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A Qualitative Approach to Electricity

Hermann Haertel

ABSTRACT

"In the teaching of physics, the study of electricity and magnetism
typically follows the introduction of the basic concepts of mechanics.
Hov ° - there are some new concepts associated with electro-
magnetic . elds that seem at first to the student to be unrelated to (or
even incompatible with) Newton's third law as learned in mechanics.
Furthermore, the transiticn from electrostatics to studies of moving
charges and associated magnetic phenomena seems to many
thoughtful students not to be consistant with concepts learned earlier
in the course. '

in this report, | describe approaches to electrostatics, to elementary
circuits, and to the effects of moving charges in a way carefully
designed to be fully consistent throughout, so that the thoughtful
student is not left with quandaries about the relationship among sets
of basic concepts.




PREFACE

In Chapter | some basic principles about qualitative concepts and qualitative
reasoning are presented.

In Chapter |I, the subject matter of Basic Electricity, including Voltage, Current,
Resistance, Ohm's Law and Kirchhoff's Laws, is reconstructed stressing the
importance of the systems aspect of the electric circuit and the relation between
microscopic and macroscopic effects, especially in respect to voltage.

In Chapter Ill, the magnetic interaction, the electromagnetic .nduction and wave
propagation are described. This d 2scription is based on the relativistic change of the
Coulomb field due to the constant velocity of charge caniiers and the existence of
circular fields, connected ‘with accelerated charge catriers.

The material presented depends on the fact that the presentation will be supported
by interactive and animated computer graphics. The development of material for
teaching and instruction on the basis of this approach as well as a further
development of the conceptual framework will be part of the research agenda of
the Institute for Research on Learning, Palo Alto, and the Institute for Science
Education, Kiel, Germany. This text is therefore not addressed to students as
newcomers to this field. It is presumed that the reader has a good knowledge about
the basic facts of electromagnetism as they are described in traditional textbooks.
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Chapter |

QUALITATIVE REASONING

INTRODUCTION

The dominance of quantitative procedures and the importance of mathematical
formalism in teaching physics is well-known. What seems to be missing 1s an
understanding of the role of qualitative reasoning. How does insight emerge from
qualitative models, and what is the importance of constructing explicit bridges
between the formalism and these conceptual models? This deficit may be one of the
reasons why so many people fail to learn successfully in this field.

The current method of teaching physics is good at handling the abstractions in
mathematical notation, but it is weak in supporting qualitative thinking in a
consistent way. There are reasons for this deficiency. In the history of physics, many
qualitative models can be identified with generations of physicists, who have
strongly (and sometimes desperately) believed them to be valid. The theories about
phlogiston and of the ether are two famous examples which misled physicists for a
long time, and much scientific effort was used for the incorrect purpose. All these
models had finally to be given up; and when quantum physics, wave/particle
dualism, and the theory of special relativity arrived, it seemed to be clear that only
the quantitative approach ~ the system of differantial equations, and the correct
handling of this formalism -- could guarantee progress and success. Qualitative
models or concepts could only be used for special cases with a limited range of
validity and without underlying common principles.

The body of physics knewledge condensed in textbooks and simplified for the
different school levels is usually described as a consistent quantitative system
carefully prepared and standardized according to units, syntax, methods, etc. This
quantitative system is surrounded by isolated qualitative models meant to help
students to understand isolated phenomena, to give a background for causal
relations, and to model certain processes. In contrast to the quantitative side, the
qualitative one is not treated with equal care. For many aspects, the underlying
ontology is only presented implicitly or is not presented at all. The statement of
Hertz, "The physics of electromagnetism is Maxwell's equations.” expresses clearly
the attitude of overemphasizing the quantitative side and even denying the
existence of qualitative models and questions about the underlying ontology as part
of physics. If qualitative models are presented, their limits and questions about
these limits are, in most cases, left aside. Inconsistencies are overlooked or hidden
under shallow explanations with the excuse that, as a rule, students would never
detect these inconsistencies and would only be confused by any further and more




detailed explanation. Worse yet, there may even be a belief that students should not
worry about ii..onsistencies; truth is within the equations themselves.

