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Abstract
Vapor-liquid equilibria (VLE) of the binary mixtures nitrogen + acetone and oxygen + acetone
are studied by molecular simulation and experiment. A force field model for pure acetone (CH3 (C=O)-CH3 ) is developed, validated and then compared with four molecular models from the
literature. The unlike dispersive interaction between nitrogen and acetone as well as oxygen and
acetone is adjusted. Based on these mixture models, the VLE of nitrogen + acetone and oxygen
+ acetone is determined by molecular simulation and validated on the basis of experimental
data. To extend the experimental database, a gas solubility apparatus is constructed and the
saturated liquid line of nitrogen + acetone is measured at the three isotherms 400, 450 and 480
K up to a maximum pressure of 41 MPa. Finally, the results from simulation and experiment
are used to parameterize the Peng-Robinson EOS for nitrogen + acetone with the Huron Vidal
mixing rule.
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Introduction

Liquids, which are injected into a gaseous environment that has a supercritical state with respect to them, play an important role in energy conversion processes like Diesel and rocket
engines or gas turbines. The challenge is to understand and model phenomena in transcritical
jets, where liquids change their state after injection to a supercritical fluid. The Collaborative Research Center Transregio 75 ”Droplet Dynamics Under Extreme Ambient Conditions”
(SFB-TRR75),1, 2 which is funded by Deutsche Forschungsgemeinschaft (DFG), investigates the
injection of acetone droplets into a nitrogen/oxygen environment by experiment and computational fluid dynamics simulation.3, 4 Knowledge on the phase behavior and other thermodynamic
properties for these systems is crucial to undertake this task. In preceding work,5 we measured
the VLE of nitrogen + acetone and of oxygen + acetone below 400 K by experiment.
In this work, the VLE of the binary mixtures nitrogen + acetone and oxygen + acetone was
studied by molecular simulation and additional experiments were carried out with a focus on
the extended critical region of nitrogen + acetone. First, a force field model for acetone (CH3 (C=O)-CH3 ), parameterized on the basis of quantum chemical calculations and experimental
data for the saturated liquid density as well as the vapor pressure, was developed and compared
with molecular models from the literature, i.e. the TraPPE model,6 a modified version thereof,7
the AUA4 model8 and the OPLS model.9 The present molecular acetone model was validated
with the fundamental equation of state (EOS) by Lemmon and Span10 and with experimental
pure fluid data from the literature with respect to the heat of vaporization, various properties
in the homogeneous fluid region (density, isobaric heat capacity, enthalpy, speed of sound), the
second virial coefficient, the self-diffusion coefficient, the shear viscosity and the thermal conductivity.
Combining this acetone model with molecular models for nitrogen (N2 ) and for oxygen (O2 )
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from prior work,11 the unlike dispersive interaction between nitrogen and acetone as well as oxygen and acetone was adjusted. Based on these mixture models, the VLE of nitrogen + acetone
and oxygen + acetone was determined by molecular simulation and assessed with the present
experimental data. To this end, an apparatus was constructed to measure the saturated liquid
line for nitrogen + acetone at the three isotherms 400, 450 and 480 K up to a maximum pressure
of 41 MPa. For temperatures below 400 K and for oxygen + acetone, experimental data from
prior work5 were used.
In addition, for nitrogen + acetone the Peng-Robinson EOS was parameterized. The aim was
to provide an EOS that yields reasonable results also near the critical line of the mixture for
applications in the SFB-TRR75 as mentioned above. Parameters for the Huron Vidal mixing
rule12 were determined.

2
2.1

Experimental setup
Apparatus

The experimental setup for the present gas solubility measurements is shown in Fig. 1. Its
main part was a cylindrical high pressure equilibrium cell made of V4a stainless steel, which
has an internal volume of approximately 14 ml. A magnetic stirrer was placed into the cell.
To visually observe phase separation inside, two sapphire gauge-glasses were mounted at the
front and the back of the cylinder. The cell was constructed for pressures up to 70 MPa and
temperatures up to 600 K. For this purpose, it was screwed together with eight expansion bolts
and seven cup springs placed on each bolt. The cell was embedded in a copper cylinder with
electrical heating. In this way, the temperature can be controlled effectively and automatically.
To avoid heat loss due to radiation, the cell was surrounded by an aluminum cylinder with its
own electrical heating. The whole setup was placed in a vacuum chamber to reduce heat loss
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due to convection. Moreover, the vacuum atmosphere was useful to prohibit corrosion or ice
formation at low temperatures.
The cell was loaded via a three-way valve mounted at the top. A gas bottle was connected to
the left access (V1a) to load the gaseous component. The liquid component was loaded via a
high pressure spindle press which was linked to the right access (V1b). The high pressure pump
was connected to a liquid reservoir via valve V3. Valve V5 was used to purge the cell or to
connect it to a vacuum pump. The pressure transducers P1 and P2 were used to measure the
pressure of the gaseous and the liquid components in the supply pipes during the loading process.
The pressure in the cell was determined with the pressure transducer P3, which was possible
even if valve V4 was closed. The accuracy of all employed pressure transducers (model Super
TJE, Honeywell test & measurement) was given as 0.1 % of their respective full measuring
scale. The measuring scale was 20, 100 and 70 MPa for P1, P2 and P3, respectively. For
the temperature measurement, five calibrated platinum resistance thermometers with a basic
resistance of 100 Ω (Pt100) were installed in the apparatus. Thereby, the temperature of the
fluid in the cell and in the high pressure pump were measured with the Pt100 thermometers
T1 and T2, respectively. The temperature of the aluminum cylinder was determined with T4.
The thermometers T3 and T5 were exclusively used to control the temperature of the cell and
the aluminum cylinder, respectively. To calibrate the employed thermometers, a more precise
platinum resistance thermometer with a basic resistance of 25 Ω was employed. The temperature
measuring error was about ± 0.04 K.

