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ABSTRACT: Dissolved Gas Analysis (DGA) of insulating oil is widely used for
diagnosing transformer incipient faults. Moisture is a major contaminant and
degradation byproduct of transformer insulating oil. In this paper, molecular
dynamics simulation was used to study the influence of moisture on the diffusion
movement of dissolved gases in the insulating oil. Cycloalkanes (C20H42), alkanes
(C20H38), and aromatic hydrocarbons (C20H26) are selected as the basic structural
units in the constructed transformer oil simulation system. 0%, 1%, 3%, and 5%
moisture molecules are added to insulating oil, respectively, and the insulating oil
generates seven kinds of gas molecules through cracking. With an anhydrous
model used as a benchmark, we researched the diffusion trajectory, the diffusion
coefficient (D), free volume (VF), and the moisture−gas interaction energy of each
gas molecule as a function of moisture content. Through this study, we found that
the increase of moisture content enlarges the VF value of dissolved gas in insulating
oil, which makes the gas in oil easier to diffuse. Besides, the moisture can also alter
the mean square displacement (MSD) of dissolved gases; the mutual energy of
molecules is mainly affected by the electrostatic interaction energy. This study can
contribute to a better understanding of the influence of different moisture contents
on the diffusion movement of dissolved gas in transformer oil from the micro level.

1. INTRODUCTION
The power transformer is the electrical equipment used to
transform alternating current (AC) voltage and current and
transmit AC energy.1,2 The safe and stable operation of a power
transformer plays a significant role in modern power systems.3

Generally, insulating oil makes up the internal insulation system
of a transformer; their state affects the service life of the
transformer directly.4−7 In the long term operation, a trans-
former will be affected by various stresses such as electrical
stress, thermal stress, andmechanical stress. Insulation oil will be
aging and decomposing gradually, produce dissolved gas in oil,
and even lead to thermal failure or electrical failure of the
transformer.8−10 H2, CH4, C2H2, C2H4, C2H6, CO, and CO2 will
be produced in oil after the transformer fault, which will diffuse
in the transformer oil.11−13 In addition, the types and
proportions of dissolved gases in oil are also related to
temperature and failure degree.14 Therefore, the gas volume in
insulating oil can be analyzed by the Dissolved Gas Analysis
(DGA) method to evaluate the insulation aging degree and
diagnose the fault type of the transformer.15,16

Traditional insulation aging and transformer failure testing
methods can only study observable surface phenomena but
cannot explain objective facts from a microscopic perspec-
tive.17−19 Molecular simulation can not only analyze the static
characteristics but also study the dynamic behavior of

molecules.20−22 The research methods used in this paper can
also make up for the defect that traditional experiments can only
analyze the problem from a visual perspective. In recent years,
molecular simulation technology has made many important
achievements in the aging of transformer insulating oil. At the
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Figure 1. Small gas (CH4, C2H2, C2H4, C2H6, H2, CO2, and CO)
molecule model.
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same time, great progress has been made in the study of
molecular diffusion mechanisms from the microperspective.23

For example, Koirala et al. studied the water diffusion in mixed
insulating oil at different temperatures by molecular dynamics
simulation.24 Wang et al. studied the structures of graphene-
reinforced epoxy coatings and the dynamic diffusion of guest
water.25 Zhu et al. investigated the adsorption and diffusion of
methane and liquid water in the mesopores of coal.26 Yang et al.
studied the effect of water volume on methane adsorption
capacity under high pressure.27 Urbina et al. studied rotational
diffusion in methanol by means of molecular dynamics
simulations at several temperatures.28 He et al. studied

tortuosity of the kerogen pore structure to gas diffusion at
molecular and nano scales by molecular dynamics simulation.29

Zhou et al. studied the effect of the concentration and the size of
the silica particles on diffusion coefficients of gases and the
changes in Free Volume (VF) and translational dynamics and
intermolecular energies.30 Mozaffari et al. studied molecular

Figure 2. C20 monomer model.

Figure 3. Transformer oil system with different moisture contents.

Figure 4. Flowchart for the simulation.
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dynamics simulation of diffusion and permeation of gases in
polystyrene.31

Although the diffusion activities have been explored by some
experiments, the diffusion mechanisms on a molecular and
atomic basis have still not been fully studied. The diffusion
movement between molecules needs to be explained at the
microlevel. Consequently, this paper reports on studies on the
diffusion characteristics of dissolved gases in insulating oil. It is
meaningful that findings from molecular dynamics simulations
could be utilized to study diffusion properties and mechanisms,
by which the obtained result is consistent with the actual
experiments.
In this paper, Materials Studio (MS) software is used to carry

out the molecular dynamic simulation of the composite material
model. The mean square displacement (MSD), diffusion
coefficient, free volume, and interaction energy were studied
to reflect the distribution and diffusion of dissolved gas in the oil.
The present findings are expected to provide support for
studying the diffusionmechanism of dissolved gas in oil, which is
valuable for evaluation of the aging condition of oil insulation.

