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ABSTRACT: Physicsinstruction faces not only the problem of how to include quantum physicsinacur-
riculum for engineering students, but also of how to deal with increasingly sophisticated usage of classi-
cal physics in engineering. Introductory college physics leaves students unprepared when it comes to
issues dealing with continuum physics and finite element modeling. Based on a generalized understand-
ing of physical processes—the Continuum Physics Paradigm—the Physics of Homogeneous Dynamical
Systems (PHDS) has been built in recent years at Technikum Winterthur. Methods of dealing with laws
of balance and a generalized modeling methodol ogy based on system dynamicsintroduced in PHDS now
allow for making thefirst easy stepstoward continuum physics. Students can explore continuum process-
esin simple system dynamics models which they produce themselves.



| Introduction: Challenges and Foundations

Inthis paper we investigate steps toward the teaching of continuum physics. Introductory college physics
usually ends without touching much on the classical subjectswith which serious engineering applications
begin. Indeed, the Standard Model of introductory physics instruction is less than useful as afoundation
of continuum problems. Therefore, if we wish to move into new territory, we also have to consider refor-
mulating the common introductory courses. Only if we manage to provide a basis for continuum physics
from the start will we have a chance to do more in the time all ocated to physicsin an engineering curric-
ulum.

Considering that continuum physics is a mathematically advanced theory, and that physics instruction
faces other problems as well, we may wonder why we should bother at all. However, we will argue that
anew unified approach to physics teaching based on what we learn from continuum physics can serve as
abasis not only of the more advanced subjects of classical physics, but also of other modern fields such
as dynamical systems and quantum physics.® Investigating the teaching of continuum physicsin college
physics therefore opens our eyes to new possibilities for the standard introductory course.

A. Challenges in Physics Instruction

In recent years, chiefly two challenges to physics instruction have been identified and discussed in depth.
One is how to deal with so-called misconceptions,? the other has to do with the inclusion of quantum
physics® in the standard curriculum.

However, we believe that physics faces other serious challenges as well. Most important among these is
the question of value given to physicsin afast changing world. Put differently, we should start to worry
about how to integrate knowledge of the physical world more strongly with the challenges facing human
society. Therelativeimportance of physicsisdecreasing, simply because fields such as biology and social
sciences are moving ahead, but also because of an inability of physics and physicists to come up with a
new integrative view of nature (and society). Physics is becoming too particular in many respectsfor a
society faced with serious problems.

Seeing that physics does not even serve engineering all that well only underlines what we have been say-
ing. In classical physics, engineers and mathematicians have led the way, and have forged ahead with
strengthening the foundations of their applications. Modern continuum physics appears to be all but di-
vorced from the enterprise of physics.* Most important in this respect is the development of continuum
thermodynamicsin the last thirty years,>8 which physicists scarcely took notice of . Thisis all the more
distressing since continuum physics not only bridges awidening gap between the sciences and engineer-
ing, but can serve a so as the foundation of a new understanding of nature.

B. The Continuum Physics Paradigm (CPP)

The basic idea behind continuum physicsis simple: physical processes are the result of the flow, the pro-
duction, and the storage of certain fundamental quantities such as momentum, entropy, charge, or amount
of substance. Thisis the image hidden behind the advanced mathematical treatment given to continuum
problems in the literature. The image can be transformed into qualitative and quantitative models of dy-
namical physical processes accessible to students, not just experienced researchers.

Basically, models of natural and technical processes are produced in a sequence of well-structured steps.
The sequence begins with word models describing the flow, production, and storage of the proper quan-
tities responsible for the phenomena. It continues with the construction of system dynamics diagrams
representing our ideas, and finishes with a complete mathematical formulation of the relations first ex-
pressed in words and graphs.

