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THERMODYNAMICS AND MOLECULAR-SCALE PHENOMENA

Use of 300,000 pseudo-experimental data over 1800 pure
fluids to assess the performance of four cubic equations of
state: SRK, PR, tc-RK, and tc-PR
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Abstract
The guidelines to constitute a database containing, for 1800 pure fluids, more than
300,000 pseudo-experimental vapor pressure, liquid density, enthalpy of vaporization,
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and liquid heat capacity data are described. Such a database provides a tool for a fair
assessment of the performances of equations of state to correlate (or predict) the properties of pure components. In this paper, we use it to assess the performance of four
cubic equations of state (CEoSs): original Soave–Redlich–Kwong (SRK), original Peng–
Robinson (PR), and the translated-consistent versions of PR (tc-PR) and RK (tc-RK). The
deviations between calculated and experimental data are compared for the four CEoSs,
which make it possible to discuss the influence of the α-function on the calculated
vapor–liquid equilibrium properties and how the volume translation impacts the calculated volumetric properties. Eventually, the 1800 pure components are divided into
1252 non-self-associating and 548 self-associating compounds, and the accuracy of
the CEoSs depending on the associating character of the molecules is discussed.
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I N T RO DU CT I O N

considered as essential?” “How could a thermodynamic model be
evaluated quantitatively?”

Since the appearance of the first process flowsheet simulators,

These questions have been addressed by Jaubert et al.1 in their

different physical-property databanks as well as many thermo-

work on the development of a high-quality reference database con-

dynamic models have been incorporated in their brochures. Devel-

taining binary-system data for the cross-comparison of thermodynamic

opers often claim that their models perform well in this or that

models and the assessment of their accuracies. With such a database, it

region, can be reliably extrapolated, and are suitable for certain sys-

is possible to determine how well a thermodynamic model predicts the

tems or applications. However, it is difficult to have a fair overview

phase-equilibrium properties of binary mixtures (vapor–liquid equilib-

of the capabilities and limitations of a given thermodynamic model.

rium [VLE], liquid–liquid equilibrium, vapor–liquid–liquid equilibrium,

Thus, it would be pertinent to define a common basis for compari-

property change on mixing,2 azeotropic and critical points) according to

son. At this stage, the following questions appear: “Which type of

the associating character (AC) of their components. Moreover, it could

data are available for many fluids?” “Which type of properties are

be used to assess the impact of the selected mixing rules and the number
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of parameters included within. Models such as the Peng–Robinson (PR)

1. How can the existing commercial databases help us to reach our

equation of state (EoS) armed with classical or advanced mixing rules, as

objective (i.e., to define a reference database for evaluating the

well as the PC-SAFT EoS with classical mixing rules, no induced associa-

performance of thermodynamic models to correlate (or predict)

tion scheme, and no regressed BIPs have been graded following the proposed procedure recently.1,3,4

the properties of pure components)?
2. What is the minimum list of properties that must be available for a

Nevertheless, as stated by Agarwal et al.,5,6 no matter how
sophisticated the thermodynamic model may be or the number of
parameters the mixture model may have, if the model is not even
capable of representing accurately the behavior of the pure fluids contained in the mixture, there is no way to think about accurate and reli-

pure species to be included in the reference database?
3. How many molecules should (and could) be included in the reference database of pure components?
4. How to define the temperature ranges in which deviations should
be calculated?

able mixture calculations. (As a convincing illustration, the reader is
referred to fig. 3 in Agarwal et al.6)
Keeping this in mind, it seems pertinent to assess the accuracy of

2.1

|

Existing databases of pure fluids

a thermodynamic model for pure fluids prior to its extension to mixtures. Therefore, a standard basis of comparison is required. This is

Concerning experimental data on pure fluids, three databases exist as

the reason why one of the primary motivations of this article is to

the most used by researchers working in the field of chemical engi-

serve as a reference for the objective assessment of the performances

neering thermodynamics. The first is the DIPPR database, which con-

of thermodynamic models for pure fluids. To reach this objective, this

tains recommended values and accuracy estimates for 34 constant

article presents the guidelines that were used for constituting a refer-

properties and 15 temperature-dependent properties spanning 2230

ence database. The data collected for the proposed database are a

compounds. Another database is the Dortmund Data Bank (http://

fraction of those available in the database commercialized by the

www.ddbst.com/ddb.html), which stores the largest amount of data

Design Institute for Physical Properties (DIPPR) and includes experi-

worldwide for the thermophysical properties of pure components and

mental vapor pressure, liquid density, enthalpy of vaporization, liquid

their mixtures. The third one is the ThermoData Engine database of

heat capacity, as well as critical temperature, pressure, and volume

the National Institute of Standards and Technology, which provides

data for 1800 pure fluids. It is believed that such a database, which

experimental data for nearly 24,000 pure fluids and includes several

contains more than 300,000 experimental data points, is the perfect

methods for evaluation of the uncertainty and thermodynamic consis-

tool to identify the strengths and weaknesses of a given thermody-

tency of such data.

namic model for pure compounds.

