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ABSTRACT: Children and physicists alike conceive of
heat as being contained in physical systems, even though
the“heat” of the physicists' thermodynamics does not al-
low for thisinterpretation. In my opinion, the misconcep-
tion does not lie with the children but with the particular
structure of the theory of thermodynamics. Rather than
exorcizing basically sound ideas, | prefer to construct a
new approach to teaching thermodynamics based on the
notion of heat acquired in everyday life (which is ren-
dered formal by amodern version of the caloric theory of
heat). On the basis of didactic considerations we should
reject any theory of heat which does not alow for heat to
be contained in bodies.

| Introduction

M.Wagenschein? tells the story of how he observed allit-
tle girl sitting on a park bench in the sun. The girl placed
her hand on the hot bench just to withdraw it quickly after
sometimeand hold it in her other cooler hand. According
to some recent investigations® we can safely assume how
concepts about heat formin thislittle child (see also Sec-
tion 11). The heat of the sun goes into the bench and
makes it hot. It is possible to withdraw some heat with a
hand, and then let a part of the heat flow into the other
hand. Heat is a“thermal fluid” which flows between ob-
jectsand is stored in them.

Wagenschein then goes on to tell us how these ideas have
to be given up to make way for the more profound know!-
edge gained by those physicists who developed thermo-
dynamics more than a hundred years ago. Wagenschein,
who places much emphasis on unifying prescientific and
scientific knowledge,* finds nothing wrong with this. And
indeed, why should he? We all know beyond a shadow of
adoubt that the idea of athermal fluid is wrong:® heat is
energy, or aform of energy, and not akind of “fluid”.

Obviously we are confronted with a new case of amis-
conception which provokesthe usual reaction in teachers.
Whilewe might be sorry that there is another discrepancy
between physics on the one hand, and conceptsformed in
everyday life on the other, we do not see how we could do
anything else but exorcize the misguided notions. The
suggestion that we comfort students by mentioning that
scientists before Mayer, Joule, and Clausius, erred on the
same count,® does not change the fact: we are determined
to undo what nature has put into students’ minds.

Here| shall propose acompletely different solutionto the
problem of how to deal with the misconception. Thereis
good reason why we should reject the usual form of ther-
modynamics rather than force our students to change
their intuitive concepts. The reason is simple: Thermody-

namics does not allow for heat to be contained in bodies
(Section I11). Thisis not amatter we can pass over lightly.
Texts on physics often create the impression that nothing
is wrong with the concept of a“heat content”.” It seems
that even we teachers desperately need to believe that
heat can be stored in bodies. Thisis unacceptable. A the-
ory which makes writers of textbooks succumb to a fun-
damental misconception should be rejected. We should
search for aform of atheory which allows usto retain our
intuitive notions regarding heat. If we achieve this goal it
will become clear that the usual version of thermodynam-
icsismisconceived. It isnot the concept of athermal fluid
which is at fault.

Therearestill other reasonsfor investigating the structure
of atheory before deciding that, as usual, theintuitive no-
tions are misconceived. Forcing students to give up con-
cepts would certainly be aright if the theory of thermo-
dynamics (as it is being taught) was worth it, and if we
did not have a choice. However, acritical analysis of the
theory shows that neither one of these possible reasons
carries much weight.

(1) Thermodynamicsis not worth giving up intuitive con-
cepts for. Thermodynamics is considered to be one of the
most difficult and abstract disciplines of the physical sci-
ences. Usually wetry to excuse this problem by claiming
that we are paid for our efforts by one of the most beauti-
ful and most general theories. | do not know whether ther-
modynamics is beautiful, but |1 do know that the theory
we are taught in school is not as general as we are made
to believe. Clausius' famous words that the energy of the
world stays constant while the entropy of the world can
only increase, are quoted as proof of the breadth and
depth of thermodynamics. In fact they only serveto cover
up the weaknesses of thetheory. Thermodynamicsislittle
more than glorified thermostatics. A form of mathematics
unknown to any other branch of the sciencesis used and
made to look profound. The theory does not provide us
with the means of calculating general initial-boundary-
value problems as we know them from mechanics and
electromagnetism. And finally, entropy is not understood
even though it is the fundamental thermal quantity (Sec-
tion 111). All these reasons make thermodynamics the odd
man out among physical theories. They do not make it
worth the effort. We should look for a theory which pre-
pares us for modern thermodynamics.® Only this expand-
ed version of thermal physicswould makeit worth giving
up intuitive ideas for.

