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INTRODUCTION

Thermodynamics is justifiably considered by teachers and students a difficult field to teach, understand and apply, especially the second law. This fact is clearly shown by Brunhes in his book "La dégradation de l'énergie" ("Energy degradation") [START_REF] Brunhes | La dégradation de l'énergie[END_REF]. Baierlein [START_REF] Baierlein | [END_REF] stated that, for teachers and students, mastering the key concepts of thermodynamics is notably difficult to attain. And although physics textbooks state that the behaviour of a thermodynamic system is governed by the first and second laws of thermodynamics [3], the second one is generally not taken into account by students [START_REF] Baierlein | [END_REF][3][4][5]. Indeed over time students easily lose sight of the overall context and an intellectually satisfactory understanding of what "entropy" represents remains unattainable [4][5][6].

Cochran et al. [4] conducted a survey in which students were asked to indicate whether certain processes could occur. The analysis of their responses revealed several difficulties. Students used the first law to determine whether the presented processes are allowed. The principle of conservation (conservation of energy, momentum, etc.) is so ingrained in their minds that they generalize it for any other physical quantity, including entropy. More recently Loverude [7] examined students' reasoning about entropy and the second law of thermodynamics. His results suggested that they do not use a single simple model of entropy, but rather use a variety of conceptual resources: entropy conservation, order, disorder, multiplicity, probability… Thus students frequently shifted between resources, in some cases leading to contradictory predictions. Likewise, Smith et al. [8] reported several specific student difficulties regarding the second law of thermodynamics in the context of heat engines. Written data showed that they did not clearly articulate the connection between Carnot's cycle and the second law of thermodynamics after lecture instruction. The observational data highlighted a myriad of difficulties related to entropy and heat engines and underscored the subtle and complex nature of cyclic processes and heat engines, which are central to the teaching and learning of thermodynamics and its applications. In a detailed article dealing with reversible and irreversible processes, Méheut et al. [6] recognized that students experience many difficulties and lack effective criteria to analyse situations and conclude whether a process is reversible or not.

Lack of understanding and misunderstanding, semantic issues and ambiguities encompassing some of the definitions [9,10] given in books dealing with thermodynamics: e.g. imprecise or even contradictory definitions, including statements of principles that should no longer be a subject of divergence can explain the difficulties faced by and the mistakes made by anyone studying thermodynamics. Thomsen et al. [11] further considered that the concept of a reversible process defined as a process whereby the system can be restored to its original state without change to the surroundings is not sufficient. A decade later Samiullah [12] pointed out that the problem mainly originates in the definitions given, which generally mention the return to initial conditions without any additional clarification. The formulation of the second law allowing to link the production of entropy with irreversibility is taught only later. However, Duprez et al. [13] have shown that approaching irreversibility in terms of entropy production is difficult to accomplish.

The objective of this work is to determine, in a general way, some of the difficulties faced by trained students when calculating the entropy balance [14,[START_REF] Lahlaouti | Some difficulties encountered by students in the calculation of an entropy balance[END_REF], i.e. those related to the concepts of entropy, exchange entropy and created entropy.

METHODOLOGY

Questionnaire

Our study is based on the two following questionnaires:

First questionnaire A small cube, noted system A, at temperature T1 is put in contact with the atmosphere of a room, noted system B, at temperature T2. The initial temperature of the cube is different from the temperature of the room. The set A  B forms an isolated system. For each of the following sentences, specify which are possible or impossible by justifying your answers. Q1) The entropy of system A increases by 5 J/K, the entropy of external medium B decreases by 5 J/K.

❑ Possible ❑ Impossible Justify your answer. Q2) The entropy of system A increases by 5 J/K, the entropy of external medium B decreases by 3 J/K.

❑ Possible ❑ Impossible Justify your answer. Q3) The entropy of system A increases by 3 J/K, the entropy of external medium B decreases by 5 J/K.

❑ Possible ❑ Impossible Justify your answer. Q4) The entropy of system A decreases by 3 J/K, the entropy of external medium B increases by 5 J/K.

❑ Possible ❑ Impossible Justify your answer.

