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ABSTRACT Methanol is regarded as an available indicator to analyze the aging condition of cellulose
insulation. However, the diffusion mechanism of methanol molecules in the paper-oil insulation system is
still unclear, since it cannot be explored by using only experiments. Given this issue, the molecular dynamics
simulations were performed to investigate the diffusion mechanism of methanol molecules. In the current
work, the mean square displacement of methanol during the diffusion process was calculated and analyzed,
as well as its trajectory tracking. Then, the research on interaction energies and hydrogen bonds in paper/oil
system were conducted. Finally, the effect of temperature on the diffusion of methanol molecules was also
studied. Findings revealed that the diffusion of methanol in cellulose insulation is faster than that in insulating
oil, besides, the presence of hydrogen bonds affects the diffusion rate of methanol molecules in cellulose
insulation and insulating oil. Thus, the present findings could support the investigation of the diffusion
mechanisms of methanol molecules, by which the aging condition evaluation of cellulose insulation could
be also promoted.

INDEX TERMS Cellulose insulation, diffusion mechanisms, methanol, molecular dynamics simulation.

I. INTRODUCTION

The service life of an oil-immersed transformer is determined
by the performance of its paper insulation [1]–[3]. Due to
the excellent electrical and mechanical properties, cellulose
(crucial material of paper insulation) has been utilized in oil-
immersed transformers for more than 100 years. The average
length of cellulose chains is defined as the viscometric degree
of polymerization (DPv), which is regarded as an important
parameter for reflecting the mechanical property of cellulose.
Consequently, the application of DPv could promote the lifes-
pan determination of the transformer. However, the running
transformer needs to be de-energized to sample the cellulose
insulation for measuring its DPv. It is thus rather impractical
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for field testing on real transformers. In comparison, it is eas-
ier to obtain samples of insulating oil from the transformers in
service [4]. Thus, if the relationship between the aging degree
and the oil-soluble indicator related to the aging of cellulose
insulation could be established, it would be beneficial for
degradation assessment by using insulating oil.

In the 1980s, carbon oxides (CO and CO2) were put for-
ward as the specific indicator [5]. Nevertheless, the applica-
tion of carbon oxides is limited considering that they could
be generated not only from the aging of cellulose insulation
but also from the long-term oxidation of insulating oil [6].
A few years later, Burton et al. [7] proposed a family of
furan compounds to assess the aging condition of cellulose
insulation aging. Unlike carbon oxides, the production of
these furan compounds is solely related to the degradation
of cellulose insulation. However, the most abundant furan
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compound detected in insulating oil, i.e. 2-furfuraldehyde
(2-FAL), generates not only from the breakdown of
α-cellulose but also from hemicellulose degradation [8].
Also, 2-FAL can hardly be detected when the cellulose insu-
lation is thermally upgraded (TU) Kraft paper, which is used
in a high percentage of modern transformers [9]. In this
case, the use of 2-FAL as an aging indicator is also limited.
However, it was verified that methanol can be used to access
the ordinary Kraft paper, as well as thermally upgraded Kraft
paper. Besides, methanol can rapidly re-equilibrate with the
oil after oil intervention like oil degassing or regeneration,
since it has a high affinity with cellulose [10], [11]. Therefore,
methanol has been proposed as a new aging indicator for
characterizing the aging of cellulose [9], [12].
The concentration of indicator (methanol) in insulating oil

is rather important for electric utilities to determine whether
the tested unit should be replaced [10], [11]. Due to the
diffusion behavior of the aging indicator (methanol) is related
to the concentration of indicator in insulating oil, the labora-
tory experiments on the diffusion of methanol molecules in
cellulose were thus carried out [10], [11]. It was reported that
the time for 2-FAL to recover its initial concentration after
insulation oil regeneration is twice that of methanol [10].
Although the diffusion activities have been preliminarily