Chiefly, the CPP teaches us to look for the quantities behind processes for which laws of balance can be
expressed. Once these laws have been formulated (in a graphical manner), the next steps consist of con-
structing the constitutive laws determining the flows and rates of production in the laws of balance.
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This gpproach gppliesto al fields of physics—from electricity, to mechanics, to thermal physics—which
is the source of the integration of subjects which normally are presented as separate entities. As such it
considerably revises the standard course on introductory physics. It presents an image of how nature op-
erates which is not so much dependent on the model of the motion of little particles, but rather on the
unifying theme of flow and storagein a(spatially) continuous world. The flow of water and air at the sur-
face of the Earth, and of electricity (charge) and heat (entropy), create the image upon which our models
of physical processes are built. Mechanics no longer serves as the role model of atheory of physics.”

C. The Physics of Homogeneous Dynamical Systems

The first models which we create along the lines of the CPP are those of spatially uniform (homogenous)
systems.! In the end, they usually make up about 70% to 80% of the content matter of an introductory
physics course, with the rest devoted to the physics of electromagnetic fields.8 It isimportant to see that
homogenous processes—presented on the basis of the CPP—are the perfect foundation for continuum
models.

Models of homogenous (dynamical) systems are mathematically simple, and their construction is sup-
ported by modern system dynamics tools. They are based on the same fundamental image underlying the
more general continuum description of nature. We express them in terms of laws of balance of basic
quantities (momentum, entropy, charge, and so forth), and we use constitutive laws for the flows and pro-
duction rates. Thus, what we learn in the introductory subjects can be transferred easily and completely
to continuum models.

D. System Dynamics Modeling in Physics Instruction

The methodology of system dynamics modeling’—including the tools created to support it'>—provides
astrong basis upon which the practice of the CPP in introductory physics (high school or college) can
blossom.* The importance of basing physics instruction on amodeling methodol ogy has been expressed
by other researcher as well.1> Moreover, with its roots in cybernetics and control engineering,'® a mod-
eling approach based on system dynamics creates a strong link to engineering sciences.

System dynamics tools use the model of spatially homogenous systems as we know them from electric
circuit analysis. Intheir simplest forms, they provide elements representing stored quantities (stocks) and
currents or production rates (flows). Together, stocks and flows create the graphical and mathematical
representation of laws of balance. We only need another symbol for general variables, and an information
connector, to create the (feedback) structures representing the constitutive laws of amodel (Fig.1).
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Since the elements provided by system dynamics modeling tools are independent of particular fields of
applications, we may expect system dynamics to be applicable to just about any field where dynamical
processes play arole. Thus, beyond providing a unified basis upon which to build physics instruction,
they alow for bringing together such diverse fields as physics, biology, economics and social sciences,
and ecology.
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E. Steps Toward Continuum Physics Instruction

It is the combination of the Continuum Physics Paradigm and the system dynamics modeling methodol-
ogy which provides means for entering the world of continuum processes at an early stage, and in asim-
ple manner. Students can learn a great deal about continuum physics if we lead them onto the path of
constructing system dynamics models of physical processesin a unified setting. Simply by multiplying
and combining models of processes of homogenous systems, important aspects of the nature of extended
systems can be captured, modeled, and simulated. A modest amount of formal development can be added
to such a course after students have learned about the utility of the modeling approach. Indeed, by inves-
tigating the equati ons which are assembled in the modeling sequence, we may be motivated for the partial
differential equation representation of continuous processes. Also, difference equations and finite ele-
ment approaches can be discussed based on the network models created here.

I A System Dynamics Modeling Approach to Continuous Processes

Processes are the result of the flow, the creation, and the storage of the substancelike quantities such as
momentum, entropy, charge, and amount of substance. This simple image can be transferred to useful
models with the help of system dynamics modeling tools. Having set up the model of a (continuous) pro-
cess allows for simulation and investigation of the behavior of the system.

Rather than talking about the philosophy behind the approach, we will present three concrete examples
of system dynamics models of continuous processes. (The Stella versions of the models can be obtained
from the author.) First, we choose the flow of entropy as an example of afield which is rather simple yet
practically important. Second, we take a look at the propagation of sound in air, and finally, we present
a model of the flow of charge through a two-dimensional conductor. The discussion of each example
should teach us about possible approaches to continuum physics instruction in engineering education,
and also make us aware of limitations of the system dynamics tools which may be used.