Second questionnaire

A cube with mass m  100 g is made from a material whose specific thermal capacity at constant pressure is Cp  0.8 J⋅g -1 ⋅K -1 . The cube is initially in contact with a thermal energy source at T1  20°C (situation I). We next place it in contact with another source at 80°C. We wait until the cube reaches the temperature T1  80°C (situation II). Q1) Is the process (situation I to situation II) irreversible? Justify your answer qualitatively. Q2) Justify your answer carefully by a calculation of entropy. These surveys were submitted during an examination to second-year undergraduates of the SESI degree (Sciences Exactes et Sciences de l'Ingénieur), University of Lille (France), following one semester of thermodynamics teaching (including lectures instructions, guided tutorials and supervised practical work). The programs are diverse but students are mainly in physics, physics-chemistry and in the Polytech engineering school curriculum. All students received an identical hourly volume of the same thermodynamic content as it is a common exam taken at the same time.

Statements of the second law

The second law can be expressed using several statements [START_REF] Cápek | Challenges to the second law of thermodynamics. Theory and experiment[END_REF]. Questions regarding the reversibility of a given process can commonly be answered using one of the two statements recalled by Duprez et al. [13]. The one involving an isolated system is:

Situation I Situation II 20°C 80°C 20°C 80°C

Isolated system

Every thermodynamic system has an associated state function, denoted S, called entropy. Entropy is an extensive quantity. The entropy variation of an isolated system is zero if the transformation is reversible and positive if the transformation is irreversible, i.e.:

∆S  Screated ≥ 0

The statement about a thermal transfer between a closed system and a thermostat (a thermal source at constant temperature) is:

Closed system

Let a closed system, noted σ in thermal contact with a thermostat noted Σ i.e. with an external system in thermodynamic equilibrium whose characteristic time of establishments of the thermal equilibrium is very small compared to that of σ. We can thus consider that during any change, Σ remains in thermodynamic equilibrium. The variation of entropy of the system σ is put in the form:

∆S  ∆Ssystem  Sexchanged  Screated ≥ 0
The exchange entropy term Sexchanged is defined as:

S exchanged  ∫ δQ T e
where Te denotes the temperature of the external medium which can vary over time.

Both statements are taught and are therefore expected to be used by students. We detail below the two types of reasoning that are possible depending on the statement used.

Expected answers

First questionnaire 2.3.1.1 Isolated system

To analyse the given situation, the isolated system is the system formed by the union of subsystems A (the cube) and B (the room). Entropy being an extensive quantity, its change once the new state of equilibrium is reached is the sum of the entropy variations of the subsystem A and the subsystem B: S  SA  SB. Moreover, according to the statement concerning an isolated system, this variation corresponds to the entropy created: Screated  S  SA  SB. Thus the expected answers to the first questionnaire considering the system as isolated reads: ♦ Q1: Screated  5  5  0 J/K, such a real transformation is impossible. ♦ Q2: Screated  5  3  2 J/K, the process is allowed. ♦ Q3: Screated  3  5  -2 J/K, the transformation is impossible. ♦ Q4: Screated  -3  5  2 J/K, the process is permitted.

Closed system

The second statement involves a closed system (here the cube  system A) that exchange energy by thermal transfer with a thermostat (here "the atmosphere of the room"). The entropy created is the difference between the entropy variation of the system and the entropy exchanged with the thermostat:

Screated  SA  Sexchanged .
Here the exchanged entropy is the opposite of the entropy variation of the surroundings:

Sexchanged   Ssurroundings .

We obviously find the same result as with the first statement; For example answer to Q1 is: ♦ Q1: SA  5 J/K and Sexchanged  5 J/K then Screated  5  5  0 J/K.

Second questionnaire

The answer expected to the first question by the students is similar to the following: Q1: Being dictated by a large temperature gradient [60°C  (80 -20) °C], the transformation is irreversible and the entropy created must be positive.

For the question Q2, the only two solutions expected are detailed below.

Isolated system

The isolated system is the system consisting in the union of two subsystems: the cube and the source.

