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4.1.3.3 Speed of sound

The speed of sound, u, is another thermodynamic property that may be of use in fluid
mechanics applications. It is defined from the fluid PvT behaviour using:

 (4.4)

The speed of sound behaviour as a function of pressure and temperature is depicted in
figure 4.9. The speed of sound is large in the liquid or dense phase. It decreases with temper-
ature. The opposite behaviour is observed in the vapour phase: here, the speed of sound,
much lower, slightly increases with temperature and decreases with pressure. The result of
this behaviour is the crossing of isobars: the same speed of sound may be found, at the same
temperature, for a high pressure liquid and a low pressure vapour.

4.1.4 Model recommendations

In the above diagrams, the behaviour of the pure component CO2 is illustrated. The plots
have been generated using a BWR-type equation of state, which makes it possible to have a
reasonable approximation of properties including the critical point. However, the fluid may
also be a mixture. In that case, two main families of methods may be recommended,
depending on the degree of non-ideality of the fluid mixture.

Figure 4.8

Position of the Joule-Thomson inversion curve with respect to the isenthalpic
(dashed) lines in a TP diagram for carbon dioxide. The vapour pressure, ending
with the critical point, is shown as a bold line.
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4.1.4.1 Use of the one-fluid approximation

For pure components, or for mixtures that behave in a manner that is close to ideal, the one-fluid
approximation can be used. This means that the mixture is considered as a pseudo-pure
component. The parameters of the equation of state are calculated using some mixing rule from
the pure component parameters, in the same way as shown in section 3.4.3.3.C.d (p. 202).

Figure 4.9

Speed of sound for carbon dioxide.

Model Recommendations

Extended virial equations of state

The best type of equations are those developed using the virial approach, as discussed in
section 3.4.3.3.C, p. 200 (as for example Lee-Kesler, recommended for hydrocarbons [28]).
Span and Wagner at NIST have proposed very accurate equations of this type [29-33],
often called “Modified BWR” (MBWR) equations of state. For mixtures, they can only be
used for natural gases or other mixtures without strong intermolecular interactions. The
Refprop package, available at NIST, uses this kind of equation and generates high quality
plots of thermodynamic properties.

Cubic EoS

It may be acceptable to use cubic EoS to calculate enthalpy or entropy of complex (i.e.
polar) mixtures on the condition that the mixing rule (see section 3.4.3.4.D, p. 211) has
been validated for that purpose.
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One of the major advantages of the equation of states is that they are able to describe at
least approximately the critical point region (as described above, the true critical exponents
cannot be calculated correctly using an equation of state, but require more complex
approaches, as the cross-over method [27]).

4.1.4.2 Use of mixing rules and excess properties

The mixing rules for fluid properties have been discussed in section 2.2.2.2 (p. 60): knowing the
pure component properties at given pressure and temperature (these can be found either with an
equation of state as discussed in section 3.4.3 (p. 189) or, more often, from a liquid correlation
presented in section 3.1.1, p. 102), the properties of the mixture can be readily calculated for a
strictly ideal mixture. In case the mixture is not ideal, an excess property (activity coefficient)
model must be used. These are further discussed in section 3.4.2 (p. 171).

Note the limitations of this approach (mixing rules + excess properties):

• It is impossible to calculate properties near the critical point.
• Considering that the models are independent of pressure, it is impossible to use them

at high pressure. Generally, the use of this approach is limited to less than 1 MPa
above the bubble pressure.

• Activity coefficient models are unable to calculated excess volume. Fortunately,
excess volume is generally very small.

• Because thermodynamic derivatives are used for calculating the excess properties, it
is essential to validate the results on experimental data: default parameters, obtained
from a fit on phase equilibrium data, are generally unable to provide good values for
other excess properties (see for example the VLE fit in section 3.3.2.2, p. 156).   

Model Recommendations

Mixing rules

The calculation method is detailed using table 2.15 (page 63).

1. Pure component properties:
Pure component properties can be calculated using either correlations (for saturated liquid
properties, see the correlations proposed in section 3.1 (p. 102): they can be used up to
approximately 1 MPa above the saturation pressure), or "pseudo-experimental" equations
of state (see section 3.4.3.3.C, p. 200).