A. Non-steady-state conduction of entropy in a single spatial direction

The flow of heat through along bar is the result of the (one-dimensional) conduction of entropy. Since
the conduction of entropy isirreversible, it is accompanied by a production rate for this quantity. We can
model the entire process by first looking at a segment, or an element, of the long bar, of length Ax. Mod-
eling this section as a uniform body, we can express the fundamental law of balance of entropy®

S = Is, + ns,i (1)

for element i. Here, I stands for entropy fluxes, while 75 denotes the production rate of entropy. Using
a system dynamics modeling tool such as Stella, we do not even have to be this formal. The law of bal-
ance is expressed by simply drawing the combination of a stock with three connected flows (Fig.2), two
of which represent the inflow and the outflow of entropy with respect to the element, whereas the third
stand for the rate of production of entropy. The mathematical representation of the law of balanceis cre-
ated automatically after it has been drawn on the screen.

Laws of balance serve as the entry point to a description of dynamical processes. However, they consti-
tute only asmall part of the effort we usually expend on constructing a complete model. It is commonly
more time consuming to express the constitutive laws for the flows and production rates. Here, the flows
of entropy depend upon the difference of the temperatures of adjacent elements, and upon the entropy
conductance (which itself may be afunction of temperature). The temperatures of the elements are found
in terms of the entropy Sand the entropy capacity K. The rate of production of entropy for the element is
afunction of the flow of entropy and the temperatures involved.
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Figure2: Thelaw of balance of entropy—in Stella notation—for an element of the conducting bar is represented
in terms of astock and some flows. The flows are computed with the help of constitutive laws. On the left side of the
model diagram, two important constitutive quantities—the entropy conductance and the entropy capacitance—are
calculated.

The model for the extended body is found by connecting submodels such asin Fig.2, one for each ele-
ment of the bar. We choose a number n of elements, reproduce the submodel n times, and connect them
to form the almost complete model. Naturally, we have to include boundary conditionsaswell. Just asin
the modeling of spatially homogenous parts, where we see that initial conditionsfor the quantities stored
are needed, the graphical representation of the model teaches us about the need for boundary conditions

(Fig.3).

Figure3: The system dynamics model of the conduction of entropy in along bar, expressed with submodels for
five elements of the bar. Note the boundary conditions at either end of the bar.

Once al the relations have been implemented graphically, and expressed mathematically, the model is
complete and can be simulated. Here, we could have the temperatures of the elements presented as func-
tions of time, either graphically or in form of tables.
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B. Wave propagation in a one-dimensional elastic medium

Consider air in along pipe. The propagation of sound in air is the result of the flow of momentum and
the production or destruction of volume of the fluid. In addition to these processes, we may have to deal
with the flow of entropy; certainly, we will have to use the balance of entropy, even if the processes are
considered to be adiabatic.

A system dynamics model of the processes for an element of air in the pipe starts with the symbols ex-
pressing the balances of momentum, volume, and entropy. The momentum fluxes from element to ele-
ment are proportional to the pressure of the fluid at the proper locations, and the rate of production of
volume depends upon the relative speed of adjacent sections of air. The rate of change of entropy and of
volume of an element determine the rate of change of its temperature according to the fundamental con-
stitutive law for the (ideal) gas:®

S= ANV +K, T @)

The constitutive quantities are the latent entropy Ay, and the entropy capacity at constant volume Ky,
which depend upon volume and temperature, respectively.
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Figure4: System dynamics model of adiabatic propagation of sound in air, for a single element of air in along
pipe. Note the expressions for the laws of balance of momentum, volume, and entropy. Entropy and volume together
determine the rate of change of the temperature, which has to be integrated to yield the temperature. The law of bal-
ance of momentum appliesto an element, whereas the other relations are expressed for abody of air made up of parts
belonging to two elements; these parts are considered to be an elastic “ spring” between the elements.

The law of balance of entropy takes a particularly ssimple form for adiabatic processes: the fluxes of en-
tropy are zero. Rather than including the law of balance expressly, we could have simply set dS/dt = 0.
However, having the lav present in the model makes us avare of the importance of entropy for the prop-
agation of sound, and it shows how the model can be extended to include heat flow.
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Asin the case of the conduction of entropy, the model of the continuous process is assembled from the
submodel for an element of air (Fig.5).

