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Abstract

Noise pollution is a critical environmental concern, driving the need for compact nanoscale
acoustic absorbers. Carbon nanotubes (CNTSs) are promising candidates due to their high stiffness,
tunable geometry, and strong gas-solid coupling. This study employs molecular dynamics (MD)
simulations to investigate longitudinal wave propagation and attenuation in helium-argon mixtures
(He mole fraction: 0.0 to 1.0), both with and without a single-walled CNT absorber. The results
show that sound velocity increases monotonically with helium fraction, consistent with the reduc-
tion in mean molar mass. In contrast, the attenuation coefficient exhibits a non-monotonic depend-
ence, peaking near the equimolar mixture due to enhanced Ar—He collision rates. The presence of
the CNT modifies attenuation in a composition-dependent manner: at low helium fractions (<0.5),
total attenuation is suppressed because of standing-wave nodes and strong gas-phase damping,
while at high helium fractions (=0.7), attenuation is amplified as energetic helium atoms efficiently
transfer momentum to the CNT. These findings clarify the microscopic mechanisms of nanoscale
acoustic absorption and provide valuable MD benchmarks for the rational design of next-generation
acoustic devices.

Keywords: Acoustic attenuation; Helium—argon mixtures; Standing waves; Gas—nhanostructure in-
teractions.

1. Introduction

Noise pollution is a growing environmental and public-health concern, linked to hearing loss, car-
diovascular disease, sleep disruption, and psychological stress [1-2]. Traditional porous and fibrous
absorbers are commonly used, but their effectiveness is often limited in bandwidth and adaptability [3,
4]. This has driven interest in compact nanoscale acoustic absorbers capable of broadband attenuation.

Nanoscale absorbers, with high surface-to-volume ratios and tunable structures, offer enhanced
mechanical properties and energy dissipation [5, 6]. Among them, carbon nanotubes (CNTS) are par-
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ticularly promising due to their high stiffness, chemical stability, and ability to confine gas within
their hollow cores, enabling strong gas—structure interactions [7—9]. Experimental studies have shown
that incorporating CNTSs into porous hosts improves macroscopic acoustic absorption, especially at
low frequencies, with taller and less dense CNT forests further enhancing performance [10, 11].

Molecular dynamics (MD) simulations provide unique insights into the microscopic mecha-
nisms of acoustic propagation and dissipation. They allow direct calculation of wave fields, energy
transfer, and damping at fluid-solid interfaces [8, 10, 12]. Previous studies have demonstrated that
CNTs can couple with propagating acoustic waves, excite additional vibrational modes, and enhance
energy dissipation. Computational and Monte Carlo methods have also clarified gas adsorption and
transport inside CNTSs, revealing strong dependence on gas type and nanotube geometry [13, 14].

Helium—argon mixtures have been extensively studied for applications in thermo-acoustic en-
gines, plasma physics, and shock-wave dynamics due to their contrasting acoustic properties [15,
16]. Experimental and theoretical works have provided benchmarks for sound absorption, revealed
phenomena such as “fast sound” in dense mixtures, and characterized sound velocity across broad
pressure and temperature ranges [17-19]. Despite this, the combined influence of CNT absorbers
and He—Ar mixtures on acoustic attenuation remains unexplored at the molecular scale.

In this study, we employ MD simulations to systematically investigate longitudinal acoustic
wave propagation and attenuation in He—Ar mixtures with varying helium fractions (0-1), both with
and without a CNT absorber fixed near a reflective boundary. Acoustic parameters—including
sound speed, wavenumber, and attenuation—are extracted from standing-wave velocity profiles
using nonlinear fitting. This work clarifies how gas composition and nanoscale absorbers interact,
identifies conditions where CNTs enhance or reduce attenuation, and provides molecular-scale
benchmarks for the design of next-generation acoustic devices.

2. Theoretical and Molecular Dynamics Framework

2.1 Standing Wave Theory

Longitudinal acoustic waves propagate through alternating compressions and rarefactions of
the gas, with negligible net pressure fluctuations [14]. Early molecular simulations confirmed such
nanoscale acoustic behavior in monatomic gases, validating molecular-level wave propagation [14].
Subsequent studies extended this framework to more complex fluids and confined systems, showing
how oscillating boundaries generate acoustic excitations and how attenuation can be quantified
from velocity fields [20].

