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Preface to the first Edition

Mathematicians have a tradition of tending to and participating in the
conceptual structures of their field. This has not been the case
among physicists. At the university level, physicists have always had
a tendency to push the limits of their field and to work where there
are “new” things to be done, especially in the fields of elementary
particle physics, astrophysics or the physics of complex systems. In
the process, they tend to neglect cleaning up their own garden. New
results are often simply added to the already present structures and
the search for more then continues.

This is reflected in teaching. There are great similarities between a
“‘modern” physics textbook and one written at the turn of the 19th
century. They are probably too great considering that most of the
physicists that have ever existed lived in the 20th century or are still
alive today. The insights of 20th century physics are often treated as
appendages. The books contain the old and the new but not a de-
sirable synthesis of old and new. This is one reason why physics
courses have so much trouble with the subject matter.

Work has been done at the Institute for Physics Didactics at the Uni-
versity in Karlsruhe toward a new arrangement of the contents of
physics. The result of our work is one solution to this problem, but
we do not claim it is the only one.

Professor G. Falk laid the foundation for this new structuring of
physics. Under his guidance, numerous courses at the university, in-
troductory, middle school and high school levels were developed.
Many colleagues have also been involved with the development and
propagation of theses courses. For this reason, it would actually be
appropriate to call what will be presented here the “Falk School.”

We are presenting the Karlsruhe Physics Course for the middle
school level. It was created after eight years of trials at the Public
Gymnasium in Wérth am Rhein.

| am grateful to many colleagues and supporters of this project.

First and foremost | wish to thank my teacher, Professor Falk. He is
responsible for the theoretical basis upon which all these courses
rest. Without him, none of these courses would exist.

Another person, some of whose many ideas are contained in this
book and whom | wish to thank, is Dr. G. Job of the University of
Hamburg. Large parts of the thermodynamics as well as physical
chemistry contained here are based upon his work.

A special thanks goes to my Ph.D students, Dr. Schmaélzle, Dr.
Mingirulli, and Dr. Morawietz. They performed most of the detail
work and | carried out the trials in Worth with their help.

| am very grateful to the colleagues involved in the trials being car-
ried out on a large scale in Baden-Wurttemberg and in Rheinland-
Pfalz. Participating in this brings them no personal advantages.
They have gladly taken part and sacrificed much time for this, and
their constructive criticism and ideas are constantly flowing into the
new editions as they appear.

A necessary requirement for the success of the project is administra-
tive support.

First | wish to thank the Directer of the Gymnasium in Wérth, OStD
Rossler for not only allowing us the opportunity of working there, but
actively supporting us.

| thank the ministry of education of Rheinland-Pfalz and the regional
government of Rheinhessen-Pfalz for approving our school trials.

My gratitude also goes to RSD G. Offermann in Baden-Wurttemberg
and StR M. Strauch in Rheinland-Pfalz. They made possible the
large trials taking place at the moment in those two states.

Karlsruhe, August 1989 F. Herrmann

Preface to the second Edition

More than 1000 students have participated in the successfully com-
pleted trials in Baden-Wiurttemberg and about 500 did so in
Rheinland-Pfalz. | wish to express my gratitude to all the colleagues
that participated in these trials. In particular, | wish to thank StR N.
Krank of the Oberschulamt in Stuttgart and OStD Dr. M. Kobelt of
the Oberschulamt in Karlsruhe who both actively supported the
school trials in Baden-Wirttemberg as well as taking part in many of
the meetings with teachers involved with the trials.

Many of the suggestions resulting from the school trials have been
worked into the second edition. In Baden-Wurttemberg, a new group
is already applying the Karlsruhe Physics Course to their teaching.

In addition to the experiences gained from the previous trial phase,
some new chapters have been added to the second edition. They
have just been completed within the last year. Among them are Mo-
mentum as Vector, Torque and Center of Gravity, Angular Momen-
tum and Angular Momentum Currents, and Compressive and Tensile
Stress. In addition, the Teacher’s Manual for both volumes has fi-
nally been completed.

Despite all good intentions, the two volumes are too large. We would
have liked to make some chapters appreciably shorter. However,
standard curricula requirements made this impossible. We would
have liked to shorten the chapters on torque and center of gravity,
hydrostatics and most of all, optics.

| had the opportunity to teach an abbreviated version of this physics
to some classes at the middle school level. It became apparent that
the Karlsruhe course is especially suited to this. | taught 8 hours of
mechanics and 8 hours of thermodynamics and found that very fun-
damental and practical teaching goals could be met for both subject
areas within this time frame.

A third volume is being worked on at the moment. It will contain
chapters about physical chemistry, waves, atomic physics, nuclear
and particle physics, solid state physics, electronics and astrophys-
ics. The school trials, which have been running for two years now,
are being carried out by my PH.D. student M. Laukenmann and my-
self at the Europa-Gymnasium in Wérth.

