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Abstract

Rayleigh-Brillouin Scattering Spectra of SF6 are modeled at room temperature
in the pressure range [0.2−5] bar and compared to recent experimental measure-
ments [Wang et al. Chem. Phys. Lett. 669 (2017) 137-142]. It is shown that
lineshape models that account for density-dependent corrections to the ther-
modynamic properties provide substantially better agreement than the models
assuming an ideal gas model. For intermediate pressures, where a hydrodynamic
description of the spectra fails due to kinetic effects, the Enskog-Vlasov kinetic
model is shown to reproduce experimental data with good accuracy both at low
and high pressure.

Keywords: Rayleigh-Brillouin scattering, SF6 gas, DSMC simulation,
Enskog-Vlason kinetic equation

1. Introduction

The analysis of the power spectrum of spontaneous density fluctuations in
fluids provides both an experimental and theoretical tool to investigate their
thermodynamic and transport properties [1]. When dealing with gases, laser
light scattering experiments [2] allow exploring the characteristics of the fluctu-
ations power spectrum in all flow regimes, from hydrodynamic to collisionless.
Theoretical power spectra in the hydrodynamic regime can be obtained by lin-
earized Navier-Stokes equations, either by introducing fluctuating field correla-
tions in the initial state [1] or directly simulating fluctuating stresses and heat
flux [3, 4]. In the kinetic regime, spontaneous fluctuations can be analized by
the Boltzmann equation [5], linearized around the reference equilibrium state.
More often, simpler kinetic models have been successfully adopted [6]. How-
ever, the more general Boltzmann equation can be used in combination with
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Figure 1: (a) SF6 compressibility Z =
p(n,T )
nkBT

as a function of pressure, at T ≈ 296 K. (b)
λ/σ as a function of pressure, at T ≈ 296 K. (c) SF6 rarefaction parameter y = 1/(kscλ), as
a function of pressure, at T ≈ 296 K. The scattering angle θ has been set equal to 89.6◦ [11].
(d) SF6 reduced density η = πσ3n/6 as a function of pressure, at T ≈ 296 K.

the Direct Simulation Monte Carlo method (DSMC) [7] to obtain fluctuations
spectra [8, 9, 10] in a dilute gas of arbitrary complexity, not always accessible
to kinetic model equations.

The motivation of the present work originates from the experimental power
spectra of spontaneous fluctuations in SF6, described in Ref. [11]. Experiments
have been conducted at almost fixed temperature (≈ 296 K), in the pressure
range [0.2 − 5] bar and cover all flow regimes from collisionless to hydrody-
namic. The companion theoretical analysis has been based on kinetic model
equations [6, 12], as well as on a two-temperatures (translational and rota-
tional) hydrodynamic model. The comparison between theoretical and experi-
mental spectra showed discrepancies, the authors attributed to dense gas effects,
not accounted for by the adopted models, all based on the dilute gas approx-
imation [11]. Actually, deviations from the ideal behavior are expected to be
present in the high pressure experimental conditions, on the ground of a number
of physical indicators. Figure 1a presents the plot of SF6 isothermal compress-
ibility (T ≈ 296 K) Z = p(n, T )/(nkBT ), showing that the pressure is about
94% of the corresponding ideal value, at 5 bar. The pressure equation of state
p = p(n, T ) has been obtained from the REFPROP database [13] of the US
National Institute of Standards and Technology (NIST), n is the number den-
sity and kB the Boltzmann constant. Further evidence of dense gas effects is
provided by plotting the ratio λ/σ of the gas mean free path λ to the molecular
size σ as a function of the pressure. As shown in Fig. 1b, the gas undergoes
a transition from the dilute to the dense regime while the pressure spans its
experimental range. At 5 bar, λ is about ten times the molecular size and the
reduced density η = πσ3n/6, i.e. the volume fraction occupied by molecules,
amounts to about 1.2%. Therefore, the gas can be considered as moderately
or weakly dense. The mean free path has been estimated as λ = vthµs/p, be-
ing vth =

