2 Period 3 Period 4
Helium
T Negn
20 -
lonization 45 Arggn Krypton

energy (eV)
1

5_

0 rrrrrr 010 rrrrrrrrrirvrrrrvrr1vr1rrr1rirrriTriTTT

Atomic number

Noble elements found at the end of each period have the
most stable (i.e. difficult-to-ionize) electron configurations.

Not only is the “noble core” notation convenient for tersely describing the electron structure of an
element, but it also reveals an important concept in chemistry: the idea of valence. Electrons residing
in lower-order shells are, by definition, at lower energy states than electrons residing in higher-order
shells and are therefore much more difficult to dislodge. Therefore, the electrons in unfilled shells,
being easier to dislodge, play a far greater role in chemical bonds than electrons residing in filled
shells below. These “outer” electrons are called valence electrons, and their number determines how
readily an atom will chemically interact with another atom. This is why elements found in the
same group (having similar outer-electron configurations) bear similar chemical characteristics: the
electrons lying below in the “noble core” configurations have little effect on how the atom will bond
with other atoms. A lithium atom, with its outer-most electron configuration being 2s!, reacts in
much the same way as an atom of sodium having an outer-most configuration of 3s', and much the
same as a potassium atom having an outer-most configuration of 4s!, all because those outer-shell
electrons are the most available for interaction with electrons of other atoms.
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If we examine the electron structures of atoms with successively greater atomic numbers (more
protons in the nucleus, therefore more electrons in orbit to balance the electrical charge), we notice
that the shells and subshells fill up in an interesting pattern. One might think that all the lower-
order shells get completely filled before any electrons go into a higher-order shell — just as we might
expect people to fill every seat in all the lower tiers of an amphitheater before filling seats in any
of the higher tiers — but this is not always the case. Instead, the energy levels of subshells within
shells is split, such that certain subshells within a higher shell will have a lower energy value than
certain subshells within a lower shell. Referring back to our amphitheater analogy, where seating
tiers represented shells and seat rows of various shape represented subshells, it is as though people
choose to fill the more comfortable rows in higher-level tiers before sitting in the less-comfortable
rows in lowest available tiers, the desire for comfort trumping the desire for proximity to the stage.

A rule commonly taught in introductory chemistry courses called the Madelung rule (also referred
to as Aufbau order, after the German verb aufbauen meaning “to build up”) is that subshells fill
with increasing atomic number in such an order that the subshell with the lowest n + [ value, in the
lowest shell, gets filled before any others.

The following graphic illustrates this ordering;:

8s
® | ed |[ 5
7s
T P | 5d |[ 4
6s
T op 4d
Q 5s 4
3 P 3d
© 4s 3
w p
3s
2p
2s
1s

Madelung filling order: 1s — 2s — 2p — 3s — 3p — 4s — 3d — 4p — 5s — 4d — 5p — 6s — 4f
— 5d — 6p — 7s — 5f — 6d — Tp — 8 — (etc.)

It should be noted that exceptions exist for this rule. We see one of those exceptions with
the element chromium (24Cr). Strictly following the Madelung rule in progressing from vanadium
(atomic number = 23, valence electron structure 3d®4s?) to chromium (atomic number = 24), we
would expect the next electron to take residence in the “3d” subshell making chromium’s valence
structure be 3d*4s?, but instead we find two more electrons residing in chromium’s 3d subshell with
one less in the 4s subshell (3d°4s!). The sequence resumes its expected progression with the next
element, manganese (atomic number = 25, valence electron structure 3d°4s?). The general principle
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of energy minimization still holds true . . . it’s just that the relative energies of succeeding subshells
do not follow a simple rule structure. In other words, the Aufbau order is an over-simplified view of
reality. To use the amphitheater analogy again, it’s as if someone gave up one of the nice chairs in
tier 4 to sit next to a friend who just occupied one of the less comfortable chairs in tier 3.

The practical importance of electron configurations in chemistry is the potential energy possessed
by electrons as they reside in different shells and subshells. This is extremely important in the
formation and breaking of chemical bonds, which occur due to the interaction of electrons between
two or more atoms. A chemical bond occurs between atoms when the outer-most (valence) electrons
of those atoms mutually arrange themselves in energy states that are collectively lower than they
would be individually. The ability for different atoms to join in chemical bonds completely depends
upon the default energy states of electrons in each atom, as well as the next available energy states
in the other atoms. Atoms will form stable bonds only if the union allows electrons to assume stable
(low-energy) levels. This is why different elements are very selective regarding which elements they
will chemically bond with to form compounds: not all combinations of atoms result in favorable
potential energy levels.

The amount of energy required to break a chemical bond (i.e. separate the atoms from each other)
is the same amount of energy required to restore the atoms’ electrons to their previous (default)
states before they joined. This is the same amount of energy released by the atoms as they come
together to form the bond. Thus, we see the foundation of the general principle in chemistry that
forming chemical bonds releases energy, while breaking chemical bonds requires an input of energy
from an external source. We also see in this fact an expression of the Conservation of Energy:
the amount of energy “invested” in breaking bonds is precisely the same as the amount of energy
“returned” when those same bonds re-form.

In summary, the whole of chemistry is a consequence of electrons not being able to assume
arbitrary positions around the nucleus of an atom. Instead, they seek the lowest possible energy
levels within a framework allowing them to retain unique quantum states. Atoms with mutually
agreeable electron structures readily bond together to form molecules, and they release energy in
the process of joining. Molecules may be broken up into their constituent atoms, if sufficient energy
is applied to overcome the bond. Atoms with incompatible electron structures do not form stable
bonds with each other.
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3.3 Work, energy, and power

Two very fundamental and closely-related concepts in physics are work and energy. Work is simply
what happens when any force acts through a parallel motion, such as when a weight is lifted against
gravity or when a spring is compressed. FEnergy is a more abstract concept and therefore more
difficult to define. One definition'* of energy is “that which permits or results in motion,” where the
word “motion” is used in a very broad sense including even the motion of individual atoms within
a substance. Energy exists in many different forms, and may be transferred between objects and/or
converted from one form to another, but cannot be created from nothing or be destroyed and turned
into nothing (this is the Law of Energy Conservation). Power is the rate at which work is done, or
alternatively the rate at which energy transfer occurs.

First, just a little bit of math. Work (1) is mathematically defined as the dot-product of force
(F) and displacement (x) vectors'®, written as follows:

W=F.&
Where,
W = Work, in newton-meters (metric) or foot-pounds (British)
F = Force vector (force and direction exerted) doing the work, in Newtons (metric) or pounds
(British)
Z = Displacement vector (distance and direction traveled) over which the work was done, in
meters (metric) or feet (British)

14A common definition of energy is the “ability to do work” which is not always true. There are some forms of
energy which may not be harnessed to do work, such as the thermal motion of molecules in an environment where all
objects are at the same temperature. Energy that has the ability to do work is more specifically referred to as ezxergy.
While energy is always conserved (i.e. never lost, never gained), exergy is a quantity that can never be gained but
can be lost. The inevitable loss of exergy is closely related to the concept of entropy, where energy naturally diffuses
into less useful (more homogeneous) forms over time. This important concept explains why no machine can never be
perfectly (100.0%) efficient, among other things.

15 A vector is a mathematical quantity possessing both a magnitude and a direction. Force (F), displacement (),
and velocity (v) are all vector quantities. Some physical quantities such as temperature (T'), work (W), and energy
(E) possess magnitude but no direction. We call these directionless quantities “scalar.” It would make no sense at
all to speak of a temperature being “79 degrees Celsius due North” whereas it would make sense to speak of a force
being “79 Newtons due North”. Physicists commonly use a little arrow symbol over the variable letter to represent
that variable as a vector, when both magnitude and direction matter. Thus F represents a force vector with both
magnitude and direction specified, while plain F' merely represents the magnitude of that force without a specified
direction. A “dot-product” is one way in which vectors may be multiplied, and the result of a dot-product is always
a scalar quantity.
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3.3.1 Force and displacement vectors

The fact that both force and displacement appear as wvectors tells us their relative directions are
significant to the calculation of work. If the force and displacement vectors point in exactly the
same direction, work is simply the product of F' and = magnitudes (W = Fx). If the force and
displacement vectors point in opposite directions, work is the negative product (W = —Fz). Another
way to express the calculation of work is as the product of the force and displacement magnitudes
(F and z) and the cosine of the angle separating the two force vectors (cos6):

W = Fxcosf

When the two vectors F and point the same direction, the angle # between them is zero and
therefore W = Fz because cos(0° = 1. When the two vectors point in opposite directions, the angle
between them is 180° and therefore W = —Fx because cos 180° = —1.

This means if a force acts in the same direction as a motion (i.e. force and displacement vectors
pointing in the same direction), the work being done by that force will be a positive quantity. If
a force acts in the opposite direction of a motion (i.e. force and displacement vectors pointing
in opposite directions), the work done by that force will be a negative quantity. If a force acts
perpendicularly to the direction of a motion (i.e. force and displacement vectors at right angles to
each other), that force will do zero work.

Displacement

N Work (W) done by force is positive
Force W= Fx cos0°
Ob]ect — F W= (FX) (1)

Displacement

N Work (W) done by force is zero
- W = Fx cos 90°
; orce
Object l F W= (Fx) (0)

Displacement ) )
N Work (W) done by force is negative

Force W = Fx cos 180°
Object -—F W= (Fx) (-1)
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Mlustrations are helpful in explaining these concepts. Consider a crane hoisting a 2380 pound

weight 15 feet up into the air by means of an attached cable:

Crane lifts weight 15 feet up
Ferane = 2380 Ibs T

cable

x:15ftT

2380 Ibs

Fueight = 2380 Ibs l e

Crane does work on weight W, .. = (2380 Ib)(15 ft)(cos 0°) = + 35700 ft-lbs
Work is done on the weight W, = (2380 Ib)(15 ft)(cos 180°) = -35700 ft-lbs

The amount of work done from the crane’s perspective is Wepqne = +35700 ft-lbs, since the

crane’s force (Firqne = 2380 lbs, up) points in the same upward direction as the cable’s motion (z =
15 ft, up) and therefore there is no angular difference between the crane force and motion vectors
(i.e. 8 =0). The amount of work done from weight’s perspective, however, is Wyeignt = —35700
ft-Ibs because the weight’s force vector (Fyeight = 2380 lbs, down) points in the opposite direction
as the cable’s motion vector (z = 15 feet, up), yielding an angular difference of 6 = 180°. Another
way of expressing these two work values is to state the crane’s work in the active voice and the

weight’s work in the passive voice: the crane did 35700 ft-lbs of work, while 35700 ft-lbs of work
was done on the weight. This language is truly appropriate, as the crane is indeed the active agent
in this scenario, while the weight passively opposes the crane’s efforts. In other words, the crane is

the motive source of the work, while the weight is a load.
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3.3.2 Energy and power

Now, how does energy fit into this illustration? Certainly we see that motion occurred, and therefore
energy must have been involved. The energy lifting the 2380 pound weight 15 feet upward didn’t
come from nowhere — it must have been present somewhere in the universe prior to the weight’s
ascension if the Law of Energy Conservation is indeed true. If the crane is powered by an internal
combustion engine, the energy came from the fuel stored in the crane’s fuel tank. If the crane is
electric, the energy to hoist the weight came from a battery or from an electrical generator somewhere
sending power to the crane through an electric cable. The act of lifting the weight was actually an
act of emergy transfer from the crane’s energy source, through the crane motor and cable, and
finally to the weight. Along the way, some of the initial energy was also converted into heat through
inefficiencies in the crane’s motor and mechanism. However, if we were to calculate the sum of all
the energy transferred to the lifted weight plus all energy “dissipated” in the form of heat, that total
must be precisely equal to the initial energy of the fuel (or electricity) used by the crane in doing
this lift. In other words, the sum total of all energy in the universe is the same after the lift as it
was before the lift.