Karlsruhe, April 1993 F. Herrmann

Preface to the third Edition

The third part of “modern physics” is finally complete. | wish to thank
Dr. Laukenmann and Mrs. Haas for their participation.

Some corrections have been made in Parts 1 and 2.

Karlsruhe, September 1995 F. Herrmann



Physical Foundations




1. Introduction

This course was developed with the intention of modernizing and
streamlining physics education. In order to achieve this, the various
areas of physics have been presented from a single consistent
viewpoint making learning more economical. The same laws and
structures appear repeatedly in mechanics, electricity, and thermo-
dynamics, as well as to a lesser degree in optics, acoustics, and
electronics. We need only to learn these general relations once. Un-
derstanding that such structures exist is worthwhile because it en-
hances education in general.

A certain class of physical quantities plays an especially important
role in this unification. They are called substance-like quantities.

Streamlining and simplifying instruction is also possible because this
method takes modern developments in physics more strongly into
consideration than is usually the case. Twentieth century physics
has not only brought us new and increasingly difficult theories, but it
has shown us that the classical areas of physics (non-relativistic and
non-quantum mechanical physics) are simpler than was earlier as-
sumed. Some examples will be given to make this clear.

Mechanics is generally taught today in the same form developed by
Newton: A theory of action at a distance. For example, we state that
body A exerts a force upon body B without mentioning the medium
between them (e.g. a spring or field). In electricity and magnetism,
we still speak as if electrical and magnetic interactions are actions at
a distance. Since the time of Maxwell, however, we can better de-
scribe the effects of force as local effects. This view not only simpli-
fies theory but it is conceptually easier.

Another example that shows how taking modern developments into
consideration simplifies physics teaching, is the concept of fields. In
the time of Faraday and Maxwell, when physics used the concept of
ether, a field was simple. It was a certain state of the ether. When
the ether was eliminated from physics, fields became an abstract
and difficult concept and remains so today in physics teaching.
Modern field theory lends itself well to making fields even more
graphic than was done in Maxwell’s time. Fields are entities. They
are physical systems that are just as real as other material systems.
Modern physics suggests making a very concrete view of fields.

Here is a third example of how modern physics leads to a more sim-
plified representation of classical physics. There are many compli-
cated concepts that had a certain validity in earlier times but today
are superfluous. Among these is the concept of “form of energy,” in
particular, “heat” and “work.”

Another aspect of the physics presented here is that it establishes
connections to other subjects of the curriculum. This will be espe-
cially apparent in thermodynamics where the pair of quantities called
amount of substance/chemical potential can be introduced right after
the pair entropy/temperature. It will be seen that chemical reactions
can be dealt with using the same terminology used for mechanical,
electrical, and thermal processes.

In recent years, numerous subjects relating to the fast developments
in information and communication technology have been added to
physics courses. In so doing, it often goes unnoticed that these sub-
jects have more to them than just being a new class of electronic
devices. The physics of data transport and data processing de-
serves a more general treatment than the usual technical one it re-
ceives. It fits naturally into the physics course described here be-
cause a quantity is used to describe it that does not traditionally ap-
pear: Shannon’s measure for amount of data.



2. Substance-like quantities

There is a class of physical quantities that easily lend themselves to
graphic visualization and understanding. They are called substance-
like quantities (Falk 1977, Falk 1979, Schmid 1984). Among them
are mass, energy, electric charge, momentum, angular momentum,
entropy and others. Each one of these quantities can be imagined
as a kind of substance or fluid. The word “imagine” means that when
speaking about them, the same vocabulary that is used in every-day
life to account for substances can be applied.

One indicator that a quantity is X substance-like, is when it appears
in a balance equation:

axX/idt= Ix+ 2x

This equation makes a statement about a certain region of space,
Fig. 1.1. dX/dt represents the time rate of change of the value of X
inside the region. 2 xindicates how much of the amount of X is cre-
ated or destroyed per unit time. It also refers to the interior of this
spatial region. The quantity /x, on the other hand, refers to the sur-
face of the region.

Fig. 1.1
The value of quantity Xin the in-
IX terior of the region shown can

change as the result of inflow,
outflow, production or destruction.

The balance equation can be made sense of by interpreting Ix as
the strength of a current through the surface of the spatial region
(Herrmann 1986). So there are two causes for the change in the
value of X: The creation or destruction of X inside the region, and a
current through the surface of it.

For some substance-like quantities, the term 2 x is always equal to
zero. These quantities can only change their value in a spatial re-
gion when a current flows through its surface. Such quantities are
called conserved quantities. Electric charge and energy are exam-
ples of conserved quantities. Therefore, the balance equation for
electric charge is

dQ/dt = 1.

| is the electric current. Correspondingly, the following is valid for
energy:

dE/dt = P,
where Pis the energy current or power.

