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Another classic formulation for the second virial coefficient is given by (Ambrose [44, 45]):

(3.35)

The temperature validity range of this second equation is relatively small.

b. Corresponding states relationship

If no parameter is available for equation (3.34) or (3.35) and if hydrocarbon components are
considered, i.e. for which the corresponding states principle is applicable, the correlation
proposed by Tsonopoulos [39] can be used:

 (3.36)

with

 (3.37)

and

 (3.38)

Note however that the accuracy of corresponding states methods is lower than that of
equations whose parameters are directly adjusted on experimental data.

3.1.2 Types of components

As stressed in the first chapter of this book, the quality of a thermodynamic model greatly
depends on the numerical parameters used. The various chemical species are characterised
through parameter values. Depending on the type of species at hand, the origin of these
parameters may vary. In this work, we classify the components in three major families:
database components, non-database components and petroleum fluid components.

3.1.2.1 Database components

All commercial simulators come with a default database that contains the most common
parameters used in the models they provide. This is very convenient but may be dangerous if
the results are extrapolated outside the range in which the proposed values have been
generated. Sometimes, they provide a choice between several databases. Obviously, even
using the same model, the numerical results will change depending on the database.

Example 3.5 Short quality evaluation of second virial coefficient

A comparison of various models for the second virial coefficient for hydrocarbons is
proposed. Differences between correlations are analysed.

This example is discussed on the website: 
http://books.ifpenergiesnouvelles.fr/ebooks/thermodynamics
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122 Chapter 3 • From Components to Models

Databases are a collection of numerical values that relate to physical properties of pure
compounds or mixtures. They can contain either directly measured data, model parameters, or
both. They have been constructed using a large number of published or regressed data.

Commercial databases are available independent from simulators as well. It is important to
mention the Thermodynamic Research Center (TRC: http://trc.nist.gov/) which is part of National
Institute of Standards and Technology (NIST), a US government agency. It is an interesting source
of data because it is free and can be found on the NIST website (http://webbook.nist.gov/chem-
istry/). Another important source of experimental data is the Dortmund Data Bank (DDBST: http:/
/www.dortmunddatabank.com) distributed within the Detherm database by Dechema: http://
i-systems.dechema.de/detherm. Its added value is essentially its very large number of mixture
data. Other well-known databases are the Korean databank (http://infosys.korea.ac.kr/kdb/
index.html), the Yaws databank (http://www.knovel.com), the International Union of Pure and
Applied Chemistry (IUPAC: http://old.iupac.org/), the Danish Computer Aided Process-Product
Engineering Centre database (CAPEC: http://www.capec.kt.dtu.dk/) [40], The Helvetica Physical
Properties Sources Index (PPSI: http://www.ppsi.ethz.ch/en/) and the English Physical Property
Data Service (PPDS: http://www.ppds.co.uk/). This list is not exhaustive.

Determining which is the best database is a complex task, which explains why the Amer-
ican Institute of Chemical Engineers (AIChE) came up with the Design Institute for Physical
PRoperties (DIPPR: http://dippr.byu.edu/) project, whose purpose is to evaluate a large
number of databases from different origins, and to recommend pure component data. The
DIPPR database is nowadays recognised as one of the leading sources of pure component data.
It contains (as of november 2008) 1944 compounds and values for 49 thermophysical proper-
ties (34 constant properties and 15 temperature dependent properties).

Obviously, because of the strategic importance of the physical property data for process
simulations, many private companies have their own database which is not open to public access.

Example 3.6 Comparison of critical points and acentric factor from 
different databases

This example shows comparisons of critical data between different databanks. The
suggested comparison is carried in two steps. The first one is a direct comparison between
the values extracted from databases. The second step discusses the impact of these
differences on one of the most important property for vapour - liquid equilibrium: the vapour
pressure. Three hydrocarbons have been chosen in this example: vinylacetylene,
2-methyl-1-butene, trans 1,3-pentadiene. The critical temperatures and pressures and the
acentric factors of two databases are given in table 3.7.

Table 3.7 Critical parameters and acentric factor of hydrocarbons

Database Vinylacetylene 2-methyl-1-butene Trans 1,3-Pentadiene

DIPPR

Tc (K) 454 465 500

Pc (kPa) 4860 3447 3740

ω (–) 0.1069 0.2341 0.1162

Process 
Simulation 

Package

Tc (K) 455.15 470.15 496.15

Pc (kPa) 4894 3850 3992

ω (–) 0.1205 0.234 0.1719
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Chapter 3 • From Components to Models 123

Analysis:

The properties are critical temperature, critical pressure and acentric factor.

