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ABSTRACT: This paper reports on an investigation of student understanding of adiabatic and isothermal compression
of air. At the time of the study, the students were studying thermal physics as part of introductory physics. The theory of
the dynamics of heat discussed in the course uses entropy and temperature as primitive concepts from the start. The first
part covered before the study was performed dealt with dynamical models of heating and cooling at constant volume.
Adiabatic compression was demonstrated and discussed very briefly. The investigation of understanding of adiabatic
compression shows that students treat the temperature rise as a constitutive problem involving heat rather than as a gen-
eral one involving work and the first law. Either heat is generated by friction to account for the temperature rise, or the
heat of the air is compressed into a smaller space. The latter view was common knowledge in the first half of the 19th
century and was used formally as the constitutive theory of latent and specific heats—describing the response of gases
to heat or heating—in research up to and including Clausius’ and Kelvin’s work. It has recently been used as the basis
of the constitutive theory of ideal fluids in the dynamical theory of heat. As to the second phenomenon, students success-
fully explain, and construct the 7-s diagram of, isothermal compression of air without ever having dealt with this example
in class or in homework. The view of student understanding of thermodynamics emerging here contrasts sharply with
that of a recent investigation dealing with adiabatic compression published in AJP 70,137-148,2002.



One of the principal objects of practical research
... is to find the point of view from which the sub-
ject appears in its greatest simplicity. J.W. Gibbs.!

If, then, it is more important for purposes of in-
struction and the like to familiarize the learner
with the second law, than to defer its statement as
long as possible, the use of the entropy-tempera-
ture diagram may serve a useful purpose in the
popularizing of this science. J.W. Gibbs.?

I Introduction

It has been known for a good number of years that non-
scientists’ (and in some cases also scientists’) preconcep-
tions about heat and thermal phenomena are at odds with
the classical presentation of the subject in physics.? De-
pending on the age and sophistication of learners, heat
and temperature are mixed up. Most importantly, howev-
er, notions of heat as a kind of “invisible substance” are
widespread and resistant to formal education.*

Most investigations so far have dealt with heat and heat
transfer in the case of bodies undergoing processes at
constant volume. A recent study of student reasoning ex-
tends our knowledge into the area of adiabatic compres-
sion of gases. It demonstrates a low level of student
understanding.® The authors show that students fail to
consider the work done; use incorrect microscopic rea-
soning; show confusion among heat, work, temperature,
and internal energy. Students also show difficulties with
the concept of work in mechanics.

The failure to consider the work done in adiabatic com-
pression is pronounced.” The authors of the study’ sug-
gest “that we should ensure that students can apply the
concept of work in simple mechanical contexts before in-
troducing the complexities of thermal physics.”®

If so few students “spontaneously invoked the concept of
work,”® what are their spontaneous concepts? My memo-
ry of informal discussions in class and elsewhere indicat-
ed that non-scientists have a strong intuitive feeling about
the reasons for the behavior of air in adiabatic compres-
sion. Here is an example of a typical conversation be-
tween a physicist (P) and a non-scientist (N) concerning
the rapid compression of air.!°

P: If you compress air quickly what happens to
its temperature?

N: It gets hotter.

P: Yes, its temperature rises very much. Why is
this?

N: During compression, the molecules of the air
rub against each other, causing heat.

P: This does indeed happen, but air is not very
viscous. Therefore, it is highly unlikely, that
such a strong increase of temperature would
happen.

N: In that case it must be that the heat of the air is
compressed into a smaller space.

It appears to be a matter of intuition and everyday expe-
rience that the temperature rise in adiabatic compression
of air must have something to do with heat, and with how
air responds to heat. We either need more heat to make
the air warmer—and we know that we can get heat from
rubbing—or the heat of the air is found in a smaller space
after compression, again making the air hotter. What
struck me about the second notion is that it is a special
case of the following concept described lucidly 175 years
ago by J.Ivory:!!

The absolute heat which causes a given rise of
temperature, or a given dilatation, is resolvable
into two distinct parts; of which one is capable of
producing the given rise of temperature, when the
volume of the air remains constant; and the other
enters into the air, and somehow unites with it
while it is expanding ... . The first may be called
the heat of temperature; and the second might very
properly be named the heat of expansion; but I
shall use the well known term, latent heat, under-
standing by it the heat that accumulates in a mass
of air when the volume increases, and is again ex-
tricated from it when the volume decreases.

