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Moisture is an important factor that influences the safe operation of transformers. In this study,

molecular dynamics was employed to investigate the diffusion behavior of water molecules in the oil–

paper insulation materials of transformers. Two oil–cellulose models were built. In the first model,

water molecules were initially distributed in oil, and in the second model, water molecules were

distributed in cellulose. The non-bonding energies of interaction between water molecules and oil, and

between water molecules and cellulose, were calculated by the Dreiding force field. The interaction

energy was found to play a dominant role in influencing the equilibrium distribution of water

molecules. The radial direction functions of water molecules toward oil and cellulose indicate that

the hydrogen bonds between water molecules and cellulose are sufficiently strong to withstand the

operating temperature of the transformer. Mean-square displacement analysis of water molecules

diffusion suggests that water molecules initially distributed in oil showed anisotropic diffusion; they

tended to diffuse toward cellulose. Water molecules initially distributed in cellulose diffused

isotropically. This study provides a theoretical contribution for improvements in online monitoring

of water in transformers, and for subsequent research on new insulation materials.

& 2011 Elsevier B.V. All rights reserved.
1. Introduction

Oil–paper complex insulation is an important form of the
insulating system for power transformers. Its aging directly
determines the lifespan of the transformer. Moisture is univer-
sally considered as one of the most influential factors responsible
for the aging of insulation material. Moisture in the oil-paper
insulation system mainly stems from the material itself and from
the degradation products of the insulation material. At the
beginning of operation of a transformer, the moisture content is
usually o0.5%, but it can reach 4–8% at the end of its life [1]. The
higher is the water content in the oil-paper system, the more
quickly the cellulose degrades. Moreover, moisture is detrimental
to the dielectric properties, e.g., it lowers the breakdown voltage,
which in turn compromises the safety of equipment.

The hazard of water in transformers has been given attention
in many studies [2–4]. Much effort has been exerted to under-
stand the hydrolytic degradation mechanism of oil-paper insula-
tion materials, and some useful achievements were attained.
However, due to the complex structure of transformers, such
studies were usually comprehensive endeavors involving
ll rights reserved.
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).
materials, chemistry, chemical engineering, and so on, and these
studies were mostly performed by experiments [5–7]. Many
reports on the online monitoring of water in transformers have
been released, and they have significantly facilitated on-site
engineering applications. Nevertheless, the theory and technical
basis for the online monitoring are derived merely from experi-
mental data [8].

With the increase in transmission voltage level of China in
recent years, higher standard on the insulating performance of
transformer and online monitoring of water is put forward. In
order to understand and elucidate the mechanism of action of
water and its distribution law with a microscopic perspective
rather than simply summarizing separate experimental data, a
higher level investigation into the mechanism of the effect of
moisture on transformer insulation materials is necessary. Results
of these studies benefit online monitoring of transformers and the
development of new insulation materials.

Molecular simulation is a scientific computational method
developed in the 1960’s. With the development of computers,
molecular simulation has been widely used in various research
fields with great success. It has become the third method used to
study the world [9]. However, molecular simulation of the
diffusion of water in oil-paper insulation materials of transfor-
mers has not been reported. Thus, molecular dynamics (MD) was
employed in this study to investigate the mechanism of diffusion
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and the distribution of moisture at the molecular level, which
would enact as a supplement to the researches in this field.
2. Calculation method

2.1. Modeling

2.1.1. Oil model

Transformer oil may be paraffinic or naphthenic. Due to its
superior performance at low temperature and simple manufac-
turing process, naphthenic oil has been comparatively widely
used in transformers. Thus, in this study, the oil model was based
on naphthenic mineral oil. Liu and Xu [10] analyzed the compo-
nents of 25# mineral oil produced by Xinjiang Karamay Petro-
chemical Plant of China using mass spectrometry. This study
revealed that chain hydrocarbons and cycloalkanes are the chief
components (88.6%) of naphthenic mineral oil. Therefore, chain
hydrocarbons and cycloalkanes determine the main characteris-
tics of naphthenic mineral oil. Cycloalkanes of importance consist
of one or more rings (Table 1). Five types of naphthenic molecules
based on the components of naphthenic mineral oil were used
proportionately in the oil models (Fig. 1). Two amorphous oil cells
were constructed using the method proposed by Theodorou and
Sute [11]. The first model contained no water molecules and the
second one contained 10 wt% water molecules. The target density
for each model was set to 0.9 g/cm3.