This point of view and the established practice are to be challenged for the
following reasons:

1. There are many hints that physicists who are working in new fields, and other
experts who have to apply their knowledge in a creative way, are permanently using
qualitative models or concepts in an implicit or explicit way. Einstein, who said
about himself that he was weak in calculus but strong in handling pictures and using
spatial imagery, is a famous example to support this statement. it is an open
question to what extent this qualitative expert knowledge could be made explicit
and be supportive for better teaching.

2. Itis unknown and difficult to detect to what extent students are, in fact, aware of
inconsistencies and missing reletions between qualitative models or have the
capability to see these discrepancies. It is unknown to what extent this may cause
them to experience failure and frustration and inhibit interest and motivation for
further learning in this field.

3. It is unknown to what extent the teaching of the underlying qualitative models
and the application of consistent qualitative reasoning can support physical intuition
and the capability of problem-solving.

4. There are indications that better modelis can be developed and presented to
learners --especially with regard to modern computers and their ability for animated
and interactive graphical representation. The introduction of the computer as & new
medium for teaching will, therefore, have a strong influence on the way physics is
taught. Such a medium is asking for a revision of all qualitative ideas, models and
concepts.

5. Cognitive science and artificial intelligence have made promising advancements
in the development of concepts and methods for qualitative reasoning which shouid
be fruitful for teaching and learning.

The project described in the following paper concentrates on electricity. This field
was chosen because of its importance as a basis for modern technology and because
it is traditionally known to be very abstract and difficult to understand. Even small
progress in this field would therefore have a positive influence on a broad field of
applications. The objectives of this project are to find the answers to the following
questions:

1. What are the most common discrepancies and inconsistencies among qualitative
concepts offered in traditional teaching?




2. Is it possible to develop a consistent qualitative concept for electromagnetism
which could be used in a generic form to support an introductory course and which
courd be developed in a consistent way when more facts and phenomena are
presented and higher levels of abstraction are sought?

3. What are the underlying ideas and principles which are helpful in finding these
discrepancies and inconsistencies and which could be used in a constructive way for
revision and further development?

The answers to the first and second questions raquired the most time and effort.
They are described in Chapters Il and Il of this report. The answers to the third
question evolved at the very end when a series of examples for discrepancies and
inconsistencies were visible in comparison with the new model and the common
structure could be found. Once formulated, these basi- ' 3aracteristics can now be
presented at the beginning to clarify the underlying moc - and to indicate the level
of abstraction. Thisisdone in the following part of this chapter.

QUALITATIVE CONCEPTS IN ELECTRICITY

Almost any physics curriculum 0. major textbook starts with mechanics which is
regarded as a more fundamental subject, not only historically but also by virtue of its
basic principles such as force, acceleration, energy, momentum, and so on.

It can, therefore, be assumed that most of the students who start learning about
electricity do have a more-or-less well-structured knowledge of Newtonian
mechanics which may sometimes be in conflict with, or overruled by, common sense
interpretations of mechanical problems due to daily life experiences.

It is a well-established fact that this knowledge about mechanics is normally limited
to certain standard problems and cannot be easily applied to unknown tasks by most
of the students. Nevertheless, it can be assumed that most students have developed
some kind of Newtonian view when they analyze interactive particles and that they
come to the following conclusions:

Materialistic objects with well-defined surfaces interact when they come too
close to each other. Within the region of contact, action and reaction forces are
created due to Newton's Third Principle and these forces are the cause of elastic
deformation, deceleration and acceleration. In addition to Newton's Third
Principle, it is postulated chat there is no action at a distance.

The important characteristics for this kind of analysis are:

- independent objects and systems of objects
- interaction due to action and reaction forces at the same point in space

10
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- causality relations between force'and acceleration and
- continuous change in space and time.