The idea expressed here combines the concept of a heat
function—which all early thermodynamicists accepted—
with the constitutive law of latent and specific heats
which formed the basis of thermodynamics up to and in-
cluding the work of Clausius and Kelvin.!? The latter as-
sumption explains adiabatic processes.!? It has recently
been used as the basis of the constitutive theory of ideal
fluids within the dynamical theory of heat.'* In its sim-
plest form, the dynamics of heat is a uniform systems ver-
sion of continuum physics.'> Examining heat in this way
makes it clear that the entropy is the fundamental proper-
ty that is transported in thermal processes, and that the
temperature is the corresponding potential.'® The result-
ing theory of the creation, flow, and balance of entropy
provides the foundation of a truly dynamical theory of
heat that unites thermodynamics and heat transfer into a
single subject.

I have been teaching an evolving version of this theory as
a part of my course on introductory physics for engineer-
ing students for some years. I wanted to know how my
students would react to a discussion of the phenomenon
of adiabatic compression, and how their (intuitive) views



could be related to the models constructed in the course.
In short, they mostly react like the non-scientist in the ex-
change reported above. Moreover, they successfully use
the balance of entropy and intuitive knowledge of the re-
sponse of gases to heat and heating to predict the form of
the 7-s diagram of isothermal compression.

In the following pages, the introductory physics course
and its part on thermal physics are described (Section II).
The constitutive theory of the ideal gas based on the con-
cepts of latent and specific heats is detailed in Section III.
Section IV describes the study of student understanding,
and gives results and interpretations.

Il Thermodynamics in the introductory
physics course

The introductory physics course for engineering students,
including the part on thermodynamics, will be described
briefly to give the reader the necessary background to put
into perspective the investigation of student understand-
ing reported below in Section IV.

A. Physics of dynamical systems (PDS)

Students in mechanical engineering or in data analysis
and process design take introductory physics for engi-
neers during their first year.!”-'® They have three periods
of 90 minutes each of physics for the 34 weeks of the first
two semesters. Two of the periods are in the class room in
groups of about 20 students, one is held in a studio in
groups of 10 (I only have a tiny studio room, so a class of
20 has to be divided into two groups). Since the students’
course load is heavy (some 16 to 17 90-minute periods
per week) they have little time to spend on studying and
homework. According to their own accounting, they
spend an additional 2.5 to 3 hours per week on physics.

I have divided the course into three parts (Table 1). Dur-
ing the first 10 weeks, all three periods—classroom and
studio—are devoted to the introductory subjects of hy-
draulics and electricity. Students study dynamical pro-
cesses and learn to create system dynamics models. A
presentation of a summary of theoretical concepts usually
follows the practical work. The concepts learned are cen-
tered around principles of accounting and the study of
some useful constitutive laws. If physics is structured ac-
cording to modern continuum physics, analogies between
different fields can be made use of. I put great emphasis
on the development of modeling methodologies, both on
paper and at the computer.

After hydraulics and electricity have been covered suffi-

ciently, they are revisited and the concept of energy is in-
troduced. I use a description of the concept which relies
heavily on the idea of energy carriers'® and energy re-
leased or bound in processes.?’

After the introductory subjects, the course is divided into
two parts. The time in the class room (2 periods per week)
is reserved for mechanics (see Table 1), whereas thermo-
dynamics is treated in the studio for one period per
week.2! In the studio, active student work accounts for
about 75 percent of the time, whereas in the classroom it
may be as little as 30 to 40%. Thermodynamics and me-
chanics are treated according to the foundations laid in
the introduction. Students learn about the laws of balance
of entropy, momentum, and angular momentum, and they
are confronted with important cases of constitutive laws.
The energy concept takes the same form as in hydraulics
or electricity. Modeling follows the study of practical sit-
uations and includes RC, RL, and RCL systems.

