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Abstract

In the present study, the thermodynamic behaviadrteansport properties of GEN,O and
CO,+NO mixtures have been investigated using molecsilaulation and equation of state
modelling. Molecular simulations were based on Mofarlo and Molecular Dynamics
calculations using force fields calibrated from @@@omponent properties and no adjustment
of mixture properties was performed. Original fofedds were proposed for &, NO and
N2O, molecules. Special attention must be paid wheaystg nitric oxide containing systems
because this compound can exist as a mixture obmers (NO) and dimers ¢8,) under
certain pressure and temperature conditions. Ligabur coexistence properties of the
reacting NO-NO, system were thus first investigated using combimadtion ensemble and
Gibbs ensemble Monte Carlo methods. Using the newef fields proposed, phase
compositions, phase densities and phase viscosites determined for G&NO, mixtures.
Due to the strong similarities between carbon diexand nitrous oxide ([CO,) = 304.21 K;
T(N2O) = 309.57 K; RCO; = 7.38 MPa; BNO) = 7.24 MPa), the obtained
thermodynamic and transport properties for a€MO mixture with 10 mol% of pD are
similar to pure CQ properties in the whole range of studied tempeeat(273 — 293 K), in
agreement with available experimental data. Calicnla of CQ+NO equilibrium and
transport properties were also performed at thiéereint temperatures in the range of 253 —
273 K. At these temperatures, only the monomer fofnthe nitric oxide (NO) has to be
accounted for. The performed calculations are pugdictions since no experimental data are
available in the open literature for this systemr & mixture containing 10 mol% of NO, the
simulation results show a decrease of the liquitsdies and viscosities of 9% and 24% with
respect to corresponding pure £@lues, respectively. The new pseudo-experimetdatd
generated in this work were finally used to calierainary interaction parameters required in
standard cubic equations of states. Both Peng-Robiand Soave-Redlich-Kwong equations
of state have been considered and after the regmesbey display a decent match with
experimental and pseudo-experimental data of thmowaliquid equilibrium for the two
studied mixtures.

Keywords: CO, capture and storage; VLE data; Viscosity; Molecsiaulation; Equation of
state.

1. Introduction
In Carbon dioxide Capture and Storage (CCS) omarstithe captured GGstream from
industrial installations is not a pure €@ contains some associated compounds, alsodcalle
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contaminants, such as,;NGO,, Ar, SQ, NO.... [1]. This mixture of gases may have
significantly different thermo-physical propertias compared to a pure carbon dioxide. This
may have impacts on the different stages of the Q@B8&in: capture, transportation,
compression, injection and storage. To globallyoaat for this impact and for a precise
specification of maximal amounts of contaminant tan be tolerated in GQlues, further
investigations are strongly desired. Obtaining eatguknowledge of the thermodynamic and
transport behaviour of G@contaminant mixtures is part of the studies thmatreecessary in
order to develop optimized carbon dioxide captumd atorage processes. Some of these
CO,+contaminant mixtures, like G®O, and CQ+N for instance, have already been studied
over a large range of pressures and temperaturesomdprehensive review of available
equilibrium and transport properties of @@ontaminant mixtures is proposed in two recent
papers by Li and co-workers [2,3]. In the case GLENO, mixtures, data are very scarce or
nonexistent. As far as the GENO mixture is concerned, to the best of our knolgks no
experimental data are available in the literat@encerning liquid-vapour equilibrium of the
CO,+N,0O mixture, some experimental data are reportedamiorks of Caubet [4,5], of Cook
[6] and of Rowlinson [7]. These liquid-vapour eduwilum data cover some temperatures
between 277 and 311 K and pressures between 3.57.&n#1Pa. Excess properties of
CO,+N,O mixtures are also reported in the literature:esscenthalpies and excess volumes
have been measured by Wormald [8] and by Cabanpgoi9both liquid and vapour
CO,+N,0O mixtures. Concerning G®N,O viscosities, some values at atmospheric pressure
are reported by Kestin [10] for temperatures inrdngge 298 — 473 K and for,® contents of
31 and 65 mol%.

The objective of the present work is to compenda® lack of experimental data by
generating so-called pseudo-experimental data basednumerical experiments using
molecular simulation calculations. Molecular sinigda is a widespread technique which
consists of performing a detailed simulation of mscopic systems and of calculating
appropriate averages in order to derive macrosctpid properties. Phase compositions,
phase densities and phase viscosities of,#8RD and CG+NO mixtures have been
determined using Monte Carlo and/or Molecular Dyitgnsimulations for temperatures in
the range 253 — 293 K. These calculations have pedormed using force fields based on
pure component properties and no adjustment oruneixiroperties was required. In order to
achieve accurate predictions, new optimized foireledd were proposed for both nitrous oxide
and nitric oxide molecules. Finally, standard culmiations of states have been optimized in
order to reproduce the thermodynamic behaviourath bmixtures. Available experimental
data or our new simulated data were taken intowatda the parameter regression procedure.

This article is organized as follows. In Sectiornttie description of the simulation methods
and expressions used to compute intermoleculampatesnergy are given. The new force
fields developed to model ® and NO molecules are presented in Section 3.tenthey are
tested with respect to their ability to reprodubermodynamic and transport properties of
pure compounds. In Sections 3.2 and 3.3, we presedtdiscuss the simulated results
obtained for the two studied binary mixtures. SmttB.4 is devoted to the calibration of
standard thermodynamic models. This paper ends aviitburth section which contains our
conclusions.

2. Simulation methods

2.1. Monte Carlo method



The liquid—vapour equilibrium data of pure composirashd binary mixtures were obtained
with Monte Carlo (MC) simulations using the GIBBSoMme Carlo code [11]. These
simulations were performed in the Gibbs NVT ens@&rsbnstant number of particles N,
constant total volume V and constant temperatureoiTGibbs NPT ensemble (constant
number of particles N, constant pressure P andtaongemperature T) [12]. In such
simulations, the two phases are simulated in iddiai boxes without an explicit interface,
and particle transfers between boxes are perfoimedder to ensure phase equilibrium. In
most cases, the following Monte Carlo moves weredusn order to sample the
configurational space:

- internal moves (rigid body translation and ratatof a molecule),

- volume changes (opposite volume chang®¢ &and -AV are applied to the two boxes in the
case of Gibbs NVT simulations in order to keepttital volume constant),

- transfers between phases based on the pre-orsduias. This pre-insertion bias algorithm,
used to improve the efficiency of the sampling [i8yolves two steps. The first step consists
in the selection of a suitable location for ingegta new molecule by testing several places
with a simple Lennard-Jones particle. The secoap stvolves the test of several molecular
orientations with the centre of mass at the locasielected in the first step.

