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CALORIMETRIC MODELS

Theory and application
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[

The basis of the determination of mathematical models of calorimetic systems is presented.
Examples of applications of these models are given for the elaboration of a classification of
calorimetric systems; the analysis of the course of heat effects in calorimeters; the analysis of dy-
namic properties: and the analysis of total heat effects and thermokinetics. Special attention is
paid to the application of the multi-body method for the construction of mathematical models of
calorimetic systems.

This work concerns mathematical models of calorimetric systems. It will
deal with theoretical work from the field of calorimetry and thermal analy-
sis; the search for the relations between the function describing the ex-
amined heat effect and the function describing the system response to a
given applied effect; and the search for this relation by determining the
set of parameters which decide the formalization of the mathematical
model, and the dependences between them. In order to locate these notions
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in calorimetric problems, let us consider the process of introducing
experimental tacts into the theory, in the case of the calorimetric system,
a physical system. In general, we can assume that the calorimeter is a device
for the determination of heat effects of various transformations. With
respect to the fact that heat energy is not a directly measured physical
magnitude, the calorimetric measurement does not give a direct measure of
the energetic transformation, and treatment of the calorimetric data is
necessary. The fundamental condition for the proper treatment of the data
is the knowledge of the calorimeter behavior, that is the changes of state due
to energetic transformations. A set of statements about the possible behavior
(changes of the calorimetric state), which gives the theory of calorimetric
measurements, can be obtained from an analysis of the relations binding
together the state variables — measurable parameters which characterize the
calorimetric properties. The quantitative determination of the relation
between the state variables is the domain of thermodynamics. The only
possibility for the determination of heat energy on the basis of the first law
of thermodynamics is when the remaining forms of energy are known.
Therefore, it is necessary to formulate a thermodynamic description between
the heat and inner energy based on the theory of heat exchange. Further-
more, if we are interested in the course of the changes of heat processes
within time, it is important to learn the dynamics of the processe.

Formalization of calorimetic model

The dependence which in the most general way describes the relation
between the efficiency of heat sources, the measured temperature and the
heat parameters of the system is the Fourier-Kirchhoff equation, com-
plemented, with respect to mass transport, by the Navier-Stokes equation and
the continuity of flux equation. With the initial and boundary conditions
determined, this equation gives more information about the system. The
Fourier-Kirchhoff equation is the basis of a number of calorimetric publi-
cations; for example, the papers by Laville {1] and Camia [2] treat general
problems of calorimetry, while from the other side the papers by Tanaka,
Amaya and Hattori [3, 4] treat the problems of the determination of partic-
ular heat effects. Such work is now not at the centre of interest of articles
on mathematical models of calorimetric systems. When determining the
particular forms of solutions of the Fourier-Kirchhoff equation, we have
to deal with strictly mathematical problems (the solution of nonlinear
equations), which in many cases makes analysis of the problem compli-
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cated or even impossible. In this situation, the arbitrary contraction to a set
of parameters which are the most important from the point of view of the
process studied is possible and is often used [5]. These types of models are
mostly constructed on the basis of sets of heat balance equations [6]. From
the heat parameters of the system, the following are distinguished; heat
capacities, heat loss coefficientes; the input function is heat power; the
output function which is measured is the temperature. It is assumed then
that the calorimetric system is a system of several bodies (domains) of
uniform temperature; temperature gradients occur only between bodies and
are characterized by heat loss coefficients. It is also assumed that in each of
these bodies a heat effect can be generated and the temperature can be
detérmined. In the simplest case we use the heat balance equation of the
simple body. In other cases, in many problems of modern calorimetry, we
are dealing with a system of equations of several bodies. Application of these
equations is very convenient, because the possibility of the experimental
identification of domains in the calorimetric system can be shown [5]; the
set of physical parameters is not large and can be determined [5]:accord-
ing to the circuit theory, the electric-heat analogy allows [7] the identi-
fication of accumulation terms and terms describing the heat exchange
giving the pendants of resistance and heat capacity.

'the third way to construct mathematical models of calorimetric systems
(the most simplified and poorest) is to use the “black box’’ notion, in which
it is assumed that the calorimeter is a linear and stationary object with
exactly defined conditions; a stationary object with the same values of
parameters during the calibration as during the determination of the output
function. Identification of the physical parameters of the system is neglected.
This manner of constructing calorimetric models has mostly been used for
the determination of thermokinetics. Practically, it is not useful for the
analysis of heat courses.

Analysis of heat effect courses

Calorimetric models based on heat balance equations for multi-body
systems are used for the analysis of heat effect courses in calorimeters,
especially in nonisothermal-nonadiabatic calorimeters [8, 9]. These are the
systems in which the calorimetric vessel containing the examined object is
placed in the shield of constant temperature. For this type of system, the
method of quantitative analysis of the influences of external disturbances
on the accuracy of the calorimetric measurement has been elaborated. This
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analysis has been carried out for simple and differential calorimetric systems
[10, 11]. Analysis of the mutual localization of the heat sources and
temperature sensors for the calorimeter treated as a system of two or of
three bodies [12, 13] with a concentric configuration has been performed.
It has been considered to what degree the time characteristics of the ca-
lorimetric systems depend on the mutual localization of the heat sources
and temperature sensors [14, 15]. Depending on the mutual localization
of the heat sources and temperature sensors, various measuring curves are
obtained. The relationships between the femperatures of the distinguished
bodies the generated heat effects take various forms [12, 16]. For some
cases of the mutual localization of the source and sensor it is impossible to
determine the heat power on the basis of the temperature measurement of
only one body. Because of this, a new method for the reconstruction of heat
power [17] was proposed. It was shown that for these systems the heat
capacity must not be the algebraic sum of the heat capacities of the dis-
tinguished bodies, but their linear combination [18]. This surprising con-
clusion explains the phenomenon of the change of heat capacity, which was
experimentally observed by King and Grover [19], Jessup [20], West and
Churney [21], Calvet and Prat [22] and Madejski, Utzig, Zielenkiewicz
[23]. Mathematical models of calorimetric systems have been elaborated
for several calorimeters [24—27] and used for the optimization of calor-
imetric construction and the determination of thermokinetics.