Power applies in this scenario to how quickly the weight rises. So far, all we know about the
weight’s lifting is that it took 35700 ft-1bs of energy to do that work. If we knew how long it took
the crane to do that work, we could calculate the crane’s power output. For example, a crane with
a power rating of 35700 ft-1bs per second could complete this 15-foot lift in only one second of time.
Likewise, a crane with a power rating of only 3570 ft-lbs per second would require 10 seconds of
time to execute the same lift.
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3.3.3 Perpendicular force and displacement

An interesting thing happens if the crane moves sideways along the ground after lifting the weight
15 feet up into the air. No work is being done by the crane on the weight, or by the weight on the
crane, because the displacement vector is now perpendicular (§ = 90°) to both force vectors:

Crane moves weight 15 feet along the ground

Foue = 2380 1bs T

x= 151t
%

Weight
2380 Ibs

Fuegn = 2380 Ibs l

No work done on or by the crane W, .. = (2380 Ib)(15 ft)(cos 90°) = O ft-lbs
No work done on or by the weight W,gg = (2380 Ib)(15 ft)(cos -90°) = O ft-lbs

It should be noted that the crane’s engine will do work as it overcomes rolling friction in the
wheels to move the crane along, but this is not work done on or by the hoisted weight. When we
calculate work — as with all other calculations in physics — we must be very careful to keep in mind
where the calculation(s) apply in the scenario. Here, the forces and displacement with regard to the
hoisted weight are perpendicular to each other, and therefore no work is being done there. The only
work done anywhere in this system as the crane rolls 15 feet horizontally involves the horizontal
force required to roll the crane, which is unspecified in this illustration.

Similarly, there is no transfer of energy to or from the hoisted weight while the crane rolls along.
Whatever energy comes through the crane’s engine only goes into overcoming rolling friction at the
wheels and ground, not to do any work with the weight itself. Generally this will be a very small
amount of energy compared to the energy required to hoist a heavy load.
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3.3.4 DMore energy transfer

A good question to ask after hoisting the weight is “Where did that 35700 ft-1bs of energy go after
the lift was complete?” The Law of Energy Conservation tells us that energy cannot be destroyed,
and so the 35700 ft-lbs of work must be accounted for somehow. In this case, the energy is now
stored in the weight where it may be released at some later time. We may demonstrate this fact by
slowly lowering the weight back down to the ground and watching the energy transfer:

Crane lowers weight 15 feet back to ground

Fooe = 2380 Ibs T

x:15ftl

/ \,
\,

FWeight = 2380 Ibs l lWeight

2380 Ibs

Work is done on the crane W, . = (2380 Ib)(15 ft)(cos 180°) = -35700 ft-lbs
Weight does work on crane W,qy = (2380 Ib)(15 ft)(cos 0°) = +35700 ft-lbs

Notice how the weight is now the actively-working object in the system, doing work on the
crane. The crane is now the passive element, opposing the work being done by the weight. Both the
crane and the weight are still pulling the same directions as before (crane pulling up, weight pulling
down), but now the direction of displacement is going down which means the weight is “winning”
and therefore doing the work, while the crane is “losing” and opposing the work.

If we examine what is happening inside the crane as the weight descends, we see that energy is
being transferred from the descending weight to the crane. In most cranes, the descent of a load is
controlled by a brake mechanism, regulating the speed of descent by applying friction to the cable’s
motion. This brake friction generates a great deal of heat, which is a form of energy transfer: energy
stored in the elevated weight is now being converted into heat which exits the crane in the form of
hot air (air whose molecules are now vibrating at a faster speed than they were at their previous
temperature). If the crane is electric, we have the option of regenerative braking where we recapture
this energy instead of dissipating it in the form of heat. This works by switching the crane’s electric
motor into an electric generator on demand, so the weight’s descent turns the motor/generator shaft
to generate electricity to re-charge the crane’s battery or be injected back into the electric power
grid to do useful work elsewhere.
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Referring back to the illustration of the crane hoisting the weight, it is clear that the weight
stored energy while it was being lifted up by the crane, and released this energy back to the crane
while it was being lowered down to the ground. The energy held by the elevated weight may therefore
be characterized as potential energy, since it had the potential to do work even if no work was being
done by that energy at that moment.

A special version of the general work formula W = F . % exists for calculating this gravitational
potential energy. Rather than express force and displacement as vectors with arbitrary directions,
we express the weight of the object as the product of its mass and the acceleration of gravity
(F = mg) and the vertical displacement of the object simply as its height above the ground (x = h).
The amount of potential energy stored in the lift is simply equal to the work done during the lift
(W = EP)Z

E, =mgh

Where,

E, = Gravitational potential energy in newton-meters (metric) or foot-pounds (British)

m = Mass of object in kilograms (metric) or slugs (British)

g = Acceleration of gravity in meters per second squared (metric) or feet per second squared
(British)

h = Height of lift in meters (metric) or feet (British)

There is no need for vectors or cosine functions in the E, = mgh formula, because gravity and
height are always guaranteed to act along the same axis. A positive height (i.e. above ground level)
is assumed to yield a positive potential energy value for the elevated mass.

Many different forms of potential energy exist, although the standard “textbook” example is of
a mass lifted to some height against the force of gravity. Compressed (or stretched) springs have
potential energy, as do pressurized fluids, chemical bonds (e.g. fuel molecules prior to combustion),
hot masses, electrically-charged capacitors, and magnetized inductors. Any form of energy with the
potential to be released into a different form at some later time is, by definition, potential energy.
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3.3.5 Rotational work

An important application of work, energy, and power is found in rotational motion. Consider the
application of a truck towing some load by a rope. The truck exerts a linear (i.e. straight-line)
pulling force on the load being towed, but it must do so by applying a rotary (i.e. turning) force
through the axle shaft powering the drive wheels:

Tow rope

...(toload)... —
Flruck =12001b Fload =12001b

[T777777777777777 [T777777777777777

Clearly, the truck does work on the load by exerting a pulling force in the direction of motion.
If we wish to quantify this work, we may consider the work done by the truck as it tows the load a
distance of 40 feet:

Wirue = Facosf
Wiruer = (1200 1b)(40 ft) cos 0°

Wiruek = 48000 1b-ft

It should also be clear that work is being done on the load, since the load’s force on the tow rope
points in the opposite direction of its motion:

Wioad = Fx cos
Wioaa = (1200 1b)(40 ft) cos 180°

Wioad = —48000 1b-ft

For the sake of this example, it matters not what happens to the energy delivered to the load.
Perhaps it gets converted to heat through the mechanism of friction at the load (e.g. friction from
road contact, friction from wind resistance), perhaps it gets converted into potential energy in the
case of the road inclining to a greater altitude, or perhaps (most likely) it is some combination of
all these.
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In order to quantify this amount of work from the perspective of the truck’s rotating wheel, we
must cast the variables of pulling force and pulling distance into rotary terms. We will begin by first
examining the distance traveled by the wheel. Any circular wheel has a radius, and the wheel must
turn a certain number of revolutions in order to pull the load any distance. The obvious function
of a wheel is to convert between linear and rotary motion, and the common measure between these
two motions is the circumference of the wheel: each revolution of the wheel equates directly to one
circumference’s worth of linear travel. In our truck example, the wheel has a radius of 1.5 feet,
which means it must have a circumference of 9.425 feet (i.e. 2 x 7w x 1.5 feet, since C = D = 27r).
Therefore, in order to travel 40 linear feet this wheel must rotate 4.244 times (i.e. 40 feet + 9.425
feet/revolution = 4.244 revolutions).

Next, we must relate pulling force to rotational force. The 1200 pounds of pulling force exerted
by the wheel'® originates from the twisting force exerted by the axle at the wheel’s center. The
technical term for this twisting force is torque (symbolized by the Greek letter “tau”, 7), and it is a
function of both the linear pulling force and the wheel’s radius:

T=rF

Solving for torque () in this application, we calculate 1800 pound-feet given the wheel’s linear
pulling force of 1200 pounds and a radius of 1.5 feet. Please note that the unit of “pound-feet” for
torque is mot the same as the unit of “foot-pounds” for work. Work is the product of force and
displacement (distance of motion), while torque is the product of force and radius length. Work
requires motion, while torque does not'”.

The torque value of 1800 Ib-ft and the turning of 4.244 revolutions should be sufficient to calculate
work done by the wheel, since torque equates directly to pulling force and the number of revolutions
equates directly to pulling distance. It should be obvious that the product of 1800 1b-ft and 4.244
revolutions does not, however, equal 48000 ft-1bs of work, and so our torque-revolutions-work formula
must contain an additional multiplication factor k:

W =krx

Substituting 48000 ft-1bs for work (W), 1800 lb-ft for torque (), and 4.244 for the number of
revolutions (), we find that k& must be equal to 6.283, or 27. Knowing the value for k, we may
re-write our rotational work formula more precisely:

W =2nrrx

This formula is correct no matter the wheel’s size. A larger-radius wheel will certainly travel
farther for each revolution, but that larger radius will proportionately reduce the pulling force for
any given amount of torque, resulting in an unchanged work value.

16Note that this calculation will assume all the work of towing this load is being performed by a single wheel on
the truck. Most likely this will not be the case, as most towing vehicles have multiple driving wheels (at least two).
However, we will perform calculations for a single wheel in order to simplify the problem.

