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Abstract: The shock absorbers in the landing gear absorb and dissipate a significant amount
of kinetic energy generated from impacts during the landing and taxiing phases to ensure
the stability and safety of the aircraft. The nitrogen-oil binary system is a commonly
used energy absorption medium in these shock absorbers. Nevertheless, the interplay of
interfacial mass transfer dynamics, microscopic dissolution behavior, and pressure drop
in the aviation hydraulic 0il-N, system under landing conditions necessitates further
elucidation. Thus, we investigated the interfacial mass transfer characteristics of the oil-gas
mixing process using molecular dynamics (MD) for analyzing the dissolution mechanism
of Ny in the aviation hydraulic oil system. The results show that as system pressure
and temperature increase, the degree of oil-gas mixing intensifies. Under conditions of
373 K, 35 MPa and 433 K, 20 MPa, the diffusion coefficient, interfacial thickness, and
system energy reach their maximum values. An increase in system pressure facilitates
the occurrence of oil-gas mixing until the interface disappears at the minimum miscibility
pressure (MMP), with the obtained MMP value being 107 MPa. Finally, the solubility of Ny
molecules in aviation hydraulic oil under different conditions was statistically analyzed,
which is identified as the root cause of the pressure drop in the shock absorber’s gas
chamber. This study innovatively applies molecular dynamics simulations to unveil, for
the first time, the dissolution mechanism of N in aviation hydraulic oil at the molecular
scale, overcoming experimental limitations in observing extreme pressure-temperature
conditions. This research elucidates the behavior of aviation hydraulic oil and N, under
different thermodynamic conditions, making it easier to capture the patterns of phenomena
that are difficult to observe in extreme environments. The research findings not only
enhance the microscopic understanding of oil-gas mixing within the shock absorber but
also provide valuable guidance for optimizing energy dissipation efficiency, improving
damping characteristics, and enhancing safety in aircraft landing gear systems.

Keywords: molecular dynamics simulation; oil-gas miscibility; N, dissolved; interface
characteristic; microscopic mechanism
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1. Introduction

The landing gear of modern aircraft typically utilizes oleo-pneumatic shock ab-
sorbers [1,2]. The cushioning characteristics of these shock absorbers are the most critical
factor in determining the energy dissipation of the landing gear. This means that during
taxiing, takeoff, and landing, both oil (aviation hydraulic oil) and gas (Ny) are used simul-
taneously to absorb and dissipate impacts [3]. To prevent severe jolting and bouncing of
the aircraft upon touchdown due to excessive landing speed, the shock absorbers in the
landing gear are employed to absorb and dissipate the significant kinetic energy of the
impacts experienced during the landing and taxiing phases [4,5].

The oleo-pneumatic shock absorber requires strict specifications for the volume and
ratio of oil and gas filling. It is essential to provide the correct gas pressure and quantity of
aviation hydraulic oil within the shock absorber to achieve optimal cushioning effects. In
practical applications, an aircraft landing at high speeds can subject the shock absorber to
severe compression [6]. Aviation hydraulic oil is compressed through the main oil orifice
into the nitrogen chamber, where it undergoes intense heat exchange with the nitrogen. The
instantaneous increase in pressure within the nitrogen chamber leads to thorough contact
between the oil and gas under high-temperature and high-pressure conditions. This results
in partial dissolution of N, into the aviation hydraulic oil, causing the actual pressure in
the nitrogen chamber to be lower than the ideal pressure. The reduction in pressure inside
the nitrogen chamber, manifested by the non-compliant protruding length of the shock
strut, will reduce the cushioning performance of the landing gear to a certain extent. In
other types of oleo—gas hybrid cushioning devices, the phenomenon of reduced cushioning
performance due to gas dissolution is not uncommon [7,8].

Figure 1 illustrates a comparison of the internal pressure changes in the shock absorber
due to N, dissolution under different inspection conditions of the aircraft landing gear.
When the landing gear is on a jack, the supporting action of the jack ensures that the
extension dimensions of the shock struts are identical (H; = H,). However, due to N,
dissolution after landing, it is found that P, < P;. When the landing gear is landed, the
dissolution of N after landing causes a decrease in the nitrogen chamber pressure, and
this effect can be reflected by the protruding length H of the shock strut. Upon inspection,
it is observed that P4 = P3, but Hy < H3, indicating that a reduction in the internal nitrogen
chamber pressure of the shock absorber results in a decrease in the protruding length H of
the shock strut.

Aircraft on jacks Aircraft on ground

Before landing After landing Before landing After landing
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Figure 1. Diagram of pressure drop inside the buffer.
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Among the factors affecting the decrease in internal pressure of the landing gear
shock absorber, the most significant is the amount of N, dissolved in aviation hydraulic oil.
Aviation hydraulic oil can dissolve a certain quantity of N,. When the external pressure
decreases to a certain level, the N in the aviation hydraulic oil is released in the form of
bubbles, forming a large number of suspended bubbles within the oil, thereby affecting
its fluidity. The cushioning performance of the landing gear depends on the physical state
changes of N, and aviation hydraulic oil within the shock absorber. Thus, investigating the
air-liquid interface characteristics of N; in aviation hydraulic oil is essential for elucidating
the mechanisms of N, dissolution and diffusion within the oil.