Moving to the electrical worid where Coulomb's Law describes the basic
phenomenon of interacting charges, a new kind of interaction has to be analyzed
whcre action and reaction forces are created at adistance. This task is accomplished
by introducing the concept of charges and fields--a concept which is strongly
supported by quantitative methods.

The important point is that qualitative reasoning about this new kind of Coulomb
interaction, using the concept of charge and field, cannot develop harmoniously out
of the mechanical approach. There are not only some fundamental differences but
also some fundamental discrepanicies between these two qualitative approaches.
These discrepancies (which are described in iiie following chapter) are connected to
scme basic procedures which are believed to be of general importance for
qualitative reasoning:

- the definitions or constructions of basic objects
- the way in which causality is used to structure the interaction between these objects

In mechanics, the application of Newton's Third Principle provides a basis for such a
causal relation by introducing action and reaction forces for any locality of
subsystems which are involved in the interaction. It is mainly this aspect of locality
(the fact that action and reaction forces are created at the same place) which is
missing in the electrical case. The electric or magnetic forces are described to exist at
different places in space, and no mechanism is offered to construct a connection
between them. The question is how this fact limits the possibility for students to
reason about causality and, more seriously, to learn with understanding.

In the following chapter, some implications for qualitative reasoning are outlined
which connect to object definition and causality.

OBJECT DEFINITION

When a mechanical system with two colliding objects or point masses is to be
analyzed, the definition of the isolated objects and the structuring of the interaction
phase is straightforward. There are many different ways and methods to establish
these definitions independently and to agree about the underlying principles such as
isolated objects in space, the process of interaction including elastic deformation,
and forces due to "action equals reaction”, deceleration, acceleratiun, and, finally
again, separation into isolated objects.

The analogous case of two colliding charged objects presents a new and difficult
problem. The fundamental objects involved in this process are charges and fields,

11




4nd these objects cannot be defined independently but only in mutual dependence.
Charges and fields can only be detected and defined in the presence of other
charges and fields and only through the result of interaction. From the inception, |
charges and fields are at the same time representations of interaction and of |
isolated objects. This is a basic difference in comparison tc the mechanical world, |
and 't imposes a basic difficuity for qualitative reasoning. In the electrical world, the }
basic primitives are more the 7esult of construction by the human mind than <
determination by nature. This implies a difficulty for all following steps when new |
facts or knowledge have to be acquired. If charges and fields are seen as individual, ]
isolated objacts (and this reflects the common practice), then the mechenism of
interaction is hidden behind a formal product of charge and field (F=qxE). Because
there is no way to explain how, and within which volume, this interaction takes
place, qualitative reasoning may be misled cr totally blocked.

When moving charges and, therefore, magnetic effects are involved, the definition
of the magnetic field as an object a.:ses again in an even more comp:icated form.
The magnetic field as an object is created by the movement of charges and can exist
as a wave in space a long time after the cause of its creation (the movement of
electrons) has already disagpeared. This constitutes a very peculiar way to create an
object which has no analogy in mechanical problems. In mechanics, a constant
movement is just a matter of the frame of reference; and the laws in physics should
be invariant with respect to them. The magnetic field, however, is sai* o be caused
by such a movement. On the other hand, the magnetic field ca~ disappear an- be
transformad to an electric field when changing the frame of refere: ce. Electric and
magnetic fields become components of a 4-dimensinnal tensor with hardly any
connection to a qualitative concept.

When looking for quantitative solutions, these arguments are of no real concern
because the system of differential equations always involves integration of the
whole system and does not depend on the interpretation of cbjects and interactions.

The work presented here is, however, concerned with teaching physics and the
importance of qualitative reasoning. In the light of the new computer tools for
animation and interactive graphical representation, the following questions arise:

- What kind of basic primitives should be selected as a starting pownt for
qualitative reasoning within the curriculum of electricity?

- What are the basic objects and mechanisms and hov n they be
represented, reasoned over and displayed so that further learning s
supported ard not hindered or blocked by misleading derivations?