(2) Itisnot necessary to give up intuitive concepts formed
in everyday life in order to create a theory of thermody-
namics. Thereis an alternative. It has been demonstrated
910 that thermodynamics can be built upon the notion of
heat as we acquire it in everyday life (Section V). There



is no need for giving up the intuitive concept of a “ther-
mal fluid” which is contained in bodies and which can
flow from one body to another. If it is rendered precise,
this notion can be made the basis of a simple understand-
ing of thermal phenomena: the heat of everyday experi-
ence is the thermodynamicist’s entropy. Such a theory
makes thermal physics structurally analogous to electric-
ity and mechanics. 1112 |n thisway it becomes the natural
introduction to advanced modern thermodynamics of ir-
reversible processes.® And what is most important for us:
There is no misconception on the part of the student (and
the teacher) who formed the image of the thermal fluid.

Il Heat in Everyday Life

A good number of investigations® have demonstrated that
students have their own ideas regarding the nature of
heat. Here | would like to add some observations con-
cerning concepts formed before much formal schooling
in thermodynamics has occurred. | shall use material
gathered in my classes at ZHW. | let my first-year engi-
neering students write a short essay on what they believe
heat to be before | introduce thermal physics. | aways
stress that | would like to know what images they have
formed of heat irrespective of what they have learned in
school. All of them, however, have been told by previous
teachersthat heat isenergy. It will beinteresting to inves-
tigate the influence of this pre-college teaching. This
study is complemented by a second one in which junior
and senior engineering students answered some specific
questions regarding hest.

It is clear that students believe that heat is contained in
bodies, and that it can be created (Fig.1). Indeed, in the
second study, 29 out of 31 students (who have had some
college thermodynamics) answered in the affirmative the
direct question of whether or not heat was contained in
physical systems. Compared to this, the belief that heat
and temperature are the same has been voiced rather in-
frequently. Indeed, at this level, students usually distin-
guish between an intensive and an extensive thermal
guantity. The extensive quantity is called heat, and it is
believed to be something like a“ medium” whichis stored
in bodies, and which can flow from body to body. Again,
the question of whether or not they picture heat to be a
sort of invisible medium which is stored and which can
flow (rather like electrical charge and water), was an-
swered in the affirmative by 27 out of 31 juniors and se-
niors. Explanations of the phenomenon of heat in terms
of energy play aminor role (Fig.1). If at all, energy only
has been mentioned in passing in most cases. More de-
tailed results show that the concept of energy is used in-

correctly most of the time: students’ knowledge does not
extend beyond the superficial notion that heat is energy.
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Figure 1: Resultsof the analysis of 42 essays on hesat. Different
opinions are given. Numbers of answers are plotted vertically.
1: heat can be created; 2: heat can be stored; 3: heat and temper-
ature arethe same; 4: heat is energy (light: energy mentioned in
passing; darker: energy mentioned more often; black: energy is
anintegral part of the explanation).

Allinall, we can concludethat students picture heat to be
an extensive quantity with all its attributes: it can be
stored, and it can flow. Often, we associate with the term
“extensive” a quantity which is conserved. The study
shows that students do not spontaneously assume heat to
be conserved. However, if they are asked directly, they
usually resort to an explanation in terms of conversion of
energy. Their intuitive knowledge of the one-sidedness of
heat (none of the students mentions that heat can be
destroyed™®) collides with the belief of the conservation
of a quantity which is imagined to be something like a
“fluid”. Thistype of reaction isthe samein electricity and
in mechanics where charge and momentum often are as-
sumed to be converted out of other forms of energy.

The concepts formed obviously are similar to those held
inthe caloric theory of heat. Like the physicistswho used
this theory, students show an ambivalence as to the con-
servation of this quantity, and they solve the problem in
the same way as was done more than 100 years ago (Sec-
tion 1V): they resort to the use of the concept of energy.
However, they do not do so spontaneoudly.

Il Heat in Classical Thermodynamics:
The Dynamical Theory of Heat

In order to see why believing heat to be an extensive
guantity is a misconception in thermodynamics, we have
to understand the theory as it is commonly presented.
This theory, which was first developed around 1850 by



R.Clausius, is based on the so-called dynamical theory of
heat.

Ever since Clausius, heat has been an exchange form of
energy. Clausius built his theory on the assumption that
heat and work should be universally and uniformly inter-
convertible in cyclic processes. If Wis the work done by
a heat engine in one cycle, and Q is the difference be-
tween heat absorbed Q* and heat emitted Q™ in thiscycle,
then

w =3Q=J[Q" -Q7] @

where J is the mechanical equivalent of a unit of heat.
Thisisthe expression of the dynamical theory of heat.