MD is a computational method based on classical mechanics, extensively utilized
for simulating and investigating physical systems at the molecular and atomic scales. By
simulating the motion of atoms and molecules under specific conditions, MD provides
profound insights into the dynamic evolution of microscopic systems. The central concept
involves solving classical mechanical equations to describe the motion of molecules or
atoms under a given force field. Typically, MD simulations compute particle positions
and velocities by integrating Newton’s equations [9,10]. A force field is a mathematical
model that describes the interactions between particles, encompassing van der Waals forces,
Coulombic forces, and elastic forces, among others. Through these force fields, MD can
simulate intermolecular interactions and predict their motion. MD simulations have a broad
range of applications, spanning multiple scientific and engineering disciplines, including
materials science, biomedical research, chemical engineering, and nanotechnology [11-14].
However, the application of MD simulations is constrained by factors such as time scale,
system size, and the accuracy of force fields. Future research may enhance simulation
precision and efficiency by integrating other multiscale methods, such as quantum chemical
calculations and finite element analysis.

In recent years, MD simulations have become a primary method for investigating the
microscopic states of materials [15-17]. Molecular simulation techniques can effectively
simulate and predict intermolecular interactions, thereby providing a deeper understand-
ing of the diffusion behavior and solubility characteristics of N in oils. Zhang et al. [18]
studied the solubility of CO, in octane and its effect on octane swelling at temperatures of
323 K and 353 K and pressures ranging from 2 to 10 MPa using Monte Carlo simulations.
They found that the dissolution of CO; in octane is the main cause of octane expansion.
Li et al. [19] analyzed the interfacial interactions between Bakken crude oil and injected
gases, investigating the dissolution efficiency of gases in crude oil through parameters
such as gas solubility, volume expansion coefficient, crude oil diffusion coefficient, and
minimum miscibility pressure. Li et al. [20] used MD methods to study the solubility
parameters and dissolution mechanisms of CO; in resin systems, resin—asphaltene sys-
tems, and asphaltene systems under different temperature and pressure conditions. Their
research revealed the dependence of CO, dissolution on interaction energy, providing a
scientific basis for the swelling of dissolved crude oil. Huang et al. [21] employed MD
methods to study changes in the adsorption layer thickness, component adsorption ratio,
interaction energy, and self-diffusion coefficients of fluids in organic and inorganic pores
during three stages: CO, injection, early production, and pressure reduction production.
Zendehboudi et al. [11] systematically discussed the applications of mathematical modeling
and simulation methods in chemical processes, petroleum and natural gas processes, and
applied energy systems. They argued that complex processes require advanced mathemati-
cal tools for process development, identification, simulation and modeling, optimization,
control, classification, clustering, prediction, and monitoring. Feng et al. [12] investigated
the interactions between production gases with different CH, proportions (0%, 25%, 50%,
and 100%) and hydrocarbon oils and matrix phases using MD simulations. They found that
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a production gas containing 25% CHy achieved almost the same displacement effect as pure
carbon dioxide (CO,) injection. Seyyedattar et al. [9] used MD simulations to study CO,-oil
swelling experiments and calculate the crude oil expansion factor. The results showed that
the MD simulation model could successfully be used to study CO,—oil swelling behavior
and accurately predict the expansion factor, with an average percentage error of only 6%.
Wang et al. [22] used MD methods to study the miscibility process of different gases (CO;,
N,, CHy, and C3Hg) with crude oil in nanopores, analyzing the effects of gas type, crude
oil polarity, and chain length on the miscibility process. They found that the involvement
of CO, made hydrocarbon gas phases and N, phases more soluble. Yan et al. [23] explored
the effects of driving forces and resistances in the oil-gas miscibility process on oil-gas
miscibility, pointing out that the solubility of oil components in the injected gas should be
evaluated based on the degree of oil-gas miscibility. Wang et al. [24] studied the diffusion
and mass transfer processes of CO; and crude oil during CO, flooding using MD methods.
The results indicated that CO; is more likely to diffuse from the water phase to the oil
phase, and a high gas-oil ratio can more effectively promote the diffusion and mass transfer
rate of CO; in the oil phase.

At present, domestic and international scholars’ research on the cushioning perfor-
mance of landing gear mainly focuses on the drop-shock simulation experiments of landing
gear and the optimization models of shock absorbers [25-29], with little consideration given
to the impact of N, dissolution on the cushioning performance of landing gear. Research
on the dissolution of gas in oil mainly concentrates on establishing macroscopic solubility
prediction models [30-33], with most studies being experimental in nature [34,35]. Due
to the limitations of experimental conditions and the complexity of the oil phase system,
directly observing the interaction mechanism between N; and aviation hydraulic oil is
quite challenging. MD simulations are computational methods utilized to study physical
systems at the molecular and atomic scales and have been widely applied in areas such as
liquid dynamics since the 1950s [36-38]. The classical molecular dynamics (MD) method is
frequently employed to simulate the dissolution and miscibility behavior between CO, and
crude oil. Typically, a sandwich model is utilized in the simulation of the gas—oil interface
system, with gas phases on both sides and oil in the middle. However, configurations with
oil on both sides and gas in the middle are also possible [39,40]. This modeling approach
is predicated on the fact that CO, can dissolve in or even become miscible with crude
oil at relatively low pressures. In contrast, N, requires significantly higher pressures to
achieve miscibility. However, during aircraft landing, the shock absorber experiences
exceptionally high pressures, necessitating the consideration of Ny—-oil phase interactions.
Molecular simulations offer comprehensive control over the components and conditions
within the model, providing an atomistic-level simulation process that is both detailed
and intuitive. This capability significantly aids in interpreting experimental results at the
microscopic level.