- What kind of basic principles can be offered as a ground for causal
argumentation which connects qualitative reasoning in the mechanical world
with the new electric phenomena and which still leads to correct physics?

12
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Preliminary answers to these questions are proposed in Chapters Il and iil of this
report. In this approach, the basic objects for qualitative reasoning in electricity are
defined in a broader and more general sense than charges and fields. The notion of
distortion in space is proposed to characterize charge and field occupying a certain
volume and expressing a certain symmetry. Magnetic effects are derived from a
change in symmetry due to the velocity of the charge carriers together with some
basic assumptions derived from the theory of special relativity.

These proposals and .1e derived representations have to be regarded as a first step.
They are constructed as a tocl to improve learning with the focus on qualitative
reasoning. They are not meant to represent correct physics from the very beginning.
The problem does not lie in the development of learning tools which avoid any risk
of misinterpretation in the light of the established theories of physics. The problem
is to minimize and to control these risks while giving support to a step-wise
development from the mechanical world towards the electrical one and offering a
concept without basic discrepancies or conrusing open ends. Studies about the
reaction of students who work with these materials will help to determine the
direction of further development.

QUALITATIVE REASONING AND CAUSALITY

Newton's Third Principle - In the mechanical example of two colliding objects or
point masses, the implication of Newton's Third Principle as a basis for causal
explanation represents a standard approach to analyze such a collision and to derive
such a fundamental law as conservation of momentum. To make this analysis and to
apply Newton's Third Principle is not a trivial task; causality is not built into nature
but is dependent on the applied theory and the underlying principles. In mechanics
courses, this principle, however, is introduced as a fundamental one; and no limits
are presented--especially when systems of interacting particles are to be studied.

When Newton's Third Principle is applied in a straightforward way to the interaction
betwaen charges and fields and especially to the interaction between magnetic
fields and moving charges, qualitative reasoning is faced with a new and basic
discrepancy. The locaiity of Newton's Third Principle gets lost. Equal and opposite
action and reaction forces can no longer be defined at each single point in space but
only for the whole system, and no mechanism is presented to explain the
interrelation between these single forces at different places.

In the case of the magnetic interaction, a single force acts on a moving charge carrier

within a magnetic field which resuits in an acceleration of the charge carrier
perpendicular to its velocity. There is no local reaction back onto the magnetic field.

13
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Such a single force or a single acceleration is a contradiction to Newton's Third
Principle. For the magnetic interaction, this principle is only fulfilled when the
reaction of the moving particle with the complete system is taken into account. The
principle is, however, not valid on a local scale.

Also, in the case of the Coulomb interaction between two particies, Newton's Third
Principle cannot be applied in a completely analogous way to the mechanical case.
The Coulomb forces between two charged carriers are equal and opposite, but they
do not act at the same point in space. Each charge carrier experiences a single force
due to its interaction with the field; but locally, there is no reaction back onto the
field. This reaction force is found when the ferce on the opposite charge carrier is
taken into account. This reaction force, again, is the result of an interaction of field
and charge with no reaction back onto the field.

There is no quaiitative explanation fer this new kind of mechanism between two
action and reaction forces acting at different points in space. This missing
information severely limits the potential of qualitative reasoning learned so farin
Mechanics.
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Continuous Change in Space and Time or Action at a Distance - The majority of the
problems treated in electrostatics, and dc and ac currents, are static or quasi-static

cases. The distribution of the charge carriers is either static or stationary, and
Coulomb's Law and Kirchho#f's Laws only describe these states of equilibrium. These
laws do not tell how the system is changing from one state to the other or how the
new state of equilibrium is reached. They are even invalid during the time interval
of change-or, in other words, these laws are acausal to change. Qualitative
reasoning based on these equations is, therefore, limited to static cases and cannot
cope with changes in time. Knowledge about change has to be handled in the form
of knowledge about a series of equilibrium states, and this may seriously limit the
development of physical intuition and the capability to accomplish tasks such as
trouble-shooting.