2.2

Materials

Nitrogen 5.0 (volume fraction 0.99999) was obtained from Air Liquide. Acetone with a purity
> 99.9 % was purchased from Merck and degassed under vacuum.
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2.3

Typical measuring procedure for the mixture nitrogen + acetone

Before loading the components of the studied mixture into the cell, the whole setup including
the supply pipes was evacuated and thermostated close to the ambient temperature. Then,
the gaseous component (nitrogen) was filled into the cell from the gas bottle. The density of
nitrogen was calculated with the EOS by Span et al.13 on the basis of the measured temperature
and pressure. With the density from the EOS and the known cell volume, the mass of nitrogen
mN2 in the cell can be calculated. Next, the desired amount of the liquid component (acetone)
was added into the cell with the calibrated spindle press. To achieve a homogeneous mixture,
a magnetic stirrer was operated and the cell was heated up to a temperature that was about
20 K above the desired measuring temperature TD . The mixing process was visually inspected
with an endoscope and it was completed when all gas bubbles disappeared. At this point, the
mixture was in a homogeneous state.
In a next step, the cell was slowly cooled down towards TD , with the aim to reach the saturated
liquid state in the vicinity of the temperature TD . In this case, the measured pressure is the
saturated vapor pressure of the mixture with a specified liquid composition at TD . However,
usually saturation precisely at TD could not be reached with the present procedure. Therefore,
several iterations were typically necessary, which are described in the following.
From a homogeneous fluid state, the cell was slowly cooled down towards the desired measuring
temperature TD . During this cooling process, the pressure of the mixture was measured with
the pressure transducer P3 and plotted over time with the measurement program. At a certain
temperature, the first small bubbles appeared and the slope of the pressure-time plot changed
significantly. At this temperature, the mixture in the cell had reached the saturated liquid state.
If the cell temperature was near TD , the measured pressure was noted as the saturated vapor
pressure of the mixture. Otherwise, if the cell temperature was significantly above TD when the
5

bubbles appeared, the amount of acetone in the cell was too small. In this case, more acetone
was added into the cell with the spindle press. This procedure, namely adding more acetone into
the cell, raising the cell temperature by about 20 K, waiting for equilibration and then cooling
it down until bubbles appeared, was repeated until the cell temperature was near the desired
measuring temperature TD when the mixture reached saturation.
In the last step, the mass of acetone mAce that was filled into the cell was determined as follows
mAce = ρ1 (T1 , p1 ) · V1 (z1 ) − ρ2 (T2 , p2 ) · V2 (z2 ),

(1)

wherein p is the pressure (measured with P3), T the temperature (measured with T4), ρ the
pure acetone density calculated with the EOS by Lemmon and Span10 and V the volume of the
spindle press, which depends on its axial position z. The indices 1 and 2 represent before and
after the filling process, respectively. Knowing the masses of nitrogen mN2 and acetone mAce ,
the mole fraction xN2 of the mixture can be determined straightforwardly.

3
3.1
3.1.1

Molecular models
Molecular models for the pure fluids
Molecular model for acetone

In this work, a rigid and non-polarizable molecular model for acetone (CH3 -(C=O)-CH3 ) was
developed, which considers the repulsive, dispersive and electrostatic interactions between the
molecules. The repulsive and dispersive interactions were described by the Lennard-Jones (LJ)
12-6 potential and the electrostatic interactions by a point dipole and a point quadrupole. The
total intermolecular interaction energy thus writes as
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where rijab , εijab and σijab are the distance, the LJ energy parameter and the LJ size parameter, respectively, for the pair-wise interaction between LJ site a on molecule i and LJ site b on
molecule j. The permittivity of vacuum is 0 , whereas µic and Qic denote the dipole moment
and the quadrupole moment of the electrostatic interaction site c on molecule i and so forth.
The expressions fx (ω i , ω j ) stand for the dependence of the electrostatic interactions on the orientations ω i and ω j of the molecules i and j.14, 15 Finally, the summation limits N , SxLJ and Sxe
denote the number of molecules, the number of LJ sites and the number of electrostatic sites,
respectively. Note that point dipoles or point quadrupoles can be replaced by two or three point
charges,16 respectively.

