Concerning Scientific Discourse about Heat

D. Brookes, G. Horton, A. Van Heuvelen, E. Etkina
Department of Physics and Astronomy, Rutgers University, 136 Frelinghuysen Rd, Piscataway, NJ, 08854

Abstract. We aim to examine communication in physics from a linguistic perspective and suggest a theoretical viewpoint
that may enable us to explain and understand many physics students’ alternative conceptions. We present evidence, in the
context of the concept of heat, that physicists seem to speak and write about physical systems with a set of one or more
systematic metaphors that are well understood in their community. We argue that physics students appear to be prone to
misinterpreting and overextending the same metaphors and that these misinterpretations exhibit themselves as students’
alternative conceptions. We will analyze physicists’ discourse about heat and present evidence of a connection between
students’ alternative conceptions and the possibility that they are misinterpreting the language that they read and hear.

INTRODUCTION of work as a state function based on the student’s prior
experience of work done in a conservative field. Thus

David Meltzer describes a study in which he gave 32we hypothesize that students’ confusion with work as a
calculus-based introductory physics students at lowatate function comes from inappropriate transfer, while
State University a closed thermodynamic cycle and werdheir confusion with heat may have linguistic origins.
asked whether the net work done by the gas, and the ta@ur interest is with the role of language in students’
tal heat transferred to the gas, were positive, negative, aieasoning and therefore we will focus on heat in this
zero[1]. 69% of the interviewees said (incorrectly) that paper.
the total heat transferred to the gas for the entire process We will address two research questions. (1) We want
was zero. 63% said that the total work done by the gaso propose a coding scheme to code language used to de-
was zero. Meltzer presents following quotations as a typscribe physics ideas. (2) We will use this coding scheme
ical student responses. to analyze textbook language about heat and connect this
language to students’ reasoning about heat in thermody-

“[S1] The net work done by the gas...is :
namic systems.

equal to zero. .. The physics definition of work
is like force times distance. And basically if
you use the same force and you just travel
around in a circle and come back to your orig-
inal spot, technically you did zero work.”

“[S21] The heat transferred to the gas...is
equal to zero...The gas was heated up, but
it still returned to its equilibrium temperature.
So whatever energy was added to it was dis-
tributed back to the room.”

THEORETICAL FOUNDATION

There has been considerable theoretical speculation[2, 3,
4,5, 6, 7] and some practical evidence[7, 8] that language
is not just a passive representation of reality. Rather, lan-
guage also influences what the language user perceives
and understands. Physicists and physics education re-
searchers have argued that there is a linguistic component
There are many possible reasons why students thouglf mastering physics; that part of the difficulty of learning
that the total heat and/or work for the cycle must be zerophysics may lie in the language used to convey physics
Meltzer explains that students believe that work and heagoncepts. In particular, Arons and Touger have sepa-
are state functions of the system. We wish to investigatgately suggested that certain common locutions used by
this idea further and attempt to explain why studentsphysicists may serve to reinforce incorrect ideas[9, 10].
might view heat as a state function. Terms such as “addegilliams[11] has argued that part of students’ difficulty
to” suggest students are viewing the gas/system as i learning physics may lie in (1) the obscurity of the
container of heat, and that they are confusing energy angpecialized meanings associated with certain terms, and
heat as substances and using temperature as an indicatey physicists’ sometimes careless and contradictory use
of the amount of heain the system. In contrast, the of language. Sutton[12, 13] has suggested that part of
argument about work seems to suggest a simpler vievearning science must involve the reactivation of “dead”



metaphors. For example, to say that “heat flows. ..” sugthat can be used to understand the types of meanings that
gests a metaphor, “heat is a fluid”. Such a metaphomay be construed from the language of physics. To this
started out as an analogical model of heat as caloriend, we used an ergative/nonergative model of grammar.
fluid. To simply say “heat flows..."” hides the applica- The detail of this approach may be found in Ref. [22].
bility and limitations of this model. ltza-Ortiz et. al.[14] In brief, the model identifies two core constituents of
have shown a correlation between students’ ability toany clause in English, namely @ocess(verb or verb
distinguish every-day meanings of the wdodce from  group) andmedium(noun or noun group) which partici-
its meaning in physics and their performance answeringates in the process. For example, “heaéfiun flows
class test questions which included the concefibiaie [procesy’. We used this scheme to classify the func-
Similar correlations were found for the wordmpulse tion of heat in each sentence (that contained the word
andmomentum “heat”) in the textbooks, covering the chapters on tem-