2. SIMULATION MODEL
2.1. Establishment of Small Gas Molecule Model.

During the long-term operation of the transformer, the
insulating oil system will be decomposed into small molecule
gases, such as CH4, C2H2, C2H4, C2H6, H2, CO2, and CO. In this
manuscript, MS was used to establish the seven small molecule
models, as shown in Figure 1.
2.2. Construction of Transformer Oil Model. Trans-

former oil is a mixture of various hydrocarbons. C and H are two
elements that accounted for 95% to 99% of the total weight.32

The main hydrocarbons are cycloalkanes (C20H42, proportion
more than 50%), alkanes (C20H38, the proportion is about 10−
40%), and aromatic hydrocarbons (C20H26, the proportion is
about 5−15%). After reviewing the literature, C20H42, C20H38,
and C20H26 are selected as the basic structural units in the
constructed transformer oil simulation system. The Amorphous
Cell module in MS is used to construct three kinds of C20 alkane
monomers, as shown in Figure 2.
Model of transformer oil containing 30 molecules at a ratio of

6:3:1. The linear model and the baseball model were used to
represent the transformer oil, gas, and H2O molecules (red
represents H2 molecule; green represents H2O molecule),
respectively. This paper takes the mixture system containing 10
H2O molecules as an example to construct a transformer oil
model without moisture, 1%, 3%, and 5%moisture, respectively.
The oil density was set to 0.9 g/cm3, and the side length of the
box was 25.1 Å. The simulation model is shown in Figure 3.

3. MOLECULAR DYNAMICS SIMULATION METHODS
The periodic mineral oil model is established, and the initial
density is set to 0.3 g/cm3. All the simulation steps contain three
parts, including model optimization, structure relaxation, and
molecular dynamics. For model optimization and molecular
dynamics, all force fields were based on the Polymer Consistent
Force Field (PCFF). The Steepest Descent optimization
algorithm was selected, the cutoff radius was set to 12.5 Å,
and the model was optimized based on the electrostatic
interaction and van der Waals algorithm by group. After these
steps, the constant-pressure, constant-temperature (NPT)
ensemble was selected for 100 ps internal relaxation with 0.01
GPa pressure, so that the entire system could achieve a stable

Figure 5. 2-D plane trajectories of seven gas molecules are in
transformer oil with moisture contents of 0%, 1%, 3%, and 5%.
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state, and the temperature was set to the normal operating
temperature (343 K) of the transformer. Then, the constant-
volume, constant-temperature (NVT) ensemble was selected
for the 500 ps molecular dynamics simulation of the oil model,
the first 100 ps was used for the equilibrium of the system
structure, and the last 400 ps was used for the molecular
dynamics calculation of the system. A frame was output every
1000 steps, with a total of 500 data points. The Smart
optimization algorithm was adopted: the resulting unit cell
edge length was 21.4 Å and the insulating oil system density was
0.85 g/cm3. Periodic boundary conditions are used throughout
the simulation; the simulation flowchart is shown in Figure 4.

4. SIMULATION RESULTS AND DISCUSSION
4.1. Diffusion Trajectory. From a microscopic point of

view, molecular diffusion is a migration phenomenon caused by
intermolecular interactions; temperature makes molecules move
randomly, resulting in collisions;33 molecular dynamics
simulation can intuitively reflect the diffusion behavior of
molecules. In this paper, the diffusion trajectory of dissolved gas
in oil on the YZ plane is extracted by a self-compiled Perl script;
different colors represent the diffusion trajectories of different
molecules, as shown in Figure 5. In order to avoid the overlap of
the trajectory of dissolved gas in oil, the diffusion trajectory is
reasonably translated; this is overlapping in the actual
movement.

There are significant differences in the diffusion trajectories of
various characteristic gas molecules; the results of the diffusion
trajectory show that the moisture content in transformer oil is
positively correlated to the range of gas diffusion trajectory in oil.
Among the seven gas molecules, the diffusion motion of the H2
molecule is the most intense, and the range of motion trajectory
is the largest; there are many examples of jump-style diffusion,
displaced along the Y-axis increasing from 10 to 24 Å, with
randomness of the diffusion trajectory. This is because H2 has
the smallest molecular weight and is less constrained by its mass.
In comparison with H2, the movement range of CH4, C2H2,
C2H4, C2H6, CO, and CO2 is relatively concentrated.
To visually display the diffusion trajectory of molecules in

transformer oil systems with different moisture contents, with
H2 as an example, the 3-D diffusion trajectory of H2 in a
transformer oil model with four moisture contents is given, as
shown in Figure 6: red is the diffusion trajectory of the 3-D
plane. Blue, green, and black represent trajectory projections on
the XZ, YZ, and XY planes, respectively. The results show that
with the increase of moisture content in the transformer oil
system, the maximum movement displacement range of H2 on
the X axis increases from 16 to 25 Å, that on the Y axis increases
from 13 to 25 Å, and that on the Z axis increases from 15 to 30 Å.

