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1.2 WHAT IS A THERMODYNAMIC METHOD?

Thermodynamic methods are tools used to simulate the physical behaviour of a material
system. They are used to calculate one or several physical properties. It can be viewed as a
mathematical operation that starts from a list of input properties and produces one or several
output properties (figure 1.3). The properties are generally fluid composition and two state
variables. The definition of state input variables are given in section 2.1 (p. 23).

In order to facilitate understanding, this concept will be illustrated with a small example:

Figure 1.2

Illustration of a mixer-splitter system.

In practice, flows do not mix easily. High turbulence in flows or in vessels is necessary to
achieve a homogeneous product. The process simulator cannot take these effects into account
without a specific intervention.

Figure 1.3

A conceptual view of a thermodynamic calculation.

Example 1.3 Simple Bubble temperature calculation

The input properties are:
• components in the mixture,
• compositions of the feed (zi) and
• total pressure P.

The output properties are:
• temperature T and
• compositions of the vapour phase (yi).
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1.2.1 The physical model

Thermodynamic methods are constructed from one or more physical models. These models are
essentially mathematical relationships that relate a physical property to one or more state
variables. They are discussed in detail in section 3.4 (p. 160). Depending on the basic knowledge
available, these models may be more or less empirical. They often contain adjustable parameters
that are determined using experimental data, as further discussed in section 1.2.3 (p. 6).

A particularity of the thermodynamic equations is that the model may undergo some
mathematical treatment (differentiation, integration, etc.) before they actually deliver the
property that is asked for [9]. This is why such great care should be taken regarding the
quality of the equations. This also helps us understand why it may be preferable to use a
different model for different properties (the same model for both vapour pressure and
enthalpy of vapourisation, for example, ensures thermodynamic compatibility between these
properties, but reduces the accuracy for each single type of property).

In fact, in most situations encountered, several models will be combined in order to yield
the expected result. The reason for this complexity is that the calculation of a given property
may require the prior knowledge of one or several other properties. The combination of
several models is a thermodynamic method. Figure 1.4 represents this visually.

The “russian dolls” image illustrates quite nicely this concept: several models are used
together in order to reach the final results.

Figure 1.4

A conceptual view of a thermodynamic method using different models.

Example 1.4 Bubble temperature calculation for an ideal mixture

The solution to this example will require two different models:

1. The bubble pressure equation for an ideal mixture

(1.1)

2. The Antoine equation for calculating the pure component vapour pressures:

(1.2)
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1.2.2 The algorithm

As we can see in the simple example used here, the combination of equations 1.1 and 1.2
cannot yield the temperature as a direct answer. A solver will be needed to calculate it
(figure 1.5, where the solver is represented in a more general way by the term “algorithm”).
If a solver is used, the following must be provided:

• an initial estimate,
• a solution scheme,
• a convergence criterion.

Although users of thermodynamic tools are not often confronted with this problem
directly, it is good they be aware of it, since it may help them understand that:

• The solver might not converge. In the best case it will provide a warning, but some-
times the simulator continues without warning.

• A bad solution may be caused by a local minimum in the solution scheme.
• If users compare the results of two simulators, using identical methods and parame-

ters, there may still be differences.

1.2.3 The data: properties or parameters?

So far, only the physico-chemical properties or state variables that enter into the problem
have been considered. State variables are physico-chemical properties that define the state of
the system (typically: pressure, temperature, composition). Users should make sure that
these basic properties are well known. This is further discussed in section 1.3.1.1 (p. 11) and
later in section 2.1 (p. 23).

However, the calculation tools also employ parameters. These may or may not have a
direct physical significance and are usually related to the model used. They are discussed in
a more exhaustive manner in sections 3.1 (p. 102) and 3.2 (p. 142).

