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ABSTRACT 

This research focuses on analyzing students’ problems in a qualitative problem-solving related to 
the ideal gas processes. A paper and pencil test was implemented on the introductory courses of 
thermal physics in the University of Eastern Finland after the topic had been covered in teaching. 
Altogether 111 students participated in the test. For success in the test one should understand the 
first law of thermodynamics, thermal processes, and interdependences for certain quantities. Our 
results show that the students faced major problems related to heat and work: they had 
difficulties in determining the signs of these quantities in a cyclic process, in differentiating these 
concepts, and in understanding the role of work in changing the internal energy of the system. 
Furthermore the students had erroneous conceptions about the dependencies between quantities, 
they confused processes, and graphical presentations were not utilized. These results gave us 
some ideas how to improve students’ learning outcome in the future by designing a novel 
teaching intervention. We also suggest that the use of graphical representations should be varied 
more, so that students could see graphical representations as problem solving tools besides 
understanding their physical meaning. 
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INTRODUCTION 
Thermal physics is unquestionably one of the most important areas in physics. The laws of 
thermodynamics set the unbreakable rules for applications and innovations in every field of 
science and engineering. This study focuses on analyzing students’ ability to apply the contents 
of thermodynamics in a qualitative task after instruction has taken place. 

Literature review 
Several studies have been implemented to investigate students’ ability to understand and apply 
the first law in different processes of an ideal gas (Leinonen, Räsänen, Asikainen, & Hirvonen, 
2009; Loverude, Kautz, & Heron, 2002; Meltzer, 2004). The most important findings indicate 
that students cannot apply the first law, they have problems to understand concepts at 
microscopic level, and process and state quantities are not differentiated. In addition, Meltzer 



(2004) reported that students have problems in using the pV diagrams and in understanding heat 
transfer. Thomas and Schwenz (1998) noticed that students do not understand reversibility, they 
do not think there is heat transfer during the isothermal process, and they often misinterpret the 
energy conservation law.  

One widely reported problem is that students confuse the concepts of temperature and heat (e. g. 
Jasien & Oberem, 2002). Results from countries with different languages indicate that the 
problem is not only linguistic (e. g. Barbera & Wieman, 2009; Jasien & Oberem, 2002; Leinonen 
et al., 2009). The concept of heat seems to problematic for text book writers as well: an analysis 
conducted by Brookes, Horton, van Heuvelen, and Etkina (2005) revealed that only one text 
book used the concept of heat properly while others used it inconsistently.  

Attempts to overcome these difficulties include, for instance, a development of a tutorial 
addressing these topics (Cochran, 2005) and designing a laboratory-based curriculum (Kautz, 
Heron, Loverude, & McDermott, 2005). These approaches seemed to improve students’ 
understanding though Cochran (2005) remarked that there might have been other impacting 
factors as well. 

Research question 
Research conducted in the area of learning and teaching thermodynamics at university level has 
revealed students’ misconceptions and problems. Our study continues this type of research by 
testing students’ knowledge after instruction. A research question was formulated as follows: 

What kind of problems university students face in solving a qualitative task about a multi-
phased process of an ideal gas after an instruction has taken place? 
 

METHODS 
The data collection methods and the sample are introduced in this section. 

Data collection 
To probe students’ understanding we used the test designed by Meltzer (2004). Originally the 
diagnostic test was used as a base for interviews but we modified it as a paper and pencil test. 
Two original questions were excluded because they were not suitable for our purposes. 

The context of the test was an ideal gas in a piston-cylinder system. A cyclic process consisting 
of isobaric, isothermal and isochoric processes was introduced to the students and seven 
questions related to the processes were presented. For success in the test, one should understand 
the first law of thermodynamics, thermal processes, and microscopic explanations and 
interdependences for certain quantities, like temperature and particles’ kinetic energy. 

The first two questions were related to an isobaric expansion of an ideal gas. The first question 
dealt with the work done in the process while the second one focused on the change in particles’ 
kinetic energy. Questions 3 and 4 related to an isothermal compression process addressed the 
change of particles’ kinetic energy and the direction of heat transfer. The last part of the cyclic 
process, an isochoric process leading to the initial state, included one question about the change 
of gas particles’ kinetic energy. Finally, the signs of work done and heat transferred during the 
whole process were asked in the questions 6 and 7. (Meltzer, 2004) Figure 1 presents an example 



about the tasks. The students were asked to select right answers of the multiple choices and to 
explain their reasoning in order to get deeper information about their conceptions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. An example of the tasks in the test (modified from Meltzer 2004). 

