
HAL Id: hal-04801540
https://hal.science/hal-04801540v1

Submitted on 25 Nov 2024

HAL is a multi-disciplinary open access archive
for the deposit and dissemination of scientific re-
search documents, whether they are published or not.
The documentsmay come from teaching and research
institutions in France or abroad, or from public or pri-
vate research centers.

L’archive ouverte pluridisciplinaireHAL, est des-
tinée au dépôt et à la diffusion de documents scien-
tifiques de niveau recherche, publiés ou non, émanant
des établissements d’enseignement et de recherche
français ou étrangers, des laboratoires publics ou
privés.

HAL Authorization

Transport properties of supercritical methane
Sergey A Khrapak, Ferdinando Formisano, Livia E Bove

To cite this version:
Sergey A Khrapak, Ferdinando Formisano, Livia E Bove. Transport properties of supercritical methane. Phys-
ical Review E , 2025, 112 (1), pp.015422. ⟨10.1103/kpsb-wvxl⟩. ⟨hal-04801540⟩

https://hal.science/hal-04801540v1
https://about.hal.science/hal-authorisation-v1/
https://about.hal.science/hal-authorisation-v1/
https://hal.archives-ouvertes.fr


Transport properties of supercritical methane

Sergey A. Khrapak∗

Joint Institute for High Temperatures, Russian Academy of Sciences, 125412 Moscow, Russia

Ferdinando Formisano
CNR - Istituto Officina dei Materiali (IOM), Grenoble,

INSIDE@ILL, 71 Avenue des Martyrs, Grenoble Cedex 9, France

Livia E. Bove
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Experimental results on molecular diffusion in supercritical methane over a wide pressure range
reported by Ranieri et al. [Nature Communications 15, 4142 (2024)] are compared with the theoreti-
cal expectations based on the Lennard-Jones model. In the low-pressure low-density limit the kinetic
approach within the Chapman-Enskog approximation is shown to be adequate. At higher pressures
and densities the freezing density scaling approach becomes appropriate. We analyse the transi-
tion from the gas-like to liquid-like dynamical behaviour from the perspective of Stokes-Einstein-
Sutherland relation between the coefficients of self-diffusion and shear viscosity. This analysis locates
the Frenkel dynamical crossover close to the transition from gas-like to liquid-like molecular diffusion
in methane observed experimentally. The reported results provide a useful practical tool to estimate
the transport properties of supercritical methane in parameter regimes where experimental results
are not yet available.

I. INTRODUCTON

Methane represents one of the most important sub-
stance relevant for our life. Its significance extends over
areas such as climate and environment, energy sources,
chemical industries, and extraterrestrial physics. Despite
this importance our understanding of the thermophysical
properties of methane remains elusive to a large extent,
in particular in the high pressure regime [1]. New exper-
imental results continue to improve our understanding of
various important properties of methane [2–7].

In a recent paper, Ranieri et al. report measurements
of the self-diffusion coefficient of the supercritical fluid
methane along the T = 200 K isotherm using the quasi-
elastic neutron scattering [8]. A very wide pressure range
is investigated, from 8.5 bar to 2450 bar. The molecular
self-diffusion coefficient is derived from the best Gaus-
sian (at low pressures) or Lorentzian (at high pressures)
fits to the neutron spectra. The Gaussian-to-Lorentzian
crossover is progressive and is indicative of the gas-like
to liquid-like crossover in molecular transport properties.

The purpose of this work is to provide a theoretical
interpretation of the experimental results by Ranieri et
al. [8]. We demonstrate that the low-pressure results are
consistent with the kinetic theory of self-diffusion in the
rarefied Lennard-Jones (LJ) gas, while the high-pressure
results are consistent with the freezing density scaling
of transport coefficients in the LJ fluid. The transition
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between the two regimes corresponds to the gas-like to
liquid-like dynamical crossover [8].