The vapour pressure is estimated with the Lee and Kesler equation (section 3.1.1.2, p. 109)
which is function of critical parameters and acentric factors.

Components are hydrocarbons, which are databank components.

Solution:

Table 3.8 gives the direct comparison between these values. We can observe that the
critical temperature shows the smallest deviation between databases. In opposite, there is
a large dispersion in acentric factor. This kind of behaviour is common when there is a
direct comparison of different sources. Generally, light compounds have similar values in
different Process Simulators, but heavy compounds, unstable compounds or branched
isomers, which are less well characterised, can show larger deviations. It is important to
bear in mind that some published values in databases are not experimental values. Some
are predicted or extrapolated. For example, the critical point is not always measurable due
to the cracking phenomena. The acentric factor is evaluated at reduced temperature equal
to 0.7 but what is this temperature if the critical point is unknown?

Table 3.8 Deviation between the two databanks values

Vinylacetylene 2-methyl-1-butene Trans 1,3-Pentadiene

Tc (K) 1.15 (0.3%) –5.15 (1.1%) 3.85 (0.8%)

Pc (kPa) –34 (0.7%) –403 (11.7%) –252 (6.7%)

ω (–) –0.013 (12.8%) 0.000 (0.03%) –0.0557 (48%)

The direct comparison of these critical values is not the best criterion to check the validation
of the databank. It is important to check the sensitivity of the complete model to evaluate
how much the result is affected by a small deviation of the input. As an example, the critical
point and the acentric factor are generally used in order to calculate the vapour pressure.

Using any corresponding states relationship (e.g. Ambrose, as discussed in exercice 3.1.)
we can calculate the vapour pressure of the three compounds as a function of temperature
in the reduced temperature range of 0.5 to 1.0. The relative deviations using these two
databanks parameters are the following: 

• 4.4 % for the vinylacetylene,
• 2.4 % for the 2-methyl-1-butene,
• 7.8 % for the trans 1,3-Pentadiene.

To validate a databank, it is important to compare the model with experimental data. Figure
3.9 shows such an example with the 2-methyl-1-butene, as the percentage deviation
between the predicted vapour pressure and the experimental ones. From this type of plot, it
is possible to identify the trends of the curves with respect to temperature: the DIPPR
parameters will result in smaller average deviation in the temperature range surrounding
350K, but the extrapolation towards lower temperatures will not be garanteed. In
opposition, the process package database provides overall an overestimation of the vapour
pressure, but the tendency with temperature is probably more acceptable.
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124 Chapter 3 • From Components to Models

3.1.2.2 Non-database components (group contributions)

Small molecules are almost all well-identified and available in databases. This is no longer
the case beyond a certain molar mass. For hydrocarbons beyond C10, the number of isomers
becomes so large that it is impossible to evaluate all the parameters required to use a model.
The process engineer has a number of options:

He may decide that the given component is not a key component (see section 3.5, p. 225,
for further analysis of the concept of “key component”) for his problem. In that case, he can
consider that it behaves like another component whose properties are well-known. This is
called “lumping” and will be discussed further in section 3.1.2.3.E, p. 137.

He may however decide that the given component is key to his problem, and that he
needs to know its properties or parameters accurately. He will either need a predictive model
or need to go to the laboratory to measure the required data. Generally, predictive models

Figure 3.9
Deviation between the corresponding states predictions using the DIPPR and the
process package database, using the experimental data for 2-methyl-1-butene.

The main conclusion of this example is that the user must not place blind trust in a value simply
because it is published in a database. In addition, it should be kept in mind that process
simulators have generally more than one databank, and for compatibility reasons, the older
database is often the default one. It is important to compare different sources of information if
they are available. If a predictive model is used to calculate a property, the physical meaning of
the result must be compared with known trends or behaviour.

This example is discussed on the website: 
http://books.ifpenergiesnouvelles.fr/ebooks/thermodynamics
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Chapter 3 • From Components to Models 125

are not as accurate as fitted models. However, laboratory measurements are expensive and
time-consuming. A final option is to use molecular simulation techniques which, through
the definition of transferrable group potentials and a statistical analysis of a large number of
molecular interactions, simulates the physical properties of simple systems (Ungerer et al.
[41]). These tools no longer require excessive computing times, and can be used to calculate
one or more physical properties of molecules that are not too large.