Thus, this paper innovatively applies molecular dynamics simulation methods to
the study of the microscopic mechanisms of oil-gas dissolution behavior within landing
gear shock absorbers. By simulating the miscibility process of N; in aviation hydraulic oil
systems under different conditions, the paper systematically analyzes parameters such as
oil-gas density distribution, interface thickness, interfacial tension, diffusion coefficient,
and N solubility. It delves into the dissolution mechanism of N, in aviation hydraulic
oil at the molecular level, providing new insights into the mass transfer processes at the
oil-gas interface. This study not only elaborates and analyzes the microscopic mechanisms
of gas—oil dissolution that may restrict the buffering performance within landing gear shock
absorbers but also provides a theoretical basis for the improvement of aviation hydraulic



Processes 2025, 13, 1564

50f21

fluid in shock absorbers (such as an inhibitory solvent for gases including surfactants and
nanoparticles) and the optimization of the mechanical design of shock absorbers.

2. Simulation Systems and Models
2.1. Simulation System

The No. 15 aviation hydraulic fluid is produced by the oil refinery of the Yumen
Oilfield Branch of China National Petroleum Corporation. The final model, based on
N, and the components of aviation hydraulic oil listed in Table 1, was determined to be
the commonly used “sandwich” configuration as referenced in the literature [41,42]. The
dimensions of the model are shown in Figure 2. This configuration represents the gas—
liquid interface model utilized in the study of interfacial interactions between oil and gas
phases, ensuring the symmetry of the system [36,43]. Referring to previous work [44,45],
the lengths in the X- and Y-directions are often equal, and the size is set to be greater than
40 A. The size in the Z-direction is guaranteed to be large enough and six times or larger
than in the Z-direction. This has been verified to avoid errors caused by size effects. Thus,
our simulation box size is set to 50 x 50 x 300 A3. MD simulations were conducted under
various temperature and pressure conditions, reflecting the internal conditions of the shock
absorber. The simulation box was filled with an equal number of N, molecules at both ends
according to the preset pressure, with aviation hydraulic oil molecules positioned at the
center of the model. The quantity of N, molecules was calculated based on the density at
the corresponding temperature and pressure, as obtained from the experimental database
of the National Institute of Standards and Technology (NIST) [46]. The density of aviation
hydraulic oil was determined after a relaxation process under the NPT ensemble. The
number of aviation hydraulic oil molecules was established based on the molar fractions of
the oil components and the density of the oil.

Table 1. The model components of aviation hydraulic oil No. 15.

Chemical Compound Molecular Formula Percentage/%

2-Dodecen-1-ylsuccinic anhydride C16H2603 25.09
Undec-10-ynoic acid, tetradecyl ester CosHyOn 11.77
2-Hexyl-1-decanol C16H340 11.36
phytOl C20H400 10.67
Tetradecyl chloroacetate C16H31ClO, 8.63

Decyl methacrylate C17H3,0, 8
Eicosyl vinyl carbonate Co3Hyy O3 6.92
2-Methyldecyl acrylate Cy4Hp6O 5.44
Pentadecyl 2-chloroacetate Cq17H33CLO, 5.09
2(1H)-Benzocyclooctenone, decahydro-4a-methyl C13H,0 4.53
Butylated Hydroxytoluene Ci5H,40 2.49

Periodic boundary

(i
1 Gas W ".

ST ) 'L:v" l 3 o
i R PR ’_’y
100A | | 100A SQF’

300A

N 4 Gas
50A

Figure 2. Simulation model of oil-gas miscible process.
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2.2. Simulation Details

The simulation technical roadmap is presented in Figure 3, and the design of the
molecular simulation experiments is presented in Table S2. The MD simulations were con-
ducted using the LAMMPS software (64-bit 2 Aug2023-MPI, Sandia National Laboratories,
Albuquerque, NM, USA) [47]. Periodic boundary conditions were applied in all directions.
Taking the X-direction as an example, let the position of the i-th atom be x;, and the left and
right boundaries of the simulated box in the x-direction are 0 and L. The position of the i
atom in the X-direction is detected at each time step as follows: if x; < 0, then the value of
x; is replaced with x; + Ly. If x; > L,, then the value of x; is replaced with x; — Ly, as seen
in Equation (1).

,_{xi—l—Lx if x; < 0 @
X; — Ly if x; > Ly

Oil and N, PDB structure Refined OPLS-AA and
optimized DEF level Energy Trappe parameters
{ ]

[ Force Field ]—[ Generate MD Input data ]
[ I

v

[ Generate MD Input files ]
1
)\

[ | |

(ot ) (romoow )

\ | )

[ Structure minimization ]

System definition
(initial velocities, and

heating dynamics)

[ Equilibration Dynamics

Rescale
Velocities

Check T &
Structure

Yes
Production
dynamics

Figure 3. Simulation technical rute diagram.

Trajectory

MD Analysis

The system pressure was altered by adjusting the number of N, molecules, thereby
simulating the internal pressure of the landing gear shock absorber under various condi-
tions. The TraPPE-UA force field [48] was utilized for N, molecules, while the OPLS-AA
force field [49] was applied to oil molecules, and specific force field information for the
model components is provided in Table S1. The TraPPE-UA force field is specially de-
signed for gas-liquid equilibrium of complex multicomponent systems. The united-atom
version of the force field, TraPPE-UA, has parameters for linear, branched, cyclic, and
aromatic hydrocarbons and can accurately reproduce phase diagrams and critical points.
In united-atom (UA) representations, hydrogen atoms are not explicitly modeled and
are combined with the carbon atom to which they are bound in a single pseudo-atom
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interaction site [50,51]. The OPLS-AA force field has successfully been applied to differ-
ent systems to predict energy of mixing, micellization process, surface tension of organic
liquids, etc. [52,53]. Bond angles were described using a harmonic potential, and dihedral
angles were represented using the OPLS model. The PPPM method was employed to
account for long-range electrostatic forces with a precision of 10~°. The 12-6 Lennard-Jones
potential model, incorporating polar terms, effectively considers both van der Waals and
Coulombic forces, as shown in Equation (2) [54,55]. The cutoff radius for the force cal-
culation was set at 14 A. The Lorentz—Berthelot mixing rules were used to calculate the
Lennard-Jones potential parameters for cross-interactions between different atom types in
the system, as illustrated in Equation (3) [56].

