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1  INTRODUCTION 
In introductory courses on thermal phenomena, time evolution is rarely taken into 
consideration. Obviously not because they intrinsically lack that dimension, but 
rather as a consequence of a series of circumstances which, historically, have led to 
this state of affairs in current didactics. This contribution, based on a concrete 
example, lays out the conceptual framework necessary to put the temporal 
dimension back into thermal phenomena. To do so, the introduction of new study 
topics is not necessary, nor is the availability of special equipment: from an 
experimental point of view, modern instruments of on-line data acquisition 
available in many school laboratories offer ample possibilities for measurements, 
while the use of numerical tools allows the handling of the computational aspects. 
 In fact, it is enough to consider classical chapters from a new perspective, like 
calorimetry, traditionally part of a high school program. It is usually considered 
satisfactory enough to determine algebraically the final value of a system’s 
temperature, normally made up of two parts whose initial temperatures were 
different, assuming moreover that the system is perfectly isolated from the 
environment. Several studies have shown what this traditional approach lacks: the 
student perceives calorimetry as detached from the rest of the theoretical body; in 
particular he fails to see it as part of the phenomena of energy exchange [1, 2]. 
Instead, the approach we propose is based precisely on the use of the 
instantaneous balance equation for energy: rather than just allowing a better 
description of the experimental settings, it also stresses the importance of the 
internal energy of the system, of the exchange mode with the surrounding 
environment and it involves a constitutive relation that links the internal energy to 
a macroscopically observable property. 

2  MIXING TWO QUANTITIES OF WATER AT DIFFERENT TEMPERATURES 
The chosen experimental situation constitutes a simple variation of the classic one 
where two quantities of water at different temperatures are mixed: in a container 
made of insulating material which holds water heated to a certain temperature, 
little by little colder water is added through a pipe (see Fig. 1). The container is 
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placed above a magnetic agitator, so that inside it the water temperature is kept as 
homogeneous as possible. The entire system finds itself on a balance linked to an 
on-line data acquisition system, which allows the real-time recording of the 
quantity of water added. Three thermal probes are placed in the container and in 
the pipe, to allow recording of the temperature changes over a period of time: 
specifically, two probes are placed inside the container to verify the homogeneity 
of the temperature. The evolution obtained [3] reflects, on the whole, what we 
could predict qualitatively: since the water flow entering the container is more or 
less constant, the rate of temperature decrease is higher at the beginning, and then 
slowly tends to decrease. The temperature difference between the water in the 
container and the water entering it is considerable at the beginning and decreases 
with time. For a complete description, we obviously need to consider the fact that 
the thermal insulation of the container is not perfect. 
 The slight decrease of the water temperature observed after adding the warm 
water to the container (but before starting to add the colder water), highlights the 
non ideal thermal insulation of the container itself: the instantaneous decrease rate 
allows one to determine experimentally the coefficient of thermal conduction 
which characterizes the interaction of the said container with the surrounding 
environment. 
 

 

 
Figure 1  Experimental setup and results: the vessel is filled with 143 g of warm water at the 
initial temperature of about 56 °C. After the tap of the funnel is opened, cold water (at a 
temperature of 23,6 °C) begins to drop into the vessel. In about 1,5 minutes 154 g of water 
are introduced into the vessel (see graph 1 at the top); graph 2 (at the bottom) shows the 
temperature plotted against time in the vessel and in the funnel containing cold water above 
the vessel. 
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3  CONCEPTUAL FRAME AND MODELLING 
This experiment is particularly suited for the introduction of energy balance in open 
systems, that are in systems which can exchange matter with the surroundings. In 
our case we consider as system only the water in the container (whose quantity 
changes with time), since in the experimental settings, the choice of a light 
polystyrene container allows one to disregard the thermal capacity of the 
container. The instantaneous water addition (described with a mass flow Im) 
coincides with the instantaneous rate of change of the mass of the system, which is 
determined experimentally thanks to the use of the on-line balance linked to a data 
acquisition system. With this information it is also possible to update the value of 
the thermal capacity of the system in question, so that, to be able to determine the 
time dependence of the temperature, it is sufficient to know the energy exchanges 
of the system as function of time: 
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The basic idea is therefore to consider the energy balance in its instantaneous form. 
The rate of change of the energy of the system is the result of two contributing 
factors: we have to consider, on the one hand, the water flow at the temperature T1 
entering the system (convective flux, IE, pipe), on the other hand, the thermal losses 
to the environment (walls not perfectly adiabatic, IE, loss is characterised by a total 
thermal resistance RRtherm). Such a balance can be expressed by the equation: 

 lossEfunnelE
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where the two flows are described respectively by 
  ,                                                                                               (3a) 1, TcII watermfunnelE =

 thermenvlossE RTTI /)(, −−=  .                                                                                     (3b) 
The next step consists in verifying if the model illustrated allows for the correct 
description of the measured values. For this we use an instrument of dynamic 
modelling [4] which makes it possible to present the aforementioned ideas on a 
graphical work surface (Fig. 2a). Fig. 2b offers a comparison of the experimental 
data and the model predictions: we observe a more than satisfactory accordance 
between measured values of the temperatures and the predicted values [5]. 

