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Abstract

Synthetic ester insulating oils are extensively utilized in power transformers due to their
exceptional insulating properties, thermal stability, and environmental compatibility. The
dissolved gas analysis (DGA) technique, which is employed to diagnose internal faults
in transformers by monitoring the concentration and composition of dissolved gases in
oil, is thought to be effective in detecting typical faults such as overheating and partial
discharges in synthetic esters. However, owing to the significant differences in the prop-
erties of traditional mineral oil and synthetic esters, the existing DGA-based diagnostic
methods developed for mineral oils cannot be directly applied to synthetic esters. A deep
understanding of the microscopic processes occurring during the gas generation and dif-
fusion of synthetic esters is an urgent necessity for DGA applications. Therefore, in this
study, we systematically investigated the diffusion behavior of seven typical fault gases in
synthetic ester insulating oils within a temperature range of 343-473 K using molecular
dynamics simulations. The results demonstrate that H, exhibits the highest diffusion
capability across all temperatures, with a diffusion coefficient of 33.430 x 107® cm?/s at
343 K, increasing to 402.763 x 107% cm? /s at 473 K. Additionally, this paper explores the
microscopic mechanisms underlying the diffusion characteristics of these characteristic
gases by integrating the Free-Volume Theory, thereby providing a theoretical foundation
for refining the fault gas analysis methodology for transformer insulating oils.

Keywords: synthetic ester; dissolved gas analysis; molecular dynamics; diffusion
coefficient; free volume

1. Introduction

As the global energy system is showing a low-carbon and environmentally sustainable
trend, the demand for sustainable and high-performance insulating materials for power
equipment is becoming increasingly critical. Synthetic ester insulating oils, characterized
by their high ignition points, biodegradability, excellent dielectric strength, and thermal
stability, have emerged as promising alternatives to traditional mineral oils, particularly
for power transformers with stringent environmental requirements as well as high-voltage
and large-capacity applications, offering significant advantages [1,2]. Despite the excellent
performance of synthetic esters in terms of environmental friendliness and thermal stability,
the characteristic gas diffusion mechanism of synthetic ester oils under the influence of
typical internal discharge or overheating faults in transformers is still unclear, which has
led to the challenge of fault diagnosis based on the dissolved gas analysis (DGA) technique
in oil. Furthermore, the diagnostic criteria of traditional DGA methods are based on
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mineral oil systems, whereas the diffusion behavior and equilibrium characteristics of
dissolved gases in synthetic esters may differ markedly from those in mineral oils due
to inherent differences in viscosity, polarity, and molecular structure. Direct application
of the existing diagnostic criteria may lead to underestimation or misjudgment of gas
concentration thresholds and increase the risk of fault misdiagnosis due to discrepancies in
diffusion kinetics. Therefore, there is an urgent need to elucidate the diffusion mechanisms
of characteristic gases in synthetic esters, as doing so would contribute to the refinement
and optimization of fault diagnosis methods for synthetic-ester-immersed transformers
based on DGA technology [3-6].

Recent research on synthetic esters has predominantly focused on optimizing their
electrical properties, thermal aging characteristics, and compatibility with solid insulating
materials. Studies have demonstrated that synthetic esters exhibit superior dielectric
strength and lower dielectric loss compared to mineral oils, along with a slower increase
in acid value during prolonged thermal aging [7,8]. Additionally, synthetic esters show
enhanced compatibility with cellulose insulating paper, which helps mitigate the aging
of an insulating material [9,10], and their oxidative stability at elevated temperatures is
significantly superior to that of mineral oils [11]. However, most of the existing studies have
concentrated on macroscopic physical parameters (e.g., dielectric constant, viscosity, etc.)
and analyses of aging products, with limited attention given to the systematic exploration of
the diffusion kinetics of dissolved gases within the synthetic ester system [12,13]. Although
a few experimental investigations have compared the gas solubility differences between
synthetic esters and mineral oils, the experimental conditions often hinder the elucidation
of the diffusion mechanism at the molecular level, resulting in an incomplete understanding
of migration patterns [14].