12 6 Cqiq;
% _ (o j -
(rij) = 48[(7’7) (rif) ] * (rij < reu) )
0 (rij > rcut)
N ©

In Equations (2) and (3), ¢, 7, g, qjs C, x, and ¢yt represent the energy parameter, the
length parameter, the charges of atoms and atoms, the electrostatic constants, the dielectric
constants, the van der Waals forces, and the truncation radius of the short-range electrostatic
force, respectively.

Throughout the simulation process, a Nose-Hoover thermostat is used to preserve
temperature and prevent changes in the density of the oil phase under varying conditions.
Previous simulations of the binary interface system indicated that the size of the simu-
lated system influences both the interface system state and the transformation of the bulk
phase [57,58]. Therefore, to ensure that accurate results were obtained for the interface
system and the mass transfer between the two phases, large-scale simulations were deemed
necessary. Above all, the system was equilibrated in the NPT ensemble for 11 ns (NPT
ensemble 8 ns and NVT ensemble 3 ns) at normal temperatures and pressures to verify
the accuracy of the simulation. As a test, we also carried out an 11 ns (NPT ensemble 8 ns
and NVT ensemble 3 ns) MD simulation and compared the results with those of an 8 ns
(NPT ensemble 5 ns and NVT ensemble 3 ns) MD simulation. The simulations gave similar
results, indicating that 8 ns was long enough to achieve a stable interface structure and
to capture the mass transfer effect of the binary system. A time step of 1 fs was selected,
with atomic coordinate information output every 1000 steps, resulting in a total simulation
duration of 11 ns. First, the simulation system reached a stable state after running for 8 ns
under the NPT ensemble, forming a stable interface system. Then, the simulation system
was performed for 3 ns under the NVT ensemble to maintain constant system temperature
and volume, as well as statistical extraction. The simulation temperatures were set at 313,
343, 373, 403, and 433 K when the pressure was 20 MPa. The simulation pressures were
chosen as 15, 20, 25, 30, and 35 MPa when the temperature was 373 K. The selection of basic
temperature (373 K) and pressure (20 MPa) was based on prior studies [59,60]. After the
8 ns relaxation is complete, we calculated the root-mean-square deviation (RMSD) [61] of
the system to ensure that the system has converged (details are shown in Figure S1).

3. Results and Discussion
3.1. Density Distribution

Before data extraction, to prove that the system reaches convergence after 8 ns re-
laxation, we calculated the density at different moments (0.5, 1, 2, 3 ns) during the data
extraction stage (lasting 3 ns), as shown in Table S3. The densities have not changed signifi-
cantly and are very close to the reference value (from NIST) [46] and experimental value.
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Thus, in order to quantitatively analyze the mixing mechanism between oil and Nj in the
shock absorber under different pressure conditions, we calculated the one-dimensional
mass density variation along the Z-direction in the oil-gas system under different temper-
ature and pressure conditions during data extraction (Figures 4 and 5). As illustrated in
Figure 4a, the density of aviation hydraulic oil decreases with an increase in the partial pres-
sure of Ny within the system. Specifically, the density of aviation hydraulic oil decreases
linearly from 0.844 g/m?3 at 15 MPa to 0.812 g/m? at 35 MPa (the density of N increases at
a rate of —0.0016 g/m? per MPa). This phenomenon suggests that during compression, the
increase in N, pressure within the shock absorber leads to the expansion of oil molecules.
The mixing between the oil and gas phases intensifies, resulting in the displacement of oil
molecules by the high-pressure gas, thereby reducing the density of the aviation hydraulic
oil. Figure 4b demonstrates that as the pressure of N, rises, so does the density of Nj
within the aviation hydraulic oil, from 0.125 g/m? at 15 MPa to 0.267 g/m? at 35 MPa (the
density of N increases at a rate of +0.0071 g/m? per MPa), indicating that a higher N,
pressure enhances the solubility of N in the oil phase. Similarly, Figure 5a shows that
with an increase in temperature, the volume of aviation hydraulic oil expands, leading to
a decrease from 0.889 g/m?> at 313 K to 0.799 g/m3 at 433 K (the density of N, increases
at a rate of —0.00075 g/m? per K) in its density. Figure 5b reveals that the density of N
in the aviation hydraulic oil increases from 0.209 g/m3 at 313 K to 0.139 g/m? at 433 K
(the density of N, increases at a rate of —0.00058 g/cm?® per K) with rising temperature,
suggesting that higher temperatures facilitate the dissolution of Ny in the oil.

1.0 0.3

a 15MPa b 13MPa
—20MPa 20MPa
08k 25MPa 25MPa
) ———30MPa 30MPa
SMP: 35MPa
35MPa 02 35MPa
—~06F ~
o o
=11} =11}
o4} | s
0.1
02 F
0.0 & L L L — — % 0.0 1 1 1 1 1
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Z(A) Z(A)

Figure 4. Density distribution curve of (a) aviation hydraulic oil and (b) N, with pressure changes
(15, 20, 25, 30, and 35 MPa) at 373 K temperature.

