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Abstract: In order to reveal the migration and evolution of gas molecules in the actual oil–paper
insulation composite system of transformer from the molecular level, the diffusion behavior of seven
gas molecules (H2, CO, CO2, CH4, C2H2, C2H4, C2H6) generated during the operation and aging
of oil-immersed transformers in the oil–paper composite insulation system is studied by molecular
dynamics. Firstly, based on the molecular dynamics software, the model of the oil–paper composite
insulation system and the gas molecule model is constructed. In order to compare and analyze
the diffusion properties of gas molecules in a single medium, a single model of insulating oil and
cellulose is also constructed. Then, the diffusion coefficients of gas molecules in the insulating
oil, cellulose, and oil–paper insulating composite system are simulated and calculated. And the
differences in the diffusion properties of gas molecules in the three insulating mediums are discussed.
Finally, the microscopic mechanism of diffusion of different gas molecules in the three mediums is
analyzed. The simulation results show that among the three mediums, the diffusion coefficient of H2

is the largest, while the diffusion coefficients of the other gas molecules are not very different. The
diffusion coefficients of the seven gas molecules are the smallest in the oil-immersed paper composite
insulation system, followed by cellulose, while the diffusion coefficients are the largest in mineral oil.
It indicates that the diffusion of gas molecules is inhibited in oil–paper insulation systems where the
insulating paper is completely immersed in oil. This is mainly due to the fact that the insulating oil
completely penetrates into the paper, filling the pores and voids between the fibers, resulting in a
reduction in the transition vacancies of the intermediate gas molecules, which hinders the diffusion
of the gas molecules.

Keywords: oil–paper insulation system; characteristic gases; diffusion coefficients; fault simulation;
gas concentration

1. Introduction

A power transformer is one of the utmost critical and expensive pieces of equipment
for power system utility. Oil-immersed power transformers are widely used in ultra-high
transmission systems due to their ability to handle higher voltage levels than dry-type
transformers [1]. Mineral oil–paper insulation structure has been used in transformers for
more than a century because of its good performance and low price [2]. The insulation
structure of an oil-immersed transformer mainly consists of mineral oil and cellulose
pressboard. There will be defects such as bubbles, cracks, suspended particles, and burrs
during the manufacturing of transformers. These defects will cause the electric field
strength in some areas inside or on the surface of the insulator to be higher than the average
electric field strength. When the breakdown field strength in these areas is lower than
the average breakdown field strength, the discharge will occur first, while other areas
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will still maintain insulating properties, resulting in the formation of partial discharge.
The partial discharge will release a certain amount of energy to destroy the structure of
the oil–paper insulation, resulting in the breakage of the chemical bonds of the oil–paper
insulation, causing the insulating material to crack and produce characteristic gases (H2,
CO, CO2, CH4, C2H2, C2H4, C2H6). Currently, the most effective and common way of
determining the running status of oil-immersed transformers is by the real-time monitoring
of the dissolved gas content in the transformer oil. However, with the rapid development
of the power grid and the continuous rise of voltage levels, the number of sudden short-
circuit faults is also increasing, resulting in the characteristic parameters monitored by the
dissolved gases in the oil, which cannot reflect the operational status of the transformer in
time. Therefore, the method of dissolved gas analysis (DGA) in the oil to determine the
operating status of Ultra-High Voltage (UHV) transformers has certain shortcomings [3,4].

At present, regarding the problem of sudden fault judgment inside the transformer, X.
Zhou et al. have studied the creeping discharge model in the oil–paper insulation system
and concluded that there are two types of discharge mechanisms inside the transformer:
one is the phenomenon of the slow development of partial discharges, and the other is the
phenomenon of rapid and violent discharges occurring in a short period of time. Compared
with slowly developing discharge faults, the rapid and severe partial discharge will produce
large amounts of characteristic gases such as CO and H2 [5]. In [6], the monitoring method
of gas dissolved in oil can be used to identify rapid and intense discharge defects, where the
ratio of C2H4/C2H6 will significantly increase. Additionally, in [7], the continuous increase
in discharge repetition rate can also serve as a diagnostic indicator for the development of
sudden discharge defects to the terminal stage. According to [8], based on the variations
in the voltage withstand index (n) exhibited by oil–paper insulation in different voltage
and field strength regions, the threshold voltage and threshold field strength for rapid and
intense discharges are determined. However, for extra-high-voltage (UHV) transformers
with larger volumes, complex structures, and greater oil capacity, the measured dissolved
gas content in the oil is the characteristic gas generated at the fault point and then reaches
the sampling location after dissolving and diffusing inside the oil tank. Therefore, fault
diagnosis of large power transformers based on the DGA method is inseparable from the
gas diffusion process. Due to the relatively long diffusion paths within the oil tank, the
measured gas content in the oil at monitoring points may not promptly correspond to
the fault status. This lack of a timely response may lead to misjudgments or omissions in
detecting sudden faults.