explored by several experiments, the diffusion mechanisms
at molecular and atomic levels have still not been fully
studied. Such a situation is attributed to the fact that the
diffusion mechanism cannot be interpreted by using only
experiments. Consequently, further studies for exploring the
diffusion property of methanol are required. It is worth noting
that findings pointed out that molecular dynamics simulations
could be utilized to study diffusion property and even mech-
anisms [13]–[15], by which the obtained results will consis-
tent with the actual experiments. Since molecular dynamics
simulations can support detailed microscopic modeling at the
molecular and atomic scale combining electricity, physics,
chemistry, and other disciplines [16], [17], the research of
diffusion mechanisms of methanol at atomic and molecular
levels thus could be achieved by using molecular dynamics
simulations.
Given this purpose, molecular dynamics simulations were

performed to study the diffusion mechanisms of methanol
molecules in the paper-oil insulation system. In the present
work, the mean square displacement (MSD) of methanol
molecules was calculated, which indicated that the diffusion
of methanol molecules in insulating oil is more obvious than
that in cellulose. The trajectory tracking of the centroid of
methanol molecules indicated that methanol has a high affin-
ity for cellulose. The existence of a large number of hydrogen
bonds between cellulose and methanol molecules suppress
the diffusion of methanol in cellulose. In addition, the tem-
perature effect on diffusion behavior was investigated—the
effect of temperature on the diffusion of methanol molecules
in insulating oil is greater than that in cellulose. Thus,
the present findings are expected to provides support for
studying the diffusion mechanism of methanol molecules,

which is valuable for the aging condition evaluation of cel-
lulose insulation.

II. DIFFUSION PRINCIPLE

TheMSD indicates the position deviation of a particle corre-
sponding to a reference position over time [18], [19], which
is an important parameter to characterize the diffusion behav-
ior [20]. TheMSD at time t is defined as an ensemble average,
as shown in Equation (1).

MSD =

〈

|x(t) − x(0)|2
〉

=
1

N

N
∑

i=1

|x(i)(t) − x(i)(0)|2 (1)

where MSD is the mean square displacement; x(i)(t) is the
position of the i-th particle at time t; x(i)(0) represents the
reference position of the i-th particle.
The linear relationship between the MSD and simula-

tion time can reflect the information corresponding to the
diffusion coefficient [21]. In general, the diffusion coeffi-
cient is defined as the ratio of flux density to the nega-
tive number of the concentration gradient in the diffusion
direction. In molecular dynamics simulation, the relation-
ship between the MSD and the diffusion coefficient can be
expressed by using the Einstein relation, which is shown in
Equation (2).

D =
1

6N
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d

dt
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2
〉

(2)

When the MSD is linear with time, the slope of the MSD
curve over time is proportional to the diffusion coefficient.
The derivation of this equation was given by Frenkel and
Smit [21].

III. CALCULATION METHOD

A. MODELING

In this study, the Accelrys Materials Studio (MS) software
was used to study the diffusion mechanisms of methanol
molecules in the paper-oil insulation system. The Amorphous
Cell module in the MS was used to build 3D periodic amor-
phous structures. In addition, the Forcite module in the MS
was used to perform geometry optimization, energy calcula-
tions, and dynamics simulations.

1) OIL MODEL

The mineral oil is widely used as insulating oil in the paper-
oil insulation system due to its high efficiency, good ther-
mal cooling capacity, low cost, and good pouring point at
low temperatures. Liu and Xu [22] analyzed the constituents
of 25# mineral oil produced by the Xinjiang Karamay Petro-
chemical Plant in China. The results indicated that approx-
imately 88.6% of the mineral oil is composed of alkanes
and cycloalkanes, as shown in Table 1. Thus, alkanes and
cycloalkanes, which mainly determine the chemical proper-
ties of insulating oil, were used to construct the insulating oil
model in this study. Relevant chemical formulas andmolecule
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TABLE 1. Constituents of insulating oil.

FIGURE 1. Chemical formulas and molecule models of mineral oil
constituents. (Color code: carbon atom-gray, hydrogen atom-white).

models of mineral oil constituents were built and shown in
Fig. 1.

2) CELLULOSE MODEL

Cellulose consists of the repeating unit of cellobiose
[23], [24], as shown in Fig. 2. Native cellulose has two
different morphologies, namely, amorphous region and crys-
talline region. The crystalline region mainly contains ordered
cellulose molecules, while the amorphous region is typically
composed of irregularly arranged molecules. Considering
that the crystalline region is expected to gradually turn into
an amorphous state at high temperatures [25], the crystalline
region is excluded in this paper. Different degrees of poly-
merization have little effect on molecular conformation or
physicochemical properties [26], especially when studying
the adsorption and diffusion of an object [27]. Thus, with
the consideration of computational power and efficiency, cel-
lobiose was used as a repeating unit to build the amorphous
region model.