In the DGA technique, internal transformer faults are diagnosed by monitoring the
concentration and proportion of dissolved gases in the oil, and the technique’s effectiveness
relies on an accurate knowledge of the gas diffusion mechanism [15]. At present, the
traditional DGA technique based on mineral oil is highly mature, and its diagnostic logic
and gas concentration thresholds have been fully verified through long-term engineering
practice, but such methods are not directly applicable to the fault analysis of natural
ester insulating oils, and it is doubtful whether this technique’s theoretical framework
is applicable to synthetic ester systems [16,17]. In view of the characteristics of natural
ester insulating oils, some scholars preliminarily explored the DGA diagnostic framework
adapted to natural esters by experimentally modifying the gas solubility parameter and
adjusting the threshold value of the proportion of fault gases [18-20]. However, despite
some scholars’ attempts to experimentally study the macroscopic characteristics of synthetic
esters, there is a lack of studies determining their characteristic gas diffusion behaviors and
gas diffusion kinetic mechanisms. These bottlenecks have constrained the development of
DGA diagnostic criteria applicable to synthetic esters, and there is an urgent need to reveal
the gas diffusion mechanisms of synthetic esters at the molecular dynamics level [21-23].

To address the above issues, we employed molecular dynamics simulations to sys-
tematically investigate the diffusion behaviors of seven typical fault-characteristic gases
in synthetic ester insulating oil within the temperature range of 343 K to 473 K. Utilizing
the molecular dynamics simulation approach, a synthetic ester molecular model and a gas
miscible system were developed. This study further examines the influence mechanism of
temperature gradients on the gas diffusion behavior of the insulating oil at the microscopic
level through the calculation of mean square displacements (MSDs) and gas diffusion
coefficients in conjunction with the free-volume theory. The findings of this research can be
applied to the design optimization of DGA technology for synthetic ester insulating oils,
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thereby facilitating the reliable operation and intelligent maintenance of environmentally
friendly transformers.

2. Simulation Methodology
2.1. Molecular Diffusion Modeling of Synthetic Esters

We constructed a molecular dynamics model of a synthetic ester composed of Pen-
taerythritol tetranonanoate (PENTA-TNA, C41H740Og) and its composite system with fault-
characteristic gases. The structure of a single synthetic ester molecule consists of a pentaery-
thritol backbone and four isononyl ester groups, which confer excellent thermal stability
and outstanding electrical properties. To accurately characterize the macroscopic prop-
erties of this system, an initial model was constructed using 10 PENTA-TNA molecules,
and periodic boundary conditions were applied to eliminate size effects. Furthermore,
multi-stage dynamic relaxation and geometric optimization were performed to eliminate
potential atomic-level anomalous contact and high-energy configurations in the initial
model, facilitating the model’s stabilization to a reasonable state. Specifically, the steps
include achieving a 100 ps thermal equilibrium under the NPT ensemble, realizing 100 ps
energy stabilization under the NVE ensemble, pressure adjustment under the low-pressure
NPT ensemble, and 10,000-step geometric optimization based on the conjugate gradient
method. After carrying out these optimization steps, the final PENTA-TNA molecular
model, with a unit cell length of 23.28 A and a density of 0.917 g/ c¢m3, was obtained, as
shown in Figure 1.
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Figure 1. Molecular modeling of a synthetic ester.
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In this study on the diffusion behavior of dissolved gases in oil, a composite molecular
model containing seven characteristic gases was constructed based on the PENTA-TNA
base oil model. During the construction of the molecular models for small gas molecules us-
ing Materials Studio, small gas molecules and synthetic ester molecules were differentiated
by color: C in the small gas molecules was colored dark gray, H was given in emerald green,
and O was given in light blue. As shown in Figure 2, these molecular models are complete
and strictly adhere to the standard requirements for initial configurations in molecular
dynamics simulations. In this study, 10 gas molecules were randomly embedded in the
base oil model formed by 10 PENTA-TNA molecules, and the overall density was set to 0.95
g/cm3 to match the physical property requirements under actual operating conditions. As
exemplified by the CHy diffusion model shown in Figure 3, this system maintains the stable
configuration of the base oil while ensuring accurate description of short-range interactions,
such as van der Waals forces, through reasonable molecular spacing.

CH4 CZHZ CZH()

Figure 2. Gas molecule modeling.

Figure 3. Molecular modeling of mixed oil-and-gas system. (Hydrogen and carbon atoms in CHy are
shown in green and gray, respectively, and oxygen, hydrogen, and carbon atoms in the molecule are
shown in red, gray, and white, respectively).