In the case of NO-containing systems, one additidfante Carlo move, the reaction move,
has been used in order to account for the posdibherization of two NO molecules into
N2O,. These particular simulations are described irti@ec3.1.2. For all other studied
systems, the selected probabilities for the differdélonte Carlo moves are 0.3 for
translations, 0.3 for rotations, 0.395 for transfeand 0.005 for volume changes. A total
number of 500 to 800 molecules has been considaredr MC simulations, depending on
the proximity of the studied temperature to critiamperatures of involved species. A total
number of at least 50 million Monte Carlo iterasomave been performed for each studied
condition.

For the different studied molecules, the molar aipy of vaporization was computed at

different temperatures as the difference betweenatlerage molar enthalpies of the vapour
and liquid simulation boxes. The statistical unaieties of the calculated phase properties
were estimated by the block averaging techniqué. [The statistical uncertainties on the

molar enthalpy of vaporization are typically 2—-3%he saturated vapour pressure was
computed using the Virial equation, and the assediatatistical uncertainty was less than
5%. The average liquid density was generally detexthwith a statistical uncertainty of 1—

2% for both pure compounds and mixtures, but high®ues are found at near-critical

temperatures as a result of larger fluctuations.

2.2. Molecular Dynamics

Properties such as the density and the dynamicosityc have been calculated using
Molecular Dynamics (MD) simulations with NEWTON,MD code developed for flexible
and rigid molecules [15]. In contrast to the MC qg@dure, MD simulations follow the time
evolution of a molecular system by numericaligtegrating Newton's equations of
motion. Simulations in the isobaric-isothermal enbke (NPT) were performed to compute
the density and the viscosity of the consideredesys. Up to 1000 molecules were
considered in our MD simulations. The velocity \éralgorithm was used to integrate the
equations of motion, with a time step of 1 fs. Bcatly, MD simulations were split in two
parts: (i) one having a 0.2 ns length (2.&€eps) intended to the equilibration of the system
(ii) one with a 5 ns length (5.1Gteps) that is dedicated to the calculation of dbsired
properties.



As described in previous works [16,17], the visgosan be calculated either in the canonical
ensemble (NVT) or in the isobaric-isothermal enden(blPT). The Einstein relation was
employed to compute the viscosipof systems of interest using the following expressi

1 V . d T 2 2
n= E)Gma{;@ PLO)+ zagﬁm P,y >} (1)

where,a andp run over the three cartesian coordinatggskhe Boltzmann constant, V is the
volume, T the temperature ant®,z denotes the displacement of the elements of thgspre
tensor Rp.

2.3. Interaction potential and calculation procedue

All the molecules involved in this study have beeonsidered to be rigid, thus no
intramolecular energy has been accounted for. Ontgrmolecular energy has been
calculated with the two following contributionsisgersion - repulsion and electrostatic.
Dispersion-repulsion energy between two force esnis represented as a function of their
separation distanagewith a Lennard-Jones (LJ) potential:

U LJ =U rep +U disp :4‘9((%j _(%j J (2)

In the case of binary interactions involving diffat force centresandj, two combining rules
have been used following requirements of intermdbec potentials. Lorentz-Berthelot
combining rules are defined by:

& =& € )
A @

2
The geometric combining rules are defined by:

& =4/ € )
0; =40 0; (6)

Unless specified otherwise, Lorentz-Berthelot carmy rules have been used to be
consistent with previous studies [18-20].

;=

Electrostatic energy is computed from the Coulom, lassuming that the molecules bear
electrostatic point charges:
g qg;
= 7
elec 47750fij ( )
whereq; andg; are two charges belonging to different moleculgss the distance separating
the charges ang is the vacuum permittivity.

U

Numerical values of the involved parameters forsalidied molecules,e. Lennard-Jones
diameters, Lennard-Jones well depths and electiostaarges, will be discussed and given in
the following sections.

Calculation of intermolecular energy is made bylgpg periodic boundary conditions,
following classical procedures of molecular simwlias [14,21]. Lennard-Jones interactions



have been computed by applying a cut-off distamtdcs half of the box length. A standard
long distance correction was used to account fieractions beyond the cut-off distance. The
calculation of electrostatic interactions has bdene using the Ewald summation method
with 7 vectors in each space direction and a Ganssidth set to 2L, where L is the size of
the simulation box.

3. Results
3.1. New interaction potentials for NO and NO

3.1.1. Model for nitrous oxide

Two intermolecular potentials suitable for liquidpour equilibrium studies are available in
the literature to model nitrous oxide D) molecules. Both are based on Lennard-Jones plus
point charge models. The first one has been prapbgeCosta Gomes et al. in 2006 [22] and
the second one by Hansen et al. one year later TA@] parameters of these two potentials are
summarized in Table 1. The accuracy of the modaisbe evaluated from Fig. 1 to 3 where
calculated equilibrium properties are comparedvailable experimental data. Note that for
simulations employing the Costa Gomes force fie@drgetric mixing rules are used for both
the size and the energy parameters, whereas @h&sientz-Berthelot combining rules are
used in the Hansen potential. Although both modese been fitted to vapour-liquid
equilibrium data, the degree of agreement betwaperamental and simulated values is not
fully satisfying. The first step of the present wawas thus the determination of a new
interaction potential for nitrous oxide that allowasbetter quantitative agreement between
simulation and experiment over a wide range of naoires. In the proposed model, the N-N
and N-O distances, as well as the N-N-O angle, \ieeel to their experimental values [24]
(IN3-Np = 1.1282 A; IN-O = 1.1842 A and NN,-O = 180°). Three Lennard-Jones and three
point charges have been considered located orhthe aitoms of the molecule. In order to
achieve a good degree of accuracy, the two nitragems of the molecule have been
modelled by two different force centres as previpysoposed by Hansen et al. The point
charges and the Lennard-Jones parameters of theitregen atoms and of the oxygen atom
have been optimized using the following objectivedtion [25]:

FZZ(Xi S_zxi )' (8)

where the sum runs over saturation properties {yenaporization enthalpy and saturated
vapour pressure)X “®stands for experimental measurements,"denotes the associated

computed properties, aril are the estimated statistical uncertaintiesXqi" calculated by

the block averaging technique. The minimizationth&fF function was realized as described
in previous works [13,26] using a first-order Taykxpansion of thermodynamic properties
versus potential parameters. For this purpose ridgient ofF versus the potential parameters
was obtained by a fluctuation method [11,27]. Itswaund that any direct optimization
attempt involving more than two parameters failedconverge towards a better optimum,
which is a known result from statistical uncertegtin a context where some parameter
variations may compensate for each other (thisnsnistance the case between the Lennard
Jones diameters of oxygen and nitrogen atoms). faueptimization has been performed by
successive steps using 1D- and 2D-subspaces ddltimarameter set. Moreover, due to the
similar electronic environments of the, ldnd the O atoms in the,® molecule, identical



charges on these two atoms have been imposed. gtimeization procedure leads to the
charges and Lennard-Jones parameters presentedhlii I,

