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A strategy is proposed for empirical fundamental equation of state correlations for pure fluids on the basis
of hybrid data sets, composed of experimental and molecular simulation data. Argon and hydrogen chloride

are used as examples.
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I. INTRODUCTION

The fundamental equation of state (FEOS) can be ex-
pressed with various thermodynamic potentials', e.g. in-
ternal energy F(N,V,S), enthalpy H(N, p, S), Helmholtz
energy F'(N,V,T) or Gibbs energy G(N,p,T), with num-
ber of particles N, volume V', pressure p, temperature
T and entropy S. Any other thermodynamic property,
which may or may not be measurable in the laboratory,
is a linear or non-linear combination of derivatives with
respect to the independent variables. Conceptual details
for the present context are outlined in references®?3. The
form F/T(N,V,1/T) is preferred for empirical correla-
tions due to practical reasons*. A definition for its deriva-
tives may be

oMt (F/(RT i
Samaa 8" = Ay = A4 A (1)
where R is the gas constant, 8 = 1/T and p = N/V. A,
can be separated into an ideal part A%, and a residual
part A7 5. The ideal part can usually be obtained by
independent means, e.g. spectroscopic data or ab initio
calculation®%7. Tt is the residual part which is of concern
here.

An empirical FEOS correlation needs carefully selected
thermodynamic data to be used in a fitting procedure.
Unfortunately, the data availability today is insufficient.
FEOS correlations with technical accuracy* covering the
entire fluid region of technological interest are available
for about 100 of roughly 1000 pure compounds of indus-
trial relevance. For the remaining compounds, data sets
are at best scarce so that FEOS correlations are hardly
feasible. For mixtures, of course, the data availability is
much worse.

It is to be expected that the accuracy of the Helmholtz
energy surface representation will increase if more A,
are used in fitting eq. (1). Consequently, the accuracy
of any other thermodynamic property obtained from the
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FEOS should also increase. However, the overall infor-
mation on the whole possible range of Helmholtz en-
ergy derivatives from laboratory measurements is lim-
ited: Af, = p/(pRT) 1, Ajy+Afy = H/(RT) — Ap, — 1
and Ak, + A, = —C, /R, where C, is the isochoric heat
capacity. A1; and Age cannot be accessed individually,
because the measurable quantities, isobaric heat capac-
ity C}, and speed of sound w, are non-linear combina-
tions of Ag1, Asg, A11 and Ags. In molecular simulation
such constraints can be entirely removed. The statisti-
cal mechanical formalism proposed by Lustig allows for
the simultaneous sampling of any A} = in a single NVT

mn
simulation for a given state point®?3.

1. MOLECULAR SIMULATION AND FEOS
CORRELATION

Recent progress in molecular simulation has shown
that molecular interaction models have powerful predic-
tive capabilities with respect to thermodynamic data®.
The current standard is to match molecular models to
real compounds based on laboratory vapor-liquid equi-
librium (VLE) data. The typical accuracy of reproduc-
tion is 5% for vapor pressure and +1% for saturated
liquid density® 6. However, it is usually not known
how molecular interaction models perform in homoge-
neous regions. We performed simulations for some ten
molecular models? !¢ representing fluids of very differ-
ent nature at various state points in the homogeneous
regions, and compared A} . results with the best avail-
able FEOS correlations from the literature. The results
for hydrogen sulfide are shown in figure 1 as an exam-
ple. There is agreement with the FEOS of Lemmon
and Span'” throughout. Only Af, shows a deteriora-
tion, which was not considered individually in the fits
of the FEOS'". Tests for other fluids also show promis-
ing behavior. Additional examples (including argon and
hydrogen chloride) are given in the supplementary mate-
rial. We conclude that molecular interaction models may
perform well in the fluid region, based on comparisons to
reference FEOS correlations.

Therefore, a valid FEOS correlation can be established



based on laboratory VLE data and molecular simula-
tion data covering the homogeneous fluid regions. This
approach targets fluids for which no laboratory data in
the homogeneous fluid regions are available. With such
hybrid data employment, the construction of an FEOS
amounts to investments of days rather than years com-
mon for the exclusively experimental route. Using VLE
data from laboratory experiments rather than obtaining
them from molecular simulation is still advised. Typical
uncertainties (see above) of directly simulated VLE data
are usually too high for technical quality FEOS develop-
ment. In this paper, two examples are presented: argon
and hydrogen chloride.

