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Abstract: Oil-impregnated paper is the most widely used
insulating material for power transformers. Power trans-
formers inevitably generate a lot of heat during operation.
Among them, thermal aging is one of the main forms of
aging for insulating paper. In this study, the ab initio mole-
cular dynamics method based on the density functional
theory is used to simulate the cracking mechanism of cello-
biose under transient high temperature. The results show
that the cellobiose is relatively stable at 343K, the motility
of the cellobiose is enhanced at 1,800 K, the cellobiose starts
to decompose at 2,400 K, and new characteristic products
are formed at 3,000 K. The characteristic products include
CO, H,0, CH;0H, H,, and CH,. These characteristic products
can represent the degree of cracking of insulating paper.
Therefore, it is necessary to explore the mechanism of
cracking of insulating paper caused by transient high
temperature.

Keywords: pyrolysis, molecular dynamics, density func-
tional, characteristic products

1 Introduction

Power transformer is one of the main power equipment in
the power system that plays a role in transformation of
electrical energy (1), and oil-paper insulation is the main
insulation medium in today’s high-voltage transformers (2,3).
In actual operation, insulating paper inside the transformer
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will generate a lot of heat (4), and thermal aging is the main
form of deterioration of insulating paper in various aging
forms (5). A large number of studies on the thermal aging
of transformer oil-paper insulation have focused on the long-
term aging process of the insulating paper, such as extracting
characteristic parameters to generalize the aging law based
on macroscopic accelerated aging experiments. The Interna-
tional Electrotechnical Commission points out that the phy-
sical and chemical performance parameters of oil-paper insu-
lation system itself can be used as the characteristic quantity
of aging evaluation during the aging process of transformer
(6). The main characteristic parameters include dissolved gas
analysis in transformer oil (7), tensile strength and degree of
polymerization (DP) of insulation paper, and furfural content
in oil (8,9). The DP is often used in previous studies to describe
the structural integrity of the insulating paper, with a DP of
500, indicating that the paper is in the middle of its life, and a
DP as low as 250 requiring immediate replacement with new
paper (10-12). The process of thermal aging of insulating
paper is complex, and the mechanism of chemical reactions
in the condensed phase of pyrolysis is a key to a comprehen-
sive understanding of cellulose pyrolysis (13). In recent years,
a number of scholars have attempted to explore the stability
of cellulose itself, complementing experimental data on cellu-
lose pyrolysis with electronic structure calculations and mole-
cular simulations (14-18). This allows the capture of indivi-
dual chemical reactions that occur during decomposition
(19-22). To explore the properties of cellulose, numerous stu-
dies have been carried out by scholars using molecular
dynamics methods based on conventional mechanics. Due
to the different physical and chemical properties of the crys-
talline and amorphous regions of cellulose (23), each part of
the cellulose has different stability (24,25). In addition to the
properties of cellulose itself, which affect the stability of insu-
lating paper, temperature is also a major factor (26,27). To
further understand the stability of insulating cellulose at
the microscopic level, previous authors have investigated
the cracking mechanism of insulating cellulose based on
quantum mechanical methods. The formation and disappear-
ance of chemical bonds, which act as bridges connecting
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atoms, directly affect the stability of cellulose itself. Moreover,
the interaction of the aging product with its own atoms
will directly lead to the formation and loss of chemical
bonds (28,29). The integrity of the chemical bond between
the glycosidic bond and the pyran ring in the cellobiose
directly determines the DP of cellulose in the insulating
paper (15,23).

However, the mechanism of cracking at transient high
temperature has not yet been elucidated. Transient high
temperature can easily cause local damage to the insu-
lating paper. When the insulation paper has a fault similar
to the point defect, the local insulation performance of the
insulation paper will be greatly reduced. The point defects
are the beginning of the cracking of the insulating paper.
Therefore, it is necessary to carry out a theoretical study of
the mechanism of thermal cracking at transient high tem-
perature. In this article, the radial distribution function
(RDF) method is used to verify the effect of instantaneous
high temperature on the cellulose of insulating paper. The
mechanism of thermal cracking at transient high tempera-
ture is explained by the ab initio molecular dynamics from
the perspective of bond breaking and atom bonding. As
the earliest characteristic product, CHsOH can be used as
an important indicator of the early aging of insulating
paper (DP > 900) (30,31). The content of CO and H,0 can
be used as the characteristic gas to detect the degree of
decomposition inside the insulating paper (32). This also
makes up for the theoretical gap that the furfural can
only be used to monitor the aging state of the insulating
paper at intermediate and late stages, but not at early
stages (33).