2. Excess properties:
Excess properties are calculated from activity coefficient models. Generally, only NRTL or
UNIQUAC are used for calculating excess properties in this context: the model must have a
sufficient physical foundation and allow flexibility in terms of temperature dependence of the
parameters: the thermodynamic derivatives used are most often temperature derivatives
(see section 2.2.2.2.B, p. 61).
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Example 4.1 Calculation of the vapourisation enthalpy of the acetone 
+ water mixture with NRTL at a given pressure (1 bar)

Analysis:

The vapourisation enthalpy is required. This is the difference between the vapour and liquid
enthalpy of a mixture:

 (4.5)

Since vapour enthalpy is always larger than liquid enthalpy, this number is always positive.
The condensation enthalpy has the opposite sign and is therefore always negative.

The enthalpy of a phase is calculated using the ideal gas and the residual contribution.

 (4.6)

The ideal gas contribution is calculated using the ideal gas heat capacity of the individual
components and the knowledge that the ideal gas is an ideal mixture:

 (4.7)

In this equation, the reference enthalpy is taken to be zero in the thermodynamic state
defined as the pure component ideal gas at temperature T0. The pressure of the reference
state need not be specified since pressure has no effect on the ideal gas enthalpy.

The residual contribution to equation (4.6) can be neglected in the vapour phase (pressure
less than 0.5 MPa), and calculated in the liquid phase using either an equation of state (see
section 2.2.2.1.B, p. 55) or liquid property model (section 2.2.2.2.B, p. 61). In the latter case,
the pure component residual contributions must be known through another means. In this
example, the mixture (acetone + water) behaves in a strongly non-ideal manner, and it is
therefore recommended to use an excess Gibbs energy model. It is possible to calculate the
excess enthalpy from the excess Gibbs energy using the Gibbs-Helmholtz relationship
(section 2.2.2.2.B (p. 62), eq (2.101)) The NRTL excess energy model is proposed (introduced
in section 3.4.2.2.C, p. 177). The liquid phase residual enthalpy is then calculated as:

 (4.8)

where the pure component liquid enthalpies should be computed using the same reference
state as for the vapour state (as in equation (4.6)):

  (4.9)

where the pure component residual enthalpy  is assumed to be equal to the opposite
of the vapourisation enthalpy. This assumption is acceptable provided that the saturated
vapour behaves as an ideal gas at the temperature of interest.

Note that for a mixture, the temperature of the dew and the bubble points are different.
Therefore, the temperature at which  and  should be calculated are different. These
temperatures are also calculated using the NRTL method, through the activity coefficients:

for the bubble point, the temperature must be found solving the following equation, at given
composition (x):

 (4.10)
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for the dew point, the temperature must be found using the same kind of equation, at given
composition (y):

= 10 MPa–1  (4.11)

In this last equation, x must be computed at each iteration from the phase equilibrium
equations. The algorithm is given in more details in section 2.2.3.1.C, p. 70.

Solution:

From the above equations, it is clear that many different models come into play before the
actual condensation enthalpy can be calculated:

• ideal gas heat capacity for each component ( ),
• vapourisation enthalpy for each component ( ),
• vapour pressure for each component ( ),
• the NRTL equation that is used both for calculating activity coefficients ( ) and excess
enthalpy ( ).

Each of these models should be validated against experimental data.

Table 4.1 provides the results in tabular form.

To calculate the condensation enthalpy of a mixture, we can write:

1. Calculate dew temperature using equation (4.11);
2. Calculate ideal gas enthalpies at the dew temperature, using equation (4.7). Considering
the low pressure condition, this can be regarded as the vapour phase enthalpy;
3. Calculate the boiling temperature using equation (4.10);
4. Calculate the ideal gas enthalpies at the bubble temperature, using equation (4.7);
5. Calculate the vapourisation enthalpy at the bubble temperature, for each component;
6. Calculate the excess enthalpy (function of bubble temperature and composition) of the
mixture;
7. Use equations (4.8) and (4.6) for calculating the actual liquid phase enthalpy.

The difference between the calculations in point 2 and in point 7 provides the vapourisation
enthalpy.