This does not mean that heat is energy. In particular, heat
is not internal energy. Heat is the name for energy ex-
changed in thermal processes, no more, no less. As such,
it has to be strictly distinguished from internal energy.
Thermodynamics needs this distinction: otherwise it is
left impotent when it comesto formulating the First Law.
We have to make perfectly clear to students that the first
law

AU =Q+W )

may not be read as follows: the (internal) energy of a
body is the sum of heat and work, suggesting that at any
given moment we could say how much heat and how
much work the body contains. The quantity Q in (2) has
a totally different meaning. The problem is that even
physicists do not always grasp this meaning,’ since the
words used mask it completely (Section V). We have to
conclude that the majority of students, including those
who have had physics and engineering thermodynamics,
plus a good number of teachers, are victims of a miscon-
ception (Section I1): in the dynamical theory of heat, heat
is not contained in bodies!

Thereis asimple way by which we can demonstrate that
we may not believe heat to be contained in bodies. Take a
compressed gasin acylinder with a piston, with values of
temperature and pressure higher than those of the sur-
roundings. How much heat is contained in this gas? Ob-
viously, this question is senseless. If a heat content
existed, we should be able to measure changes of this
guantity. Different processes can be envisioned which
lead to such a change. We can |et the gas expand adiabat-
ically, or wecan let it cool through heat conduction. Now,
since the amount of heat exchanged isdifferent in the two
processes, we cannot say by how much the heat content
has changed. Therefore, there is no such thing as a * heat
content”.

IV Historical Development

Why is there such a dichotomy between intuitive con-
cepts and the theory of thermodynamics? The historical
development can cast some light on this question. On the
one hand we will see that there are some reasons and
some prejudices which explain why thermodynamics de-
veloped the way it did; on the other hand it will become
clear that only a small step separated S.Carnot from fin-
ishing the theory of thermodynamics on the basis of the
caoric theory of heat. In other words, only a small step
was needed to found thermodynamics on the basis of in-
tuitive concepts rather than anti-intuitive ones.

The historical development roughly went along the fol-
lowing lines.'%14 The caloric theory of heat was widely
accepted during the period before 1850. In mathematical
terms, it simply meant that for the fluids used there exists
aheat function (Section V). It was assumed that heat (ca-
loric) was conserved which, for the cases treated by Car-
not and by later thermodynamicists, was acceptable.
However, the main problem with the caloric theory of
heat can be traced to irreversible processes in which, as
Davy’s experiment (melting two blocks of ice by rubbing
them) had demonstrated, heat must be generated. Today
we know that heat cannot be caloric if we accept that the
usual calorimetric measurements determine amounts of
heat. In these experiments heat would be generated.

The concept of caloric and a heat function led Carnot to
propose the following anal ogy for the functioning of heat
engines: heat fallsfrom ahigher to alower level (temper-
ature), thereby driving the engine just like water drives a
water wheel. Carnot proceeded to derive the motive pow-
er of heat. However, the result which was based on the ca-
loric theory required the heat capacities of theideal gasto
be inversely proportiona to the idea gas temperature. If
we measure “heat” in the usual calorimetric devices, we
get a different answer: the capacities should be constant.
Carnot did not decide between this and another solution
he proposed, thus forgoing the simplest form of atheory
of thermodynamics (Section V).

However, measurements were not accurate enough for
deciding if the caloric theory of heat was till tenable. Al-
s0, the often cited experiment by Rumford, which is sup-
posed to have demonstrated that heat could not becaloric,
did not even prove that caloric was not conserved. Even
Joule’'s experiments did not show that heat is an energy
form: the range of temperatures employed by him wastoo
small for the motive power of heat to be determined ex-
perimentally. His experiments simply supported a com-
pletely new idea: there is a quantity called energy
associated with different types of processes (electrical,



mechanical, and thermal) which remains constant during
such processes.

Something el se was needed for deciding between the two
concepts concerning the nature of heat.10 It was the prej-
udice of physicists “that heat is not a substance, but con-
sists in a motion of the least parts of the bodies”
(Clausius), which suggested that the heat (energy!) ca-
pacities of theideal gas should be constant. Now, nothing
in the world of experiment could have suggested such a
belief at thetime. Still, Clausius sought, and found, athe-
ory which both determined the motive power of heat and
allowed for the capacities to be constant. It isirony in-
deed that Clausius' solution does not permit us anymore
to think of heat asthe“motion of the least particles of the
bodies’, since thiswould equate heat and internal energy!