17Consider the example of applying torque to a stubbornly seized bolt using a wrench: the force applied to the
wrench multiplied by the radius length from the bolt’s center to the perpendicular line of force yields torque, but
absolutely no work is done on the bolt until the bolt begins to move (turn).
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Applying this work formula to another application, let us consider an electric winch where a
load is lifted against the force of gravity. A “winch” is a mechanism comprised of a tubular drum
and cable, the cable wrapping or unwrapping around the drum as the drum is turned by an electric
motor. For comparison we will use the same weight and lifting distance of the crane example, merely
replacing the crane with a winch located atop a tower. In this case we will make the winch drum 3
inches in diameter, and calculate both the torque required to rotate the drum as well as the number
of rotations necessary to lift the weight 15 feet:

Winch lifts weight 15 feet up
O—

Tower
x= 151t T cable

Weight
2380 Ibs

77T77T777777777777777777777777777777777

From the crane example we already know the amount of work which must be done on the weight
to hoist it 15 feet vertically: 35700 ft-lbs. Our rotational work formula (W = 2772) contains two
unknowns at this point in time, since we know the value of W but not 7 or x. This means we cannot
yet solve for either 7 or x using this formula. If we also knew the value of 7 we could solve for x
and vice-versa, which means we must find some other way to solve for one of those unknowns.

A drum radius of 3 inches is equivalent to 0.25 feet, and since we know the relationship between
radius, force, and torque we may solve for torque in that manner:

T=rF
7 = (0.25 t)(2380 1b)
T =595 Ib-ft

Now that we have a value for 7 we may substitute it into the rotational work formula to solve
for the number of necessary drum rotations:

W =2nrx
_w
T onr
35700 ft-1b

—(27)(595 1b-ft)

z = 9.549 revolutions
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As always, energy is conserved in this electric winch system just as it is in any other system.
The 35700 foot-pounds of energy invested in the gravitational potential energy of the weight had
to originate from somewhere, which in the case of an electric winch is the electrical power source
feeding the winch motor. If that winch motor were allowed to turn in reverse and act as a generator,
it would convert the descending weight’s loss in potential energy into electrical power to be returned
to the source, whether that source by a rechargeable battery or an electrical power “grid” with other
electrical loads that may use that energy.

The same, of course, is true for the tow truck example. The energy expended in towing the
load must come from somewhere, and in the case of a combustion-type truck engine that source is
the fuel powering the engine. For electric vehicles, the energy source is a rechargeable battery, and
the reversible nature of electric motors means the vehicle may use its drive motor as a generator
to “brake” (slow down), returning the vehicle’s kinetic energy into electrical energy to recharge the
battery for later use. This is why all-electric and hybrid-electric vehicles are remarkably efficient
in stop-and-go traffic conditions: they utilize their drive motors as regenerative brakes to recover
the vehicle’s kinetic energy rather than dissipating that same energy in the form of heat using
friction-based brake mechanisms.

Many applications exist within the industrial world for rotational work and electric motors.
Conveyor belts, pumps, fans, compressors, and a host of other mechanisms may be powered via
electric motors, the speed and torque of those electric motors controlled using electronic circuits
called motor drives. Alternating-current (AC) electric motors are controlled by electronic devices
called Variable Frequency Drives, or VFDs, which achieve precise speed control by varying the
frequency of the AC power feeding the motor, and achieve precise torque control by varying the
voltage and current feeding the motor. VFDs are very important “final control” devices used in a
wide variety of industrial control systems.

To 480 VAC
3-phase
power source

Electrical power applied to
the VFD give it the energy
necessary to power the
electric motor.

-
@ Stop L1 L2 L3 AC induction motor
; ’ @ Fwd
Signals applied to VFD
inputs control the motor's @Rvs
starting, stopping, speed, @ Fwd jog
and torque. @ com VFD
@ Modbus
@ RS485

@Q;‘:;‘;Q LE L The VFD outputs electricit
@command @] [@ e outputs electricity

at varying voltage, current,

l and AC frequency values to
exert the desired control over

the motor.

Sophisticated VFDs control regeneration as well (i.e. using the motor as a generator to “brake”
a rotating machine), allowing energy to be extracted from the mechanism.
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3.3.6 Energy and safety

Potential energy is an important principle not just in the study of physics, but also for workplace
safety. When large amounts of potential energy are released, the effects may be hazardous to
personnel and/or destructive to equipment. An industrial maintenance procedure known as lock-
out/tag-out (LOTO) requires that all potential energy sources on a system must either be exhausted
or otherwise secured to that there will be negligible risk to maintenance personnel as they perform
work on a system. The most common way to ensure this is to place a padlock on each energy-
disconnect device (e.g. switch, valve, etc.) to secure its position so that potential energy cannot
be released in a hazardous or destructive way. Each maintenance worker places a padlock on that
disconnect device to prevent its actuation, and also places a tag on the device explaining when
and why it was secured. Each and every person performing work on the system must use their own
personal padlock, so that the system cannot be re-activated without the active consent of all persons
working on that system.

An efficient strategy for safely locking out a large number of safety-disconnect devices on a
system with multiple personal locks is to use a sheet-metal box containing a numbered padlock
(with matching key) for each energy-flow device to be secured on the equipment, as well as a list
identifying which lock goes on which energy-flow device. Each energy-disconnect device is placed
in the safe position and then locked in that position with a dedicated padlock. After that, all the
padlock keys are placed back inside the sheet-metal box. The lid of this box is then shut and secured
with a multi-lock device, permitting multiple peoples’ personal locks to be applied so the lid cannot
be opened unless all personal locks are removed from it:

Multi-lock device
goes here

f
N

Personal locks placed into
holes of multi-lock device

None of the energy-securing devices may be altered unless all personal locks have been removed
from the lock box, thereby ensuring the safety of all persons working on the system.

Procedures created and maintained at the worksite will identify the energy-flow devices in need
of securing prior to commencement of work on a piece of equipment. These procedures are literally
life-saving documents, as they ensure no energy-securing device is overlooked by personnel doing
work on the equipment or system.
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A photograph of such a document — appropriately titled an “Energy Control Procedure” — shows

the steps mandated to secure all potential energy sources prior to commencing work on a large
industrial engine. This procedure also serves to document which locks were used to secure which

energy flow devices during the procedure, as well as who performed the procedure:

Energy Control Procedure
Revision Number & Date one 7/23/2009

® [

Jlngcrsu]' Rand KVS 412 Minar maintenance
f Items to be pleted before proceeding
| Initial all steps -
[ | 1 [only qualified \authorized employees are allowed 1o complete this task
| =7 | 2 |Verilyequj has not changed before relying on this procedure
7. | 3 |Rediine and update any changes & notify effected employee if required
et | 4 JNo!if)r all eflected employees before starting
|" %72 | 5 |Notify Gas Control
] \Z | B ll.( the crane is to be used complete crane inspection
=% | 1 |Complete all required documentation
[ €87 | 8 [indentify required forms, Use updated forms
|5 | 8 [Hot Work Permit WGP- 0058 Procedure 65.0020.05
[ ‘q‘i: | 10 |Crane pre use inspection, Form Attachment A Procedure 65.00.08.08
| |11 |Drawing ######## Not available at this time
i Date & Time S| VO s
l Authorized Technician i8St (Al s
i Scope of work BT wle voaec Cefcin  ro\
|Outof Serviee | : i f
[i-g [ Initials | Lock# [Task
' r | 2 JINEY | Tag out unit mode switch in off position
| 2 | Y& | 7 [Closestaring air block valve, Lock and g,
| v/ |2 [Close fuel block valve. Lock and lag
Berum 1o Service f
l_s"-'l’ | lnitials [Lock # off Task
1 s
[ - f' f [Remove tag from unit mode swilch. Place switch in local manual
: i [Remove lock from starting air block valve open valve
5 [Remove tag from fuel block valve open valve
]_S | ]Rcsnl unit panel alarms
:J !IPInce unit panel selector switch in remote aulo.
on | Affected employee log
|
|

Note the particular lock-out steps required in this procedure: switching the control mode to
the “off” position and tagging it, closing the fuel gas valve supplying fuel to the engine and
locking/tagging it, and finally closing the valve supplying high-pressure air for engine starting and
locking/tagging it. The closure of the starting air valve prevents the engine from being pneumatically
turned while personnel are performing work on it. The closure of the fuel gas valve eliminates
hazards resulting from the pressure of the fuel gas as well as its chemical energy (i.e. fire hazard)
and/or biological threats (poisoning or asphyxiation). Note also how this procedure lists steps of
notification to be taken prior to locking or tagging anything on the engine, as well as any other
procedures possibly necessary (e.g. inspecting the maintenance crane if that will be needed for work

on the engine).
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The following is a set of incomplete lists of various energy-securing devices and energy sources
which may be “locked out” for maintenance on a larger system:

Electrical energy
e Circuit breaker (locked in “off” position, also “racked out” if possible)
e Grounding switch (locked in “on” position to positively ground power conductors)

e Power cord (plastic cap locked onto plug, covering prongs)

Mechanical energy
e Block valve (locked in “shut” position) to prevent pressurized fluid motion
e Flange blind (installed in line) to prevent pressurized fluid motion
e Vent valve (locked in “open” position) to prevent fluid pressure buildup

e Mechanical clutch (disengaged, and locked in that position) to prevent prime mover from
moving something

e Mechanical coupling (disassembled, and locked in that state) to prevent prime mover from
moving something

e Mechanical brake (engaged, and locked in that position) to prevent motion
e Mechanical locking pin (inserted, and held in position by a padlock) to prevent motion

e Raised masses lowered to ground level, with lifting machines locked out

Chemical energy
e Block valve (locked in “shut” position) to prevent chemical fluid entry
e Vent valve (locked in “open” position) to prevent chemical fluid pressure buildup
e Ventilation fan (locked in “run” state) to prevent chemical vapor buildup

With all these preventive measures, the hope is that no form of potential energy great enough
to pose danger may be accidently released.
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3.3.7 Kinetic energy

Let us return to the crane illustration to explore another concept called kinetic energy. As you might
guess by the word “kinetic,” this form of energy exists when an object is in the process of moving.
Let’s imagine the crane lifting the 2380 pound weight 15 feet up into the air, and then the cable
snapping apart so that the weight free-falls back to the ground:

Cable snaps!

2380 Ibs

FWeight = 2380 lbs l Weight

The Conservation of Energy still (and always!) holds true: all the potential energy stored in the
elevated weight must be accounted for, even when it free-falls. What happens, of course, is that
the weight accelerates toward the ground at the rate determined by Earth’s gravity: 32.2 feet per
second per second (32.2 ft/s?). As the weight loses height, its potential energy decreases according
to the gravitational potential energy formula (E, = mgh), but since we know energy cannot simply
disappear we must conclude it is taking some other form. This “other form” is based on the weight’s
velocity (v), and is calculated by the kinetic energy formula:

Where,
E), = Kinetic energy in Joules or newton-meters (metric), or foot-pounds (British)
m = Mass of object in kilograms (metric) or slugs (British)
v = Velocity of mass in meters per second (metric) or feet per second (British)

Thus, the Conservation of Energy explains why a falling object must fall faster as it loses height:
kinetic energy must increase by the same amount that potential energy decreases, if energy is to be
conserved. A very small amount of this falling weight’s potential energy will be dissipated in the
form of heat (as air molecules are disturbed) rather than get converted into kinetic energy. However,
the vast majority of the initial 35700 ft-lbs of potential energy gets converted into kinetic energy,
until the weight’s energy is all kinetic and no potential the moment it first touches the ground.