Table 1: Intermolecular potential parameters fg®ON

Model Site elkg (K) o (A) q(e) Bond length (A)

N2O (this work) N1 78.107 3.116 -0.3400  Niln2=1.1282
N2 34.647 2.927 0.6800 \Jlp=1.1842
O] 65.891 3.044 -0.3400

N2O (Costa Gomes N1 56.527 3.150 -0.2497  niln2=1.1280

et al. [22]) N2 56.527 3.150 0.5159 \Jlp=1.1840
O 78.177 3.050 -0.2662

N2O (Hansen etal. N1 79.167 3.120 -0.3630  niln2=1.1282

[23]) N2 27.000 2.800 0.7130 \Jlp=1.1842
O] 79.000 3.050 -0.3500

Fig. 1 to 3 compare experimental data and resblzimed by Monte Carlo simulations in the
Gibbs NVT ensemble using the models of Costa Goofeldansen and our new force field.
The respective average absolute deviations fodémsities, the vaporization enthalpies and
the saturated vapour pressures are 2.6, 9.5 ant®e2for Costa Gomes intermolecular
potential, 0.9, 7.4 and 6.7% for Hansen intermdbercootential and 1.0, 3.5 and 5.8% for our

intermoleculal
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Fig. 1: Liquid-vapour coexisting densities of®lobtained by Monte Carlo simulations using
the Hansen force field, the Costa Gomes force aeldl our new proposed force field.
Experimental values shown for comparison are tdi@n the DIPPR data bank [28] for the
liquid phase, and from the work of Quinn and Wermitn[29] for the vapour phase.
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Fig. 2: Vapour pressures ob® obtained by Monte Carlo simulations using the $¢anforce
field, the Costa Gomes force field and our new psagl force field. Experimental values
taken from the DIPPR data bank [28] are also shimwvnomparison.
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Fig. 3: Vaporization enthalpies o8 obtained by Monte Carlo simulations using the $é¢gn
force field, the Costa Gomes force field and ow peoposed force field. Experimental
values taken from the DIPPR data bank [28] are sth®ovn for comparison.

Fig. 4 presents the results obtained for nitrousdextransport properties using MD
simulations. The liquid viscosities are obtainedhwaverage absolute deviations from
experiments of 35.2%, 22.3%, and 11.8% using theskta force field, the Costa Gomes
force field, and our new force field, respectiveljnese comparisons show that our new force
field allows a better accuracy also for transpadperties compared to existing force fields.
Note that densities obtained by MD are consisteith whose computed using MC
simulations.
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Fig. 4: Comparison of vapour and liquid viscositsé$N,O obtained by Molecular Dynamics
simulations using the Hansen potential, the Costa€% potential and our new proposed
potential. Experimental values are taken from tterstion properties of 0 on the NIST
website [30].

The accuracy of our force field in the vicinity thfe critical point has also been investigated.
Because of the large characteristic size of thesiterfluctuations, Gibbs Ensemble
simulations cannot be performed in the close Migiif the critical point. Therefore, the
critical temperaturd, and the critical density. have been obtained by extrapolation from
simulation points sufficiently far away from thatmal point, assuming the following scaling
law:

p' -p=pT-T,)° 9)

wheref is a characteristic universal exponent [31,32is llso assumed that the densities of
the coexisting liquid and vapour obey the so-caledof rectilinear diameters:

\/ + L
%—mm—n) (10)

Practically, T, and g, have been regressed by a least square method imimgnthe average
deviation between the above equations and the atetlicoexistence densities. Once these
properties were obtained, the critical pressure Wes) estimated by extrapolating the
Clapeyron plot (see Fig. 2) toTL/ The resulting critical coordinates, as well as tlormal
boiling point, are gathered in Table 2 where they @mpared to experimental values taken
from the DIPPR data base [28] and to simulatedeshbtained using the Costa Gomes and
the Hansen models. A very accurate restitutiorhefdritical point is obtained using our new
force field with deviations from experiments of %6or the critical temperature, 3.2% for the
critical pressure and 0.1% for the critical density

Table 2: NO critical coordinates and normal boiling temperatu

Model T (K) P. (MPa) p. (kg/m®) Teb (K)




N,O (Exp) 309.57 7.24 451.88 184.67

N2O (New force field) 304.70 7.47 451.32 183.33
N2O (Costa Gomes [22]) 323.69 7.69 430.71 189.05
N,O (Hansen [23]) 306.67 7.82 465.03 186.01

3.1.2. Model for nitric oxide

Systems containing nitric oxide are particularlaldnging because this compound may exist
as a mixture of monomers (NO: nitrogen monoxideniric oxide) and dimers (PD-:
dinitrogen dioxide). The composition of the NQ&{ equilibrium mixture depends on
pressure and temperature conditions: the dimeavsured at higher pressures and lower
temperatures. The chemical equilibrium betwee®/Nind 2 NO has been the subject of some
experimental works [33-38] and of some theoretinaéstigations [34,39-41]. In the liquid
state, this reaction has been studied by Smithl.€fi38] and Guedes [34] who reported
equilibrium constants from 110 K to 170 K. The mdigction of dimers in saturated liquid
nitric oxide was found to vary from more than 908440 K down to ~40% at 170 K. From
these studies, it can be inferred that nitric ox&lsetrongly associated in the saturated liquid
phase at low temperatures and that this degreessdcation decreases with increasing
temperatures. In the gas phase, dimerization csm @tcur but the fraction of associated
molecules (MO,) is very small. Equilibrium constants of the réawctin the gas phase along
the saturation curve have been reported by Koltled.g42] showing a molar fraction of
dimer in the vapour phase around 0.64 to 2.89%efoiperatures in the range of 115 — 177 K.
In addition to these studies of the®y 5 2NO chemical equilibrium, phase behaviours and
phase properties of the NO®, reacting system have also been investigated ifitdrature
from experimental studies [42-49] or from empiricabdelling approaches [28,50]. Among
others, we can cite Johnston and Giauque [44] vave heported heat capacity measurements
from 14 K up to the boiling point, as well as vapation enthalpies and vapour pressures.