2.2. Simulation Parameter Settings

We constructed a computational framework based on the PCFF force field to simulate
the diffusion behavior of dissolved gases in synthetic esters using molecular dynamics.
The force field builds upon the core parameters of the CFF91 force field and significantly
enhances simulation accuracy for complex organic molecular systems by extending the
functional expressions for bond length vibration, bond angle bending, dihedral torsion, and
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non-bond interactions in polymeric systems. To address the non-bond interactions between
the synthetic ester and gas molecules, the van der Waals forces were computed using the
Atom-Based truncation method, which reduces computational load within a reasonable
range and improves simulation efficiency. The electrostatic interactions are handled using
the Ewald summation method, which accurately describes long-range Coulomb forces
while also maintaining computational efficiency.

Additionally, in terms of thermodynamic control algorithms, a hierarchical multi-level
control approach was applied. Firstly, temperature regulation was achieved through the
Andersen thermostat algorithm, whose random collision mechanism effectively maintained
the thermal equilibrium of the system and prevented local thermal anomalies. Secondly,
pressure control was carried out using the Berendsen method, ensuring stable convergence
of the system under a standard pressure of 0.1 MPa, thereby simulating the actual work-
ing environment of transformers. Lastly, the Velocity Verlet algorithm was employed for
dynamic integration, balancing energy conservation with trajectory accuracy to ensure
the authenticity of molecular motion behavior. The three-dimensional system constructed
during the simulations mitigates finite-size effects by employing periodic boundary con-
ditions, which enables a more accurate simulation of molecular diffusion behavior in real
oils [24,25].

Before conducting molecular dynamics simulations, it is essential to optimize the
geometric structure of a system and relax the pressure. Specifically, the process is divided
into the following steps:

(1) A preliminary composite model of synthetic ester oil molecules and gas molecules
is constructed and undergoes 10,000 steps of geometric structure optimization to
eliminate potential atomic overlaps and non-physical contact.

(2) Pressure relaxation is performed under the NPT ensemble for 100 ps to allow the system’s
density to converge to 0.95 g/cm?, ensuring the accuracy of subsequent simulations.

After the above steps were completed, a 600 ps molecular dynamics simulation was
carried out under the NVT ensemble conditions. The simulation process was divided into
two parts: the first 100 ps were used to achieve a stable molecular state, and the remaining
500 ps were used for data collection to analyze the diffusion characteristics of dissolved gas
molecules. The recording interval of the molecular trajectory was reduced to 1 ps in order
to capture the complete gas diffusion process, providing a reliable data foundation for the
calculation of diffusion coefficients.

Furthermore, considering that the actual operating temperature of transformer insu-
lating oil typically ranges from 313 K to 423 K, four simulation temperatures were selected
to represent different operating conditions pertaining to the transformer: 343 K represents
the normal operating state; 393 K represents the temperature under high load or mild
overheating conditions; 423 K corresponds to the early stage of thermal failure; and 473 K
represents a high temperature close to the point of discharge failure. By performing molec-
ular dynamics simulations under these temperature conditions, the diffusion coefficients
of each characteristic gas in synthetic ester were calculated, and the micro-mechanisms
of the effect of temperature on the diffusion characteristics of the gases were analyzed in
combination with the free volume, which provides data support for the optimization of
DGA technology.

3. Results and Discussion
3.1. Characteristic Gas Diffusion Properties

In the synthetic ester system, the diffusion characteristics of gas molecules of different
types exhibit significant differences. This study utilizes the mean squared displacement
(MSD) curve to clearly describe the diffusion characteristics of gases in the oil and their
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correlations with temperature. According to molecular dynamics theory, the mean squared
displacement is defined as the statistical average of the deviation of the positions of all
particles in the system relative to a reference position over a time interval t. The expression
is given below:

MSD(t) = <‘r(t) —1(0) |2> (1)

where r(t) is the particle’s position at a given time, 7(0) is the initial reference position, and
(X) represents the statistical average within the system.