The underlying experimental VLE data sets as well as
the ideal part of the Helmholtz energy in eq. (1) were
adopted from the FEOS correlations'®!?. Extensive data
sets in the homogeneous fluid regions were generated us-
ing the molecular simulation tool ms22° that currently
supports the derivatives Ay, Aly, At Aby, A1, Abes
A%y, As, and A7,. The simulations used molecular in-
teraction models fitted to experimental VLE data of ar-
gon and hydrogen chloride®!6. The resulting data sets
cover large portions of the homogeneous fluid regions:
155 state points for argon and 61 for hydrogen chlo-
ride with nine A7 at each state point. Throughout,
256 particles were sufficiently equilibrated and then run
for 2 million production cycles with NVT Monte Carlo
simulations?'. Electrostatic long-range corrections were
approximated by the reaction field method?2. The resid-
ual Helmholtz energy was determined by Widom’s test
particle insertion?3. Results were validated with simula-
tions of N= 800 and 1372 particles. System size effects
were found generally insignificant for the current pur-
pose.

The employed correlations are explicit in terms of the
residual Helmholtz energy as is common in modern FEOS
development*

Ip IP+IE
Al = E N7 4+ g N7t oM exp(—él"') +
k=1 k=Ip+1

IP+IE+IG
o mer oM exp(—mi(8 — er)® — AT — )%,
k=Ip+Tp+1

(2)

with Ip polynomial, I exponential and I Gaussian bell-
shaped terms. § = p/p. and 7 = T, /T, where p. and T,
are the critical density and critical temperature, respec-
tively. Sole fitting of coefficients ny, is straightforward?*.
However, the core of FEOS correlation is the simulta-
neous optimization of Ip, Ig, Ig, tx, dg, lg, Mk, €k,
Ak, Yk, which requires the expert use of complex non-
linear fit algorithms®2°. Fitting procedures employed in
this work follow the outlines of Lemmon and Jacobsen?®.
The numerical values for the parameters of the present
FEOS correlations are given in the supplementary mate-
rial. Here, we report on preliminary progress over stan-
dard procedures utilizing molecular simulation data. The

presented results are from preliminary FEOS optimiza-
tions of eq. (2). Improvements are in progress and will
be reported (in all detail) in due course.

The most accurate FEOS!®!? available in the litera-
ture reproduce experimental vapor pressures p, within
+0.02% and saturated liquid densities p’ within +0.01%
for argon and £1.0% (py) and +£1.5% (p’) for hydrogen
chloride. Deviations tend to be higher near the critical
point. The present FEOS are nearly as accurate: py is re-
produced within £0.03% and p’ within +0.1% for argon.
For hydrogen chloride the results from the experimen-
tally designed FEOS and the present FEOS are about
identical. VLE deviation plots are given in the supple-
mentary material.

In figure 2, the present FEOS is compared with the ref-
erence FEOS for argon. For both FEOS, the basis of the
comparison is the same set of laboratory data gathered
from the homogeneous fluid regions. Here, only the most
trustworthy laboratory data are considered. Note that
for the present FEOS no laboratory data in the homo-
geneous regions were used for the fits. Argon is a well
studied fluid and the FEOS of Tegeler et al.!® can be
viewed as complete thermodynamic knowledge. In com-
parison, the new approach proves to be quite effective.
Figure 3 shows hydrogen chloride. No useful experimen-
tal data for C,, C}, or w are available in the homoge-
neous regions, leaving density only for comparison. The
present and the reference FEOS exhibit similar perfor-
mance. The present FEOS, however, was constructed
with a much larger set of independent A}, . It is there-
fore reasonable to assume superior predictions for the re-
maining thermodynamic properties. In such cases, when
experimental data are not available, molecular simulation
can be used to enlarge data sets or to increase the range
of validity of FEOS correlations to state points difficult
to access in the laboratory.

I1l.  CONCLUSIONS

A strategy is proposed for empirical FEOS correlations
based on laboratory VLE data and molecular simulation
data at homogeneous fluid states. For many substances
sufficient VLE data are available. However, experimen-
tal data at homogeneous states are usually scarce or un-
available. Molecular simulation can provide such data
with little time and cost effort. Sufficient accuracy for
truly independent thermodynamic properties is feasible
for practical application in process design and technical
quality FEOS correlation. Extensions to a variety of pure
compounds and their mixtures are in progress.