2 Theory and simulation details

2.1 Calculation theory

The calculation of electronic ground state is a complex
quantum many-body problem. Density functional theory
can reduce the calculation amount on the basis of ensuring
the calculation accuracy (34). The Ab initio molecular
dynamics method is based on density functional theory to
transform complex multibody problems into a set of self-
consistent single-electron orbital equations (35,36). Com-
pared with conventional molecular dynamics simulations,
ab initio molecular dynamics is computationally more accu-
rate, takes longer to compute, and is computationally more
expensive. Therefore, ab initio molecular dynamics is more
suitable for the calculation of small molecular systems.
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However, insulating paper cellulose is a type of polymer,
and the aging process can take years under natural condi-
tions. To reduce the simulation timescale and ensure the
accuracy of the simulation, a reasonably high temperature
should be set during the simulation to accurately predict the
pyrolytic behavior of cellulose molecules in insulator paper
under transient high temperature.

2.2 Simulation details settings

Cellobiose molecules are the basic skeleton of cellulose in
insulating paper, which is polymerized from cellulose. The
cellobiose model is constructed by Materials Studio, and
the periodic boundary conditions are established with a
box size of 18 x 18 x 18 A. As shown in Figure 1, the config-
uration is first geometrically optimized to approximate the
exchange-correlation potential using generalized gradient
correction and Perdew-Bruke-Ernzerhof (PBE) function
(37,38). In view of the importance of the long-range disper-
sion correction for weakly interacting systems, the Grimme
dispersion correction is added to the PBE generalization
function. Ab initio molecular dynamics simulation is
performed when the geometric optimization converged.
The 5 ps kinetic simulations are performed for the cel-
lobiose model under an isothermal-isochoric (NVT)
ensemble systems as well as a Nose-Hoover thermostat
to bring the system to equilibrium at 298.15K (39). The
equilibrated system is then subjected to 15 ps Ab initio mole-
cular dynamics simulation at 343, 1,800, 2,400, and 3,000 K,
respectively.

Figure 1: Cellobiose model with boundary conditions.
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3 Results and discussion

3.1 Effect of transient high temperature on
thermal cracking

The pyran rings are the main skeleton of the cytosol, where
the C-C and C-0 bonds are the main building blocks of the
pyran rings, and the C-0 bond is also the main chemical
bond forming the glycosidic bond. At the same time,
hydrogen bonding also plays a crucial role in the stability
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of cellulose, where hydrogen bonding is mainly caused by
hydroxyl groups. In particular, it is important to investi-
gate the stability of the C-C bond, the C-O bond, and the
O-H bond.

RDFs are often used to describe the probability of
occurrence of other particles around a certain particle in
a dynamical problem. The stability of the chemical bonds
of cellobiose molecules can be explored by plotting the RDF
of different chemical bonds at the corresponding tempera-
tures separately using VMD software. The equation used to
calculate the RDF is shown in Eq. 1 (40), where g(r) is a
function describing the density of particles at a certain
distance from the reference particle, which reflects the
probability of finding another particle in a spherical space
with radius from r to r + 8r, and V is the volume of the
system; moreover, N is the number of atoms. We can see a
summary diagram of the RDF in Figure 2.
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As shown in Figure 3, the horizontal axis r in the four
plots represents the interatomic distance and the vertical
axis g(r) represents the particle distribution probability. The
valence r corresponding to the peak of each curve is exactly
the number of corresponding bond lengths corresponding to
Table 1. As the temperature increases, the value of the award
distribution function for each chemical bond decreases, and
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Figure 3: Radial distribution functions of C-C, C-0, and C-H bonds at (a) 343, (b) 1,800, (c) 2,400, and (d) 3,000 K.
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Table 1: Bond energy and bond length of C-C, C-0, and O-H bonds

C-C bond C-0 bond 0-H bond
Length of bond (A) 1.54 1.43 0.96
Energy of bonds (kJ-mol™) 332 326 464

temperature is able to influence the composition of these
three types of chemical bonds. Among the four temperatures,
the RDF values of the three bonds are the largest at 343 K.
Although the RDF values of the three bonds at 1,800 K change
much compared with 343 K, the bonds are not broken. It can
be seen that the transient high temperature enhances the
kinetic activity of the cellobiose. The increasing distance
between cellobiose molecules is not conducive to polymeriza-
tion. At temperatures below 2,400 K, the same temperature
basically follows the largest value of the RDF for the C-C
bond, followed by the C-O bond, and the smallest value of
the RDF for the O-H bond, which also indicates that the
temperature below 2,400 K has less effect on the basic ske-
leton of the cellobiose. When the temperature reaches
3,000 K, the values of the RDFs for the different chemical
bonds change, with the largest changes for the C—C bond
and the C-0 bond, indicating that the temperature affects
the C-C bond and the C-0 bond much more than the O-H
bond. This is also related to the bond energy and length, as
shown in Table 1. The C-C and C-O bonds have similar
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energies and are much smaller than the O-H bond. The
smaller the bond energy, the easier it is to be broken.