Figure5: A section of the model of the adiabatic propagation of sound in air in a single direction of space. It is
assembled from the model for an element of air shown in Fig.4.

Simulation results of the model can be used to determine the speed of sound in air, and the infl uence of
such things as different boundary conditions and different shapes of pulses travelling through the air can
be investigated.

C. The flow of charge through a two-dimensional conductor

Except for the fact that charge is conserved, the conduction of this quantity through a conductor resem-
bles the phenomenon of the conduction of entropy (Fig.3).

}i 3 Pi 55 /Oi‘ 77 }i 5 Pi 5 pig
V]

Figure6: System dynamics model of the flow of charge through a two dimensional conductor. The conductor is
rectangular, with a hole at the center. The metal sheet has been divided into sguare elements, 10 in thex-direction, 6
in they-direction. For each element, the law of balance of electric chargeis expressed, and the currents of charge are
calculated in terms of the differences of potentials. Charge flows into the sheet from the left side, and out of theright.
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This model demonstrates the limitations of simple system dynamics tools such as Stella, if we use them
to construct finite element models of continuous processes. First, we can easily |oose the overview if we
move to two dimensions; three dimensions would be virtually impossible to deal with. Second, construc-
tion of the model becomes tedious. Third, because models increase in size very quickly, the numerical
models become inadequate, and the graphical display of functionsis not geared toward the presenting the
spatia distribution of the solution. Fourth, and thisis rather important conceptually, tools such as Stella
are made for dynamical processes, and not so much for steady-state conditions. We would normally treat
the flow of charge through a conductor as a purely steady-state phenomenon. Still, it isinteresting to see
that a system dynamics tool can be used to calculate the spatial steady-state distribution as the solution
of adynamical model for times approaching infinity. We can introduce a virtual charge capacitance of
the metal sheet, treat the process as a dynamical one, and wait for the simulation to evolve to the steady
State.

[l Simple Formal Developments

After having dealt with models of spatially continuous processes practically, students may profit from
taking afew stepsin theworld of formal representations of continuum physics phenomena. We show here
how an investigation of the structure of system dynamics models—which are based on models for spa-
tially homogeneous elements of extended systems—can lead to an appreciation of the underlying partial
differential equations, including their numerical representations as finite difference or finite element
equations (Section V).

A. The transition from homogenous bodies to continuous systems

The transition from spatially homogenous to spatially continuous descriptions can be made by investi-
gating the role of laws of balance. Take alook at the representation of the law of balance of entropy for
asingle element asin Fig.2. A tool such as Stella presents the underlying equation in the form

S,n+1 = S,n + (Is,i—l - Is,i + ns,i)At (3

We can transform this difference equation while at the same time introducing the density of entropy of
the element of length Ax and cross section A:

%(AAXps,i) = _Als,i + ns,i

or

A A /A) g
E(ps’i):_—(Zx Lﬁ

The latter form demonstrates that in addition to the density of entropy we have to introduce the current
density js =14/ A, and thedensity of therate of production of entropy 7%, = g/ (AAX); if we also introduce
derivativesinstead of difference quotients, we obtain

aps éjs
—S 4+ 23S =T 4
ot ox s )

which isthe partial differential equation representation of the law of balance of entropy for a single spa-

tial dimension. A slightly more formal derivation* starts with the general expression of the law of bal-
ance for a body:
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S=I +1, ©)

introduces densities, and makes use of the divergence law for transforming the integral over the surface
into an integral over the volume:

[, bav=-, %dv of, mav

Transferring the terms from the right to the left side, and setting the integrand zero, leads to the same
general expression for the law of balance of entropy for the continuous case asin Eq.4.

B. Derivation of the heat flow equations

Having made the first step, we now introduce continuum physics equivalents of the constitutive laws for
the density of entropy, the current density, and the density of the rate of production:

pe= KT (6)
. oT
=—-k.— 7
Js =k @)
1. 0T
o= Tl gy ©

Eq.6 is the capacitance law (k is the entropy capacity of the material), Eq.7 is Fourier’s law of entropy
conduction (kg is the entropy conductivity), and the last relation determines the rate of production of en-
tropy from the dissipation of energy in conduction.