3) PAPER-OIL INTERFACE MODEL

When the initial models are completed, the Build Lay-
ers tool was used to construct a paper-oil interface.
It was reported that the density of insulating oil is around
0.8-0.87 g/cm3 [28]. In this paper, the 3D periodic amor-
phous structure of insulating oil with a density of 0.87 g/cm3

was built for molecular dynamics simulations. According to
research [27], [29], the model of cellulose with a density
of 1.5 g/cm3 was built. Considering that methanol molecules
are mainly produced by the aging of cellulose insulation,
the methanol molecules are initially distributed in the model

FIGURE 2. Chemical formula and molecular model of cellobiose. (Color
code: hydrogen atom-white, carbon atom-gray, and oxygen atom-red).

of cellulose. Detailed steps of the simulation were illustrated
in Fig. 3.

B. SIMULATION DETAILS

The PCFF force field used in this study is suitable for geom-
etry optimization and molecular dynamics simulation of car-
bohydrates [30], [31]. Since the initial model of the paper-
oil insulation interface was unstable, geometry optimization
was performed in the Forcite module to optimize the system.
To realize full optimization, the maximum number of opti-
mization iteration was set to 5000, after which the potential
energy of the system tended to be a constant (Fig. 4).

The high temperatures can provide enough energy to the
simulation system for overcoming the energy barrier and
finding the lowest point of energy. Therefore, annealing was
carried out at a temperature of 300-1000 K with an interval
of 100 K. The energy optimization was conducted in each
annealing process. Dynamics simulations were carried out
after the optimization. The simulations were controlled by
a canonical ensemble in which the substance, volume, and
temperature remain unchanged (i.e. the NVT ensemble). The
intensity of standard atmospheric pressure (0.1 Mpa) was
used. The temperature was controlled through the Anderson
algorithm [32].

For a given temperature, the new velocity is given by
Maxwell-Boltzmann statistics based on the reassignment of
the velocity of selected atoms or molecules. In this study,
the atommotion was updated every 3000 steps at a time inter-
val of 1 fs, which meant a frame was output every 3 ps. Each
molecular dynamics simulation lasts 600 ps. To ensure the
accuracy of the calculation, each simulation was performed
ten times, and the average values of the calculation were
taken.

IV. RESULTS AND DISCUSSION

A. DIFFUSION OF METHANOL IN CELLULOSE AND

INSULATION OIL

Molecular dynamics simulation was carried out to calculate
the MSD of methanol molecules in cellulose and insulating
oil. The temperature was set to 343 K, which corresponds
to the service temperature of transformers. The results were
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FIGURE 3. Flow diagram of the simulation. (Color code: hydrogen atom-white, carbon atom-gray, and oxygen atom-red).

FIGURE 4. The changes in potential energy over optimization steps.

shown in Fig. 5. Black curves in Fig. 5a and Fig. 5b represent
the changes inMSD ofmethanol molecules versus simulation
time, respectively.
In the beginning, the increase of MSD is rapid, which is

attributed to the rapid increase in simulation temperature.
After approximately 25 ps, the diffusion of methanol reaches
equilibrium, and the MSD of methanol molecules is linear
with the simulation time. The linear relationship suggests
that the diffusion of methanol molecules has reached equilib-
rium and began to diffuse uniformly. According to the fitting
curves (purple lines in Fig. 5), the slope of the MSD curve
of methanol in insulating oil is larger than that in cellulose,
which indicates that the diffusion coefficient in insulating oil
is larger than that in cellulose. It can be concluded that the
diffusion of methanol molecules in insulating oil is faster than
that in cellulose.
In addition, the trend of MSD in the X (the red curve),

Y (the blue curve), and Z (the green curve) directions are
similar, regardless of whether the methanol is in cellulose
(Fig. 5a) or insulating oil (Fig. 5b). Therefore, the diffusion