√
2kBT/m the equilibrium most probable molecular velocity, m the

molecular mass and µs the shear viscosity. The molecular diameter σ can be

estimated around 5.5 Å from the expression: σ =
√

1/(
√

2πnλ).
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In agreement with the above considerations, the aim of the present paper
is to describe the extension of previous analyses to include dense gas effects,
both in the hydrodynamic and kinetic regimes, in order to reduce the gap be-
tween theory and experiment. As is usually done in the theoretical treatment
of Rayleigh-Brillouin Scattering (RBS), the kinetic and hydrodynamic regimes
can be characterized by a non-dimensional parameter. The latter, named y, is
defined as the ratio between a wavelength and the mean free path:

y =
1

kscλ
, ksc =

4πir
l

sin(θ/2). (1)

In Eq. (1), ksc is the wave vector of the probed fluctuations (it is the dif-
ference between the wave vectors of incoming and scattered laser light), ir the
refraction index, l is the wavelength of the laser and θ the scattering angle. Fig-
ure 1c shows the behavior of y as function of p, for T ≈ 296 K and θ = 89.6◦.
As a rule of thumb, the value y = 5 can be assumed to separate the kinetic
from the hydrodynamic regime. As shown in Figure 1c, the nominal separation
occurs at p ≈ 3 bar.
Different models have been used to reproduce the measurements in the various
regimes. All of them assume that the SF6 molecule behaves as a rigid rotator
having three rotational degrees of freedom and an isotropic inertia tensor. It
should be noted that the effect of the vibrational modes is already quite visible
from the specific heat at room temperature, since the lowest excited vibrational
level has a characteristic vibrational temperature θ = 520 K [14]. However,
their relaxation is too slow on the time scale of the experiments. Actually, the
vibrational relaxation time is pτvib = 2.22 · 10−7 atm·s [15], whereas the typical
timescale measured in the experiments is in the ns range. Hence, vibrational de-
grees of freedom are effectively frozen in the experiment, as confirmed by prelim-
inary computations, based on a three temperatures (translational+rotational+
vibrational) hydrodynamic model whose results are not reported here.
At the largest pressures, comparisons with experiments have been based on a
one-temperature hydrodynamic model described in Section 2. Here, dense gas
effects have been taken into account through the non-ideal thermodynamic rela-
tionships obtained from the NIST database REFPROP [13]. The kinetic regime
has been tackled by two different tools. The first one, described in Section 3,
consists in DSMC simulations based on the Boltzmann equation, describing a
dilute gas of rigid rotators. The binary collision cross section has been modeled
according to the Variable Soft Sphere (VSS) model [16], whereas the energy
exchange between internal and translational degrees of freedom has been de-
scribed by the Larsen and Borgnakke model [17]. Although the Boltzmann
equation and DSMC are expected to describe low pressure fluctuations spectra
accurately, it is possible that, in principle, there exist a pressure interval where
the gas still exhibits both a kinetic and a non-ideal behavior. In order to explore
this regime, DSMC simulation based on the Enskog-Vlasov (EV) equation have
also been performed. As described in Section 3.1, the EV equation, although
approximate, has the capability of describing fluctuations in the whole pressure
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range.

Results, described and discussed in Section 4, show that indeed including
dense gas effects in the lineshape model leads to a significantly better agree-
ment with the observations in the hydrodynamic regime. In the kinetic regime,
DSMC-EV is validated as a viable improvement to DSMC for tackling moder-
ately dense flows; the simple interaction potential considered in the model, how-
ever, appears inadequate to correctly reproduce the measured spectra within the
small experimental uncertainty; this also underlines, however, the potential of
such experiments to provide accurate information on molecular interactions.

2. SF6 hydrodynamic model

In the hydrodynamic limit, the fluctuation spectra can be analytically com-
puted from the Navier-Stokes-Fourier (NSF) equations, linearized around a
given reference equilibrium state [1]. The spectral density of fluctuations is
obtained as:

S(k, ω)

S(k)
=

γ − 1

γ

2χk2

ω2 + χ2k4
+

1

γ

[
Γk2

(ω + ck)2 + Γ2k4
+

Γk2

(ω − ck)2 + Γ2k4

]
+

+
k

γc
[Γ + (γ − 1)χ]×[
ω + ck

(ω + ck)2 + Γ2k4
− ω + ck

(ω − ck)2 + Γ2k4

]
(2)

In Eq. (2), k is the modulus of the wave vector ~k, ω the angular frequency,
S(k, ω) is the density correlation function and S(k) the static structure func-
tion [1]. The fluctuation spectrum is defined by the following gas properties,
to be computed in the equilibrium reference condition, characterized by the
pressure p0 and temperature T0:

• γ = cp/cv is the ratio of constant pressure and constant volume specific
heats cp and cv.