Transformer oil is such a complex mixture that it is unrealistic
and unnecessary to characterize the relative contents, structures,
and conformations of all of its constituent molecules. For exam-
ple, C8H18 has 366,319 kinds of theoretical conformations. As
mentioned above, cycloalkanes primarily influence the physico-
chemical properties of naphthenic transformer oil. To reach a
balance between computation capacity and the model’s facticity,
representative cycloalkanes were used to simulate naphthenic
transformer oil.

2.1.2. Cellulose model

Cellulose has two different morphologies, namely, crystalline
and amorphous. Depending on the origin and application, cellu-
lose varies in crystallinity, which ranges from 60%to 80%. Despite
having the same elements, different structures of cellulose mole-
cules result in different properties. For example, crystalline
Table 1
Component of the naphthenic transformer oil.

Chain hydrocarbon Naphthenic hydrocarbon

11.6% 77.0%

–

One ring Two ring Three ring Four ring

15.5% 28.5% 23.3% 9.7%

C16H26
C16H28

C12H26

C13H24
C14H28

Fig. 1. Naphthenic mineral oil molecular model diagram.
cellulose has strong mechanical strength, whereas amorphous
cellulose has high flexibility [12].

The two morphological regions of cellulose have different
interaction behaviors with water.

The crystalline region contains compact and ordered cellulose
molecules. Water adsorption in this region is confined to the surface
due to the strong intra- and inter-molecular non-bonding interac-
tions among cellulose molecules [13–16]. The amorphous region
contains irregularly arranged molecules, among which the inter-
molecular interactions are much weaker. More interspaces between
molecules are present, which leads to easier adsorption of water to
the cellulose. The main purpose of this paper is to investigate the
diffusion behavior of moisture in the oil-paper insulation system;
therefore, the amorphous cellulose model was adopted.

In their study on amorphous cellulose, Mazeau and Heux [12]
and co-workers confirmed that cellulose models of different
chain lengths did not vary much in molecular conformations or
physicochemical properties. Moreover, the cellulose chain length
effect appeared to be negligible when studying the adsorption
and diffusion of cellulose because such phenomena simply
depends on the nature of groups in cellulose.

With these considerations, two amorphous cellulose models
were constructed by the method proposed by Theodorou and Sute
[11]: one model contained no water molecules and the other
contained 10 wt% water molecules. Three kinds of cellulose
molecule segments with various numbers of glucose rings,
namely 4,–6, were proportionately added into the cells to simu-
late amorphous cellulose. The target densities of both models
were set to 1.5 g/cm3.

The layer building tool was used to construct two two-storey
structural models without interfacial vacuum. In these models,
moisture was initially distributed in the oil and then in the cellulose.

The two models and their snapshots in the equilibrated state
after molecular simulation are shown in Figs. 2 and 3. The
succeeding simulations were based on the two models.
Fig. 2. The initial models of water molecules diffusion in oil-paper system.

Fig. 3. Snapshots of water molecules diffusion when the simulation achieved

balance.
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2.2. Simulation details

Energy optimization and molecular dynamics simulation were
carried out using the second generation force field, PCFF [12,17–21],
which is specially suited for carbohydrates and other polymers.
However, the hydrogen bonding interaction is not taken as an
independent term in the PCFF force field, but embodied in the van
der Waals and electrostatic interaction terms when calculating the
non-bonding interaction. The hydrogen bonding between water
molecules and cellulose is an important parameter evaluated in this
study. Thus, another force field, the Dreiding force field [22], which
defines the hydrogen bonding interaction as an independent item,
was employed to calculate the hydrogen bonding energy.