Table 1: Overview of the parts of the PDS course

Class
Part periods®
Storage and flow of fluids and electricity 30¢

Inductive behavior in fluids and electricity
Energy in physical processes

(Transport and change of substances)”

The dynamics of heat (DoH) 244
Thermodynamics: Gases and radiation
Chemical processes and heat

Heat Transfer: Entropy Transport Mecha-
nisms

Rotational Systems 48°
Balance and Transport of Momentum

Motion in 2D and 3D

Combined Rotation and Translation

a. One period lasts for 90 minutes.

b. This subject is commonly left out for lack of time.
c. Lectures, recitation, and studio.

d. Studio. DoH takes 10 of the 24 studio periods.

e. Lectures and recitation.

B. A dynamical theory of heat

The part of thermodynamics relevant for our study of stu-
dent understanding is the chapter on the dynamics of heat
(DoH in Table 1). Essentially, DoH uses the theory of the
dynamics of heat which makes use of the entropy balance
and constitutive laws for dynamical processes right from
the start. As with hydraulics, electricity, and motion, the



goal is to learn to create dynamical models that explain
processes found in the lab or in real life. It uses the ideas
created in the introductory chapters on the flow of fluids
and electricity, and on the energy principle.

Here I will describe what happened during the first studio
period only, since the subject of adiabatic compression
was briefly demonstrated and discussed there. At the time
of the study, the students had not worked on gases any
further.

The first studio period started with a 40 minute lecture. I
demonstrated several phenomena (heating of water; melt-
ing of ice; Peltier element in heat pump mode as a wall
between two bodies of water; Stirling engine; compres-
sion of air in a cylinder with a piston containing a small
piece of German tinder). All phenomena were discussed
using the words “heat” and “temperature.” A thought ex-
periment in which a body of water was divided into two
parts revealed that heat was divided with the bodies,
whereas temperature was not. Heat and temperature were
accepted as the extensive and intensive thermal quanti-
ties, respectively. As a result, my students and I came up
with a description of heat as a quantity that can be stored
and can flow. Also, if heat flows from hot to cold, energy
is released (Stirling engine), and we need energy to pump
heat from cold to hot (Peltier heat pump). At this point I
made it clear to them that the quantity we had called
“heat” carries the name of entropy in thermodynamics.

Then we briefly discussed what happens in a real electric
pump and its reverse, i.e., a turbine with generator. Since
heat is produced in both cases (whereas all other process-
es can be reversed), it is clear that this quantity is not con-
served. It is one-sided: it is produced in irreversible
processes such as friction, fires, charge flowing through
wires, absorption of light, etc. Since heat is entropy, we
now know that entropy can be stored, it can flow, and it
can be produced.

We finally revisited the adiabatic compression of air and
started a discussion of how to explain the observed rise of
temperature. My students reacted like the non-scientist in
the exchange described in Section I. Their first explana-
tion was that friction between the molecules was to
blame: entropy would be produced, leading to the ob-
served increase of temperature. When I pointed out to
them that (1) the viscosity of the air was too small for this
effect and that (2) the process was almost reversible, the
next answer was that the entropy of the air was com-
pressed into a smaller volume. In each of the six studio
groups, the same exchange took place, and in each case I
stopped the discussion at this point—after a student had
offered this reason—saying that we could accept this ex-
planation. It is important to note that isothermal compres-
sion or expansion of a gas were never discussed, nor were

they subject of assignments or homework.

Finally, I took the opportunity to introduce the tempera-
ture entropy diagram, and we sketched the diagram for
adiabatic compression. It did not seem to be difficult to
see that the process is represented by a vertical line going
up.

Energy, energy transfer, and energy balances for gases
were not used or discussed during the course leading up
to the study.

lll The constitutive problem of fluids

Historically, the first detailed treatment of the problem of
the thermodynamics of (ideal) fluids was presented by
Carnot.?? Apart from what we call Carnot’s theorem, he
relied on the notion of a heat function, and the theory of
latent and specific heats. Later, Clausius? abandoned the
heat function but retained the other elements of the theo-
ry. Here I will briefly describe the constitutive theory of
the ideal gas that results if we start with the balance of en-
tropy and combine it with the theory of latent and specific
heats (latent entropy and entropy capacitance).?*?>20

A. The balance of entropy

The law of balance of entropy relates the rate of change
of the entropy of a body to the sum of all entropy currents
and the rate of production of entropy:

SzlS,net-i_HS (1)

If we treat the body of gas we are dealing with as an ideal
uniform fluid,?” there cannot be any entropy production:

S = IS,net (2)

B. Constitutive relations

We need a relation that allows us to relate the pressure of
the fluid to its volume and temperature. This is the equa-
tion of state. We will only deal with the ideal gas here:

PV =nRT ()]

Now we formulate the constitutive relation that expresses
the response of the fluid to heating I (since the fluid is
ideal, we can replace the heating by the rate of change of
the entropy). As we know from experience, the heating is
related to the rates of change of volume and of tempera-
ture.?8 Therefore, we can express our assumption as fol-
lows:



S=AV+K,T @)

Ay is the latent entropy (with respect to volume), and Ky,
symbolizes the entropy capacitance (at constant volume).