Figure 4 presents a schematic of the mean squared displacement (MSD) for various
characteristic gases, depicted using a log-log dependence. Of all the gasses, H, demon-
strates the strongest diffusion ability under all temperature conditions, maintaining the
highest mean squared displacement (MSD) compared to the other gases. This is primarily
attributed to the minimal molecular weight of Hy, provoking the least resistance from oil
molecules, as well as the pronounced effect of temperature increases on enhancing its diffu-
sion capacity. As depicted in Figure 4a,b, at 343 K, the MSD of H; is an order of magnitude
higher than that of the other gases, and as the temperature rises to 473 K, its diffusion
advantage remains evident. This reflects the highly efficient diffusion characteristics of
lightweight non-polar molecules in synthetic esters. Additionally, in the later stages of
hydrogen diffusion, deviations from the mean squared displacement (MSD) curve can be
observed under varying temperature conditions. For instance, as shown in Figure 4a, the
tail of the curve exhibits a sharp upward trend, whereas in Figure 4d, the tail demonstrates
a sudden decline. This phenomenon can be attributed to two factors: first, the exceptionally
high diffusion ability of H; molecules, which makes them more susceptible to thermal
fluctuations or boundary effects in small-scale systems, and, second, the limited number
of particles within the simulated system, making the system prone to inducing statistical
fluctuations, particularly for highly diffusive gases.

For the gases CO and CO, oxide, the MSD of CO; is consistently higher than that of
CO, with the difference being particularly noticeable at lower temperatures. However, as
the temperature increases, the diffusion capabilities of the two gases gradually converge.
For example, at 473 K, the MSD of CO; is only slightly higher than that of CO. This
phenomenon could be attributed to the increased thermal motion of oil molecules at higher
temperatures, which reduces the system’s viscosity and thus diminishes the impact of
molecular weight differences on diffusion. Furthermore, the diffusion processes of CO and
CO; are primarily dominated by the physical properties of the insulating oil, as their polar
nature leads to lower solubility in weakly polar synthetic ester oils.

In addition, the diffusion characteristics of hydrocarbon gases exhibit complex tem-
perature sensitivity. At 343 K, C;H; has the highest MSD, indicating that, under this
temperature condition, its diffusion ability is the strongest among hydrocarbon gases. This
may be related to the lower spatial hindrance resulting from its linear molecular structure,
as shown in Figure 4a. As shown in Figure 4b, when the temperature rises to 393 K, CoHy
exhibits the highest MSD among hydrocarbon gases, likely due to its double-bond structure,
which allows intermolecular forces to be overcome at higher temperatures. Figure 4c,d
reveal that CHy shows a significant enhancement in diffusion ability at higher temperatures
(423473 K), possibly due to the decrease in synthetic ester viscosity during the temperature
rise, with the simple spherical molecular structure of CHy benefiting the most from this
decrease. However, C;Hg consistently demonstrated the slowest diffusion rate among
the hydrocarbon gases, likely due to the inhibitory effect of its greater molecular weight
and branched structure. This variation in diffusion order under different temperature
conditions suggests that the diffusion characteristics of hydrocarbon gases are not only
closely related to temperature but also influenced by the molecular structure of each gas,
intermolecular interactions, and solubility in the oil.
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Figure 4. MSD plots of diffusion behavior of characteristic gases.

Overall, the diffusion abilities of characteristic gases align with the following trend:
H, > hydrocarbon gases > CO and CO,. However, the relative diffusion capabilities fluctu-
ate dynamically with temperature. Moreover, the diffusion characteristics are determined
by factors such as molecular weight, polarity, molecular structure, and the properties
of insulating oils. The exceptional diffusion ability of H; is primarily attributed to its
extremely low molecular weight, while the complex temperature-dependent behavior of
hydrocarbon gases reveals the influence of molecular structure on the diffusion process. The
findings of this study provide an important theoretical basis for optimizing gas-monitoring
technologies based on diffusion characteristics.

3.2. Characteristic Gas Diffusion Coefficient

The diffusion coefficient is a key parameter for quantitatively describing the migration
ability of gas molecules in insulating oils, and it is calculated based on the linear relationship
between the mean squared displacement (MSD) and time. By analyzing the MSD curves in
Figure 4, it can be observed that within the time range of 25 ps to 500 ps, the MSD of all
the gases exhibits a strong linear relationship with time, indicating that molecular motion
is primarily governed by free diffusion during this period. To accurately calculate the
diffusion coefficient (D), it is necessary to select the linear segment of the MSD curve for
linear regression fitting. The slope (k) obtained from this fitting is then used to establish a
quantitative relationship with the diffusion coefficient:

D=~ @

where the coefficient 6 indicates that the diffusion system is three-dimensional.
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Additionally, the goodness of fit for the linear regression is represented by the correla-
tion coefficient R?, and it can be calculated using the following formula:

A2
Rz—l— Z(li_{i)Z (3)
(1)

where [; represents the actual MSD values; [; represents the fitted MSD values; and [
represents the mean MSD values.