A group contribution method is based on the principle that all molecules are built from
atoms linked together by bonds. Some particular group of atoms, together with their bonds
produce behaviour characteristic to the molecules (e.g. the “OH” group results in hydrogen
bonding). If a different molecule has the same groups, its behaviour will be similar to that of
the first molecule.

The first group contribution methods were introduced by Lydersen in 1955 [42],
followed by Benson [43]. Ambrose made contributions on this subject in 1978 and in 1979
[44, 45]. Joback proposed a dissertation in 1984 [46] followed by papers with Reid in 1987
[47]. Currently, the group of Gani (CAPEC) is among the most well-known for its contribu-
tions to this subject [48-52]. They have proposed a large number of methods to calculate
pure component properties, such as critical properties, boiling properties, melting properties,
and formation properties. For ideal gas properties (cp), Nielsen et al. [40] proposed an exten-
sion of the Constantinou-Gani method [50]. The Marrero-Gani [49] method is further
detailed below, as one of the most accurate example of this type of method.

The book by Poling et al. [1] summarises and evaluates in a very useful way the various
methods that exist today. Their recommendations are extremely valuable to the process
engineer. They were mainly concerned with pure component properties.

The recent paper of Gmehling (2009 [56]) provides a complete review of the entire
history of Group Contributions.

A. Group Contribution for pure component properties

The group contribution methods are based on following steps:
1. Decompose the molecule into a number of constituting groups;
2. Add the group contributions for the selected properties;
3. Use a mathematical relationship, sometimes involving other properties, for calcu-

lating the final result.

a. Group decomposition

The group definition varies considerably from one method to another: the user must
therefore be very cautious when counting the groups. Examples of molecular decomposition
into groups are shown in figure 3.10.

In order to improve the accuracy, and distinguish among isomers, a number of authors
use second order [50, 55] and sometimes third order groups (Marrero-Gani, 2001 [49]). This
results in a correction on the first-order group contribution methods, based on the relative
position of the groups with respect to one another. In the same spirit, Nannoolal [58] uses
interaction parameters in order to correct the predictions for multifunctional components.
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126 Chapter 3 • From Components to Models

The main difficulty with these methods is how to locate the groups clearly. For example,
the Marrero-Gani method includes 182 first-order groups, 122 second-order groups and 66
third-order groups. Some examples with their respective group construction and calculation
are given for a few molecules in table 3.9.

Although very often, the group decomposition is based on practical considerations, some
authors have proposed a theoretical foundation for group decomposition (Sandler[53];
Mavrovouniotis[54]).

b. Group contributions

Once the groups have been identified, their contribution to the required property X are
added, using a simple sum: 

(3.39)

where X1i is the first order contribution for property X, of group i appearing Ni times in the
molecule, X2j is the second order contribution, etc. As examples, table 3.9 shows the group
contribution calculation using the first order Marrero-Gani contributions for the molecules
presented in figure 3.10.

Figure 3.10

Group contribution by Marrero-Gani (first order molecules).
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c. Final calculation
In a last step, the result of the additive contribution (equation 3.39) is used to calculate the
final result, sometimes using another property. Table 3.10 shows, for example, the equations
for the Marrero-Gani and the Joback methods.

d. Choice among equations
A comparison of various group contribution methods for some well-known molecules is
shown in tables 3.11 and 3.12.

It can be seen from the two tables that the quality of the various methods vary greatly. In
general, it is recommended to evaluate the quality of the predictions within the same chem-
ical family before using it for a given component. It is also good to keep in mind that all
methods have been developed by regressing on available, i.e. low molecular weight compo-
nents. When using any of these methods for property predictions of high molecular weight
components, the deviation from the true behaviour may become important.

B. Group contribution for model parameters

It is worth noting that beyond pure component properties, group contribution methods have
also been developed for equation parameters. The advantage of this second approach is that
all properties that can be calculated by the equation are thus available.

Table 3.9 Sample calculation of first-order in the Marrero-Gani group contribution method 
for normal boiling temperature

n-Octane n-Propylbenzene Acetophenone 1,3-dimethylurea

Group Tbi N N.Tbi N N.Tbi N N.Tbi N N.Tbi

CH3 0.8491 2 1.6982 1 0.8491 1 0.8491 2 1.6982

CH2 0.7141 6 4.2846 1 0.7141

aCH 0.8365 5 4.1825 5 4.1825

aC-CH2 1.4925 1 1.4925

aC-CO 3.465 1 3.465

NHCONH 8.9406 1 8.9406

F(Tb) 5.9828 7.2382  8.4966  10.6388

Calculated 1st-order 398.1 440.5 476.2 526.2

Database (DIPPR) 398.83 423.39 475.26 542.15

Example 3.7 Evaluate critical temperatures using the group contribution 
methods of Joback and Gani

This example shows how to calculate a number of important properties using group
contributions.