In MD simulations, standing waves are typically generated by imposing oscillatory motion on
one wall and a reflective boundary at the opposite end. The wall displacement Z(t) and velocity V(t)
are defined as:

Z.,(t)=a(l—coswt) 1)
V,(t) = aw sin wt (2

Where a is the oscillation amplitude and w the angular frequency. These oscillations generate
plane acoustic waves along the propagation axis:

v;(z.t) = vgexp[i{wt — kz) —mz] 3)

Where k is the wavenumber and m is the attenuation coefficient. Reflection at the fixed
boundary produces

v.(z.t) = —vpexplilwt — k(21— 2)) — m(2l. — 2] 4)

Where . is the domain length. The superposition yields a standing wave expressed as:
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viz,t) = A(z)sinwt + B(z) coswt (5)

Amplitudes A(z) and E(z) are extracted via nonlinear fitting to the simulation velocity data
[12], allowing robust estimation of k and m. A custom MATLAB routine minimizes the combined
squared errors across both equations, improving reliability over standard tools sensitive to initial
guesses.

2.2 Molecular Dynamics Simulation Setup

The simulation domain is a rectangular box containing He—Ar mixtures with mole fractions x-
He =0.0, 0.1, 0.3, 0.5, 0.7, 0.9, 1.0, with and without a single-walled CNT (length 25 nm, diameter
2.98 nm) near the reflective boundary (Fig. 1). All simulations were performed at 1.5 GHz. The
lateral box dimensions were fixed at 150 A, while the longitudinal length along the propagation axis
was set to approximately half the acoustic wavelength for each composition.

The oscillating wall at z=0 generates the wave using a rigid, structureless boundary that trans-
fers momentum without absorbing energy. The opposite wall is fully reflective, producing standing
waves. Argon and helium are selected for their complementary acoustic properties. Ar provides a
reliable reference, while He, with lower molar mass and higher sound speed, allows assessment of
composition-dependent effects. Both are monatomic, eliminating internal vibrational complica-
tions.

Periodic boundary

Oscillating wall

. > Fixed

-, ‘. boundary
Fixed =4 47 Specular wall
boundary X P
—

He Periodic boundary

Figure 1. Schematic of the MD simulation setup showing the oscillating wall, reflective boundary, CNT
absorber, and Ar—He gas mixture.

2.2.1 Interaction Potentials

Covalent bonding within the CNT was described using the three-body Tersoff potential [21],
accurately capturing sp? carbon dynamics. Non-bonded gas—gas and gas—CNT interactions were
modeled via the Lennard-Jones (12-6) potential, with mixed interactions obtained through Lo-
rentz—Berthelot combining rules. Gas—wall interactions employed Lennard—Jones potentials, with
(9-3) for the oscillating wall and (12-6) for the reflective wall, using parameters consistent with the
pure gas [22]. The relevant Lennard—Jones parameters are summarized in Table 1.

Table 1. Lennard-Jones parameters used for gas—gas and gas—CNT interactions.

Interaction g (nm) £ (kcal/mol) Reference
Ar-Ar 0.340 0.238 [8]
Ar-C 0.338 0.115 [8]
He-He 0.256 0.0204 [7]
He-C 0.298 0.0337 [7]
Ar-He 0.298 0.0697 [22]

oii = (0 +03.4)/2 Eij = _\,'m
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2.2.2 Simulation Protocol

All MD simulations were performed using LAMMPS [23]. The gas was maintained at 273 K
and 1 atm, with density adjusted for each Ar—He composition. Acoustic waves were generated by
harmonically oscillating a structureless wall at 1.5 GHz with a velocity amplitude of 49.69 m/s,
modeled via a Lennard—Jones (9-3) potential. Such a high excitation frequency is commonly used
in MD because audible-range waves (kHz) cannot be simulated within nanosecond timescales.
Since the wall contains no atoms, all dissipation arises from the gas and CNT. The opposite wall
was fully reflective, using a Lennard—Jones (12-6) potential.