Traditional experimental methods often only focus on the study of macroscopic phe-
nomena. The analysis and judgment guidelines for dissolved gases in transformer oil are
also based on empirical data. Previous research results have shown that the migration
phenomenon in the oil–paper insulation of power transformers can be explained using
diffusion equations, and relevant parameters have been obtained [9,10]. Previous studies
have been conducted on both macroscopic analysis and microscopic mechanisms. In [11],
optical equipment was utilized to monitor the dynamic dissolution of hydrogen bubbles
in de-aerated oil to determine the diffusion coefficient of hydrogen in transformer oil.
References [12,13] employed molecular dynamics modeling to reveal the diffusion coef-
ficients of characteristic small molecular gases in mineral oil–paper insulation systems
at a microscopic level. Similarly, references [14,15] used molecular dynamics methods to
investigate the diffusion characteristics of characteristic gas molecules in camellia seed
oil insulation. Reference [16] conducted a study on the diffusion characteristics of char-
acteristic gas molecules in a natural ester insulation oil under typical transformer faults
using molecular dynamics methods and compared them with the diffusion characteristics
in mineral oil.

However, current studies on the diffusion environment of characteristic gas molecules
typically consider a single medium (oil/insulation paper). In practical applications, insula-
tion paper is fully immersed in insulating oil, constituting a multi-medium environment.
Therefore, according to actual production needs, this paper constructed an oil–paper in-
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sulation system and seven gas molecules based on molecular dynamics and explored the
diffusion properties of characteristic gas molecules in the oil–paper composite insulation
system in the actual situation. The nature of the diffusion phenomenon of characteristic
gas molecules in the oil–paper insulation system was studied from a microscopic perspec-
tive. And a comparative analysis was conducted with the diffusion characteristics of gas
molecules in insulating oil and cellulose. The results revealed the diffusion properties of
gas molecules in actual oil–paper insulation systems at the molecular level. This work
provided a theoretical reference for the layout of oil sample monitoring points in large
power transformers and the accurate monitoring of transformer operating status based on
dissolved gas methods in oil.

2. Molecular Dynamics Simulation
2.1. Model Establishment

Currently, mineral oil serves as the predominant insulation oil in large power trans-
formers. The main materials of transformer insulating oil in China are naphthenic oils and
paraffinic-based oils. The difference is that paraffinic-based oils have a higher content of
chain alkanes, while naphthenic oils have a higher content of cycloalkanes. The paraffin-
based oil is selected as the simulation object in this paper. Refer to Table 1 for the detailed
chemical composition. The average number of carbon atoms per molecule is approximately
19~23, with an average of 20 carbon atoms [17]. In this study, an average carbon atom count
of 20 is selected as a typical or representative reference for investigating the insulation
performance of transformer oil. This choice not only provides sufficient representativeness
for relevant research but also simplifies the model, reducing computational complexity
for easier simulation and theoretical studies. The basic composition of insulation paper
is cellulose, an organic insulation material formed by glucose monomers connected by
glycosidic bonds, with the repeating unit being cellobiose, as illustrated in Figure 1. Mazeau
et al., through simulated experiments with cellulose chains of different lengths, found that
amorphous models composed of cellulose chains of different lengths did not exhibit signifi-
cant differences in molecular conformation or physicochemical properties [18]. Therefore,
there is no need to use very long cellulose chains when constructing amorphous models.

Table 1. Main chemical composition of transformer oil.

Main Components C20H42 C20H38 C20H26

Content proportion Around 60% 10–40% 5–15%
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Figure 1. The model of glucobiose.