Entropy being an extensive quantity, it is the sum of the entropy variations of these two subsystems:

∆S  ∆Scube  ∆Ssource .
And according to the statement for an isolated system:

Screated  ∆S  ∆Scube  ∆Ssource .
In summary, the system under study  {cube  source at 80°C} is an isolated system, therefore:

Screated  ∆Ssystem  ∆S  ∆Scube  ∆Ssource .
Temperature of the cube: 𝑇 1 = 20°𝐶 = 293.15 K, and that of the source:

𝑇 2 = 80°𝐶 = 353.15 K ∆S cube  m C p ln ( T final T initial ) m C p ln ( T 2 T 1
)  14.9 J⋅K -1

∆S source  ∫ δQ source T source  ∫ δQ cube T source  ∫  dH cube T source   ∫ m C p T 2 T 1 dT T 2  m C p T 2  T 1 T 2  13.6 J⋅K -1 S created  ∆S cube  ∆S source  m C p ln ( T 2 T 1 )  m C p T 2  T 1 T 2  1.3 J⋅K -1

Closed system

The second statement given above involves a closed system, the cube, undergoing thermal transfer with a thermostat at 80°C. The entropy created is thus the difference between the entropy variation of the system and the entropy exchanged with the thermostat:

Screated  ∆Scube  Sexchanged
Here the system under study  {cube} being a closed system, the statement involving the exchange entropy must be used: ∆Ssystem  ∆Scube  ∆S  Sexchanged  Screated Using again T1  293.15 K and T2  353.15 K yields:

∆S  m C p ln ( T final T initial )  m C p ln ( T 2 T 1
)  14.9 J⋅K -1

S exchanged  ∫ δQ T e  ∫ dH cube T 2  ∫ m C p T 2 T 1 dT T 2  m C p T 2  T 1 T 2  13.6 J⋅K -1
The entropy created can thus be inferred, the value shows that an identical result is obtained whatever the nature of the system (isolated or closed):

S created  ∆S  S exchanged  m C p ln ( T 2 T 1 )  m C p T 2  T 1 T 2  1.3 J⋅K -1
Before moving on to the presentation and analysis of the results, we emphasize that the objective is not didactic engineering, but rather detecting and listing the difficulties faced by students in order to rectify and improve our pedagogical method for teaching the second law.

RESULTS AND ANALYSIS

First questionnaire

Table 1 shows the frequency of responses to the four questions. The percentages of correct answers to questions Q1-Q4: 43%, 62%, 65% and 43%, respectively, teach that students had significantly more difficulty answering the two questions Q1 and Q4. To understand the origin of these difficulties we analysed the arguments of students who got these two questions wrong. The analysis of the justifications provided indicates that students consider that zero created entropy corresponds to a reversible process without examining whether the proposed transformation could occur or not; in other words without investigating the cause of the process, namely a non-zero temperature gradient in this case. The students' responses are of the type:

« If the transformation is reversible  Screated  0 ». « Screated  SA  SB  5  5  0 so possible  reversible transformation ».
« SA  Sexchanged  Screated  Screated SASexchanged  0 in this case here, which is possible if the transformation is reversible [(A  B) isolated system] ».

Regarding the arguments for the incorrect answer to question Q4, the justifications given by the students are based on a comparison between the size of the cube (system A) and the size of the room (system B). They believe that the entropy change of the small system is necessarily larger than that of the large system. Their answers are of the type: « The cube is much smaller than the room, so it cannot have a lower entropy variation than the room ».

« The cube being small, the room can be considered as a thermostat and must therefore have a smaller entropy variation than the cube ».

« For the entropy of the room to increase it requires a huge temperature difference between the two bodies since the cube is logically much smaller than the room ».

We realized that some students consider that the larger system is the one that acts and the smaller is the one that is passive: this is the size effect [14]. Table 2, gathering the proportions of students with 4-0 correct answers, provides some supplementary yet very interesting information. One can assume that the overall percentage of students with four or three correct answers: 46% (20%  26% see Table 2), is satisfactory as it could be considered as a sign of solid knowledge acquisition from these students. However, this percentage almost halves if we consider correct answers with a correct justification. Therefore, answers without justification cannot be an indicator to consider that students have stable knowledge, as is well known. The knowledge of students with up to two correct answers: 38% (17%  21%, Table 2) could be described as metastable, or even unstable, since the percentage of correct answers with a correct justification, of the order of 3% (Table 2), is well below 38%.