Initial gas velocities followed a Gaussian distribution. Systems were equilibrated for 10 ns
with a 0.5 fs timestep under a Langevin thermostat applied to gas and mobile CNT atoms. Acoustic
propagation was then simulated for 100 oscillation periods with a 1 fs timestep, maintaining ther-
mostats to control temperature.

3. Results and Physical Insights

3.1 Acoustic properties of Ar—He mixtures (gas phase)

Table 2 reports the sound velocity, wavenumber, and attenuation coefficient obtained from non-
linear fitting of the standing-wave velocity components for all Ar-He compositions at f= 1.5 GHz.

Table 2. Extracted acoustic parameters from MD simulations for different Ar—He mole fractions at f=1.5 GHz (number

of atoms (N), simulation box length (Lz), wave number (k), sound velocity (c), and attenuation coefficient (m)).

Gas Lz[nm] N mx 107 [m™t] k %107 ln™%] clm.s~1]
Ty = 0.0 150 978 0.8206 0.0231 407.10
%y = 0.1 150 969 0.9701 0.0220 427.86
Ty, = 0.3 150 969 1.0613 0.0189 499.36
Ty, =03 150 970 1.1788 0.0143 658.97
xge =07 200 1292 0.8164 0.0109 866.14
Xye = 0.9 250 1615 0.3318 0.0078 1229.10
xg. =10 365 2359 0.2981 0.0071 1331.00

The results show that the sound speed increases monotonically with helium mole fraction,
consistent with the ideal-gas relation (Eg. 6), confirming the correctness of the MD setup.
| RT

c¥ ly
...'J Mmz'x

(6)

Where ¥ is the heat capacity ratio, B is the gas constant, T is the temperature, and M, ;.. is the
mean molar mass of the mixture. Since helium has a significantly lower molar mass than argon,
increasing its mole fraction reduces M and thereby enhances the sound velocity.

In contrast, the attenuation coefficient exhibits non-monotonic behaviour, it rises with helium
addition, peaks near the equimolar mixture, and decreases at higher helium fractions. This arises
from a combination of continuum viscous—thermal losses and diffusive dissipation due to interspe-
cies collisions [26-28]:
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fard
Meor ™~ Myizcothermal T Mdiffusive (7)

At low He fractions, the number of Ar—He collisions increases rapidly, enhancing dissipation.
Near equimolar composition, the maximum disparity in molecular velocities produces peak attenua-
tion. At high He fractions, the viscous—thermal contribution drops sharply, and reduced Ar—He col-
lisions along with higher He diffusivity lower the overall attenuation. Additional kinetic effects in
He-rich mixtures (longer mean free paths, higher Knudsen number) further reduce dissipation.

Overall, this analysis establishes two key points: Sound speed increases monotonically with
helium content and Attenuation is composition-dependent, peaking at intermediate He fractions due
to competing viscous-thermal and diffusive mechanisms.

These baseline results provide a reference for evaluating how the CNT absorber affects ener-
gy dissipation in the subsequent section.

3.2 Acoustic propagation in Ar—He mixtures with a CNT absorber

Fig. 2 presents a comparison between the standing-wave velocity profiles in the pure gas
phase and in the presence of the CNT absorber for all Ar—He compositions. The introduction of the
CNT does not modify the trend of sound speed, confirming that the nanotube primarily affects dis-
sipative mechanisms rather than the fundamental wave propagation characteristics. However, a
clear composition dependent modification of the velocity amplitudes is observed.
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Figure 2. Fitted velocity profiles for acoustic wave propagation in Ar—He mixtures at different helium mole

fractions in the presence of CNT.

For argon-rich mixtures (x_He < 0.5), the standing-wave amplitudes are noticeably reduced.
This behavior reflects the stronger collisional damping in heavier-gas environments, where the
higher mass and lower thermal velocity of argon lead to more effective momentum-diffusion during
wave compression and rarefaction. As the helium content increases toward x He = 0.5, the ampli-
tudes gradually increase. This intermediate regime is characterized by a balance between reduced
viscous—-thermal damping and enhanced Ar—He collision rates, which together allow larger velocity
oscillations to develop within the standing-wave field. At higher helium fractions (x_He > 0.7), the
velocity amplitudes continue to rise due to the dominance of the lighter and faster species. The re-
duced intrinsic damping of He-rich mixtures permits more acoustic energy to propagate across the
domain, resulting in a stronger local velocity field at the CNT location. This trend directly influ-
ences the amount of energy available for nanotube excitation.

