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The work is devoted to the computer simulation study of the spinodal position for argon and low-molecular lig-
uids having the averaged interparticle potentials similar to that for argon. For this purpose several new methods
are developed: the study of the intersection points for pressure curves on pairs of two close isochors, specific
changes for the isochoric behavior of the radial correlation functions near the spinodal, non-trivial changes of

the temperature dependencies for isochoric values of the self-diffusion coefficient, kinematic shear viscosity
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and Maxwell relaxation time of argon at the intersection of its spinodal. The three last characteristics are deter-
mined with the help of analysis of long time tails for the velocity auto-correlation function. Obtained in such a
way the position of spinodal is compared with that following from the experimental study and computer simu-
lations of the isothermal compressibility.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Thermodynamic properties of metastable states and the determina-
tion of their boundaries are studied in many works (see [1-18]). An in-
terest to this problem is explained by the interaction specificity of high
energy electromagnetic radiation with substance [1], shock action phe-
nomena in condensed matter [2] as well as some practical problems
connected with storage safety of liquation gases [3,4].

The computer simulation methods are often used for the study of
metastable states [5-10,18] since homogeneous phases are problemat-
ically realized far of binodal. Among works devoted to the study of liquid
properties in the vicinity of spinodal it is necessary to pick out [5-7] de-
voted to the dynamics of sizes for heterogeneous fluctuations in one and
two-component liquids described with the help of the Lifshits-Slezov
theory, as well as the works [8-18] devoted to the direct determination
of thermodynamic stability boundaries. Theoretical results in [11-16]
are based on the decision of the corresponding equations of state. At
the same time, it is noted in [12] that the applicability of the lasts is
strongly restricted in metastable range.

The position of spinodal is determined in [8-10] from the analysis of
the density dependence for the tangential component of the pressure
tensor. For this aim the properties of thin layer of liquid phase
contacting with gaseous phase are investigated. The spinodal density
is determined as that corresponding to the maximal value of tangential
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component for the pressure tensor. The position of spinodal in [17] is
studied by experimental method: it is taken into account that the low
frequency sound velocity tends to zero for all spinodal points. In [18]
the molecular dynamics methods are attracted in order to determine
the stability boundary for liquid and crystalline argon. These points cor-
respond to minimum points (in the pressure-density coordinates) on
isotherms extrapolated to the metastable region.

Here it is necessary to note that the spinodal is usually considered as
the separatrix between absolutely unstable states and stable and meta-
stable ones. Such a division of possible states of a system is only correct
in the thermodynamic limit, i.e. for quasi-static processes. At the same
time the existence of the range of absolutely unstable states should
manifest itself also in kinetic processes with characteristic times essen-
tially more than those for molecular processes. The different manifesta-
tion of the spinodal in frequency dependence of the longitudinal sound
velocity can serve as a typical example of said above. From this point of
view, the analysis of the self-diffusion coefficient and kinematic shear
viscosity seems to us to be the most perspective for the establishment
of the spinodal position.

In the present paper our main attention is focused on specific chang-
es of the kinetic coefficients near the spinodal. In the first place we have
in view the self-diffusion coefficient, kinematic shear viscosity and Max-
well relaxation time for shear tensions. These quantities are determined
with the help of long-time tails of the velocity auto-correlation function
(VACF) for a molecule. Our calculations are mainly carried out for argon.
However, the main results can be also applied for other low-molecular
liquids for which the averaged intermolecular potentials have argon-
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like character. This circumstance is illustrated on the example of liquid
nitrogen.

2. The calculation methods
2.1. Calculation procedure

In the present paper our main attention is focused on specific chang-
es of the kinetic coefficients near the spinodal. In the first place we have
in view the self-diffusion coefficient, kinematic shear viscosity and Max-
well relaxation time for shear tensions. These quantities are determined
with the help of long-time tails of the VACF for a molecule. In turn, the
VACF of a molecule is modeled on isochors with the help of computer
simulations. We suppose that the interparticle interaction is described
by the standard Lennard-Jones potential:

a9~
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where kg is the Boltzmann constant. The cutoff radius for the potential is
accepted to be equal:r.=7.50.