Details are provided on the website: 
http://books.ifpenergiesnouvelles.fr/ebooks/thermodynamics
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Table 3.10 Functions used in the Marrero-Gani and Joback group contribution methods

Property X (Marrero-Gani) X (Joback)

Normal melting point, 
Tm (K)

Normal boiling point, 
Tb (K)

Critical temperature 
Tc (K)

Critical pressure, 
Pc (bar)

Critical volume, 
vc (cm3 mol–1)

Standard Gibbs energy 
of formation at 298 K, 
Δgf (kJ mol–1)

Standard enthalpy of 
formation at 298 K, 
Δhf (kJ mol–1)

Standard enthalpy of 
vapourisation(2), Δhσ 
(kJ mol–1)

Standard enthalpy of 
fusion at 298 K, 
ΔhF (kJ mol–1)

(1) Na is the number of atoms in the molecule.
(2) The enthalpy of vapourisation is calculated at 298 K by Marrero-Gani, and at the normal boiling temperature by
Joback.

Table 3.11 Comparison of various prediction methods for critical temperature (K)

n-Octane n-Propylbenzene Acetophenone 1,3-Dimethyl 
urea

Ambrose-Original [44] 568.83 0.0% 636.93 – 0.2% 706.19 – 0.5% 793.84 0.9%

Ambrose-API [45] 568.83 0.0% 636.93 – 0.2% 724.35 2.1% 883.55 12.3%

Joback [47] 569.27 0.1% 639.67 0.2% 702.94 – 0.9% 786.70 – 0.1%

Lydersen [57] 568.62 0.0% 638.57 0.0% 701.88 – 1.1% 787.05 0.0%

Nannoolal-PC [58] 570.26 0.3% 639.55 0.2% 698.74 – 1.5% 838.88 6.6%

Constantinou [50] 577.95 1.6% 639.59 0.2% 697.76 – 1.7% 414.41 – 47.4%

Forman-Thodos [60] 567.03 – 0.3% 642.80 0.7% 693.23 – 2.3% 392.17 – 50.2%

Database 568.70 638.35 709.60 787.10
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The group contribution methods adapted to equation of state (EoS) parameters are
extremely useful. Cubic equations of state are obviously the type most used. For the pure
component parameters, Coniglio [62] has proposed an interesting method. For mixtures, the
first to propose a group contribution method was Abdoul et al. [63]. More recently, the group
of Jaubert has developed the so-called PPR78 EoS that is further discussed in section 3.4.3.4
(p. 204) for the Peng-Robinson or the Soave Redlich Kwong EoS (2004-2008 [64-71]).

Similarly, several research teams have proposed group contribution methods for the
SAFT EoS [72-76]. The group contribution principle has also been applied, for polymer
applications, to the lattice-fluid EoS [77, 78], and specific equations of state have been
designed for group contributions, like the GC (Group-Contribution) EoS [79], which has
been improved with an association term by Gros et al. [80] yielding the so-called GCA EoS.

The most well-known example of group contribution method for model parameters is the
UNIFAC (Fredenslund, 1975 and 1977 [81-82]) for activity coefficients calculations.
Other, less known, methods for predictive activity coefficient calculations are DISQUAC
(DISpersive QUAsi Chemical) introduced by Kehiaian [83, 84] and ASOG (Analytical
Solution of Groups) proposed originally by Derr and Deal (1969 [85]).

This approach can also be applied to other equations as, for example, the Henry’s
constant or other infinite dilution properties of hydrocarbons in water, as evaluated by
Brennan et al. [86] or proposed and extended by Plyasunov et al. [87-89]. Similarly, Lin et
al. [90] propose this type of group contribution approach to calculate octanol-water distribu-
tion coefficients.

3.1.2.3 Petroleum fluid components

Petroleum mixtures are composed of so many components that it is both impossible to
identify them individually and out of the question to use several hundreds components in the
modelling tools. Because of their industrial importance, a significant effort has been made to
improve the molecular understanding of petroleum mixtures. The book by Riazi (2005) [10]
contains a wealth of details on this subject. The one of Pedersen and Christiansen (2006)
[91] can also be consulted.