When it comes to language about heat, there is conperature and thermodynamics. Compound sentences in
sensus that physicists’ language can be misleading, buthich heat occurred twice were broken into two clauses
little agreement about why it is misleading or how it can and coded separately. This grammatical scheme was then
be corrected. Zemansky is content to accept using heahapped to a basic ontology coding scheme (substances,
as a noun as long as it is clear that the term refers to thprocesses and states) in the following way. If heat func-
name of a process whereby energy is transferred into adioned as thenediumof the clause, or as a descriptor of
out of a system. He cautions against using the term heahe medium (grammaticable) it was classified ontolog-
as a verb[15]. Baierlein, on the other hand, says exactlycally as asubstanceCases where heat functioned as a
the opposite. To make the process nature of the term hegrammatical process, descriptor of that process (gram-
clear, he argues that one should never use heat as a nounatical mannej, or as a nominalization (naming) of a
but rather as a verb[16]. Bauman[17] suggests replacingrocess of energy transfer, were coded ontologically as a
the term “heat” with “thermal energy” while Zemansky processIn a few cases where the word heat functioned
condemns this as a confusing oversimplification[15]. = grammatically as anodifier(adjective or adverb), it was

To resolve this confusion and to understand studentstlassified ontologically as atate The full mapping is
reasoning, we will consider language to be a represenshown in table 1. Using this mapping from grammar to
tation of a physicist's model in the same way as a pic-ontology ensured the reliability and reproducibility of the
ture, or an equation. Inside any representation is a basicoding.
ontology of objects/substances, processes and states[18].1aBLE 1. Table of grammar-ontology mapping
In the basic thermodynamics model the objects are point

particles, processes are heating and work (processes of Substance Process State
energy transfer) and the system possesses states (energy, medium, agent, process, nom- any modifier
pressure and temperature etc. .. ). One of the functions of beneficiary, inalizations

language is to encode this ontology. Consider (1) “heat range, role of process,

flows” versus (2) “energy is added to the system by heat- manner

ing”. In the first case heat is functioning as a substance

that is moving from one place to another. In the second,

“heating” is functioning in the phrase as a process by

which energy moves. The key to uncovering the implicit RESULTS

ontology in a linguistic representation lies in grammar of

the phrases. This will be explained in the method sectiorThe results of the ontological analysis described above,

below. are presented in figure 1.

We include six definitions of heat from six popular
textbooks to serve as examples of the coding scheme.
METHOD The first four are essentially substance based definitions,

the last two are process definitions of heat:

To study the language physicists use to talk about heat, . “Heat is energy that flows from a higher-

we analyzed three popular college level introductory temperature object to a lower-temperature object
physics textbooks[19, 20, 21]. Williams has argued that because of the difference in temperatures.”[23]

such textbooks represent a higher standard of linguis- | “Heatis the energy that is transferred between a sys-
tic rigor than the regular talk of physicists[11]. Thus a tem and its environment because of a temperature

study of textbooks can at least give us an upper bound difference that exists between them."[24]
on the quality of language used to refer to the concept '

of heat. The goal of the analysis is to present a scheme



 Cutnell - 726 primary coding. Within the category of heat as a sub-

("]
2 clauses stance, heat is described as undergoing processes and the
§ ) system serving as a receptacle of heat. From a survey
S @ Ralliday - 245 of the data (textbook sentences), we identified a scheme
g of six metaphors (See table 2). Certain words that cue
2 DSerway - 213 instances of the metaphor were identified. Words like
t “flow” and “transfer” imply movement of heat. Words
§ ------------------------------------------------- like “absorbs”, “into”, “out” and “reservoir” imply that
S 20 2 S8 8 the system or the gas is a heat container[6]. A typi-
- T T — mmm | cal example of a sentence which would be classified as
Substance  Process State Unclear metaphor 3 is: “Determine whether the heat flows into
Ontological Metaphor or out of the gas.”[30] The results of this coding are pre-

sented in table 2.
FIGURE 1. Classification of heat clauses into ontological

categories.