The present acetone model consists of four LJ sites. Two of these sites were located at the
oxygen (O) and carbon (C) atoms. The others represent the two methyl (CH3 ) groups. Therein,
the hydrogen atoms were only implicitly considered, following the united atom approach. The
dipole was placed in the geometric center of the molecule and the quadrupole was located
between the two CH3 groups. The geometric structure of the molecule was determined by quantum chemical calculations using the software package GAMESS(US)17 with the Hartree-Fock
method and the 6-31G basis set. The magnitude and orientation of the dipole and quadrupole
were subsequently specified according to the electron density distribution as obtained with the
Møller-Plesset 2 method and the 6-311G(d,p) basis set. The positions of the atoms were taken
from the preceding step for these calculations. The dipole and quadrupole magnitudes were estimated with the Mulliken approach.18 The LJ parameters σ and  were initially adopted from
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other similar models by Huang et al.19 The model was optimized to experimental VLE data
(saturated liquid density and vapor pressure) of pure acetone by varying the LJ parameters. In
the last step, all model parameters, including those for geometry and polarity, were fine-tuned
with the reduced unit method.20 The parameters of the molecular acetone model are listed in
Table 1.
It should be noted that the dipole moment magnitude of small molecules is larger in the liquid
state than in the gaseous state due to increased mutual polarization. In the present molecular
acetone model that was optimized primarily on the basis of properties of the liquid, this is
reflected by a dipole moment magnitude that is approximately 20 % larger than its ideal gas
phase value. Similar observations were made for numerous other molecular models.19, 21
3.1.2

Molecular models for nitrogen and oxygen

Molecular models for the pure fluids nitrogen and oxygen were needed for the studied binary
mixtures nitrogen + acetone and oxygen + acetone. Models consisting of two LJ sites and one
point quadrupole were developed for these components in prior work of our group11 and were
used here.

3.2

Molecular models for the binary mixtures nitrogen + acetone
and oxygen + acetone

To describe a binary mixture on the basis of pairwise additive potential models, two types of
interactions between the molecules have to be specified. These are the interactions between
like and between unlike molecules, where the like interactions are fully known from the pure
substance models.
The unlike interactions can be separated into the electrostatic contribution and the repulsive/dispersive contribution. Unlike electrostatic interactions, e.g. between the acetone dipole
8

and the nitrogen quadrupole, are straightforwardly known from the laws of electrostatics. However, for the repulsive and dispersive interactions between the unlike molecules A and B, the LJ
parameters σAB and AB have to be determined. This procedure was discussed by Schnabel et
al.22 in detail. The unlike LJ parameters can be written as
σAB = (σA + σB )/2,

(3)

√
AB = ξ A · B ,

(4)

and

wherein ξ is a binary interaction parameter that can be adjusted to one experimental data point
of the binary mixture. The vapor pressure of the mixture or the Henry’s law constant are good
choices for this adjustment.23 For the system nitrogen + acetone, the Henry’s law constant at
314.25 K as reported by Horiuti24 and for oxygen + acetone the vapor pressure at 283.15 K and
xO2 = 0.005 mol/mol, which was measured in preceding work,5 were used for the adjustment.
The optimized values are ξ = 0.96 for nitrogen + acetone and ξ = 0.905 for oxygen + acetone.

4
4.1

Results and discussion
Simulation results for pure acetone

In the following sections, the simulation results for the VLE behavior, different thermodynamic
properties in the homogeneous region, the second virial coefficient and transport properties in
the liquid state on the basis of the present acetone model are compared with experimental data
and with the EOS by Lemmon and Span,10 which is recommended by the National Institute for
Standards and Technology (NIST), or with correlations from the DIPPR database.25 In case of
VLE, the present acetone model was also compared with the TraPPE model by Stubbs et al.,6 a
9

modified version thereof by Kamath et al.,7 the AUA4 model by Ferrando et al.8 and the OPLS
model by Jorgensen et al.9 All present data from experiment and simulation are available in
numerical form in the supplementary material. Simulation details are given in the appendix.
4.1.1

VLE data

With respect to the VLE behavior and the properties in the homogeneous fluid region, the EOS
by Lemmon and Span10 was used as a reference. The stated uncertainties of the EOS are 0.1%
for the saturated liquid density between 280 and 310 K, 0.5% for the density of the liquid phase
below 380 K and 1% elsewhere. The uncertainties for the vapor pressure are 0.5% above 270 K
and 0.25% between 290 and 390 K. In addition, experimental data compiled in the Dortmund
Data Bank26 and the DIPPR database25 are shown as well.
Figs. 2 to 4 illustrate the saturated densities, the vapor pressure and the enthalpy of vaporization of acetone that were obtained with the present molecular model, the TraPPE model,6
its modification,7 the AUA4 model8 and the OPLS model.9 The relative deviations of all five
models from the reference EOS10 are plotted in Fig. 5. As can be seen, the present molecular
model yields the best agreement with the reference EOS for all shown properties. Only for
the saturated liquid density at temperatures above about 400 K, the modified TraPPE model7
exhibits smaller deviations.
The critical values for temperature, density and pressure were calculated on the basis of the
present simulation data with a method suggested by Lotfi et al.27 The critical values for the
present model Tc = 509.2 (508.1) K, ρc = 4.78 (4.7) mol/l and pc = 4.72 (4.7) MPa agree well
with the results of the reference EOS10 (values in parentheses). The agreement is within the
estimated uncertainties of the present simulation data, being 0.5 % for Tc , 2 % for ρc and 4 %
for pc . The critical properties from the reference EOS, the present molecular model and the four
models from the literature are summarized in Table 2.
10