A simple example for such a limitation is the change of the electric current within an
electric circuit due to a change of voltage or resistance. In the absence of action at a
distance, the change of the current has to start at a certain point within the circuit,
and this cha.-ge has to spread out around the whole system.
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Transition Between States of Equilibrium
when Doubling the Voltage

The time for this process 1s rather short and can be neglected for a quantitative
analysis. For qualitative reasoning, however, it seems to be important to know how
this change of the current is started, how it is transmitted and what mechanism
determines the new state of equilibrium. Certainly this change cannot occur
simultaneously for all points of the system because this would include action at a
distance. Ohm's law and Kirchhoff's Law are even counterproductive for qualitative
reasoning about this process. The question is whether a student, who can treat this
process explicitly and who can qualitatively reason about the connection between
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different states of equilibrium, reaches a better understanding and whether this
activity supports the integration of knowledge about different parts of the system.

Another example for the importance of change is the charging of a capacitor. The
equations can describe the starting and the final state and can also describe the time
dependence of the charge flow into the capacitor. The change of the electric field
within the capacitor can, however, only be represented by a series of static pictures
with different densities of parallel lines indicating the change of the field strength.
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Charging of a Capacitor

The problem is that the actual, continuous change of the field strength cannot be
shown. The field strength cannot at the same time be changing and identical all
across the capacitor because this would imply action at a distance. The increase of
the field strength can also not start from one or from both sides and travel out in
space towards the other side. This would imply an open field line in space which can
be exciuded due to Maxwell's equation.

This is a fundamental problem which has led Maxwell to the invention of the
displacement current and the formulation of his equations, solving the problem in a
quantitative way. For qualitative reascning, this problem can, however, arise much
earlier within the learning and understanding process. The question arises, how
much is gained for the support of physical intuition and problem-solving when this
information about change is provided and integrated into the learning process.
Also, this knowledge could lead to different types of questions about the underlying
principles of the system and to a selection of different tvpes of probiems to focus on.

Relation Between the Microscopic and Macroscopic Level - The kinetic gas theory is a
classical example to demonstrate the power of causal explanations on a microscopic

16
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level for a large number of macroscopic effects. Statements on @ macroscopic level,
like

“In thermal equilibrium, each part of the system has the same temperature.”
or
"Heat always flows from higher to lower temperature.”

do more to describe than to explain. The change from the macroscopic to the
microscopic level and the use of the kinetic gas theory to describe heat flow is richer
in explanation than description. This should be true for any macroscopic quantity
which evolves from an underlying microscopic model.

Electricity is a subject with a distinct microscopic level based on electrons, their
movement, and their interaction with matter. For this area of physics, it should,
therefore, be possible to make a close connection between macroscopic and
microscopic effects. Such a link, however, is not found in every case; and the search
for it may lead to inconsistencies--not according to the laws of physics but to the way
they are presented to students.

In the area of electrostatics and electrodynamics, the concept of current and voltage
are treated in a different and inconsistent way according to the macroscopic and
microscopic level. From the beginning, the current is explained on a microscopic
level. Kirchhoff's First Law is, for instance, explained by the Principle of Conservation
of Charge and the movement of electrons within a closed circuit. For electrostatics,
the voltage also is connected to a microscopic level. The work done by separate
charges explains the electric energy which is then used to define the voitage. In
electrodynamics, however, the voltage is only connacted to potential difference
which is directly related to energy considerations. The main problem is not that the
microscopic explanation for voltage is missing. The real problem is that a student
searching for such an explanation would be confronted with a contradiction. The
contradiction arises from the following facts:

- In electrostatics, the concept of voltage is connected to separated charges.

- For the dynamic case of a constant current flow, the microscopic model predicts an
identical situation between two cross-sections before and after a resistor. The
same number of electrons is drifting through these cross-sections, and also the
field is the same.

- Between these two cross-sections, there is a voltage drop but no explanation on a
microscopic level.