A substance-like quantity does not have to be conserved. The term
substance-like quantity is more encompassing than the concept of
conserved quantity. It is important to make clear that the question of
conservation or non-conservation only makes sense with substance-
like quantities. Only in the context of substance-like quantities does
it make sense to ask the question of whether they are conserved or
not. The question makes no sense in the case of non-substance-like
quantities such as field strength or temperature.

A substance-like quantity does not need to be scalar either. Momen-
tum and angular momentum are examples of vectorial substance-
like quantities. A vectorial substance-like quantity can be considered
as three scalar quantities where one balance equation is valid for
each of the three vector components independently.

The claim that a substance-like quantity satisfies a balance equation
implies some simple properties of these quantities:

— The value of a substance-like quantity refers to a spatial region.

— Every substance-like quantity has another quantity belonging to it
that can be interpreted as a current.

— Substance-like quantities are additive. If the quantity X has the
value Xa in a system A and the value Xg in a system B, it has a
value Xa + Xgin the system resulting from putting A and B to-
gether, Fig. 1.2.

— Currents are additive as well. If two currents with the values /Ixi
and Ixflow into a region, a total current of Ix1 + Ixo flows into that
region.

Fig. 1.2

The additivity of substance-like

Subsystem A quantities

&

Subsysttm B Total system

These are the four properties of substance-like quantities that make
them so easy to deal with. They show why we can speak about such
a quantity as we speak about a substance.

It is exceedingly valuable for the teaching of physics that certain
quantities can be discussed in the same way as substances such as
water or air.

When learning a new physical quantity, it is usually necessary to ac-
quire the terminology (verbs, adjectives, and prepositions) that goes
with it.

There isn’t much leeway in the formulation of sentences where the
quantities of force, work or voltage appear. A force is exerted upon a
body or it acts upon a body. Work is performed, and a voltage is
present.

In contrast, all the everyday expressions can be used for substance-
like quantities that are used to express balances of substances so
that it is possible to say: “A body contains a certain amount of mo-
mentum” as well as “There is momentum in the body,” “The body
has momentum,” or “There is a certain amount of momentum in the
body”. The words much and little can also be used: A system can
have much or little energy in it (but not much or little temperature). It
is also possible to say that a system has no charge or no momen-
tum in order to express that the value of the charge or momentum
equals zero. (However, one should not say that a system has no po-
tential or density). The flow of a substance-like quantity can also be
described with everyday words. One can say that the electric charge
flows from A to B. It goes from A to B or it leaves A and arrives at B.

This language is known to every child before he or she has ever had
any physics. For this reason, emphasizing the substance-like char-
acter of these quantities is very useful for the teaching of physics.

Traditional teaching does not always make use of these advantages.
The only quantities that are introduced as substance-like quantities
are mass and electric charge. On the other hand, energy and mo-
mentum are usually derived from other quantities. This makes it
more difficult to comprehend that these are also substance-like
quantities.

The fact that one usually does not view energy as a substance-like
quantity is expressed in the following sentences which describe the
process taking place in Fig. 1.3. “Work is being performed on the
capacitor plate on the right, thereby increasing its potential energy in
the field of the one on the left.” The same state of affairs can be ex-
pressed by taking the substance-like character of energy into ac-
count: “Energy flows through the rope and the right-hand capacitor
plate into the field of the capacitor.”

Fig. 1.3

) Energy flows into the field of the
Capacitor capacitor through the rope and the
plate on the right.

The following sentence demonstrates that no substance-like percep-
tion of momentum (the quantitas motus or quantity of motion) is be-
ing conveyed, Fig. 1.4: “Force is exerted upon the car by the rope,
changing the car’s momentum.” By acknowledging the substance-
like characteristic of momentum, the same statement can be simpli-
fied to: “Momentum flows through the rope into the car”.

Fig. 1.4

Momentum flows through the rope
into the cart.

These two examples show that one does not take advantage of the
possibility of creating simple mental representations of certain quan-
tities. Traditional physics teaching has yet another shortcoming.
There are areas of physics where no substance-like quantities are
used at all. These include optics and acoustics (in modern language:
the areas of physics having to do with data technology). The
substance-like quantity most appropriate for setting up laws of bal-
ance within these sub-areas is Shannon’s amount of data. This
quantity has not been established in teaching optics and acoustics
because it is difficult to bring a fundamental change to fields with a
long tradition.