• c is the adiabatic speed of sound, computed as:

c2 =

(
∂p

∂ρ

)
s

=

(
∂p

∂ρ

)
T

+

(
∂p

∂T

)
ρ

(
∂T

∂u

)
ρ

[
p

ρ2
−
(
∂u

∂ρ

)
T

]
(3)

• χ = κ
ρcp

is the thermal diffusivity, being κ the thermal conductivity.

• νl = 1
ρ

(
4
3µs + µb

)
is a kinematic viscosity constructed with the shear vis-

cosity µs and bulk viscosity µb; Γ denote the expression 1
2 [νl + (γ − 1)χ].
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Figure 2: Relative deviations of dense rough sphere gas transport coefficients from the respec-

tive ideal gas limits, as a function of the reduced density η; ∆x
def
= (x− x(id))/x. Solid line:

κ = 0.2; dashed line κ = 0.4; dashed-dotted line: κ = 0.6.

Thermodynamic properties of SF6 in a wide temperature and pressure range
can be obtained from the NIST REFPROP database [13]. In particular, all of
them are derived from the Helmholtz free energy expression, a(ρ, T ), given in
Ref. [18] as a function of density and temperature. Care, however, must be
exercised when using the database because the free energy expression assumes
thermal equilibrium and, consistently, takes into account the vibrational modes
contribution. More precisely a(ρ, T ) is written as:

a(ρ, T ) = a(0)(ρ, T ) + a(r)(ρ, T ), (4)

being a(0)(ρ, T ) and a(r)(ρ, T ) the ideal and residual contributions to a, respec-
tively. The former can be written as:

a(0)(ρ, T ) = a(0)rr (ρ, T ) + a(0)v (ρ, T ), (5)

where subscripts rr and v refer to the rigid rotator and vibrational contributions
to a(0)(ρ, T ), respectively. As noted above, vibrational modes can be considered
as frozen in the conditions under study, hence SF6 thermodynamic properties
have been obtained from a modified free energy expression, ã(ρ, T ) = a

(0)
rr (ρ, T )+

a(r)(ρ, T ) in which the vibrational contribution has been removed from the ideal
part. The residual contribution has been left unchanged, since its expression,
as is reasonable, does not contain any contribution which could be attributed
to the different kinds of molecular degrees of freedom. As far as transport
properties are concerned, lack of available data led to assign to µs, κ and µb
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pressure independent values, respectively set to their known values at T = 298
K and 1 bar, listed below:

µs = 1.52 · 10−5
kg

ms
, µb = 1.00 · 10−5

kg

ms
, κ = 4.82 · 10−3

W

mK
(6)

In absence of better alternatives, dense gas effects on the above quantities have
been estimated by assuming that the dense rough spheres model [19] can be
adopted to describe SF6. Figure 2 shows the relative deviations of µs, µb and
κ from their respective ideal gas limits, as a function of the reduced density η,
for the values 0.2, 0.4, 0.6 of the parameter κ = 4I

mσ2 , where I is the molecular
moment of inertia. The three curves show that in the interval (0, 0.02), which
includes the reduced density values relevant for this study, the largest deviation
from the ideal value amounts to about 5% for µs and κ, a slightly larger dense
gas effect is found for µs whose deviation amounts to about 8%. Therefore,
theoretical spectra in the hydrodynamic regime have been obtained from three
different lineshape models. The first one just adopts the ideal thermodynamic
properties of SF6 and the values of transport properties at 1 bar, given above.
The second model introduces non-ideality only in thermodynamic properties,
computing them from ã but keeping the values of transport properties fixed
and equal to their respective values at 1 bar. The third model uses the same
non-ideal thermodynamic properties of the second one but estimates dense gas
effects on transport coefficients from the dense rough sphere model.