The conclusion that there is no microscopic differerice between these cross-sections
according to the model for the current would lead to the contradictory result that a
voltage drop can exist between two points which are identical on a microscopic
scale. This is contradictory because one could change the scale continuously from the
macroscopic to the microscopic scale and ask when the voltage would disappear.

17
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There would be no answer. A solution out of this problem would be to assume a
difference between the voltage in electrostatics and electrodynamics but this
assumption is also not supported by Maxwell's theory.

Same Current
Same Field

Voltage Drop

What corresponds to the voltage drop?

For qualitative reasoning, such considerations could act as a block and could prevent
further progress. The question is whether students detect this discrepancy on their
own and how they react in case they do. Another question is, what amount of
qualitative reasoning and physical intuition about voltage and current can be
improved by explicitly teaching a micrescopic model for voltage. A proposal forsuch
an approach is presented in Chapter Il based on the concept of surface charges which
are present when a current is flowing through a conductor. This concept of surface
charges relates to a rather small effect which is normally neglected in any
quantitative approach. For qualitative reasoning, however, the size of an effect is
relatively unimportant; what is important is the fact that it exists at all and that it
plays a causal role in the ensuing behavior.

The Meaning of Differentials - The formulation of Newton's Second Law as a
differential equation and the expression for the kinetic energy as a first integral
reflects the relation between the microscopic causal explanation and a macroscopic
description.

F = mdv/dt = md2s/dt2



2 2
Fdx =|m & dx = mvdv =1 mvs )
dit 2 21

The differential equation relates to a causal explanation which holds for every single
point mass. If this mechanism is formulated correctly, then the right answer for a
macroscopic solution follows as a consequence of integration over a microscopic
mechanism.

The same characteristic for a differential equation holds for other areas like
thermodynamics. The heat flow down a long rod can, for instance, be described as:

j = -k dT/dX

N
Raga¥
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Heat Flow along a Rod

j" is the energy transmitted per unit area and per unit time, and dT/dx is the
temperature gradient. This equation reflects the fact that the change on a
microscopic segment is important for the underlying process. If the thermal energy
would be transported in the form of radiation, the distance x would be of no
influence and the thermal flux would only depend on the temperature difference
between the ends of the rod. The heat transfer in solids is, however, a diffusion
process with collisions after short distances; and solutions to real problems are
obtained by integration of the above equation and the underlying microscopic
mechanism.
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Maxwell's equations are seen as classical examples for the power of mathematical
formalism to describe nature and to make predictions. The differential equations are
often interpreted as if they reflect a causal relation on a local scale and, therefore,
render the correct solution through integration.

This causal interpretation of Maxwell's equations has been criticized. The main
question is whether, for instance, the local change of an electric field and the change
in time of a magnetic field are causing each other or whether they are merely
coexisting and caused by something else. The problem stated here can be described
with two simple examples: the Law of Biot Savart and Faraday's Law. Both laws
have served Maxwell as one of the starting points for the formulation of his
equations.

Starting from measurements of forces between a long wire carrying current and a
magnetic pole, Biot and Savart proposed a relation between an element of the
magnetic induction dB and an element of the current | dI.

dB = k!dl/r2

In integrated form this law is known as Ampere's Law

Bdl = '70'

In analogy to mechanics or thermodynamics and tempted by the similarity of the
differential and integral expressions, one could argue that there is a causal relation
between | dl and dB which only has to be integrated to give correct macroscopic
results. The tact is that Biot Savart's Law alone leads to a strict contradiction of
Newton's Third Principle. Two current elements would exert different action and
reaction forces on each other. Only Ampere's Law and considerations about the
complete closed circuit lead to meaningful results in accordance with such a basic
rule as Newton's Third Principle. The separation of a closed current | into single
elements Idl is a mathematical procedure with rno corresponding physical
_counterpart.