Following the composition of the oil-immersed transformer oil–paper insulation system
described above, models for alkanes (C20H42), cycloalkanes (C20H38), aromatic hydrocarbons
(C20H26), characteristic gas molecules (H2, CO, CO2, CH4, C2H2, C2H4, C2H6), and cellulose
(C6H10O5) monomers are constructed, as depicted in Figure 2. The gas molecule model,
insulation oil model, insulation paper model, and oil–paper insulation system model are
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established based on the ratio of individual molecules (10 gas molecules, 18 alkane chain
molecules, 9 cycloalkane molecules, 3 polycyclic aromatic hydrocarbon molecules). The initial
density is set to 0.4 g/cm3. The specific simulation method is as follows:
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(1) The Forcite/Geometry Optimization module is used to perform geometric optimiza-
tion on each unit. The cutoff radius was set to 12.5 Å.

(2) The internal relaxation of the model. In the first place, the Forcite/Geometry Opti-
mization module is used to minimize the energy of the entire system. Then, in order
to stabilize the total energy of the model and adjust the density of the model, the
Forcite/Dynamics is used under the isothermal and isobaric ensemble (NPT) at 298 K,
the processing time is set as 100 ps and the pressure is set as 0.01 Gpa–0.0001 GPa.
After the entire model system reaches stability, the optimized density of the insula-
tion oil molecule model is approximately 0.83 g/cm3, the insulation paper model’s
density is around 1.2 g/cm3, and the oil–paper insulation system model’s density is
approximately 0.95 g/cm3, all close to the actual densities. This result proves that
the whole simulation process is effective. The equilibrium state oil–paper insulation
model before molecular dynamics processing is shown in Figures 2–4.
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Figure 4. Molecular model of gases in oil.

(3) The Forcite/Dynamics module is used to perform molecular dynamics simulations of
liquid systems. Electrostatic and Van der Waals, respectively, are set to Ewald- and
Atom-based calculations. The temperature is set to the normal operating temperature
of the transformer, which is 343 K. The canonical ensemble (NVT) is used in molecular
dynamics and the simulation time is 100 ps, with data collected every 1 ps for the
entire trajectory of molecular dynamics.

2.2. Simulation Results and Analysis

The diffusion of gas molecules in oil is a process of substance transfer, mainly diffusing
from high-concentration areas to low-concentration areas. This is a spontaneous process
until equilibrium is reached. Molecules continuously move from their initial positions,
and at each moment, the positions of the molecules are different. Using ri(t) to denote the
position of molecule i at time t, the mean square displacement (MSD) can be represented
by the average of the square of the molecular displacement, as shown in Equation (1):

MSD = R(t) =<|r(t)− r(0)|2 > (1)

According to Einstein’s diffusion law, the calculation method for the diffusion coeffi-
cient of gas molecules is given by Formula (2):

D =
1

6N
lim
t→∞

d
dt

N

∑
i=1

(|ri(t)− ri(0)|2) (2)

where “D” is the diffusion coefficient, and “N” is the atomic number; ri(t) and ri(0), respec-
tively, represent the position vectors of the i atom at time t and time 0. Finally, after 100 ps
molecular dynamics simulation of the system, the mean square displacement (MSD) of
gas molecules in oil, paper, and oil–paper insulation can be obtained, and the diffusion
coefficients of characteristic gas molecules in oil, paper, and oil–paper insulation can be
obtained according to Formula (2). As shown in Figure 5, the MSDs of seven types of
gas molecules in insulating oil, insulating paper, and oil–paper insulation systems are
presented. The horizontal coordinate is the simulation time T/ps, and the ordinate is
MSD/Å2 of the gas molecule.
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Figure 5. MSDs of gas molecules results. (a) MSDs of gas molecules in oil; (b) MSDs of gas molecules
in cellulose; (c) MSDs of gas molecules in oil–paper insulation system.

From the MSDs of characteristic gases diffusing in the three mediums in Figure 5, it
can be observed that the trend of the movement and displacement of small gas molecules in
three different insulating mediums over time varies. The shapes of the displacement curves
show that all gas molecules exhibit continuous “jumping” motion characteristics in the
three insulating mediums. The gas molecules are able to diffuse continuously between the
cavities of the medium in a leapfrog fashion. The migration displacement of gas molecules
in an oil–paper composite insulation is generally smaller than that in cellulose, and the
motion migration displacement in insulating oil is the largest. This difference is most
obvious in the motion displacement trajectory of H2. The transition displacement of gas
molecules in oil–paper composite insulation is generally an order of magnitude smaller
than that in oil. The transition displacements of the six gas molecules except H2 are not
significantly different in the same insulating medium, and the MSD curves of the gas
molecules intersect. However, the motion displacement of the same gas molecule in the
three mediums is still the smallest among the oil–paper insulation systems, followed by
cellulose, and the largest among insulating oil. The slope ‘a’ and the fitting correlation
coefficient of the MSD curves for these gas molecules are obtained through fitting. Based
on Equation (2), the diffusion coefficients ‘D’ of gas molecules in the three substances are
calculated, as shown in Tables 2–4.