3. Kinetic modeling of fluctuations

Spectra of spontaneous fluctuations around equilibrium, in the collisionless
and kinetic regime of dilute SF6 have been obtained by DSMC simulations [8,
9, 10] of a gas of rigid rotors with 3 rotational degrees of freedom. The ideal
gas behaviour is modelled by a standard DSMC implementation, where the
total collision cross section is computed by the VSS collision model [16]. The
Borgnakke-Larsen model [17], with a constant relaxation number, is adopted
to describe energy exchange between translational and rotational degrees of
freedom (particle selection prohibiting multiple relaxation [20]). Adopting the
VSS model in place of the simpler Variable Hard Sphere (VHS) model [7] is
crucial because the former allows obtaining both the correct gas viscosity and
self-diffusion coefficients, the latter contributing to determine the correct gas
thermal conductivity. On the contrary, VHS model parameters can only be
tuned on viscosity. Accordingly, VSS model parameters have been chosen in
order to reproduce recommended values of the shear viscosity, self-diffusion
coefficient and rotational relaxation time. The exponent for the temperature
dependence of the shear viscosity is taken from [14]. The adopted parameters
setting is listed below:

• VSS diameter: σV SS = 6.49 · 10−10 m;

• VSS reference temperature: Tref = 298 K;
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• VSS temperature exponent: ωV SS = 0.69;

• VSS scattering angle parameter: αV SS = 1.3;

• Rotational relaxation number: Zrot = 5.66.

3.1. Kinetic effects in the non-ideal regime
It is of some interest to complete the analysis of the kinetic regime by taking

into account dense gas effects. At variance with the kinetic theory of dilute
gases, the available theoretical tools to extend it to the dense gas regime are
more limited and of more phenomenological nature [21]. Nevertheless, the ex-
tension of the classical Enskog theory of the dense hard sphere gas [22, 23],
proposed in Ref. [24] to include the contribution of attractive intermolecular
forces, can be considered a good starting point for the preliminary analysis pre-
sented below. In the present work, a straightforward extension of the so called
Enskog-Vlasov (EV) equation [24] is considered to take into account rotational
degrees of freedom, absent in the original formulation.
It is assumed that the gas consists of an assembly of identical molecules of mass
m. The physical state of each molecule is characterized by its position in space
r, the velocity v of its center of mass and its angular velocity ω. Molecular in-
teraction is split into an impulsive contribution, in the form of binary collisions
and soft pairwise forces, derived from an attractive potential φ(r). Attractive
forces act when the distance r between the centers of two molecules is larger
than σ, the binary collision diameter. Under simplifying assumptions about pair
correlations [25], a kinetic equation for the one-particle distribution function,
f(r,v,ω, t) can be derived, which in the spatially one-dimensional form needed
here, takes the form [26, 27]:

∂f

∂t
+ vx

∂f

∂x
+
Fx{n}(x)

m

∂f

∂vx
= CE(f, f). (7)

In Eq. (7), CE denotes Enskog’s collision integral [22]:

CE(f, f) = σ2

∫ {
χ[n(x+

σkx
2

)]f(x+ σkx,Γ
∗
1)f(x,Γ∗)

−χ[n(x− σkx
2

)]f(x− σkx,Γ1)f(x,Γ)

}
(vr · k̂)+dΓ1d

2k̂ (8)

where Γ = (v,ω) and χ(n) is the pair correlation function at contact of a
hard sphere fluid in uniform equilibrium [21, 23]. In Eq. (8), the superscript ∗
denotes post-collision values. The rough sphere model [28] is assumed to govern
the instantaneous collisions dynamics:

v∗ = v + (W · k̂)k̂ + θWt, ω∗ = ω − mσ

2I
θ(k̂ ∧W ), (9)

v∗1 = v1 − (W · k̂)k̂ − θWt, ω∗1 = ω1 −
mσ

2I
θ(k̂ ∧W ). (10)
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In the above expressions, W is the relative velocity at the contact point of the
two colliding spheres:

W = v1 − v +
σ

2
(ω + ω1) ∧ k̂, (11)

whereas Wt is the component of W in the plane normal to k̂, the unit vector
along the line connecting the centres of the spheres at the time of their impact.
The coefficient θ is defined as θ = κ(1 + β)/(2 + 2κ), being κ the normalized
molecular moment of inertia defined in Section 2.
The non-dimensional parameter β allows to switch from smooth to perfectly
rough spheres collision dynamics. More precisely one has:

1. β = 1, W ∗ = −W , perfectly rough spheres;
2. β = −1, W ∗

t = Wt, smooth spheres: the rotational dynamics is decoupled
from the translational one.