FIGURE 5. The MSD of methanol molecules (a) in the cellulose model and
(b) in the insulating oil model.

of methanol in cellulose and insulating oil is isotropic. Fig. 6
shows the MSD of methanol molecules in models of the
paper-oil insulation system calculated at 343 K. The change
of theMSD (the black curve) can be divided into three stages.
From the beginning to about 25 ps, the MSD has increased
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FIGURE 6. Changes in the MSD of methanol molecules in the paper-oil
interface. (a) Linear fit before the inflection point; (b) Linear fit after the
inflection point.

sharply. As mentioned before, this section is mainly affected
by the rapid increase of simulation temperature, which is
ignored in the following analysis. Then, the increase rate
tends to be moderate in the second section, which implies the
diffusion of methanol molecules mainly exists in cellulose at
the beginning of simulation.
When an inflection point occurs at around 483 ps, theMSD

increases rapidly. The inflection point may be attributed to
the diffusion of a certain amount of methanol molecules
from cellulose to insulating oil. Besides, theMSD component
in the Z direction (the green curve) corresponding to the
direction of the paper-oil interface is significantly greater
than that in the X direction (the red curve) and the Y direc-
tion (the blue curve). The results imply that the diffusion
of methanol molecules in the paper-oil insulation system is
anisotropic.
According to the MSD of methanol molecules in cellu-

lose and insulating oil, a considerable amount of methanol
molecules may remain in cellulose during cellulose aging.
The Perl script in the MS was used to track the centroid
trajectory of all methanol molecules in the oil-paper interface,
and results are displayed in Fig. 7.
It is interesting to note that the centroid coordinates of all

methanol molecules vary from 30.28 to 58.68 Å in Fig. 7a
corresponding to the range of cellulose coordinates in Fig. 7b.

FIGURE 7. The centroid trajectory of all methanol molecules in the model
of paper-oil interface. (a) The detailed trajectory of the centroid; (b) The
coordinates of the paper-oil insulation model.

Thus, a considerable amount of methanol molecules remains
in cellulose during cellulose aging. This confirms the high
affinity of methanol for cellulose proposed by Bare and
Merritt [9]. Although the centroid of all methanol molecules
remains in cellulose, it does not mean that no methanol
molecules diffuse into the insulating oil.

To further illustrate this phenomenon, the relative concen-
tration of methanol molecules along with the direction of the
paper-oil interface is illustrated in Fig. 8.

The X-axis (corresponding to the Z coordinate of Fig. 7b)
is used to distinguish the interface of cellulose and insulating
oil. The Y-axis corresponds to the relative concentration of
methanol molecules. The yellow part on the left section with
the X coordinate range of 0 to 30.28 Å represents insulating
oil, and the green part on the right section with the X coordi-
nate range of 30.28-58.68 Å represents cellulose. As shown
in Fig. 8a, there is no methanol molecule in insulating oil
at the beginning of molecular dynamics simulation. After
600 ps, a detectable amount of methanol molecules occurs in
insulating oil (Fig. 8b). The increase of relative concentration
of methanol molecules indicated that a certain amount of
methanol molecules will diffuse from cellulose to insulating
oil during the simulation.

B. ANALYSIS OF AFFINITY OF METHANOL FOR CELLULOSE

As mentioned before, methanol molecules have a high affin-
ity for cellulose, which makes the diffusion of methanol
molecules in insulating oil faster than that in cellulose.
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FIGURE 8. The relative concentration of methanol along with the
direction of the paper/oil interface. (a) Before the molecular dynamics
simulation; (b) After molecular dynamic simulation.

TABLE 2. Interaction energies between methanol molecules and
cellulose and insulating oil (kcal/mol).

To further analyze the affinity mechanism, we calculated
the interaction energy between cellulose and methanol
molecules. The interaction energy is one of the impor-
tant parameters to characterize the diffusion behavior of
methanol molecules in cellulose and insulating oil. For
brevity, the model containing cellulose and methanol is
named Model 1, and the model containing insulating oil
and methanol is named Model 2. Changes in interaction
energies during molecular dynamics simulation are shown in
Fig. 9. To further analyze the interaction energy in Model
1 and Model 2, the average interaction energies are shown
in Table 2.
As we know, if there is no interaction between the sub-

stances, 1E = 0. If there is a repulsive interaction, 1E > 0.
If there is an attractive interaction, 1E < 0. In the two
models, the total interaction energy (1E) is less than zero,
which indicates that the interaction of cellulose and methanol
and the interaction of insulating oil and methanol are both
attractive.