Figure 1.5

A conceptual view of a complex thermodynamic method with thermodynamic
calculation algorithm.
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Validating the numerical parameters of the models is an essential part of the thermody-
namic model evaluation. It may be worthwhile evaluating the sensitivity of the final result to
the values of these parameters. As an example, Brulé et al. [10] show very nicely how sensi-
tive the physical property calculations may be to a change of an input parameter. In
figure 1.6, the effect of the uncertainty on the critical temperature on several property calcu-
lations is shown. Obviously, the sensitivity is very different depending on the property
considered. Generally, the phase equilibrium calculation (in this case vapour pressure) is the
property that is most sensitive to the energy parameter (in this case critical temperature).
Note also that the minimum may be different depending on the property considered. Hence,
if the parameter is adjusted on the liquid density, the optimal value will differ from that

Example 1.5 Vapour pressure calculation using the Antoine equation

The Antoine equation is as follows:

(1.3)

The physico-chemical properties are: Temperature (T) and Vapour pressure (Pσ);

The empirical parameters are A, B and C.

Figure 1.6

Sensitivity of the Peng-Robinson equation of state to the critical temperature of
toluene, from [10].
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found for the vapour pressure. In the example provided here the effect is small, but in other
cases it may be more significant.

Dohrn [11] illustrates how such an uncertainty can have enormous consequences when it
is amplified through the large number of thermodynamic calculations performed in a simu-
lator. Dohrn considers a distillation column that separates an equimolar feed of toluene and
chlorobenzene. Chlorobenzene is the heavier component, and will therefore be found at the
bottom of the column. Using 40 theoretical stages, figure 1.7 shows how the calculated
concentration of toluene in the residue varies as a function of the uncertainty on the critical
temperature of toluene (theoretical value of 591.8 K). It is observed that the sensitivity is
extremely large in this case, which means that if the toluene concentration is an issue, evalu-
ation of this parameter will require extreme care.

A discussion on the key components, and therefore of the parameters, is proposed in
section 3.5 (p. 225). At this stage, it is simply stated that parameters may come from different
sources:

• The best method is to fit the parameters directly on experimental data. This is always
the preferred choice if the expected properties must be calculated with great accuracy.
Regression methods are discussed in detail in the book by Englezos and Kalogerakis
[12]. They are also presented in section 3.3 (p. 148).

• They can be found in databases. This is essentially the case for parameters that have a
physical significance [13]. However, all commercial simulators also provide parame-
ter values so that the models proposed can be used with a large variety of components
without any additional input from the user. This is very convenient but may be dan-
gerous if the results are used in extrapolation outside the range for which the proposed
values have been generated.

Figure 1.7

Effect of an error on the critical temperature of toluene on the calculated
concentration at the bottom of the distillation column [11].
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• If some information concerning the mixture (pseudo-)components is available (typi-
cally boiling temperature and density for distillation fractions or the molecular for-
mula for complex molecules), it may be possible to use independent correlations [14]
or group contribution methods that provide the required parameters (e.g. UNIFAC –
[15] – for GE models; Coniglio et al., 2000 [16], for cubic equations of state). Very
often, the accuracy of the results obtained in this way is not as good as when they are
fitted on data, but they may be very useful as a first indication of trends.

• Today, molecular simulation tools exist that allow the use of, for example, quantum cal-
culations for identifying model parameters. This issue is increasingly studied in the lit-
erature today and can in some cases lead to very interesting predictive results [17, 18]
yet probably not as accurate.

1.2.4 Conclusions

A thermodynamic property calculation requires the combination of a good model, good
parameters and a stable algorithm.

Three issues can be identified as a result of this observation:

• what intermediate properties are needed to compute the required property?
• what model is used for each of the intermediate property?
• what parameters are needed for each model?

These issues will guide the reflections throughout this book.

1.3 CRITERIA FOR PROBLEM ANALYSIS

Problem analysis will focus on three different issues. Each will give rise to a number of
questions that must be clearly identified:

• what property(-ies) is(are) requested and what property(-ies) is(are) given?
• what is the fluid composition?
• where are the process pressure and temperature conditions located with respect to the

phase behaviour?

Each of these issues is detailed below. In addition, a separate chapter will be devoted to
each one in order to fully understand the consequences of the choices made. Table 1.3
summarises the questions and the possible answers.
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