SUPPLEMENTARY MATERIAL

Supplementary material associated with this article
can be found at [URL inserted by AIP]
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FIG. 1. Distribution of simulated state points for hydrogen
sulfide'® in the temperature—density plane (top left). Cor-
responding A7, at the same state points (remaining sub-
figures), excluding the two phase region. Different symbols
denote isochores. Lines correspond to the FEOS of Lemmon
and Span'”. Statistical uncertainties of the simulation data
do not exceed symbol sizes.

(pexp _ pFEOS) / pexp *100

FIG. 3. Relative deviations of laboratory density data (sym-
bols) from values of the FEOS of Thol® (left) and the present
FEOS (right) for hydrogen chloride. Details are in the sup-
plementary material. Symbols exceeding the axis limits were
placed on the borders.
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FIG. 2. Relative deviations of experimental density, isochoric
and isobaric heat capacity and speed of sound data (sym-
bols) from values of the FEOS of Tegeler et al.'® (left) and
the present FEOS (right) for argon. Details are in the sup-
plementary material. Symbols exceeding the axis limits were
placed on the borders.
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This supplementary material contains the parameters of the FEOS correlation developed in this work. These
FEOS correlations are also attached as *.fld files that may serve as input files for the software REFPROP!
distributed by NIST. Note that the present FEOS correlations are not intended to supersede the existing ones,
they are rather a proof of concept for the hybrid fitting approach. Detailed information for the laboratory data
shown in the deviation plots of the corresponding article, as well as additional figures comparing Helmholtz
energy derivatives from molecular simulation with the best available FEOS correlations available in literature
are also presented.

FEOS CORRELATION
TABLE II. Parameters for Ajy (Ar)
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for hydrogen chloride, where § = p/pc, 7 = Tc/T, pc 12 -0.2218746641729E—01 1.6300
and T, are the critical density and critical temperature, 13 0.7822742439858E+00 0.1920
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TABLE IV. Critical temperature and critical density

| Te/K_pe/(mol/)
Ar|150.696 13.416
HCl1| 324.55 11.55
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Relative deviations of laboratory vapor pressure (ps), saturated liquid density (p’),
saturated vapor density (p ”), density (p), isochoric heat capacity (C,), isobaric heat
capacity (C,) and speed of sound (w) data from the FEOS of Tegeler et al. (1999) for
argon
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Relative deviations of laboratory vapor pressure (ps), saturated liquid density (p’),
saturated vapor density (p ”), density (p), isochoric heat capacity (C,), isobaric heat
capacity (C,) and speed of sound (w) data from the present FEOS for argon
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Relative deviations of laboratory vapor pressure (p,), saturated liquid density (»’) and

density (p) data from the FEOS of Thol(2010) for hydrogen chloride
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Relative deviations of laboratory vapor pressure (p,), saturated liquid density (»’) and
density (p) data from the present FEOS for hydrogen chloride

= AL
& [
& -
"% 1
o =
= - B xB7 8
N9 0 - &
In. B 2 * & 0<>2<x %
e i X
o C °
& HAp v °
Y,
s e
v_‘_ewlllllllllllllxlll
130 180 230 280 330
Temperature / K
+ Chihara & Inaba (1976) X Dorsman (1908)
O Florisse & Peters (2002) o Franck et al. (1962)
* Giauque & Wiebe (1928) ¢ Henderson et al. (1986)
X Henglein (1923) A Henning & Stock (1921)
N Karwat (1924) Y Nunes da Ponte & Staveley (1981)
4 Preuss & Moerke (1988) O Stock (1923)
v Stock et al. (1921)
o 2
>< -
o =
St L s
,.(\I) 1+ [©] o *
2 B %o
" (& | & [e} *X¥ :
Q - al . o
! 0 = MR + *
o] i +
- é I *
= gl
o) C
— [
2 C o+ v o0y by
130 180 230 280 330
Temperature / K
+ Henderson et al. (1986) 0 Shapiro & Sadoway (1996)

o Steele et al. (1906) * Thomas (1962)