For molecular dynamic (MD) simulations we consider NVE ensem-
ble consisting from 50> = 125000 atoms of argon which occupy the
cubic cell with the linear size [; = 18.02 nm (at the temperature T =
83.815 K) close to the triple point of argon. The periodic boundary con-
ditions are used. To test the influence of the size of NVE ensemble we
compare our results of kinetic coefficients calculations with those corre-
sponding to the NVE ensemble of 10° particles with [; = 36 nm. The re-
sults are identical so the interference effects due to periodic boundary
conditions are negligible. The model is satisfy the requirements formu-
lated in [19]. The Gromacs 5.01 software environment [20,21] was used
for our purposes.

It will be shown that all enumerated kinetic coefficients have charac-
teristic peculiarities near the spinodal.

It is necessary to note that the self-diffusion coefficient is deter-
mined in the standard way [22]:

1
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where @y (t) is the VACF of a molecule, and with a help of the equation
[(t) = C + 6Dst, where I'(t) is the mean square displacement of a mol-
ecule. The numerical method will be correct if both obtained values of
the self-diffusion coefficients are identical [19,22]. It is one of main
criteria for our calculation.

At the same time for the determination of the kinematic shear vis-
cosity and the Maxwell relaxation time we use the long-time asymptote
of the VACF [23]:
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where T and p are temperature and mass density correspondingly, v is
the kinematic shear viscosity and 7y, is the Maxwell relaxation time. In
connection with this the kinematic shear viscosity and the Maxwell re-
laxation time are determined by the relations:
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Analyzing the behavior of Ds,v and 7y, on isochors we develop three
independent methods for the determination of the spinodal position.

Besides, we will study the peculiarities of the density correlations
near the spinodal. More exactly, we will show that the character of de-
crease for the radial distribution function g(r) on isochore is different
above and below spinodal. This circumstance can be used as one more
method for the determination of the spinodal position. In addition to
this we will investigate the temperature dependence of the pressure
on isochors:

p(n, T) = nkyT— %rmz [ 3 (g (rydr 5)
0

where n is the particle number density. It will be shown that the tem-
perature dependencies of pressure on two close isochors intersect at
some point, which belongs also to the spinodal. We will ascertain that
all different methods indicated above are consistent that increases the
confidence to each of them.

It is supposed that temperature dependencies of all indicated char-
acteristics of a system are sensible to the transfer from stable or meta-
stable states to absolutely unstable ones, i.e. to the transfer taking
place on the spinodal. At the same time, it is expected that the transfer
from stable to metastable states, taking place on the binodal, is charac-
terized by more weakly expressed peculiarities.

2.2. Qualitative analysis of the self-diffusion on isochors

In this Section we want to discuss the causes of peculiarities for dif-
ferent kinetic and thermodynamic characteristics of a system arising at
the intersection of the spinodal.

For this aim let us discuss the behavior of the self-diffusion coeffi-
cient of argon on its isochors. In accordance with dimensional reasons
the self-diffusion coefficient of argon has the structure:

kT

D, =
s =D rp

(6)

where 1) is the dynamic shear viscosity and r, is the effective radius of a
molecule. The proportionality coefficient rp is equal to & for the spher-
ical coarse particles [22]. The shear viscosity on isochors is practically in-
dependent on temperature [25], therefore for the self-diffusion
coefficient we can write:

Ds =dmT, d(n) = kp (7)

nmrp

If the temperature decreases below the spinodal one, the system de-
laminates on vapor and liquid phases. In this case we have:

Ds = {p(T)DS" + (1=¢p ()DL (8)

where ¢p(T) is the fraction volume occupied by the vapor phase, D"
and DY are the self-diffusion coefficients in the points of intersections
of the vapor and liquid isochors with the spinodal at given temperature:

Db —d (ngl) (T)) Tand D{") = d(nﬁv) (T)> T )

Here it is necessary to note that d(n{"’(T)) will be also represented in
the form Eq. (7).
Substituting Eq. (9) in Eq. (8) we obtain:

Dy(T) = D(T) + §p(T) (" —di )T (10)

where d{¥ = d(n{"(T)) and d{) = d(n{)(T)). Since d{"’>d{", the slope
angle of the self-diffusion line below spinodal is expected to be more
than that over spinodal. The self-diffusion curve is continuous on the
spinodal.
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