Table 2. Diffusion coefficient of gas molecules in mineral oil.

Gas Molecules C2H2 C2H4 C2H6 CH4 H2 CO CO2

a 0.49962 0.20772 0.24419 0.81177 17.87845 0.03019 0.03503
R2 0.98109 0.99334 0.93657 0.98948 0.99384 0.96189 0.85117

D (Å2/s) 0.08327 0.03462 0.040698 0.135295 2.979742 0.005032 0.005838

Table 3. Diffusion coefficient of gas molecules in cellulose.

Gas Molecules C2H2 C2H4 C2H6 CH4 H2 CO CO2

a 0.06096 0.28352 0.07723 0.16114 2.95479 0.42381 0.13473
R2 0.94855 0.86356 0.96678 0.90714 0.98375 0.98264 0.98612

D (Å2/s) 0.01016 0.047253 0.012872 0.026857 0.492465 0.070635 0.022455

According to the data in the tables, the diffusion coefficients of H2 in the three in-
sulating media are much larger than those of the other six gas molecules. The order of
diffusion coefficients in insulating oil for the seven molecules from largest to smallest is
H2 > CH4 > C2H2 > C2H6 > C2H4 > CO2 > CO. In cellulose, the arrangement from largest
to smallest diffusion coefficients is H2 > CO > C2H4 > CH4 > CO2 > C2H6 > C2H2. In the
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oil–paper insulation system, the arrangement from largest to smallest diffusion coefficients
is H2 > C2H2 > C2H4 > CH4 > CO > CO2 > C2H6. The diffusion coefficients do not show a
specific regularity. Among the seven gas molecules, H2 has the strongest diffusion capacity,
its diffusion capacity in insulating oil is greater than that of cellulose, and its diffusion
capacity in cellulose is greater than that in the oil–paper composite insulation system. The
diffusion ability of seven gas molecules in the cellulose medium and oil–paper insulation
systems is obviously hindered, and the obstruction is greater in the oil–paper insulation
system. The diffusion coefficients of the remaining gas molecules do not show specific reg-
ularity except H2. The flexibility of paraffin molecules is good according to the molecular
structure. When sufficient molecular relaxation equilibrium is carried out, the free volume
fraction of the molecules is small. And the cellulose chain is longer and less flexible, so
the free volume fraction is larger, which makes it more difficult for small gas molecules to
transition, resulting in a poor diffusion ability of gas molecules in cellulose.

Table 4. Diffusion coefficient of gas molecules in oil–paper insulation system.

Gas Molecules C2H2 C2H4 C2H6 CH4 H2 CO CO2

a 0.04036 0.03755 0.00106 0.03373 0.19665 0.02107 0.02065
R2 0.90097 0.83083 0.01092 0.97429 0.90467 0.69893 0.69548

D (Å2/s) 0.006727 0.006258 0.000177 0.005622 0.032775 0.003512 0.003442

The diffusion coefficient (D) is derived indirectly from the MSD, i.e., the diffusion
coefficient is one-sixth of the slope k of the mean-square displacement curve. From the
fitting values of D in Figure 6, the three sets of diffusion coefficients can be analyzed; the
diffusion coefficients of gas molecules in cellulose are approximately one order of mag-
nitude smaller than those in insulating oil, and the diffusion coefficients in the oil–paper
insulation system are approximately one order of magnitude smaller than those in cellulose.
This clearly shows that the hindrance effect on the diffusion of gas molecules in insulating
oil is smaller than that in cellulose. From a molecular level analysis, it can be seen that
the insulating oil simulated in this paper consists of alkane molecules, while cellulose
is a polymer. The chain length of alkanes is shorter than that of polymers, making the
chain less prone to bending. When the alkane molecular chains are stacked together, there
will be a large number of gaps, and there will be a better connectivity between the gaps.
This allows small gas molecules to move more freely within the structure. Consequently,
the binding effect of the oil on the small gas molecules is reduced, resulting in a stronger
diffusion ability. In contrast, polymer chains have strong flexibility and are prone to stack-
ing and interlacing. Under the influence of intramolecular rotation and intermolecular
interaction forces, the polymer chains are prone to bending and deformation. Simultane-
ously, the polymer chains create multiple small gaps within the structure. These small
gaps significantly impede gas molecule diffusion due to their limited capacity to contain
them. Furthermore, in the oil–paper insulation system where insulating paper is fully
immersed in oil, there is an inhibitory effect on the diffusion of gas molecules. This is pri-
marily because insulating oil fully permeates the paper, filling the pores and gaps between
fibers, resulting in fewer transition vacancies for gas molecules in the medium and thereby
hindering their diffusion.