Table 3.12 Comparison of various prediction methods for critical pressure (MPa)

n-Octane n-Propylbenzene Acetophenone 1,3-Dimethyl urea

Ambrose-Original [44] 2.48 – 0.5% 3.19 – 0.3% 3.83 – 4.5% 4.89 0.3%

Ambrose-API [45] 2.48 – 0.5% 3.19 – 0.3% 4.27 6.6% 9.20 88.9%

Joback [47] 2.54 1.8% 3.26 1.9% 3.95 – 1.6% 4.98 2.3%

Lydersen [57] 2.49 0.0% 3.22 0.6% 3.84 – 4.3% 4.87 0.0%

Nannoolal-PC [58] 2.56 2.7% 3.30 3.1% 4.09 2.0% 4.31 – 11.6%

Constantinou [50] 2.55 2.6% 3.20 0.1% 3.91 – 2.5% 8.00 64.2%

Forman-Thodos [60] 2.48 – 0.3% 3.20 – 0.1% 3.91 – 2.5% 5.90 21.1%

Marrero-Pardillo [61] 2.57 3.4% 3.20 0.0% 8.03 1901.3% 8.37 71.9%

Database 2.49 3.20 4.01 4.87
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For practical reasons, a number of so-called pseudo-components are defined and used as
if they were pure components. These are in fact mixtures in their own right, but it is consid-
ered that the mixture property is unaffected by considering them as a single lump. The more
pseudo-components are used in the model, the closer we can expect the calculated fluid
properties to mimic the true properties. However, since many other uncertainties enter into
the calculation, and due to the rapidly increasing computer time that may result, it is point-
less increasing the number of components too much (depending on the application, a
number between five and twenty is generally chosen).

As we will see, the characterisation procedure is generally based on a vapourisation
curve, with the extensive use of the corresponding states principle. Consequently, it
is only suitable for calculating vapour-liquid properties of hydrocarbon mixtures. If
liquid-liquid or liquid-solid calculations must be performed, or if non-hydrocarbons
are present in significant amounts in the mixture, this method cannot be used. An
approach based on the chemical affinities must then be selected.

A. Existing types of vapourisation curves

As a starting point for defining a set of pseudo-components, a normalised vapourisation
curve is generally provided. Different norms exist: the true boiling point (TBP), the
ASTM-D86 and the simulated distillation (SD) curves are the most well-known. Correla-
tions have been developed for transforming one curve into another. The curve used for
pseudo-component definition is the TBP curve.

a. TBP (ASTM D2892)

The procedure used is a batch distillation, as illustrated in figure 3.11. The sample is located
in a vessel whose temperature is continuously monitored. As it is progressively heated, the
lightest components evaporate. They are separated in the column, equivalent to 15
theoretical plates, and the liquid distillate (expressed as a percentage of the feed) is
collected, along with its temperature. The data are provided as condensation temperature as
a function of volume percent distillate.

For heavy ends, in order to avoid cracking at high temperature, distillation at lower pres-
sure is necessary. In this case the test method to be used is the ASTM D1160.

b. ASTM D86

This method is in fact a progressive evaporation, as opposed to the distillation procedure
used in the True Boiling Point method. In this case (figure 3.12), the sample is progressively
heated, and the vapour is condensed without further separation. The initial temperature is
higher than that found in the TBP method, since it is close to the mixture bubble temper-
ature. The condensed phase contains all the components that are in the vapour in equilibrium
with the liquid phase, including the heavier ones. As a result, less separation is obtained
using the D86 method due to the lack of reflux and this method can not be used to separate
the components precisely according to their volatility.

c. Simulated distillation (ASTM D2887)

The Simulated Distillation (SD) method essentially uses a chromatographic technique to
extract the various components according to their volatility. Because of its better reproducibility
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than the TBP, it is nowadays the preferred method to characterise crude oils. The gas chroma-
tography results are transformed in the so-called simulated distillation using the ASTM D2887
method. It is used for products with final boiling temperatures less than 1000 °F (≈ 540 °C), but
with a boiling range greater than 55 °C. Gas chromatography results are given as a function of
weight fraction while the ASTM D86 and TBP are expressed in volume fractions.

d. Transformation between curves

For the definition of pseudo-components, only the TBP curve is used. If another vapouri-
sation curve is provided, the data must be converted into TBP information as shown in
figure 3.13.