FIGURE 9. Changes in interaction energies with simulation time.
(a) Model 1; (b) Model 2.

As shown in Fig. 9 and Table 2, different com-
ponents of interaction energy (i.e., 1EH−bond , 1EvdW ,
1Eelectrostatic) contribute differently to the total interaction
energy. In Model 1, the van der Waals force is mainly mani-
fested as a repulsive effect. The hydrogen bonds and the elec-
trostatic effect have significant contributions to the total inter-
action energy in Model 1. On the contrary, the interaction of
insulating oil and methanol is mainly attributed to the van der
Waals force rather than the hydrogen bonds and electrostatic
effect in Model 2. In addition, the total interaction energy
(1E) of Model 1 is more than three times that of Model 2.
The results show that the interaction between cellulose and
methanol is stronger than the interaction between insulating
oil and methanol.

Since hydrogen bonds have contributed greatly to the
attractive interaction between cellulose and methanol,
we have analyzed the hydrogen bonds in this study. The
hydrogen bond is defined as a special bonding interaction
between a highly electronegative atom (particularly nitrogen,
oxygen, or fluorine) and a hydrogen atom [33]. One methanol
molecule contains a hydroxyl group, which makes it easy to
form hydrogen bonds with other molecules.

According to the simulation results, the hydrogen bonds
between methanol molecules and cellulose can be classified
into two categories. Fig. 10a and Fig. 10b shows the first
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FIGURE 10. Two categories of hydrogen bonds between methanol
molecules and cellulose. (a) and (b) is the first category; (c) and (d) is
the second category.

category—the oxygen atom of the hydroxyl group on the
methanol molecule forms a hydrogen bond with the hydro-
gen atom of the hydroxyl group on cellulose. Fig. 10c and
Fig. 10d shows the second category—the hydrogen atom

FIGURE 11. The hydrogen bonds of cellulose. (a) The location of
intramolecular hydrogen bonds of cellulose molecules. (b) Changes in the
number of hydrogen bonds in Model 1.

FIGURE 12. Changes in MSD of methanol in cellulose. (a) Presented
in 3D; (b) Presented in 2D.

of the hydroxyl group on the methanol molecule forms a
hydrogen bond with the oxygen atom of the hydroxyl group
on cellulose.
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FIGURE 13. Changes in MSD of methanol in oil. (a) Presented in 3D;
(b) Presented in 2D.

Hydrogen bonds in cellulose are divided into the
intramolecular hydrogen bonds and intermolecular hydrogen
bonds. As shown in Fig. 11a, the intramolecular hydrogen
bonds of cellulose molecules are mainly formed at -OH of
C-2, C-3, and C-6, as well as the O in the neighboring
ring [34].
The intermolecular hydrogen bonds of cellulose molecules

is mainly formed at -OH of C-2, C-3, and C-6 [34]. In this
paper, the number of hydrogen bonds in Model 1 were cal-
culated and shown in Fig. 11b. In Model 1, the total num-
ber of hydrogen bonds fluctuates around 85 (the red curve
in Fig. 11b) and the number of hydrogen bonds between
cellulose and methanol fluctuates around 25 (the green curve
in Fig. 11b). However, from Table 2, there is almost no hydro-
gen bond in Model 2. Thus, it can be concluded that the pres-
ence of hydrogen bonds enhance the attractive force between
cellulose and methanol molecules. As a result, the diffusion
of methanol in cellulose is inhibited by these hydrogen bonds.
Thus, the diffusion of methanol molecules in insulating oil is
faster.

C. EFFECT OF TEMPERATURE ON DIFFUSION OF

METHANOL IN CELLULOSE AND INSULATING OIL

To further investigate the diffusion mechanism, the MSD
of methanol in cellulose and insulating oil was investi-
gated at different temperatures. Fig. 12 and Fig. 13 show
the MSD of methanol molecules versus simulation time
at different temperatures in cellulose and insulating oil,
respectively.