When the weight finally slams into the ground, all that (nearly 35700 ft-1bs) of kinetic energy once
again gets converted into other forms. Compression of the soil upon impact converts much of the
energy into heat (molecular vibrations). Chunks of soil ejected from the impact zone possess their
own kinetic energy, carrying that energy to other locations where they slam into other stationary
objects. Sound waves rippling through the air also convey energy away from the point of impact. All
in all, the 35700 ft-1bs of potential energy which turned into (nearly) 35700 ft-lbs of kinetic energy
at ground level becomes dispersed.
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The Law of Energy Conservation is extremely useful in projectile mechanics problems, where
we typically assume a projectile loses no energy and gains no energy in its flight. The velocity of
a projectile, therefore, depends on its height above the ground, because the sum of potential and
kinetic energies must remain constant:

E, + Ej, = constant

As a projectile rises in altitude (i.e. its gravitational potential energy increases), its velocity
must slow down (i.e. its kinetic energy decreases) in order that its total energy remain the same in
accordance with the Law of Energy Conservation.

In free-fall problems, where the only source of energy for a projectile is its initial height, the
initial potential energy must be equal to the final kinetic energy:

E, (initial) = E}, (final)

1
mgh; = fmvj%

2

We can see from this equation that mass cancels out of both sides, leaving us with this simpler
form:

1
ghi = 5%21
It also leads to the paradoxical conclusion that the mass of a free-falling object is irrelevant to
its velocity. That is, both a heavy object and a light object in free fall hit the ground with the same
velocity, and fall for the same amount of time, if released from the same height under the influence

of the same gravity'®.

18In practice, we usually see heavy objects fall faster than light objects due to the resistance of air. Energy losses
due to air friction nullify our assumption of constant total energy during free-fall. Energy lost due to air friction never
translates to velocity, and so the heavier object ends up hitting the ground faster (and sooner) because it had much
more energy than the light object did to start.
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3.3.8 Dimensional analysis of energy

Dimensional analysis confirms the common nature of energy whether in the form of potential, kinetic,
or even mass (as described by Einstein’s equation). First, we will set these three energy equations
next to each other for comparison of their variables:

E, =mgh Potential energy due to elevation
1 5 o .
Ey = 5™ Kinetic energy due to velocity
E =mc? Mass-to-energy conversion

Next, we will dimensionally analyze them using standard SI metric units (kilogram, meter,
second). Following the ST convention, mass (m) is always expressed in kilograms [kg], distance (h)
in meters [m], and time (¢) in seconds [s]. This means velocity (v, or ¢ for the speed of light) in the
ST system will be expressed in meters per second [m/s] and acceleration (a, or g for gravitational
acceleration) in meters per second squared [m/s?]:

[kg][m?] _ m : -
e [ke] [8—2} [m] Potential energy due to elevation
kg][m? 2
[g[]s[;]n] = [ke] {?} Kinetic energy due to velocity

[5°]
In all three cases, the unit for energy is the same: kilogram-meter squared per second squared.
This is the fundamental definition of a “joule” of energy (also equal to a “newton-meter” of energy),
and it is the same result given by all three formulae.

Mass-to-energy conversion

el ] _ [mr

Power is defined as the rate at which work is being done, or the rate at which energy is transferred.
Mathematically expressed, power is the first time-derivative of work (W):

bW
dt

The metric unit of measurement for power is the Watt, defined as one joule of work performed
per second of time. The British unit of measurement for power is the Horsepower, defined as 550
foot-pounds of work performed per second of time.

Although the term “power” is often colloquially used as a synonym for force or strength, it is in
fact a very different concept. A “powerful” machine is not necessarily a machine capable of doing
a great amount of work, but rather (more precisely) a great amount of work in a short amount of
time. Even a “weak” machine is capable of doing a great amount of work given sufficient time to
complete the task. The “power” of any machine is the measure of how rapidly it may perform work.
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3.4 Elementary thermodynamics

Thermodynamics is the study of heat, temperature, and their related effects in physical systems. As
a subject, thermodynamics is quite complex and expansive, usually taught as a course in itself at
universities. The coverage in this Tutorial is limited to some of the more elementary and immediately
practical facets of thermodynamics rather than a comprehensive overview.
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3.4.1 Heat versus Temperature

Most people use the words heat and temperature interchangeably. This is unfortunate for every
student of thermodynamics, because it means they must first deconstruct this false conception and
replace it with one more scientifically accurate before any progress may be made. While “heat” and
“temperature” are related concepts, they are not identical.

When people say something is “hot,” what they really mean is that the object has a high
temperature. Temperature is a direct function of random molecular motion within an object or
a fluid sample. This is usually easiest to visualize for a gas, where unattached molecules have
great freedom to vibrate, collide, and otherwise move about. The molecules of a substance at high
temperature are moving more vigorously (higher velocity) than the molecules of the same substance
at low temperature.

Heat, by contrast, is an expression of thermal energy transfer. By placing a pot of water over a
fire, we are adding heat to that pot (transferring thermal energy to the water), the effect of which is
to raise its temperature (making the water molecules’ motions more vigorous). If that same pot is
taken away from the fire and allowed to cool, its loss of heat (transferring energy out of the water to
the surrounding air) will result in its temperature lowering (the individual water molecules slowing
down).

Heat gain or loss often results in temperature change, but not always. In some cases heat may
be gained or lost with negligible temperature change — here, the gain or loss of heat manifests as
physical changes to the substance other than temperature. One example of this is the boiling of
water at constant pressure: no matter how much heat is transferred to the water, its temperature
will remain constant at the boiling point (100 degrees Celsius at sea level) until all the water has
boiled to vapor. The addition of thermal energy to the boiling water does not raise its temperature
(i.e. make the molecules move faster), but rather goes into the work of disrupting inter-molecular
bonds so that the liquid turns into vapor. Another example is the heating of chemical reactants
in an endothermic (heat-absorbing) reaction: much of the thermal energy added to the chemical
solution goes into the work of separating chemical bonds, resulting in molecular changes but not
(necessarily) increased temperature.

Heat transfer can only happen, though, where there is a difference of temperature between two
objects. Thermal energy (heat) naturally flows from the “hotter” (higher-temperature) substance to
the “colder” (lower-temperature) substance. To use the boiling water example, the only way to get
heat transfer into the water is to subject the water to a hotter substance (e.g., a flame, or a hot electric
heating element). If you understand temperature as being molecular motion within a substance, with
a hotter object’s molecules vibrating more vigorously than a colder object’s molecules, this natural
transfer of heat from hot to cold makes perfect sense: the molecular vibrations of the higher-
temperature object literally transfer to the molecules of the lower-temperature object. As those
respective molecules touch each other, with fast-vibrating molecules colliding against slow-vibrating
molecules, the inter-molecular collisions transfer energy away from the fast-vibrating molecules (so
they aren’t vibrating as fast anymore) and toward the slow-moving molecules (so they begin to
vibrate faster than before). It’s like a vibrating tuning fork touched to a non-vibrating tuning fork:
the vibrating fork loses some of its vibration by transferring energy to the (formerly) quiet tuning
fork.

Much more attention will be directed to the concepts of heat and temperature in subsequent
subsections.
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3.4.2 Temperature

In an ideal, monatomic'” gas (one atom per molecule), the mathematical relationship between
average molecular velocity and temperature is as follows:

lsz2 = §kT
2 2
Where,
m = Mass of each molecule
v = Velocity of a molecule in the sample
U = Average (“mean”) velocity of all molecules in the sample
v2 = Mean-squared molecular velocities in the sample
k = Boltzmann’s constant (1.3806504 x 10723 J / K)
T = Absolute temperature (Kelvin), 273.15 more than degrees Celsius

Non-ideal gases, liquids, and solids are more complex than this. Not only can the atoms of
complex molecules move to and fro, but they may also twist and oscillate with respect to each other.
No matter how complex the particular substance may be, however, the basic principle remains
unchanged: temperature is an expression of how rapidly molecules move within a substance.

There is a temperature at which all molecular motion ceases. At that temperature, the substance
cannot possibly become “colder,” because there is no more motion to halt. This temperature
is called absolute zero, equal to —273.15 degrees Celsius, or —459.67 degrees Fahrenheit. Two
temperature scales based on this absolute zero point, Kelvin and Rankine, express temperature
relative to absolute zero. That is, zero Kelvin and zero degrees Rankine is equal to absolute zero
temperature. Any temperature greater than absolute zero will be a positive value in either the
Kelvin or the Rankine scales. A sample of freezing water at sea level, for example, is 0 degrees
Celsius (32 degrees Fahrenheit) but could also be expressed as 273.15 Kelvin®" (0 plus 273.15) or
491.67 degrees Rankine (32 plus 459.67).

19Helium at room temperature is a close approximation of an ideal, monatomic gas, and is often used as an example
for illustrating the relationship between temperature and molecular velocity.

20Kelvin is typically expressed without the customary “degree” label, unlike the three other temperature units:
(degrees) Celsius, (degrees) Fahrenheit, and (degrees) Rankine.
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A table of melting and boiling points (at sea-level atmospheric pressure) for various substances
appears in this table, labeled in these four different units of temperature measurement:

Melting or boiling substance °C °F K °R
Melting point of water (H20O) 0 32 273.15 491.67
Boiling point of water (H20) 100 212 373.15 671.67

Melting point of ammonia (NHj) =777 —107.9 195.45 351.77

Boiling point of ammonia (NHj) —33.6 —28.5 239.55 431.17

Melting point of gold (Au) 1063 1945 1336 2405

Melting point of magnesium (Mg) 651 1203.8 924.2 1663.5

Boiling point of acetone (C3HgO) 56.5 133.7 329.65 593.37

Boiling point of propane (CsHg) —42.1 —43.8 231.05 415.87

Boiling point of ethanol (C3HgO) 78.4 173.1 351.55 632.77

Note how degrees Celsius and Kelvin for each point on the table differ by a constant (offset) of
273.15, while each corresponding degree Fahrenheit and degree Rankine value differs by 459.67 (note
that many of the figures in this table are slightly rounded, so the offset might not be ezactly that
much). You might think of Kelvin as nothing more than the Celsius scale zero-shifted by 273.15
degrees, and likewise degrees Rankine as nothing more than the Fahrenheit scale zero-shifted by
459.67 degrees.