In the present work, the vapour-liquid equilibriwhthe NO-NO, reacting system has been

simulated at a molecular level using simultaneotistyreaction ensemble and the Gibbs NVT
ensemble Monte Carlo methods [19,51]. The readimsemble Monte Carlo method (ReMC)

[52,53] allows the study of chemically reacting tpes. No detailed description of this

ensemble is proposed here and we invite interegtaders to investigate the papers cited
above for more details. In comparison with cladsiG&bbs ensemble simulations, two

additional constraints are applied:

» The number of atoms is fixed for each atom tygmethe number of different molecules in
the system is controlled by the chemical equatibicivdefines the chemical equilibrium:

>va =0 (11)

wherev; is the stoichiometric coefficient of chemical siesq.

For example, 2NGs N,O;.

* The sum of chemical potentialg over the different molecular species implied ie th
chemical reaction, weighted by stoichiometric ciogghts, is equal to zero:



S vk =0 (12)

For example 24yo = Uy, -

In order to satisfy these constraints during timeugation, an additional Monte Carlo move is
used: the reaction move. This move consists irlyfirshoosing a direction to perform the
reaction, second in deleting a set of reactant coutés randomly chosen in the system, and
finally inserting product molecules. In our cases teaction move is

2NO — N0,

where two randomly chosen NO molecules are delateldone MO, is inserted, or

N.O, — 2NO

where one MO, molecule randomly selected is deleted and two Nfleaules are inserted.
The acceptance probability of such Monte Carlo moae be found in reference [19],
together with some details on its implementatiothim GIBBS Monte Carlo software used in
this study.

Table 3: Intermolecular potential parameters for. NO

Model Site  e/ksg (K) o (A)
NO - Hirschfelder 1 [54] NO 91.0 3.60
NO - Hirschfelder 2 [54] NO 119.0 3.47
NO - Kohler [55] NO 125.0 3.17
NO - New force field (this work) NO 130.0 3.40

To model NO and pD, molecules, we have parameterized a force fielt tieats NO as a
single Lennard-Jones sphere andON as a two-site Lennard-Jones molecule. The
parameterization procedure we have used is sinaléine one previously described fopN
force field development. The accuracy of the newappsed force field is compared to those
obtained using existing models available in theréiture [54,55]. Since the dipole moment of
NO is rather small, electrostatic forces are nagtedy all these models. The parameters of
these different intermolecular potentials are sunwed in Table 3. In order to test these
models, we have performed NVT ReMC GEMC simulatiahslifferent temperatures in the
120 - 160 K range and computed the phase diagratheofeactive NO-pD, system. To
model NO, molecules, we have used two NO LJ sites sepatate?i237 A; the individual

LJ parameters for each NO site in the dimer belmgstame as those for the monomer. The
standard Gibbs free energies of the reaction 28®I,0, needed to perform the reaction
moves during these simulations were calculated fiteenGibbs free energies of formation of
NO and NO, taken from the TRC (Thermodynamics Research Cetitermochemical tables
[56]. The numerical values of these Gibbs free giesrare gathered in Table 4. Tests of these
potentials have been performed by calculating tleynamic properties of the NO-®,
system along the saturation curve. The obtainedltsecoexistence densities, vaporization
enthalpies and vapour pressures) are presentdad.ib,/6 and 7, where they are compared to
experimental or modelling data given in the DIPP&allase [28]. For vapour pressures,
results of Lisal et al. [57] using the Kohler forfeeld are also plotted in Fig. 7, showing a
very good agreement with our data using the sameemd-or all studied properties,



significant deviations between DIPPR and simuladeth are observed when using either
potentials of Hirschfelder or the potential of KehlThe degree of agreement is much more
satisfying with our new force field. The temperatutependence of liquid densities and
vaporization enthalpies is correctly describedtby model, although it slightly overestimates
the liquid density and the vaporization enthalpyoat temperature and underestimates them
at higher temperatures in the vicinity of the cati point. The respective average absolute
deviations for the densities, the vaporization alpties and the saturated vapour pressures are
3.3, 8.0 and 27.0%. Such results show that thiseinaitbws a reasonable agreement between
simulation and experiment over a wide range of tnaores.

Table 4: Standard Gibbs free energy changgs°) of the reaction 2N& N,O, at the
temperatures studied using reaction ensemble Moaiti®. These values were evaluated by
means of the TRC thermochemical tables [56].

T (K) 120.00 130.00 140.00 150.00 160.00
AGe (kJ mol'l) 5.344 6.726 8.126 9.530 10.936
180 1 T T T T T T
O
% Ao
o 160~ 0% -
>
g (¢ | °
Q 140 R Romor force feld o A
E O Hirschfelder 1 force field
) <o Hirschfelder 2 force field A
— — Experimental data
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Fig. 5: Temperature dependence of density in thadivapour coexistence region of the NO-
N,O, system. The line represents the recommended vafuiiee DIPPR data bank [28]
whereas symbols represent our Monte Carlo simula#sults obtained using different

interaction potentials to model the NO angDdmolecules.
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obtained using different interaction potential$rtodel the NO and }D, molecules. Results
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The NO-NO; critical point coordinatesT{, p. and %) have been approximated by the use of
extended scaling laws [11]:
Py =peHMT, ~T)+e (T, ~T)'

(13)

X¢ = Xc+()\’l_8)\’_22j(-rc _T) _8%(1-(: _T)B



wheree = 1 for the liquid phasep(= liq) ande = -1 for the vapour phase € vap).Tc, pc, X
(critical coordinates) and, A1, Ao, v, M (adjustable coefficients) are regressed by a least
square method from a set of coexistence poiNtsi§, Xvap, Piiq: Pvap) DElIOW the critical point.
The critical pressure was then estimated by extaéipg the Clapeyron plot (see Fig. 7) to
1/T.. The resulting critical coordinates, obtained gsine different studied force fields, are
gathered in Table 5 where they are compared toremeetal values taken from the DIPPR
data base [28].

Table 5: Nitric oxide critical coordinates.

Model Te (K) P. pc (kg/m®) Xc
(MPa) (N202)
Simulation (New force field) 174.03 6.37 466.60 .0
Simulation (Hirschfelder 2 force field [54]) 165.80 5.86 442.88 0.06
Simulation (Kohler force field [55]) 171.19 7.64 (86 0.04
DIPPR data 180.15 6.48 517.35 -

We have also compared the fractions of dimers enghturated liquid phase given by the
different studied models. Results are shown in &itpgether with the experimental point of
Smith [33] obtained by measurements of magneticenigility. Fig. 8 shows nearly
complete dimerization at low temperatures. Furttier,degree of dimerization decreases with
increasing temperature and at T & the system becomes monomeric. For the vapourephas
at a pressure of 0.1 MPa and a temperature of QXL we obtain, using our new model, a
mole percent of monomers of 99.6%, which is in agrent with both Guggenheim's estimate
based on analysis of second Virial coefficient d&& and Turner's estimate based on Monte
Carlo simulations [59]. To assess the possiblecetiepressure on the degree of dimerization,
one simulation of the NO-XD, system has been conducted in the monophasic lrggidn at
253.15 K and 12.0 MPa, showing a mole fraction ohomers of 99.8%.