Figure 5 indicates that as pressure increases, the density of N, decreases, while the
density of aviation hydraulic oil remains relatively stable. At lower pressures, only a
small number of oil molecules mix with Ny, maintaining a distinct interface between the
two phases. However, at higher pressures, the degree of oil-gas mixing intensifies, and the
interface becomes more indistinct, reflecting thorough mixing under high-pressure conditions.

In order to more intuitively reflect the mass transfer effect and structural changes
that induce pressure changes in the system during the dissolution of N, and oil, the two-
dimensional density plots (generated by the TK console module of VMD (v1.9.3, University
of Illinois, Urbana-Champaign, Urbana, IL, USA) software [62]) of the binary system
on the XZ plane under different temperature and pressure conditions were calculated.
Figure 6 shows that as temperature rises, the densities of both N; and aviation hydraulic oil
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significantly decrease. At lower temperatures, the system tends to be stable, with limited
mixing between the oil and gas phases, preserving a clear interface. In contrast, at higher
temperatures, the oil-gas mixture becomes more pronounced, with the interface becoming
blurred, indicating that increased temperature leads to enhanced mixing. These results
reflect the different characteristics of the oil and gas phases in MD simulations. Aviation
hydraulic oil, with its chain-like molecular structure and strong intermolecular forces,
exhibits significant density changes during compression and expansion processes (Figure 7).
Consequently, Ny, as a diatomic gas, exhibits substantial solubility and diffusivity.

10 0.30
a — 3Bk b —313k
T 343k . ——343k
08k —373k 0351 — 373k
——403k —— 403k
07} —— 433k ‘ — 133k
~06f
=)
305F
=1¥]
o4t
03}
02}
01}
00 L 1 1 000 L 1 1 L 1
0 50 1000 150 200 250 300 0 50 100 150 200 250 300
Z(A) Z(A)

a plg/em’)

2040
X(A)

0.9000

0.7875

0.6750

0.5625

03375

0.2250

0.1125

0.0000

Figure 5. Density distribution curve of (a) aviation hydraulic oil and (b) N, with temperature change
(313, 343, 373, 403, and 433 K) at 20 MPa pressure.

b plg/em’) ¢ plgfem’) d plglm’) e plg/em’)
0.9000 0.9000 0.9000 0.9000
0.7875 0.7875 0.7875 R 0.7875
250 250 250 250
0.6750 0.6750 0.6750 0.6750
200 pmiie] 200 200 200
0.5625 0.5625 0.5625 (.5625
04500 L 150 043500 "L 150 04500 "L 150 0.4500
N N N
03375 0.3375 0.3375 0.3375
100 100 100 100
0.2250 (0.2250 0.2250 (.2250
50 50 50 30
0.1125 0.1125 0.1125 0.1125
0.0000 0.0000 0.0000 0.0000
20 40 20 40 20 40 2040
X(A) X(4) X(A) X(4)

Figure 6. Two-dimensional density cloud map of N; and aviation hydraulic oil successively changing
with pressure: (a) 15, (b) 20, (c) 25, (d) 30, and (e) 35 MPa at 373 K temperature.
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Figure 7. Two-dimensional density cloud map of N; and aviation hydraulic oil successively changing
with temperature: (a) 313, (b) 343, (c) 373, (d) 403, and (e) 433 K at 20 MPa pressure.

3.2. Interface Thickness

Based on the density distribution curves of the oil-gas two-phase system analyzed
above, the position of the oil-gas interface and its thickness (8) can be determined, allowing
for a detailed description of the effects of different pressures and temperatures on the inter-
face. The “10-90" rule is employed to estimate the thickness of the interface, and the “10-90
method serves as a valuable reference for evaluating the interfacial properties of gas—oil
systems. It allows for the quantitative comparison of interfacial behavior under different
conditions, which is crucial for understanding the effects of pressure and temperature on
the system. The region along the interface, where the density ranges from 10% to 90% of the
respective bulk phase densities, is used to ascertain the position of the oil-gas interface [63],
as shown in Figure 8.

1.0
Interface Interface .
i —il
n —N,
08 | h
0.6 Gas phase Oil phase Gas phase
£
Q
e o
0.4
0.2
0.0 b i J —
L I: :ﬁ L [ L
0 50 100 150 200 250 300

7Z(A)

Figure 8. Schematic diagram of the oil and gas interface.
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As can be observed from Figure 9, the interface thickness increases from 7.3 & 0.36 to
11.53 4 0.25 A with pressure rise and from 5.1 + 0.36 to 11.53 + 0.25 A with temperature
rise. This is attributed to the diffusion of a greater number of N, molecules into the aviation
hydraulic oil, while simultaneously, an increased number of 0il molecules move towards
the nitrogen gas. The enhanced mixing of the oil-gas two-phase system results in a broader
interface, indicating that high-temperature and high-pressure conditions are conducive to
the mixing of the oil and gas phases.

20
—a— 373K b —a— 20MPa
18 F

1o |

L
25 30 35 00 320 340 360 380 400 420 440

Press(MPa) Temperature(K)

Figure 9. (a) The relationship between the interface thickness and the pressure (15, 20, 25, 30,
and 35 MPa) at 373 K temperature. (b) The relationship between the interface thickness and the
temperature (313, 343, 373, 403, and 433 K) at 20 MPa pressure.