Since trustworthy data are contained in the aforementioned data-

Additionally, the deviations between the calculated and experimen-

bases, any of them may be extremely useful for the definition of

tal data are determined for the >300,000 data points available in the

model comparison guidelines. Nevertheless, it is worth noting that an

7

proposed database for the original Soave–Redlich–Kwong (SRK), origi-

important feature of the DIPPR is that, apart from the experimental

nal PR,8 tc-RK, and tc-PR EoSs9 in order to assess their accuracies.

data points of the 15 temperature-dependent (T-dependent) proper-

This article is organized into two sections. In the first one, a

ties, it proposes a fitting equation used for correlating T-dependent

detailed description of how the database was built is presented.

property data, reports the corresponding coefficients, and provides an

This includes the choice of key properties, molecules, and tempera-

evaluation of the mean error between predictions from the fitting

ture ranges, resulting in more than 300,000 data points, which will

equation and raw data. This enables the generation of pseudo-

be used to assess the accuracy of any thermodynamic model for

experimental data that are evenly distributed over wide ranges of

pure components. In the following section, the four CEoSs

temperature, which is desirable for the calculation of property devia-

benchmarked in this study are briefly introduced. Their capacity to

tions. Considering these features, the 12.3.0 version (May 2020) of

reproduce experimental data is discussed then. Because it is often

the DIPPR database is used in this article as the starting point to build

said that associating molecules cannot be properly modeled from

a reference database aimed at assessing the accuracy of EoSs for pure

EoSs that are not based on a theory accounting specifically for asso-

fluids.

ciation bonding, the discussion is oriented toward the relation
between the AC of the studied molecules and the capacity of EoSs
to model their behavior.

2.2

|

Key properties

The definition of key properties imposes a first criterion on the selec-

2 | D E S C R I P TI O N OF T H E G U I D E L I N E S T O
C ON S T I T UT E A R EF E R EN C E D A T A B A S E O F
PURE COMPONENTS

tion of the molecules that should be included in the assessment of a
given thermodynamic model. The choice of such properties is based
on an overview of the industrial needs but must also include the properties required to parameterize the EoS.

The objective of this section is to explain our scientific approach and
answer the following questions:

First of all, as stated by Agarwal et al.,6 vapor pressure (Psat) cannot be overlooked. Indeed, "regardless of the sophistication of your
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2.3

Assessment of correlation accuracy

|

rule, you are in trouble if the vapor pressures are inaccurate". Such a
property, which defines the endpoints of isothermal (P,x,y) phase dia-

In the previous section, it has been stated which experimental proper-

grams, is thus of vital importance in the industry and, as was shown

ties should be available in order to incorporate a pure component in

recently, is mandatory for reliable parameterizations of cubic and

the proposed database. However, even if temperature-dependent

SAFT-type EoSs.10,11

correlations are available in the DIPPR database, it is necessary to

The prediction of volumetric properties such as liquid density

guarantee their reliability. This is a key issue since, as Agarwal et al.6

is very important for the proper design of pipelines, pumps, or

wrote: “one of the most heartbreaking experiences for a thermody-

even heat exchangers. Additionally, Ramírez-Vélez et al.11 found

namicist is to watch someone spending a large effort refining a model

that parameterization of SAFT-type EoS can be performed reliably

with far more precision than the basic data allows.”

(ρsat
liq )

only if both liquid density and vapor pressure data are used. In the
case of volume-translated CEoSs, it is necessary to have at least
one experimental density data point at reduced temperature

2.3.1

|

Presentation of the three types of errors

between 0.7 and 0.8 to properly determine the volume-translation
parameter.

In order to evaluate whether for a given molecule this or that property

Properties such as enthalpies of vaporization (Δvap H) and

correlation is accurate, a strategy inspired by the work of Piña-

liquid heat capacities (csat
P,liq ) are the key for the construction of

Martinez et al.10 has been followed. For each correlation, three types

energy balances. Inaccurate values of such properties may lead to

of error were defined:

unreliable designs of heat exchangers, expanders, or compressors, for
instance. Finally, the reproduction of pure-component critical proper-

• Type I error: error reported in the DIPPR. Such an error is set by

ties (especially Tc, Pc, and to a lesser extent vc) is essential for an

the DIPPR developers to the maximum uncertainty among the data

accurate representation of binary critical lines12 (made up of binary

series used to determine the coefficients of a correlation.

critical points).

• Type II error: actual average uncertainty. Such an average error (not

The ideal scenario would be to assess model performances con-

reported in the DIPPR database) is calculated from the knowledge

sidering molecules for which all the properties of interest (Psat, ρsat
liq ,

of the uncertainty associated with each data series that was used

Δvap H, and csat
P,liq ) are available. Nevertheless, due to a lack of experi-

to determine the coefficients of a correlation. For a given property

mental data, such a choice would drastically limit the number of pure

and a given pure fluid, it is determined as

components that could be embedded in the pure-component reference database we plan to build. In consequence, it is necessary to

nP
series

define the indispensable properties that should be available for any
molecule included in the proposed database. Such properties are

Type II error ¼

Ndata,j  Errorj

j¼1
nP
series

vapor pressure and liquid density; the reasons of this choice are as

ð1Þ
Ndata,j

j¼1

follows:
1. Satisfactory accuracy on the reproduction of Psat and ρsat
liq is the

where Ndata,j is the number of experimental data points available in

minimum requirement for the industry and computer-aided prod-

the series j, and Errorj is the corresponding experimental error (as

uct design developers.

reported in the DIPPR database).

2. In the case of CEoSs, to make an α-function consistent, the
corresponding parameters must be fitted to Psat data, at least.10

• Type III error: mean absolute percentage error (MAPE) over

Moreover, if the volume-translation concept is applied, at least

50 points between pseudo-experimental data (generated by a

one data point of the ρsat
liq ðT Þ curve is required.