Discussion of Diffusion Trajectory. The conclusion accords
with Graham’s law of diffusion: at the same temperature and
pressure, the diffusion range of various gases is inversely
proportional to the square root of the gas weight.34 The

Figure 6. 3-D diffusion trajectory of H2 in transformer oil systems with four moisture contents.

Table 1. Molecular Weight of Each Dissolved Gas in Oil

gas type H2 CH4 C2H2 C2H4 C2H6 CO CO2

molecular weight 2.01 16.04 26.4 28.06 30.07 28.01 44.00
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Figure 7. MSD curve of dissolved gases in oil with four moisture contents.

Table 2. Slope of Mean Square Displacement Curve Value (cm2 s−1)

H2 CO CO2 CH4 C2H4 C2H6 C2H2

without moisture 3.8645 0.7639 0.5337 0.6951 0.4431 0.3952 0.4813
1% moisture 3.9632 0.9175 0.4945 0.7074 0.431 0.5462 0.8381
3% moisture 5.3578 1.0419 0.7676 0.9523 0.4635 0.5785 0.8856
5% moisture 7.2068 1.2418 0.8567 1.1143 1.0022 0.5968 1.2159
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molecular weight of each gas molecule is shown in Table 1. It
shows that H2 has the smallest weight, followed by CH4 < C2H2
< CO < C2H4 < C2H6 < CO2.
4.2. Diffusion Coefficient.TheMean Square Displacement

(MSD) is the positional deviation of a particle relative to a
reference position over time and is an important parameter to
characterize diffusion. MSD is defined as an average of time
geometry, as shown in eq 1.35

= | | = | |
=

x t x
N

x t xMSD ( ) (0)
1

( ) (0)
i

n
i i2

1

( ) ( ) 2

(1)

where N is the total number of molecules in the whole
transformer oil system, and x(i)(t) and x(i)(0) are the position of
the first atom at time t and time 0, respectively.

The diffusion coefficient is a physical quantity that describes
the degree of gas diffusion. The diffusion coefficient can be
indirectly calculated by MSD; that is to say, the diffusion
coefficient is 1/6 of the slope k of the MSD curve. Taking any
point in the simulation as the starting point of the data, the
diffusion coefficient D is calculated according to the Einstein
relation, as shown in eq 2:
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where D is the diffusion coefficient of gas molecules. Since the
MSD curve takes the average number of diffusion atoms N, the
diffusion coefficient D can be simplified as in eq 3:

Table 3. Fitting Relation Coefficient Value (cm2 s−1)

H2 CO CO2 CH4 C2H4 C2H6 C2H2

Without moisture 0.9944 0.9599 0.9387 0.984 0.933 0.9853 0.9819
1% moisture 0.9695 0.9945 0.9786 0.989 0.973 0.9883 0.938
3% moisture 0.9553 0.9126 0.9733 0.9463 0.9316 0.8523 0.9945
5% moisture 0.9776 0.9918 0.9504 0.9463 0.9647 0.9572 0.9703

Figure 8. Diffusion coefficient D of dissolved gases in oil with four
moisture content.

Figure 9. Free of Volume Fraction of seven gas molecules in
transformer oil with different moisture contents.

Table 4. Occupied Volume (Å)

H2 CO CO2 CH4 C2H4 C2H6 C2H2

Without moisture 14481.99 14422.95 14708.08 14566 14223.35 14357.53 14292.97
1% moisture 14044.91 14499.05 14053.83 14016.71 14235.52 14422.95 14162.82
3% moisture 16770.26 14191.11 14248.29 14629.7 14837.08 14941.55 14720.08
5% moisture 16997.23 14080.83 14659.08 14224.39 14560.76 14357.53 14698.67

Table 5. Free Volume (Å)

H2 CO CO2 CH4 C2H4 C2H6 C2H2

Without moisture 5053.45 4669.96 4419..42 4778.24 4721.15 4795.9 4504.27
1% moisture 5490.53 4825.23 4610.9 4890.34 4781.7 4669.96 4913.09
3% moisture 7752.55 4796.3 4750.88 5312.75 5131.04 4922.4 5299.45
5% moisture 7923.59 4795.9 5281.49 5389.02 5254.65 4795.90 5474.63
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Figure 7 is the MSD curve of dissolved gas in oil with four
moisture contents; because the mean square displacements of
the H2 molecule in the mixed oil system with the moisture
contents of 3% and 5% is too large, 1/2 of the actual value is
drawn. As shown in Figure 7, significant differences in the MSD
curves of seven gases can be found: the MSD of H2 is the largest
and that of C2H6 is the smallest. The MSD curve of molecules in
an anhydrous system is approximately linear, and the MSD
curves of each molecule at 1%, 3%, and 5% moisture content are
tortuous and nonlinear; the addition of moisture intensifies the
intermolecular motion, thus enhancing the molecule diffusion
performance, with relatively significant effects on H2 molecules.
The data of 50−450 ps are selected to calculate the diffusion

