PHYSICS EDUCATION RESEARCH SECTION

The Physics Education Research Section PERS publishes articles describing important results from the
field of physics education research. Manuscripts should be submitted using the web-based system that can
be accessed via the American Journal of Physics home page, http://ajp.dickinson.edu, and will be

forwarded to the PERS editor for consideration.

Student understanding of calorimetry in introductory

calculus-based physics

Warren M. Christensen®

Department of Physics, North Dakota State University, Fargo, North Dakota 58108

David E. Meltzer®

Mary Lou Fulton Teachers College, Arizona State University, 7271 E. Sonoran Arroyo Mall, Mesa,

Arizona 85212
Ngoc-Loan Nguyen®

Department of Physics and Astronomy, lowa State University, Ames, lowa 50011

(Received 27 November 2010; accepted 2 August 2011)

We report on students’ thinking regarding calorimetry concepts in an introductory calculus-based
physics course. We found that despite overall good performance, only about half of the students
were able to provide correct answers with satisfactory explanations. A number of persistent student
difficulties were found to affect approximately 40% of the students even after instruction, including
apparent confusion about the meaning of specific heat and misunderstanding of the nature of ther-
mal energy exchange. Student response patterns varied significantly depending on the context of
the question and often reasoning did not appear to be consistent among contexts, instead favoring
“rule-based” reasoning. Interviews with students suggest that difficulty with algebraic manipula-
tions is a significant contributor to incorrect responses on calorimetry questions. © 20/ American

Association of Physics Teachers.
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I. INTRODUCTION

Calorimetry is often one of the first topics discussed in the
introductory physics course after basic concepts of heating
and temperature are introduced. It is considered to be rela-
tively easy because calorimetry problems require only the
straightforward application of a few fundamental concepts
along with basic algebraic skills. Students are expected to
apply relations involving specific heat (such as Q = mcAT)
to various problems involving temperature changes of mate-
rials in thermal contact. The definition of specific heat does
not vary significantly from textbook to textbook, and is most
often discussed in a fashion similar to ““You can think of spe-
cific heat as the heat transfer to one kilogram of the material
needed to raise its temperature by one Kelvin.”' Nonethe-
less, the topic of calorimetry depends on concepts such as
thermal equilibrium and heat transfer, concepts that have
been found challenging in previous studies of students’
thinking. In view of those conceptual challenges and the cen-
tral role calorimetry often plays in introductory discussions
of thermal physics, investigation of students’ thinking in this
area merits a focused investigation.

II. PREVIOUS RESEARCH ON STUDENT
LEARNING OF CALORIMETRY CONCEPTS

There are numerous studies reporting on the difficulties
that students encounter with the concepts of heat and
temperature.” ® Some of these studies have been in the con-
text of thermochemistry.”'* For example, Greenbowe and
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Meltzer'? investigated student thinking regarding calorime-
try concepts in the context of solution chemistry as studied
in introductory chemistry courses. In addition to previously
reported student learning difficulties regarding the relation
between heat and temperature (such as those cited in Refs.
2-6), they found significant misunderstandings on the role of
chemical reactions in the heating process. Jasien and
Oberem'* investigated calorimetry-related ideas among vari-
ous groups of college students who had diverse backgrounds
in the physical sciences. They reported student difficulties
with concepts involving thermal equilibrium, heat capacity,
and specific heat, with no significant correlation between the
observed difficulties and the number of physical science
courses that the students had taken.

The most wide-ranging investigation of student thinking
about calorimetry in a physics context is that of Cochran at
the University of Washinf%ton.15 Consistent with the findings
of other investigators,”' > *!%!7 jt was found that many stu-
dents have much difficulty distinguishing between heat and
temperature. This difficulty may impair their ability to under-
stand other thermal concepts, such as recognizing that objects
in thermal equilibrium with each other are at the same temper-
ature. It was also found that students occasionally focused on
rates of heat transfer or of temperature change when it was
not appropriate to do so,'® and that students often incorrectly
treated the amount of heat transfer as being dependent on only
a single property in the interaction. For example, the change
in temperature of a hot copper block in water was thought to
be due solely to the specific heat or initial temperature of the
block, ignoring the role of the block’s mass.
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III. OBJECTIVES OF THE INVESTIGATION

In this section we discuss the specific concepts that were
the targets of our investigation. We also discuss the ques-
tions we used to assess students’ understanding of these
concepts.