This study shows that our simulations are condistetihh data available in the literature for
both the liquid and the gas phases. The obtaimadtsealso show that for temperatures above
the critical temperature of the NO®, system (T exp = 180.15 K), associations have
disappeared and only the monomer form (NO) ha tadsounted for.

Fig. 9 illustrates the results obtained for thas$gort properties of the NO,&, system using
MD simulations. The degree of dimerization for eatidied temperature was taken from MC
simulation results presented in Fig. 8, with altatanber of 1000 NO patrticles. The viscosity
calculations were thus performed at fixed chentoahposition.

The liquid viscosities are obtained with averagsollte deviations from experiments of
43.7%, 39.2%, and 22.0% using the Kohler forcedfiebur new force field, and the
Hirschfelder 2 force field, respectively. Such ca@mgons show that the Hirschfelder force
field allows a better degree of accuracy for thyill viscosity compared to Kohler and our
new force fields, especially at low temperatureswiver, considering both transport and
thermodynamic properties, our new force field appea the best compromise.
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3.2. Study of CQ+N,O mixtures

3.2.1. Vapour-liquid phase diagrams
To model CQ molecules, we have chosen the EPM2 rigid versfaheoforce field proposed
by Harris and Yung [60]. This force field, whichvislves three Lennard-Jones sites and three
electrostatic charges, is known to represent thedivapour coexistence data of pure, Go
well as phase diagrams of mixtures with other géaiely well [18-20]. The parameters of
this potential are given in Table 6. Note that lisaemd Yung have developed their model
using geometric combining rules for LJ sigma andilep. Nevertheless, in this work,
Lennard-Jones parameters for the unlike interastibave been obtained using Lorentz-
Berthelot rules. The use of an arithmetic combimuig for the calculation of sigma instead

properties of NO on the NIST website [30].



of a geometric rule is not expected to have a Bagmt impact on the simulation results since
O and C atoms do not exhibit a substantial siZerdifice §O = 3.033 A an&C = 2.757 A).
The use of an arithmetic combining rule leads torass diametesCO equal to 2.895 A,
whereas a value of 2.892 A is obtained with a geomeile. Moreover, the paper of Nieto-
Draghi and co-workers in 2007 shows that the coatimn of the Harris and Yung potential
with the Lorentz-Berthelot rules allows a good itesbn of both thermodynamic and
transport properties.

Table 6: Intermolecular potential parameters forLCO

Model Site  ekg(K) o (A) qg(e) Bondlength (A)
CO, - EPM2 [60] O 80.507 3.033 -0.3256 .b=1.1490
C 28.129 2.757 0.6512

O 80.507 3.033 -0.3256

In order to increase the accuracy of the calculatiperformed for the G&®N,O binary
system, we have used the reaction Gibbs EnsembigeMoarlo method proposed by Lisal et
al. [61]. This approach uses a modified GEMC teghaithat treats the phase equilibrium as a
special type of chemical reaction and incorporateswledge of pure component vapour
pressure data into the simulations. The preseiigpaph provides just a brief summary of the
involved algorithm, the reader is referred to tlapgr of Lisal et al. for more details. From a
practical point of view, this method is similarttee Gibbs Ensemble method except that the
acceptance probabilities of particle transfers friome box to the other are modified according
to the following equations:

P (@~ b)=min 1, % el mu) | (14)
lig - gas |(Kr__;3)y__

gas liq

pe (a - b)=min 11 NoasVi exp(— AAU) (15)

liq gas

where ﬂ:]/(kBT) and kg is Boltzmann's constanfy\U is the change in configurational

energy,V, is the volume of the simulation box andN, is the total number of molecules in
boxa. In equations (14) and (15), the tefin(i = CO;, or N;O) is given by:

_ R%e
r (16)

i Psm
i,GEMC

with P%g,c being the vapour pressure of comporiecaiculated using standard GEMC and
Rﬁ;‘p the corresponding experimental valuel'lf= , efuations (14) and (15) correspond to

standard GEMC simulations. In our simulations, weehased a constarii, factor equal to

0.95 for the two involved compounds at the différstudied temperatures. This choice is
justified by the fact that the force fields used KO and for CQ both lead to almost the
same overestimate of vapour pressures whateveenmgerature. All these simulations have



been performed at constant total volume and constamperature. Note that no experimental
information concerning the mixtures is required king this approach totally predictive for
mixture studies.

The phase envelopes of the 88,0 binary mixture have been calculated at threeedbfit
temperatures: 273 K, 283 K and 293 K. These phaselares are presented in Fig. 10
together with experimental data of Cook measuredoat K, 298 K and 303 K [6] and of
Rowlinson measured at 283 K and 293 K [7]. All tnésmperatures are below the critical
temperatures of both G@nd NO, thus none of the phase diagrams exhibits aakigoint.
Due to the strong similarities between carbon diexand nitrous oxide ([CO,) = 304.21 K;
T(N2O) = 309.57 K; HCO,) = 7.38 MPa; KN2O) = 7.24 MPa), the two-phase region is very
narrow and very flat at all studied temperatureffieBences between the compositions of the
liquid and the vapour phases at equilibrium are/ wenall which means that the system may
be considered to be azeotropic over the whole rariggompositions. A good agreement
between experimental and simulated data is obtaabh@83 K and 293 K which validates our
methodological approach. The numerical values obthinom the Monte Carlo simulations
are gathered in Table 7. Fig. 11 presents the mesknsity diagrams obtained from our
simulations.
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Fig. 10: Pressure-composition diagram of the-€dMQO mixture at different temperatures.

Experimental data at 283.15 K, 293.15 K, 298.15 & 303.15 K are taken from Cook [6]

and Rowlinson [7] whereas pure component vapolgspires at 273.15 K and 283.15 K are
taken from the DIPPR data base [28].
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Experimental densities have been taken from the wb@ook [6].

Table 7: Calculated vapour-liquid equilibrium pregsy compositions and densities for the
CO,+N20 mixture at different temperatures.