 

Sample 
The data was gathered in the campuses of Joensuu and Kuopio in the University of Eastern 
Finland in 2008, 2009, and 2010. The data gathering took place in the introductory courses of 
Thermal physics and Basic physics IV that are rather traditional lecture and exercise courses. 
Students in both campuses had already taken the introductory physics courses including topics of 
mechanics and electricity before participating in these courses. The number or students taking 
the test was 76 in Joensuu and 35 in Kuopio. The total sample consists of 111 students who have 
studied required processes, laws, and models in lectures and exercises. The data from two 
samples were combined because of similarity of the data. The bigger sample improves the 
generalizability of the results.  

 
RESULTS 
The first part of the results concerning students’ choices in the multiple-choice tasks gives us 
information about the issues where students encountered problems. The second part discussing 
about students’ reasoning in the tasks gives a deeper view to students’ conceptions. 

Students’ choices in multiple-choice tasks 
The proportions of correct choices in the multiple choice questions are presented in Figure 2. 
Looking at the results helps one to realize that only a part of the topics is learned sufficiently. 
The students performed questions 1, 4, and 5 related to the work and heat in the sub-processes 
sufficiently but lower proportions of correct answers in questions 2 and 3 concerning the change 

Ideal 
gas 

A fixed quantity of ideal gas is contained within a metal 
cylinder that is sealed with a movable, frictionless, insulating 
piston… 

...We now begin Process #1: The water container is gradually 
heated, and the piston very slowly moves upward. At time B 
the heating of the water stops, and the piston stops moving 
when it is in the position shown in the diagram below: 

Question #1: During the process that occurs from time A to time B, which of the 
following is true:  

a) positive work is done on the gas by the environment,  
b) positive work is done by the gas on the environment,  
c) no net work is done on or by the gas. 

Explain your reasoning.  
 



of total kinetic energy of particles in the isobaric and isothermal processes are a minor 
disappointment. Remarkably low numbers of right answers in questions 6 and 7 related to the 
magnitudes of work and heat in a cyclic process cause a reason for concern. 

The results indicate that the students have problems to understand the nature of quantities work 
and heat (questions 6 and 7). The relation between kinetic energy of particles and internal energy 
is not understood properly either (questions 2 and 3). 

 

 
Figure 2. Proportion of students’ correct answers in test questions (N=111). 

 
Students’ reasoning 
The proportions of correct multiple-choice answers revealed the topics that students encountered 
problems with, but more detailed information was received when the students were asked to 
explain their answers. Students’ classified responses are presented in Table 1. To make the 
results more readable we excluded the conceptions that occurred only once or twice in the test. 
Because of this and the number of blank answers the sums never reach 100 %. 

Table 1 clearly shows that the students encountered several kinds of problems that are introduced 
in the following chapters. 

Problems with a cyclic process 
The most common problem was students’ inability to determine the signs of work and heat in a 
cyclic process in the tasks 6 and 7. 56% of the students faced this problem with work and 59% 
with heat. The most convenient way to find out the sign of work, pV diagrams, was used only by 
a few students. This problem indicates that the process quantities were not grasped though the 
tasks 1 and 4 gave more promising results concerning understanding these topics. 



Table 1. Students’ reasoning in multi-phased process tasks after teaching (N=111). Correct 
reasoning is in italic style. 

Question Characteristics of students’ reasoning Proportion 

   

1. Work is done by gas because its volume 
increases  

62 % 

 Heat and work are not distinguished 17 % 

 Direction of work is misunderstood 16 % 

2. Part of the energy is used to do work  35 % 

 Work’s impact on energy is neglected 29 % 

 Problems with energy or heat 25 % 

3. Temperature stays constant, therefore 
internal energy stays constant 

36 % 

 Erroneous dependencies between quantities 32 % 

 Problems in recognizing process (e.g. 
adiabatic vs. isothermal) 

10 % 

4. Internal energy stays constant, therefore 
heat has to be transferred from gas to water 

55 % 

 Problems with work 5 % 

 Problems in recognizing process (e.g. 
adiabatic vs. isothermal) 

29 % 

5. All energy leaves gas as heat; no work is 
done 

57 % 

 Problems with energy or heat 17 % 

 Erroneous dependencies between quantities 3 % 

6. Comparing magnitudes of work in processes 10 % 

 Work in a cyclic process is not understood 56 % 

 The whole process is not observed 10 % 

 Heat and work are not distinguished 7 % 

7. Because work done by gas is negative, heat 
transferred into gas must be negative in a 
cyclic process 

15 % 

 Heat in a cyclic process is not understood 59 % 

 The first law is applied erroneously 5% 

 The whole process is not observed 5 % 

 



Another issue observed was students’ tendency to take only a part of the process under 
consideration, when 10% and 5% of the students faced this problem in the tasks 6 and 7.  