4.1.2

Homogeneous region

In the homogeneous region, simulations were carried out for density, isobaric heat capacity, speed
of sound and residual enthalpy over a temperature range from 200 to 550 K and a pressure range
from 5 to 95 MPa. The uncertainties of the reference EOS10 for the isobaric heat capacity and
the speed of sound are 1%. However, its uncertainties for these properties may be higher at
pressures above the saturation pressure and at temperatures above 320 K in the liquid phase
and under supercritical conditions.10
The isobaric heat capacity cp was calculated here as a sum of the residual and the ideal gas
contribution
id
cp = cres
p + cp ,

(5)

wherein the residual contribution cres
p was obtained from molecular simulation and the ideal gas
contribution was taken from the reference EOS.10 For the enthalpy, only the residual contribution
hres = h − hid was used for comparison. The speed of sound c can be calculated as
c= q

1
M βρ −

,

(6)

T α2 /cid
p

where M is the molar mass, β the isothermal compressibility, ρ the density and α the volume
expansivity. Except for cid
p , all data on the right hand side of Eq. (6) were obtained directly by
molecular simulation.
The relative deviations of the simulation data from the reference EOS10 are mainly below 1 %
for the density as well as for the isobaric heat capacity and below 2 % for the speed of sound as
well as for the residual enthalpy over the entire temperature and pressure range. Only near the
critical point, the deviations may be significantly larger, cf. Fig. 6.
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4.1.3

Second virial coefficient

The second virial coefficient was predicted over a temperature range from 240 to 2500 K by evaluating Mayer’s f -function. This approach was described e.g. by Huang et al.19 Fig. 7 shows the
results in comparison to experimental data and a correlation from the DIPPR database.25 Over
the whole temperature range, the present data are in excellent agreement with the experimental
data. The average absolute deviation to the correlation in a temperature range from 400 to 2500
K is only 6.4 ml/mol.
4.1.4

Transport properties

Transport properties of liquid acetone were obtained by equilibrium molecular dynamics (EMD)
simulations following the Green-Kubo formalism, cf. Guevara-Carrion et al.28 Figs. 8 to 10 illustrate the simulation results for self-diffusion coefficient, shear viscosity and thermal conductivity
along the saturated liquid line from 190 to 325 K in comparison with experimental data and
correlations. In case of the self-diffusion coefficient, the correlation was published by Ertl and
Dullien.29 Correlations from the DIPPR database25 were used for the shear viscosity and the
thermal conductivity. For all considered transport properties, the simulation data agree very
well with the experiment and the correlations over the entire temperature range. The mean deviations between the simulation points and the correlations is 8 %, 7 % and 9 % for self-diffusion
coefficient, shear viscosity and thermal conductivity, respectively. Transport properties were not
considered in the parameterization of the molecular model.
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4.2

Simulation results for nitrogen + acetone and oxygen + acetone
at low temperatures

VLE data of the binary mixtures nitrogen + acetone and of oxygen + acetone were measured
experimentally and compared to the available experimental data from the literature in a preceding publication.5 In that work,5 the saturated liquid line for nitrogen + acetone was determined
for eight isotherms between 223 and 400 K up to a pressure of 12 MPa. For oxygen + acetone,
two isotherms at 253 and 283 K up to a pressure of 0.75 MPa were measured. Based on these
data, the Henry’s law constant was calculated. In addition, the saturated vapor line of nitrogen
+ acetone was studied for three isotherms between 303 and 343 K up to a pressure of 1.8 MPa.
In the following, the simulation results for nitrogen + acetone and oxygen + acetone, which are
based on the molecular mixture models from present work, are assessed on the basis of the data
discussed above.5
4.2.1