C. Solution of the constitutive problem

The constitutive problem of the ideal gas is to find the la-
tent entropy and the entropy capacitance. If we start with
the relation between power, entropy flux, and temperature
difference known from the physics of dynamical systems
(or, alternatively, if we accept Carnot’s axiom) we can de-
termine the latent entropy on the basis of theory:

nR

A =
Vo y

(5)
Using the ideal gas law, we can derive the following ex-
pression for the entropy capacitance (where 7yis the ratio
of the entropy capacitances at constant pressure and at
constant volume):

nR l
y-1T

v = (6)
If we measure the ratio of the capacitances (for example,
in Riichardt’s experimentzg), the second constitutive pro-
perty of the ideal gas is determined.

D. Adiabatic processes of the ideal gas

The well known relations for adiabatic processes of the
ideal gas are derived from the foregoing by applying the
condition of zero entropy flow (or zero rate of change of
entropy):

0=A,V+K,T @

This is the formal expression of the intuitive and informal
view that in adiabatic compression “the heat of the air has
been compressed into a smaller space.”

E. Whatever happened to latent heat?

The simple yet powerful constitutive law describing the
response of fluids to heat (or heating) is not generally
known today. The notion of latent heat of a gas is utterly
absent from thermodynamics. So, where did the concept
g0? Kelvin explained in 1878:3°

It has become of late years somewhat the fashion
to decry the designation of latent heat, because it
had been very often stated in language involving

the assumption of the materiality of heat. Now that
we know heat to be a mode of motion, and not a
material substance, the old “impressive, clear, and
wrong” statements regarding latent heat, evolution
and absorption of heat by compression, 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.

His words only hint at the loss physics has suffered. With
the latent heat went the sense of the importance of consti-
tutive laws for a theory of processes, and with the “quan-
tities of heat possessed by [bodies]”3! a simple path
toward the extensive thermal quantity—what today we
call entropy—disappeared.?® Finally, thermodynamics as
a theory of the dynamics of heat, vanished from the scene.

IV The study: Spontaneous reasoning
and understanding

The study used a two-part questionnaire presenting prob-
lems centered around two phenomena: adiabatic and iso-
thermal compression of air. All parts asked for qualitative
answers, or for diagrams. Some directly probed intuitive
reasoning. The questionnaire is shown in the Appendix.
In the following, the organization and the results of the
study are described. Interpretations are offered at the end
of this section.

A. The study

The questions can be put into four categories: (1) descrip-
tion and explanation of adiabatic compression; (2) de-
scription and explanation of isothermal compression; (3)
probing of intuitive notions regarding the cause of the
temperature rise in adiabatic compression; and (4) gener-
al questions about previous education in thermal physics
and time spent on studying adiabatic compression in the
studio and in homework.

To understand the relevance (or lack of relevance) of the
responses regarding intuitive notions, it has to be men-
tioned that Questions 6 through 10 were asked one week
after the first five. My main source of “uninhibited” ex-
pression of intuitive notions comes from the limited dis-
cussion in the studio (Section IIB).

The students who participated in this study (N = 52) were
in their first year of one of three engineering courses (Me-
chanical Engineering (N = 18), Computer Science in Me-
chanical Engineering (N = 14), Data Analysis and Proc-



ess Design (N = 20)). They took the Physics of Dynami-
cal Systems (PDS) course during the first year.

The study was performed during Weeks 5 and 6 of the
thermodynamics studio, i.e., after the first four periods on
the dynamics of heat (DoH, see Table 1). At the time,
most teams were working on creating 7-s diagrams of wa-
ter and of glycol from experimental data. Until then, they
had spent some 40 minutes on average working on the ex-
ample of adiabatic compression of air, including sketch-
ing of the appropriate 7-s diagram, during the first week
of the studio and on homework.