DIPPR correlation) and calculated values returned by the general-

3. In the case of SAFT-type EoS, Ramírez-Vélez et al.11 concluded
that it is necessary and sufficient to fit the PC-SAFT EoS parame-

ized version of the tc-PR model (the acronym of which is gen-tcPR). It is evaluated according to Equation (2):

ters to both Psat and ρsat
liq data.
In summary, molecules included in the database should have
sat
accurate data for Psat and ρsat
liq ; when available, Δvap H and cP,liq must

also be included.

Type III error ¼


NT 

100 X
X i,exp  X i,calc 

NT i¼1 
Xi,exp

ð2Þ

It is worth noting that the EoS can predict only residual properties. Consequently, for estimating the liquid heat capacity, it is neces-

Xi,exp and Xi,calc correspond to the pseudo-experimental and calculated

sary to add an ideal-gas heat capacity term (cP,IG) to the residual heat

values of the property X. In this article, NT = 50 (the 50 points are

capacity. Therefore, an accurate correlation for the cP,IG(T) function is

evenly distributed between Tmin and Tmax that define the temperature

also needed when accurate csat
P,liq data are available.

range in which the correlation is valid).
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Type III error was introduced because, from our experience with

This test aims at detecting possibly typing errors in the coefficients

the DIPPR database, we believe that type-I and type-II errors are

of the correlations or in the values of uncertainties reported in the

often overestimated. Consequently, many correlations would be disre-

DIPPR database. It also aims at disregarding correlations that lead to

garded if only those for which type-I or type-II errors are less than 5%

totally unexpected values so that the properties of such a component

would be kept. For this reason, but also to detect possibly typing

cannot be correlated by a classical EoS (this usually happens for a few

errors in the coefficients of the correlations or in the reported uncer-

inorganic molecules). In Equation (5), it was decided to multiply SDX by

tainties, our idea was to use a predictive EoS whose accuracy has

6 because it is believed that such a value makes it possible to detect

been attested on many components to define a type-III error. In this

typing errors among the data and to exclude undesired molecules (such

article, an updated version of the predictive gen-tc-PR EoS (denoted

as metals), but not to reject data that are poorly correlated by the gen-

as gen-tc-PR 2020 hereafter) is used. Such a model,9,10 which requires

tc-PR 2020 EoS. To be concrete, let us take an example. Table 1 reports

only the knowledge of Tc,exp, Pc,exp, and ωexp writes as

that the average deviation on Psat, calculated by the gen-tc-PR 2020
EoS, is 1.7% (and SDPsat ¼ 1:5%). If, for a given molecule, the average

RT
ac  αðT r Þ

with
PðT, v Þ ¼
ðv þ cÞ  b ðv þ cÞðv þ c þ bÞ þ bðv þ c  bÞ
8
h 
i
>
αðT r Þ ¼ T 2r ðM1Þ exp L 1  T 2M
>
r
>
>
>
>
> c ¼ vsat,uPR ðT ¼ 0:8Þ  v sat ðT ¼ 0:8Þ
>
>
r
liq,exp r
liq
>
>
>
h
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
>
pﬃﬃﬃﬃ pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
pﬃﬃﬃﬃi1
>
<η ¼ 1 þ 3 4  2 2 þ 3 4 þ 2 2
≈ 0:25308
c
:
>
2
2
2
>
R T 2c,exp
>
40ηc þ 8 R T c,exp
>
>
≈ 0:45724
> ac ¼
>
49  37ηc Pc,exp
Pc,exp
>
>
>
>
>
η
RT
RT
>
c,exp
c,exp
c
>
≈ 0:07780
:b ¼
ηc þ 3 Pc,exp
Pc,exp

deviation between pseudo-experimental data stemming from a DIPPR
correlation and values calculated with the gen-tc-PR 2020 EoS is
higher than 10.7% (MAPEPsat þ 6SDPsat ), such a correlation is rejected.
Test 2: At least one out of the three types of error is less than or
equal to its respective acceptance threshold. These values are
ð3Þ

reported in Table 2.
Once again, to be concrete, let us take an example. If for a given
molecule
1. The error reported by the DIPPR for the correlation on Psat is 6%;
2. The average DIPPR average for the correlation on Psat is 5.1%; and

The ω-dependent correlations updated in this article are
(

3. The gen-tc-PR 2020 EoS correlates the pseudo-Psat data with an
accuracy of 2% (less than MAPEPsat þ SDPsat ).

L ¼ 0:0544 þ 0:7536ωexp þ 0:0297ω2exp
M ¼ 0:8678  0:1785ωexp þ 0:1401ω2exp

ð4Þ

Then, the correlation is declared acceptable.