The arguments supplied by students can additionally be categorized (Table 3) to capture their reasoning.

Table 3: Categories of arguments developed by students.

Head count

Isolated system

Conservation of entropy

Size (or volume) effect

Thermal effect Other (2) No argument N  440 (1) 27% 16% 18% 9% 23% 7%

(1) N  440: students who answered at least one question (91% of 483, see Table 2). (2) No second law of thermodynamics... The analysis indicates that only 27% of the students use arguments based on the concept of an isolated system, others use the conservation of entropy (16%), and still others reason in terms of the thermal effect (9%) or the size of the system (18%). We also noticed that 23% of the submitted scripts lack any logic that allowed us to detect a coherence in the answers given.

Reasoning in terms of isolated system

27% of students developed a reasoning referring to the concept of the isolated system (Table 3). The supporting evidence that clearly points to this among the responses given is related to the third question (Q3). The following statements illustrate this:

« Screated  ∆SA  ∆SB  3  5  -2 J/K, Screated < 0 impossible according to the second law ». « ∆S A  3 J/K  S exchanged  S created ∆S B  S exchanged  -5 J/K } ⟹ S created  -2 J/K ⟹ impossible ».
« No, because there can be no decrease of the total entropy of the Universe (and here the Universe is the closed system A  B) ».

Obviously the last answer shows that there is confusion between the notions of isolated and closed system, although students do not use these adjectives. This situation is not rare because some students consider the adjectives "isolated" and "closed" to be synonyms.

Reasoning in terms of entropy conservation

Some of students used a rationale based on the erroneous principle of entropy conservation [5,14]. We can illustrate this with the following answers related to question Q1:

« The system is isolated, the entropy of A increases as the entropy of B decreases ».

« If A increases by N J/K necessarily B decreases by N J/K ».

« It is possible, because there is conservation of entropy, A B is an isolated system. There is an equal exchange between A and B ».

« The total entropy is the sum of the entropy of the system A with the entropy of the system B. Moreover the system is isolated thus the entropy is conserved which coincides with these variations of entropy ».

As can be seen, according to the students the use of the "entropy conservation principle" naturally requires the use of the isolated system [14]. But students simply did not apply the statement of the second law associated with the isolated system correctly. Indeed, they merely and prejudicially extended the conservation principle valid for the concept of energy of isolated systems to the concept of entropy.

Reasoning in terms of thermal effect

Next Table 3 also indicates that 9% of the students argued from heat transfer. Even when their sentences are not wrong, they did not justify the answer given:

« If TBi > TAi there is a heat transfer from B to A thus decreasing the entropy of B and increasing the entropy of A » (answer to Q2, where TBi and TAi stand for T2 and T1, respectively). Some students used the word "thermostat" in the sense of a control device rather than to refer to the concept of a heat source, which is a system that exchanges energy by transferring heat while maintaining its temperature constant:

« If there are losses in the thermostat, B will receive less than what A provides » (answer to Q2).

The arguments put forward by students who have adopted such reasoning reveal that the second law would play no role in the processes that occur between the system and its surroundings.

Reasoning in terms of system size

The argument in terms of size [14] is used mainly in questions Q3 and Q4. Thus 18% compared the size of the two systems to conclude:

« The room is too big compared to the cube for it to transfer entropy to it ».

« The volume of B is larger so it cannot decrease more than the system A increases (isolated system case) ».

« A being smaller than B, its entropy increases more rapidly ».

This size effect outweighs correct reasoning for some students [14]. Indeed, after answering the first three questions correctly with equally correct justifications, these students did not answer the last question Q4 correctly. All of errors and confusions noted in the analysis of this questionnaire suggest that the students will have difficulty performing an analytical calculation of the entropy created. However, it is the calculation of this quantity that constitutes a quantitative argument allowing them to justify the reversibility or irreversibility of a process. This is the objective of the next paragraph devoted to the second questionnaire.

Second questionnaire

The irreversibility of the process

Table 4 lists the percentages of answers to Q1 and the nature of arguments used by students to conclude that the process is irreversible. Clearly the majority (74%) recognized the irreversible nature of the process. However, the percentage of those who argued in terms of temperature gradient is only 35%.