3. Energy forms and energy carriers

The physical quantity “energy” is often given adjectives or determi-
natives. One speaks of kinetic, potential, electrical, chemical, and
free energy, or of atomic, heat, rest, or radiation energy. There is no
unified principle for categorizing energy into these different forms. It
is done using various criteria. Some of these attributes only indicate
a system or an object the energy is in. For instance, the term radia-
tion energy means nothing more than the (total) energy of radiation
being considered, exactly as electron charge is the charge of an
electron, and solar mass is the mass of the sun. In most cases,
though, there are wider implications behind the naming of a form of
energy than just its name.

The move to classify energy into different forms arose in the middle
of the 19th century when the concept of energy itself was born. The
existence of a new physical quantity was inferred even though there
were no general characteristics for it or general ways of measuring
its values. Energy manifested itself in various ways in the most di-
verse systems and processes. It was only possible to determine that
one was dealing with the same quantity by noting that in different
processes, certain combinations of other physical quantities
changed at a certain proportion. Obviously, there existed “exchange
rates” between these combinations of quantities. These were called
equivalents. The best known among them was the mechanical
equivalent of heat.

Recognizing these combinations of quantities as manifestations of
one and the same physical quantity was a great scientific accom-
plishment. This new quantity was called energy. The energy turned
out to be a versatile quantity. Its general nature allowed it to create a
connection between the various sub-disciplines of physics. However,
it also had a shortcoming. Unlike what would be expected of a re-
spectable physical quantity, energy did not disclose its identity in a
uniform manner. For this reason, many physicists considered it noth-
ing more than a mathematical tool. In any case, it appeared reason-
able to label the various combinations of quantities representing the
different appearances of energy as “forms of energy.” Energy did not
always reveal itself in the same way, but in some form or other. It did
not have any invariable property by which its value could always be
determined.

This was the view until around the turn of the century and it was
reasonable under the circumstances of that time. Later on we will
see that in the light of 20th century physics, the concept of form of
energy became unnecessary, just as unnecessary as the concept of
form of momentum or form of entropy would be. Since the concept
of form of energy has remained and has even been upgraded in
modern physics teaching, we will explain the foundations of classify-
ing energy into different forms.

When categorizing energy into different forms, one should be aware
that there are two different methods of doing so: one allows stored
energy (energy contained in the system) to be assigned a form, and
the other classifies changes of energy and energy currents. The first
method leads to classes such as kinetic energy, potential energy, in-
ternal energy, elastic energy etc. The second one leads to catego-
ries such as electric energy, chemical energy, heat, work, etc.

In order to differentiate between the categories resulting from these
two methods, the first ones are called the existence or storage forms
of energy, and the second ones are called exchange forms. We shall
start by discussing the storage forms of energy.

The energy E of a system can always be expressed as a function of
certain other variables x1, xo, x3, . . . If these variables are suitably
chosen (Falk 1968, p. 54), the system will be completely described
by the function

E =E(X1,X2,...).

In mechanical systems, this kind of a function is called the Hamilto-
nian, and in thermal systems, it is called thermodynamic potential. In
a whole range of familiar systems this function decomposes into a
sum of terms where each term is dependent upon variables which
do not appear in the other terms of the sum (Falk, Ruppel 1976). For
example, we could have

E (x1, X2, X3) = E'(x1, X2) + E" (X3).

In this case, one would say that the system decomposes into non-
interacting subsystems.

When such a decomposition is possible, the individual terms can
each be given their own name. This is how the existence forms of
energy are obtained. A concrete example of this is a moving capaci-
tor whose resulting total energy is:

Q is the electric charge, C is the capacitance, p is the momentum,

and m is the mass of the capacitor. The first summand is called the
rest energy, the second is called the electric field energy, and the
third one is the kinetic energy.

One sees that an existence form simply refers to the energy content
of a subsystem. Whenever possible, this fact should be clearly ex-
pressed. This is always possible when the subsystem has its own
name. In the case of the capacitor, it is more explicit to speak of the
energy of the electric field or of the energy within the electric field,
instead of electric field energy.

We will now discuss the definition of the exchange forms of energy.
Our experience tells us that in each transition of a system from one
state to another, at least two extensive quantities change their val-
ues. This fact is expressed by the so-called Gibbs Fundamental
Form (Falk, Ruppel 1976):

dE =TdS + ¢dQ + vadp + udn + ... (3.1)

Here, T is the absolute temperature, S is the entropy, ¢ is the elec-
tric potential, Q is the electric charge, v is the velocity, pis the mo-

mentum, u is the chemical potential, and n is the amount of sub-
stance.

This relation says (among other things) that at each change of en-
ergy, at least one more extensive quantity (S, Q, p, n...) changes its

value. Most extensive quantities fulfill our criterion for substance-like
behavior. The associated intensive quantities (T, ¢, v, u...) deter-
mine how strongly the energy changes when the extensive quantity
changes. The extensive and intensive quantities in a term of the
Gibbs fundamental form are said to be conjugated, or put more pre-
cisely, energy-conjugated. T and S, or u and n are energy-
conjugated quantities.