Energies 2024, 17, 3811 8 of 9

Energies 2024, 17, x FOR PEER REVIEW 8 of 10 
 

 

interaction forces, the polymer chains are prone to bending and deformation. Simultane-
ously, the polymer chains create multiple small gaps within the structure. These small 
gaps significantly impede gas molecule diffusion due to their limited capacity to contain 
them. Furthermore, in the oil–paper insulation system where insulating paper is fully im-
mersed in oil, there is an inhibitory effect on the diffusion of gas molecules. This is pri-
marily because insulating oil fully permeates the paper, filling the pores and gaps between 
fibers, resulting in fewer transition vacancies for gas molecules in the medium and thereby 
hindering their diffusion. 

C2H2 C2H4 C2H6 CH4 H2 CO CO2

0.00

0.05

0.10
0.15

0.20

0.25

0.30

0.35
0.40

0.45

2.6
2.8
3.0
3.2

D
(Å

2 /s)

Characteristic gases

  D in mineral oil
  D in cellulose
  D in oil–paper insulation

 
Figure 6. The fitting values of D in different insulating media. 

3. Discussions 
In this paper, the diffusion characteristics of seven gas molecules in insulating oil, 

cellulose, and oil–paper composite insulation systems were discussed, through the use of 
molecular dynamics simulation combined with the practical application requirements of 
oil-immersed transformers. The main conclusions are shown as follows: 
(1) The gas molecules exhibit continuous “jumping” motion characteristics in three in-

sulating mediums. The migration displacement of gas molecules in the oil–paper 
composite insulation is generally smaller than that in cellulose, and the motion mi-
gration displacement in insulating oil is the largest. This difference is most obvious 
in the motion displacement trajectory of H2. The transition displacement of the six 
gas molecules except H2 are not significantly different in the same insulating me-
dium, and the MSD curves have crossovers. The different properties of insulating 
materials have an important impact on the transition motion of gas molecules. 

(2) The diffusion coefficient of characteristic gas molecules is highest in insulating oil, 
followed by cellulose. In oil–paper composite insulation systems, the diffusion coef-
ficient is minimal. The diffusion coefficient of H2 is the largest among the three insu-
lating mediums. The differences in diffusion coefficients of other gas molecules 
among various mediums are relatively small, and there is no absolute regularity in 
the ranking of diffusion coefficients among different mediums. Due to differences in 
molecular structure, different insulating materials will hinder the diffusion of gas 
molecules to varying degrees. 

  

Figure 6. The fitting values of D in different insulating media.

3. Discussions

In this paper, the diffusion characteristics of seven gas molecules in insulating oil,
cellulose, and oil–paper composite insulation systems were discussed, through the use of
molecular dynamics simulation combined with the practical application requirements of
oil-immersed transformers. The main conclusions are shown as follows:

(1) The gas molecules exhibit continuous “jumping” motion characteristics in three in-
sulating mediums. The migration displacement of gas molecules in the oil–paper
composite insulation is generally smaller than that in cellulose, and the motion migra-
tion displacement in insulating oil is the largest. This difference is most obvious in
the motion displacement trajectory of H2. The transition displacement of the six gas
molecules except H2 are not significantly different in the same insulating medium,
and the MSD curves have crossovers. The different properties of insulating materials
have an important impact on the transition motion of gas molecules.

(2) The diffusion coefficient of characteristic gas molecules is highest in insulating oil,
followed by cellulose. In oil–paper composite insulation systems, the diffusion co-
efficient is minimal. The diffusion coefficient of H2 is the largest among the three
insulating mediums. The differences in diffusion coefficients of other gas molecules
among various mediums are relatively small, and there is no absolute regularity in
the ranking of diffusion coefficients among different mediums. Due to differences
in molecular structure, different insulating materials will hinder the diffusion of gas
molecules to varying degrees.
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