Reconstruction of thermokinetics

The important domain of the application of calorimetric models is the
determination of thermokinetics, i.e. the function describing the changes
of heat power in time [5]. The determination of this function involves the
fact that each calorimetric measurement in which thermokinetics is
determined is a source of kinetic information. The need to determine this
function is closely related to particular interests of many fields of science:
physical chemistry; biology, biochemistry, medical science and materials
science. The determination of this function is used for the determination
of the kinetic parameters of different chemical reactions; it is applied to
examine the metabolism of various living systems; the growth of bacteria
and plants; and thermal changes in human blood. Practically, various types
of calorimeters are used to determine the thermokinetics. A large number of
publications concern conduction calorimeters. A mathematical model based
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on the simple body heat balance equation has been used for the reconstruc-
tion of thermokinetics by Swietostawski an Salcewicz, Calvet and others.
A great number of articles relate to mathematical models based on the
“black box’ notion. This type of model gives the basis for the method of
reconstruction of thermokinetics, e.g. the harmonic analysis method [28],
state variable method [29], dinamic optimization method [30], inverse
filter method [31], automatic compensation method [32] and finite elements
method [33].

One of the most useful methods of reconstruction of thermokinetics is
the multi-body method [25]. This is based on the knowledge of the physical
parameters of the calorimetric system. As demonstrated experimentally
[34], this method is very convenient and allows a distinction between the
changeable and nonchangeable parts of calorimeters; this indicates that, for
various capacities of the calorimetric vessel, there is no need to change the
mathematical model of the calorimetric system, but a change in the value of
the heat capacity of the calorimetric vessel calls for an introduction into the
input data of the program. This method is computerized and used for the
determination of various heat effects. It has been successfully applied to
determine the thermokinetics in calorimetric systems in which changes in
heat capacities take place.

Evaluation of numerical methods of reconstruction of thermokinetics is
the subject of many papers [35]. By carrying out the same type of measure-
ment series or an investigation of the kinetic limits [36] and the signal-to-
noise ratio one can determine the dynamic possibilites of a calorimetric
system.

Identification of model parameters

Application of the mathematical model allows the treatment of calori-
metric systems as dynamic objects. For this purpose it is necessary to
determine the dynamic parameters, precisely i.e. the time constants of the
calorimetric system. In the past few years, a significant development can be
observed in the field of identification methods, which permit:

1. the determination of the zeros and poles of the transmittance on the
basis of the assumed form of the pulse response and the accepted criterion of
fitting it to the “experimental’’ pulse response;

2. the determination of the poles and zeros of the transmittance on the
basis of the equation describing the system and the corresponding equation
of the pulse response by the modulating function method;
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3. the approximation of the transmittance by the rational function by the
Pade method;
4. the determination of the poles and zeros of the transmittance on the

basis of frequential characteristics.

For the methods of determining the model parameters, the followin

should be considered: Pades approximation method [37], the modulating
function method [38], the frequential analysis method [39, 40], the time
analysis method [15, 27, 41], the least squares method [42] and the multi-
body method [6, 24, 43]. Additionally, different techniques of calculating
the values of the parameters are elaborated in each of these methods.
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Zusammenfassung — Die Grundlage zur Ableitung mathematischer Modelle von kalorimetrischen

Systemen wird vorgestellt. Fiir diese Medelle werden folgende Anwendungsbeispiele ausgefuhrt: Fort-
geschrittene Klassifizierung kalorimetrischer Systeme, Analyse des Verlaufs von Wirmeeffekten in
Kalorimetern, Analyse der dynamischen Eigenschaften, Analyse der vollstindigen Wirmeeffekte, Ther-
mokinetik. Besondere Aufmerksamkeit gilt der Anwendung der Vielkdrpermethode zur Aufstellung
eines mathematischen Modells fiir kalorimetrische Systeme.

PE3WME - [Ipencrasnenst OCHOBSLI ONIPEHENICHHA MATeMATAYECKHX MOLENeH AN KaTopUMeTPHIeC KUX
cucrem. JlaHbl MpUMepnl NPUMEHEHWA TAKMX MOJIeNed INA XOpowo NMPOLyMAaHHOH KaaccuHKALMN
KaJIOpMMETPHYECKUX CHCTEM, aHANN3A TETUIOBLIX 3(P(EeKTOB B KaJOPHMeTpax, aHAIH3a THHAMMMECKHX
CBOMCTB, 2HanN3a OOLMX TENnoBbiX 3PMeKToB M TepMOKHHeTHKH. Oco6oe BHUMAHHE VIeNEHO NpH-
MeHEHHI0 MeTOJa MHOXeCTB IIDH CO3A3aHHM MaTeMaTHYeCKMX Moeseil KaJopuMEeTPHUeCKHX CUCTEM.
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