Quantitative acoustic parameters extracted from nonlinear fitting are reported in Table 3. The
attenuation coefficients exhibit the same non-monotonic composition dependence observed in the
gas-only systems: attenuation increases with added helium, peaks near the equimolar composition,
and diminishes again in He-rich limits. The consistently high goodness-of-fit (Rz > 0.96) confirms
the robustness of the fitting procedure.

An interesting deviation from the general trend occurs at x_He = 0.1, where the CNT unex-
pectedly reduces the total attenuation relative to pure Ar. As illustrated in Fig. 2(b), a velocity node
forms upstream of the CNT (approximately 112—125 nm), significantly decreasing the local kinetic-
energy flux available for absorption. As a result, the nanotube operates in an energy-deficient region
of the standing-wave field and contributes minimally—or even negatively—to overall dissipation.
This observation demonstrates that CNT absorption efficiency is strongly influenced not only by
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gas composition and intrinsic damping, but also by the relative placement of the absorber with re-
spect to the nodal-antinodal structure of the wave.

Table 3. Acoustic parameters from MD simulations and corresponding statistical fitting results for
Ar—He mixtures with a CNT absorber at different helium mole fractions.

Gas+ CNT N m x 107 [m™1] k =107 [m~] clm.s] RMSE R?
Xye = 0.0 8976 0.978 0.0238 396.22 1.431 0.993
Xy = 0.1 9945 0.925 0.0248 379.52 1.316 0.989
X, =0.3 9945 1.046 0.0209 450.65 1.992 0.985
xp. =05 9946 1.071 0.0149 631.49 2.165 0.982
X = 0.7 10268 0.854 0.0095 987.16 2.522 0.981
Xye = 0.9 10591 0.465 0.0080 1174.00 3.825 0.980
Xge = 1.0 11335 0.317 0.0071 1331.30 7.870 0.968

Taken together, these findings reveal that CNT-based nanoscale acoustic absorption is not a
uniform additive effect but emerges from the combined influence of (i) gas-phase damping, (ii) mo-
lecular velocities, (iii) interspecies collision dynamics, and (iv) the spatial structure of the standing
wave. Consequently, understanding and controlling absorber placement and gas composition are
essential for optimizing nanoscale acoustic dissipation.

4. Conclusion

Molecular dynamics simulations were performed to quantify how gas composition and na-
noscale absorption jointly shape acoustic wave propagation in He—Ar mixtures. The results show
that the sound speed increases monotonically with helium fraction, consistent with the reduction in
mean molar mass. In contrast, the attenuation coefficient exhibits a distinctly non-monotonic behav-
ior: it rises in Ar-rich mixtures, reaches a maximum near the equimolar composition, and decreases
again as the mixture becomes He-dominated. This peak originates from enhanced Ar—He interspe-
cies collision rates, which intensify diffusive and viscous—thermal dissipation.

Incorporating a single CNT absorber revealed that its influence is strongly composition-
dependent. Rather than imposing a uniform additional loss, the CNT modifies wave dissipation ac-
cording to the interplay between gas-phase damping, molecular velocities, and the spatial energy
distribution of the standing wave. In He-rich mixtures, where intrinsic gas damping is weak, more
acoustic energy reaches the nanotube and CNT-mediated dissipation increases. Conversely, in Ar-
rich conditions or when the CNT coincides with a velocity node the absorber receives little energy
and may even reduce net attenuation.

Overall, the findings demonstrate that nanoscale acoustic absorption cannot be understood
solely from material properties of the absorber. Instead, it emerges from the coupled effects of gas
composition, molecular collision dynamics, and wave-field geometry. These insights provide mo-
lecular-level benchmarks for optimizing CNT-based acoustic absorbers and offer a predictive foun-
dation for future experimental validation and multiscale modeling of acoustic dissipation in gas—
nanostructure systems.
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