Note also how increments in temperature measured in degrees Fahrenheit are the same as
increments of temperature measured in degrees Rankine. The same is true for degrees Celsius
and Kelvin. The difference between the melting point of ammonia (—77.7 degrees C) and the
melting point of water (0 degrees C) is the same difference as that between the melting points of
ammonia and water expressed in Kelvin: 195.45 and 273.15, respectively. Either way, the difference
in temperature between these two substances’ melting points is 77.7 degrees (C or K). This is useful
to know when dealing with temperature changes over time, or temperature differences between points
in a system — if an equation asks for a temperature difference (AT) in Kelvin, it is the same value
as the temperature difference expressed in Celsius. Likewise, a AT expressed in degrees Rankine is
identical to a AT expressed in degrees Fahrenheit. This is analogous to differences between two fluid
pressures expressed in PSIG versus PSTA: the differential pressure value (PSID) will be the same.

Most people are familiar with the Fahrenheit and Celsius temperature scales used to express
temperature in common applications, but the absolute scales of Rankine and Kelvin have special
significance and purpose in scientific endeavors. The fact that Rankine and Kelvin are absolute scales
in the same manner that atmospheres and torr are units of absolute pressure measurement makes
them uniquely suited for expressing temperature (molecular motion) in relation to the absence of
thermal energy. Certain scientific laws such as the Ideal Gas Law and the Stefan-Boltzmann Law
relate other physical quantities to absolute temperature, and so require the use of these absolute
units of measurement.
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3.4.3 Heat

Heat, being the transfer of energy in thermal (molecular motion) form, may be measured in the same
units as any other form of energy is measured: Joules (metric) and foot-pounds (British). However,
special units of measurement are often used for heat instead:

e calorie
e kilocalorie (or “dietary Calorie”)

e British Thermal Unit (BTU)

A calorie of heat is defined as the amount of thermal energy transfer required to change the
temperature of one gram of water by one degree Celsius (AT = 1 °C = 1 K). One calorie is
equivalent to 4.186 Joules.

A British Thermal Unit, or BTU is defined as the amount of thermal energy transfer required
to change the temperature of one pound of water by one degree Fahrenheit (AT = 1 °F = 1 °R).
One BTU is equivalent to 778.2 foot-pounds.

The unit of “dietary” calories is used to express the amount of thermal energy available in a
sample of food by combustion?!. Since the official unit of the “calorie” is so small compared to the
typical amounts of energy contained in a meal, nutritionists use the unit of the kilocalorie (1000
calories, or 4186 Joules) and call it “Calorie” (with a capital letter “C”).

Just as “Calories” are used to rate the energy content of food, the heat units of “calories” and
“BTU” are very useful in describing the potency of various industrial fuels. The following table
shows the heat of combustion for a few common fuels, in units of kilocalories per gram and BTU per
pound:

Fuel Combustion heat (kcal/g) Combustion heat (BTU/Ib)
Methane (CHy) 13.3 23940
Methanol (CH4O) 5.43 9767
Ethanol (CoH,0) 7.10 12783
Propane (C3Hg) 12.1 21700
Carbon monoxide (CO) 2.415 4347

For example, if exactly one gram of methane gas were completely burnt, the resulting heat
liberated in the fire would be sufficient to warm 13.3 kilograms of water from 20 degrees Celsius to
21 degrees Celsius (a temperature rise, or AT, of one degree Celsius).

If a meal rated at 900 Calories (900 “dietary calories,” or 900 kilocalories) of energy were
completely metabolized, the resulting heat would be sufficient to warm a pool of water 900 kilograms
in mass (900 liters, or about 237 gallons) by one degree Celsius. This same amount of heat could
raise half the amount of water twice the temperature rise: 450 liters of water warmed two degrees
Celsius.

21 Animals process food by performing a very slow version of combustion, whereby the carbon and hydrogen atoms
in the food join with oxygen atoms inhaled to produce water and carbon dioxide gas (plus energy). Although it may
seem strange to rate the energy content of food by measuring how much heat it gives off when burnt, burning is just
a faster method of energy extraction than the relatively slow processes of biological metabolism.
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3.4.4 Heat transfer

Heat spontaneously?? flows from higher-temperature substances to lower-temperature substances.
This is the phenomenon you experience standing next to a fire on a cold day. Your body is cold (low
temperature), but the fire is much hotter (high temperature), and your proximity to the fire aids in
heat transfer from the fire to you.

Three principal methods exist for heat to transfer from one substance to another:

e Radiation?® (by light waves)
e Conduction (by direct contact)

e Convection (by intermediate contact with a moving fluid)

Practical examples of heat transfer often involve multiple modes rather than just one. For
example, the transfer of heat to a person’s body by sunlight obviously involves radiation from the
Sun, but it also involves conduction through layers of clothing and convection by air passing from
sun-warmed objects to the person.

Temperature sensors likewise rely on multiple heat-transfer modes to sample thermal energy from
matter. Infrared thermometers detect temperature by sensing the intensity of infrared light radiated
by hot objects. A contact-style sensor directly touching a hot object relies on conduction to sense
the temperature of that object. A similar sensor inserted into a pipe carrying a hot fluid relies on
convection to measure the average temperature of that fluid.

22Heat may be forced to flow from cold to hot by the use of a machine called a heat pump, but this direction of
heat flow does not happen naturally, which is what the word “spontaneous” implies. In truth, the rule of heat flowing
from high-temperature to cold-temperature applies to heat pumps as well, just in a way that is not obvious from first
inspection. Mechanical heat pumps cause heat to be drawn from a cool object by placing an even cooler object (the
evaporator) in direct contact with it. That heat is then transferred to a hot object by placing an even hotter object
(the condenser) in direct contact with it. Heat is moved against the natural (spontaneous) direction of flow from the
evaporator to the condenser by means of mechanical compression and expansion of a refrigerant fluid.

23In this context, we are using the word “radiation” in a very general sense, to mean thermal energy radiated away
from the hot source via photons. This is quite different from nuclear radiation, which is what some may assume this
term means upon first glance.
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Radiation

If you have ever experienced the immediate sensation of heat from a large fire or explosion some
distance away, you know how radiation works to transfer thermal energy. Radiation is also the
method of heat transfer experienced in the Earth’s receiving of heat from the Sun (and also the
mechanism of heat loss from Earth to outer space). Radiation is the least efficient of the three heat
transfer mechanisms. It may be quantified by the Stefan-Boltzmann Law, which states the rate of
heat lost by an object (%) is proportional to the fourth power of its absolute temperature, and
directly proportional to its radiating area:
dq

E = 6UAT4

Where,
% = Radiant heat loss rate (watts)
e = Emissivity factor (unitless)
o = Stefan-Boltzmann constant (5.670400 x 1078 W / m? - K%)
A = Surface area (square meters)
T = Absolute temperature (Kelvin)

Here is one of the scientific applications where temperature expressed in absolute units is truly
necessary. Radiant energy is a direct function of molecular motion, and so we would logically expect
objects to radiate energy at any temperature above absolute zero. The temperature value used in
this formula must be in units of Kelvin?* in order for the resulting % value to be correct. If degrees
Celsius were used for T instead of Kelvin, the formula would predict zero thermal radiation at the
freezing point of water (0 °C) and negative radiation at any temperature below freezing, which is
not true. Remember that the “zero” points of the Celsius and Fahrenheit scales were arbitrarily set
by the inventors of those scales, but that the “zero” points of the Kelvin and Rankine scales reflect
a fundamental limit of nature.

The emissivity factor varies with surface finish and color, ranging from one (ideal) to zero (no
radiation possible). Dark-colored, rough surfaces offer the greatest emissivity factors, which is why
heater elements and radiators are usually painted black. Shiny (reflective), smooth surfaces offer
the least emissivity, which is why thermally insulating surfaces are often painted white or silver.

Like all heat-transfer modes, radiation is two-way. Objects may emit energy in the form of
radiation, and they may also receive energy in the form of radiation. Everyone knows white-colored
shirts are cooler than black-colored shirts worn on a hot, sunny day — this is an example of how
emissivity affects heat absorption by radiant transfer. A black-colored shirt (high emissivity value)
enhances the receiving of radiant energy by your body from the sun. What is not as obvious, though,
is that a white-colored shirt will keep you warmer than a black-colored shirt on a cold, dark day
because that same decreased emissivity inhibits body heat loss by radiation. Thus, high-emissivity
objects both heat and cool more readily by radiation than low-emissivity objects.

240r in degrees Rankine, provided a suitably units-corrected value for the Stefan-Boltzmann constant were used.
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Conduction

If you have ever accidently touched a hot iron or stove heating element, you possess a very vivid
recollection of heat transfer through conduction. In conduction, fast-moving molecules in the hot
substance transfer some of their kinetic energy to slower-moving molecules in the cold substance.
Since this transfer of energy requires collisions between molecules, it only applies when the hot and
cold substances directly contact each other.

Perhaps the most common application of heat conduction in industrial processes is through the
walls of a furnace or some other enclosure containing an extreme temperature. In such applications,
the desire is usually to minimize heat loss through the walls, so those walls will be “insulated” with
a substance having poor thermal conductivity.

Conductive heat transfer rate is proportional to the difference in temperature between the hot
and cold points, the area of contact, the distance of heat travel from hot to cold, and the thermal
conductivity of the substance:

dQ  KAAT
a1

Where,

% = Conductive heat transfer rate

k = Thermal conductivity

A = Surface area

AT = Difference of temperature between “hot” and “cold” sides

I = Length of heat flow path from “hot” to “cold” side

Note the meaning of “AT” in this context: it refers to the difference in temperature between two
different locations in a system. Sometimes the exact same symbology (“AT”) refers to a change in
temperature over time in the study of thermodynamics. Unfortunately, the only way to distinguish
one meaning of AT from the other is by context.
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An illustration showing heat conduction through a wall gives context to the variables in the
previous equation. As we see here, A refers to the surface area of the wall, AT refers to the
difference of temperature between either surface of the wall, and [ refers to the thickness of the wall:

Tcold Thot

fedt < Heat
dQ dQ
dt dt

k

= =

In the United States, a common measure of insulating ability used for the calculation of
conductive heat loss in shelters is the R-value. The greater the R-value of a thermally insulating
material, the less conductive it is to heat (lower k value). “R-value” mathematically relates to k
and [ by the following equation:

l
k=7

Rearranging this equation, we see that [ = kR, and this allows us to substitute kR for [ in the
conduction heat equation, then cancel the k terms:

dQ _ kAAT
dt kR
dQ  AAT
dt R

R is always expressed in the compound unit of square feet - hours - degrees Fahrenheit per BTU.
This way, with a value for area expressed in square feet and a temperature difference expressed
in degrees Fahrenheit, the resulting heat transfer rate (%) will naturally be in units of BTU per
hour, which is the standard unit in the United States for expressing heat output for combustion-type
heaters. Dimensional analysis shows how the units cancel to yield a heat transfer rate in BT Us per
hour:

[BTU]  [ft*][°F]

h]  [ft*)hyeF]
(BTU]
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The utility of R-value ratings may be shown by a short example. Consider a contractor trailer,
raised up off the ground on a mobile platform, with a total skin surface area of 2400 square feet
(walls, floor, and roof) and a uniform R-value of 4 for all surfaces. If the trailer’s internal temperature
must be maintained at 70 degrees Fahrenheit while the outside temperature averages 40 degrees
Fahrenheit, the required output of the trailer’s heater will be:

dQ (2400 ft*)(30° F)
dt  4ft> h-°F/BTU

= 18000 BTU per hour

If the trailer’s heater is powered by propane and rated at 80% efficiency (requiring 22500 BTU
per hour of fuel heating value to produce 18000 BTU per hour of heat transfer into the trailer), the
propane usage will be just over one pound per hour, since propane fuel has a heating value of 21700
BTU per pound.