DISCUSSION AND CONCLUSION

S';:;tmIstoegirg%eihegeézug: nz&er;e%iég??n an?rﬁlthough physicists are quite aware that heat should be
temperature.”[25] thought of as grocessrather than aubstancgb, 16,
W . _ ) . 17], our coding shows that their language does not re-
-..we will define heat as fo!lows. Heat is the en- flect this understanding. Our coding scheme also enables
ergy transferred bet”ween objects because of a s to decide systematically what language more closely
perature difference.”[26] reflects the correct underlying ontology of modern ther-
“...scientists came to interpret heat not as a Smeodynamics.
stance, and not even as a form of energy. Rather, stydents’ arguments in support of zero net heat trans-
heat refers to &ransfer of energywhen heat flows  fer for a closed cycle seem to include mentioning the vol-
from a hot object to a cooler one, it is energy yme and temperature of the system, which may reflect
that is being transferred from the hot to the cold the particular aspect of metaphor 3 where the system is
object.”[27] viewed as a container of heat. We hypothesize that the
fact that students seem to draw on qualities of the lin-
“Heat is the transfer of energy from one object to guistic model indicates that their reasoning may, in some
another object as a result of a difference in tempercases, be primarily based in the linguistic representation
ature between the two."[28] of the model. Or students’ misconceptions about heat as
substance come primarily from the manner in which
eat is spoken about in every-day language. If so, physi-
ists’ language seems to be reinforcing this idea rather
han disabusing students of the notion.

Additional evidence for these ideas comes from
o students interviewed by D.B., using Meltzer's
questions[1]. They confidently argued that temperature
was an indicator of how much heat was in the system
and that the system was a container of heat.

.

Compare statements, “heat is energy that flows/is tranﬁ"f]l
ferred...” against “heat is the transfer of energy”. In
statements that suggest heat is synonymous with e
ergy, the term “heat” is functioning as the grammatical
medium and were classified ontologically asupstance

In statements that suggest that heat refers to a transf
of energy, “heat” is still functioning as the grammatical
medium, but also as a nominalization, making pre-
cessnature of the term explicit. Giancoli's definition of

heat[27] as the name of a process is not upheld by sub- [S2] “...[total heat for the cycle is] zero as
sequent language in the same textbook. A cursory exam-  well since its come back to the same tempera-
ination of the remainder of the text reveals a predomi- ture. That means the same amount [of heat] has

nantly substance based language when referring to heat. been subtracted out as was initially added in.”
Serway and Beicher[28] are the only authors of the group He later confirmed: “Temperature’s the same,
who use a consistent process-based language and who pressure’s the same, so I'm saying it started
suggest the possibility of dual meanings associated with  and ended with the same amount of heat.”
heat when they warn the reader: “We shall also use the . . .
term heatto represent the amount of energy transferred Inter_estmgly S3 startgd Ou'f with essentially the same
by this method."[29] reasoning, but later hesitated:

In order to further understand student’s reasoning [S3] “Well, its the term heat. . .| think | am
about heat, we added a another layer of analysis to this  confusing the term somehow. . . | think I'm just



TABLE 2. Metaphorical classification of heat clauses
% % %
Metaphor Cutnell Halliday Serway
1 Heatis asubstance 13 13 6
2 Heatis a substance that moves from place to place 17 18 1
3 Heatis a substance that moves from system to system and the system/gasi3 58 2
a container of heat
4 Heatis a process 10 5 26
5 Heatis a process which involves the movement of a substance (energy) frond 0 16
place to place
6 Heatis a process in which a substance(energy) moves from one system t0 0 39
another and the system/gas is a container of that substance
7 Unclassified 7 6 10

making it equivalent to temperature. . . Because
its a transfer. Heat is a process, a transfer of
energy...”

6.

7.
S3 had previously taken her introductory physics courses
from one of the authors. In this course, A.V.H. had modi-
fied his language about heat to reflect its status in physicg'
as aprocess 9
Using systematic tools of discourse analysis from lin-~
guistics, we have shown that physicists talk about heatp,
predominantly as if it were a substance. Thus it is possi41.
ble that physicists’ language may be misleading students}2.
causing them to confuse processes with objects in ther-
modynamics. This can explain Meltzer's conclusion that
students think that heat is state function because studenig
see the system as a container of heat. To test this hypoth-
esis it would be necessary to modify the language useds.
for instruction to reflect the true status of heat as a pro-16.
cess rather than a substance and pose the same questidts
to the students. More investigation is obviously needed. 18.
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