We concludethat Carnot could havefinished histheory of
the motive power of heat on the basis of the cal oric theory
if he had accepted that heat (caloric) can be generated in
irreversible processes (which would have told him that
calorimetric devices do not measure caloric'9). The dy-
namical theory of heat triumphed not because of nature,
and not because of pure reason, but because we want heat
to be theirregular motion of the atoms.

Here is the point to say a few words about the usage of
terms and expressions in thermal physics. The very word
heat, like electricity and motion, suggests an extensive
quantity. Theterm * heat capacity” and “latent heat” make
us think of a quantity which is contained in bodies. “Ab-
sorption of heat”, and “emission of heat” do the same.
Why should heat, which has been absorbed, not residein
the body which absorbed it? No wonder that we have
such difficulties with thermodynamicsif the simplest and
most intuitive things are not true anymore. Take mechan-
ics. There we have a different, and neutral, word for the
energy exchanged in mechanical processes. it is “work”,
and not “motion”. If we want to learn from other fields of
physics, we should call the extensive thermal quantity
heat (and not entropy), and “heat” (thermal energy)
should be called thermal work. The trouble with thermo-
dynamicsisthat the words which make sensein the calor-
ic theory have been transferred to a context where they
simply do not belong. As Kelvin put it in 1878 (“Heat”,
Encyclopedia Brittanica, 9th ed.): “Now that we know
heat to be amode of motion, and not amaterial substance,
the old ‘impressive, clear, and wrong' statements regard-
ing latent heat, evolution and absorption of heat by com-
pression, specific heats of bodies and quantities of heat
possessed by them, are summarily discarded. But they
have not yet been generally enough followed by equally
clear and concise statements of what we now know to be
the truth. A combination of impressions surviving from
the old erroneous notions regarding the nature of heat

with imperfectly developed apprehensions of the new
theory has somewhat liberally perplexed the modern stu-
dent of thermodynamics with questions unanswerable by
theory or experiment...”.

V Thermodynamics on the Basis of
the Caloric Theory of Heat

The way we think about heat, even after much formal
schooling, resembles the old caloric theory of heat. Heat
is something like a “thermal fluid” which can be stored,
and which can flow from body to body. Intuitively, we
also know that heat is not conserved (Section I1). This
sufficesfor building thermodynamics on an extended ver-
sion of the caloric theory of heat.1°

We start with a specific theory of calorimetry for apartic-
ular type of fluid.1* Thistheory served asthe basis of just
about all theinvestigations regarding heat from the begin-
ning to Clausius and Kelvin. Only the theory of the con-
duction of heat was excluded from it. The theory will be
outlined briefly. The bodies used in this theory are those
which (1) obey athermal eguation of state relating pres-
sure, volume, and temperature;

p=p(V,T)>0 ®)

and (2) for which two further constitutive quantities exist,
namely the latent and specific heats (A, and K\y)):

A =A(VT)>0 , Ky =Ky(V,T)>0 @

The index V refers to the latent heat with respect to vol-
ume, and the specific heat at constant volume. [The first
inequality in Eq.4 excludes water in the range of temper-
atures from 0°C to 4°C from our considerations.] This
means that the bodies can be fully described by the values
of two variables, namely volume and temperature. Thela-
tent and specific heats are related as follows to the heat-
ing:1®

S= ANV +K, T ®)

The heat (caloric) exchanged in a process P isthen given
by

S= IP Sdt 6)

Note that nothing has been said about what heat “really”
is. A few consequences of the theory of calorimetry are
particularly interesting. First, the bodies subsumed by
this theory can only undergo reversible changes.’® Sec-



ond, the latent and specific heats with respect to volume
and pressure are related by

pd*
A :/\V%E @

OCp 0"
PP
K, =Ky -K 0 @®)
PV V%TD%T/D

Finally, we can derive the Poisson-Laplace Law of adia-
batic change (dS/dt = 0) for theideal gaswith constant ra-
tio of the specific heats:

Kp
K =—— =const >1 9)

\%

pv* =congt

The inequality follows from Lapace's explanation of the
speed of sound. This speed isaways higher than that cal-
culated if the oscillations of the gas were isothermal. The
observation that the ratio of the specific heats must be
constant will prove to be crucial when we determine the
motive power of heat.