A finite rotational relaxation time is obtained from the model above, requiring
that β = 1 with probability P rot or β = −1 with probability 1− P rot.
In the EV approximation, attractive forces appear in Eq. (7) through the self-
consistent force field Fx{n}(x, t), defined below as a linear functional of the
number density n:

Fx(x, t) = −2π

[
φ(σ)

∫
|y−x|≤σ

(y − x)n(y, t) dy+

∫
|y−x|>σ

(y − x)φ(|y − x|)n(y, t) dy

]
. (12)

It is easily shown that uniform equilibrium solutions of the EV equations lead
to the following expressions for the pressure equation of state p(n, T ) and the
specific internal energy u(n, T ):

p(n, T ) = = nkbT

[
1 +

2π

3
a3nχ(n)

]
− αpn2, (13)

u(n, T ) = 6kbT − αun, (14)

where αp and αu are two constants whose values depend on φ(r). Although
it would be possible to determine χ(n) from Eq. (13) and experimental SF6

isotherms [21], the classical expression, derived from the Carnahan-Starling [29]
equation of state for the hard sphere fluid has been used, for simplicity. Accord-
ingly:

χ(n) =
1

2

2− η
(1− η)3

(15)

Moreover, φ(r) has been set equal to the attractive contribution of the classical
Lennard-Jones 12− 6 potential:
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φ(r) = −φσ
(σ
r

)6
, r > σ, (16)

for which one has αp = 4π
3 σ

3φσ and αu = αp/2.
The particular form of the EV equation adopted here is based on the so called
SET (Standard Enskog Theory) of dense gases. SET assumes that the pair
correlation function at contact [21] is approximated by its uniform equilibrium
form, χ(n), evaluated at the contact point of two colliding spheres. SET has
the advantage of simplicity but a number of drawbacks, lacking the proof of
an H-theorem and its multi-component version being not compatible with the
thermodynamics of irreversible processes. Further studies have corrected SET
deficiencies by modifications of varying complexity [30, 31, 32]. However, it
should be noted that previous studies of strongly non-uniform flows of the dense
hard sphere fluid have shown that SET is able to reproduce extremely well "ex-
act" results from deterministic molecular dynamics simulations [33, 34], in spite
of its simplicity.

Transport properties of the EV fluid are determined solely by the collision
term [25]. As a result, the transport coefficients coincide with those of the dense
rough sphere fluid, determined in Ref. [19].
As is clear from the model setting described above, the properties of the EV
fluid are determined by the following physical parameters:

• Individual molecular properties: m, σ, κ.

• Molecular interaction properties: φσ, P rot

With the obvious exception of the molecular mass, the four remaining param-
eters have been obtained by fitting the analytical hydrodynamic EV spectra to
the experimental ones at 5 bar. Among the different data setting, providing a
comparable level of approximation, further selection has been made, based on
the accuracy of thermodynamic quantities at T = 298 K and p = 5 bar. The
fitting provided the following parameters setting:

• σEV = 6.63 · 10−10 m;

• φEV = 237 K;

• κ = 0.67;

• Prot = 0.5.