Erroneous dependencies between quantities 
When the students were asked about the kinetic energy of particles, it became obvious that they 
misunderstood the dependencies between quantities; this was emphasized in the tasks 3 and 5. 
The students, for example, paralleled the kinetic energy of particles to pressure or volume. Other 
students may have thought that heat is directly proportional to temperature instead of being a 
measure for spontaneously transferred energy.  

Problems to differentiate heat and work 
Task 1 and 6 revealed that students were not able to make a difference between heat and work. 
Task 1 focused on this problem and 17% of the students’ responses were classified into this 
class. Some students did not make any difference between these concepts while others used them 
imprecisely. 
Problems with work 
The most common problem related to the use of work was the lack of understanding the impact 
of work on internal energy in the task 2. Altogether 29% of the students used this type of 
reasoning. Task 1 revealed another problem: 16% of the students did not understand the direction 
of the work done in the system. Both these conceptions occurred also in the task 4 where 5% of 
the students faced one or another. 

Other problems with energy and heat 
Tasks 2 and 5 revealed numerous misconceptions related to energy. The students discussed about 
the potential energy of the particles or they did not understand the connection between 
microscopic and macroscopic energies. Problems with heat included, for example, inability to 
understand the direction of heat. 

Problems with processes 
Students’ problems in recognizing processes became obvious in the tasks 3 and 4. Isothermal and 
adiabatic processes were often confused and some students had problems to know what different 
processes mean. One student mentioned in the task 5 that “it is an isothermal process in constant 
volume” which indicates that terminology is anything but understood. 

 
DISCUSSION 
In this study we examined students’ problems related to the thermodynamics. The data was 
collected after instruction had taken place in the courses of thermal physics in two different 
campuses. This section concentrates on reviewing our findings in the light of earlier research and 
presenting the implications for teaching. 

Numerous students’ misconceptions and problems found in this study are in an agreement with 
the earlier findings. The problem in finding out the signs of work and heat in a cyclic process 
have been reported by Meltzer (2004). Earlier research has also reported about problems related 
to the erroneous dependencies between quantities, especially between microscopic and 
macroscopic level explanations (e.g. Meltzer, 2004; Rozier & Viennot, 1991). Numerous 
problems with the concepts of heat and work are also well-documented (Loverude et al., 2002; 



Meltzer, 2004), as is the problem with understanding the role of work in changing the internal 
energy (e.g. Goldring & Osborne, 1994).  

Students’ problems with processes (Cochran, 2005; Kautz et al., 2005) and especially confusing 
isothermal and adiabatic processes (eq. Loverude et al., 2002) are well-known. Problems in 
understanding relations between particles’ kinetic energy and temperature have also been 
reported earlier (Meltzer, 2004). 

However, some new findings were also made. In Meltzer’s (2004) interviews approximately one 
third of the students spontaneously used pV diagrams to determine the sign of work, but our 
study showed the proportion of these students to be only five percent. This was a surprise 
considering the emphasis that diagrams have had on the courses. Students’ reference to the 
potential energy of ideal gas particles is a new finding that has not been reported in the literature. 

In order to improve students’ conceptual understanding in thermodynamics we should modify 
our teaching. The attempts to overcome the difficulties (e. q. Barbera & Wiemann, 2009; Kautz 
et al., 2005) presented earlier have shown an improvement in students’ understanding. However, 
these kinds of interventions require a specially designed course and/or new resources and they 
cannot be included in the traditional lecture-mode teaching as such. To support traditional 
teaching, we are currently designing a two-hour-intervention that aims at challenging the 
students to apply their knowledge grasped in lectures and exercises. During the intervention the 
students get several hints based on the problems found in earlier research and a possibility to 
discuss their ideas with their peers in small groups. The students are guided to think what they 
have already learned and to consider its applicability in a new situation. 

The most surprising observation in this study was almost a complete lack of graphical 
representations in students’ test responses. This deficiency may be corrected by varying the use 
of graphical representations more in teaching of thermodynamics. This could help the students in 
understanding the physical meaning of them and in seeing them as problem-solving tools. 

The first step to improve students’ learning for a teacher is to become conscious of these kinds of 
problems and to critically evaluate one’s own teaching. No material, curriculum, or equipment 
can improve the learning outcome, if the teacher is not willing to change her/his practices. 
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