The constitutive laws are used to transform the law of balance into afield equation for temperature. Plug-
ging the last three equationsinto Eq.5, we obtain the well known field equation

oT | *T
E =k ox? ®)

where ¢ = Tk (the specific heat) and k = Tk (the energy conductivity) have been taken to be constant.*

IV System Dynamics Modeling and Finite Elements

Modeling spatially continuous processes with the help of system dynamics tools brings up the question
of the relation of this approach to finite element methods. Also, inspection of the equations appearing as
the result of system dynamics modeling of spatially continuous processes leads to an understanding of
some simple numerical methods for the solution of partial differential equations. To finish the presenta-
tion, we will briefly list a couple of finite element tools which may be interesting for teaching.

A. Similarities and differences

The examples presented in Section |1 may make uswonder about the rel ation between finite elements and
the modeling approach used here. Obviously, dynamical spatially continuous problems can be solved us-
ing tools which were not constructed for this purpose at all. Moreover, the tools reflect a methodol ogy
for solving such problems which seems to be different from the common finite element approach.
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The difference—and the underlying similarity—of the two approaches can be explained in asimple dia-
gram. Solving spatially extended dynamical problems corresponds to solving many coupled initial value
problems, one for each element (Fig.7). Finite element methods, on the other hand, solve boundary value
problems which represent the spatial problem. These boundary value problems—one at each point in
time—is evolved step by step from the initial time into the future.

Figure7: The relation between
finite element methods and the
TIME / / method of modeling spatially ex-

tended systems using system dy-

Initial value problems

namics tools. System dynamics
models calculate initial value prob-
[ R R A . lems, i.e. they eveolve many cou-
pled homogenous systems in time.
[ A R R TR T Boundary value problems Finite element methods, on the oth-
R It Rl RELbi Shb e e er hand, compute the solutions of
SRR IS IS S SR . boundary value problems which—
through time stepping—can also be
SPACE evolved in time.

A steady-state problem corresponds to asingle boundary value problem. This meansthat such acase can-
not be treated directly with system dynamicstools. Rather, we can use them to evolve adynamical system
to a point in time where the solution corresponds to that of the steady-state problem.

Naturally, finite element models and system dynamics approaches must yield the same solutions to the
same problem. Indeed, we can read the numerical equations which correspond to the spatial finite differ-
ence method for the heat flow equation from the equations as they are assembled by atool such as Stella,
which proves the basic similarity—apart from the form of the numerical methods—of the approaches.

B. Tools for modeling

Students wishing to go further in learning about continuum physics models in general, and about the fi-
nite element method in particular, can now use at least a couple of easy to usetools. The first of these is
FEHT,* a program devel oped for two dimensional finite element hea transfer (and related) problems. A
second one hasjust been released; it isthe Partial Differential Equations Toolbox for MATLAB. The lat-
ter program lets ustreat general two dimensional problems, including those arising in the mechanics of
materials. FEHT in particular is easy to use, but less general and powerful than the MATLAB toolbox.
In our view, going all the way into FE modeling may be too much for an introductory physics course, but
using these new tools for introducing students to FE methods in engineering may be worthwhile.

V Summary

We have presented a system dynamics modeling approach to spatially continuous dynamical problems
as they arisein many continuum physics gpplications interesting in engineering and the sciences. In con-
trast to FE modeling, SD modeling derives from the modeling approach developed for spatially homog-
enous systems. Learning about the latter is common in physics. If we build the teaching of physics upon
the Physics of Homogenous Dynamics Systems (PHDS), we create great synergies which can be used to
let students take the first steps into the world of continuum physics.

System dynamics modeling is very visual and easy, yet forces the students to go to the foundations of
physics and make use of the most general laws. Moreover, it represents an approach which brings out the
common core of all the sciences, engineering, and the socia sciences, leading to a unified view of dy-
namical systemswherever we meet them.
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