In the sixth edition of the API technical data book (1997 [92]), Daubert proposes some
mathematical transformation from ASTM D86 or simulated distillation to TBP. The tech-
nique is based on calculating the conversion of the central point (50% vol) from (for
example) ASTM D86 to TBP. The consecutive points are then corrected by adding or
subtracting a small difference (1994 [93]).

Riazi and Daubert have proposed a new simplified version [94]. Using their method,
each temperature can be directly converted via a unique formula of the type:

 (3.40)

Figure 3.11

Sketch of the “True Boiling Point” (TBP-ASTM2892) procedure set-up.

Te
m

pe
ra

tu
re

 (°
C

)

100
80
60
40
20

Packing

0

20

40

60

80

100

120

140

160

180

200

220

0 20 40 60 80 100
Volume (%)

T aT SGi TBP i ASTM
b c

, ,=

5010_  Page 131  Vendredi, 6. avril 2012  2:20 14
> STDI FrameMaker Couleur



132 Chapter 3 • From Components to Models

Coefficients a, b and c depend on the observed and desired curves and on the volumetric
percentage of distillation. Ti,TBP and Ti,ASTM are temperatures (in K) of both curves, at a
given volume %. Note that if c is zero, the older central conversion of Daubert’s method is
recovered. If the specific gravity SG (60 °F/60 °F) is not specified in the experimental data,
it can also be predicted by an approximated formula.

When starting from a simulated distillation, the Daubert method is used, stating
TBP (50% vol) = SD (50% wt). The difference between adjacent cut points (ΔTTBP) is calcu-
lated from the equivalent difference on the simulated distillation curve (ΔTSD):

 (3.41)

When pressure corrections are necessary, as it is the case for the ASTM D1160, a simple
formula (from Wauquier, 1994 [95] based on information of Maxwell and Bonnel 1955) is
used for the conversion of each measured temperature to the equivalent temperature at
atmospheric pressure (the experimental pressure Px is in mmHg).

 (3.42)

where

 (3.43)

Figure 3.12

Progressive distillation procedure according to ASTM D86.
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A final correction should be taken into account if the result is higher than 366 K.
Riazi [10] also offers alternative equations for the parameter A if the pressure Px is less than
2 mmHg or greater than 760 mmHg.

It is not recommended to use the interconversion formulae forth and back several
times: at each conversion, some information is lost, and the resulting curve is
therefore no longer useable.

In conclusion, a number of vapourisation curves can be used to characterise petroleum
fluids and various empirical interconversion methods are available to obtain the equivalent
TBP curve, the only curve suitable for the definition of pseudo-components (figure 3.13).
These conversion methods are generally available in commercial process simulators.

B. Defining pseudo-components from the TBP curve

Once the TBP curve is available, it is used to define the pseudo-components as shown in
example 3.8. The curve contains a number of points that may be scattered between 0% and
100% volume. The 0% temperature is not necessarily given. It is called the initial point (IP).
The 100% point is even more rarely given, as it is generally impossible to distil the full
sample. It is called the end point (EP).

Before any pseudo-component can be defined, this curve must be smoothed by a mathe-
matical algorithm and cut into intervals. As every interval will represent a pseudo-component,
it is recommended to cut the curve into evenly-spaced temperature intervals. The
pseudo-components will therefore have evenly-spaced volatilities. Nevertheless, in some cases
the curve is cut in equal volume intervals.

Figure 3.13

Order of use of interconversion equations.
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The smaller the temperature intervals, the more accurate the representation will be, but
obviously the number of pseudo-components will increase and as a result the computing
time. Suitable values are 10 K or 15 K intervals. The curve with the plotted intervals looks
as shown in figure 3.14.  

Example 3.8 Diesel fuel characterisation

A diesel fuel has been characterised in laboratory by a TBP curve, as shown in table 3.13
and figure 3.14. For simulation purposes, this diesel must be split in 10 °C cuts. Find the
volume percentage corresponding to each cut.

Table 3.13 Sample data for the TBP of a Diesel

Fraction distillate (%) 0 3 7 17 29 40 50 59

Boiling temperature (°C) 123 162 185 206 226 244 262 279

Fraction distillate (%) 67 73 80 85 88 92 100

Boiling temperature (°C) 295 309 324 338 350 362 375

Analysis:

The properties given are the boiling temperature as a function of distilled fraction.

Components are a mixture of a large number of components and will be evaluated as
pseudo-components.

Phases are vapour and liquid at atmospheric pressure.

Solution:

The curve is obtained by an interpolation method. One of the best choices is to use a cubic
spline interpolation. Once the natural condition for extrapolation is chosen, the solution of
the linear system gives all the curvatures at all points. This information is used to calculate
the coefficients of each cubic polynomial.