Historically, a crossover of this kind has been at-
tributed both to the crossing of the Widom line and
to the Frenkel line on the phase diagram. The first
one emerges from the critical point and represents the
maxima or minima of certain thermo-physical properties.
Crossing this line has been associated with several phe-
nomena, including a shift in the anomalous dispersion
(i.e., the difference between the unrelaxed and relaxed
values) of the simulated THz sound velocity, the obser-
vation of pseudo-boiling, droplet formation, and changes
in density fluctuation correlations [9–14]. The second is
not directly related to the critical point and is linked to
the change in the dynamical behaviour [15]. Above the
Frenkel line, at high pressures, fluid dynamics is domi-
nated by solid-like oscillations about temporary equilib-
rium positions and transverse acoustic excitations can be
sustained [16–18] . Note that Frenkel line exists in flu-
ids with purely repulsive interactions [19–21] where the
critical point does not exist at all. In this sense the two
lines discussed are quite different in nature.

In one of the approaches - following its initial def-
inition [15]-, the location of the Frenkel line can be
inferred from the analysis of the product of the self-
diffusion and shear viscosity coefficients in the form of
the Stokes-Einstein-Sutherland relation without the hy-
drodynamic radius [22–24]. In the following we refer to it
as the Stokes-Einstein (SE) relation, because it is mainly
based on the Stokes formula for a friction force experi-
enced by a sphere moving through viscous medium and
Einstein relation between mobility and diffusion coeffi-
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FIG. 1. (Color online) Evolution of scattered spectra of
methane at 200 ± 1 K across pressures from 8.5 to 2450 bar.
Further details on the experiment can be found in Ref. [8].

cients. The control parameter is the dimensionless quan-
tity Dη(∆/kBT ) = αSE, where D is the self-diffusion
coefficient, η is the shear viscosity coefficient, ∆ = ρ−1/3

is the average intermolecular separation, T is the tem-
perature, and kB is the Boltzmann constant. The quan-
tity αSE decreases quickly with density in the gas-like
regime and becomes constant in the high-density liquid-
like regime. The transition between the two asymptotes
serves as a reliable indication of the gas-like to liquid-like
dynamical crossover and this is supported by the experi-
mental results [8]. Previously, some aspects related to the
diffusion, viscosity, and Stokes-Einstein relation in dense
supercritical methane were discussed in Ref. [25], based
on experimental results for the T = 300 K isotherm [5].
New experimental results from Ref. [8] cover much wider
region of pressures and densities and deserve new consid-
eration.

II. EXPERIMENT

Quasi-elastic neutron scattering (QENS) measure-
ments were conducted at the Institut Laue-Langevin in
Grenoble, France, using the IN6-SHARP time-of-flight
neutron spectrometer, providing direct measurements
of molecular diffusion at picosecond timescales and Å-
length scales [8]. A neutron wavelength of 5.12 Å was
employed to record scattering spectra of methane at 200
± 1 K across pressures from 8.5 to 2450 bar. The
methane sample was contained in an aluminum alloy
pressure cell with constant volume during pressure ad-
justments. Nine pressure points were measured without
an aluminum spacer and eight with it. Methane purity
exceeded 99.95%, and a cryostat was used to maintain
temperature stability. Pressure was monitored with a 1-
bar accuracy, and empty-cell spectra were recorded for
calibration. Evolution of the spectra is demonstrated in
Fig. 1.

Constant-Q spectra (0.4–1.5 Å
−1

were extracted and
normalized using a vanadium standard, with empty-cell
signals subtracted. The study revealed a gradual tran-
sition in the self-dynamic structure factor, from a Gaus-
sian shape, describing molecular diffusion in a gas, to a
Lorentzian shape, characteristic of liquid diffusion. This
transition took place at pressures around 60 bar (see
Fig. 1).