A. Concepts targeted for assessment

(1) When two objects in thermal contact are in an insulated
container, the magnitude of the heat transfer from one
object is equal to the magnitude of the heat transfer to
the other object.

(2) The specific heat is the amount of energy per unit mass
required to change the temperature of an object.

The concept of specific heat as well as recognition of the
consequences of energy conservation are fundamental to an
understanding of calorimetry. In the context of introductory
physics the complication of heating due to chemical reac-
tions is not present; if no phase transitions occur, the solution
of calorimetry problems can be accomplished using straight-
forward algebra.

B. Assessment questions

Our investigation focused on student responses to two
related questions that were each administered in multiple for-
mats. The “object in liquid” question (see Fig. 1) and the
“two-liquid” question (see Fig. 2) were used to probe student
thinking regarding substances of equal masses but different
specific heats. Both questions require students to apply the
idea that energy is conserved during the process, and that

The specific heat of water is greater than that of copper.

A piece of copper metal is put into an insulated calorimeter which is nearly
filled with water. The mass of the copper is the same as the mass of the
water, but the initial temperature of the copper is higher than the initial
temperature of the water. The calorimeter is left alone for several hours.

During the time it takes for the system to reach equilibrium, will the
temperature change (number of degrees Celsius) of the copper be more than,
less than, or equal to the temperature change of the water? Please explain
your answer.

Fig. 1. Object in liquid, free-response question. Four versions of this ques-
tion were used, varying both the pair of substances (water and copper or bro-
moform and aluminum) and the identity of the substance that was specified
to have the higher initial temperature.

energy transfer to a substance changes its temperature by
an amount that depends on its specific heat. In the object-in-
liquid question, an object of specified material is immersed
in a specified liquid with a mass equal to that of the object
but with differing specific heat and initial temperature. Stu-
dents are asked to determine whether the object or liquid
will undergo the largest change in temperature. The answer
is that whichever has the lower specific heat will undergo the
largest temperature change. In the two-liquid question, two
liquids in separate containers have identical initial tempera-
tures but different specific heats; they receive the same rate
of heating from a hot plate. Students are asked to graph the
temperature versus time of each liquid on a common set of
axes. A correct answer associates a line of larger slope with
the liquid having the lower specific heat.

The two-liquid question involves common initial tempera-
tures and equal rates of heating, and the object-in-liquid

beginning at initial time to.

your lines, and use proper graphing techniques.

Temperature

Suppose we have two separate containers: One container holds Liquid A, and another
contains Liquid B. The mass and initial temperature of the two liquids are the same, but
the specific heat of Liquid A is two times that of Liquid B. Each container is placed on a
heating plate that delivers the same rate of heating in joules per second to each liquid

a) On the grid below, graph the temperature as a function of time for each liquid, A and
B. Use a separate line for each liquid, even if they overlap. Make sure to clearly label

to Time

b) Please explain the reasoning that you used in drawing your graph.

Liquid A

5SS

Liquid B

5SS

Heating

The specific heat of A is greater than
specific heat of B.

Fig. 2. Two-liquid, free-response question. Three versions of this question were used in which the ratio of specific heats, ca/cp, was specified as being 2, 3,

or 4.
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question involves two substances at different initial tempera-
tures in an insulated container;'® the two-liquid question
includes a graghical component which is absent from the
other question.”’ Both questions require application of sim-
ple algebra or proportional reasoning. The questions were
administered before all instruction, after lecture instruction
but before recitation instruction, and after all instruction was
completed. Both questions were administered simultaneously
on a single sheet of paper unless otherwise noted.

Most of this study was conducted with students in the sec-
ond semester of a year-long calculus-based introductory
physics course at Iowa State University. This sequence usu-
ally enrolls 700-800 students per calendar year. Most of the
students are engineering majors, but a few physics majors
and computer science majors are included. The semester-to-
semester variations in course content are usually minor;
some instructors cover certain topics in greater depth than do
other instructors, but the overall list of topics is stable. Dur-
ing this study, the first semester usually covered mechanics
and electric fields, and the second semester covered magne-
tism, ac circuits, waves, fluids, and thermal physics.