Convection

Most industrial heat-transfer processes occur through convection, where a moving fluid acts as an
intermediary substance to transfer heat from a hot substance (heat source) to a cold substance
(heat sink). Convection may be thought of as two-stage heat conduction on a molecular scale:
fluid molecules come into direct contact with a hot object and absorb heat from that object through
conduction, then those molecules later release that heat energy through conduction by direct contact
with a cooler object. If the fluid is recycled in a piping loop, the two-stage conduction process
repeats indefinitely, individual molecules heating up as they absorb heat from the heat source and
then cooling down as they release heat to the heat sink.

Special process devices called heat exchangers perform this heat transfer function between two
different fluids, the two fluids circulating past each other on different sides of tube walls. A simple
example of a heat exchanger is the radiator connected to the engine of an automobile, being a water-
to-air exchanger, the engine’s hot water transferring heat to cooling air entering the grille of the car
as it moves.
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Another example of a liquid-to-air heat exchanger is the condenser on a heat pump, refrigerator,
or air conditioner, a photograph appearing here:
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Another common style of heat exchanger works to transfer heat between two liquids. A small
example of this design used to transfer heat from a boat engine is shown here:

The purpose for this heat exchanger is to exchange heat between the liquid coolant of the boat
engine and sea water, the latter being quite corrosive to most metals. An engine would soon be
damaged if sea water were used directly as the coolant fluid, and so heat exchangers such as this
provide a means to release excess heat to the sea without subjecting the engine block to undue
corrosion. The heat exchanger, of course, does suffer from the corrosive effects of sea water, but at
least it is less expensive and more convenient to replace than an entire engine when it reaches the
end of its service life.



3.4. ELEMENTARY THERMODYNAMICS 55

This marine engine heat exchanger is an example of a shell-and-tube design, where one fluid
passes inside small tubes and a second fluid passes outside those same tubes, the tube bundle being
contained in a shell. The interior of such an exchanger looks like this when cut away:

The tubes of this particular heat exchanger are made of copper, a metal with extremely high
thermal conductivity (k), to facilitate conductive heat transfer.

Liquid-to-liquid heat exchangers are quite common in industry, where a set of tubes carry one
process liquid while a second process liquid circulates on the outside of those same tubes. The metal
walls of the tubes act as heat transfer areas for conduction to occur. Metals such as copper with
very high k values (very low R values) encourage heat transfer, while long lengths of tube ensure
ample surface area for heat exchange.
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A common application of liquid-to-liquid heat exchangers is in exothermic (heat-releasing)
chemical reaction processes where the reactants must be pre-heated before entering a reaction vessel
(“reactor”). Since the chemical reaction is exothermic, the reaction itself may be used as the heat
source for pre-heating the incoming feed. A simple process flow diagram?® (PFD) shows how a heat
exchanger accomplishes this transfer of heat:

Y

Reactant "A" ,
feed ¢

Reactor
@ 700 °F

430 °F v 190 °F

@ / \ @ , Reactant "B"
¢ feed

Heat
exchanger

Reaction product
out

550 °F

Another industrial application of heat exchangers is in distillation processes, where mixed
components are separated from each other by a continuous process of boiling and condensation.
Alcohol purification is one example of distillation, where a mixture of alcohol and water are separated
to yield a purer (higher-percentage) concentration of alcohol. Distillation (also called fractionation)
is a very energy-intensive®® process, requiring great inputs of heat to perform the task of separation.
Any method of energy conservation typically yields significant cost savings in a distillation process,
and so we often find heat exchangers used to transfer heat from outgoing (distilled, or fractionated)
products to the incoming feed mixture, pre-heating the feed so that less heat need be added to the
distillation process from an external source.

25In this diagram, each line tipped by an arrow is a tube or pipe conveying some fluid. Circle-symbols with “TI”
written inside represent temperature indicators (sensors). Each “bow-tie” symbol is a valve used to exert control over
the flow rate of a fluid. The reactor itself is simply a hollow, sealed vessel inside of which the chemical reaction ensues.

26 Jim Cabhill of Emerson wrote in April 2010 (“Reducing Distillation Column Energy Usage” Emerson Process
Expert weblog) about a report estimating distillation column energy usage to account for approximately 6% of the
total energy used in the United States. This same report tallied the number of columns in US industry to be
approximately 40000 total, accounting for about 19% of all energy used in manufacturing processes!
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The following PFD shows a simple distillation process complete with heat exchangers for reboiling
(adding heat to the bottom of the distillation column), condensing (extracting heat from the
“overhead” product at the top of the column), and energy conservation (transferring heat from
the hot products to the incoming feed):

Cooling .o
water
supply Condenser
130 °F
/L K/[\IJ 122°F
Reflux 118 °F 120 °F "Overhead" ¢
product °Y
130 °F , _
7 Feed in
274 °F 242 °F
‘ > Product "A" out
337°F Preheated feed /
A
205 °F
Distillation w
tower 341 °F \ 300 °F
1 8 > Product "B" out
550 °F Boil-u /
Steam 646 °F
supply 295 °F
< =
Reboiler 514 °F V
Steam 530 °F \ 466 °F "Bottoms" ¢
return "~ product
337 °F

Distillation “columns” (also called fractionating towers in the industry) are tall vessels containing
sets of “trays” where rising vapors from the boiling process contact falling liquid from the condensing
process. Temperatures increase toward the bottom of the column, while temperatures decrease
toward the top. In this case, steam through a “reboiler” drives the boiling process at the bottom
of the column (heat input), and cold water through a “condenser” drives the condensing process
at the top of the column (heat extraction). Products coming off the column at intermediate points
are hot enough to serve as pre-heating flows for the incoming feed. Note how the “economizing”
heat exchangers expose the cold feed flow to the cooler Product A before exposing it to the warmer
Product B, and then finally the warmest “Bottoms” product. This sequence of cooler-to-warmer
maximizes the efficiency of the heat exchange process, with the incoming feed flowing past products
of increasing temperature as it warms up to the necessary temperature for distillation entering the



58 CHAPTER 3. FULL TUTORIAL

column.

Some heat exchangers transfer heat from hot gases to cool(er) liquids An example of this type
of heat exchanger is the construction of a steam boiler, where hot combustion gases transfer heat to
water flowing inside metal tubes:

Exhaust stack

Steam

Steam drum

Riser
tubes

Downcomer
tubes

Feedwater <

Here, hot gases from the combustion burners travel past the metal “riser” tubes, transferring heat
to the water within those tubes. This also serves to illustrate an important convection phenomenon:
a thermal siphon (often written as thermosiphon). As water heats in the “riser” tubes, it becomes
less dense, producing less hydrostatic pressure at the bottom of those tubes than the colder water in
the “downcomer” tubes. This difference of pressure causes the colder water in the downcomer tubes
to flow down to the mud drum, and hot water in the riser tubes to flow up to the steam drum. This
natural convection current will continue as long as heat is applied to the riser tubes by the burners,
and an unobstructed path exists for water to flow in a loop.
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Natural convection also occurs in heated air, such as in the vicinity of a lit candle:

Natural convection
near a candle flame

Air motion

Candle

This thermally forced circulation of air helps convect heat from the candle to all other points
within the room it is located, by carrying heated air molecules to colder objects.
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3.4.5 Specific heat and enthalpy

Earlier, we saw how units of heat measurement were defined in terms of the amount of energy gain
or loss required to alter the temperature of a water sample by one degree. In the case of the calorie,
it was the amount of heat gain/loss required to heat/cool one gram of water one degree Celsius. In
the case of the BTU, it was the amount of heat gain/loss required to heat/cool one pound of water
one degree Fahrenheit.

As one might expect, one heat unit might be similarly defined as the amount of heat gain or
loss to alter the temperature one-half of a degree for twice as much water, or two degrees for half as
much water. We could express this as a proportionality:

Q x mAT

Where,
@ = Heat gain or loss
m = Mass of sample
AT = Temperature change (rise or fall) over time

The next logical question to ask is, “How does the relationship between heat and temperature
change work for substances other than water?” Does it take the same amount of heat to change the
temperature of one gram of iron by one degree Celsius as it does to change the temperature of one
gram of water by one degree Celsius? The answer to this question is a resounding no! Different
substances require vastly different amounts of heat gain/loss to alter their temperature by the same
degree, even when the masses of those substances happen to be identical.

We have a term for this ability to absorb or release heat, called heat capacity or specific
heat, symbolized by the variable ¢. Thus, our heat/mass/temperature change relationship may
be described as a true formula instead of a mere proportionality:

Q = mcAT

Where,
() = Heat gain or loss (metric calories or British BTU)
m = Mass of sample (metric grams or British pounds)
¢ = Specific heat of substance
AT = Temperature change (metric degrees Celsius or British degrees Fahrenheit)

Pure water, being the standard by which all other substances are measured, has a specific heat
value of 1. The smaller the value for ¢, the less heat gain or loss is required to alter the substance’s
temperature by a set amount. That substance (with a low value of ¢) has a low “heat capacity”
because each degree of temperature rise or fall represents a relatively small amount of energy gained
or lost. Substances with low ¢ values are easy to heat and cool, while substances having high ¢
values require much heat in order to alter their temperatures, assuming equal masses.
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A table of specific heat values (at room temperature, 25 degrees Celsius®”) for common substances
appears here:

Substance Specific heat value (c) cal/g-°C or BTU/Ib-°F
Aluminum (solid) 0.215
Iron (solid) 0.108
Copper (solid) 0.092
Lead (solid) 0.031
Ice (solid) 0.50
Water (liquid) 1.00
Methanol (liquid) 0.609
Ethanol (liquid) 0.587
Acetone (liquid) 0.521
Hydrogen (gas) 3.41
Helium (gas) 1.24
Nitrogen (gas) 0.249
Oxygen (gas) 0.219
Steam (gas) 0.476

If a liquid or a gas is chosen for use as a coolant (a substance to efficiently convect heat away
from an object), greater values of ¢ are better. Water is one of the best liquid coolants with its
relatively high ¢ value of one: it has more capacity to absorb heat than other liquids, for the same
rise in temperature. The ideal coolant would have an infinite ¢ value, being able to absorb an infinite
amount of heat without itself rising in temperature at all.