Nitrogen + acetone

The simulation results for the saturated liquid line and the saturated vapor line of nitrogen +
acetone are shown in Figs. 11 and 12, respectively. For the saturated liquid line, eight isotherms
between 223.15 and 400 K up to a pressure of 11 MPa were simulated. For the saturated vapor
line, simulations were carried out for the three isotherms 303.15, 323.15 and 343.15 K up to a
pressure of 2 MPa. The experimental data points and the Peng-Robinson EOS with the HuronVidal mixing rule from prior work5 are plotted in Figs. 11 and 12 as well. For both the saturated
liquid line and the saturated vapor line, the simulation results agree well with the experimental
data and the Peng-Robinson EOS. The mean deviation between all simulation points and the
Peng-Robinson EOS with respect to the vapor pressure is less than 2 % for the saturated liquid
line and less than 0.15 MPa for the saturated vapor line. In terms of the mole fraction, nearly
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all simulation points agree with the Peng-Robinson EOS within their statistical uncertainties.
For the Henry’s law constant of nitrogen + acetone, simulations were carried out between 225 and
470 K, cf. Fig. 13. Simulation details are given in the appendix. As described in section 3.2, the
molecular mixture model was adjusted to the Henry’s law constant H = 176.4 MPa24 at 314.25 K.
Compared to the Henry’s law constant from our preceding work5 and other literature,24, 30, 47–51
the present simulations are in good line with the experimental data. The mean deviation between
the simulation points and the straight line in Fig. 13 is only 1.3 %.
4.2.2

Oxygen + acetone

In Fig. 14, the present simulation results for the saturated liquid line of oxygen + acetone
at 253.15 and 283.15 K are compared with experimental data and the Peng-Robinson EOS.5
Note that the plotted region for the pressure and the mole fraction is quite small, the maximum
pressure is 0.8 MPa and the maximum oxygen mole fraction is only about 0.006 mol/mol. It can
be seen that the points that belong to the 253.15 K isotherm do not differ much from the points
that belong to the 283.15 K isotherm. Obviously, this is due to the intersection of both saturated
liquid lines at a mole fraction ≈ 0.0015 mol/mol. Fig. 14 shows good agreement between
simulation, experiment and the Peng-Robinson EOS. The mean deviation of the simulated
vapor pressure and that obtained from the Peng-Robinson EOS is 2.2 %.
Simulations for the Henry’s law constant of oxygen in acetone were carried out in a temperature
range between 243.15 and 293.15 K, cf. Fig. 13. The predicted values agree with the experimental Henry’s law constant5 almost within their statistical simulation uncertainties. Overall, the
simulation points lie approximately in the center of the experimental data from the literature
and follow the temperature dependence e.g. by Horiuti24 or by Kretschmer et al.30
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4.3

Results for the VLE behavior of nitrogen + acetone in the transcritical region

Due to the lack of experimental data at high pressures in the literature, measurements with
the apparatus introduced in section 2.1 and simulations with the molecular model discussed in
section 3.2 were carried out for nitrogen + acetone for the three isotherms 400, 450 and 480 K
(± 5 K for the experimental measurements). These data points are shown in Figs. 15 to 17. It
can be seen that the simulation data and the data from experiment agree well in the region of
small mole fractions xN2 for all three isotherms. However, with rising xN2 , particularly in the
near critical region, the molecular model overestimates the vapor pressure of the mixture.

5

Peng-Robinson equation of state

To correlate the experimental data generated in the present work, the Peng-Robinson EOS31
was used
p=

a
RT
−
.
v − b v · (v + b) + b · (v − b)

(7)

The substance specific parameters a and b were defined as
R2 Tc 2
a = (0.45724 ·
) · [1 + (0.37464 + 1.54226 · ω − 0.26992 · ω 2 ) · (1 −
pc

r

T 2
)] ,
Tc

(8)

and
b = 0.07780 ·

RTc
.
pc

(9)

Therein, R is the ideal gas constant, v the molar volume, Tc the critical temperature, pc the
critical pressure and ω the acentric factor, cf. Tab. 3.
To describe mixtures with the Peng-Robinson EOS, numerous mixing rules can be found in the
literature. For nitrogen + acetone and oxygen + acetone at low temperatures and far away from
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the critical region of the mixture, the quadratic mixing rule32 and the Huron-Vidal12 mixing rule
combined with the UNIQUAC g E model were adjusted in prior work.5
The Huron-Vidal mixing rule states that the pure substance parameters a and b have to be
replaced by

am = b m

gE
xi − ∞
bi
Λ

X ai
i

!
,

(10)

where

1
Λ = √ · ln
2 2

√ !
2+ 2
√
,
2− 2

(11)

x i bi ,

(12)

and

bm =

X
i

.
E
can
if the Peng-Robinson EOS is used. The excess Gibbs free energy at infinite pressure g∞

be calculated with an appropriate g E model. In the present work, the UNIQUAC model33 was
used for this task, which requires the two binary interaction parameters lij and lji .
However, the present experimental and simulation results for nitrogen + acetone show that
both parameterizations of the Peng-Robinson EOS that we published in prior work5 yield poor
results for the 400, 450 and 480 K isotherms. In Ref.,5 the binary parameters for the HuronVidal mixing rule were specified to be lji = 241.9 and lji = 926.5. To achieve better results in
the near-critical region, the Peng-Robinson EOS was readjusted to the present data at 480 K,
considering the parameterization from Ref.5 The binary parameters of the Huron-Vidal mixing
rule were assumed to be temperature-dependent with
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lij =


241.9

for 223 ≤ T / K ≤ 400, cf. Ref.5

(13)

−12.24 · T /K + 5136 for 400 < T / K ≤ 480,

and

lji =


926.5

for 223 ≤ T / K ≤ 400, cf. Ref.5

(14)

25.47 · T /K − 9261 for 400 < T / K ≤ 480.