3.3. Interfacial Tension and MMP

Interfacial tension is a parameter that describes the strength of interactions between
gas and oil phases. Lower interfacial tension typically indicates stronger solubility and
better mixing effects. The MMP is the pressure at which the oil-gas interface disappears
and the two phases achieve complete miscibility. When the interfacial tension is relatively
low, the MMP is generally also low. In the study of oil-gas miscibility, the relationship
between interfacial tension and MMP is of vital importance. It aids in understanding the
mixing behavior between oil and gas, predicting outcomes, and optimizing the solubility
of Ny in aviation hydraulic oil.

The interfacial tension at the oil-gas interface can be calculated using the Gibbs
formula. The formula for calculating interfacial tension () based on the pressure tensor is
as follows [64]:

'7:1Lz|:Pzz (4)

Pxx+Pyy
2

2

In Equation (4), P;; (i = x,y, z) is the pressure tensor in different directions, and L, is
the dimension of the box along the direction in the simulated system.

As can be observed from Figure 10, the interfacial tension decreases with an increase in
pressure. This is because as the pressure of N; increases, the density of aviation hydraulic oil
decreases due to expansion, and the mixing between N, and aviation hydraulic oil becomes
more intimate, thereby reducing the interfacial tension. Theoretically, the interfacial tension
is zero at the MMP; however, due to the difficulty in directly measuring the interfacial
tension under completely mixed conditions, we employed the linear extrapolation method
proposed by Orr and Jessen [65] to estimate the MMP. This method determines the MMP
by linearly fitting the interfacial tension—pressure curve [66] and identifying the pressure
at which the tension is zero. The red line in Figure 10 represents the linear fit, and its
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intersection with the X-axis provides the calculated MMP for N; and aviation hydraulic
oil, which is 107 MPa. The experimental MMP value between aviation hydraulic oil
and Nj is 119 MPa, and the error is about 10%, which proves that the simulation is
reliable to a certain extent [67]. Although the linear extrapolation method is widely used
in theoretical and simulation studies, its limitations must be acknowledged. Owing to
technological limitations, direct experimental validation of the MMP calculated for the
Nj-aviation hydraulic oil system under high-pressure conditions is not yet feasible. Future
work will focus on experimentally verifying the calculated MMP to further enhance the
reliability of the research findings. The calculated MMP of 107 MPa (Figure 10) indicates the
threshold pressure required for complete oil-gas miscibility. Exceeding this pressure may
lead to abrupt interface disappearance, causing unstable energy dissipation and potential
hydraulic oil cavitation. This finding highlights the need to maintain operational pressures
below MMP to ensure stable damping performance and avoid safety risks during extreme
landing conditions.
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Figure 10. Interfacial tension at 373 K temperature under different pressures (15, 20, 25, 30, and 35 MPa).

3.4. Diffusion Coefficient

The diffusion coefficient of N, molecules in the oil-gas mixing process is a crucial
parameter for quantifying mass transfer diffusion (the relative migration rate of one sub-
stance within another), directly affecting the solubility and mixing efficiency during the
oil-gas mixing process. In the study of oil-gas miscibility, a higher diffusion coefficient
generally facilitates the more rapid and uniform dissolution of gas into the liquid, thereby
enhancing the mixing effect. A larger diffusion coefficient indicates that N, has greater
mobility within aviation hydraulic oil, which is beneficial for its entry into the oil phase and
for increasing the degree of oil-gas mixing. Conversely, a lower diffusion coefficient makes
it difficult for N, to penetrate the oil phase, resulting in less noticeable oil-gas interactions.
This process directly influences the physical properties of aviation hydraulic oil, such as
viscosity, density, and fluidity, which are vital for the stability and performance of hydraulic
systems. The diffusion coefficient (D) is obtained from the mean square displacement and
Einstein’s equation [68,69] as follows:

1 4y i
= e lim g[w)—n(on (5)

D
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In Equation (5), N is the number of particles, t is the simulation time, and r;(t) and
r;(0) are the position vectors of a particle i at the moment of ¢ and 0 moment.

Figure 11a shows that the diffusion coefficient of N; increases with increasing pressure.
This is due to the increase in the density of N, molecules, which leads to enhanced molecular
collisions, thus intensifying the thermal motion and facilitating diffusion. Figure 11b shows
that the diffusion coefficient of N, increases with an increase in temperature. The increase
in temperature leads to more intense molecular motion, lower oil viscosity, and wider
molecular spacing, all of which are favorable for N; diffusion into the oil phase. In addition,
when the oil-gas mixing process is more pronounced, the increase in the thickness of the
interface between the oil and gas results in less resistance in the direction perpendicular
to the interface for the N, molecules and more free space for diffusion. Thus, increases in
temperature and pressure both facilitate the diffusion of N, molecules.

16
—=—373k b —=—20MPa
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Figure 11. (a) The relationship between the diffusion coefficient of N, perpendicular to the interface
and the pressure (15, 20, 25, 30, and 35 MPa) at 373 K temperature (b) The relationship between the
diffusion coefficient of N, perpendicular to the interface and the temperature (313, 343, 373, 403, and
433 K) at 20 MPa pressure.

The enhanced diffusion coefficient of N, under high pressure (Figure 11a) implies
faster gas dissolution into the oil phase, which directly affects the damping characteristics of
the shock absorber. A higher diffusion rate improves the uniformity of energy distribution
during impact absorption, thereby reducing localized stress concentrations and enhancing
the structural integrity of the landing gear.

3.5. Influence of System Energy on Oil-Gas Miscibility

In the study of gas—oil mixtures, a higher system energy generally facilitates the
dissolution of gas in the liquid phase, thereby enhancing the mixing effect between the
two phases. Understanding system energy can provide insights into the microscopic
mechanisms of gas—oil mixing and further elucidate the behavior of gas—oil mixtures.