In dilute fluids, molecular collisions are infrequent, al-
lowing molecules to follow ballistic motion between col-
lisions, meaning both velocity and trajectory can be de-
fined. As a result, the mean square displacement (MSD)
of molecules shows a ∝ t2 dependence over time. Exper-
imentally, this behavior translates into the free-particle
(ideal gas) expression for the self-dynamic structure fac-
tor Sself(Q,ω), which is a Gaussian function of the fre-
quency ω, centered at ω = 0. The values of the half width
at half maximum γG(Q) obtained from the Gaussian fits
of the measured spectra displayed a linear trend with Q,
as shown in Fig. 3(a) of Ref. [8]. From the values of the
linear fit slope, the diffusion coefficient D for each pres-
sure point in the gas-like regime was estimated using the
density values from the National Institute of Standards
and Technology (NIST) Chemistry WebBook [26]. As the
density increases to the liquid-like range, the frequency
of molecular collisions rises significantly. During typi-
cal experimental timescales, molecules undergo multiple
uncorrelated collisions, leading to random Brownian mo-
tion. This motion is characterized by a linear, rather than
quadratic, time dependence of the MSD. Consequently,
the self-dynamic structure factor takes on a Lorentzian
shape, centered at zero frequency. This is the model com-
monly used to analyze QENS data for bulk liquid sam-
ples [5, 27–29]. In this liquid-like regime the half width at
half maximum γL(Q) typically follows a Q2 dependence
at small Q, consistent with Fickian diffusion. However,
at higher Q values, where shorter distances are probed
and microscopic details of the motion become important,
γL(Q) deviates from this simple behavior and lies below
the expected Q2 trend. The relationship can be modeled
by the formula [30]:

ΓT (Q) =
DQ2

1 + τDQ2
. (1)

Both the diffusion constant D and the characteristic dif-
fusion time τ can then be estimated.

III. THEORY

A. Low densities

To describe the self-diffusion and viscosity coefficients
in the low-density regime we use the dominant (first-
order) terms in the Chapman-Enskog pair collision ap-
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proximation [31]. The diffusion coefficient is

D =
3
√
π

8

(kBT )
1/2

ρm1/2σ2ΩD
, (2)

where m is the molecular mass, σ is the molecular length
scale, and ΩD is the reduced diffusion (momentum trans-
fer) integral. Similarly, the shear viscosity coefficient can
be approximated by

η =
5
√
π

8

(kBT )
1/2m1/2

σ2Ωη
, (3)

where Ωη is the viscosity (energy transfer) integral. The
transport integrals are

ΩD =
1

2

∫ ∞

0

x2e−xσD(x)dx, (4)

and

Ωη =
1

2

∫ ∞

0

x3e−xση(x)dx. (5)

Here x = µv2/2kBT is the relative reduced kinetic en-
ergy and µ is the reduced mass (µ = m/2 for identical
molecules).

The system-dependent momentum transfer σD and en-
ergy transfer ση cross sections are required to evalu-
ate the transport integrals. We use the cross sections
for the LJ potential derived in Ref. [32] to evaluate the
self-diffusion and viscosity coefficients at low-densities.
LJ parameters for methane are ϵ/kB = 174 K and
σ = 0.36652 nm [1]. In Ref. [8] a hard-sphere model
with σ = 0.361 nm has been chosen to approximate the
diffusion coefficient using the simulated hard-sphere fluid
values from Ref. [33].

It is convenient to operate with dimensionless units.
In the following we use macroscopically reduced self-
diffusion and shear viscosity coefficients, which are de-
fined as DR = D/∆vT and ηR = η∆2/mvT, where

vT =
√
kBT/m is the thermal velocity. This normal-

ization is essential in Rosenfelds’s excess entropy scaling
of transport coefficients [34, 35], hence the subscript “R”
is used. The advantage of these units is that they are
system-independent and thus can be used to compare the
behaviour of transport coefficients in different systems.

Rewriting Eqs. (2) and (3) in reduced units we ob-
tain DR ∼ 1/(ρ∗)2/3ΩD and ηR ∼ 1/(ρ∗)2/3Ωη, where
ρ∗ = ρσ3 is the reduced density. The transport integrals
do not depend on the density. Therefore, both the self-
diffusion and viscosity coefficients decrease with density
as (ρ∗)−2/3 in the considered low-density limit. Their
product in the form of the SE relation without the hy-
drodynamic radius decreases even faster:

αSE = DRηR ∝ (ρ∗)−4/3. (6)

In this sense, the SE relation appears violated at low
densities. This result is quite general, while the coeffi-
cient of proportionality in Eq. (6) is system–dependent.
For example, in a dilute gas of hard spheres αSE ∼
0.037(ρ∗)−4/3 [36].