The binary parameters are continuous at 400 K.
The Peng-Robinson EOS using the Huron-Vidal mixing rule is shown in Figs. 15 to 17 for the
isotherms 400, 450 and 480 K. There is reasonable agreement with experiment and simulation
in the extended critical region.
The parameterization of the Peng-Robinson EOS using the quadratic mixing rule shows that
this mixing rule does not yield reasonable results in a wide temperature and composition range.
The correlation of the present data between 400 and 480 K leads to a temperature-dependent
binary parameter of the quadratic mixing rule of kij = −0.0026 · T /K + 1.237.

6

Conclusion

VLE of the systems nitrogen + acetone and oxygen + acetone were studied by molecular simulation. In addition, experiments were carried out for nitrogen + acetone. A new force field
model for acetone was developed and validated with the EOS by Lemmon and Span10 as well
as with various experimental data from the literature. It was shown that there is a good agreement between simulation, the EOS and the experimental literature data throughout. For a large
part of the homogeneous fluid state, the deviations are mainly below 1 % for the density and
isobaric heat capacity and below 2 % for the speed of sound and the residual enthalpy. The
average difference between simulation and EOS for the second virial coefficient was found to
17

be only 6.4 ml/mol over a wide temperature range. For the self-diffusion coefficient, the shear
viscosity and the thermal conductivity in a range of liquid states, the mean deviation between
simulation and correlations of experimental data was smaller than 9 %. In addition, the present
model was compared to four molecular models from the literature in terms of saturated liquid
density, vapor pressure and heat of vaporization. Almost throughout, the present model yields
the smallest deviations with respect to the reference EOS.
For nitrogen + acetone and oxygen + acetone, the binary parameter ξ for the unlike dispersive interaction was adjusted to one experimental data point of each mixture. Subsequently,
simulations were carried out to predict the VLE of these two systems. For nitrogen + acetone
at 400, 450 and 480 K up to a pressure of 41 MPa, the simulation results were validated with
data points for the saturated liquid line measured in this work by means of a newly constructed
experimental setup. For lower temperatures and for oxygen + acetone, experimental data from
preceding work5 were used for validation. It was shown that the agreement between simulation
and experiment is good for oxygen + acetone and for nitrogen + acetone for temperatures below
400 K. Above 400 K and at high pressures, the simulation points were above the experimentally
measured points. Based on the obtained data for nitrogen + acetone the Peng-Robinson EOS
using the Huron-Vidal mixing rule was parameterized.
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Appendix: Simulation details

In this work, the Grand Equilibrium method34 was used for the VLE calculations of pure acetone. To determine the chemical potential in the liquid, Widom’s test molecule method35 was
applied. For this task, molecular dynamics (MD) simulations containing 864 molecules were
carried out. Starting from a face-centered cubic lattice, 150 000 time steps were sampled for
equilibration with the first 50 000 time steps in the canonical (N V T ) ensemble. The production
run was performed for 1 000 000 steps. The time step was set to 2 fs and the Gear-predictor
corrector integrator was used. The chemical potential was determined by inserting 3456 test
molecules every time step into the simulation volume and averaging over all results. For the
corresponding vapor, the simulation volume was adjusted to lead to an average number of 500
molecules. After 5 000 initial N V T Monte Carlo (MC) cycles, starting from a face centered
cubic lattice, 5 000 equilibration cycles in the pseudo-µV T ensemble were carried out. The
length of the production run was 200 000 cycles. For the mixture oxygen + acetone and for
nitrogen + acetone below 400 K, the same settings as described above were used for both the
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liquid and the vapor simulations. For the VLE of nitrogen + acetone at isotherms above 400 K,
the N pT +test particle method36 in an extended version was used. On the liquid side, one MC
N pT simulation and one MC N V T simulation were carried out. The N pT simulation at a specified pressure yielded the partial molar volumes, the N V T simulation at the density obtained
from the N pT run supplied the chemical potential. For the corresponding vapor, two MC N pT
simulations and two MC N V T simulations at slightly different composition were performed at
the specified pressure. Again, the N pT simulations yielded the partial molar volumes. The
chemical potentials were obtained from the N V T simulations. Using these data, the VLE at a
given temperature T and liquid composition x was calculated.
For the homogeneous properties of pure acetone, MC simulations in the N pT ensemble were
carried out with 864 molecules. Again, starting from a face-centered cubic lattice, 30 000 MC
cycles were sampled for equilibration with the first 10 000 cycles in the N V T ensemble. The
production run was performed for 200 000 cycles.