To investigate the molecular mechanisms of oil-gas miscibility during the dissolution
of Ny, the oil-gas mixing process was analyzed from the perspective of system energy.
Figures 12-14 show that as pressure and temperature increase, the total energy of the
system gradually rises, indicating enhanced oil-gas mixing. The total energy of the system
consists of potential energy and kinetic energy. This is because the increase in pressure
and temperature leads to more frequent interactions and collisions between N, and oil
molecules, thereby increasing the system’s potential and kinetic energies. These various
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forms of energy elucidate the mechanisms of oil-gas mixture dissolution under different
temperatures and pressures from the perspective of system energy.
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Figure 12. (a) Total energy of the system at 373 K temperature under different pressures (15, 20, 25,
30, and 35 MPa). (b) Total energy of the system at 20 MPa pressure under different temperatures (313,
343,373, 403, and 433 K).
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Figure 13. (a) Kinetic energy of the system at 373 K temperature under different pressures (15, 20, 25,
30, and 35 MPa). (b) Kinetic energy of the system at 20 MPa pressure under different temperatures
(313, 343, 373, 403, and 433 K).

The molecular microscopic mechanism directly reflects the external energy conditions.
As gas pressure increases, the total energy of the system gradually increases, and the
degree of oil and gas mixing intensifies (Figures 11-13). This is primarily due to the
enhanced interaction between gas and oil molecules under higher pressure and temperature
conditions. Specifically, N, molecules, being nonpolar, mainly diffuse through van der
Waals interactions with the oil molecules. These interactions, including both attractive
and repulsive forces at the molecular level, become more pronounced at higher pressures
and temperatures, leading to an increase in the system’s potential and kinetic energy. The
increase in potential energy is largely attributed to the attractive van der Waals forces
between the nitrogen molecules and the hydrocarbons in the oil. These forces encourage
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the nitrogen molecules to become more dissolved in the oil phase. Furthermore, at elevated
temperatures, the kinetic energy of the molecules also increases, which promotes more
frequent and intense collisions between nitrogen molecules and oil molecules. This further
enhances the mixing process. While van der Waals forces dominate in the case of nitrogen
and the oil molecules due to the non-polar nature of nitrogen, the oil’s hydrocarbon chains
may also experience weak London dispersion forces, which enhance the solubility of Np
in the oil phase. The interaction between the gas and oil is thus a combination of these
molecular forces, with van der Waals interactions being the primary contributor. Unlike
polar gases (e.g., CO;), N3 is incapable of forming hydrogen bonds with the hydrocarbon
chains in oil, a characteristic that fundamentally constrains its solubility to a certain degree.
In summary, under high-pressure and temperature conditions, the van der Waals forces
between nitrogen and the oil molecules increase, promoting more efficient mixing and
dissolution of nitrogen in the oil. This molecular interaction mechanism significantly
influences the solubility of nitrogen in aviation hydraulic oil.
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Figure 14. (a) Potential energy of the system at 373 K temperature under different pressures (15, 20, 25,
30, and 35 MPa). (b) Potential energy of the system at 20 MPa pressure under different temperatures
(313, 343, 373, 403, and 433 K).

3.6. Dissolution of N, in Aviation Hydraulic Oil

After the relaxation was completed, the dissolution of Nj in the oil reached equilib-
rium. Thus, we counted the number of N, molecules in the bulk region (the N; region
maintaining a density at 90% of its original level) in the oil-gas system and recorded it as
N,g. Furthermore, the number of all N, molecules is recorded as Ng, and the number of oil
molecules is recorded as N,. Then, the N, solubility (S) was calculated by Equation (6).

Ny — N eq
S= —F—"+ (6)
Ny —N eg T No
The solubility of N in aviation oil under different temperature and pressure conditions
is calculated, as shown in Table 2. Sgxp is the experimental extrapolated value [70], Syip
denotes the MD computed value, and Ny — N, represents the number of N, molecules
dissolved in the oil phase (Sgxp and Syip are nondimensional (nd) physical quantities).
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Table 2. Sgxp, Syp, and Ny — N e under different pressure and temperature conditions.
Pressure Temperature Nz — Neg Smp Sexp Error

(MPa) (K (Number) (nd) (nd) (%)

15 45 0.0812 0.0795 2.1

20 98 0.1615 0.1583 2.0

25 373 146 0.2219 0.2119 4.7

30 192 0.2723 0.2890 5.8

35 244 0.3211 0.3111 3.2

313 53 0.0899 0.0872 3.1

343 77 0.1285 0.1327 3.2

20 373 98 0.1615 0.1583 2.0

403 129 0.2051 0.1988 3.2

433 162 0.2500 0.2611 4.3

The solubility of N, in aviation hydraulic oil is a critical parameter for assessing
the extent of N, dissolution, directly influencing the outcome of gas—oil mixing and the
performance of gas—oil shock absorbers. The solubility is closely related to factors such
as temperature and pressure. Therefore, by investigating the solubility of Ny, a deeper
understanding of gas—oil mixing behavior can be achieved, providing theoretical support
for the optimization of shock absorber performance.