B. High densities

In the high-density regime we make use of the freez-
ing density scaling (FDS) approach. In Ref. [36] it has
been demonstrated that macroscopically reduced trans-
port coefficients (self-diffusion, shear viscosity, and ther-
mal conductivity) of the LJ fluid along isotherms exhibit
quasi-universal scaling on the density divided by its value
at the freezing point. Thus, the transport coefficients de-
pend on a single variable, R = ρ/ρfr, where ρfr is the
density at the freezing point. Originally, FDS has been
proposed as a merely empirical observation, complement-
ing the freezing temperature scaling discussed by Rosen-
feld and others [37–39]. Recently, this scaling has been
rationalized and discussed in terms of the Rosenfeld’s
excess entropy scaling [34, 40] and isomorph theory of
Roskilde-simple systems [41]. It appears that the lines
corresponding to constant ratios ρ/ρfr in the LJ phase di-
agram correspond also to approximately quasi-universal
values of excess entropy [42, 43]. These lines are thus
approximate isomorphs, along which certain macroscop-
ically reduced structural and dynamical properties re-
main invariant to a good approximation [41, 44]. So far,
FDS has been demonstrated to apply not only to the LJ
fluid [36, 45], but also to the Weeks–Chandler–Andersen
fluid [46], and noble gases [42, 43]. FDS of transport co-
efficients in the hard-sphere fluid is similar, although not
exactly the same [36]. Thus, we may expect FDS to be
to some extent universal concept. There have been indi-
cations that it applies to methane, too [25, 42]. It has
been recently demonstrated that FDS can be improved
by using the average of the freezing and melting densities
instead of the freezing density alone [47]. Here we use the
original version of FDS, because it provides a sufficient
accuracy for supercritical temperatures.

Technically, the FDS approach represents just an ap-
propriate mapping between the LJ and methane fluids.
Importantly, LJ energy and length scales parameters are
not required in this case. For a given density we calcu-
late the density scaling parameter R = ρ/ρfr, with the
freezing mass density mρfr ≃ 0.545 g/cm3 at T = 200
K, according to REFPROP 10.0 NIST database [48].
For the obtained R we then evaluate the corresponding
reduced transport coefficients of the LJ fluid. In partic-
ular, we use molecular dynamics (MD) results along the
slightly supercritical isotherm T ∗ = 1.5 from Ref. [49]
(diffusion) and Ref. [50] (viscosity). The exact value of
the temperature is not very important. According to the
FDS approach, temperature only affect ρfr, not affecting
reduced transport properties otherwise. This approach
provides theoretical expectations for the reduced trans-
port coefficients of methane at sufficiently high densities.
As pointed above, FDS does not use any effective diam-
eter, energy, or any other free parameters and hence is
very simple and transparent.

The dynamics of molecules in the high-density liquid
regime is dominated by solid–like vibrations of atoms
around their temporary equilibrium positions [15, 51].
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These temporary equilibrium positions of atoms do not
form any regular structure and are not fixed, unlike in
solids. Instead, they are allowed to diffuse and this is why
liquids can flow. However, this diffusive motion is char-
acterized by much longer time scales compared to those
of solid-like oscillations. The time separation between
the fast oscillation and slow relaxation processes is essen-
tial in the vibrational paradigm of dense liquids dynam-
ics [52]. Within this paradigm, self-diffusion of molecules
can be considered as a random walk process [53]. The
characteristic length-scale of the process corresponds to
the amplitude of solid–like vibrations. The characteris-
tic time scale is the Maxwellian shear relaxation time,
τ = η/G∞, where G∞ is the infinite frequency shear
modulus [54]. As a result the relation between the self-
diffusion coefficient, shear viscosity, density, and temper-
ature of dense liquids emerges (see Ref. [53] for further
details):

D ∝ kBT

η∆
. (7)

This proportionality implies that the SE relation without
the hydrodynamic radius holds in dense liquids. Zwanzig
explained why it should be approximately so [22]. He also
derived the lower and upper boundaries for the SE pa-
rameter, 0.13 ≲ αSE ≲ 0.18. The topic received consid-
erable attention over years [23, 24, 55–59]. Recently, it
has been demonstrated that in addition to simple atomic
fluids, the SE relation without the hydrodynamic radius
can remain valid in various dense non-spherical molecular
liquids [60]. Among recent examples are water [61, 62]
and methane [25].