100 (pEXP - pFEOS)/ Pexp

100 (pEXP - pFEOS)/ Pexp

o
o

25
<
0.0 _n 85— oo T o 0o Y9qg b3
25
— +AA
I +
5oL ] I A | N R Y |
0.1 1.0 10.0
Pressure / MPa
+ Dorsman (1908) 0 Henderson et al. (1986)
* Nunes Da Ponte & Staveley (1981) ¢ Shapiro & Sadoway (1996)
X Steele et al. (1906) A Thomas (1962)
5.0 T O]
k= X
= #:_4. x X XXx
X XX
C +}##%§xxx x&*ﬁ( xxx 8
25 XX 0™ x
= H ¥ X XX
I~ X W()g&(
L ot XX Xoye X X
B AR DA >%(
0.0 B M T o=—-1T— B AN Dk ALOUO A
- +
- v X sEAn
= X R
-2.5 __ * ><+ )2(xxx
C 'y X X
£
_5'0_ ] Lol | e ] Lol
0.1 1.0 10.0 100.0
Pressure / MPa

+ Dorsman (1908)

0 Henderson et al. (1986)

¢ Shapiro & Sadoway (1996)
A Thomas (1962)

x Franck et al. (1962)
* Nunes Da Ponte & Staveley (1981)
X Steele et al. (1906)



FEOS

Thol, M., Entwicklung einer funktionalen Form fir Zustandsgleichungen fiir polare und
schwach assoziierende Fluide, diploma thesis, Ruhr-University Bochum (2010).

Laboratoty measurement data
Chihara, H., Inaba, A., J. Chem. Thermodyn., 8:915, 1976
Dorsman, C., Isothermen van Mengsels van Zoutzuur en Koolzuu, Thesis, 1908
Florisse, L. J., Peters, C. J., Fluid Phase Equilib., 202:1, 2002

Franck, E.U., Brose, M., Mangold, K., Supercritical Hydrogen Chloride. Specific Heat up to
300 C and 300 atm. PVT-Data up to 400 C and 2000 atm., Conference, 159-165, 1962

Giauque, W. F., Wiebe, R., J. Am. Chem. Soc., 50:101, 1928

Henderson, C., Lewis, D. G., Prichard, P. C., Staveley, L. A. K., Fonseca, |. M. A., Lobo, L.
Q., J. Chem. Thermodyn., 18:1077, 1986

Henglein, F. A., Z. Phys. (Berlin), 18:64, 1923

Henning, F., Stock, A., Z. Phys. (Berlin), 4:226, 1921

Karwat, E., Z. Phys. Chem. (Leipzig), 112:486, 1924

Nunes Da Ponte. M., Staveley, L. A. K., J. Chem. Thermodyn., 13:179, 1981

Preuss, H., Moerke, K., Determination of Vapor-Liquid Equilibria in Systems containing
Vinyl Chloride, 1,2-Dichloroethane, Hydrogen Chloride, and Buta-1,3-diene., Leuna Protocol
(1988)

Shapiro, H. B., Sadoway, D. R., J. Phys. Chem., 100:5956, 1996

Steele, B. D., Mclntosh, D., Archibald, E. H., Z. Phys. Chem.(Leipzig), 55:131, 1906
Stock, A., Henning, F., Kuss, E., Ber. Dtsch. Chem. Ges./ B:Abhandl., 54:1119, 1921
Stock, A., Z. Elektrochem. Angew. Physik. Chem., 29:354, 1923

Thomas, W., Pap. Symp. Thermophys. Prop., 2:166-171, 1962



Comparison of residual Helmholtz energy derivatives ( A;,) from molecular
simulation (symbols) with FEOS correltations (lines). Note that lines are absent

outside the range of validity of FEOS correlations.

FEOS: J. Phys. Chem. Ref. Data, 28(3):779-850, 1999.

Interaction model: J. Phys. Chem. B, 105, 12126-12133, 2001.
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FEOS: J. Chem. Eng. Data, 51:785-850, 2006.
Interaction model: J. Phys. Chem. B, 112: 12710-12721, 2008.
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FEOS: Fluid Phase Equilibria, 19:175-200, 1985.
Interaction model: J. Phys. Chem. B, 105: 12126-12133, 2001.
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FEOS: J. Phys. Chem. Ref. Data, 29(6):1361-1433, 2000.
Interaction model: J. Phys. Chem. B, 105: 12126-12133, 2001.
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FEOS:
Pergamon Press, Oxford, 1990.