coefficients of the seven gases because of the good linearity, and
the slope k and fitting correlation coefficient R2 are obtained by
linear fitting; the data for k and R2 are shown in Tables 2−3. R2 is
above 0.9, indicating that the results have high reliability. The D
of dissolved gas in oil is calculated, and the data for D are shown
in Figure 8.
According to the molecular structure and properties of the

gas, the seven gases can be divided into 3 categories, the first
category is elemental, including H2; the second category is
oxides, including CO and CO2; the third category is hydro-
carbon gases, including CH4, C2H4, C2H6, C2H2. In the
transformer oil model with four moisture content, the diffusion
coefficient of H2 is greater than that of any other molecule. In oil
with the same moisture content, the larger the molecular weight,
the smaller the diffusion coefficient is; there is a negative
correlation between molecular weight and diffusion coefficient.
In the hydrocarbon gas and oxide gas, the order of diffusion
coefficient is CH4 > C2H2 > C2H4 > C2H6 and CO > CO2.
Since the diffusion of the gas molecules is disordered, the

arrangement of gas molecules with little difference in the
diffusion coefficient appear certainly different: the diffusion
coefficients with moisture 1% are arranged in the order H2 > CO

> C2H2 > CH4 > CO2 > C2H6 > C2H4, but the diffusion
coefficients with moisture 3% are in the order H2 > C2H2 > CH4
> CO > CO2 > C2H6 > C2H4.

Discussion of Diffusion Coefficient. Moisture increases the
spatial evacuation of transformer oil and increases the disorder
and uncertainty in the diffusion of gas molecules. The diffusion
ability of H2 molecules is stronger than that of other gas
molecules, indicating that moisture has the greatest influence on
H2. On the other hand, by comparing the same gas molecule in
transformer oil with different moisture contents, moisture and
diffusion coefficient are positively correlated: the higher the
moisture content, the greater the diffusion coefficient. However,
the coefficient change is not obvious, which is similar to the
MSD description.
4.3. Free Volume.VF theory is proposed by Cohen et al. and

developed by Duda et al. It is of great significance in studying the

Figure 10. Free volume of different water content models.

Figure 11. Interaction energy of H2 in transformer oil systems with
different moisture contents.
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diffusion phenomenon in simple polymer systems.36−39

Occupied Volume (VO) and VF constitute the Total Volume
(VT) of the polymer. Free of Volume is the ratio of VF to VT.

40

The VO value is shown in Table 4, and the VF value is shown in
Table 5. In this paper, the Atom Volume and Surface tool is used
to calculate the VF of various gas-insulating oil mixture models at
343K, and the Connolly surfacemethod is used to quantitatively
calculate the VF of each system. Figure 9 is the Free of Volume
Fraction of seven gas molecules in transformer oil with different
moisture contents. To compare the value of the Free of Volume
Fraction, the Free of Volume Fraction value is projected ontoXZ
and YZ axes (blue and green represent value projections on the

XZ and YZ planes, respectively). The results show a positive
correlation between the Free of Volume Fraction and the
moisture content; after adding moisture to the transformer oil,
the Free of Volume Fraction increases in the model, but the
change is not obvious.
A positive correlation exists between Free of Volume Fraction

and moisture content; the increase in moisture content makes
the Free of Volume Fraction value larger. This is because the
increase of the polarity strength of transformer oil is small, and
the bonding ability of moisture is not large enough, which is low
spatial evacuation; the VF change in the polymer system is small.
Due to space limitations, this paper only gives examples of the

VF of CH4 in transformer oil systems with four moisture
contents. As shown in Figure 10, the VT of transformer oil is the
sum of the VO and the VF (VO by the transformer insulating oil
molecules and the VF is formed around the molecules due to
thermal fluctuations). The VF is divided into gap free volume
and holes free volume. When the redistributed volume needs to
provide energy, gap free volume turns into holes free volume.
When the gas diffuses, the unoccupied volume is the holes free
volume, and the redistribution of this part of the VF does not
need to provide energy. Effective gas diffusion occurs when
enough free volume holes left by diffusionmolecules are filled by
another adjacent molecule.

Discussion of Free Volume. H2O molecules are polar
molecules, while transformer oil is a nonpolar substance. Due
to polar attraction, most of the moisture molecules exist in the
transformer oil. Moisture leads to the polarity of transformer oil
increasing, which reduces the viscosity and increases the fluidity.
This causes the diffusion barrier of the small molecule in the
transformer oil to become smaller, which promotes the diffusion
activities of small molecules.
4.4. Interaction Energy. The interaction energy between

oil medium and gas small molecules is an important factor
affecting the diffusion of gas in the oil.41 The interaction energy
obtained by simulation is composed of van derWaals Interaction

Figure 12. Van der Waals interaction energy (Kal/mol).

Figure 13. Electrostatic interaction energy (Kal/mol).