We need two assumptions plus the theory of sound (Eq.9)
in order to derive the motive power of heat. This devel op-
ment simply finisheswhat Carnot had |eft open. Thefirst
assumption is that the caloric theory of heat is valid. In
the context of our theory of calorimetry his means that
there exists a “heat function” S(V,T). As a conseguence,
the latent and specific heats are related to the heat Sby

as(v,T) os(v,T)
= = 10
N="y o Ky aT o
Also, if we consider a fluid body to undergo a (Carnot)
cycle, the heat absorbed (S") and the heat emitted (S) in
one cycle must be equal:

St=g (11)

This means that a heat engine can do work without any
consumption of heat. (Compare this with Eq.1, the ex-
pression of the dynamical theory of heat.) Heat simply is
thedriving agency likewater in the case of awater wheel.

The second assumption concerns the validity of Carnot’s
Axiom. It states that the work done by a heat engine un-
dergoing Carnot cycles only depends on the temperatures
of the furnace (T*) and the refrigerator (T-), and on the
heat absorbed from the furnace (S*). These two assump-
tions together with the observation that the ratio of the
specific heats must be constant (Eqg.9) suffice to deter-
mine the relationship between the heat “falling” from the
higher to the lower temperature and the work done by it:

w=(T"-17)s* (12)

The result is analogous to what we know from gravita-
tion. Heat corresponds to the mass of water falling, and
the difference of temperatures is compared to the differ-
ence of the gravitational potential. The heat capacities of
the ideal gas turn out to be inversely proportional to the
(ideal gas) temperature T:

1 1
KyO=, K — 13
VoT T 9

which till allowsfor their ratio to be constant as required
by the theory of the speed of sound. Finaly, there exists
afunction E of the body (which we call itsinternal ener-
gy) such that:

E=TS-pV (14)

This should now be compared to the theory of thermody-
namics based on the dynamical theory of heat. We find
that heat in the caloric theory is the enigmatic entropy of
classical thermodynamics.

VI Conclusion: What is a
Misconception

There are three points we should keep in mind: (1) stu-
dents and teachers aike need a quantity which they call
heat and which they can believeto be contained in bodies;
(2) thermodynamics can be built on the basis of the calor-
ic theory of heat (in thisform it is structurally analogous
to electricity and mechanics); and (3) the classical form
of the theory is too limited (it does not prepare students
for modern non-equilibrium thermodynamics). These
three reasons call for a modern version of introductory
thermodynamics.

If we build thermodynamics on the caloric theory of heat
(suitably extended by the requirement that heat is created
in irreversible processes), an interesting reversal of the
roles of intuitive concepts and accepted theory results: it
is not the concepts which are wrong, it is the theory
which, unnecessarily, makes sound intuitive notions un-
acceptable. A similar situation exists in mechanics with
regard to forces.’® Fig.2 shows that most students have
formed correct conceptsif heat isaccepted as entropy. In-
deed, 17 essays can be taken as alucid explanation of the
concept of entropy, while only two describe the dynami-
cal theory of heat in an acceptable way.

Thermodynamics therefore is a case which forces us to
investigate the structure of the theory before we conclude



where the misconception lies. In this case we are allowed
to say that the form of the theory is misconceived. The
theory disregards valuable information contained in intu-
itive concepts formed before formal schooling has taken
place. For didactic reasons it should be rejected. In an
analogous case we would not hesitate to discard such a
theory. If we develop electricity along lines we know
from thermodynamics, we get a structure which, accord-
ing to taste, is either unacceptable, or ridiculous, or
both.

Figure 2: Resultsof the analysisof 42 essayson heat. Inthe es-
say, heat can be 1: only entropy (light: only entropy if a refer-
ence to energy isdropped); 2: only energy (light: only energy if
areference to storage of heat is dropped); 3: both entropy and
energy; 4: neither entropy nor energy, or too vague.

Thisisnot to say that anew structure will present uswith
abrave new world in which al iswell. My experiencein
the teaching of several different subjects suggests that
students resort to the wrong use of the concept of energy
when they are confronted with the task of recognizing the
role of so-called substancelike quantities like electrical
charge (electricity), momentum (motion), and entropy
(heat). At first sight, it seemsthat electricity, motion, and
heat, can al be created. Since they have an apparent aver-
sion to such a conclusion, students resort to the cure-al:
energy. To give an example: charge, which has been used
to introduce electrical phenomena, is not created; stu-
dents rather say that it is converted out of other forms of
energy. The rea remaining problem thus is the failure to
understand the role of energy and its relationship to the
substancelike quantitiesin physical processes.!” Whether
this failure has its roots in experience outside of formal
schooling, or whether itisaresult of theteaching of phys-
ics, | cannot decide at this point. However, since the con-
cept of energy and its conversion is a result of teaching
rather than a self-evident notion, | suggest that we should

look to how we teach physics if we want to solve the
problem.t’
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