C. Frenkel line

Frenkel line is introduced as a dynamical crossover
line in the supercritical state [15, 19, 51, 63]. It sep-
arates the high density liquid regime where the molec-
ular motion is dominated by solid-like vibrations with
much slower diffusion from the low-density liquid regime
where the molecular motion is purely diffusive like in
gases [51]. Sometimes these regimes are referred to as
“rigid” and “non-rigid” fluids, respectively. The canon-
ical definition of the Frenkel line is the equality of the
liquid relaxation time and the period of solid-like oscilla-
tions. This is an approximate qualitative criterion useful
for illustration purposes, but tricky in practical imple-
mentation [51, 63]. The two quantitative criteria high-
lighted by Trachenko [51] are based on the disappearance
of the oscillations and minima of velocity autocorrelation
function (VAF) and a threshold value of the specific heat
at constant volume, cv = 2. However, these are not truly
universal. For instance, they cannot be applied to the
important model system in condensed matter – the fluid
of hard spheres [64]. Many more qualitative definitions
for the Frenkel line have been proposed over the years,
including for example specific values of diffusion constant

and speed of sound [63], excess entropy [65], equality of
kinetic and potential contribution to viscosity and the
minima of the kinematic viscosity [66], minima of the
properly reduced viscosity and thermal conductivity co-
efficients [67], etc. These different criteria predict some-
what different location for the Frenkel line on the phase
diagram. This is not a severe issue since the crossover is
considered.
The location of the Frenkel line on the phase diagram

of important systems such as CO2, H2O, and CH4 is in-
vestigated in Ref. [18]. MD simulation are performed to
calculate VAF. Frenkel line is then located based on the
disappearance of oscillations and minima of VAF. This
location is used in Ref. [8]. Dealing with the data for
the diffusion and viscosity coefficient in the wide density
and pressure range opens an attractive alternative. It is
possible to estimate the transition between the gas-like
and liquid-like dynamical regimes from the intersection
of the gaseous and liquid asymptotes of the SE prod-
uct. This method has been previously tested on various
model systems such as Coulomb and Yukawa fluids, the
hard-sphere fluid, the LJ fluid, and delivered consistent
results [59].

IV. RESULTS

The reduced self-diffusion and viscosity coefficients of
methane at T = 200 K versus the density scaling pa-
rameter R are shown in Fig. 2. Here the circles cor-
respond to the experimental data for the self-diffusion
coefficient [8]. The squares are the literature data for the
shear viscosity coefficient, summarized in the Supplemen-
tary Table 1 of Ref. [8]. The solid curves correspond to
our calculation based on the FDS approach using avail-
able MD data. The dashed curves correspond to low-
density gaseous asymptotes calculated from Eqs. (2) –
(5).
First of all, the qualitative behaviour of the reduced

diffusion and viscosity coefficients is quite representative
of simple fluids [52, 67]. The reduced diffusion coefficient
decreases monotonously on approaching the fluid-solid
phase transition. The reduced viscosity coefficient first
decreases with density in the low-density gas-like regime,
experiences a minimum at an intermediate density and
then increases towards the fluid-solid phase transition.
The existence of the minimum is a generic property of
liquids [51, 67, 68]. The minimum corresponds to the
transition between two different mechanisms of momen-
tum transfer in gas-like and liquid-like regimes. Hence,
its position can serve as a rough indicator of the location
of the Frenkel line on the phase diagram [10, 66]. How-
ever, the observed minimum is rather shallow and thus
the accuracy of this indicator may not be high.
Regarding the comparison between the experiment and

theory, we observe that in both low-density and high-
density regimes there is a reasonably good agreement be-
tween the experiment and theoretical predictions based
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FIG. 2. (Color online) The self-diffusion and viscosity co-
efficients of supercritical fluid methane along the T = 200
K isotherm. Circles and squares denote the experimental
self-diffusion and viscosity coefficients, respectively. Solid
curves represent the FDS scaling for a supercritical LJ fluid
at T ∗ = 1.5. The data are from Refs. [49] (self-diffusion) and
Ref. [50] (shear viscosity), respectively. Dashed curves repre-
sent the low-density gaseous asymptotes, as discussed in the
text.