T (K) P (MPay) X (COp)  p?(kgim’) X“(COx)  p"(kgim®
293.15 K 5.14 0.000 140.73 0.000 741.55
5.23 0.264 143.90 0.255 727.55
5.50 0.507 155.52 0.496 760.40
551 0.747 155.96 0.739 736.62
5.53 0.883 154.75 0.878 736.49
5.66 1.000 162.48 1.000 752.45
283.15 K 4.14 0.000 110.19 0.000 831.33
4.26 0.267 113.94 0.255 835.39
4.31 0.511 116.15 0.496 837.43
4.42 0.750 120.34 0.739 839.75
4.44 0.884 119.24 0.878 835.64
4.59 1.000 125.41 1.000 849.76
273.15 K 3.19 0.000 82.29 0.000 888.59
3.38 0.269 88.35 0.255 900.56
3.39 0.513 87.86 0.497 900.40
3.51 0.752 92.48 0.739 912.48
3.55 0.885 93.12 0.879 910.45
3.59 1.000 94 .55 1.000 91455

3.2.2. Densities and viscosities
In this section, we report results obtained usin® Bimulations for a C&N,O binary
mixture containing 10 mol% of JD. The density and the viscosity of this mixture dnéeen
calculated at two temperatures: 283 K and 293 K. dlitained results are presented in Table
8 and illustrated in Fig. 12 and 13, together vaiperimental and simulated data for pure
CO,. Experimental data for pure G@ere extracted from the NIST website [30].



Densities simulated for pure GQre in excellent agreement with respect to expanrtal
data. When considering a G&N,O binary mixture containing 10 mol% ot® at 283 K and
293 K, Molecular Dynamics simulations lead to dgnsvalues almost equal to the
corresponding pure GQvalues at the same temperatures. As far as thesitg is concerned,
data simulated for pure G@how a reasonable agreement with respect to expetal data.
Within the computed statistical uncertainties, ti#ained viscosities for the mixture are
similar to those calculated for pure €& the same temperature and pressure conditions.
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Fig. 12: Pressure-density diagram of the;&@Q0 mixture with 10 mol% of BD, at
283.15 K and 293.15 K. Experimental densities foegDQ have been taken from the NIST
website [30].
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Fig. 13: Pressure-viscosity diagram of the,€&,0 mixture with 10 mol% of BD, at 283.15
K and 293.15 K. Experimental viscosities for pure;@@ve been taken from the NIST
website [30].

Table 8: Molecular Dynamics simulation results coteguor the C@+N,O mixture with 10
mol% of N,O. Simulated data obtained for the mixture are caneqgto experimental and
simulated data for pure GO



p n p err. n err. p n
T P (kg.m?)  (mPa.s) (kg.m?) (%) (mPa.s) (%) (kg.m®  (mPa.s)
(K) (MPa) Exp. data for pure Sim. data for the

CO, Sim. data for pure CO CON,O mixture

293.15 4.5 116.9 0.016  109.3 -6.5 0.015 -6.7 109.60.016
293.15 5.5 1729 0.018 1511 -12.6 0.016 -7.5 152.®.017
293.15 6.0 782.7 0.068 777.0 -0.7 0.066 -2.8 777.8.065
293.15 6.5 796.8 0.070 786.4 -1.3 0.067 -4.0 789.6.070
293.15 7.0 808.6 0.072  797.3 -1.4 0.069 -4.6 799.8.075
293.15 7.5 818.7 0.074  808.9 -1.2 0.069 -6.5 809.9.080

283.15 4.0 108.4 0.015 100.9 -6.9 0.014 -10.3 101.2.015
283.15 5.0 868.6 0.084 860.0 -1.0 0.083 -1.3 859.9.080
283.15 6.0 881.8 0.087 871.7 -1.1 0.086 -1.0 871.9.084
283.15 7.0 893.1 0.090 884.9 -0.9 0.090 0.4 881.1 .088)

These calculations show that both thermodynamic taadsport properties of G®&N,O
mixtures are similar to the properties of pure,@®the whole range of studied temperatures,
pressures and compositions. Such behaviour is mabt® due to the strong similarities
between carbon dioxide and nitrous oxide in termgolecular weights, vapour pressures
and critical coordinates.

3.3. Study of CQ+NO mixtures

3.3.1. Vapour-liquid phase diagrams

The phase envelopes of the QO binary mixture have been calculated at thréereint
temperatures: 253 K, 263 K and 273 K, using stah@bbs NPT simulations. As discussed
previously, nitric oxide is fully monomeric in thiemperature range. The calculated phase
envelopes are presented in Fig. 14 (pressure-catgposliagrams) and Fig. 15 (pressure-
density diagrams). The corresponding numerical walre gathered in Table 9. As expected,
the extend of the two-phase region decreases dsri@erature increases. The three studied
temperatures are below the critical temperatureadbon dioxide (= 304.21 K) and above
the critical temperature of nitric oxide {E 180.15 K), thus all phase diagrams exhibit a
critical point. The coordinates of these criticaim® and the near-critical phase behaviour
have been determined using extended scaling latjs @btained critical coordinates are; P
= 11.48 MPap, = 526.75 kg/m, x(NO) = 0.512 at 253 K; £= 11.21 MPap. = 529.88
kg/m®, x(NO) = 0.427 at 263 K and.” 10.95 MPap. = 515.18 kg/m, x,(NO) = 0.351 at
273 K.
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Fig. 14: Pressure-composition diagram of the-€@D mixture at 253.15 K (blue), 263.15 K
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for the eyes.

T T T T T
12+ -
10~ -

‘© 8- .
a |
é 6 O Sim. /253.15 .
N O Sim./263.15
[ A Sim./273.15
4 _
2% —
O 1 | 1 1 1 1 1 1 1 1
0 200 400 600 800 1000

p (kg.m")
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Table 9: Calculated vapour-liquid equilibrium prags) compositions and densities for the
CO,+NO mixture at different temperatures.