4  A DESCRIPTION BASED ON ENTROPY 
The calorimetric description based on energy allows one, as we have seen, to 
describe adequately the situation in question. However, that description leaves out 
one fundamental aspect, which is the role of entropy as the energy carrier in 
thermal phenomena, and in particular, the entropy production as a measure of 
irreversibility. In this section we want to briefly discuss the experiment from this 
point of view [6]. 
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Figure 2  a) Modeling: the model used is based upon the energy balance of the system. Two 
exchange channels are considered: IE,funnel describes the convective energy flow resulting 
from the warm water added; IE,loss describes the energy loss to the surroundings by thermal 
conduction. The experimental data delivered by the balance (Mmeas) are used to calculate the 
current intensity of the mass added of water (Im). By numerical integration it is possible to 
calculate, for each instant, the total amount of added water. This allows one to update the 
value of the thermal capacity of the system. With the usual calorimetric relationship it is 
then possible to calculate the temperature of the system as a function of time. b) Comparison 
of the model forecast (curve 1) and the experimental data (curve 2): the first part of the 
measured data is  used to fine tune the only unknown phenomenological parameter present 
in the model, that is the value of the thermal resistance which characterizes the thermal 
exchanges between the vessel and the surroundings. Thereafter the temperature behaviour 
is univocally forecast by the calorimetric laws. 

 
The adding of water (at temperature T1) to the system brings two contributions to 
the instantaneous balance equation for entropy: we have the convective part 
arising from the fact that the matter flow is also linked to the transport of entropy 
(IS, convective), and we have a term describing the production of entropy (πS) due to 
the process of thermal conduction arising from the contact between the water 
added (at temperature T1) to the container and the water already present in the 
container (at temperature Tsyst) that causes thermalization (which we assume to be 
instantaneous). Therefore, the instantaneous equation of balance for the entropy of 
the system can be expressed by: 
  .                                                                                               (4) SconvectiveSsyst IS π+= ,

&

The intensity of the convective transport IS, convective can be expressed as the product 
between the intensity of the mass flow Im and the specific water entropy at the 
temperature T1 ; the latter is expressed in terms of the specific heat cp at constant 
pressure (at the referral temperature T0) and of the value of the water temperature 
(T1): 
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where the last step can be obtained from the general relation expressing the 
connection between the intensity of the transported energy and the transported 
entropy at a given temperature 
  .                                                                                                                  (5b) SE ITI =
The instantaneous rate of entropy production is obtained considering both the 
instantaneous balances for energy and entropy, and can be expressed instant by 
instant as the difference between the entropy needed to bring the water, added at 
temperature T1 , to the current system’s temperature, and the entropy transferred 
by conduction from the system to the water added: 
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The modelization in the representation of entropy follows essentially that 
illustrated for energy: the model structure remains unchanged, but for the adding 
of an element describing the instantaneous rate of entropy production (see Fig. 3a). 
 The results obtained with the new modelization based on entropy are very 
satisfactory, just like those obtained with the calorimetric approach. However, it is 
now possible to evaluate the relative importance of the two terms in the balance 
equation, and in particular visualize the role of the temperature difference in 
relation to irreversibility (see Fig. 3b). 
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Figure 3  Entropy production: a) the instantaneous entropy production rate is represented 
by an additional term (besides the convective contribution and the one due to the losses to 
the surroundings) in the instantaneous balance equation of the entropy of the system; b) 
entropy produced plotted against time: the slope of the curve diminishes as time passes, that 
is as the temperature difference between the added water and the water in the vessel 
diminishes. This illustrates very well the fact that the entropy production rate is related to 
the value of the temperature difference between the two bodies involved in the process of 
thermal conduction: the greater the temperature difference, the more entropy will be 
produced. 
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5  POSSIBLE DEVELOPMENTS AND CONCLUSION 
This situation must not be seen individually, but inserted into a more ample 
context and in a coherent didactic sequence aimed at favouring the coordination 
between different scientific disciplines, making the underlying common structure 
explicit. So, if in the example we have presented the thermal exchanges are 
exclusively of a conductive nature, we can easily extend this approach to open 
systems where the matter exchange is linked to endo- or esothermal processes. An 
example referring to the cooling due to water evaporating from a container can be 
found in [7], while [8] offers an analysis and modelization for an acid-base 
titration. To extend this sequence, at the moment simple biological situations are 
being examined. 
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