IV. RESULTS OF ASSESSMENTS
A. Before all instruction

We administered the object-in-liquid question prior to all
instruction on thermodynamics to all students attending the
first week of recitation in Fall 2005. (In other semesters this
question was almost always used after lecture instruction but
before recitation instruction, and frequently was coupled
with a separate calorimetry question.) We found that before
any instruction, students’ previous exposure to this material
was evident; 50% of the 479 students answered correctly
that the substance with the smaller specific heat would have
a greater temperature change than the substance with the
larger specific heat. Moreover, 80% of those who gave a cor-
rect answer provided acceptable explanations (see the fol-
lowing section for sample explanations).”'

B. After lecture instruction

After lecture instruction, 63% of students correctly
answered the object-in-liquid question by writing that the
substance with the smaller specific heat would have a greater
temperature change than the substance with the larger spe-
cific heat (N =1036 over three semesters; see Tables I and
ID). [In Fall 2005 this question was administered both before
all instruction and after lecture instruction.] Students giving
a correct answer with a correct explanation (53% of all stu-
dents) relied on the equation Q =mcAT or the definition of

specific heat to explain their answer. A representative expla-
nation is that “Object A will change less than liquid B
because the specific heat of object A is greater so it takes
more heat to change its temperature by one degree.”

Nearly one quarter of all students (22%) stated that the
temperature change of the object and the liquid would be the
same. Explanations for this response include the idea that
equal energy transfer is assumed to imply equal temperature
change. For example, “The temperature change of the copper
and the water will be the same. Any heat lost by the copper
will be gained by the water, or any heat gained by the copper
will be lost from the water. So AT of both is the same.”

The remaining 18% answered that the substance with the
smaller specific heat would have a smaller temperature
change than the substance with the greater specific heat.
Most students offering this response stated that the tempera-
ture change was proportional to the specific heat. For
instance, “The temperature change of copper will be less
than that of the AT of the water [sic], because the specific
heat of water is greater, and the masses are the same.”

Approximately one third of those students who said that
the temperature changes for the object and the liquid would
be equal justified their answer by stating that the object and
the liquid go to “equilibrium.” Although the definition of this
term was explicitly discussed in the course texts and, pre-
sumably, in the lectures, we were uncertain of the meaning
attributed to it by the students who used it in their explana-
tions. Reports in the literature have suggested significant dif-
ficulties with this concept (see, for example, Ref. 14). To
address this issue and to minimize potential confusion, we
changed the wording of the object-in-liquid question for the
Fall 2005 and Spring 2006 courses. “During the time it takes
for the system to reach equilibrium...” was changed to
“During the time it takes for the object and the liquid to
reach a common final temperature...” This re-wording
affected only the manner in which students expressed their
explanations, and did not lead to any significant changes in
responses for the different answer options (see Table I). Stu-
dents didn’t use the term equilibrium in their explanations as
frequently as they had done with the original form of the
question. Instead, some used the term “common final tem-
perature” to justify their responses that the temperature
changes of the object and liquid would be equal.

Because obtaining a correct answer to the two-liquid ques-
tion depends, to some extent, on students’ ability to properly
graph two lines, we decided to accept as correct any response
that showed the slope of line B (representing the substance
with smaller specific heat) as being greater than that of line
A. Interview data supported this criterion because, although
many students initially failed to draw graphs that reflected a

Table I. Object in liquid, free-response question; after lecture instruction. “Greater ¢, smaller AT” corresponds to the correct response that the substance with
the greater specific heat would have a smaller change in temperature, and “greater ¢, greater AT associates that same substance with the greater change in tem-
perature. The statistics in the All Semesters column represent the 95% confidence interval of student performance for each answer category, based on score

variances among the three semesters.

Spring 2003 Fall 2005 Spring 2006* All Semesters
N=359 N =427 N=250 N=1036
Greater ¢, smaller AT 64% 61% 64% 63 4%
Correct with correct explanation 55% 51% 53% 53%£5%
Equal AT 21% 25% 20% 22+7%
Greater c, greater AT 15% 14% 16% 15%2%
“In Spring 2006, the object-in-liquid question was administered without the two-liquid question.
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quantitatively accurate ratio of the slopes, they were able to
recognize this defect and almost always were able to correct
it when pressed to do so.