T (K) P (MPay) X (NO)  p“P(kg/m®) X9 (NO)  p"(kg/m?)
253.15 K 2.25 0.000 58.85 0.000 1020.5
3.00 0.218 73.61 0.025 1007.8
4.00 0.371 94.71 0.059 085.82
5.00 0.467 118.09 0.095 961.58
6.00 0.527 142.58 0.135 934.64
7.00 0.561 171.90 0.172 909.53

8.00 0.586 204.36 0.215 877.65




9.00 0.606 242.19 0.273 824.31

10.00 0.617 281.25 0.337 758.10
11.00 0.588 365.77 0.383 719.47
11.48* 0.512* 526.75* 0.512* 526.75*
263.15K 3.01 0.000 80.22 0.000 973.92
4.00 0.203 101.37 0.033 952.52
5.00 0.322 123.86 0.067 928.29
6.00 0.406 148.25 0.107 894.71
7.00 0.441 181.94 0.136 882.70
8.00 0.478 215.90 0.180 842.58
9.00 0.503 252.28 0.229 795.19
10.00 0.507 302.78 0.269 762.13
11.21* 0.427* 529.88* 0.427* 529.88*
273.15K 3.88 0.000 107.84 0.000 919.17
5.00 0.160 134.21 0.034 894.28
6.00 0.263 160.59 0.070 866.90
7.00 0.333 188.68 0.109 827.16
8.00 0.380 222.09 0.151 788.28
9.00 0.406 264.35 0.198 735.64
10.00 0.413 319.10 0.234 707.74
10.95* 0.351* 515.18* 0.351* 515.18*

* Critical coordinates obtained using extendediagdaws.

3.3.2. Densities and viscosities

In this section, we report results obtained usin® Mimulations for a C&NO binary
mixture containing 10 mol% of NO. The density and tiscosity of this mixture have been
calculated at two temperatures: 263 K and 273 Kpreviously shown from MC simulation
results, the nitric oxide is fully monomeric at $leetemperatures, and no@4 has been
considered in the MD simulations. The obtained tesale presented in Table 10 and
illustrated in Fig. 16 and 17, together with expemntal and simulated data for pure £CO
Experimental data for pure G@ere extracted from the NIST website [30].

Densities and viscosities simulated for pure,G@e in excellent agreement with respect to
experimental data. When considering a,&@0 binary mixture containing 10 mol% of NO
at 263 K and 273 K, Molecular Dynamics simulatidead to liquid density values much
lower than corresponding pure g@alues (about 9%). Similarly, the addition of 10I#% of
NO to CQ at 263 K and 273 K leads to a decrease of ligisdosities of about 24% with
respect to corresponding pure £@scosities.
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Fig. 16: Pressure-density diagram of the;@&@0 mixture with 10 mol% of NO, at 263.15 K
and 273.15 K. Experimental densities for pure,@@ve been taken from the NIST website
[30].
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Table 10: Molecular Dynamics simulation results cated for the C@-NO mixture with 10
mol% of NO. Simulated data obtained for the mixtare compared to experimental and
simulated data for pure GO

p n p err. n err. p n
T P (kg.m®  (mPa.s) (kg.m?3) (%) (mPa.s) (%) (kg.m3  (mPa.s)
() (MPa) Exp. dgt(z;zfor pure Sim. data for pure CO ggzn;nganfi?éJ?:
273.15 2.0 45.6 0.014 44.5 -2.3 0.014 -3.7 42.3 1®.0
273.15 4.0 932.1 0.101 9234 -0.9 0.099 2.2 801.9.064
273.15 6.0 948.2 0.106 939.5 -0.9 0.108 2.0 838.6 .07D




273.15 8.0 9619 0.110 953.1 -0.9 0.111 0.6 862.9 .0870

263.15 2.0 48.8 0.014 47.3 -3.1 0.015 10.2 448 13.0
263.15 4.0 991.1 0.121 982.6 -0.9 0.123 1.4 892.2 .0860
263.15 6.0 1002.1 0.125  992.7 -0.9 0.125 -0.5 911.8.094
263.15 8.0 1012.0 0.129 1002.6 -0.9 0.129 -0.1 $26. 0.103

3.4. Optimization of thermodynamic models for CQ+N,O and CO,+NO mixtures

The last part of the work is devoted to the calibraif standard cubic equations of state
(EoS). Because of their simplicity and robustneabjaccEoS are often used to calculate the
thermodynamic properties in the oil and gas progedastry. Such EoS perform well for
vapour-liquid equilibrium calculations and may penh well for densities, at least away from
the critical region. Because they have few empipesameters, they are easily fitted to new
experimental data. In the present work, the aviléuid-vapour experimental data or the
pseudo-experimental data generated by molecularaion have been used to regress binary
interaction parameters for both Soave-Redlich-Kw@BK) and Peng-Robinson (PR) EoS
for the CQ+N2O and CQ+NO mixtures. Binary interaction parametdgs are required to

calculate the attractive parametgtx and the co-voluméx of the mixture from a given
mixing rule. In the present work, classical miximdes have been used:

& =D, 47,/a3 (1-k),
bmix zzabl’

where the summations are over the mixture compsenestd wherea , b, and z are the
pure component attractive parameter, co-volumenaoldr fraction, respectively. For a given
binary mixture and Eo0S, an unique binary interactparameter has been regressed. The
fitting of this interaction parameter has been @ernied by minimizing the objective function
Y(k), which is a sum over deviations for calculated daten experimental or pseudo-

(17)

experimental data, with respecthkp:

Y(kij ) = (Zi[(xl,r (kij )_ Xexpl r )2 + (yl,r (kij )‘ Yexpl.r )Z]jz (18)

I=i,jr=1

Here, the experimental data consistsNofmeasurements (G®&N,O) or data from molecular
simulations (C@+NO) of the liquid compositions,,,,. and gas compositions,,, , taken at a

given pointr in the pressure—temperature space. This is the séective function as used
by Wilhelmsen et al. [62]Y(k) is preferred compared to objective functions inuradv

relative values, because molar fractiorsndy may be small in terms of absolute values. A
small absolute deviation may then result in a lagdative deviation, and a biased regression.
The performance of the EoS is measured by the atiesalverage deviation (AAD) of the
liquid and gas compositions:

19
) 2N 5= X (19)



and

_ 1 N ‘yl,r (ku )_ yexp,l,r
ADDy - 2N I;; yexp,l,r

(20)
The optimized parameters obtained for the two lyimaixtures and the two studied EoS are
gathered in Table 11, together with the correspum@erformance.

Table 11: Optimized binary interaction parameterdlie two studied mixtures and the two
studied equations of state.

CO+N,O CO+NO
SRK PR SRK PR
Ki 0.004 0.007 -0.119 -0.105
AAD 5% 1% 18% 19%
AAD, 5% 3% 14% 14%

The phase envelopes of the 8Q,0 binary mixture as calculated by optimized cubic
equations of state at 273 K, 283 K, 293 K, 298 Kl &©3 K are presented in Fig. 18
(pressure-composition diagrams) and Fig. 19 (presdensity diagrams), together with the
experimental data available in the literature amel Monte Carlo pseudo-experimental data
obtained in the present work.
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Fig. 18: Pressure-composition diagram of the-€QO mixture at different temperatures;
symbols: experimental or simulated results; safidd: PR EoS results; dashed lines: SRK
EoS results.
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Fig. 19: Pressure-density diagram of the;&@0O mixture at different temperatures;

symbols: experimental or simulated results; safidd: PR EoS results; dashed lines: SRK
EoS results.