The values listed above have been used to obtain fluctuation spectra in all pres-
sure conditions, by the DSMC extension to dense fluids described in Refs. [35,
26]. In principle, fluctuations spectra of the EV equation could be obtained from
its linearized form or from some extended form of hydrodynamic equations, in
order to describe kinetic effects. For the Enskog equation (i.e. hard sphere fluid,
without the mean field contribution), Grad’s 13 moments approximation and
linearized hydrodynamic equations to the Burnett order have been obtained in
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Refs. [36, 37]. Both approximations have been applied to study the propagation
of sound waves. More recently, Grad’s 13 moments equations for the full EV
equation have been obtained in Ref. [38]. Although all approximations men-
tioned above could be used to study fluctuation spectra in a dense fluid, both
in the hydrodynamic and kinetic regime (to some extent), they are restricted to
monatomic gases. Unfortunately, their extension to the polyatomic gas model
considered here is feasible but far from trivial. The DSMC approach is more
viable, although much more computationally expensive.
In view of the EV results presentation and discussion given below, it should be
noted that the matching of the EV model to the SF6 physical properties has
not been as sophisticated as it could have been [39]. As explained above, repul-
sive forces have been modeled by the dense hard sphere fluid pair correlation
function, whereas a very specific attractive soft potential tail has been used.
In principle, both χ(n) and φ(r) could have been better taylored on the SF6

pressure equation of state [21]. However, in view of the exploratory character of
the EV model described here, it has been decided to reduce the model flexibility
in favor of a simpler fitting procedure.

4. Results

This section is devoted to the presentation of the theoretical fluctuations
spectra obtained from the models described above and to their comparisons
with experimental data, described in [11] along with a kinetic and hydrody-
namic ideal gas models analysis. For each experimental spectrum, an accuracy
figure can be obtained from the asymmetry in the measured spectrum at cor-
responding negative and positive frequencies. Additionally, for pressures of 1
bar and above, two spectra have been measured at practically identical condi-
tions. The difference between the two provides an estimate of the experimental
accuracy, found to be of the order of a few percent of the peak value (5% for
the worst case at p = 5 bar). The main result of that study is provided in fig.
3 of ref. [11]. While it is expected that the hydrodynamic prediction fails at
low pressure, all models show a worsening of their predictions with increasing
pressure, which suggested that dense-gas effects might be playing a role [11].

Comparisons between experiments and theoretical spectra from the present
work have been based on the following procedure: simulated spectra are first
convoluted with the instrument function as described in [11] and then normalised
such that the integral over the prescribed frequency range is unity:

2

∫ fM

0

S(f)df = 1. (17)

The frequency upper bound, fM = 3.73 GHz, is the same as in the experiment.
When comparing to the experimental spectra, measured at frequencies (fi, i =
1, N), the differences are measured in terms of the normalised root-mean square
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Figure 3: Comparisons of experiment and DSMC spectra for three experimental conditions.
From top to bottom: p = 0.2, 1.0, 5.0 bar. Panels on the left compare experimental and
computed normalized spectra; panels on the right compare the relative difference between
simulation and experiment (the simulation error) with the estimated experimental accuracy.

deviation defined by:

ΣnRMS =

√√√√ 1

N

N∑
i=1

(Se(fi)− Ss(fi))2, (18)

where Se and Ss are the experimental and simulated spectra, respectively, and
N = 200. ΣnRMS is expressed as a fraction of the maximum of the experimental
spectrum.

4.1. Ideal gas models and rarefied-gas effects
Figure 3 shows the comparisons between the light scattering spectra obtained

from DSMC simulations at three experimental conditions and the correspond-
ing measurements. DSMC can successfully match the experimental results at
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Figure 4: (a) Root-mean square deviations ΣnRMS normalised by the spectrum peak value,
as obtained from comparison between DSMC and Hydrodynamic (ideal gas) spectra with
the experiment. (b) Root-mean square deviations ΣnRMS normalised by the spectrum peak
value, as obtained from comparison between DSMC and Hydrodynamic spectra with an ideal
gas EoS.