A similar problem arises when electromagnetic induction is studied as expressed by
Faraday's Law:




This equation is usually interpreted as a causal relation. The change of the flux
through an area surrounded by a conductor is causing a voitage that appears across
a gap in this conductor. The same (causal) relation is reflected in the corresponding
differential equation

curl E = - dB/dt
as one of of Maxwell's equations.

Qualitative reasoning, however, is not supported by the quantitative approach
because no mechanism is offered which connects the change at each point within
the area of the loop with the conductor at the border of this area. What is even
worse for traditional teaching is the fact that the interpretation of Faraday's Law as
a causal relation may be misleading or even incorrect. There are strong arguments
for a reinterpretation of Faraday's Law and Maxwell's equations which state that

curl € and dB/dt

are equal and coexistent but not causing each other. This relation could be
expressed in the following form:

Rotational - Change of
Electric Field Coexistance Magnetic Flux

Causal
Relation

Movement of a conductor
Acceleration of Cisarges

The cause for these two 2rpressions is due to a different part of the system where
charge carriers have been moved or accelerated. Such a reinterpretation wouid have
major effects on larger parts of the physics curriculum. As shown in Chapter lil, such
a reconstruction seems to be possible within the frame of a consistent gualitative
approach. This approach is based to a large extent on a relativistic change of the
symmetry of Coulomb interaction.




21

Symme:ry and Causality - Symmetry arguments are a powerful tool for teaching and
[éarning in many respects. They can be used to simplify prcblems, to exclude certain
types of solutions, to poirit to essential constraints or preconditions, and to render
plausibility arguments tor certain assumptions or axioms. The importance of
symmetry arguments for problein-solving is unquestioned and they are used
wherever possible. The domir ance of the quantitative approach in teaching physics
is, however, not supportive in this respect because the symmetry is often not
explicitly shown by mathematical equations and has, in most cases, first to be
derived before it can be of any use. Symmetry is, however, more obvious for
qualitative concepts and for the way they are represented and can be used
extensively when arguing on the ground of a qualitative concept.

There are different levels of symmetry connected either to visual objects, icons, and
other graphical displays or to more general and abstract notations relating to field
characteristics like curl and div or to system behavior and motion. These different
levels and dimensions of symmetry have to be developed and will serve as a base for
understanding physics and as a powerful qualitative tooi for rearranging, exploring
and constructing new knowledge and inventing new devices in physics. Indeed such
a new qualitative thecry may provide a bridge between the study of physics and the
use of physics.
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CHAPTERII

BASIC ELECTRICITY

INTRODUCTION

In the following chapter, a course in Basic Electricity is designed covering the
concepts of current, voltage and resistance, the subject area described by Ohm's Law
and the two Kirchhoff's Laws. It is a primary concern to develop a set of consistent
quali‘ative concepts which can serve as a frame or base for quantitative analysis.

Knowledge about quantitative physical expressions and practice in solving the
adequate problems may lead to a tacit and implicit understanding of the underlying
ontology, but often it will not. It is our belief that such knowledge can be made
explicit, can lead to deeper understanding, can support physical intuition, and can
enhance the capability of problem-selving.

For the development of such qualitative concepts, the underlying primitives and the
mechanism of the interaction have to be treated in detail and have to be related to
macroscopic effects. This involves, for instance, the question: What microscopic
differences at two measurement points are responsible for a voitage drop between
these two points? Further, it is necessary to treat changes between states of
equilibrium explicitly. This invoives questions such as:

- How is information of a voitage change transmitted to all parts of the system?

- How is the information of a change of a resistor transmitted to a branching point,
and how is the current redistriouted according to the new state of equilibrium?

- How are all parts of a system informed about the fact that a switch has been
opened or closed?

Finally, it seems to be necessary to explicitly mark the unique features of the electric
current in comparison to a mechanical flow of matter so that the risk of incorrect
analogies is minimized. This includes, for instance, the question of how the electric
energy is transported in comparison to mechanical systems.