The regression of binary interaction parametersSieK and PR EoS based on experimental
data allows a good description of the pressure-ositipn phase envelopes of the S8,0
mixture for all studied temperatures. For the tied®d EoS, very small values &f are
obtained, which is reasonable since no significenolss interactions are expected in this
system. Concerning coexisting densities, both Be8igt the densities well in the gas phase,
but only the PR EoS allows a reasonable restitutbrthe liquid densities. SRK EoS
underpredicts the liquid densities by more than 1@4ch behaviour was pointed out in
recent work by Wilhelmsen et al. [62] involving féifent CQ-containing systems. Note that
no volume shift has been used to correct the obtiadgiensities.

The phase envelopes of the S£8O mixture calculated by the two cubic equatiohstate at
253 K, 263 K and 273 K are presented in Fig. 28gpure-composition diagrams) and Fig. 21
(pressure-density diagrams), together with the ge@xperimental data from Monte Carlo
simulations. In addition, the critical points ofetlCQ+NO mixture at the three studied
temperatures obtained from cubic equations of staeiven in Table 12.

Table 12: Critical point predictions given by SRIKE, PR EoS and Monte Carlo simulations
for the CQ+NO mixture at different temperatures.

SRK EoS PR EoS Monte Carlo

T(K) P(MPa) Xoc() Pc Pc.(MPa) o, () Pc Pc (MPa) %o, (-) Pc
(kg/m?) (kg/m?) (kg/m?)

253.15 13.7 0.562 510.2 13.6 0.554 559.1 11.48 2.51 526.8
263.15 13.2 0.483 491.4 13.1 0.476 537.5 11.21 70.42 529.9
273.15 12.4 0.395 471.1 12.3 0.388 513.2 10.95 10.35 515.2
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Fig. 20: Pressure-composition diagram of the-€@D mixture at 253.15 K (blue), 263.15 K
(red) and 273.15 K (black); symbols: simulated Itssgolid lines: PR E0S results; dashed
lines: SRK Eo0S results.
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Fig. 21: Pressure-density diagram of the;&@0 mixture at 253.15 K (blue), 263.15 K (red)
and 273.15 K (black); symbols: simulated resultifidines: PR EoS results; dashed lines:
SRK EOS results.

Fig. 20 shows that the largest deviations betwlerpseudo-experimental Monte Carlo data
and the cubic equations of state may be foundrgé lpressures in the vicinity of the critical
region. This overprediction by standard cubic E68ew pressures close to the critical point
was also found in a previous work [62] for two atl@O,+contaminant mixtures (CON;
and CQ+0y) in a comparison with experimental data. In thespnt work with the C&NO
mixture, none of the cubic EoS displays any clelaatage over the other for the restitution
of the pressure-composition curves. For densitgutations however, Fig. 21 shows that the
liquid densities calculated with the PR EoS arbetter agreement with the Monte Carlo data
compared to the values obtained with the SRK Eod$ %ame behaviour was already
observed in the case of the 8@M,0 mixture. By comparing the data in Table 12, it is



evident that the critical coordinates given by tWwe cubic equations of state are similar, but
very different from the critical coordinates givey Monte Carlo simulations. The deviations

are largest for the critical pressures, which arawerage 16% larger with the cubic equations
of state than with Monte Carlo simulations. Theicali composition exhibits only on average

10% deviation, while the predicted critical denditym the cubic equations of state deviates
2% from the Monte Carlo simulations.

4. Conclusion

Original force fields for atomistic simulations labeen proposed for,, NO and NO,
molecules, based on Lennard-Jones parameters fitbedexperimental vapour-liquid
equilibrium data. We have shown that thermodynaamd transport properties along the
saturation curve of both nitrous oxide and nitrxade can be well reproduced using these new
models in Monte Carlo and Molecular Dynamics siriales. Studies have also been carried
out on CQ-containing mixtures at different temperatureshie tange 253 — 293 K. Phase
compositions, phase densities and phase viscositeze determined for G®N,O and
CO,+NO binary mixtures. In the case of &M,O mixtures, the liquid-vapour phase
envelopes calculated at 283 K and 293 K were coatpaith experimental data available in
the literature. Experimental and simulation reswdfgpear in good agreement, allowing
reliable and accurate predictions at other tempegat In the case of GENO mixtures, the
performed calculations are pure predictions sinceexperimental data are available in the
literature for this system. The regression of bynateraction parameters for SRK and PR
EoS based on the molecular simulation pseudo-expeetal data or true experimental data
allows good restitution of vapour-liquid equilibnudata for the two studied mixtures and for
the two studied EoS. For the prediction of liquahsities in the two-phase area, PR EoS was
much closer to the pseudo-experimental data tha E65.

The present study shows that molecular simulatioosibined with equation of state

modelling can play a significant role in the corntex CO, storage operations where the
degree of purity of the captured €@ a key factor for transportation, injection and
sequestration. This work illustrates how molecidanulations may be used as a tool to
mitigate the lack of experimental data and imprewgineering equations of state to enable
process simulations where accurate, robust and etatignally fast models are required.

List of symbols

a cubic EoS attractive parameter (Jmmol?)
b cubic EoS co-volume (fmol™)

AHyap molar vaporization enthalpy (kJ rifl

F objective function used in Eq. (8)

I j component andj

ks Boltzmann's constant (J%

Ki binary interaction parameter between componessl]
L simulation box length (A)

N number of particles

P pressure (MPa)

Pc critical pressure (MPa)

Psat saturated vapour pressure (MPa)

i electrostatic charge (e)

r separation distance (A)

Pup element of pressure tensor (MPa)

S statistical uncertainty on simulated property



T temperature (K)

Te critical temperature (K)

Teb normal boiling temperature (K)

U configurational energy (J)

U Lennard-Jones energy (J)

Uelec electrostatic energy (J)

\Y; volume ()

X liquid phase mole fraction

XM, XExP simulated or experimental property
y vapour phase mole fraction

Y objective function used in Eq. (18)

Greek symbols

Y, A, Az, Ao, U adjustable coefficients used in Egs. (9), (1@) €rB)

B characteristic universal exponent used in Ef)sand (13)
p density (kg i)

Pe critical density (kg i)

o Lennard-Jones diameter (A)

€ Lennard-Jones well depth (K)

£ vacuum permittivity (3 C> m™)

n viscosity (mPa s)

Y stoichiometric coefficient of componeant

y7i chemical potential of componan(tl)

I ratio of experimental over simulated vapour puess of specie
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