the low pressures: the differences between simulation and experiment, expressed
as a fraction of the experimental spectrum peak value, are comparable to the
measurements accuracy, here estimated by the left-right asymmetry of exper-
imental spectra (Fig. 3b). With increasing pressure, deviations increase, thus
supporting the hypothesis of an increasing role of dense-gas effects. In partic-
ular, the comparison of the 5 bar spectra (Figs. 3e-f) suggests that the major
causes of the discrepancy are incorrect specific heats (that control the Rayleigh
to Brillouin area ratio) and speed of sound (that controls the position of the
Brillouin peaks). The widths of the peaks, instead, that are determined by the
transport properties, are fairly well reproduced keeping the 1 bar values of the
SF6 transport coefficients unchanged while increasing p.
Hydrodynamic spectra obtained by the ideal gas model are therefore expected
to fail both at low pressure, where the hydrodynamic regime is not attained,
and at high pressure where dense-gas effects are noticeable. This is indeed the
case and Fig. 4a reports a summary of the results obtained with the ideal gas
model. Comparison of results from the two models can also give indications
about the extent of rarefied-gas (or kinetic) effects. When the experiment is in
the hydrodynamic regime, then the two spectra shall coincide. Figure 4b sum-
marizes the RMS deviation between the two models as a function of pressure.
It can be concluded that a purely hydrodynamic regime is obtained for p = 3
bar or larger.
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Figure 5: Comparisons of experiment and Hydrodynamic (dense gas) spectra for p = 1 bar
(a,b) and p = 5 bar (c,d). Panels on the left compare experimental and computed normalized
spectra; panels on the right compare the relative difference between simulation and experiment
(the simulation error) with the estimated experimental accuracy.

4.2. Dense-gas Effects
Results for the hydrodynamic model that includes density-dependent per-

turbations to the ideal gas EoS are reported in Fig. 5. The model successfully
reproduces the experimental spectrum at 5 bar. This confirms that dense-gas
corrections are indeed required in order to understand the experimental results.
The model, however, cannot reproduce the experimental results at lower pres-
sures where rarefied-gas effects, not captured by the hydrodynamic formulation,
play a role. The differences between the spectra obtained with this model and
the experiment are summarised in Fig. 6a. Dense-gas effects can be estimated
by comparing the spectra obtained with the hydrodynamic models with the
ideal gas and dense gas equations of state, respectively. Results are reported in
Fig. 6b. Dense-gas effects result in differences between the spectra that increase
with pressure. At p = 2 bar, the differences are already larger than the experi-
mental accuracy (≈ 1%) and therefore measurable.
The theoretical spectra displayed in Fig. 5 have been obtained keeping the

SF6 transport coefficients fixed to their values at T = 298 K and p = 1 bar,
as given by Eqs (6). Thermodynamic properties have been changed according
to the REFPROP data mentioned in Section 2. Dense gas effects on transport
properties have been estimated by assuming that the density dependence of SF6

transport coefficients can be obtained by the rough sphere model [19]. Accord-
ingly, new spectra have been computed correcting SF6 transport coefficients at
T = 298 K and p = 1 bar by the factors ∆µs, ∆µb and ∆κ at η = 0.02 (See
Fig. 2). Applied corrections cause a 5% increase of µs and κ and an 8% increase
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Figure 6: (a) Root-mean square deviations ΣnRMS normalised by the spectrum peak value,
as obtained from comparison between Hydrodynamic (dense gas) spectra with the experiment.
(b) Root-mean square deviations ΣnRMS normalised by the spectrum peak value, as obtained
from comparison between Hydrodynamic spectra from ideal and dense gas EoS.

Figure 7: (a) Effect of estimated dense gas correction on SF6 spectrum at p = 5 bar: Experi-
mental data (black solid line); Hydrodynamic spectrum from SF6 transport coefficients values
at p = 5 bar (red solid line); Hydrodynamic spectrum from SF6 transport coefficients with
dense gas corrections from dense rough sphere gas (blue solid line). (b) Errors of computed
spectra from experimental data, compared to experimental error. Errors are expressed as a
fraction of the experimental spectrum peak value. Line marking is the same as above.