After lecture instruction, using the “B-slope > A-slope”
criterion for correctness, we found that 72% of the students
gave correct responses (N =788 over two semesters; see
Table III); 58% of the students gave a correct explanation
along with the correct response; 27% stated that the slope of
B would be less than the slope of A, and there were almost
no students who answered that the slope of the two liquids
would be the same, despite the fact that 22% had given
an analogous answer on the object-in-liquid question (see
Table I).

We have no convincing explanation for the sharp disparity
in proportions of students who chose the “temperature
changes are equal” response on the two questions.

We tracked correlations of student responses between the
two questions to determine the consistency of student think-
ing®? and found that 82% of those students who answered
the object-in-liquid question correctly also answered the
two-liquid question correctly, and only 15% selected an
incorrect answer of “greater ¢, greater AT” on the two-liquid
question.

Students who stated that the temperature changes were
equal for the object-in-liquid question split their answers on
the two-liquid question between the correct answer “greater
¢, smaller AT” (48%) and the incorrect answer “greater c,
greater AT” (45%). None of these students offered an answer
on the second question that was consistent with their incor-
rect answer on the first question.

Similarly, students who gave an incorrect answer consist-
ent with “greater ¢, greater AT on the object-in-liquid ques-
tion split their answers almost evenly between the correct
answer “greater ¢, smaller AT” (51%) and the incorrect an-
swer “greater ¢, greater AT” (47%) on the two-liquid ques-
tion; none of them gave an “equal AT” response.

These findings suggest that students employ reasoning that
is strongly context-dependent. We call this reasoning “rule-
based” because students typically justify their answers by
citing one or more “rules” which they tend to employ instead
of trying to arrive at an answer by reasoning from basic prin-
ciples (see Sec. V).

C. Post-instruction results

We probed student thinking after all instruction was fin-
ished during the summer offering of the same course during
2002. We administered the two questions to all 32 students
during one of the recitation sessions; the responses23 were
consistent with those obtained after lecture but before recita-
tion instruction in subsequent offerings of the same course
(as reflected in Tables II and III).

We created a multiple-choice equivalent of the two-liquid
question (see Fig. 3), and administered it on a midterm exam
after all instruction was complete in Spring 2004. Due to the
subtle difference between choices A and B on this question,
we group the responses by combining all those students who
gave an answer that was consistent with greater specific heat
corresponding to a smaller change in temperature; this com-
bination is the sum of those who answered either A or B.
Similarly, we categorized both C and D responses as being
incorrect under the common heading of ‘“greater specific
heat implies greater temperature change.” Response E corre-
sponds to equal temperature change.**
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Table II. Object in liquid, free-response question; after lecture instruction.
This is a breakdown of the responses given in Table I. Some of the students
justified an “equal AT response by claiming that the system goes either to
“equilibrium” or to a “common final temperature.”

All Semesters
(3 samples)

N=1036
Correct (greater c, smaller AT) 63%
correct explanation 53%
incorrect explanation 10%
initial temperature higher (or lower) 2%
other explanations 7%
Incorrect (equal AT) 22%
energy transfers are equal 5%
equilibrium/common final temperature 7%
masses are equal 4%
other explanations 6%
Incorrect (greater c, greater AT) 15%
specific heat proportional to AT 5%
“correct” explanation, incorrect answer 1%
other explanations 8%

This grouping of answers on the multiple-choice version
of the two-liquid question yields a response pattern that is
almost identical to that obtained on the free-response version
of the same question given after lecture instruction, across
all three answer categories, as well as being similar to the
response pattern obtained on the free-response version after
all instruction during summer 2002.> As before, responses
that are consistent with the liquids having equal changes in
temperature were non-existent, although such answers were
often given in the context of the object-in-liquid question.

A further follow-up using the object-in-liquid question in
a multiple-choice format [“text multiple choice,” Fig. 4(a)]
was done in spring of 2003 and 2004; the wording of this
version was similar to that of the free-response version of
this same question. Another version of this multiple-choice
question, which uses common mathematical symbols instead
of text [“symbol multiple choice,” Fig. 4(b)], was adminis-
tered in spring of 2004 and 2006.2°?” The text version was
administered on the midterm exam during 2004, and the
symbol version on the final exam during the same semester;
only minor differences in responses were found.”® Despite
all instruction having been completed (including lecture, rec-
itation, homework, and exam preparation), student perform-
ance on both multiple-choice versions of this question is

Table III. Two-liquid question, free response; after lecture instruction.
“Greater ¢, smaller AT” is the correct response that the liquid with the
greater specific heat corresponds to a smaller slope on the temperature-time
graph (corresponding to a smaller rate of temperature change). An “equal
AT” response refers to graphs with equal slopes for both liquids; “greater c,
greater AT associates the liquid having the greater specific heat with the
larger slope on the graph.