A Gibbs Fundamental Form can be written for every process. In the
simplest case there would be only one summand. What form the
change of energy takes depends upon which summands are non-
zero upon a change of energy. If TdS is the only non-zero term, then
the energy has changed in the form of heat. The term @dQ repre-
sents electric energy, the term vdp means mechanical work, and the
term u dn, chemical energy.

Now one can imagine any change of energy of the form ydX as the
result of a current of quantity X flowing into or out of the system in
question. It follows that an energy current can be written as a sum:

P=Tls + ¢l + VF + tulh + ... (3.2)

This equation shows that energy currents can be divided into the
same forms as changes of energy. Energy can flow in the form of
heat or work, in electric or chemical form, etc..

Equation (3.2) expresses a simple and important but unfortunately
little known fact: Whenever energy flows, at least one other
(substance-like) quantity flows simultaneously. This can be ex-
pressed in the simple phrase: “Energy never flows alone.”

It is easy to understand that in the view of 19th century thought, the
individual terms in Equation (3.1) and Equation (3.2) were consid-
ered “forms of energy” and that devices which take up energy in one
form and release it in another were called energy converters. This
representation appears unfortunate when viewed from a modern
perspective, since it suggests that forms of energy are actually dif-
ferent physical quantities having the remarkable property that one
can be converted into another.

The special theory of relativity has shown that energy is an inde-
pendent quantity and not a “derived” one. Seen from a modern per-
spective, it seems just as unsubstantiated to speak of forms of en-
ergy as it is to speak of different forms of electric charge based upon
whether it is carried by electrons, protons or muons (Falk, Hermann,
Schmid 1984). The theory of relativity tells us what the general
characteristics of energy are. The equivalence of mass and energy
tells us that energy has the same characteristics as mass: Gravity
and inertia. (The general theory of relativity even states that gravity
and inertia are one and the same property).

It is unnecessary to speak of various forms of energy in order to dis-
tinguish between different terms in Equation (3.2) characterizing
transports of energy. It suffices to indicate which substance-like
quantity is transferred along with energy. For example, instead of re-
ferring to energy in the form of heat, one can simply say that entropy
flows along with the energy.

Furthermore, equation (3.2) suggests a simple image for describing
a transport of energy. The substance-like quantity accompanying the
energy current may be called the energy carrier. Metaphorically
speaking, energy is carried by entropy, electric charge, momentum,
amount of substance, etc. Depending upon the value of the relevant
intensive quantity, any given carrier current can be linked to a larger
or smaller energy current. We say that the carrier can be charged
(or loaded) with a lot of or a little energy.

So the intensive quantity represents a measure of how much a car-
rier is charged with energy. In devices that are usually called energy
converters, the energy changes its carrier. It enters the device with
one carrier, changes inside the device to another carrier, and leaves
it with the new catrrier.

Substance-like quantities that characterize various ways of trans-
porting energy are not available for physics beginners. In place of
physical quantities, flowing substances will be used as energy carri-
ers. For example, the energy carrier in a central heating pipe will not
be called entropy, but simply warm water. Another example would be
energy transport through a gas pipe. We will not say that energy is
carried by an amount of substance, but by the gas (Falk, Herrmann
1981, Herrmann 1981b).



4. Structures in physics

Equations (3.1) and (3.2) demonstrate a systematic structure of
physics. The terms on the right sides of the equations have the
same structures ydX and ylx, respectively, where y is an intensive
quantity, X an extensive, substance-like quantity, and Ix represents
the current of X. It becomes apparent that each of the terms ydX
and ylx can be attributed to some major classical branch of physics
because each term contains only quantities that are characteristic
for one such an area. This classification is represented in Table 4.1.

Extensive quantity Current Intensive quantity
Mechanics Momentum p Force F Velocity v
Electricity Electric charge Q Electric current / Electric potential ¢
Heat Entropy S Entropy current Is Temperature T
Chemistry Amount of substance n Substance current /I, Chemical potential u

Table 4.1
Mapping of quantities to branches of physics and to chemistry

If only one of the terms on the right side of Equation (3.2) is not
equal to zero, the equation reduces to

P=y-lx (4.1)

This relation describes a transport of energy belonging to a corre-
sponding branch of physics.

The mapping shown in Table 4.1 forms the basis of an analogy be-
tween branches of physics which reaches much further than may be
expected at first sight. It allows mapping of physical quantities, rela-
tions, processes, phenomena and devices from one field onto an-
other. This mapping of mathematical structures suggests to apply
the same models and mental representations in the different areas
of physics. This textbook will make great use of the possibility to do
this. The streamlining of physics teaching presented here rests
mostly upon this analogy.