of µb. As shown in Fig. (7), the transport coefficient corrections do not change
the spectra appreciably, suggesting that thermodynamic properties are mainly
responsible of dense gas effects on spectra, in the considered pressure range.
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4.3. EV results
In the previous sections, we have shown that experimental spectra can be

reproduced at low pressure by DSMC simulations and at high pressures by a
hydrodynamic model accounting for dense-gas perturbations to the thermody-
namic properties, as expected. It is of interest to explore the possibility that
an intermediate regime exists where the Boltzmann equation ceases to work
because of the onset of dense gas effects but hydrodynamics is not yet accurate
enough, due to the persistence of kinetic effects. To this purpose, DSMC simu-
lations, based on the Enskog-Vlasov model formulation described in Section 3.1,
have been performed to obtain fluctuations spectra to be compared with exper-
imental ones at different pressures. Particular care has been taken to select the
computational parameters affecting the calculation of the mean field, given by
Eq. (12), in order to prevent systematic numerical errors in the energy conser-
vation. It should be noted that energy is conserved to machine precision by
the DSMC collision algorithm, both in the ideal and dense versions. In the EV
equation, the mean field term is the result of pair interactions through opposite
forces depending only on particles relative positions (see Eq. (12)). Although
energy is conserved in the mathematical model, deviations, in the form of small
system temperature drifts from the imposed equilibrium values, are observed
as a result of the space and time discretization of the free flight DSMC step.
Such systematic errors are kept within acceptable limits (well below 1%, in this
work) by suitable choices for the integration time step and the size of the grid
used to compute the mean field.
Figure 8 shows the results for three pressures, whereas fig. 9 summarizes the
overall deviations from the experimental data as a function of pressure. It is
immediately seen from the 0.2 bar spectra that EV correctly reproduces the
nearly free molecular limit, as the ideal gas DSMC does.
As a result of the EV parameter identification, based on the best fitting of
the 5 bar spectra, the agreement is quite good, particularly on the Brillouin
peaks. The discrepancy on the central peak is probably exaggerated by the
unavailability of the experimental zero frequency value. The relative error of
the spectrum at 1.0 bar is comparable in magnitude. In this regime, the EV
fluid behaves as an ideal hard sphere gas and its predictions should be close to
those of the ideal gas DSMC presented in Section 4.1. The comparison of the
EV 1.0 bar spectrum on Fig. 8 with the corresponding ideal gas counterpart
on Fig. 3 shows that the two models predict similar spectra, at this pressure.
The ideal gas DSMC exhibit a lower error but it should be noted that the two
kinetic models are based on different collision cross sections whose different fit-
tings do not guarantee identity of results. Figure 9 summarizes the root-mean
square deviations of the EV predictions from experiments. Although the error,
which probably reflects the inadequacy of the present model setting as far as
fine tuning of SF6 properties is concerned, remains larger than the experimental
one, it is to be noted that it stays bounded over the whole pressure range.
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Figure 8: Comparison of experimental and DSMC-EV spectra for p = 0.2, 1.0, 5.0 bar. Lower
pressure data on top graphs.
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Figure 9: Root-mean square deviations ΣnRMS normalised by the spectrum peak value, as
obtained from comparison between DSMC-EV spectra with the experiment.
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5. Summary and conclusions

Figure 10 summarizes the results obtained in this study in terms of the
RMS deviation to the experimental results as a function of pressure, from the
kinetic and hydrodynamic models; the estimated experimental accuracy is also
reported for comparison. A perfect agreement is only found in the trivial col-

Figure 10: Normalized root-mean square deviations ΣnRMS normalised by the spectrum
peak value, as obtained from comparison between experimental spectra and the various line
shape models used in this study. The estimated experimental accuracy is also reported for
comparison.

lisionless regime, yet some conclusions may be drawn. The first one is the
substantial improvement of theoretical predictions when dense gas thermody-
namics is adopted into the hydrodynamic description of SF6 at high pressure.
Actually, even if deviations from the ideal gas EoS are only few percent at the
largest pressure, their effect can clearly be resolved given the large accuracy of
the experiment. As shown in Fig. 10, models including dense gas effects per-
form definitely better than ideal gas based models for p > 3 bar. In the kinetic
regime, whose upper limit can be placed at p ≈ 2 bar, both the ideal gas DSMC
and EV produce predictions of comparable quality. Between 2 and 3 bar, the
predictions of all models fall within 1.5 − 2.0% from experimental data and,
although the high pressure trend is clear, it is difficult here to tell kinetic/dense
effect apart and make a clear distinction. Finally, it is observed that the par-
ticular implementation of the Enskog-Vlasov model adopted here allows a good
prediction of experimental spectra across the whole pressure range.
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