B. Results

Results are listed according to the four categories of ques-
tions. In general, percentages of students giving certain
responses are reported.

Adiabatic compression. Q1. 94% of the answers are cor-
rect (86% say, that entropy stays constant; 33% say that
entropy is compressed into a smaller space). 63% of the
explanations are correct (57% use or mention the balance
of entropy).

Q2. 98% of the students say that the temperature must in-
crease. 46% of the students give correct explanations (en-
tropy is squeezed into smaller volume), 8% give no
explanation. 13% of the answers refer to the gas law or
pressure, 19% to microscopic models (half of them talk
about friction between molecules), 6% use explanations
based on friction, 6% give other reasons. A single student
mentions energy expended in compression.

Q3. 65% of the students correctly state that the energy
should go up (only 25% give the correct explanation that
energy is added in compression).

Q4. 92% of the T-s diagrams of adiabatic compression are
drawn correctly.

Isothermal compression. Q5. 92% of the answers are cor-
rect, and 83% of the explanations (cooling: 33%, extract-
ing entropy: 46%, alternative: 4%).

Q6. a. It’s intuitively clear, but I could not explain why
(26%); b. I have already worked with such processes
(22%); c. I derived this on the basis of what we have al-
ready discussed (54%); d. I have learned this earlier
(18%); e. I have heard or read about this (8%). f. other
reasons... (0%). If we neglect multiple occurrences, 75%
of the students know the answer intuitively or derive it on
the basis of what was discussed in the course (adiabatic
compression, entropy, and temperature).

The four students who answered QS5 incorrectly, said that
they had worked with isothermal processes and/or had
learned about them before. They did not claim intuition,
nor did they reason about the process.

Q7. 68% of the T-s diagrams are correct. A total of 50%
of the explanations are correct, and 18% of the students
do not give an explanation. There are no incorrect expla-
nations (of the correct diagrams). It is interesting to see
that 12 students manage to draw a wrong diagram, even
though they stated before in QS5 that either the entropy
would decrease or entropy had to be removed.

Q8. 28% of the answers are right, and 6% of the explana-
tions. 72% of the answers are wrong (explanations given:
energy decreases because of cooling: 20%; energy in-
creases because of compression: 20%; other: 32%).

Spontaneous reasoning and intuitive notions. Q9. As with
other questions, many students (18%) offer a description
in place of an explanation. Where explanations are given,
they point to heat as the source of intuitive knowledge.
More than half of the students mention heat, and 50% use
one of the following explanations: friction between mol-
ecules (26%), general friction (12%), heat in smaller vol-
ume (12%), heat must somehow have been added (2%).
4% of the answers use the idea that molecules have less
space, 16% use pressure, the gas law, and molecules mov-
ing faster. Two students mention work and conversion of
work into heat. 10% of the students say they cannot re-
member intuitive notions, 4% offer alternative explana-
tions. (Multiple answers were possible.)

Q10. Since it is difficult to probe spontaneous reasoning,
especially after instruction has taken place, I offered my
students some “intuitive” answers and asked them which
of these, if any, they would prefer. The results are as fol-
lows. a. During compression, the molecules of the air rub
against each other strongly and produce heat (38%); b.
The heat that already resides in the gas is compressed into
a smaller space (56%); c. By compressing the air we add
heat from outside (0%); d. As a consequence of the work
done by the person (4%); e. After the compression, the
molecules have less space, and hit the walls more strong-
ly... (22%); . Other explanations...(2%).

General questions. Q11. 33 of the 50 students reporting
had less than 8 hours of thermal physics before taking the
present course; 44 had had less than 15 hours in total.

Q12. The average of hours spent on thermal physics of
gases before the present course was less than 4.

Q13. Students spent an average of 40 minutes on studying
adiabatic compression after the 10 minutes of presenta-
tion and discussion in the studio.

C. Conclusions

Students have difficulties recalling intuitive notions, that
much is certain from their answers to Question 9. Many,
if not most, of the answers show the imprint of schooling.



Moreover, some students (18%) don’t seem to know what
constitutes an explanation: they give detailed descriptions
of what is happening when we use a bicycle pump, but do
not answer the question as to why this happens. A student
writes: “When I first worked with Diesel engines as a me-
chanic, I believe the reason given was that the air heats up
as a result of compression.”