Spring 2003 Fall 2005

N=361 N=427
Greater ¢, smaller AT 70% 73%
Correct with correct explanation 50% 65%
Equal AT 0% 0%
Greater c, greater AT 28% 26%

Christensen, Meltzer, and Nguyen 1171



Suppose we have two separate containers: One container holds Liquid 4, and another
contains Liquid B. The mass and initial temperature of the two liquids are the same, but
the specific heat of Liquid 4 is four times that of Liquid B. Each container is placed on a
heating plate that delivers the same rate of heating in joules per second to each liquid
beginning at initial time #,.

On the grids below are four graphs that represent the temperature-versus-time plots for
liquid 4 and liquid B, with liquid A represented by a solid line and liquid B by a dashed

versus liquid B.

line. Indicate the graph whose temperatures are plotted most accurately for liquid 4

ts Time to

Temp.

A) B)
T 1 T | SEEEEEEEEEEEEER
e - ! H!B e Liga JHE Liquid A Liquid B
L] »* S 7\ —
NS SaEN e ccc :
e d Liquid A o, Liguid A7 g E
- t >3 % PED I
to Time to Time ; ;
C) D) E 3
Temp. T E 3
Tem: ! ! ! o Liquid A = E
Liquid A—n Heating Plate
Liguid B [~ [Liquid B The specific heat of A is greater than the
» gy 3 1} Ty T specific heat of B.
AT 0 e S
Time

Fig. 3. Two-liquid question, multiple-choice version.

similar to that on the free-response version that had been
given as a quiz after lecture instruction only, suggesting that
little to no learning occurred on these concepts as a result of
the additional instructional activities following the lecture.
The proportion of correct responses on all multiple-choice
versions of the object-in-liquid question after instruction
(68%, N = 1491 over four samples)29 is consistent with that
on the corresponding free-response version of that question
(63%, N =1036 over three samples) which was given after
lecture instruction but before recitation (see Table IV). How-
ever, on the multiple-choice questions, the “equal AT”
response rate of 11% was less than on the free-response
question (22%). In contrast, the “greater c, greater AT”
response was slightly more popular than it was on the free-
response question (22% compared to 15%). These differen-
ces might be due in part to the order in which the answer
options appear in the question (lower in the order might cor-
respond to lower probability of response); however, we have
no direct evidence that this effect occurred in our case.

D. Interview data

We conducted 26 one-on-one student interviews during
three semesters. We do not have data that would allow us to
compare the performance of these students to that of the
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other students enrolled in the course. In previous projects
involving self-selected interview volunteers from the same
or similar student populations taking this same course, it was
found that interview volunteers performed above the average
of all enrolled students.*®

During the interviews, students were asked the questions
described in Sec. III B, and related questions on energy, tem-
perature, and specific heat. The object-in-liquid and two-
liquid questions were among the first given during the inter-
view. Students were asked to work through the problems and
explain their thinking along the way, and clarifying questions
were asked when appropriate. An example of a clarifying
question was whether the slopes of the graphs drawn by the
student in the two-liquid question were precisely matched to
the quantities stated in the problem. This question often led
to students admitting that they had just sketched the graph
without attempting to achieve quantitative precision with
their slopes. Apart from this sort of clarifying question, there
were no explicit cues given by the interviewers; for example,
at no point were students asked to use mathematics in their
solution. The first problem was the object-in-liquid question,
which does not require calculations to obtain a correct
answer.

The perspective that emerged from the interviews was
substantially different and more nuanced than what we

Christensen, Meltzer, and Nguyen 1172



(@)

An object is immersed in a liquid within a sealed and insulated container. The mass of the object
is the same as the mass of the liquid. The initial temperature of the object is lower than the initial
temperature of the liquid, but the specific heat of the object is greater than that of the liquid. The
calorimeter is left alone for several hours until it reaches equilibrium. Which of the following is
true? Note: Here, “temperature change” means “number of degrees Kelvin increased or
decreased.”