Transport properties were determined by equilibrium MD simulations following the Green-Kubo
formalism.37, 38 For that task, MD simulations were carried out in two steps. In the first step,
one simulation in the N pT ensemble was carried out at the specified temperature and pressure
to obtain the density. The system was equilibrated over 100 000 time steps, thereof 50 000 in
the N V T ensemble, followed by a production run of 500 000 time steps. In the second step,
a N V T ensemble simulation was performed at this temperature and density to calculate the
transport properties. The simulations were equilibrated in the N V T ensemble over 200 000
time steps, followed by production runs of 3 500 000 to 7 000 000 time steps. The simulation
length was chosen to obtain at least 20 000 independent time origins of the autocorrelation
functions. The sampling length of the autocorrelation functions was chosen to be between 6
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und 24 ps, depending on the long-time behavior of the shear viscosity autocorrelation function.
The separation between the time origins was chosen such that all autocorrelation functions had
decayed at least to 1/e of their normalized value to guarantee their time independence.39

To calculate the Henry’s law constant, the residual chemical potential of the gaseous component
i at infinite dilution in the liquid µ∞
i was evaluated using Widom’s test molecule method. The
mole fraction of the solute in the solvent was exactly zero, as required for infinite dilution. MD
simulations were carried out in the liquid state at a specified temperature and the pressure was
set to the pure substance vapor pressure of the solvent, as described by the molecular model.
Therefore, test molecules representing the solute i were inserted into the pure saturated liquid
solvent after each time step at random spatial coordinates and orientations and the potential
energy ψi between the solute test molecule i and all solvent molecules was calculated. Thus only
solute-solvent interactions were sampled. The number of test molecules was 3456 every time
step. The residual chemical potential at infinite dilution µ∞
i was then obtained by
µ∞
= −kB T ln hV exp (−ψi /(kB T ))i/hV i,
i

(15)

where V is the volume and the brackets represent the N pT ensemble average.
All thermodynamic properties were determined in the production phase of the simulations on
the fly. The cut-off radius was set to 17.5 Å throughout and a center of mass cut-off scheme
was applied. Lennard-Jones long-range interactions beyond the cut-off radius were corrected
employing angle averaging as proposed by Lustig.40 Electrostatic interactions were corrected
with the reaction field method.14 The statistical uncertainties of all results were estimated by
block averaging according to Flyvbjerg and Petersen41 and the error propagation law.
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Å

σ

/kB
θ
K
deg
9.8216
106.9873
111.9795
111.9795
90
90
90
90

deg

ϕ

11.4906

10−30 Cm

µa

3.4448

µa
D

2.4377

Qa
10−40 Cm2

0.7308

Qa
DÅ

Note that the magnitudes of the dipole and the quadrupole are given in SI units (left) and in Debye (right column).

C
O
CH3
CH3
dipole
quadrupole

interaction site

Table 1: Parameters of the present molecular model for acetone. x, y and z are the cordinates with respect to the
x, y and z axis, σ and  are the Lennard-Jones size and energy parameter, µ and Q are the dipole and quadrupole
moment magnitudes. Lennard-Jones interaction sites are denoted by the modeled atoms or atomic groups. Electrostatic
interaction sites are denoted by dipole or quadrupole, respectively. Coordinates are given with respect to the center of
mass in a principal axes system. Orientations of the electrostatic sites are defined in standard Euler angles, where ϕ is
the azimuthal angle with respect to the x − z plane and θ is the inclination angle with respect to the z axis.

Table 2: Critical temperature Tc , critical density ρc and critical pressure pc of pure acetone from
the reference EOS, the present molecular model and the molecular models from the literature.
The number in parentheses indicates the statistical uncertaintya in the last digit.

Tc
ρc
K
mol/l
508
4.7
509 (3)
4.8 (1)
508
4.8
508.2 (2) 4.74 (2)
512
4.8
526
4.7

EOS by Lemmon and Span10
Molecular model, this work
TraPPE model6
Modified TraPPE model7
AUA4 model8
OPLS model9

a

pc
MPa
4.7
4.7 (2)
5.5
4.85 (3)
5.6

The statistical uncertainties were estimated by block averaging according to Flyvbjerg and

Petersen41 and the error propagation law. Note that the estimated uncertenties are very similar
to the standard uncertenties.
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Table 3: Pure substance parameters of the Peng-Robinson EOS.26 Tc is the critical temperature,
pc the critical pressure and ω the acentric factor.

Fluid

Tc
pc
ω
K
MPa
Nitrogen 126.2 3.394 0.040
Acetone 508.1 4.701 0.309
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Figure 1: Schematic of the experimental setup that was built for the present gas solubility
measurements at high temperatures. VX indicates a valve, TX a thermometer and PX a pressure
transducer. A: high pressure equilibrium cell, B: gauge-class, C: heating wire, D: copper cylinder,
E: aluminum cylinder, F: vacuum chamber, G: gas bottle, H: high pressure spindle press, I: liquid
reservoir, J: vacuum pump, K: endoscope.