We have seen that in each of the branches of physics listed in Table
4.1, two substance-like quantities play an important role. One of
these is the energy and the other is the quantity for the area of phys-
ics in question (shown in Column 2). We see that the two substance-
like quantities for mechanics are energy and momentum and that
energy and charge are the ones for electricity. In thermodynamics,
they are energy and entropy, and in chemistry, energy and amount
of substance.

Representing such a branch always becomes problematic when one
attempts to do it with just one substance-like quantity. It has taken a
long time for this view to establish. The famous controversy between
Cartesians and Leibnitzians about the ,true measure for force“, dealt
with the question of whether momentum or kinetic energy was the
“correct” quantity. It was assumed that only one of these could exist.

Although both of the substance-like quantities of thermodynamics,
energy and entropy, have been known for more than 100 years,
teachers today still attempt to teach as much of thermodynamics as
possible without a reference to entropy. The daunting traditional set-
up of thermodynamics is a result of this. Table 4.1 shows that such a
representation of thermodynamics corresponded to a theory of elec-
tricity which operates without electric charge and without electric
current (Fuchs 1986), or mechanics in which there is no momentum
or force.

Our previous observations demonstrate that energy takes a super-
ordinate role in physics. Energy is equally important in mechanics,
thermodynamics, and electricity. Interestingly, there is another quan-
tity that fulfills such a function: Amount of data—the quantity with the
unit called bit.

Just as energy transports can be classified according to energy car-
riers, data transports can be assigned to corresponding data carri-
ers. Moreover, in the same way that every energy carrier character-
izes a certain branch of physics, each data carrier belongs to a cer-
tain branch of physics or technology. For example, data transport
using the data carrier light, is characteristic of optics. The data car-
rier sound belongs to acoustics, and in electronics, the data carrier
is electricity, Table 4.2. Details about this analogy between energy
and amount of data can be found in Daten und Energie (Herrmann,
Schmalzle, 1987).

Table 4.2

Data processing technology and associated
fields of physic

Data carrier

Optics | Light
Acoustics Sound

Electronics Electricity



5. The concepts of current, drive, and resistance

In Section 3 we have seen how it is possible to get a pictorial idea of
an intensive quantity. The quantity /x can be interpreted as the in-
tensity of the energy carrier’s current and the intensive quantity y
can be viewed as a measure of how much the carrier is charged (or
loaded) with energy.

We will now consider a second image that can be made of intensive
quantities. The idea itself is well known and widespread but usually
it is only applied to electricity. Its strength lies in the fact that it can
be just as useful when applied to mechanics, thermodynamics and
chemistry. As an example, we will illustrate it in the familiar context
of electricity.

An electric current flows through a resistor which does not need to
be an ohmic resistor, Fig. 5.1. The words we use to describe this
situation already touch on the image we are dealing with. We speak
of “current” if the quantity / has a value different from zero and we
call the device in which entropy is created, a “resistor”. It is this im-
age that every physicist unconsciously uses and which we wish to
expand and use extensively in physics teaching.

Fig. 5.1

We interpret the potential differ-
ence across the resistor as the

driving force of the electric cur-
|:| rent.

I,
—ap—s]

We call the quantity / the intensity of the current of the quantity Q.
The fact that the current flowing through the device in Fig. 5.1 is
greater the higher the potential difference, can be interpreted as fol-
lows: The potential difference or voltage is what “drives” the current.
In this image, the current does not flow on its own because the re-
sistance of the object through which it flows, hinders it.

That this interpretation is rather arbitrary can be seen in the case of
ohmic resistance. We have

U=R-1I.

The equation states that U is proportional to /: The greater U is, the
greater [ is and vice-versa. However, it says nothing at all about
which of the two is the cause of the other. It does not state that the
voltage is the cause of the current nor does it say the reverse. It is
arbitrary to assert that a voltage is the cause of a current. We gen-
erally find it more natural to consider the voltage as the cause. This
is because voltage is usually easier to select than current. When the
current is actually given, for instance with the help of a current stabi-
lized power supply, one actually speaks of a potential “drop” which is
“caused” by a current.

Despite its arbitrariness, this image is very useful to the student
studying electricity or trying to solve problems of electronics be-
cause one can orientate oneself by means of the phenomena this
image originates from: currents of liquids and gases, or more con-
cretely, of water and air.

But above all, we make use of this image because it is not only use-
ful in electricity but in mechanics, thermodynamics, and chemistry as
well.

The image of driving force and resistance can be just as useful for
gaining an understanding of intensive as for extensive quantities. It
is helpful in electricity for forming a view of the intensive quantity
called electric potential. In chemistry, we use it to introduce the in-
tensive quantity called chemical potential. However, when dealing
with temperature which is the intensive quantity of thermodynamics,
pupils and students already have a pretty good idea of what that is.
Here, the image of drive (driving force) and resistance helps in intro-
ducing the extensive quantity entropy.