Still, this much is certain: students are seeking heat in
what is happening (in adiabatic compression). A relative
majority of the students mention friction—mainly of the
molecules—and explain that it leads to the production of
heat. Moreover, the form of the answers shows that this
concept is least influenced by previous schooling: it is the
most spontaneous if judged by the absence of jargon.

Even when they do not mention heat directly, and instead
use little particles in their reasoning, we can see that it is
heat our students are thinking of: heat manifests itself in
the motion of the particles, and more heat (higher temper-
ature) requires faster motion, or more or harder colli-
sions. Looked at from this angle, there is hardly an
answer that does not involve the notion of heat.

Again, the form of many of the answers to Question 9
demonstrates that the body’s response to compression is
the result of its response to heat: we need more heat in a
body if we want it to be hotter, or the “density of heat” has
to be higher. [If the temperature is not allowed to in-
crease, heat must be removed (see Question 5).]

Even though few of the answers offering the idea of
“squeezing heat or entropy” into a smaller volume may
be really spontaneous, the idea is accepted as intuitive by
almost 60% of the students (Question 10), and it is used
by most of these as the explanation for the temperature
change in adiabatic compression in the earlier part of the
study (Question 2). No one expresses the belief that heat
is transferred as a consequence of compression. Students
do not confuse “heat” and “work” as different ways of
transferring energy.

The more formal parts of the questionnaire—those ask-
ing for descriptions of what happens in the form of words
or T-s diagrams—demonstrate that many, if not most, of
the students in this study easily accept the notion of en-
tropy and properly use it (Questions 2, 4, 5 and 7). They
correctly answer the question as to what happens to the
entropy of the air in adiabatic compression (Question 1),
but their explanations are not always concise: 25% men-
tion that there is no entropy transfer, 10% say that there is
no entropy production, and 22% use the full power of the
law of balance and mention both reasons. The form of the
explanations and the fact that 27% take the description
(entropy is constant and is compressed) as an explanation
seems to indicate that the question of the balance of en-
tropy is simply trivial. The constitutive problem appears

to be the more important one.

The question of what happens to the temperature of the
gas in adiabatic compression (Question 2) is answered
correctly by all but one student (who states that the tem-
perature has nothing to do with this process). About half
of the explanations are correct (same amount of entropy
in smaller space). The incorrect answers make use of the
equation of state of the ideal gas, generally refer to the
“fact” that higher pressure means higher temperature, or
refer to friction (unspecified, or between molecules). A
single student explains that energy has been expended in
compression.

The notion of entropy content, and heating and cooling as
entropy transfer (Question 1), together with the explana-
tion of adiabatic processes (Question 2), allow my stu-
dents to predict the outcome of a process we never
worked on in class (isothermal compression, Question 5)
and draw the T-s diagram correctly in 67% of all cases
(Question 7). When asked why they knew this, they re-
sponded that it was either intuitively clear or that they
reasoned about it on the basis of the concepts accepted so
far in 75% of the cases (Question 6).

Despite all of this, little particles often make their way
back into explanations that—predictably—turn out to be
wrong. This is particularly clear in the explanations of the
temperature rise in adiabatic compression (Question 2).
Uneasy about the concepts offered in instruction, or sim-
ply left to their own devices, students turn to molecules,
motion, friction, pressure, and the ideal gas, as explana-
tions for the true “cause of heat” and the response to heat.

It should not come as a surprise that questions about the
energy of the gas in adiabatic compression (Question 3)
and in isothermal compression (Question 8) were much
harder to answer for my students. Energy of gases was
not a part of the course on thermodynamics before the
study. There is a sense among students that the energy of
the gas increases in adiabatic compression (65%), but
only 25% of the students use the balance of energy (ener-
gy is added as a result of compression) as an explanation.

Only 14 students (28%) say that the energy of the gas
stays constant in isothermal compression, and only 6%
give a correct explanation (energy added in compression
is extracted in cooling). It is interesting to note that no
one thinks that the act of compression leads to a decrease
of the energy; for all who mention it, it is clear that com-
pression alone adds energy to the gas.