As you can see from the table, the light gases (hydrogen and helium) have extraordinarily high
¢ values. Consequently, they function as excellent media for convective heat transfer. This is why
large electric power generators often use hydrogen gas as a coolant: hydrogen has an amazing
ability to absorb heat from the wire windings of a generator without rising much in temperature.
In other words, hydrogen absorbs a lot of heat while still remaining “cool” (i.e. remains at a low
temperature). Helium, although not quite as good a coolant as hydrogen, has the distinct advantage
of being chemically inert (non-reactive), in stark contrast to hydrogen’s extreme flammability. Some
nuclear reactors use helium gas as a coolant rather than a liquid such as water or molten sodium
metal.

Lead has an extraordinarily low ¢ value, being a rather “easy” substance to heat up and cool
down. Anyone who has ever cast their own lead bullets for a firearm knows how quickly a new lead
bullet cools off after being released from the mold, especially if that same person has experience
casting other metals such as aluminum.

27 An important detail to note is that specific heat does not remain constant over wide temperature changes. This
complicates calculations of heat required to change the temperature of a sample: instead of simply multiplying the
temperature change by mass and specific heat (Q = mcAT or Q@ = mc[T> — T1]), we must integrate specific heat

T.
over the range of temperature (Q = m fT2 c¢dT'), summing up infinitesimal products of specific heat and temperature
1
change (¢ dT') over the range starting from temperature 7)1 through temperature T» then multiplying by the mass to
calculate total heat required. So, the specific heat values given for substances at 25 °C only hold true for relatively

small temperature changes deviating from 25 °C. To accurately calculate heat transfer over a large temperature
change, one must incorporate values of ¢ for that substance at different temperatures along the expected range.
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Numerical examples are helpful to better understand specific heat. Consider a case where a
copper pot filled with water receives heat from a small gas burner operating at an output of 5000
BTU per hour (350 calories per second):

Water
c=1.00
m= 3700 grams

\

Starting temperature = 20 °C
> Copper pot
c=0.092

I I I m= 1100 grams

‘("j_tQ = 5000 BTU/h = 350 calfs

Time of heating = 40 seconds

A reasonable question to ask would be, “How much will the temperature of this water-filled pot
rise after 40 seconds of heating?” With the burner’s heat output of 350 calories per second and a
heating time of 40 seconds, we may assume?® the amount of heat absorbed by the water-filled pot
will be the simple product of heat rate times time:

d 350 cal
Q= (dcf) t = ( Sca ) 40 s = 14000 calories

This amount of heat not only goes into raising the temperature of the water, but it also raises
the temperature of the copper pot. Each substance (water, copper) has its own specific heat and
mass values (¢ and m), but they will share the same temperature rise (AT), so we must sum their
heats as follows:

Qtotal = ont + Qwater

Qtotal = mpotcpotAT + mwatercwaterAT

Since both the pot and the water start at the same temperature and end at the same temperature,
AT is a common variable to both terms and may therefore be factored out:

Qtotal = (mpotcpot + mwatercwater)AT

281n reality, the amount of heat actually absorbed by the pot will be less than this, because there will be heat losses
from the warm pot to the surrounding (cooler) air. However, for the sake of simplicity, we will assume all the burner’s
heat output goes into the pot and the water it holds.
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Solving this equation for temperature rise, we get:

Qtotal

mpotcpot + Muyater Cwater
14000 cal
1100 g)(0.092-3L) + (3700 g)(1<al
( g)( ng) +( g)( gjj)

AT =

AT =

AT =3.68°C

So, if the water and pot began at a temperature of 20 degrees Celsius, they will be at a
temperature of 23.68 degrees Celsius after 40 seconds of heating over this small burner.

Another example involves the mixing of two substances at different temperatures. Suppose a
heated mass of iron drops into a cool container?” of water. Obviously, the iron will lose heat energy
to the water, causing the iron to decrease in temperature while the water rises in temperature.
Suppose the iron’s mass is 100 grams, and its original temperature is 65 degrees Celsius. Suppose
the water’s mass is 500 grams, and its original temperature is 20 degrees Celsius:

Water

c=1.00 Iron
m = 500 grams [l < c=0.108
Tgart = 20°C m= 100 grams

\ Toat = 65 °C

/

Styrofoam cup
(negligible mass and specific heat)

29We will assume for the sake of this example that the container holding the water is of negligible mass, such as a
Styrofoam cup. This way, we do not have to include the container’s mass or its specific heat into the calculation.
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What will the equilibrium temperature be after the iron falls into the water and both their
temperatures equalize? We may solve this by setting two heat equations equal to each other?’: the
heat lost by the iron and the heat gained by the water, with the final equilibrium temperature being
T:

Qiron = Qwater

MironCiron Anron = Mayater CwaterATwater

MironCiron (65 OC - T) = MuyaterCwater (T - 20 OC)

Note how the AT term is carefully set up for each side of the equation. In order to make the
iron’s heat loss a positive value and the water’s heat gain a positive value, we must ensure the
quantity within each set of parentheses is positive. For the iron, this means AT will be 65 degrees
minus the final temperature. For the water, this means AT will be the final temperature minus its
starting temperature of 20 degrees.

In order to solve for the final temperature ("), we must distribute the terms, collecting all
T-containing terms to one side of the equation, then factor and isolate T":

mironciron(65) — MironCirond = MaaterCwaterd — mwatercwater(20)
mironciron(65) + mwatercwater(20) = mironcironT + mwatercwaterT

miTOTLCiTOTL(65) + mwatercwater(20) = T(mironciron + mwatercwater)

MironCiron (65) + Muyater Cwater (20)

MironCiron + Muwater Cwater

(100 g)(0.108 cal/g’C)(65°C) + (500 g)(1 cal/g’C)(20°C)
(100 g)(0.108 cal/g’C) + (500 g)(1 cal/g°C)

T =

T =

T =20.95°C

Thus, the iron’s temperature falls from 65 degrees Celsius to 20.95 degrees Celsius, while the
water’s temperature rises from 20 degrees Celsius to 20.95 degrees Celsius. The water’s tremendous
specific heat value compared to the iron (nearly 10 times as much!), as well as its superior mass (5
times as much) results in a much larger temperature change for the iron than for the water.

30 An alternative way to set up the problem would be to calculate AT for each term as Tfinat — Tstart, making
the iron’s heat loss a negative quantity and the water’s heat gain a positive quantity, in which case we would have to
set up the equation as a zero-sum balance, with Q;ron + Qwater = 0. I find this approach less intuitive than simply
saying the iron’s heat loss will be equal to the water’s heat gain, and setting up the equation as two positive values
equal to each other.
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An analogy to help grasp the concept of specific heat is to imagine heat as a fluid®! that may be
“poured” into vessels of different size, those vessels being objects or substances to be heated. The
amount of liquid held by any vessel represents the total amount of thermal energy, while the height
of the liquid inside any vessel represents its temperature:

Fluid analogy for heat and temperature

t
_ QT
A
y S i

Same heat, different temperature Same temperature, different heat

T T
Tl Q QLT

The factor determining the relationship between liquid volume (heat) and liquid height
(temperature) is of course the cross-sectional area of the vessel. The wider the vessel, the more
heat will be required to “fill” it up to any given temperature. In this analogy, the area of the
vessel is analogous to the term mc: the product of mass and specific heat. Objects with larger
mass require more heat to raise their temperature to any specific point, specific heats being equal.
Likewise, objects with large specific heat values require more heat to raise their temperature to any
specific point, masses being equal.

In the first numerical calculation example where we determined the temperature of a pot of water
after 40 seconds of heating, the analogous model would be to determine the height of liquid in a
vessel after pouring liquid into it for 40 seconds at a fixed rate. A model for the second numerical
example would be to calculate the equilibrium height (of liquid) after connecting two vessels together
at their bottoms with a tube. Although the liquid heights of those vessels may be different at first,
the levels will equalize after time by way of liquid passing through the tube from the higher-level
vessel to the lower-level vessel.

31This is not far from the hypotheses of eighteenth-century science, where heat was thought to be an invisible fluid
called caloric.
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Many industrial processes use fluids to convectively transfer thermal energy from one object (or
fluid) to another. In such applications, it is important to know how much thermal energy will be
carried by a specific quantity of that fluid over a specified temperature drop. One common way to
express this quantity is called enthalpy. Enthalpy is the amount of heat lost by a unit mass (one
gram metric, or one pound British) of a substance as it cools from a given temperature all the way
down to the freezing point of water (0 degrees Celsius, or 32 degrees Fahrenheit). In other words,
enthalpy is a measure?? of a substance’s thermal energy using the freezing temperature of water as
a reference. A sample of water at a temperature of 125 degrees Fahrenheit, for example, has an
enthalpy of 93 BTU per pound (or 93 calories per gram), because 93 BTU of thermal energy would
be lost if one pound of that water happened to cool from its given temperature (125 °F) down to
32 °F:

Q = mcAT

BTU

Q=(11b) (11b”F> (125 °F — 32 °F)

Q =93 BTU

Even if the substance in question does not cool down to the freezing temperature of water,
enthalpy is a useful figure for comparing the thermal energy “content” of hot fluids (per unit mass).
For example, if one were given the enthalpy values for a substance before and after heat transfer, it
would be easy to calculate the amount of heat transfer that transpired simply by subtracting those
enthalpy values®®. If water at 125 °F has an enthalpy value of 93 BTU/Ib and water at 170 °F
has an enthalpy of value 138 BTU/lb, we may calculate the amount of heat needed to increase the
temperature of a sample of water from 125 °F to 170 °F simply by subtracting 93 BTU/Ib from 138
BTU/Ib to arrive at 45 BTU/Ib.

In this rather trivial example, it would have been just as easy for us to calculate the heat
necessary to increase water’s temperature from 125 °F to 170 °F by using the specific heat formula
(Q = mcAT)?*, and so it might appear as though the concept of enthalpy sheds no new light on the
subject of heat transfer. However, the ability to calculate heat transfer based on a simple subtraction
of enthalpy values proves quite useful in more complex scenarios where substances change phase, as
we will see next.

32 A useful analogy for enthalpy is the mazimum available balance of a bank account. Suppose you have a bank
account with a minimum balance requirement of $32 to maintain that account. Your maximum available balance at
any time would be the total amount of money in that account minus $32, or to phrase this differently your maximum
available balance is the most money you may spend from this account while still keeping that account open. Enthalpy
is much the same: the amount of thermal energy a sample may “spend” (i.e. lose) before its temperature reaches 32
degrees Fahrenheit.

33 Appealing to the mazimum available balance analogy, if we compared the maximum available balance in your
bank account before and after a transaction, we could determine how much money was deposited or withdrawn from
your account simply by subtracting those two values.