A. The energy transfer to the object is not equal to the energy transfer away from the liquid,
and the temperature change of the object is greater than the temperature change of the
liquid.

B. The energy transfer to the object is not equal to the energy transfer away from the liquid,

and the temperature change of the object is less than the temperature change of the liquid.

C. The energy transfer to the object is equal to the energy transfer away from the liquid, and
the temperature change of the object is greater than the temperature change of the liquid.

D. The energy transfer to the object is equal to the energy transfer away from the liquid, and
the temperature change of the object is equal to the temperature change of the liquid.

E. The energy transfer to the object is equal to the energy transfer away from the liquid, and
the temperature change of the object is less than the temperature change of the liquid.

(b)

Object A has mass my, specific heat ¢4, and the initial temperature 7),q 4. Liquid B has mass mjp,
specific heat ¢z, and initial temperature 7, 3. Object 4 is immersed in Liquid B within a sealed
and insulated container (i.e., a calorimeter). We are given the following information:

my = mp
cq4> Cp

TiniIiaIA < Tinitialeut after a long time, TﬁnalA = T/inulB
Which of the following is true? [Q is heat transfer; AT = Tgua — Tinitiall
A. QtoA 75 Qawayfrom B> |ATA| > |ATB|

OQwat QawayfmmB; |AT4| < |ATH|
Ot 4= Qavay from 85 |AT4| > |ATj|
Oro 4= Qaway from 55 | ATa| = | AT
Owa= Qawuyfram B |AT4| < |ATp|

m o aw

Fig. 4. Object-in-liquid question, multiple-choice versions: (a) text-based; (b) symbol-based.

gained from the written free-response diagnostics. Student on reasoning from specific principles, correct or incorrect)
thinking on calorimetry was, in many cases, much more ten- than was evident from the written data. On the one hand,
tative, insecure, and based on “rules of thumb” (rather than approximately half of the students had a good understanding

Table IV. Comparison of three versions of object-in-liquid question: free response, text multiple-choice, and symbol multiple-choice. The free-response ver-
sion was given after lecture instruction only, and the multiple-choice versions were given after all instruction was complete. “Greater ¢, smaller AT” corre-
sponds to the sum of answers B and E on the multiple-choice versions, “Equal AT” corresponds to answer D, and “Greater c, greater AT” corresponds to the
sum of answers A and C. “Heat transfers are not equal” corresponds to the sum of answers A and B, and “heat transfers are equal” corresponds the sum of
answers C, D, and E (see Ref. 21, Appendix V).

Object in liquid free Object in liquid text Object in liquid symbol
response (three samples) MC (two samples) MC (two samples)
N=1036 N=1760 N=1731
Greater ¢, smaller AT 63% * 4% 66% 70%
Equal AT 22% * 7% 13% 8%
Greater c¢, greater AT 15% = 2% 22% 23%
Heat transfers are not equal — 21% 16%
Heat transfers are equal — 79% 85%
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of the relevant principles and were able to quickly and confi-
dently solve problems in diverse contexts. On the other
hand, a substantial proportion of students did not seem able,
and often did not attempt, to solve the problems by reasoning
from basic principles. Instead, they would either begin im-
mediately to try and solve problems algebraically, or would
give quick responses based on intuitive “rules” or impres-
sions such as “it would depend on the initial temperatures,”
“larger specific heat means greater temperature change,” or
“larger specific heat means greater energy dissipation.” They
frequently were led astray by lengthy, unproductive calcula-
tions resulting in errors that they could not resolve. Most of
them went into long explanations of their thinking that led
them to change their answers, sometimes to more correct,
but often to less correct responses. They often had great diffi-
culty in employing consistent reasoning in different contexts
and resolving discrepancies, even when prompted to do so
by the interviewer.

Approximately 85% of the interview subjects were success-
ful with the two-liquid question, although the relative slopes of
their graphs were often quantitatively inaccurate. They realized
the liquids would heat at different rates and knew or guessed
that the one with lower specific heat would have the most rapid
rise in temperature. In contrast, on the object-in-liquid ques-
tion, only around 60% of the interview subjects gave a correct
response accompanied by an acceptable explanation. There
were two distinct tendencies associated with incorrect answers,
and neither matched common patterns observed on the written
responses. About 15% of all interviewees argued that the initial
temperature would affect the magnitude of the temperature
change, a higher percentage than the 5% or less observed in
the free-response data. The other notable student difficulty
observed during the interviews was the number of mathemati-
cal errors: about 20% of the interview subjects made algebraic
errors that prevented them from obtaining a correct answer.
For instance, while answering the object-in-liquid (free-
response) question, some students would set up a correct alge-
braic expression equating heat transfers between the object and
the liquid. After obtaining a correct expression that related the
magnitudes of the temperature changes to the specific heats,
students would incorrectly interpret the proportional relation as
implying that higher specific heat was associated with a larger
change in temperature.