Table 4.1 Intermediate calculations required to calculate the enthalpy of vaporisation 
of the acetone + water mixture

Acetone (1) 
mole fraction Tdew

h#

(Tdew) Tbubble
h#

(Tbubble)
Δhσ

(acetone)
Δhσ

(water) hE hL hL – h#

= – Δhσ

K J mol–1 K J mol–1 J mol–1 J mol–1 J mol–1 J mol–1 J mol–1

0.00 372.80 2521.68 372.80 2521.68 -27186.33 -40813.94 0.00 -38292 40813.94

0.10 369.97 2762.76 341.67 1659.99 -28905.84 -42113.94 388.86 -38745 41507.28

0.20 366.87 2961.99 337.24 1661.81 -29142.63 -42298.11 535.28 -37470 40432.04

0.30 363.44 3112.44 335.60 1755.51 -29230.28 -42366.54 577.22 -36093 39205.41

0.40 359.58 3204.63 334.44 1859.42 -29291.87 -42414.71 572.62 -34734 37938.09

0.50 355.15 3224.98 333.39 1958.90 -29347.46 -42458.24 545.73 -33398 36623.01

0.60 349.95 3152.87 332.39 2051.36 -29400.66 -42499.95 503.78 -32085 35237.80

0.70 343.62 2955.31 331.41 2136.55 -29452.22 -42540.42 443.61 -30799 33753.40

0.80 335.84 2597.40 330.47 2214.73 -29502.27 -42579.74 354.06 -29549 32145.94

0.90 330.44 2353.72 329.58 2288.47 -29549.32 -42616.74 215.96 -28352 30705.26

1.00 328.90 2371.31 328.90 2371.31 -29584.95 -42644.79 0.00 -27214 29584.95
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4.2 PHASE EQUILIBRIUM BEHAVIOUR OF INDUSTRIALLY 
SIGNIFICANT MIXTURES

All thermodynamic calculations first require an evaluation of the number of phases present.
Only after the different phases have been identified can a property calculation be performed.
Most often, vapour-liquid equilibrium is evaluated by default. However, if there is any risk
that a second liquid phase or a solid phase could appear, a specific calculation must be
performed. Again, it is the responsibility of the user to request this type of additional check.

A more detailed description of the phase diagrams and how they should be interpreted is
given by de Swaan Arons and de Loos [1]. The authors propose a classification of the phase
diagrams according to Van Konynenburg and Scott [34], now widely recognised for fluid
phase behaviour. We must stress the fact that this classification implies continuity between
vapour and liquid phases, more generally called the “fluid” phases. Solid phases are not
described within this classification, although they are always present at sufficiently low
temperature. It is quite possible that some low temperature phenomena are masked by the
appearance of a solid phase. A general description of all kinds of phase transitions can be
found in Stanley (1971 [35]) or Papon et al. (2002 [36]). Sadus, 1992, also describes the
phase behaviour of industrially important fluids [3].

The discussion will be separated into two items: fluid phase equilibrium, and fluid-solid
equilibrium. It is assumed at this stage that the reader is familiar with phase envelopes.
Some information to help reading them is provided in chapter 2. We will simply recall some
of the fundamentals.

PT plots

The multi-dimensional pressure-temperature-composition diagram is often presented in a
simple PT plot. If the feed composition is known, these plots can be very convenient in order
to visualise the conditions under which one, two or more phases may coexist. They can be
used for any number of components.

The same type of plots can be used to visualise synthetically all the possible types of
phase behaviour that can occur for a given system, i.e. for any composition. These are projec-
tions of the most remarkable features on the PT plane. The plots therefore become much more
complex. In principle, they can also be conceived for any number of components, but they are
generally drawn for binary systems only. It contains various kinds of points:

• pure component critical points (two phases merge and become identical),
• pure component triple points (three phases coexist),
• mixture quadruple points (four phases coexist),

It is worth observing in table 4.1 that the excess enthalpy is very small compared to the
vapourisation enthalpy. Neglecting the excess enthalpy results in over-evaluating the
vapourisation of 1 to 2%.

This example is discussed on the website:
http://books.ifpenergiesnouvelles.fr/ebooks/thermodynamics

5010_  Page 264  Vendredi, 6. avril 2012  2:20 14
> STDI FrameMaker Couleur