In Table 1, the MAPE and the standard deviation (SD) obtained
with the gen-tc-PR 2020 EoS over 1786 molecules are reported. Such

2.4

|

Molecules to be incorporated in the database

values are important for the acceptance test presented hereafter.
The DIPPR provides constant properties and a set of T-dependent
correlations for 2230 molecules. Among these (see filter 2 below),

2.3.2

|

only the ones for which both key properties (Psat, ρsat
liq ) are available

Correlation acceptance tests

were kept. In addition, all molecules requiring a specific treatment
A correlation is declared as acceptable if it passes both tests described

(see filter 1 below) were disregarded. Therefore, a molecule was

in this section.

declared as suitable if it remained after application of both filters

Test 1: The type III error of a given property correlation
 n
o
sat
X X∈ Psat , ρsat
is less than the threshold of acceptance
liq , Δvap H, cP,liq

described below.
Filter 1: A molecule is removed if

(noted THX) defined as follows:
THtest1
¼ MAPEX þ 6SDX
X

ð5Þ

• Tc is greater than 2000 K. It is considered that such a molecule cannot be accurately represented by an EoS routinely used

where MAPEX (for mean average percent error) and SDX (standard

in process simulators and relying on a corresponding-states

deviation) of property X are obtained from Table 1.

principle;

TABLE 1

MAPE and SD obtained with the 2020 generalized version of the tc-PR model used for this article
Property X
v sat
liq

Psat
Number of molecules

1786

1786

Δvap H

csat
P,liq

1503

895

MAPEX

1.7%

2.1%

2.6%

4.8%

SDX

1.5%

1.3%

1.6%

4.3%
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TABLE 2

Acceptance thresholds for the different property correlations and types of error
Acceptance thresholds for each property correlation
vsat
liq

Psat

Error type

Δvap H

csat
P,liq

cP,IG

Type I (error reported in the DIPPR database)

5%

5%

5%

5%

5%

Type II (average exp. error calculated by Equation 1)

5%

5%

5%

5%

5%

Type III (deviation calculated with the gen-tc-PR 2020 EoS
by Equation 2)

2
THtest
¼ MAPEX þ SDX a
X

—

a

MAPEX and SDX are obtained from Table 1.

• it is banned by the DIPPR due to ambiguous data, self-accelerating
decomposition, or instability;
• it is a quantum fluid (e.g., hydrogen, helium, etc.).

data points are generated in their valid temperature range [T min ,
T max ]. The temperature ranges for each property are mentioned
in Supporting Information (Appendix A2). Concerning deviations, the MAPEs are evaluated according to Equation (6) as the

After this filter, 47 molecules were removed and 2183 remained.

average of the absolute percentage deviations between the

Filter 2: A molecule is removed if one correlation for Psat(T) or

experimental and calculated properties over N T temperature

ρsat
liq ðT Þ is missing or does not pass the acceptance tests presented in

points.

Section 2.3.2. After this filter, 383 molecules were removed and 1800
remained.

MAPEX ¼

Note that after this last filter, 385 molecules should be removed


NT 

100 X
Xj,exp ðT i Þ  Xj,calc ðT i Þ

NT i¼1 
Xj,exp ðT i Þ

ð6Þ

actually. Among these molecules were n-dotriacontane and nhexatriacontane, which exhibit an inaccurate correlation for Psat(T).

Xj,exp ðT i Þ and Xj,calc ðT i Þ correspond to the calculated and experimental

Since n-dotriacontane and n-hexatriacontane are included in the

values of component j's property X at temperature Ti. In the present

benchmark database for binary systems published by Jaubert et al.,1 it

article, NT = 50. It is worth noting that the first temperature (T1) and

was decided not to remove them from the database.

the last temperature (T50) of the range correspond exactly to Tmin and
Tmax, respectively.

2.4.1

|

Associating character
2.6

|

Guidelines summary and data points

The thermodynamic behavior of molecules showing AC, that is, involved
in a hydrogen bond, is considered by most of developers (and SAFT EoS

The guidelines presented in this article lead to a database containing

authors in particular) as more complicated than that of non-associating

1800 molecules that have accurate correlations for Psat and ρsat
liq .

molecules. Thus, capturing the behavior of associating molecules appears

Among them, 1536 fluids possess an accurate correlation for Δvap H

as a challenge. As a consequence, how a model performs with non-self-

and 890 for csat
P,liq , resulting in a database containing 301,300

associating (NSA) and self-associating (SA) molecules gives a deeper

high-quality pseudo-experimental points. Moreover, critical properties

insight into its performance. In the case of binary systems, a major fea-

(Tc, Pc, and vc) are available for the 1800 molecules, which results

ture of the database proposed by Jaubert et al.1 is that it provides a

in 5400 additional data points. In total, the proposed database

binary system classification according to the AC of their components. It

contains 306,700 pure-component data points for for the assess-

is thus possible to have a measure of the complexity of modeling the

ment of thermodynamic models' performances. The name, the AC,

thermodynamic properties of mixtures depending on the nature and

and the critical properties (Tc, Pc, and vc) of each molecule along

strength of the association phenomena involved in the system.

with the temperature range and the identification (ID) number

In this article, the AC of each pure species is quantified following

assigned by the DIPPR to each property correlation are reported in

a methodology explained in Appendix A1. In short, the screening

Appendix A3. In addition, Table 3 gives a short overview of such a

charge density distribution (sigma profile) of each molecule was gen-

database.

erated and analyzed to determine the tendency of such a compound
to associate. For the 1800 components involved in the proposed database, it results in 1252 NSA and 548 SA molecules.