Based on the aforementioned method and by combining the MSD values of the
characteristic gases, the diffusion coefficients of seven characteristic gases in the synthetic
ester were calculated at four different temperatures: 343 K, 393 K, 423 K, and 473 K. The
results reveal the temperature-dependent behavior of gas diffusion and its correlation with
molecular characteristics. As shown in Table 1, the diffusion coefficients of the characteristic
gases significantly increased when increasing the temperature, with H, exhibiting the most
notable diffusion capacity. At 343 K, the diffusion coefficient of H, was 33.430 x 10~ cm? /s,
and as the temperature increased, it rose to 402.763 X 107% cm?/s at 473 K, marking a
12-fold increase, far exceeding that of the other gases. This can be attributed to the extremely
low molecular weight of H, and its weak intermolecular forces, making it highly sensitive
to temperature changes.

Table 1. Characteristic gas diffusion coefficients at four temperatures.

H, co CyH, CH,4 CO, CyHg CHy

2.006 0.434 0.799 0.862 0.943 0.918 0.539

343 K Fitted correlation coefficient, R2 0.976 0.980 0.987 0.991 0.973 0.998 0.990
Diffusion coefficient D/ %1076 cm?/s 33.430 7.225 8.992 14.365 15.722 15.295 8.992

6.936 1.087 2.010 1.627 1.786 0.511 2.010

393 K Fitted correlation coefficient, R2 0.990 0.994 0.994 0.990 0.997 0.926 0.999
Diffusion coefficient D/ x10~¢ cm?2 /s 115.607 18.113 13.915 27.112 29.770 8.510 33.494

10911 1.804 1.809 2.665 2.656 1.114 1.685

423 K Fitted correlation coefficient, R2 0.994 0.994 0.993 0.972 0.981 0.988 0.992
Diffusion coefficient D/ x10~¢ cm?2 /s 181.85 30.074 30.154 44.410 44.263 18.559 28.088

24.166 3.377 5.983 6.187 3.998 4411 4.741

473 K Fitted correlation coefficient, R? 0.999 0.998 0.992 0.995 0.990 0.997 0.997
Diffusion coefficient D/ x107¢ cm?/s 402.763 56.278 99.719 103.119 66.631 73.524 79.014

Hydrocarbon gases such as CHy, C;H;, CoHy, and CyHg also exhibited significant
increases in diffusion coefficients at 473 K compared to the values at 343 K, surpass-
ing 70 x 107% cm?/s. For example, the diffusion coefficient of CHy increased from
14.365 x 107% cm?/s to 103.119 x 107® cm?/s. Among these gases, C;H, showed the
most significant temperature-dependent diffusion change, with its diffusion coefficient
increasing from 18.992 x 107% cm?/s to 99.719 x 10~° cm?/s, indicating that its linear
molecular structure allows for more efficient diffusion into the insulating oil at higher
temperatures. In contrast, oxide gases such as CO and CO; exhibited lower diffusion coeffi-
cients than H; and hydrocarbons but still showed a steady increasing trend. The diffusion
coefficient of CO, increased from 15.722 x 10~° cm?2/s at 343 K t0 66.631 x 10~ cm?2 /s at
473 K, while that of CO increased from 7.225 x 10~® cm?2/s to 56.278 x 10~° cm? /s, with
growth factors of 4.2 and 7.8, respectively.

Furthermore, the behavior of the diffusion process can be further characterized by the
slope, k. The data shows that the diffusion behavior of the characteristic gases intensifies
with an increase in temperature. It is noteworthy that the slope for C;Hg exhibited an
unusual decrease at 393 K (0.511) but recovered and resumed growth at higher temperatures,
suggesting that the molecular interactions or solubility of CoHg might change in this specific
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temperature range, temporarily inhibiting its diffusion. The reliability of the diffusion
model was verified through the fitting correlation coefficient (R?), particularly at 473 K,
where all the gases exhibited R? values above 0.99, confirming that the constructed diffusion
model effectively describes the diffusion characteristics of the characteristic gases.