Figure 14. Total energy of the whole mineral oil mixing system (Kal/
mol).
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Energy (Ev) and Electrostatic Interaction energy (Ee). Figure 11
is the curve of the interaction energy between H2 and oil
medium with time in different moisture contents. As shown in
Figure 11, the interactions between different substances can
fluctuate at a given value; the molecular diffusion process is
dynamically balanced. The change waveform of the interaction
energy between the six gases and the oil medium is similar to that
of H2. If E = 0, there is no interaction between the substances. If
E > 0, there is a repulsive interaction. If E < 0, there is an
attractive interaction. In all models, the ET values are always
positive numbers, which shows that the interaction of oil and gas
molecules is repulsive. There is little difference in Ev of gas
molecules, but the Ee has an obvious change with the increase of
moisture content, which indicates that Ee plays a major role in
the process of small molecule diffusion.
Figures 12−14 represent the interaction energy of seven kinds

of gas molecules and oil medium. With the increase of moisture
content, the Ee value changes from positive to negative, which
indicates that the interaction changes from repulsive to
attractive. If Ee < 0, the attraction between molecules increases,
the diffusion of molecules should be restrained by the Ee effect,
but the result is that the diffusion is exacerbated with the increase
of moisture; the reason is that pure gas does not produce
electrostatic effects. Due to the combined action of moisture and
thermal motion, collisions and friction occur between
molecules, resulting in the electrostatic interaction that occurs
between H2O molecules and oil, and this Ee easily to reaches
saturation. Therefore, the total electrostatic action is manifested
as repulsive.
Discussion of Interaction Energy. Van der Waals force is the

function of distance and decays according to 12 times the
distance. In the NVT system, the distance between the gas
molecules and the oil medium will be shortened with the
addition of moisture, which causes the van der Waals force to
weaken and offset the effect of electrostatic force increase.

5. CONCLUSION
In this paper, for the dissolved gas in oil under four moisture
conditions, the diffusion mechanism of dissolved gas in oil was
analyzed from the aspects of diffusion coefficient, diffusion
trajectory, free volume, and interaction energy. The present
findings and analysis lead to the following conclusions:
(1) It can be observed from the diffusion coefficient of

dissolved gas in oil and the trajectories of different planes
that the diffusion trajectory of gas in oil is positively
correlated with moisture content; the moisture promotes
the diffusion of dissolved gas in oil, the greatest impact on
the H2 molecule.

(2) Polar moisture is added to nonpolar transformer oil so
that the polarity of the moisture−oil medium increased.
Moisture induces transformer oil medium space rar-
efaction, increases mobility, and reduces the viscosity.
That further makes the diffusion obstacles smaller for
dissolved gas in oil and increases the free volume. It
provides the necessary conditions for the diffusion of
dissolved gas in the oil.

(3) Due to thermal motion, collisions and friction occur
between molecules, resulting in electrostatic interaction
(the mutual energy of molecules is mainly affected by the
Ee). However, the electrostatic interaction energy easily
reaches saturation, and the van der Waals force weakens
and offsets the effect of electrostatic force increase. In

general, the interaction of oil and gas molecules is
repulsive.
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Castaño, V. M. Analysis of partial electrical discharges in insulating
materials through the wavelet transform. Comput. Mater. Sci. 1998, 9,
379−388.
(3) Costa, J. G. d. C.; Leite da Silva, A. M.; Hamoud, G. A.; Pureza, I.
M.; Silva Neto, N. Probabilistic evaluation of distribution power
transformers reliability indices considering load transfers and mobile
unit substations. Electr. Power Syst. Res. 2020, 187, 106501.
(4) Mikulecky, A.; Stih, Z. Influence of temperature, moisture content
and ageing on oil impregnated paper bushings insulation(J). IEEE
Trans. Dielectr. Electr. Insul. 2013, 20, 1421−1427.
(5) Ibrahim, K.; Sharkawy, R. M.; Temraz, H. K.; Salama, M. M. A.
Reliability calculations based on an enhanced transformer life
expectancy model. Ain Shams Eng. J. 2022, 13, 101661.
(6) Yu, L.; Zhang, C. Y.;Wang, R.; Yuan, G. G.;Wang, X. Grid-moving
equivalent source method in a probability framework for the
transformer discharge fault localization. Measurement. 2022, 191,
110800.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c03721
ACS Omega 2022, 7, 39812−39821