The cuts are constructed on a 10 °C width basis which requires an inverse interpolation. An
iterative procedure must be implemented. The volume percent corresponding to each cut is
given in the following table 3.14 and figure 3.14.

Table 3.14 Percent volume of each cut obtained by the spline approximation of the TBP sample data

Cut (°C) 123-133 133-143 143-153 153-163 163-173 173-183 183-193 193-203

% volume 0.693 0.718 0.778 0.912 1.244 2.068 3.446 5.248

Cut (°C) 213-223 223-233 233-243 243-253 253-263 263-273 273-283 283-293

% volume 5.925 6.101 6.108 5.709 5.416 5.297 5.282 4.978

Cut (°C) 303-313 313-323 323-333 333-343 343-353 353-363 363-373 373-375

% volume 4.408 4.717 3.969 2.746 2.568 3.607 6.002 1.559
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C. Characterising the pseudo-components

From figure 3.14, each pseudo-component can be given an average boiling temperature.
This is not sufficient to perform thermodynamic calculations, however. At least one
additional property must be known, which is generally the density. The density profile may
be known if the samples collected in the TBP experiment are further analysed for their
density. Very often, this is not the case. The most common method to obtain a density
profile is to use a calculation procedure based on the “Watson factor” KW method. This new
parameter, KW, is defined as follows [96]:

 (3.44)

where  is the component boiling temperature (in K), and SG is its standard specific gravity
(60 °F/60 °F). This property represents a way to “measure” the “average” chemical family of the
mixture. Typically, paraffins have a KW factor close to 13, naphthenes 12 and aromatics 10.
Hence, if it is assumed that the mixture contains the same blend of chemical families, irrespective
of the boiling temperature, it is reasonable to state that the KW factor is a constant.

Its value is found using (3.44), where SG is the average measured specific gravity and Tb
is an average value, that can be determined from the TBP curve using for example [10]:

 (3.45)

Figure 3.14

The TBP curve of example 3.8 smoothed and cut into evenly-spaced tempera-
ture intervals.

The example discussed on the website: 
http://books.ifpenergiesnouvelles.fr/ebooks/thermodynamics, and extended this calculation
to pseudo-component characterisation.
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The density of each cut can now be calculated, by inversing equation (3.44):

 (3.46)

Knowing the boiling temperature and the density (or specific gravity) of each cut,
several correlations exist for calculating a number of pure component characteristic values
that are required in thermodynamic models. Table 3.15 illustrates, for a number of them,
what these correlations can calculate.

The detailed expressions for the various correlations are not provided here, but can be
found in Riazi (2005) [10]. They are also available in the supporting files of example 3.8.
All use as input the normal boiling point and the specific gravity.

Of the different methods available, the Twu method (1984) [100] is most generally recom-
mended: its construction, building the calculation as a perturbation on the n-alkane properties,
provides a strong basis for safe extrapolation. It starts calculating the properties of the equivalent
n-alkanes having the same boiling temperature. Next, a correction factor is introduced taking
into account the difference between the n-alkane and the pseudo-component specific gravity.

D. Property calculations

The corresponding states principle, described in section 2.2.2.1.C, p. 57, is well-adapted to the
calculation of the residual properties of hydrocarbon components. It is generally assumed that
pseudo-components originate from petroleum fluids, which means that this principle can be used.

Cubic equations of state are more often used for phase equilibrium calculations (section
3.4.3.4, p. 204), while the Lee Kesler equation of state (section 3.4.3.3.C.d, p. 202) is
recommended for single phase properties. The ideal gas heat capacity is calculated, for
example, from equation (3.46) in section 3.1.1.2.E.c, p. 117.

Simple correlations based on the corresponding states principle have been discussed in
section 3.1.1.2 of this chapter (p. 109). In particular, for vapour pressure, the Pitzer (3.17) or
Ambrose (3.16) equations are applicable. For liquid molar volumes, the Rackett equation
(3.18) is well adapted.