Are intuitions about heat and the behavior of simple gases
strong enough to base the theory of latent and specific
heats (Equation 4) upon? After a short qualitative discus-
sion of adiabatic compression, students demonstrate con-
siderable qualitative understanding of thermal phenome-
na involving air. Therefore, the results of this study leave



me optimistic that an appreciation of this constitutive law
is not very difficult. I have taught versions of a dynamical
theory of the ideal gas for three or four years now, but I
have not formally investigated the outcome yet (apart
from using standard exams). This remains to be done.

V  Summary and outlook

Students are seeking heat in their explanations of adiabat-
ic processes.> They clearly treat the behavior of gases as
a constitutive problem involving heat.??
that this view is expressed concisely by the constitutive
theory of latent and specific heats. In this setting, adiabat-
ic compression is what we intuitively know it must be: a
special case of the response of bodies to heat in the ab-
sence of heating.

We have seen

What should we expect of a theory of thermodynamics
that can do justice to our students’ intuitive notions? Our
response takes two steps. First, we can adopt the theory
of latent and specific heats and combine it with the proper
laws of balance to form a theory of thermal processes.
This is possible both in the energy and the entropy repre-
sentations.

Second, we may accept that our students’ firm belief in
“quantities of heat possessed by bodies” (Kelvin®®) de-
serves a constructive response. As demonstrated before,
we can make use of this notion and turn it into the formal-
ized concept of entropy.'+!6 While not necessary on pure-
ly logical grounds, this step is important if we want to
avoid the counter-intuitive and purely formal develop-
ments based on heat as a quantity of energy.?® Again, the
phenomenon of adiabatic compression offers a good rea-
son to allow for an equivalent of “the heat of a body”: in
the absence of heating, it is not easy to see for a student
how heat interacts with the material to raise its tempera-
ture. The entropy of a body, and the idea of “squeezing”
the entropy into a smaller space, offer simple explana-
tions.

When we probe our student’s intuitive reasoning and un-
derstanding, it is important to know where they stand be-
fore we attempt to steer them into a particular direction.
It also pays off to know what directions are available to
us in teaching. At a time when attempts are made to create
base-line tests for thermal physics,* it is important to be
mindful of this.

Appendix

Questionnaire on student understanding of adiabatic and
isothermal compression of air. The questionnaire starts

with a photograph of the cylinder and piston used to dem-
onstrate adiabatic compression in the studio.

Category 1: Adiabatic compression

Q1. What happens to the entropy of air during rapid com-
pression? Explain your answer.

Q2. What happens to the temperature of the air? Explain
your answer.

Q3. What happens to the energy of the air? Explain your
answer.

Q4. What does the temperature-entropy diagram of the
process look like?

Category 2: Isothermal compression

Q5. Air is compressed, but we do not want the tempera-
ture to rise. How could we achieve this?

Q6. How do you know what you said in Q57 (a. It’s intu-
itively clear, but I could not explain why; b. I have already
worked with such processes; c. I derived this on the basis
of what we have already discussed; d. I have learned this
earlier; e. I have heard or read about this. f. other rea-
sons...).

Q7. What does the temperature-entropy diagram of the
process look like? Give the direction of the processes in
the diagram. Explain your answer.

Q8. What will happen with the energy of the gas during
compression at constant temperature? Will it remain con-
stant, or will it increase or decrease? Explain your an-
swer.

Category 3: Spontaneous reasoning and intuitive notions

Q9. If air is compressed in a cylinder without cooling, the
temperature rises sharply. Can you remember your own
first intuitive explanation for the phenomenon? What is
it?

Q10. If air is compressed in a cylinder without cooling,
the temperature rises sharply. Which of the following ex-
planations appears to be the most intuitive one for you to-
day? (a. During compression, the molecules of the air rub
against each other strongly and produce heat; b. The heat
that already resides in the gas is compressed into a small-
er space; ¢. By compressing the air we add heat from out-
side; d. As a consequence of the work done by the person;
e. After the compression, the molecules have less space,
and hit the walls more strongly...; f. Other explana-
tions...)

Category 4: General questions

QI11. How much thermodynamics have you had before?
Where?

Q12. How much of that was thermodynamics of gases?



Q13. How much time did you spend studying the exam-
ple of rapid compression of air after it was demonstrated
and discussed in the studio?

Notes: Students did not see Question 10 until they had an-
swered Question 9. In Questions 6 and 8, more than one
answer could be given.
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