The oil models and amorphous cellulose models must undergo an
optimization process before they are combined in the oil–cellulose
composite models. Another energy optimization process was per-
formed on the composite models. The NPT ensemble was adopted for
molecular dynamics. All simulations were carried out for 1 ns, and the
standard Verlet algorithm was used to integrate Newton’s law of
motion with a time step of 0.001 ps. Andersen’s algorithm [23] and
algorithm of Berendsen et al. [24] were used to keep the temperature
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Fig. 4. Changes of interaction energies between water molecul
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Fig. 5. Changes of interaction energies between water molecul
at 343 K, which is approximately equal to the operation temperature
of transformers, and the pressure at 1 atm, respectively.
3. Results and discussion

3.1. Interaction energies

The interaction energy, DE, between two substances can be
calculated by the following formula:

DE¼ E12�E1�E2 ð1Þ

where E12 is the total energy, E1 is the potential energy of substance A
when isolated from B, and E2 is the potential energy of substance B
when isolated from A. If the substances do not interact, DE¼0; with
attractive interaction, DEo0; with repulsive interaction, DE40.

For brevity, the model wherein water molecules were initially
distributed in the cellulose is referred to as Model 1, and the
model wherein water molecules were initially distributed in the
oil is referred to as Model 2. Figs. 4 and 5 show the changes in
interaction energies for the two models with simulation time.
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For Model 1, the water–oil interaction energies or the water–
cellulose energies fluctuated at the preliminary stage of the
simulation and then quickly reached dynamic equilibrium. Simi-
lar situations for the components of interaction energies were
observed. This indicates that the original water and the additional
molecules produced by degradation of cellulose are stable in the
cellulose. In Model 2, interactions went through a long process
before the water–cellulose interaction energies reached dynamic
equilibrium (Fig. 5). Similarly, convergence of the water–oil
interaction energies to a constant value was slow. To further
analyze the interaction between water molecules and the oil-
paper material, the average interaction energies of the models
were examined (Table 2). In Model 1, the average energies were
calculated from 400 ps to 1 ns, and in Model 2, from 600 ps to
1 ns.

Interaction is one of the important factors that determine
whether the water molecules exist stably in oil. If the interaction
between water molecules and cellulose is stronger than that
between water and oil, then water molecules in the oil will
diffuse into the cellulose.

Neither the equilibrated interaction energy of water–cellulose
nor of water–oil in Model 1 parallels the value of its respective
counterpart in Model 2 (Table 2). The equilibrated interaction
energy of water–cellulose in Model 1 was twice of that in Model
2. Meanwhile, the equilibrated energy of the water–oil interaction
in Model 2 was twice of that in Model 1. Thus, the initial location
of the water molecules in the oil-paper composite material had a
profound impact on the diffusion of water molecules. Water
molecules initially distributed in the cellulose could extensively
establish ‘‘contact’’ with cellulose leading to strong adsorption
and binding. On the other hand, water molecules initially dis-
tributed in oil are adsorbed by cellulose up to the cellulose–oil
Table 2
Interaction energies between water molecules and oil and cellulose (kcal/mol).

Model 1 Model 2

Water–cellulose Water–oil Water–cellulose Water–oil

DE �764.6364 �4.6249 �411.8392 �9.8387

DEH�bond �229.5502 0.0000 �123.2935 0.0000

DEvdW 121.8757 �4.5108 69.7880 �9.4364

DEelectrostatic �656.9619 �0.1141 �358.3337 �0.4023
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Fig. 6. Change of the number of water molecule-ce
interface. However, they were unable to permeate into the
cellulose. Therefore, the water–cellulose interaction in Model
2 was not as strong as that in Model 1.