39820

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maoqiang+Bi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:bimaoqiang@cqut.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tianyan+Jiang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8331-2872
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jie+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6386-5210
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiao+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yang+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-0420-2171
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xin+Zhou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-5670-3739
https://pubs.acs.org/doi/10.1021/acsomega.2c03721?ref=pdf
https://doi.org/10.1016/j.commatsci.2017.10.004
https://doi.org/10.1016/j.commatsci.2017.10.004
https://doi.org/10.1016/j.commatsci.2017.10.004
https://doi.org/10.1016/S0927-0256(97)00165-1
https://doi.org/10.1016/S0927-0256(97)00165-1
https://doi.org/10.1016/j.epsr.2020.106501
https://doi.org/10.1016/j.epsr.2020.106501
https://doi.org/10.1016/j.epsr.2020.106501
https://doi.org/10.1109/TDEI.2013.6571464
https://doi.org/10.1109/TDEI.2013.6571464
https://doi.org/10.1016/j.asej.2021.101661
https://doi.org/10.1016/j.asej.2021.101661
https://doi.org/10.1016/j.measurement.2022.110800
https://doi.org/10.1016/j.measurement.2022.110800
https://doi.org/10.1016/j.measurement.2022.110800
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c03721?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(7) Aota, A.; Date, Y.; Terakado, S.; Sugiyama, H.; Ohmura, N.
Analysis of Polychlorinated Biphenyls in Transformer Oil by Using
Liquid-Liquid Partitioning in a Microfluidic Device. Anal. Chem. 2011,
83, 7834−7840.
(8) Zhou, Q.; Zhang, G.; Tian, S.; Zhang, X. First-Principles Insight
into Pd-Doped ZnO Monolayers as a Promising Scavenger for
Dissolved Gas Analysis in Transformer Oil. ACS Omega. 2020, 5,
17801−17807.
(9) Wang, P. Y.; Chen, W. G.; Wang, J. X.; Tang, J.; Shi, Y. L.; Wan, F.
Multigas Analysis by Cavity-Enhanced Raman Spectroscopy for Power
Transformer Diagnosis. Anal. Chem. 2020, 92, 5969−5977.
(10) Zhou, Y. C.; Tao, L. Y.; Yang, X. H.; Yang, L. Novel Probabilistic
Neural Network Models Combined with Dissolved Gas Analysis for
Fault Diagnosis of Oil-Immersed Power Transformers. ACS Omega.
2021, 6, 18084−18098.
(11) Li, D. J.; Rao, X. J.; Zhang, L.; Zhang, Y. B.; Ma, S. X.; Chen, L. Y.;
Yu, Z. T. First-Principle Insight into the Ru-Doped PtSe2Monolayer for
Detection of H2 and C2H2 in Transformer Oil. ACS Omega. 2020, 5,
31872−31879.
(12) Wang, J. C.; Zhang, X. X.; Liu, L.; Wang, Z. T. Dissolved gas
analysis in transformer oil using Ni-Doped GaN monolayer: A DFT
study. Superlattices Microstruct. 2021, 159, 107055.
(13) Liao, Y. M.; Zhou, Q.; Hou, W. J.; Li, J.; Zeng, W. Theoretical
study of dissolved gas molecules in transformer oil adsorbed on intrinsic
and Cr-doped InP3 monolayer. Appl. Surf. Sci. 2021, 561, 149816.
(14) Gui, Y. G.; Li, W. J.; He, X.; Ding, Z. Y.; Tang, C. Adsorption
properties of pristine and Co-doped TiO2(101) toward dissolved gas
analysis in transformer oil. Appl. Surf. Sci. 2020, 507, 145163.
(15) Gui, X. X.; Zhou, Q.; Peng, S. D.; Xu, L. N.; Zeng, W. Dissolved
gas analysis in transformer oil using Sb-doped graphene: A DFT study.
Appl. Surf. Sci. 2020, 533, 147509.
(16) He, X.; Gui, Y. G.; Xie, J. F.; Li, Q. M. First-Principles Study on
the Potential of Monolayer Ti2N as an Adsorbent for Dissolved H2 and
C2H2 Gases in Oil. ACS Appl. Nano Mater. 2020, 3, 12346−12354.
(17) Hamzeh, M.; Vahidi, B. The impact of cyber network
configuration on the dynamic-thermal failure of transformers
considering distributed generator controller. Int. J. Elec. Power. 2022,
137, 107786.
(18) Poonnoy, N.; Suwanasri, C.; Suwanasri. Fuzzy Logic Approach to
Dissolved Gas Analysis for Power Transformer Failure Index and Fault
Identification. Energies. 2021, 14, 36.
(19) Soni, R.; Mehta, B. Evaluation of Power Transformer Health
Analysis by Internal Fault Criticalities to Prevent Premature Failure
Using Statistical Data Analytics Approach. Eng. Failure Anal. 2022, 136,
106213.
(20) Black, J. E.; Silva, G. M. C.; Klein, C.; Iacovella, C. R.; Morgado,
P.; Martins, L. F. G.; Filipe, E. J. M.; McCabe, C. Perfluoropolyethers:
Development of an All-Atom Force Field for Molecular Simulations
and Validation with New Experimental Vapor Pressures and Liquid
Densities. J. Phys. Chem. B 2017, 121, 6588.
(21) Park, H.; Choi, J.; Kim, B.; Yang, S.; Shin, H.; Cho, M. Toward
the constitutive modeling of epoxy matrix: Temperature-accelerated
quasi-static molecular simulations consistent with the experimental test.
Composites Part B: Eng. 2018, 142, 131−141.
(22) Li, S. Q.; Liu, Y. T.; Xue, L.; Zhu, D. D. Theoretical insight into
the effect of polar organic molecules on heptane-water interfacial
properties using molecular dynamic simulation. J. Pet. Sci. Eng. 2022,
212, 110259.
(23) Woodward, C. M.; Porter, A. J.; Morton, K. S. C.; O’Malley, A. J.
Methanol diffusion in H-ZSM-5 catalysts as a function of loading and
Si/Al ratio: A classical molecular dynamics study. Catal. Commun.
2022, 164, 106415.
(24) Koirala, R. P.; Dawanse, S.; Pantha, N. Diffusion of glucose in
water: A molecular dynamics study. J. Mol. Liq. 2022, 345, 117826.
(25) Wang, J. g.; Zhang, J. w.; Han, L. b.; Wang, J.m.; Zhu, L. p.; Zeng,
H. b. Graphene-based materials for adsorptive removal of pollutants
from water and underlying interaction mechanism. Adv. Colloid
Interface Sci. 2021, 289, 102360.