Table 4:

Percentages of responses to question Q1.

Head count: N  189 Q1

Irreversible 74%

Kinematic point of view (1) 15%

Temperature gradient 35%

No arguments 20%

Others 4%

Reversible 16%

No answer 10% (1) i.e. the possibility of returning to the initial state, a sequence of equilibrium states, the rate of the process… Table 5 tells that students felt challenged by Q1 as only 59% substantiated their answers. It also reveals that they faced many difficulties and lacked effective criteria to conclude with certainty about irreversibility [START_REF] Lahlaouti | Some difficulties encountered by students in the calculation of an entropy balance[END_REF]. Indeed, those 31% who recognized the reversible or irreversible nature of the process did not manage to rationalize their answer. Also some of the arguments used were often incomplete and lead in some situations to contradictions.

Table 5: Percentages of justified and unjustified responses

Q1 Percentages

Justified answers 59%

No justification 31%

No answer 10%

Entropy balance

According to Table 6, only 15% were able to work out a complete and correct literal1 calculation to answer Q2 concerning the entropy balance. The majority of students (75%) got it wrong and 10% did not answer. These percentages confirm that this question is complex and difficult, given the many, often abstract, concepts that must be perceived, such as system, isolated system, closed system, entropy, created entropy, exchanged entropy, etc. [START_REF] Lahlaouti | Some difficulties encountered by students in the calculation of an entropy balance[END_REF]. The students developed reasoning (Table 7) based on:  Screated  ∆S which corresponds to an isolated system (10%),  Screated  ∆S  Sexchanged which applies to a closed system (41%),  a combination of an isolated and a closed system (6%),  a focus on ∆S, i.e. the quantitative calculation of the entropy variation and its sign are sufficient to judge the irreversibility of the process (21%).

Table 7: Percentages of response classes for question Q2.

Q2 Answers

Isolated system or Screated  ∆S 10%

Closed system or Screated  ∆S  Sexchanged 41%

A combination of an isolated system and a closed system 6%

Focus on ∆S 21%

Others 12%

No answer 10%

In addition Table 7 shows that 51% (i.e. 10%  41%) of students are in a winning strategy as their approach is based on either Screated  ∆S or Screated  ∆S  Sexchanged. Yet only 15% of students replied appropriately (Table 6). Therefore it is necessary to determine the types of obstacles students encounter in this entropy balance calculation. The answers are, obviously, to be found in the rationale used by the students to determine ∆S and/or Sexchanged. [START_REF] Lahlaouti | Some difficulties encountered by students in the calculation of an entropy balance[END_REF] Furthermore, the analysis of the responses informs us that 68% of the students (41%  6%  21%, Table 7) adopted a strategy using a closed system for calculating the entropy change ∆S involving the cube. Also to be noted, a sizable ratio of the students: 12% (Table 7) developed arguments that do not allow to deduce ∆S. Finally, the 10% remaining students did not answer the question. It is clear that these results concerning ∆S do not explain why only 15% (Table 6) were able to perform a complete and correct literal calculation of the entropy balance. The explanation must therefore be sought in the calculation of the exchange entropy.

Indeed, according to Table 8, barely 25% of the students provided a correct definition of exchange entropy. Then, apart from the 10% who thought about the system as an isolated one, 19% of the students clearly confused the exchanged entropy with the entropy variation of the cube. Finally since a significant part of the students (46%, Table 8) are shared between "Other" (36%) and "No answer" (10%), we should conclude that computing an entropy balance is a rather complex and difficult question to answer.

Table 8:

Categories and percentages of responses to 𝑆 𝑒𝑥𝑐ℎ𝑎𝑛𝑔𝑒𝑑 (question Q2).

Q2 N  189

Sexchanged defined correctly 25%

Isolated system 10%

Sexchanged confused with ∆S 19%

Others 36%

No answer 10%

Difficulties related to δQ/T and definition of the system

The difficulties encountered by students are related to the expression δQ/T [START_REF] Lahlaouti | Some difficulties encountered by students in the calculation of an entropy balance[END_REF]. The use of this physical quantity requires a correct understanding of those two involved in this ratio and an increased attention to the conditions of its application. Indeed, it can be used not only to calculate the entropy variation of the system but also to determine the entropy exchanged with its surroundings:

 δQ/T  dS, where dS stands for the infinitesimal variation of entropy of the system studied. Here the thermal transfer δQ exchanged with the surroundings does not necessarily correspond to the real transformation. Here δQ rather designates the thermal transfer corresponding to an equivalent reversible process. Therefore T is the equilibrium temperature of the system at each instant of the change.