Table 2 also indicates the differences in the proportions of the
energy components. Electrostatic effect and hydrogen bonding
have made principal contributions to the total energies of the
water–cellulose interaction in the two models. The van der Waals
forces had trivial (repulsive) effect. In contrast, the energies of the
water–oil interaction are primarily ascribed to the van der Waals
attractive effect, suggesting that the non-polar effect was
dominant.

Although the energies of the water–oil interaction in the two
models were small, their impact cannot be completely ignored,
that is, the attractive interaction between water molecules and oil
created a possibility that some water molecules could still be
present in the oil.

Therefore, water, both inherent in the cellulosic paper and
generated by the aging of cellulosic paper, could always reside in
the paper regardless of the influence of oil. For the water inherent
in oil and produced by the aging of oil, some of it could return into
the oil under certain conditions, such as vibrations due to
mechanical and electrical stresses. The result somewhat explains
the fluctuation in water content of oil measured in the oil-paper
insulation aging experiments [25].
3.2. Hydrogen bonds

Fig. 6 shows the changes in the number of water–cellulose
hydrogen bonds with simulation time in both models. In Model 2,
it took a considerable time for the number of water–cellulose
hydrogen bonds to achieve a stable level. In Model 1, the number
of hydrogen bonds varied at the beginning of the simulation, but
quickly converged to a stable value. The microstructure of water–
cellulose hydrogen bonds was examined from the radial distribu-
tion functions (RDFs) for the interactions of water molecules with
cellulose and oil. These RDFs were measured at the initial and
balance stages (Figs. 7 and 8).

Fig. 7 shows the RDFs for the interaction of water molecules
with cellulose and oil in Model 1. The RDF of the interaction of
water molecules with cellulose was almost unchanged through-
out the MD. This indicates that the water molecules had already
been evenly distributed in the bulk of cellulose, and sufficiently
interacted with the cellulose even before MD. The RDF of the
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Fig. 7. RDFs between water molecules toward oil and cellulose before (a) and after achieving (b) the balance of simulation for Model 1.
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interaction of water molecules with oil varied after the MD, and
its curve slightly shifted to the left. This is attributed to a
movement of the oil bulk toward the cellulose bulk driven by
external pressure. However, such a change resulted in a shift of
the curve, withholding the curve itself the same.

Fig. 8 shows the RDFs of the interaction of water molecules
with cellulose and oil in Model 2. Compared with Model 1, the
RDFs changed markedly after MD. In Model 2, a strong peak
appeared at around 0.6 nm in the RDF of water molecules and oil
(Fig. 8a), which is not representative of hydrogen bonds, and
vanished after MD. A rapid rise in this curve (Fig. 8b) confirmed
that the water molecules were adsorbed on the surface of the
cellulose. For the RDF of water and cellulose, a strong peak
emerged near 0.45 nm after MD, corresponding to the length of
the hydrogen bond. This confirms the existence of water–
cellulose hydrogen bonds.

In the previous section, the formation condition of hydrogen
bonds was artificially parameterized such that it gave no chance for
the generation of water–hydrocarbon hydrogen bonding in the
Dreiding force field. Therefore, it was impossible to distinguish the
existence of water–oil hydrogen bonding among the interaction
energies. Some studies have indicated that the H atom can also form
hydrogen bonds with the C atom besides O, N, and S. For example,
layer interaction in the cellulose Ib crystal is largely ascribed to C–H
hydrogen bonding [26]. However, there is no evidence that water
molecules formed hydrogen bonds with hydrocarbons in this
investigation, because the distances between water molecules and
oil in the RDF were around 0.6 nm, which clearly did not conform to
the geometrical definition of the hydrogen bond.
3.3. Diffusion of water molecules

3.3.1. Movement of water molecules

In the long-term operation of transformers, the distribution of
water molecules in the oil-paper system is influenced by various
factors, such as the service temperature of the transformer, the
water content, and the aging degree of the oil-paper insulation
materials. Thus, the distribution of water in the oil-paper system
is a complicated and dynamic process.