FIGURE 14. The number of hydrogen bonds between methanol molecules
and cellulose. (a) Change in the number of hydrogen bonds with
simulation time during molecular dynamics simulation; (b) The average
number of hydrogen bonds at different temperatures.

As seen from Fig. 12a and Fig. 13a, it can be intuitively
observed that the mean square displacement of methanol in
insulating oil is significantly greater than that in cellulose.
In Fig. 12b and Fig. 13b, the diffusion of methanol molecules
reaches equilibrium rapidly after a short period. After that,
the MSD of methanol molecules increases linearly under
different temperatures. It is interesting to note that the effect
of temperature on the MSD of methanol in cellulose is not
obvious compared with that in insulating oil.

To verify the hypothesis and investigate the influence
mechanism of temperature, we calculated the interaction
energies between methanol and cellulose and insulating oil,
and the results are shown in Table 3 and Fig. 15.

As seen from Fig. 15a, it can be intuitively observed
that all interaction energies in the methanol-cellulose sys-
tem remain almost unchanged under different temperatures.
In Fig. 15b, the van der Waals force significantly con-
tributes to the total interaction energy between methanol and
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TABLE 3. Interaction energies between methanol and cellulose and insulating oil at different temperatures (kcal/mol).

FIGURE 15. Changes in interaction energies with temperature.
(a) Interaction energies between methanol molecules and cellulose;
(b) Interaction energies between methanol and insulating oil.

insulating oil. As the temperature increases, the attractive
van der Waals force is greatly affected by temperature and
decreases sharply, which makes the attractive interaction
weaker (the blue curve and the red curve in Fig. 15b).
Therefore, it leads to a more obvious effect of temperature

on the diffusion of methanol in insulating oil. To further study
why temperature has no obvious effect on the diffusion of
methanol in cellulose paper, hydrogen bonds between cel-
lulose and methanol molecules were calculated with a tem-
perature range of 323-423 K. The simulation lasted 600 ps.
Fig. 14a presents the changes in the number of hydrogen
bonds versus simulation time during molecular dynamics
simulation.
It can be observed that the number of hydrogen bonds fluc-

tuates within a small range (from 17 to 36) regardless of tem-
perature. The average number of hydrogen bonds between
methanol molecules and cellulose at different temperatures

was calculated (Fig. 14b). It can be seen from Fig. 14b that the
average number of hydrogen bonds decreases by only about
4 when the temperature is increased from 323 K to 423 K.
The results indicate that the influence of temperature on the
number of hydrogen bonds is limited. Thus, the interaction
energy contributed by the hydrogen bonds (1EH−bond ) may
remain almost unchanged under different temperatures.

V. CONCLUSION

In this paper, the diffusion mechanism of methanol molecules
in insulating oil and insulating oil was investigated at atomic
and molecular levels by using the method of molecular
dynamics simulations.

The obtained results can provide a theoretical basis for
further studies of the aging analysis of cellulose. The present
findings and analysis lead to the following conclusions.

I. The mean square displacements of methanol molecules
in cellulose insulation and insulating oil were calcu-
lated, and the results indicated that the diffusion of
methanol molecules in insulating oil is faster than that
in cellulose insulation.

II. The trajectory tracking of the centroid of all methanol
molecules was given, which pointed out that methanol
has a high affinity for cellulose. This affinity property
facilitates methanol molecules to re-equilibrate with
the oil after oil regeneration.

III. The interaction energies and hydrogen bonds were
calculated to study the different diffusion mechanism
of methanol in cellulose insulation and insulating oil,
which revealed that the presence of hydrogen bonds
prevents the diffusion of methanol molecules in cellu-
lose insulation and insulating oil.

IV. According to the mean square displacements of
methanol molecules in cellulose insulation and insulat-
ing oil at different temperatures, the effect of temper-
ature on diffusion of methanol molecules in insulating
oil is greater than that in cellulose insulation. Since the
van der Waals force between methanol molecules and
insulating oil is greatly affected by temperatures.
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