on the LJ model fluids. At intermediate densities the
self-diffusion experimental data are slightly below the
theoretical expectation. From the experimental side,
this is where the transition from the Gaussian to the
Lorentzian shape of the neutron spectra occurs and the
results can be not so accurate as in the respective lim-
its of low– and high–density. From the theoretical side,
it cannot be excluded that the pairwise LJ potential is
only a rough approximation in this regime. Note that
the Chapman-Enskog low-density approach for the dif-
fusions coefficients matches very well the FDS approach
at low and moderate densities. Remarkably, it remains
a rather good approximation even at densities exceed-
ing the critical point density, as shown in Fig. 2. In
the case of the shear viscosity coefficient, the situation
is different. The LJ FDS scaling describes the literature
data relatively well in the entire density regime. The
low–density Chapman-Enskog approximation describes
the data well in the low-density limit, but becomes un-
reliable for R ≳ 0.05, far below the density at which
the minimum in the reduced shear viscosity coefficient is
reached.

The SE product αSE, evaluated using the data for dif-
fusion, viscosity ans density, tabulated in the Supplemen-
tary Table 1 of Ref. [8], is plotted in Fig. 3 as a function
of methane mass density. Symbols correspond to the ex-
perimental results. The dashed lines are the theoretical
asymptotes. In the low-density regime the calculation is
done using Eqs. (2) - (5). In the high-density regime a
constant value αSE ≃ 0.15 is expected [59]. The exper-
imental results are in reasonable agreement with these
expectations. At a very high pressure the SE coefficient

0 . 0 1 0 . 1 1
0 . 1

1

1 0
 E x p e r i m e n t  [ R a n i e r i  e t  a l .  ( 2 0 2 4 ) ]
 T h e o r e t i c a l l y  e x p e c t e d  r a n g e  ( d e n s e  L J )
 e x p e c t a t i o n  ( l i q u i d - l i k e  L J  )
 e x p e c t a t i o n  ( g a s e o u s  L J )

Dη
(∆/

k BT)
=α

SE

ρ m  [ g  c m - 3 ]

S t o k e s - E i n s t e i n  r e l a t i o n  i n  m e t h a n e :

FIG. 3. (Color online) Stokes-Einstein product
Dη(∆/kBT ) ≡ αSE in supercritical methane along the
T = 200 K isotherm versus the mass density ρm. Circles
are plotted using the data for self-diffusion and viscosity
coefficients as well as mass density tabulated in the Supple-
mentary Table 1 of Ref. [8]. Shaded region correspond to the
theoretical expectation, 0.13 ≲ αSE ≲ 0.18 in the high density
fluid region of the phase diagram. The horizontal dashed line
shows the SE coefficient for the LJ fluid, αSE ≃ 0.15.

drops somewhat below expectations and this might sig-
nal the approach to the super-cooled regime, where SE
relation breaks down. Taking into account uncertainties,
the intercept of the two asymptotes occurs in the inter-
val ρm ≃ 0.1 − 0.2 g/cm3. In the LJ fluid the dilute
gaseous and dense liquid asymptotes for αSE intersect at
ρ/ρfr ≃ 0.35 [69]. This can serve as an indicator of the
Frenkel line as proposed in Ref. [59] and further elabo-
rated in Ref. [69]. Translated into the case of methane
fluid at T = 200 K this estimate gives ρm ≃ 0.19 g/cm3

and P ≃ 6.3 MPa, according to recommended values
from the REFPROP 10.0 database. This brings Frenkel
line close to the location of the crossover from gas-like
to liquid-like diffusion in methane detected experimen-
tally [8]. Previous estimates based on the disappear-
ance of oscillations and minima of VAF resulted in con-
siderably higher pressures and densities of the Frenkel
line [18].