Within the frame of a qualitative concept, these and similar questions (which could
also include semiconductors) should be answered in a consistent way. It is hoped
that *nis approach, when integrated with quantitative methods, will help the
student to develop physical intuition and to improve his or her other abilities to
solve problems within new areas.

It is assumed that at the beginning of this course the students have built some simple
circuits on their own and that they know the following facts:

- A closed loop built of conducting material is necessary for an electric current to
fiow.
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- Each element of an electric circuit (like a bulb, a resistor, or a motor) has two
terminals which have to be connected to the two terminals »f the voltage source.

- Each circuit needs at least one voltage or energy source to function.

- Aswitch is used to open or close the loop of conducting material.

THE ELECTRIC CIRCUIT AS A. TRANSPORT SYSTEM
MECHANICAL ANALOGIES AS A STARTING POliv.

In general, the electric circuit can be interpreted as a system to either transport
energy or information. Both functions are of fundamental importance for
technology and have a strong influence on our daily life. Itis hard to imagine what
society would be like without them.

Teaching electricity in connection with these basic technologies has to deal with the
fact that both, energy and information, are rather abstract notions. Especially with
energy, most people have developed some ideas about this concept and the
transportation mechanisms which are strongly connected to mechanical objects like
charcoal or oil and mechanical transportation systems like a pipeline, a water
heating system, etc.

Understanding basic princioles of the electric circuit requires that this knowledge
about mechanical systems or models be changed or reconstructed and that some
new aspects of electrical phenomena with no analogy to mechanical systems have to
be learned and understood.

In order to suppor: qualitative reasoning, it seems to be crucial to prepare this
reconstruction of mechanical knowledge and the transition from the mechanical
towards the electrical world with great care and to offer a variety of material to
support individual exploration and exercise. Otherwise, there is the constant threat
that incorrect mechanical analogies structure implicitly the knowiedge about
electricity wnich then can lead to a series of incorrect expectations,
misunderstandings, and failures.

An example of such a misleading mechanical analogy can be found in modern
textbooks where the electric current is compared with cars on a highway or with
some strange creatures carrying energy around. In these models, the single particies
which symbolize the current flow, possess their own transportation mechanisms.
Within a certain range, they can act in an isolated way. At a branching point, these
particles have to "decide” where to go; and the speed of energy flow is bound to
the speed of these moving objects.

Within an electric circuit, the interrelation between the moving electrons,

constituting the current, and the atoms of the conducting wire is of much larger
influence than the aspect of single, isolated electrons. The electrons can only move
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in a closed circuit as an ensemble. There is no place for individual movement. This
last statement is not true in an absolute sense. Even an electron gas wit~1 metal or
within a resistor is not absolutely rigid but can rearrange itself due to changing
external forces like a changing emf or a changing magnetic field. This
rearrangement of the electron gas is, however, much smaller than can be predicted
from any mechanical analogy.

Because of this strong coherence between the electrons of the electric current, the
flow of energy which is transported by the electric current is completely
disconnected from the movement of the charge carriers. The energy can be
interpreted to flow with tne speed of light while the electrons move only very
siowly.

A mechanical model, which could serve as a good starting point for the
development of such knowledge, is a transmission beit or a "stiff” (only slightly
compressible) ring while any system with individual or quasi-isolated elements is
strongly misleading. As a first step in teaching electricity, different mechanical
systems should be compared which have circular symmetry and which can transport
eneigy. The objective of such an introduction would be to filter out the model
which has the largest number of attributesin common with the electric circuit. Some
of these attributes are:

- Assingle source »f energy is responsible for the whole system to move or to
function.

- The functioning of the system depends on the circular movement of all elements as
an ensemble and not on the movement of single, isolated particles.

- The energy is not transported in close connection with the moving particles but in
an independent way, connected to the transmission of force and movement by the
complete system.

The use of well-chosen mechanical analogies can support the task to rearrange
mechanical knowledge and to understand the importance of certain system
features. It can, however, also mislead further learning and block full insight if it is
taken too literally and if the basic differences b