Fig. 9 shows the variations in the normalized number of water
molecules in oil with simulation time in Model 2. The graph of
Model 1 is not shown here because no water initially distributed
in the cellulose diffused into the oil during the simulation. In this
study, a water molecule in oil spreading into a region within 4 Å
away from the oil–cellulose interface is considered as a penetrant
molecule of cellulose.

The diffusion of water molecules could be divided into three
stages (Fig. 9). At the beginning of the simulation, nearly half of
the water molecules quickly diffused into the cellulose. At the
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second stage, the other half stayed in the oil. During the last stage,
majority of the water molecules remaining in the oil began
another penetration march at 150 ps, and the distribution even-
tually achieved a dynamic equilibrium. The water molecules still
residing in oil accounted for about 5% of the total water mole-
cules, which agreed roughly with the experimental value.
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Fig. 9. Change of the number of water molecules in oil with simulation time.
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Fig. 10 displays the trajectory of a water molecule in Model 2.
The water molecule moved actively, and arrived at the oil–cellulose
interface quickly and formed hydrogen bonding interaction at the
beginning of the simulation. Thereafter, the water molecules slowed
down. According to the trajectory in the XZ and YZ planes, the water
molecules clearly stayed on the surface of cellulose instead of
penetrating into the interior of cellulose. This was mainly due to
the strong binding effect of cellulose on water molecules.

3.3.2. Diffusion of water molecules

The mean square displacement (MSD) is an important para-
meter that characterizes the diffusion of molecules. The MSD of
water molecules can be calculated by the following equation [27]:

MSD¼ 9r
,

iðtÞ�r
,

ið0Þ9
2

� �
ð2Þ

where r
,

iðtÞ and r
,

ið0Þ represent the position vector of the ith atom
at time t and zero, respectively. As the diffusion coefficient is
proportional to the MSD, the diffusion of water molecules in the
models can be investigated by MSD.

Fig. 11 shows MSDs of water molecules in both models. The
total MSD of water molecules in Model 2 was much larger than
that in Model 1, indicating that the water molecules in oil have
greater diffusion ability and more ‘‘activity’’ than the water
molecules in cellulose. This further corroborates the binding
effect of cellulose on water molecules.

For Model 1, the MSD components in the X, Y, and Z directions
were close to each other, accounting for one-third of the total
MSD. This indicates that the diffusion of water molecules in
cellulose was isotropic, and was rarely influenced by external
conditions such as oil. For Model 2, the diffusion in the Z direction
(toward cellulose) was the major spreading path, whereas the
diffusions in X and Y directions were the secondary spreading
paths, indicating that water molecules diffusion in oil was
anisotropic. This implies that oil has very limited binding effect
on water molecules. Thus, diffusion of water molecules is likely to
be affected by external polar substances (such as cellulose).
4. Conclusions

The diffusion behavior of water molecules in the oil-paper
insulation system has been studied using molecular dynamics.
The conclusions are as follows:

Cellulose and oil had adsorption effects on water molecules,
and the interaction between water molecules and oil was much
weaker than between water molecules and cellulose. As a result,
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the water molecules were more apt to diffuse into and stay within
the cellulose. However, the adsorption effect of oil on water
molecules resulted in a possibility that the water molecules
adsorbed on cellulose will return to the oil under certain operat-
ing conditions of the transformer.

By analysis of the radial distribution functions of the interac-
tion of water molecules with oil and cellulose, the binding
effect of cellulose on water molecules was principally ascribed
to hydrogen bonding. Once formed, hydrogen bonds are very
difficult to destroy under normal service temperatures of
transformers.

Mean square displacements of water molecules revealed that
the water molecules in oil had considerably greater diffusion
ability than that of water molecules in cellulose. The diffusion of
water molecules in oil was anisotropic. The Z direction was the
primary spreading direction, whereas the X and Y directions were
the secondary spreading directions. In contrast, diffusion of water
molecules in cellulose was isotropic.
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