(26) Zhu, Q. Z.; Lin, L.; Liu, Z.; Luo, Y. X. Coalbed methane diffusion
and water blocking effects investigated by mesoscale all-atommolecular
dynamic simulations. RSC Adv. 2020, 10, 41747−41754.
(27) Yang, F.; Xie, C.; Ning, Z.; Krooss, B. M. High-Pressure Methane
Sorption on Dry and Moisture-Equilibrated Shales. Energy Fuels. 2017,
31, 482−492.
(28) Ortiz de Urbina, J.; Sese, G. Orientational dynamics in methanol:
Influence of temperature and hydrogen bonding. J. Mol. Liq. 2020, 301,
112374.
(29)He, J.; Ju, Y.; Lammers, L.; Kulasinski, K.; Zheng, L. Tortuosity of
kerogen pore structure to gas diffusion at molecular- and nano-scales: A
molecular dynamics simulation. Chem. Eng. Sci. 2020, 215, 115460.
(30) Zhou, J. H.; Zhu, R. X.; Zhou, J. M.; Chen, M. B. Molecular
dynamics simulation of diffusion of gases in pure and silica-filled
poly(1-trimethylsilyl-1-propyne) [PTMSP]. Polymer. 2006, 47, 5206−
5212.
(31) Mozaffari, F.; Eslami, H.; Moghadasi, J. Molecular dynamics
simulation of diffusion and permeation of gases in polystyrene. Polymer.
2010, 51, 300−307.
(32) Zhang, J. Q.; Guo, Y.; Pau, D.; Li, K. Y.; Xie, K.; Zou, Y. Y.
Pyrolysis kinetics and determination of organic components and N-
alkanes yields of Karamay transformer oil using TG, FTIR and Py-GC/
MS analyses. Fuel. 2021, 306, 121691.
(33) Almasi, M.; Khodamoradpoor, M. Study of molecular
interactions in binary mixtures by molecular diffusion, thermal
diffusion, Soret effect, and separation ratio. J. Mol. Liq. 2021, 335,
116545.
(34) Khair, A.; Dey, N. K.; Harun-Ur-Rashid, M.; Alim, M. A.;
Bahadur, N. M.; Mahamud, S.; Ahmed, S. Diffusimetry renounces
graham’s law, achieves diffusive convection, concentration gradient
induced diffusion, heat and mass transfer. Defect Diffus. 2021, 407,
173−184.
(35) Geslin, P.; Rodney, D. Microelasticity model of random alloys.
Part I: mean square displacements and stresses. J. Mech. Phys. Solids.
2021, 153, 104479.
(36) Yu, G. X.;Wang, Y. P.; Li, K.; Sun, S.; Sun, S. Q.; Chen, J.; Pan, L.;
Sun, Z. M. Plasma optimized Li7La3Zr2O12 with vertically aligned ion
diffusion pathways in composite polymer electrolyte for stable solid-
state lithium metal batteries. Chem. Eng. J. 2022, 430, 132874.
(37) Martin, K. On the simulation and theory of polymer dynamics in
sieving media: Friction, molecular pulleys, Brownian ratchets and
polymer scission. ProQuest Dissertations and Theses Global. 2007,
49369.
(38) Bezrukov, A.; Galyametdinov, Y. Characterizing properties of
polymers and colloids by their reaction-diffusion behavior in micro-
fluidic channels. Colloids and Surfaces A: Phy-sicochemical and
Engineering Aspects. 2021, 630, 127565.
(39) Lova, P.; Megahd, H.; Comoretto, D. Thin Polymer Films:
Simple Optical Determination of Molecular Diffusion Coefficients.
ACS Appl. Polym. Mater. 2020, 2, 563−568.
(40) Montazeri, A.; Pourshamsian, K.; Riazian, M. Viscoelastic
properties and determination of free volume fraction of multi-walled
carbon nanotube/epoxy composite using dynamic mechanical thermal
analysis. Mater. Des. (1980−2015). 2012, 36, 408−414.
(41)Wang, Z. B.; Li, N.; Sun, Z. Q.;Wang, X. L.; Chen, Q.; Liu, W. C.;
Qi, Z.; Wei, L. C.; Li, B. Molecular dynamics study of droplet
electrocoalescence in the oil phase and the gas phase. Sep. Purif. Technol.
2021, 278, 119622.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c03721
ACS Omega 2022, 7, 39812−39821