Aside from the two errors we have already identified, no
other type of incorrect reasoning had more than a single ad-
herent among the students in the interview sample. For
example, only one student said that the temperature changes
would be equal on the object-in-liquid question, and this
error was the outcome of a string of algebraic mistakes.

Only 1%-3% of all written responses contained clear evi-
dence of algebraic errors. Algebraic arguments were not often
employed even to justify correct responses: only around 15%
of all written responses relied on explicit calculations. In con-
trast, during the interviews it was common for students to
begin a correct explanation by writing equations; half or more
of the students giving correct responses followed such a pro-
cedure. However, all of them proceeded to provide a correct
qualitative argument linking temperature change to specific
heat. It seems that the greater algebra use among the inter-
viewees may be related to the extra care they were taking in
justifying their responses, in comparison to students respond-
ing to the written questions. Ironically, it might be that this
extra care led some students in the interview sample astray,
drawing them into reliance on equation-based reasoning that
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proceeded to go off track due to algebraic errors. This inten-
tion to be “extra-careful” might be why mathematical errors
were observed more frequently among the interview sample.

It is plausible that algebraic difficulties might also have
been reflected, in part, in the incorrect “greater c, greater
AT” responses given by students on the written diagnostic.
Such an outcome would be consistent with research on the
relation between mathematics skill and physics perform-
ance®' which suggests that weak algebra skills might be
associated with student difficulties on questions requiring
simple proportional reasoning, such as those in calorimetry.
The mathematical errors that arose during the interviews
consistently interfered with students’ ability to solve the
problems correctly even when other intuitive reasoning
approaches eventually allowed them to arrive at a correct an-
swer. Previous work has examined apparently analogous cor-
relations between students’ algebraic skills and their
performance on qualitative physics questions.”’ These and
other results suggest that errors on simple algebraic opera-
tions can decrease the performance of a substantial fraction
of students, even on a topic involving simple mathematics.’?
However, we have no direct evidence for algebraic difficul-
ties playing a significant role in the written sample data, in
contrast to the interview sample.

V. DISCUSSION
A. Student reasoning about calorimetry

The two multiple-choice versions of the object-in-liquid
question explicitly probed student thinking about the concept
that magnitude of heat transfer from one object is equal to the
magnitude of heat transfer to the other object. Responses from
over 1000 students across three semesters indicate that
between 12% and 25% believed that the magnitude of heat
transfer to the colder substance was not equal to the magnitude
of heat transfer away from the hotter substance (see Table
IV).?° Explanations of student reasoning were not required on
these questions, and the issue was not explicitly probed during
the interviews, so no further information is available.

We probed students’ thinking about the relation of the spe-
cific heat to the amount of energy required to change the
temperature of an object by asking them to compare temper-
ature changes for two substances that have identical masses
but different specific heats; the objects are assumed to be in
thermal contact with each other or with a common energy
source. About half of the students correctly stated that the
substance with the larger specific heat would have a smaller
temperature change and also provided adequate explanations
for their responses. However, substantial numbers of stu-
dents either failed to provide adequate explanations, or
responded incorrectly regarding the temperature changes.

Some students answered that the temperature changes of
the two substances would be equal. On all free-response ver-
sions of the object-in-liquid question, 20%—25% gave this
response both after lecture instruction and after all instruc-
tion. Between 7% and 12% of students gave that response on
the multiple-choice versions of the question after all instruc-
tion.*® The most common justification for this response was
either that the substances ended up with the same final tem-
perature or that they reached “equilibrium,” with the specific
response depending on how the question was worded. Other
popular explanations hinged on the equality of the substan-
ces’ masses or that of the heat transfers.
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Despite the fact that all versions of the object-in-liquid
question yielded substantial numbers of “equal temperature
change” answers, responses to the alternative-context two-
liquid question yielded no answers that were consistent with
an “equal temperature change” idea. This difference is a
striking example of the well-known fact that questions based
on identical physical principles but posed in different con-
texts can lead to very diverse student responses.**~®