Interaction model: J. Phys. Chem. B, 105: 12126-12133, 2001.
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FEOS: J. Chem. Eng. Data, 51:785-850, 2006.
Interaction model: J. Chem. Phys., 119: 11396-11407, 2003.
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FEOS: Int. J. Thermophys., 16(2): 519-531, 1995.
Interaction model: Fluid Phase Equilib., 315: 77-83, 2012.
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FEOS: Chem. Tech. (Leipzig), 44(6):216-224, 1992.
Interaction model: J. Phys. Chem. B, 105: 12126-12133, 2001.
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FEOS: J. Phys. Chem. Ref. Data, 35(1):205-266, 2006.
Interaction model: J. Phys. Chem. B, 105: 12126-12133, 2001.
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FEOS: J. Phys. Chem. Ref. Data, 29(5):1053-1122, 2000.
Interaction model: J. Phys. Chem. B, 105: 12126-12133, 2001.
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FEOS: J. Chem. Eng. Data, 51:785-850, 2006.
Interaction model: To be published

Acetone

—— 4 mol/l
— 14 mol/l
13 mol/l
12 mol/l
— 10 mol/l
— 8 mol/l
— 6 mol/l
2 mol/l
—— 0.1 mol/l
2 mol/l
4 mol/l
6 mol/l
8 mol/l
10 mol/l
12 mol/l
13 mol/l
14 mol/l
0.1 mol/l

900

l 4 mol/l

14 mol/|
13 mol/l
12 mol/l
10 mol/l
8 mol/l
6 mol/l
2 mol/l
0.1 mol/l

o000
[T

2 mol/l
4 mol/l
6 mol/l
8 mol/l
10 mol/l
12 mol/l
13 mol/l
14 mol/l
0.1 mol/l

400 500 600 700 800 900
T/IK



Acetone

@ —— 4 mol/l
— 14 mol/l
13 mol/l
4 - —— 12 mol/l
— 10 mol/l
—— 8 mol/l
—— 6 mol/l
2 mol/l
A & —— 0.1 moll
2 mol/l
4 mol/l
6 mol/l
8 mol/l
10 mol/I
12 mol/l
13 mol/l
14 mol/l
0.1 mol/l

¢

# 4 mol/l

14 mol/l
13 mol/l
12 mol/l
10 mol/l
8 mol/l
6 mol/l
2 mol/l

0.1 mol/l
2 mol/l
4 mol/l
6 mol/l
8 mol/l
10 mol/l
12 mol/l
13 mol/l
14 mol/l
0.1 mol/l

400 500 600 700 800 900



11

02

Acetone

2

0 90oo—0o—0o—o

—eo— o

D -

L 4

500

600

T/K

700

800

900

900

—— 4 mol/l
— 14 mol/|

13 mol/l

12 mol/l
— 10 mol/l
— 8 mol/l
= 6 mol/l

2 mol/l

— 0.1 mol/l

2 mol/l
4 mol/l
6 mol/l
8 mol/l
10 mol/l
12 mol/l
13 mol/l
14 mol/l
0.1 mol/l

4 mol/l
14 mol/l
13 mol/|
12 mol/l
10 mol/l
8 mol/l
6 mol/l
2 mol/l
0.1 mol/l
2 mol/l
4 mol/l
6 mol/l
8 mol/l
10 mol/|
12 mol/l
13 mol/l
14 mol/|
0.1 mol/l




6
4H\
2 ¥+E* -

0

Acetone

400

500

600

700
T/IK

800

900

Acetone

600

700
T/K

800

900

——— 4 mol/l
— 14 ol

13 mol/l

— 12 mol/l
— 10 mol/l
— 8 mol/l
——— 6 mol/l

2 mol/l

—— 0.1 mol

2 mol/l
4 mol/l
6 mol/l
8 mol/l
10 mol/l
12 mol/l
13 mol/l
14 mol/|
0.1 mol/l

4 mol/l
14 mol/l
13 mol/l
12 mol/l
10 mol/l
8 mol/l
6 mol/l
2 mol/l
0.1 mol/l
2 mol/l
4 mol/l
6 mol/l
8 mol/l
10 mol/l
12 mol/l
13 mol/l
14 mol/l
0.1 mol/l




12

Acetone

e

o
.
.
3
e
.

-10

L& o

400 500 600 700 800
T/K

900