We have put a teaching unit about currents of fluids and gases at
the beginning of the course so that the students can become familiar
with this model. Many of the course’s most important concepts are
developed in this chapter.

One sees that the idea of driving force and resistance fits well to the
unified structure of physics discussed in the previous section and
contributes to a simplification of the teaching of physics.



6. The most important quantities and relations

Here is an overview of the most important quantities which will be
dealt with in this course.

Extensive (substance-like) quantities

Energy E

Momentum p

Angular momentum L
Electric charge Q
Entropy S

Amount of substance n
Amount of data H

Intensive quantities

Velocity v

Electric potential ¢
Temperature T
Pressure p
Chemical potential u

Currents
Energy current (= power) P

—

Momentum current (= force) F
Electric current /

Entropy current /s

Current of amount of substance I,
Data current I

In addition, some quantities that do not belong to any of these three
categories will be introduced. Among them: Position, time, some ma-
terial constants and some quantities that characterize technical de-
vices such as spring constant D, electric resistance R, and capaci-
tance C.

The mathematical relations in which these quantities appear can be
classified according to the structure discussed in the previous sec-
tions. A relation in one class can be obtained by formal translation of
the corresponding relation of any other class. Translation means tak-
ing a quantity of one line of Table 4.1 and replacing it with the quan-
tity from another line from this table. Only energy and energy cur-
rents must not be replaced.

The most important relations dealt with are compiled in Table 6.1.
Each column contains the relations belonging to a class. Each line
corresponds to one of four disciplines: Mechanics, electricity, ther-
modynamics, or chemistry. The quantities in Table 4.1 are arranged
this way as well.

Relation between | Relation between cur- Capacities Resistances
amount and current | rent and carrier current

F=pit P=v-F m= p/v only qualitatively

I=Q/it P=U-I C=QU R=U/

Is= S/t P=T-Is AS/AT (no symbol) | only qualitatively

In= n/t P=(u2— ) - In not treated only qualitatively
Table 6.1

The most important relations

The equations in column 1 of table 6.1 describe the relation between
the time rate of change of a substance-like quantity and its current.
Actually, the differential quotient should stand in the place of the
quotients of substance-like quantity and time. For this reason, these
equations are only valid if the corresponding current is constant in
time. The following equations also belong to these relations:

P=E/t

and

In = H.

However, they do not belong to any line in Table 6.1.

The relations in column 2 describe the connection between the en-
ergy current and the current of the substance-like quantity accom-
panying the energy current. The forms of these equations are like
those in Equation (4.1). They define the scales of the intensive
quantities (they explain how the multiples of these quantities are
formed).

The quotients in column 3 could be called generalized capacitances
because they have all the same structure as the electric capaci-
tance. For instance, the mass of a body could be understood as its
momentum capacitance. At a given velocity, the body will contain
more momentum the greater its mass is. There is no usual sign for
the entropy capacitance AS/AT even though it is a technically impor-
tant quantity. It is the measure of the heat storage capacity of a
body.

With the exception of Ohm’s law, the relationship between current
and driving force in dissipative processes (column 4) will be dealt
with only qualitatively: The greater the current's driving force, the
greater the current.



7. The scales of the most important quantities

When a new physical quantity is introduced, it must be explained
how the multiples of its unit are defined. The method for determining
a scale (meaning the multiples) is basically the same for quite a
number of quantities. In particular, each of the three classes dis-
cussed in the last section has its own method for determining a
scale. We will limit ourselves to a discussion of these three classes.

Defining the multiples of a substance-like quantity is conceptually
trivial. In order to produce double (or triple, etc.) the value of a
substance-like quantity, one only needs to double (or triple, etc.) the
entire system. If one wishes to increase the value of a substance-
like quantity of a single system by 1, 2, .... n units, one must transfer
1, 2, ... nunits of the quantity to the system. Sometimes, this trans-
fer is very easy, for instance in the case of electric charge by use of
a Faraday beaker, Fig. 7.1. In other cases, such as energy, this pro-
cedure can be complicated.

Fig. 7.1
- The electric charge of the large
S CS \O:\O sphere is increased by three units.
\/—f\_/
% three units
= of charge

In order to define multiples of currents, we consider a current flowing
through a conductor with a well-defined cross-sectional area. The
current should not have any source or sink in the conductor. In order
to realize multiples of the current, we apply the junction-rule. We al-
low 1, 2, ... n unit currents to flow from a node into the conductor.
Fig. 7.2 shows the realization for an electric current, Fig. 7.3 shows
it for a force, i.e., a momentum current.