In conclusion, the relative strength of gas diffusion and its temperature response
characteristics provide a reference for the dynamic monitoring of dissolved gases in trans-
former insulating oil. For example, the highly sensitive diffusion characteristics of H; at
high temperatures highlight its potential advantage in early fault warning. These findings
foster a deeper understanding of the diffusion mechanisms of gases in insulating oil from
a molecular dynamics’ theory, laying a theoretical foundation for optimizing DGA-based
detection technologies based on diffusion characteristics.

3.3. Analysis of the Free Volume

The Free-Volume Theory (FVT) is an important theoretical model used to explain the
diffusion behavior of molecules in liquids or polymers. Its core assumption is that there
are unoccupied spaces within a liquid, referred to as free volume (V). The free volume
arises from the random motion of molecules and provides the spatial channels required for
the migration of gas molecules. In addition, the free volume of a gas molecule is affected
by the nature and size of the molecule. The free-volume fraction (FFV) is obtained by
calculating the ratio of free volume to total volume. Also, the free-volume fraction (FFV)
is temperature-dependent; as the degree of thermal motion of molecules increases, the
free-volume fraction within the system also increases, thereby enhancing the diffusion
capacity of gases [26,27]. The expression for the free-volume fraction is

Vg

FFV = ————
(Vo + Vr)

(4)
where V is the total volume of the system.

Based on the Free-Volume Theory (FVT), we quantitatively analyzed the free-volume
characteristics of the synthetic ester and characteristic gas mixture system in the tempera-
ture range of 343 K to 473 K using the Connolly surface method and the Atom Volume and
Surface tool in Materials Studio software 2020.

As shown in Table 2, as the temperature increases from 343 K to 473 K, the Vg value
slightly decreases, while the V value significantly increases, leading to an increase in FFV
from 0.20-0.25 to 0.31-0.37. This indicates that with the rise in temperature, the thermal
motion of the oil molecules intensifies, enlarging the intermolecular gaps and forming
more interconnected free-volume regions. As illustrated in Figure 5a—d, the blue regions
in the figures represent the free-volume regions, which provide more favorable pathways
for gas diffusion. As shown in Figure 5a,d, at 343 K, the distribution of free volume is
sparse, and the FFV of Hj is only 0.20. However, at 473 K, the free-volume region reaches
a maximum, and the connectivity of the blue areas is enhanced. As shown in Figure 6a,
the FFV of Hj increases to 0.31, corresponding to an almost 11-fold increase in its diffusion
coefficient. This suggests that at higher temperatures, the molecular model of the synthetic
ester shows a significant increase in the intermolecular gaps, facilitating the diffusion of Hp
in the insulating oil.
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Table 2. Free volume fraction coefficients at four temperatures.
H, CO C;H, CHy CO, C,yHg CyH,
Vo/ A3 10,350.02 10,485.33 10,533.40 10,529.35 10,505.37 10,666.58 10,625.38
343 K VE /A3 2646.90 3142.39 3464.01 3269.71 3281.19 3356.80 3195.41
FFV 0.20 0.23 0.25 0.24 0.24 0.24 0.23
Vo/ A3 10,160.35 10,393.38 10,427.70 10,257.76 10,396.42 10,531.99 10,533.93
393 K Vg/ A3 3372.90 3366.26 3770.76 4197.00 3944.10 4437.33 3675.62
FFV 0.25 0.24 0.27 0.29 0.28 0.30 0.26
Vo/ A3 10,104.14 10,371.54 10,459.69 10,437.51 10,300.77 10,447.81 10,475.45
423 K VEg/ A3 4037.57 3794.67 3797.13 3965.30 4510.79 4450.45 4269.83
FFV 0.29 0.27 0.27 0.28 0.30 0.30 0.29
Vo /A3 10,004.15 10,161.04 10,069.42 10,126.33 10,319.65 10,322.82 10,165.65
473 K Vg/ A3 4418.79 4601.97 5883.93 4889.77 4559.66 5706.45 5360.52
FFV 0.31 0.31 0.37 0.33 0.31 0.36 0.35

(c) The temperature condition of 423 K.

(d) The temperature condition of 473 K.

Figure 5. Free-volume modeling of H, gas in synthetic ester oils under different temperature

conditions. (The blue color in the figure indicates the free volume region in the molecular model).