To investigate the effect of different pressures and temperatures on the amount of
N, dissolved in aviation hydraulic oil, the number of N, molecules dissolved in the oil
was counted. The OVITO [71] software’s (v3.11.3, OVITO GmbH, Darmstadt, Germany)
expression selection module was utilized to tally the number of N, molecules within the
region occupied by aviation hydraulic oil in the model, with the counting duration set
at 1 ns and the number of frames at 1000. As shown in Table 2, the amount of dissolved
Ny increases with rising pressure and temperature, which is consistent with the density
distribution curves of N in the location occupied by aviation hydraulic oil presented in
Figures 4b and 5b. High temperature and high pressure facilitate the dissolution of Ny
in aviation hydraulic oil, and the substantial dissolution of N is the primary cause of
the reduced pressure in the gas cavity of the landing gear shock absorber. At ambient or
low pressures, the solubility of N in oil decreases with increasing temperature, which is
consistent with the general behavior of gases in liquids. However, in high-pressure closed
systems, the fluid molecules are tightly packed, and pressure exhibits a high sensitivity to
changes in system energy [72]. Consequently, an increase in temperature may lead to a
rise in system pressure (as observed in the oil-gas system within closed shock absorbers of
landing gear), thereby enhancing the solubility of gases in aviation hydraulic oil [73,74]. If
the pressure-induced effect outweighs the negative influence of temperature on solubility,
a net increase in gas solubility may occur. In the petroleum and natural gas industry,
the mixing of gases and oil leads to the volume swelling of crude oil, with the swelling
effect becoming more pronounced at higher temperatures [75,76]. This may be the key
underlying mechanism for the solubility behavior of N, under high-pressure conditions
discussed in this study. More critically, at high temperatures, the density and viscosity of
the oil decrease, and the free volume increases, providing more space for gas molecules
(forming more ‘voids’), which facilitates the embedding of gas molecules. For long-chain
hydrocarbons, high temperatures may cause the molecular chains to unfold, increasing
non-polar interaction sites and further promoting the dissolution of Nj [77]. Li et al. [78]
measured the gas volume solubility of N, and natural gas in Daging waxy crude oil
within the temperature range of 50 °C to 65 °C. The results indicated that, at all tested
temperatures, the solubility of N; increased with rising temperature. Seyed Ali Madani [79]
employed machine learning models to predict the solubility of N, in normal alkanes.
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The findings indicated that under high-pressure and high-temperature conditions, the
solubility of N increased with rising temperature. Experimental studies conducted by
Doctor Li [80] revealed that gas solubility generally decreases with rising temperature,
though exceptional cases exist, particularly under elevated temperature conditions where
solubility may instead increase. Their results demonstrated that no simple universal
rule governs the temperature dependence of gas solubility. Both Henry’s constant and
thermal effects exhibit substantial variations depending on system-specific properties and
temperature itself. Notably, under constant pressure conditions, nitrogen solubility in
crude oil consistently increases with temperature elevation. Conversely, when temperature
remains fixed, nitrogen solubility in crude oil shows proportional enhancement with
pressure increment.

In summary, under high-pressure and high-temperature conditions, the solubility
of N in oil behaves differently than in typical ambient conditions, primarily due to the
complex interplay between pressure, temperature, and molecular interactions. This unique
behavior highlights the importance of understanding gas—oil interactions in closed systems,
such as shock absorbers, where pressure-induced effects can enhance gas solubility despite
the general trend in decreasing solubility with rising temperature. These findings contribute
to a deeper understanding of the thermodynamic properties and practical implications for
oil and gas systems in extreme conditions.

4. Conclusions

This study employs molecular dynamics (MD) simulations to investigate the oil-gas
mixing process within the shock absorber of a certain aircraft landing gear. The research
examines the density distribution of the oil and gas phases, interfacial thickness, interfacial
tension and MMP, diffusion coefficient, the influence of system energy on oil-gas mixing,
and the solubility of N; in aviation hydraulic oil under different thermodynamic conditions.

The simulation results indicate that as the internal pressure and temperature of the
system increase, the interfacial thickness between the oil and gas phases grows, and the
degree of mixing between these two phases also intensifies. Notably, when the gas pressure
reaches a sufficiently high level, the mixing between the two phases becomes so thorough
that the oil and gas are uniformly blended, and a distinct interface ceases to exist. Through
linear fitting, the MMP was determined to be 107 MPa. The MMP represents the threshold
pressure at which oil and gas achieve miscibility. A comprehensive understanding of the
variation patterns and microscopic mechanisms of the MMP is of vital importance for
the control and optimization of the oil-gas mixing process. The molecular mechanism
underlying oil-gas miscibility was elucidated by analyzing the total system energy. As the
system temperature and pressure rise, the total system energy correspondingly increases.
This leads to more frequent collisions between oil and gas molecules, thereby enhancing
the degree of mixing between the two phases. With an increase in system pressure, the
diffusion coefficient of gas molecules perpendicular to the interface rises, resulting in
higher gas and oil phase densities and a greater solubility of N, in aviation hydraulic oil.
Conversely, as the system temperature increases, the diffusion coefficient of gas molecules
perpendicular to the interface also increases, while the gas phase density decreases and the
oil phase density decreases, yet the solubility of N; in aviation hydraulic oil still increases.
The elevation of temperature and pressure is the fundamental cause of the substantial
dissolution of gas within the landing gear shock absorber.

In summary, this study can provide valuable insights into the dissolution mechanism
of Ny and oil in the shock absorber during aircraft take-off and landing and is of great
significance to elucidate the interfacial mass transfer and pressure variation relationship
between oil and gas phases in landing gear shock absorbers. Thus, it provides certain
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theoretical support for the optimization of shock absorption and energy absorption capacity
of the reducer. By optimizing the oil-gas interaction through controlled pressure and
temperature conditions, the energy dissipation efficiency and damping performance of the
landing gear can be enhanced, contributing to the overall safety of aircraft during landing
and taxiing.
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experimental design. Table S3: Density at different times during the data acquisition stage. Figure S1:
The curves of Ny, oil, and overall in the Ny—oil system during relaxation.
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