34Following the formula Q = mcAT, we may calculate the heat as (1)(1)(170 — 125) = 45 BTU. This is obviously
the same result we obtained by subtracting enthalpy values for water at 170 °F and 125 °F.
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3.4.6 Phase changes

Scientists often speak of four phases of matter: solid, liquid, gas (or vapor), and plasma. Of these
four, the first three are common to everyday life. Plasma is a phase of matter where the atoms of a
gas are excited (energized) to the point where they become electrically ionized, such as neon gas in
an electric tube light, or the gas comprising stars in space.

Phase changes are very important in thermodynamics, principally because energy transfer (heat
loss or heat gain) must occur for a substance to change states, often with negligible change in
temperature. To cite an example, consider the case of water (a liquid) turning into steam (a vapor)
at atmospheric pressure. At sea level, this phase change will occur at a temperature of 100 degrees
Celsius, or 212 degrees Fahrenheit. The amount of energy required to increase the temperature of
water from ambient up to its boiling point is a simple function of the sample’s mass and its original
temperature. For instance, a sample of water 70 grams in mass starting at 24 degrees Celsius will
require 5320 calories of heat to reach the boiling point:

Q = mcAT

cal

Q=(70g) (1g0C> (100 °C — 24 °C)

@ = 5320 cal

However, actually boiling the 70 grams of water into 70 grams of steam (both at 100 degrees
Celsius) requires a comparatively enormous input of heat: 37734 calories — over seven times as
much heat to turn the water to steam as what is required to warm the water to its boiling point!
Furthermore, this additional input of 37734 calories does not increase the temperature of the water
at all: the resulting steam is still at a temperature of (only) 100 degrees Celsius. If further heat is
added to the 70 gram steam sample, its temperature will rise, albeit at a rate proportional to the
value of steam’s specific heat (0.476 calories per gram degree Celsius, or BTU per pound degree
Fahrenheit).

What we see here is a fundamentally different phenomenon than we saw with specific heat. Here,
we are looking at the thermal energy required to transition a substance from one phase to another,
not to change its temperature. We call this quantity latent heat rather than specific heat, because no
temperature change occurs®. Conversely, if we allow the steam to condense back into liquid water,
it must release the same 37734 calories of heat energy we invested in it turning the water into steam
before it may cool at all below the boiling point (100 degrees Celsius).

Latent heat has the effect of greatly increasing a substance’s enthalpy. Recall that “enthalpy”
is the amount of heat lost by one pound (mass) of a substance if it happened to cool from its given
temperature all the way down to the freezing temperature of water (0 °C, or 32 °F). Hot water has
an enthalpy of 1 BTU/Ib for every degree of temperature above freezing. Steam, however, possesses
far greater enthalpy because of the latent heat released in the phase change from vapor to liquid
before it releases heat as water cooling down to 32 °F.

35The word “latent” refers to something with potential that is not yet realized. Here, heat exchange takes place
without there being any realized change in temperature. By contrast, heat resulting in a temperature change
(Q = mcAT) is called sensible heat.
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As with specific heat, there is a formula relating mass, latent heat, and heat exchange:

Q=mL

Where,

@@ = Heat of transition required to completely change the phase of a sample (metric calories or
British BTU)

m = Mass of sample (metric grams or British pounds)

L = Latent heat of substance

Each substance has its own set of latent heat values, one% for each phase-to-phase transition.
Water, for example, exhibits a latent heat of vaporization (boiling/condensing) of 539.1 calories per
gram, or 970.3 BTU per pound, at atmospheric pressure (boiling point = 100 °C = 212 °F). Water
also exhibits a latent heat of fusion (melting/freezing) of 79.7 calories per gram, or 143.5 BTU per
pound. Both figures are enormous compared to water’s specific heat value of 1 calorie per gram-
degree Celsius (or 1 BTU per pound-degree Fahrenheit®): it takes only one calorie of heat to warm
one gram of water one degree Celsius, but it takes 539.1 calories of heat to boil that same gram of
water into one gram of steam, and 79.7 calories of heat to melt one gram of ice into one gram of
water. The lesson here is simple: phase changes involve huge amounts of heat.

A table showing various latent heats of vaporization (all at room temperature, 70 degrees
Fahrenheit) for common industrial fluids appears here, contrasted against their specific heat values
(as liquids). In each case you will note how much larger L is than c:

Fluid (@ 70 OF) Lvaporizationa BTU/lb Lvaporizationa Cal/g Cliquid
Water 970.3 539.1 1
Ammonia 508.6 282.6 1.1

Carbon dioxide 63.7 35.4 0.66

Butane 157.5 87.5 0.56
Propane 149.5 83.06 0.6

One of the most important, and also non-intuitive, consequences of latent heat is the relative
stability of temperature during the phase-change process. Referencing the table of latent heats of
vaporization, we see how much more heat is needed to boil a liquid into a vapor than is needed to
warm that same liquid by one degree of temperature. During the process of boiling, all heat input
to the liquid goes into the task of phase change (latent heat) and none of it goes into increased
temperature. In fact, until all the liquid has been vaporized, the liquid’s temperature cannot rise
above its boiling point! The requirement of heat input to vaporize a liquid forces temperature to
stabilize (not rise further) until all the liquid has evaporated from the sample.

36 atent heat of vaporization also varies with pressure, as different amounts of heat are required to vaporize a liquid
depending on the pressure that liquid is subject to. Generally, increased pressure (increased boiling temperature)
results in less latent heat of vaporization.

37The reason specific heat values are identical between metric and British units, while latent heat values are not, is
because latent heat does not involve temperature change, and therefore there is one less unit conversion taking place
between metric and British when translating latent heats. Specific heat in both metric and British units is defined in
such a way that the three different units for heat, mass, and temperature all cancel each other out. With latent heat,
we are only dealing with mass and heat, and so we have a proportional conversion of g or % left over, just the same
as if we were converting between degrees Celsius and Fahrenheit alone.
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If we take a sample of ice and add heat to it over time until it melts, warms, boils, and then
becomes steam, we will notice a temperature profile that looks something like this:

Allice | Ice/water mix

Temperature
100°CA

Melting

0°C

All water

Water

Water/steam mix

Boiling

heating

All steam

Steam
heating

Heat applied over time —>

(atmospheric pressure assumed)

The flat areas of the graph during the melting and boiling periods represents times where the
sample’s temperature does not change at all, but where all heat input goes into the work of changing
the sample’s phase. Only where we see the curve rising does the temperature change. So long as
there is a mizture of different phases, the temperature remains “locked” at one value. Only when

there is a single phase of material is the temperature “allowed” to rise or fall.

The sloped areas of the graph reveal the specific heat of the substance in each particular phase.
Note how the liquid (water) portion of the graph has a relatively shallow slope, due to the specific
heat value (c) of water being equal to 1. Both the ice and the steam portions of the graph have
steeper slopes because both of those phases possess smaller values of specific heat (¢ = 0.5 and
¢ = 0.476, respectively). The smaller the value of ¢, the more a sample’s temperature will rise for
any given input of thermal energy. For any given rate of heat transfer, smaller ¢ values result in

more rapid temperature changes.
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We may employ our liquid-filled vessel analogy to the task of explaining latent heat. Any point
of phase change is analogous to a point along the vessel’s height equipped with a large expansion
chamber, so that the vessel “acts” as if its area were much larger at one point, requiring much more
fluid volume (heat) to change height (temperature) past that one point:

Fluid analogy for specific versus latent heat

Phase change temperature ------ ]

Expansion
chamber

Liquid poured into this vessel will fill it at a rate proportional to the volume added and inversely
proportional to the vessel’s cross-sectional area at the current liquid height. As soon as the liquid
level reaches the expansion chamber, a great deal more liquid must be added to cause level to
increase, since this chamber must completely fill before the liquid level may rise above it. Once that
happens, the liquid level rises at a different rate with addition introduced volume, because now the
phase is different (with a different specific heat value).

Remember that the filling of a vessel with liquid is merely an analogy for heat and temperature,
intended to provide an easily visualized process mimicking another process not so easily visualized.
The important concept to realize with latent heat and phase change is that it constitutes a
discontinuity in the temperature/heat function for any given substance.

A vivid demonstration of this phenomenon is to take a paper®® cup filled with water and place
it in the middle of a roaring fire*”. “Common sense” might tell you the paper will burn through
with the fire’s heat, so that the water runs out of the cup through the burn-hole. This does not
happen, however. Instead, the water in the cup will rise in temperature until it boils, and there
it will maintain that temperature no matter how hot the fire burns. The boiling point of water
happens to be substantially below the burning point of paper, and so the boiling water keeps the
paper cup too cool to burn. As a result, the paper cup remains intact so long as water remains in
the cup. The 7im of the cup above the water line will burn up because the steam does not have
the same temperature-stabilizing effect as the water, leaving a rimless cup that grows shorter as the
water boils away.

38Styrofoam and plastic cups work as well, but paper exhibits the furthest separation between the boiling point of
water and the burning point of the cup material, and it is usually thin enough to ensure good heat transfer from the
outside (impinging flame) to the inside (water).

39This is a lot of fun to do while camping!
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The point at which a pure substances changes phase not only relates to temperature, but to
pressure as well. We may speak casually about the boiling point of water being 100 degrees Celsius
(212 degrees Fahrenheit), but that is only if we assume the water and steam are at atmospheric
pressure (at sea level). If we reduce the ambient air pressure’’, water will boil at a lesser temperature.
Anyone familiar with cooking at high altitudes knows you must generally cook for longer periods of
time at altitude, because the decreased boiling temperature of water is not as effective for cooking.
Conversely, anyone familiar with pressure cooking (where the cooking takes place inside a vessel
pressurized by steam) knows how comparatively little cooking time is required because the pressure
raises water’s boiling temperature. In either of these scenarios, where pressure influences*! boiling
temperature, the latent heat of water acts to hold the boiling water’s temperature stable until all
the water has boiled away. The only difference is the temperature at which the water begins to boil
(or when the steam begins to condense).

Many industrial processes use boiling liquids to convectively transfer heat from one object (or
fluid) to another. In such applications, it is important to know how much heat will be carried by
a specific quantity of the vapor as it condenses into liquid over a specified temperature drop. The
quantity of enthalpy (heat content) used for rating the heat-carrying capacity of liquids applies to
condensing vapors as well. Enthalpy is the amount of heat lost by a unit mass (one gram metric, or
one pound British) of the fluid as it cools from a given temperature all the way down to the freezing
point of water (0 degrees Celsius, or 32 degrees Fahrenheit)*?>. When the fluid’s initial state is vapor,
and it condenses into liquid as it cools down to the reference temperature (32 °F), the heat content
(enthalpy) is not just a function of specific heat, but also of latent heat.

Water at its atmospheric boiling point has an enthalpy of approximately 180 BTU per pound.
Steam at atmospheric pressure and 212 °F, however, has an enthalpy of about 1150 BTU per pound:
more than six times as much heat as water at the same temperature. 970 of that 1150 BTU/Ib is
due to the phase change from steam to water, while the rest is due to water’s specific heat as it cools
fro