Table 3.15 Some correlations for calculating pseudo-component properties

Winn 
(1957 [97])

Cavett (API) 
(1962 [98] )

Kesler-Lee 
(1976 [99])

Twu (1984 
[100])

Riazi(API) 
(1980/2005 [10]) Others

M x x x

Tc x x x x x

Pc x x x x x

Zc (vc) x x Rackett

ω Tb/Tc > 0.8 x Edmister

vL,σ (T) x 15 °C Rackett

c#
P (T) x x x

Pσ (T) x

SG
T

Kpseudo
b pseudo

W
=

( )1 8
1 3

. ( )

5010_  Page 136  Vendredi, 6. avril 2012  2:20 14
> STDI FrameMaker Couleur



Chapter 3 • From Components to Models 137

As an alternative method, we can mention the API method 7B4.7 which is recommended
for calculating directly the liquid phase heat capacity [101] [18] as a third order polynomial,
whose parameters depend on the Watson factor and the specific gravity.

E. Lumped pseudo-components

When many individual components are identified, it may happen that using all of them
makes the calculation procedure much too long, while not improving the accuracy greatly. A
lumping procedure is then used. The idea is to combine several known components
(obtained for example by gas chromatography up to C11 or other equivalent techniques for
heavier fractions) and to assume that they behave in a similar manner for the calculation
required.

a. Lumping

The criterion used for “grouping” elements under “same” characteristics may lead to very
different collections as can be seen from an example taken from Ruffier-Meray et al. [103].
In figure 3.15 a small part of a gas chromatographic analysis (from n-C9 to n-C10) is split in
three different ways: a) according to boiling temperatures, b) according to number of carbon
atoms and c) according to chemical nature (paraffins, naphthenes and aromatics).

This “membership” of a family must be defined by a mathematical criterion. Montel and
Gouel (1984 [102]) have therefore proposed to following definition of the “distance”

Figure 3.15

Different lumping results depending on the chosen criterion (from [103]).
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between two components, from a combination of various scaled properties associated to the
weighting factor wk:

 (3.47)

The variable ri,k are the scaled properties based on the minimum and maximum of each
property k of point i (Pi,k) on the total of components.

 (3.48)

The selected properties and the respective weight factors can be chosen at will (either
pure component properties, or, better, equation of state parameters).

The lumping procedure is essentially based on the following steps (Montel and Gouel
1984 [102], Ruffier-Meray et al. 1990 [103]):

1. Identify a lumping criterion and the number of lumps that are required. The criterion
can be a single property (e.g. number of carbon atoms), or a combination of several
properties in which case a “distance” must be defined between the various components.

2. The components are distributed among the various lumps according to their nearest
distance criterion.

3. The barycentres are calculated for each lump based on this first distribution.
4. With these new values, components are dispatched again as in point 2 until all bary-

centres are stable (no component switches to a different lump).

Once the lumps are defined, their characteristic parameters are computed on the basis of
a mixing rule, using the parameters of the original components. The original formulae
proposed by Montel and Gouel are given below:

 (3.49)

 (3.50)
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Leibovici (1993 [105]) observed that it is more significant to define the lump parameters
in such a way as to obtain the same equation of state parameters (see section 3.4.3.4, p. 204,
for a further description). Using a cubic equation of state, this yields:

 (3.53)

 (3.54)

These two equations are very similar to those of Montel and Gouel. It is easy to observe
that division of (3.53) by (3.54) gives an implicit equation with Tc as a unique unknown. If

the product  is equal to 1, equation (3.49) is recovered. Equations
(3.50) and (3.54) are then identical.

b. Delumping

In some cases, it may be important to recover the detailed composition after one or several
phase equilibrium calculations have been performed. This is known as “delumping” and has
been investigated by Leibovici (1996 [105]), Leibovici et al., 1998-2000 [106] Nichita et al.
(2006-2007 [107-109]).

If a cubic equation of state is used (presented in section 3.4.3.4, p. 204), without binary
interaction parameters (BIP), the formula to calculate the distribution coefficient can be found
to be:

 (3.55)

where the quantities ,  and  are obtained from phase properties only (i.e. they are
independent of the individual components). Hence, it is sufficient to know the individual

 and  to calculate the distribution coefficient, using (3.55).

If the BIPs are non zero, coefficients  should be obtained by regression.

3.1.3 Screening methods for pure component property data

Experimental data should always be used for validating the calculations or regressing
parameters. Yet, it may happen that some data cannot be found or that their quality is
questionable. In this case, rules for screening these values are most welcome. Various
authors have discussed this question [110, 111].

Note that today, molecular simulation becomes a tool that may be used with great advan-
tage to provide new “pseudo-experimental” data [112, 113]. The detailed implementation of
these techniques, which are numerical, but based on a true physical understanding of the
fluid phase behaviour [41] will not be described here. As such, it can be used to complete the
experimental databases or help assess the physical soundness of the values.
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