39821

https://doi.org/10.1021/ac2015867?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac2015867?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.0c02592?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.0c02592?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.0c02592?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.0c00179?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.0c00179?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.1c01878?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.1c01878?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.1c01878?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.0c04718?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.0c04718?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.spmi.2021.107055
https://doi.org/10.1016/j.spmi.2021.107055
https://doi.org/10.1016/j.spmi.2021.107055
https://doi.org/10.1016/j.apsusc.2021.149816
https://doi.org/10.1016/j.apsusc.2021.149816
https://doi.org/10.1016/j.apsusc.2021.149816
https://doi.org/10.1016/j.apsusc.2019.145163
https://doi.org/10.1016/j.apsusc.2019.145163
https://doi.org/10.1016/j.apsusc.2019.145163
https://doi.org/10.1016/j.apsusc.2020.147509
https://doi.org/10.1016/j.apsusc.2020.147509
https://doi.org/10.1021/acsanm.0c02817?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsanm.0c02817?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsanm.0c02817?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ijepes.2021.107786
https://doi.org/10.1016/j.ijepes.2021.107786
https://doi.org/10.1016/j.ijepes.2021.107786
https://doi.org/10.3390/en14010036
https://doi.org/10.3390/en14010036
https://doi.org/10.3390/en14010036
https://doi.org/10.1016/j.engfailanal.2022.106213
https://doi.org/10.1016/j.engfailanal.2022.106213
https://doi.org/10.1016/j.engfailanal.2022.106213
https://doi.org/10.1021/acs.jpcb.7b00891?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.7b00891?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.7b00891?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.7b00891?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.compositesb.2018.01.018
https://doi.org/10.1016/j.compositesb.2018.01.018
https://doi.org/10.1016/j.compositesb.2018.01.018
https://doi.org/10.1016/j.petrol.2022.110259
https://doi.org/10.1016/j.petrol.2022.110259
https://doi.org/10.1016/j.petrol.2022.110259
https://doi.org/10.1016/j.catcom.2022.106415
https://doi.org/10.1016/j.catcom.2022.106415
https://doi.org/10.1016/j.molliq.2021.117826
https://doi.org/10.1016/j.molliq.2021.117826
https://doi.org/10.1016/j.cis.2021.102360
https://doi.org/10.1016/j.cis.2021.102360
https://doi.org/10.1039/D0RA07967G
https://doi.org/10.1039/D0RA07967G
https://doi.org/10.1039/D0RA07967G
https://doi.org/10.1021/acs.energyfuels.6b02999?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.6b02999?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.molliq.2019.112374
https://doi.org/10.1016/j.molliq.2019.112374
https://doi.org/10.1016/j.ces.2019.115460
https://doi.org/10.1016/j.ces.2019.115460
https://doi.org/10.1016/j.ces.2019.115460
https://doi.org/10.1016/j.polymer.2006.05.041
https://doi.org/10.1016/j.polymer.2006.05.041
https://doi.org/10.1016/j.polymer.2006.05.041
https://doi.org/10.1016/j.polymer.2009.10.072
https://doi.org/10.1016/j.polymer.2009.10.072
https://doi.org/10.1016/j.fuel.2021.121691
https://doi.org/10.1016/j.fuel.2021.121691
https://doi.org/10.1016/j.fuel.2021.121691
https://doi.org/10.1016/j.molliq.2021.116545
https://doi.org/10.1016/j.molliq.2021.116545
https://doi.org/10.1016/j.molliq.2021.116545
https://doi.org/10.4028/www.scientific.net/DDF.407.173
https://doi.org/10.4028/www.scientific.net/DDF.407.173
https://doi.org/10.4028/www.scientific.net/DDF.407.173
https://doi.org/10.1016/j.jmps.2021.104479
https://doi.org/10.1016/j.jmps.2021.104479
https://doi.org/10.1016/j.cej.2021.132874
https://doi.org/10.1016/j.cej.2021.132874
https://doi.org/10.1016/j.cej.2021.132874
https://doi.org/10.1016/j.colsurfa.2021.127565
https://doi.org/10.1016/j.colsurfa.2021.127565
https://doi.org/10.1016/j.colsurfa.2021.127565
https://doi.org/10.1021/acsapm.9b00964?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsapm.9b00964?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.matdes.2011.11.038
https://doi.org/10.1016/j.matdes.2011.11.038
https://doi.org/10.1016/j.matdes.2011.11.038
https://doi.org/10.1016/j.matdes.2011.11.038
https://doi.org/10.1016/j.seppur.2021.119622
https://doi.org/10.1016/j.seppur.2021.119622
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c03721?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