3 | B E N C H M A R K OF T H E S R K , P R, t c - R K ,
AND t c - P R Eo S s

2.5

In this section, the performances of four CEoS are evaluated by

|

Temperature ranges and deviations

assessing their accuracy over the 306,700 pseudo-experimental data
For

a given pure component j and a given property
n
o
sat
X (X∈ Psat , ρsat
liq , Δvap H,cP,liq ), 50 equidistant pseudo-experimental

points available in the reference database for pure compounds developed in this article.
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TABLE 3

Overview of the data available in the proposed database

Total number of pure components: 1800 (1252 non-self-associating + 548 self-associating). Total number of pseudo experimental data points:
3,06,700
Number of components for which the property is available
Psat

ρsat
liq

1800 (90,000
data points)

1800 (90,000 data
points)

Δvap H
a

1536 (76,800 data
points)

csat
P,liq (and cP,IG)
b

890 (44,500 data
points)

Tc

Pc

vc

1800 (1800 data
points)

1800 (1800 data
points)

1800 (1800 data
points)

|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
306, 700 data points
a

Among the 1536 components, 1114 are non-self-associating and 422 are self-associating.
Among the 890 components, 695 are non-self-associating and 195 are self-associating.

b

3.1

|

Models

For the 1800 pure components available in the proposed database,
the three L, M, and N parameters were determined for both the tc-RK

The first two CEoSs are the well-known SRK7 and PR8 EoSs. The

and tc-PR EoSs following the fitting procedure that Piña-Martinez

other two models are the translated13,14 and consistent15,16 versions

et al.10 advised to implement. In short, the L, M, and N parameters

of the RK (tc-RK) and PR (tc-PR) EoSs.9 The detailed expressions of

were determined in order to reproduce as well as possible Psat

the SRK, PR, tc-RK, and tc-PR EoSs are summarized in Table 4. It is

(at least), and/or Δvap H, and/or csat
P,liq (if available) experimental data

worth recalling that for the tc-RK and tc-PR models, translated stands

and to guarantee that the α-function is consistent. The resulting

for the fact that a substance-dependent volume-translation parameter

parameters are reported in Appendix A4.

c has to be determined, component by component, in order that the
translated EoS exactly reproduces the experimental saturated liquid
volume at a reduced temperature of 0.8 [vsat
liq,exp ðT r ¼ 0:8Þ], that is
sat,uCEoS
c ¼ vliq
ðT r ¼ 0:8Þ  v sat
liq,exp ðT r ¼ 0:8Þ

3.2
ð7Þ

|

Results and discussion

The MAPEs on

n
o
sat
Psat , vsat
liq , Δvap H, cP,liq , v c , as defined in Equation (6),

are reported in Table 5 for the PR, SRK, tc-RK, and tc-PR EoSs. The
ðT r ¼ 0:8Þ is the molar volume calculated with the origwhere v sat,uCEoS
liq

details of deviations for each molecule are reported in Appendix A5.

inal (untranslated) CEoS at Tr = 0.8. In turn, consistent stands for the fact

From the α-function standpoint, it is possible to observe

that such EoSs are coupled with an α-function that passes the consis-

the huge and well-known impact of the choice of a generalized

tency test developed by Le Guennec et al.9,15,16 and therefore guaran-

or component-dependent function. In the case of the PR EoS,

tees safe property predictions in both the subcritical and supercritical

when it is coupled with the Twu91 α-function (case of the tc-PR

domains. Such a consistency test is expressed as a list of constraints

EoS) rather than with a Soave-type one (original PR EoS),

recalled in Equation (8); any α-function obeying these constraints is

MAPE on Psat is divided by almost 3, MAPE on Δvap H is 1% lower,

considered as consistent. This set of conditions has been called consis-

and MAPE on csat
P,liq is almost divided by 3. Although the reductions

tency test for an α-function in analogy with the consistency tests devel-

are smaller, the same trends are observed for the RK EoS when

oped to certify the quality of experimental binary VLE data.

coupled with a Soave-type or a Twu91 α-function. It is noticeable

8
αðT r Þ ≥ 0 and α continuous
>
>
>
>
>
dα
dα
>
>
ðT r Þ ≤ 0 and
continuous
>
>
dT r
dT r
>
>
< 2
2
For any reduced temperature ðT r Þ : d α ðT Þ ≥ 0 and d α continuous
r
>
2
>
> dT r
dT 2r
>
>
>
>
3
>d α
>
>
>
: 3 ðT r Þ ≤ 0
dT r
ð8Þ

that the original SRK yields much better results on csat
P,liq than the
original PR.
Concerning the impact of the different volumetric functions
included in the attractive term of the investigated CEoSs, the SRK
EoS leads to larger deviations (19%) on vsat
liq than the PR EoS (8%). In
turn, the impact of a volume translation is enormous, since it is possible to observe a reduction from 19% (SRK) to 3.5% (tc-RK), and from
8.8% (PR) to 2.1% (tc-PR). It is worth recalling that, as a general trend,
the SRK EoS predicts volumes that are much larger than the experimental ones. In turn, the volumes predicted by the PR EoS may be

As shown in Table 4, the tc-RK and tc-PR EoSs are armed with the

larger or smaller than the experimental ones depending on the studied

highly flexible three-parameter α-function proposed by Twu et al. in

fluid. In the latter case, negative values of the volume-translation

199117:

parameter (c) are reported.
 