Fig. 7.2
Three units of an electric current

. flow through cross section S.

S
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Fig. 7.3

Three units of a momentum cur-
rent flow through cross section S.
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Defining scales for intensive quantities is more complicated. As al-
ready stated, it is done by use of the equations in the second col-
umn of Table 6.1. We will illustrate this using the example of electric-
ity. We compare two electric circuits A and B, Fig. 7.4. Both should
have the same electric current. Now if the energy current in circuit A
is twice that of circuit B, then the voltage in A is also twice that of B.

Fig. 7.4
30W In the lower picture, the energy

S5A current P is double that in the up-

1 6 per picture. The electric currents /
—— 00 are equal. The voltage scale is
‘ld - N defined so that P = U/ holds in

Different both cases.

,_6_(.).W. 5A lamps
]
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Although determining the scale of a quantity is an important step in
defining the quantity, we suggest not spending too much time on this
question in middle school because the problem of forming multiples
is almost always trivial, or else it is difficult.
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Remarks




1. Energy and energy carriers
1. Energy as a substance-like quantity

Energy is introduced as a quantity with a substance-like character.
We refer to energy just as we would refer to a substance. This
makes dealing with energy easier than it would be if it were intro-
duced in the traditional manner, i.e. via the concept of work.

2. Physical quantities or substances as energy carriers?

The introduction of energy carriers is based on a law which states
that each time energy is transported, at least one other substance-
like quantity is also transported. In mechanical energy transport, this
quantity is momentum and in an electric transport, it is electric
charge. In thermal transport, it is entropy and in chemical transport,
it is amount of substance. We suggest calling these quantities which
accompany the energy current, energy carriers.

In order not to burden beginning instruction with a great number of
new physical quantities, we will not call these quantities energy car-
riers, but replace them with names of substances which themselves
“contain” these substance-like quantities. At the beginning, it is then
possible to speak of the energy carrier “warm water” or “hot air” in-
stead of entropy, and instead of amount of substance, we can say
that “gasoline” or “heating oil” is the energy carrier.

3. Angular momentum as energy carrier

In the same way force is interpreted as a momentum current, torque
can be seen as a current of angular momentum. The equation
W=t

at

(where M = torque, L = angular momentum) means that the time

rate of change of the angular momentum of a body equals the angu-
lar momentum current flowing into the body.

4. “Deposit-bottle” energy carriers and “one-way-bottle”
energy carriers

There is no deeper physical meaning behind deposit-bottle energy
carriers and one-way-bottle energy carriers. We only introduce these
concepts because it is a good way to learn to distinguish between
the path of the energy and the path of the energy carrier. It is easy to
see that a deposit-bottle transport can be transformed into a one-
way-bottle transport, and vice-versa. For instance, the air streaming
out of a jackhammer can be conducted back to the compressor so
that it becomes a deposit-bottle energy carrier.

We have introduced angular momentum as a deposit-bottle energy
carrier. This is justified in most cases—for instance when an electric
motor and the pump which drives it are mounted to the same foun-
dation or are in the same casing. The angular momentum flows
through the motor’s drive shaft from the motor to the pump and
through the foundation or casing from the pump back to the motor.

It is different if the motor drives a fan wheel, for instance. In this
case, the angular momentum goes from the motor through the drive
shaft to the fan wheel where it is distributed into the air. It then re-
turns to the earth in a way which is difficult to control, and finally
back to the motor. It might be tempting here to refer to the angular
momentum as a one-way-bottle energy carrier, but we have ab-
stained from this fine distinction.



2. Flows of liquids and gases

1. Air and water flows as models for flows of physical
quantities

In this chapter, concepts and structures are introduced which later
will be used over and over again.

The objects of consideration—air and water flows—are well known
to the student. Not only can water be seen, it is usually clearly
apparent whether or not it is flowing. Students also have a clear idea
about air currents.

The currents being considered here are currents of substances, but
later on, currents appear which are more abstract. These are the
currents of physical quantities. The concepts and relations which are
introduced in this chapter can easily be carried over to the currents
of physical quantities. In particular, we want the mental models
formed by the students about these processes to be transferred to
currents of physical quantities.

2. Some basic concepts

The following concepts and relations will appear again numerous
times in the course:

Current. The amount of a substance or an extensive physical
quantity which flows through a certain surface area in a specified
amount of time, divided by this time span.

— Driving force or drive. The difference between the values of an in-
tensive quantity. The greater the drive, the greater the current.

— Resistance. A characteristic of a conductor which depends upon
length and cross-section.

— Equilibrium. The state in which no current flows, although a con-
ductive connection exists; there is no driving force.

— Junction rule. Consequence of the balance equation when no
source or sink exists.

— Loop rule. Any point on a conductor can be assigned a value of
the inte