Energies 2025, 18, 3276 11 of 13
0.40 ———
035 = (C:H:
0.30+ H . ' co 0351 CH. D
« CO2 : - C:Hse
. 0.301 . T ~— CHs
7 0251 - 2 2 0301 .
= - . =3 ¥
0201 0251, 1 025 ' 1
s+ 0.20 e 0.20 ———
340 360 380 400 420 440 460 480 340 360 380 400 420 440 460 480 340 360 380 400 420 440 460 480
Temperature/K Temperature/K Temperature/K

(a) FFV for monomolecular gas

(b) FFV for oxide gases (c) FFV for hydrocarbon gases

Figure 6. Trends in FFV values in molecular modeling.

Further analysis of the free-volume variation characteristics of different gases reveals
that these characteristics are closely related to the molecular properties of each gas. For
small-molecule gases such as H, and CO, the FFV is relatively low at low temperatures,
being 0.20 and 0.23, respectively, at 343 K. However, at high temperatures, the increase
is significant, reaching 0.31 at 473 K, which is consistent with the trend of their diffusion
coefficients. In the case of hydrocarbon gases, C,H, exhibits a significantly higher FFV of
0.37 at 473 K due to its high polarity and weak intermolecular interactions, as shown in
Figure 6c, so it more easily diffuses into the free-volume regions at higher temperatures
in comparison to other hydrocarbons. Although CO; also exhibits an increase in FFV to
0.31 at high temperatures, its diffusion coefficient increase is relatively low due to its larger
molecular size and stronger intermolecular forces, as shown in Figure 6b.

From the above analysis, it can be concluded that the increase in FFV directly reduces
the diffusion resistance of gas molecules. For example, the 12-fold increase in the diffusion
coefficient of Hy corresponds to a 55% increase in its FFV. Furthermore, the variation in
the FFV for different gases is in general agreement with the variation in their diffusion
coefficients. Therefore, the strong correlation between the free-volume model and the
diffusion data validates the applicability of the Free-Volume Theory (FVT) to explaining
gas diffusion behavior in synthetic esters. This analysis not only clarifies the microscopic
mechanism of temperature’s influence on gas diffusion ability but also provides a theoretical
basis for revising fault gas analysis methods in transformer insulating oils.

4. Conclusions

In this study, based on molecular models of synthetic esters and characteristic gas
molecules constructed using the Materials Studio platform, we employed the PCFF force
field and thermodynamic algorithms to quantitatively characterize the diffusion coefficients
and free-volume distribution characteristics of gases at various temperatures. Additionally,
by integrating molecular dynamics simulations with Free-Volume Theory, the diffusion
mechanisms and temperature-dependent behaviors of seven characteristic gases (Hy, CHy,
CyH,, CoHy, CoHg, CO, and COy) in synthetic esters were systematically examined within
the temperature range of 343—473 K. The results reveal the following.

(1) Under varying temperature conditions, the diffusion coefficients of all the gases
studied exhibit a nonlinear increase with an increase in temperature. Hydrogen gas
(Hy), due to its extremely low molecular weight and weak intermolecular forces,
shows a dramatic increase in the diffusion coefficient, from 33.430 x 10~° cm?/s
at 343 K to 402.763 x 107% cm?/s at 473 K, reflecting a 12-fold increase. This rate
of increase is significantly higher than that observed for the other gases. Among
the hydrocarbons, C,Hj, with its linear molecular structure, demonstrates a notable
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advantage in diffusion at elevated temperatures, reaching 99.719 x 10~° cm?/s at
473 K.

(2) As the temperature increases, the free-volume fraction (FFV) of each molecular system
rises substantially, ranging from 0.20 to 0.37. This increase is primarily due to ther-
mal effects, which expand the intermolecular gaps and diffusion channels, thereby
reducing resistance to gas migration. Furthermore, by correlating changes in diffusion
coefficients with variations in FFV, it was observed that the 12-fold increase in the
diffusion coefficient of Hj corresponds to a 55% increase in its FFV. This correlation
further substantiates the applicability of Free-Volume Theory (FVT) in explaining the
diffusion behavior of gases in synthetic esters.

This paper fosters a deeper understanding of the gas diffusion mechanisms in synthetic
esters at the molecular scale, offering theoretical insights for the enhancement of fault gas
analysis methods in transformer insulating oils. It contributes to improving the efficiency
of monitoring the operational status of power equipment, thereby enhancing the safety
and stability of power systems.
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