αðT r Þ ¼ T rNðM1Þ exp L 1  T MN
r

Table 5 allows us conclude that the tc-PR EoS with an averð9Þ

age overall deviation of less than 2% over the 306,700 available

with T r ¼ T=T c

R2 T 2c,exp
Pc,exp

1
 ≈ 0:42748
Ωa ¼ pﬃﬃﬃ
9 3 21
p
ﬃﬃﬃ
3
21
≈ 0:08664
Ωb ¼
3

c,exp
b ¼ Ωb RT
Pc,exp

Parameter b

ac ¼ Ωa

8ð5X þ 1Þ
≈ 0:45724
49  37X
X
Ωb ¼
≈ 0:07780
Xþ3
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
pﬃﬃﬃ 3
pﬃﬃﬃ
3
X ¼ 1þ 42 2þ 4þ2 2

Ωa ¼

1

≈ 0:25308

m ¼ 0:37464 þ 1:54226ωexp  0:26992ω2exp

Attractive parameter at the critical temperature

Nonapplicable

Volume-translation parameter

m ¼ 0:480 þ 1:574ωexp  0:176ω2exp

2

ac  αðT r Þ
RT
PðT,v Þ ¼ vb
 vðvþb
ÞþbðvbÞ

α-Function


pﬃﬃﬃﬃﬃ
αðT Þ ¼ 1 þ m 1  T r

PR

αðT r Þ
RT
PðT,v Þ ¼ vb
 avc ðvþb
Þ

Expressions of the SRK, PR, tc-RK, and tc-PR EoS

SRK

TABLE 4

ac  αðT r Þ
RT
PðT, v Þ ¼ ðvþc
Þb  ðvþcÞðvþcþbÞþbðvþcbÞ

tc-PR

1
 ≈ 0:42748
Ωa ¼ pﬃﬃﬃ
9 3 21
p
ﬃﬃﬃ
3
21
≈ 0:08664
Ωb ¼
3

8ð5X þ 1Þ
≈ 0:45724
49  37X
X
Ωb ¼
≈ 0:07780
Xþ3
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
pﬃﬃﬃ 3
pﬃﬃﬃ
3
X ¼ 1þ 42 2þ 4þ2 2
Ωa ¼

ðc is component-dependent and specific to each EoSÞ

ðT r ¼ 0:8Þ  v sat
c ¼ v sat,uEoS
liq,exp ðT r ¼ 0:8Þ
liq

1

≈ 0:25308

 

αðT r Þ ¼ T rNðM1Þ exp L 1  T MN
(L, M, and N are component-dependent and specific to each EoS)
r

ac  αðT r Þ
RT
PðT, v Þ ¼ ðvþc
Þb  ðvþcÞðvþcþbÞ

tc-RK
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experimental data points is extremely accurate. It is probably not

components. Table 6 shows that for SA compounds, the average devi-

only the safest (the consistent character of the α-function of such

ation on csat
P,liq obtained with the tc-PR EoS is 4.2%, whereas the calcu-

an EoS ensures safe property predictions in both subcritical and

lated SD is found to be as high as 3.8%. On the other hand, for NSA

supercritical domains) but also the most accurate cubic EoS

components the SD is close to zero. A simple comparison of the aver-

available.

age deviations (between SA and NSA components) is thus not very
relevant. Another weakness of the comparison of deviations between
SA and NSA components is the small number of SA components for

3.2.1

|

Associating character

which experimental heat capacities are available (less than 200).
To have a deeper insight into the role played by association and

As previously mentioned, the 1800 pure fluids are divided into two

to better understand the relationship between the ability of an EoS to

groups: those that are SA and those that are not (NSA). MAPE on
n
o
sat
Psat , vsat
for the 1252 NSA and the 548 SA comliq , Δvap H, cP,liq , v c

accurately reproduce the properties of pure species and their AC, it is
now decided to define a criterion for quality modeling. Using the latter,

pounds are reported in Table 6. A first point is that, for the original

molecules will be labeled as well or badly represented, and it will be

SRK and PR EoSs, the difference in performance between NSA and

possible to analyze how the SA and NSA fluids distribute between the

SA compounds is noticeable for all the properties of interest. For the

two categories. The proposed criterion of modeling quality compares

translated and consistent models, similar deviations are observed for

the deviations obtained on Psat and v sat
liq for a given fluid with the mean

SA and NSA compounds except for the csat
P,liq property for which devia-

deviations obtained for all the NSA fluids. For a given molecule, if

tions double when switching from NSA to SA compounds. We how-

deviations on Psat and vsat
liq slightly depart from the corresponding

ever, believe that this difference is not very significant. A detailed

mean values for NSA fluids, the molecule is considered as well

analysis of the results obtained with the tc-PR EoS shows that the

modeled. Otherwise, it falls in the “badly modeled” category. Devia-

vast majority of SA compounds (around 70%) have deviations on csat
P,liq

tions on Psat and vsat
liq were retained because such properties are avail-

that are less than 2%. Half of the SA components have even devia-

able for the 1800 molecules and, as previously discussed, are

that are less than 1.5%. On the other hand, a small num-

considered as key properties. The mean reference deviations on Psat

ber of SA components have deviations higher than 20%, which

and v sat
liq were calculated over the 1252 NSA components only, simply

inevitably increases the average deviation value for this category of

because the four studied CEoSs do not contain associating terms and

tions on

csat
P,liq

TABLE 5

sat
MAPE on Psat, vsat
liq , Δvap H, cP,liq , vc, Tc, and Pc as predicted by the SRK, PR, tc-RK, and tc-PR EoS

EoS

MAPE on
Psat (1800
fluids)

MAPE on v sat
liq
(1800 fluids)
(Tr < 0.9)

MAPE on
Δvap H (1536
fluids)

SRK

2.3%

19%

PR

2.8%

8.8%

tc-RK

1.2%

tc-PR

1.0%

MAPE on
csat
P,liq (890
fluids)

MAPE on vc
(1800
fluids)

MAPE on Tc
and Pca (1800
fluids)

Global average deviation over
the 306,700 available data
points

3.0%

5.5%

31%

0%

8.0%

3.1%

7.3%

21%

0%

5.4%

3.5%

2.0%

2.7%

24%

0%

2.4%

2.1%

1.9%

2.5%

20%

0%

1.9%

a

Such MAPEs are exactly zero since the four EoSs are parameterized in order to exactly reproduce Tc,exp and Pc,exp.