V. DISCUSSION AND CONCLUSION

The main result of this work is the demonstration that
the experimental results on the self-diffusion in super-
critical methane along the T = 200 K isotherm reported
in Ref. [8] can be relatively well reproduced using the
LJ fluid model. In the low-density limit the Chapman-
Enskog pair collision approximation can be used with the
momentum transfer cross section derived for the LJ po-
tential. The LJ potential parameters ϵ/kB = 174 K, and
σ = 0.36652 nm, suggested in Ref. [1], seem appropriate
for this purpose. At higher densities the freezing density
scaling approach does a rather good work. This approach
does not require introduction of LJ potential parameters
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or any other free parameters. It is even not very sensitive
no the exact shape of the interaction potential. Density
divided by its value at the freezing point serves as a sin-
gle control parameter for mapping between the LJ and
methane fluids. The same is essentially true for the liter-
ature data on the shear viscosity coefficient, except the
Chapman-Enskog approximation is violated at consider-
ably lower densities than in the case of diffusion.

The Stokes-Einstein product without the hydrody-
namic radius, Dη(∆/kBT ) = αSE, exhibits two dis-
tinct asymptotes. At low densities αSE ∝ (ρ∗)−4/3 as
the the Chapman-Enskog approximation predicts. At
higher density the SE parameter reaches a constant value
αSE ≃ const corresponding to the validity of the SE re-
lation without the hydrodynamic radius. The intersec-
tion of the two asymptotes can serve as an indication of
the gas-like to liquid-like dynamical crossover. This idea
has been tested on several model fluids, including the LJ
fluid, in Ref. [59].

If the mapping between the LJ and methane fluid is
adopted, then the location of the Frenkel line in the LJ
fluid proposed in Ref. [69] would almost ideally match the
crossover from gas-like to liquid-like diffusion in methane
observed experimentally [8]. Previous estimates based
on the disappearance of oscillations and minima of the
velocity autocorrelation function predicted considerably
higher pressures and densities for the locations of the
Frenkel line [18].

Our explanation for this discrepancy is as follows. Fol-
lowing the discussion in Ref. [52] we suggest that actually
two useful lines on the phase diagram can be identified.
The first corresponds to the intersection of gas-like and
liquid-like asymptotes of reduced dynamical characteris-
tics (such as the macroscopically reduced shear viscosity
and thermal conductivity coefficients, or dimensionless
Stokes–Einstein product in our case). This occurs at a

fixed density ratio ρ/ρfr ≃ 0.35 for the LJ fluid [69]. This
implies that the first line occasionally emanates from the
vicinity of the critical point in the LJ-like fluids. The
second line corresponds to about twice higher density
ratio and marks the onset of solid-like vibrational dom-
inance and the applicability of the vibrational model of
transport and thermodynamics of dense fluids. It is this
second line that corresponds to the specific heat criterion
cv = 2 in simple fluids (see Fig. 14 from Ref. [52]). This
line better describes the transition from a “non-rigid” to
“rigid” fluid, rather than gas-like to fluid-like crossover.
In the experiment it is the first line that has been iden-
tified from the analysis of the molecular diffusion. As
it emanates from the vicinity of the critical point it lies
closely to the Widom line [8]. But it should be stressed
that this is just a coincidence, because gas-like to fluid-
like dynamical crossover also occurs for simulated fluids,
which do not have critical point and Widom line at all.
The criterion based on the disappearance of oscillations
and minima of the VAF is likely more applicable to the
transitions between “non-rigid” to “rigid” fluids and thus
corresponds to considerably higher pressures and densi-
ties.

Altogether, our observations shed some new light on
the transport properties of the supercritical methane
fluid. They open up a possibility to predict the coef-
ficients of diffusion and viscosity in parameter regimes
where experimental results are still missing. This can be
of certain value in understanding transport properties of
supercritical fluids, their industrial applications, as well
as geodynamics of gas giant planets in our Solar System
and beyond.
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