I

G

gas

P2

liquid
T2

V3

V2
P1
V4

H

P3

T5

V1a

D

V1b

A
B
T1
T3

C

K

V5

E

T4

J

F

32

Figure 2: Saturated densities of acetone. Simulation data: ◦ this work, O TraPPE model,6 4
modified TraPPE model,7 ? AUA4 model,8  OPLS model;9 + experimental data;25, 26 — EOS
by Lemmon and Span;10 H critical point of the EOS.10
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Figure 3: Vapor pressure of acetone. Simulation data: ◦ this work, O TraPPE model,6 4
modified TraPPE model,7 ? AUA4 model,8  OPLS model;9 + experimental data;25, 26 — EOS
by Lemmon and Span;10 H critical point of the EOS.10

p / MPa

5

4.8

4

4.7

3

4.6

2

500

510

1
0
200

300

400
T /K

34

500

Figure 4: Heat of vaporization of acetone. Simulation data: ◦ this work, ? AUA4 model;8 +
experimental data;25, 26 — EOS by Lemmon and Span.10
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Figure 5: Relative deviations of vapor-liquid equilibrium properties of acetone from the EOS by
Lemmon and Span10 (δz = (zsim - zEOS )/zEOS ). Simulation data: ◦ this work, O TraPPE model,6
4 modified TraPPE model,7 ? AUA4 model,8  OPLS model;9 + experimental data.25, 26
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Figure 6: Density, speed of sound and residual enthalpy of acetone in the homogeneous region.
Relative deviations between present simulation data and the EOS by Lemmon and Span10
(δz = (zsim − zEOS )/zEOS ). The size of the bubbles indicates the magnitude of the relative
deviation, the solid line is the vapor pressure curve.10
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Figure 7: Second virial coefficient of acetone: ◦ results from the present molecular model,
this work; + experimental data;25, 26 ····· correlation of experimental data from the DIPPR
database;25 — EOS by Lemmon and Span.10
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Figure 8: Self-diffusion coefficient of acetone along the saturated liquid line: ◦ simulation data,
this work; experimental data: O McCall et al.,42 ♦ Krüger and Weiss,43 ? Holz et al.,44 4
Wheeler and Rowley;45 — correlation of experimental data by Ertl and Dullien.29
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Figure 9: Shear viscosity of acetone along the saturated liquid line: ◦ simulation data, this work;
+ experimental data;25, 26, 46 — correlation of experimental data from the DIPPR database.25
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Figure 10: Thermal conductivity of acetone along the saturated liquid line: ◦ simulation data,
this work; + experimental data;25, 26 — correlation of experimental data from the DIPPR
database.25
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Figure 11: Saturated liquid line of nitrogen + acetone: ◦, • simulation data, this work; ♦, 
experimental data by Windmann et al.;5 —, - - - Peng-Robinson EOS (Huron-Vidal mixing
rule). The dashed lines represent the same isotherms as the solid symbols.
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Figure 12: Saturated vapor line of nitrogen + acetone: ◦, • simulation data, this work; ♦, 
experimental data by Windmann et al.;5 —, - - - Peng-Robinson EOS (Huron-Vidal mixing
rule). The dashed line represents the same isotherm as the solid symbols.
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Figure 13: Henry’s law constant. Nitrogen in acetone: 2 Simulation data, this work; Experimental data:  Windmann et al.,5 N Jabloniec et al.,47 • Just,48 F Horiuti,24 H Kretschmer
et al.,30  Nitta et al.,49 + Vosmansky and Dohnal,50 × Tsuji et al.;51 Oxygen in acetone: ◦
Simulation data, this work; Experimental data: ⊕ Windmann et al.,5 + Levi,52 ∗ Fischer and
Pfleiderer,53 H Finlayson,54 F Horiuti,24  Kretschmer et al.,30 • Schlaepfer et al.,55  Sinn et
al.,56 - Naumenko,57 N Bub and Hillebrand,58 | Tsuji et al.,51 × Luehring and Schumpe;59 —
straight line. All symbols above the dotted line represent nitrogen data, the others represent
oxygen data.
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Figure 14: Saturated liquid line of oxygen + acetone: Simulation data, this work: ◦ 253.15 K,
• 283.15 K; experimental data by Windmann et al.:5 ♦ 253.15 K,  283.15 K; —, - - - PengRobinson EOS with quadratic mixing rule.5 The dashed line represents the same isotherm as
the solid symbols.
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Figure 15: Vapor-liquid equilibrium of nitrogen + acetone around 400 K: ♦ experimental
data, this work; ◦ simulation data, this work; Peng-Robinson EOS: — Huron-Vidal (lij =241.9,
lji =926.5), − · − quadratic (kij =0.1970).
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Figure 16: Vapor-liquid equilibrium of nitrogen + acetone around 450 K: ♦ experimental data,
this work; ◦ simulation data, this work; Peng-Robinson EOS: — Huron-Vidal (lij =-369.9,
lji =2200), − · − quadratic (kij =0.0670).
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Figure 17: Vapor-liquid equilibrium of nitrogen + acetone around 480 K: ♦ experimental data,
this work; ◦ simulation data, this work; Peng-Robinson EOS: — Huron-Vidal (lij =-337.0,
lji =2964), − · − quadratic (kij =0.0110).
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