TABLE 6

sat
MAPE on Psat, vsat
liq , Δvap H, cP,liq , and vc depending on the associating character as predicted by the SRK, PR, tc-RK, and tc-PR EoS

EoS

MAPE on Psat (1800
fluids)

MAPE on v sat
liq (1800 fluids)
(Tr < 0.9)

MAPE on Δvap H (1536
fluids)

MAPE on csat
P,liq (890
fluids)

MAPE on vc (1800
fluids)

2.1% (1252 fluids)

18% (1252 fluids)

2.8% (1114 fluids)

4.9% (695 fluids)

30% (1252 fluids)

SRK

NSA
SA

2.9% (548 fluids)

21% (548 fluids)

3.5% (422 fluids)

7.6% (195 fluids)

33% (548 fluids)

PR

NSA

2.3%

7.7%

3.0%

6.8%

20%

SA

4.0%

11%

3.5%

9.0%

23%

tc-RK

NSA

1.1%

3.6%

2.0%

2.3%

23%

SA

1.4%

3.2%

1.9%

4.4%

25%

tc-PR

NSA

0.9%

2.0%

2.0%

2.1%

19%

SA

1.2%

2.3%

1.8%

4.2%

21%
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were initially intended to describe NSA components only. By only

performance for short-chain associating molecules (where the weight

considering NSA compounds instead of all pure components of the

of association is definitely very important) is less reliable or it follows

database, a more severe test is proposed to include a molecule to the

similar trends as for SA compounds that possess a long organic chain,

“well-modeled” category.

these long alkyl chains being likely to hide the effect of association. It

Quantitatively speaking, a pure component j will be considered as


8
EoS,NSA
>
MAPEEoS
≤ MAPEPsat
þ SDEoS,NSA
sat
>
P
>
Psat
j
>
>
<
and
>
>


>
>
EoS,NSA
> MAPEEoS
:
≤ MAPEvsat
þ SDEoS,NSA
vsat
vsat
liq

j

was thus decided to split the 548 SA components into two categories:
the short-chain and the long-chain components. We found that

well modeled by a given EoS provided

liq

125 molecules (among the 548) had a molecular weight less than or
equal to that of n-pentanol and they were (somewhat arbitrary) classið10Þ

liq

fied as short-chain molecules. The remaining 423 molecules were classified as long-chain molecules. Calculations were performed with the
tc-PR EoS, which made it possible to conclude that there is definitely
no link between the strength of the hydrogen bond and the accuracy
of the calculations. Indeed, 62% of the short-chain molecules and

EoS,NSA

and MAPEX
where SDEoS,NSA
X

denote the mean SD and

68% of the long-chain molecules were found to be well modeled. The

MAPE for property X calculated with a given EoS over the 1252 NSA

difference between these two percentages is small and not statisti-

components of the database. If one or both conditions of Equation (10)

cally significant. Water, methanol, and ethanol were declared badly

are not satisfied, the pure component is considered as “badly modeled.”

modeled but many other short alcohols (propargyl alcohol, allyl alco-

Results are presented in Figures 1–4 and deserve discussion.

hol, 2-methyl-2-propanol, 2-butanol, 1,2-propylene glycol, etc.) were

A key point is that, regardless of the considered CEoS, about 75% of

declared well modeled. In addition, we observed some results for

pure components are well represented, according to the criterion

which it is difficult to find an explanation. As an example, considering

defined in Equation (10) (see the left panel in each figure). In addition,

the two isomers 1-butanol and 2-butanol, it is found that the first one

the database contains 70% (1252/1800) of NSA fluids and 30% of SA

is well modeled but the second one is not. Their structures are, how-

components. At first sight, it could be believed that the 75% well-

ever, highly similar.

modeled molecules match the NSA fluids plus some SA components.
This is, however, not the case at all.

Finally, a closer inspection across various chemical groups
(defined by the DIPPR) is proposed.

Another striking fact is that almost 67% of the SA molecules are

Table 7 shows the distribution of well-modeled compounds for dif-

well modeled (see the right panel in each figure), while almost 20% of

ferent chemical groups and for each EoS. It is possible to observe that

the NSA compounds are badly modeled (refer to the middle panel in

the four EoSs have a ratio of well-modeled molecules greater than 65%

each figure). Once again, we might have been tempted to believe that

and often close to 80% for alkanes, alkenes, alkynes, aromatics, esters,

all the NSA fluids would be well modeled by CEoS, but this is not the

ethers, ketones, aldehydes, epoxides, peroxides, halogen compounds,

case. On the other hand, one would not have predicted that classical

amines, amides, sulfur and silicon compounds. Alcohols have 61% of

CEoSs reproduce satisfactorily more than half of the SA molecules

well-modeled molecules except with the tc-PR model, which yields a

without adding an association term.