 δQ/T  δSexchanged , in this case the quantity δQ is the thermal transfer exchanged in the actual transformation and T denotes the temperature of the surroundings. The later generally is a thermal source with constant temperature Te, thus T  Te.

As a result of this subtle but profound difference in physical significance of δQ, to judge the reversibility or irreversibility of a process many students worked out the entropy using the expression δQ/T without knowing perfectly the conditions allowing to write it and use it. This shortcoming is a great obstacle to calculate the entropy exchanged and thus the entropy created. We point out that most of students (~80%, Table 9), did not define the system under study at all or had difficulties in defining it. We evaluated that 10% did define it correctly, i.e. those who correctly determined the entropy created without specifying the system studied are not counted. Indeed, working out the entropy balance requires to make a clear choice of the studied system, making it possible to determine its nature: closed or isolated, and thus to figure out which statement to use to compute the created entropy. For most students the notion of system is unclear. Not specifying this at the outset inevitably leads, for many, to mixing the two statements in the analysis of the process: the definition of the system studied constitutes a challenge.

Table 9:

Percentage of those students who define the system and those who failed.

System Distribution

Defined system 10%

Undefined system 80%

No answer 10%

CONCLUSIONS

The questionnaires developed in this study have highlighted the difficulties faced by students in tackling problems related to the second law of thermodynamics in the best possible conditions. These difficulties are not only due to an insufficient understanding of fundamental concepts such as the system, the isolated or closed system but also formulating an entropy balance. The range of errors committed and the confusions observed did not only concern purely mathematical aspects. Students had a lot of difficulties in working out an analytical calculation of the entropy created. However, it is the calculation of this phys-ical quantity which constitutes a quantitative argument allowing to substantiate the reversibility or irreversibility of a process. Moreover, computing an entropy balance requires a very clear choice of the system studied. This choice makes it possible to know the nature of the system: closed or isolated, and consequently to determine which statement should be used to calculate the entropy created. For most students, the notion of a system is vague. We correspondingly resolved to adjust our teaching practices to circumvent the roots of these difficulties, misunderstandings and confusions to ensure, as much as possible, that these students complete their cycle with a sound background in thermodynamics. It would also be useful to appreciate why some of students (21%, Table 7) were focused on the variation of the entropy of the system ∆𝑆. In other words, to understand why the quantitative calculation of ∆𝑆 and its sign are sufficient, according to these students, to judge the irreversibility or reversibility of a process. This study is currently under progress.

To conclude, we thought it would be a good idea to submit both surveys during the entropy tutorials, and to engage in a dialogue and debate, not only with the instructor but also among the students. We anticipate that this practice could help students to better cope with the subtleties related to central definition and concepts outlined in this article and draw instructors' attention on student's key issues. We accordingly decided to organize this for the next session. Our feedback will be the subject of another publication.

Table 1 :

 1 Percentages of responses to questions.

	Head count: N  483	Correct answer	Incorrect answer	No answer
	Q1	43%	48%	9%
	Q2	62%	25%	13%
	Q3	65%	20%	15%
	Q4	43%	40%	17%

Table 2 :

 2 Percentages of students with a set number of correct answers, 4 CA means four correct answers, 4 CACJ means four correct answers with correct justifications...

		4 CA	3 CA	2 CA	1 CA	0 CA	No answer to Q1-Q4
		20%	26%	17%	21%		
	N  483	4 CACJ	3 CACJ	2 CACJ	1 CACJ	7%	9%
		10%	12%	2%	1%		

Table 6 :

 6 Distribution of responses to question Q2.

	Number of students N  189	Correct answer 1 Erroneous answer No answer
	Q2	15%	75%	10%

Numerical values were ignored: only 7% of the students who gave a correct literal answer provided a correct value.