The other common incorrect student response was to
claim that the substance with higher specific heat would
have the larger temperature change. The proportion of stu-
dents who gave this response after instruction (out of nearly
1500 students) was in the range of 14%—-28%, with only one
low-enrollment summer class falling below this range.
Responses were in this range regardless of whether the ques-
tions were administered after lecture instruction only, or af-
ter all instruction, and on both of our diagnostic questions
(including both free-response and multiple-choice versions
of these questions). Student explanations were straightfor-
ward assertions, with no supporting arguments, that larger
specific heat implied a larger temperature change. The impli-
cation seemed to be that students had made this assumption
either without critical examination or on the basis of persua-
sive, albeit faulty, intuitive thinking.

B. Relation to previous work

Our findings are consistent with the only other detailed
study on related concepts.'” For example, on a question simi-
lar to our object-in-liquid question, it was found that 70% of
the students gave a correct answer, 20% responded that the
temperature changes would be equal, and 10% stated that the
temperature change of the substance with higher specific heat
(the water) would be greater.15 These results are similar to our
own as reported in Table 1.> Similarly, it was found that 10%
of the students responded to this question by claiming that the
heat transfer magnitudes would not be equal;'® this response
is similar to our findings on a similar question in which
12%-25% of students made a similar incorrect assertion.”

C. Rule-based reasoning

Various reports suggest that “rule-based reasoning” may
originate in part from the perceptions that students have
regarding their role in the classroom. “Rule-learners” have
been described as students who view their primary task as
memorizing rules and algorithms which are then practiced
until they can be applied flawlessly.*® Successful problem
solvers may utilize a similar procedure, but more often
include a step where they check the validity of their answer
or evaluation method before reporting a final answer.*"

The Maryland Physics Expectations Survey*' and the Col-
orado Learning Attitudes about Science Survey42 probed stu-
dent expectations and attitudes about science and science
learning. Both surveys found that a substantial number of
students both before and after instruction believe that they
must memorize all the information, and then simply find the
right equation to solve a problem. This notion of needing to
“determine the rule” often leads students to try to learn the
material without bothering to search for any underlying con-
ceptual framework or unifying ideas. Analogous behavior
has been found in a variety of contexts.*?

We have interpreted our findings within the framework of
students’ specific learning difficulties in a particular physical
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context, a model that has proven effective in improving
physics instruction.** Alternative interpretations (for instance,
involving student “resources™) could be employed as well.*’
Some of the behaviors we observed can be interpreted as stu-
dents making use of “phenomenological primitives,”® such
as “more means more” or “more A-more B.”** As plausible
as such an interpretation might be, we have no direct evidence
that students were employing a context-independent mode of
reasoning that led to their incorrect responses.

Despite the fact that explanations of both correct and incor-
rect responses followed a similar pattern of reliance on brief,
qualitative rules instead of on detailed reasoning, a majority
of the students had an adequate grasp of the basic physics con-
cepts. This conclusion is supported by consistently correct
responses by a majority of students on written questions in
diverse contexts, and by interviews that indicated that most
students giving correct responses were capable of providing
well-reasoned arguments when pressed to provide one.

VI. IMPLICATIONS FOR INSTRUCTION

Following a well-known model of physics instruction,?’ we
sought to develop curricular materials that would explicitly
address student difficulties in calorimetry. It would seem that
exercises that guide students to recognize the interrelations
among mass, specific heat, temperature change, and heat trans-
fer would be essential. We sought to guide students to resolve
inconsistencies in their answers, especially when using repre-
sentations that often elicit inconsistent responses (such as the
object-in-liquid and two-liquid questions); our goal was to pre-
vent reliance on intuitive but faulty rule-based reasoning. It is
also possible that efforts to directly improve students’ facility
with algebraic manipulations might result in improved perform-
ance on the calorimetry assessments, but we did not investigate
this question directly. We are unable to report any consistent
successes in improving student performance on the calorimetry
questions discussed here. Apparent improvements observed
among some of the experimental groups were not reproduced
consistently among others, and the question of how best to
improve student learning in calorimetry awaits resolution.*®
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