ratio of 53%. Nitriles are modeled the worst, and this is related mostly

In order to further analyze the results, we decided to investigate

sat
to high deviations on vsat
liq . Such large deviations on v liq can, however,

whether there was a correlation between the degree of hydrogen

not be ascribed to the strong AC of these compounds. A detailed anal-

bonding and the accuracy with which the experimental data were cor-

ysis of the chemical structure of the 31 nitrile compounds available in

related. In other words, we wanted to investigate whether the

the DIPPR database reveals that most of these molecules are

F I G U R E 1 Ratio of well-modeled and badly modeled molecules by the SRK EoS classified into non-self-associating (NSA) and self-associating
(SA) fluids. Green: well-modeled molecules. Red: badly modeled molecules
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F I G U R E 2 Ratio of well-modeled and badly modeled molecules by the PR EoS classified into non-self-associating (NSA) and self-associating
(SA) fluids. Green: well-modeled molecules. Red: badly modeled molecules

F I G U R E 3 Ratio of well-modeled and badly modeled molecules by the tc-RK EoS classified into non-self-associating (NSA) and selfassociating (SA) fluids. Green: well-modeled molecules. Red: badly modeled molecules

F I G U R E 4 Ratio of well-modeled and badly modeled molecules by the tc-PR EoS classified into non-self-associating (NSA) and selfassociating (SA) fluids. Green: well-modeled molecules. Red: badly modeled molecules

polyfunctional (in addition to the nitrile group, some contain double

To conclude this section, it can be highlighted that modern CEoSs

bonds, other contain a hydroxyl group, a NH2 group, a methoxy group,

like the tc-PR and tc-RK EoS have the capacity to model accurately

etc.). It is believed that such a complexity explains the loss of accuracy

around 70% of SA compounds and 80% of NSA compounds. We

that is observed. In turn, organic acids are not well modeled by the

believe that this result counterbalances most of comments about the

original SRK and PR EoSs while the tc-RK and tc-PR models achieve a

inadequacy of EoSs that do not include a specific association term in

ratio of 80% of well-modeled molecules.

their formulation to model SA compounds.
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TABLE 7

Distribution of well-modeled compounds across different chemical groups for the SRK, PR, tc-RK, and tc-PR EoS

Group

SRK (%)

PR (%)

tc-RK (%)

tc-PR (%)

Alkanes

88

90

85

94

Alkenes

92

90

84

87

Aromatics

80

85

87

83

Alkynes

83

83

78

83

Polyfunctional compounds

71

63

82

74

Esters/ethers

69

73

84

79

Organic acids

49

35

80

79

Inorganic compounds

63

67

63

60

Ketones/aldehydes

88

93

80

93

Nitrogen compounds

64

62

71

75

Alcohols

61

61

61

53

Other compounds

33

56

67

44

Organic salts

69

62

54

46

Epoxides

94

100

61

83

Peroxides

100

73

100

73

Halogen compounds

81

86

72

80

Nitriles

13

13

23

35

Amines/amides

70

70

72

68

Sulfur compounds

88

91

79

90

Silicon compounds

75

77

80

72

4
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C O N CL U S I O N

• The accuracy of the tc-PR EoS proved to be impressive. Such a modern CEoS achieved an average overall deviation of less than 2% over

In this article, we presented guidelines for the constitution of a data-

the 306,700 available experimental data points. Excellent results are

base of pure-compound properties stemming from the DIPPR for the

obtained for all the properties, except the molar critical volumes.

assessment of the performance of thermodynamic model for such

• The striking fact is that not all the NSA molecules are well modeled

compounds. These guidelines provide the number of molecules, the

by the studied CEoSs and that almost two-thirds of the SA com-

property data to be incorporated, and the temperature ranges

pounds of the database are represented with high accuracy by

between which pseudo-experimental points should be generated.

CEoSs. At this step, one might wonder whether the addition of an

Application of such guidelines led to a database containing 1800

association term is the right solution to improve the accuracy of

molecules for which, in addition to the critical coordinates (Tc, Pc, and

EoSs. The answer to this extremely complex question is not yet clear

vc), accurate correlations for Psat and ρsat
liq are available. Among them,

to us but we plan to publish our conclusion soon, in a next paper. At

1536 fluids also possess an accurate correlation for Δvap H and 890 for

this step, it could be argued that EoSs are mostly developed and

csat
P,liq ,

used in academia and industry to calculate phase equilibria and ther-

resulting in a database containing 306,700 high-quality pseudo-

experimental data points.

modynamic properties of fluid mixtures. This is obviously true, but

In addition, the accuracy of the SRK, PR, tc-RK, and tc-PR EoSs

we believe that this study over thousands of pure components

has been investigated by calculating the deviations between experi-

deserves attention because, as stated by Agarwal and recalled in this

mental data points embedded in the developed reference database

article, “regardless of the sophistication of your thermodynamic

and calculated values returned by the CEoSs. Results obtained over

model and the number of parameters in the mixing rule, you are in

1800 compounds and more than 306,000 data points highlight the

trouble if the vapor pressures are inaccurate. No matter how many

following:

parameters your mixture model may have, the end points of isothermal (P,x,y) phase diagrams will always be calculated incorrectly.”

• The use of the highly flexible, component-dependent Twu91
α-function drastically improves the reproduction of vapor pressures, enthalpies of vaporization, and liquid heat capacities.

Finally, we hope that the proposed guidelines and database will
be widely adopted by the scientific community to identify the

• There is a spectacular improvement in the reproduction of liquid

strengths and weaknesses of a given thermodynamic model. More-

molar volumes when a substance-dependent volume-translation

over, this database should help model developers to test new con-

parameter is used.

cepts in the formulation of EoSs for pure compounds.
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