3.2 Analysis of cellobiose bond breaking and
characteristic product generation
process

3.2.1 Cellobiose bond-breaking process

From Figures 4a and 5a, it can be seen that the glycosidic
bond breaking, pyran ring opening, and C-C bond breaking
of the C atoms attached to the glycosidic alcohols mainly
occur at 2,400K in cellobiose. At 11.432 ps, the glycosidic
bond Cy3-05 is broken first and the cellobiose split. The
C,—0s5 bond and the pyran ring are broken at 11.542 ps.
Two C-C chemical bonds, C;;—C¢ and C,g—Cs,, are broken
at 11.78 ps and 11.81 ps, respectively. When the simulation
time increased to 12.788 ps, Cs»—Hj, is broken. In summary,
it is not difficult to find the order of bond breaking in this
order, C-0 bond, C-C bond, C-H bond, consistent with the
law of variation for different bond energy sizes in Table 1. It
is clear that the main structure of the cell body is fully
cleaved. When the temperature reaches or even exceeds
2,400 K, the transient high temperature immediately causes
the bonds of cellulose to break.
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Figure 4: (a) Bond breaking of cellobiose at 2,400 K. (b) and (c) Bond breaking of two cellobiose molecules at 3,000 K. (d) Atomic serial number and

corresponding atom.
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Figure 5: (a) Diagram of cellobiose cleavage process at 2,400 K. (b) and (c) Diagram of cellobiose cleavage process at 3,000 K.

As shown in Figures 4b and 5b, the glycoside bond
Cy3—03; breaks at 3,000K and 1.283 ps. The C,—Os bond on
the pyran ring breaks at 1.319 ps, which also marks the
opening of the pyran ring. Then a lot of C-0O, C—C bonds crack.
Meanwhile, the cleavage process of another cellobiose at
3,000K can be seen in Figures 4c and 5c. The glucoside
bond C4s—0O75 breaks first at 0.874 ps. At a time of 0.974 ps,
the C50—049 bond on the pyran ring breaks. A large number of
C-0 bonds and many C-C bonds crack after 1.158 ps.

It is found that the glucoside bond, as the weakest che-
mical bond, breaks first by comparing the cleavage of cello-
biose at 2,400 and 3,000 K. This is also one of the main
factors that reduces the DP of insulating paper under
extreme conditions. Second, the C-O bond on the pyrane
ring also breaks immediately after the glycoside bond. The
service life of insulating paper is determined by the opening
of the pyran ring and the breaking of the glycoside bond.

3.2.2 Analysis of characteristic product generation
process

Instantaneous high temperature not only causes thermal
cracking of cellobiose but also produces new characteristic
products. To explore the mechanism of cracking, the gen-
eration process of various products is described in detail at
3,000K.

3.2.2.1 The formation of H,0 molecules

The two sources of H,O molecules are shown in Figure 7a and b.
Figure 6a shows that the C;—Hg, chemical bond breaks at
3434 ps and the Hg, atom is shed. This is immediately followed
by the C;-07 bond breaking at 3533 ps, and the primary
alcohol hydroxyl O7—Hgg is shed. The detached primary alcohol
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Figure 6: AIMD simulation of the variation of bond length with time for cellobiose broken bonds of insulating paper and H,0 bonding.
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Figure 7: (a) The primary alcohol hydroxyl group combines with the H atom on the pyran ring to form H,0. (b) The glycoside bond breaks and

dehydrogenates the secondary alcohol hydroxyl group to form H,0.

hydroxyl group 0,,—Hg, forms a H,0 molecule with the Hg,
atom at 3.592 ps. Figure 7a demonstrates the origin of the
radicals in the H,O molecule, where the primary alcohol
hydroxyl group combines with the H atom on the pyran
ring to form H,0.

The H,0 molecule shown in Figure 7b is formed by the
interaction of two cellobiose molecules. Figure 6b shows
that C43—0-5 breaks at 0.873 ps causing O5 to fall off, while
the strong electronegativity of the oxygen atom attracts the Hgs
atom that has not yet broken. The O;-Hgs bond breaking
occurs at 0.894 ps. The broken Hgs atom immediately combines

with the O,5 atom to form an O-H bond. The time increases to
2.773 ps when the 0;,—H;; bond breaks, dislodging the Hi;
atom. The Cg;—0,5 bond is broken when the simulation
time reaches 7.014 ps, allowing the O;5—Hgs to completely
detach from the cellobiose. At 7.275ps, O;5—Hy; binds to
form a chemical bond, at which point the H,0 molecule is
fully formed. The H,0 molecule formation process is domi-
nated by C-O bonding, O-H bond breaking, and the forma-
tion of new O-H bonds. There is a direct link between the
formation of H,0 molecules and the breaking of one of the
glycosidic bonds of the cytosol, which is completely broken.
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Figure 8: AIMD simulation of the variation of bond length with time for cellobiose broken bonds and CO bonding of insulating paper.
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This also reflects the fact that the amount of dissolved H,0 in
oil in oil-immersed transformers is one of the measures to
characterize the degree of aging of insulating paper. In the
formation of both H,0 molecules, it was found that when
the C-O bond is broken, the O atoms in the secondary
alcohol hydroxyl group are more electronegative and also
more likely to cause hydrogen capture and dehydration of
the O atoms.

3.2.2.2 The formation of CO

The formation process of CO is complex, and the three dif-
ferent pathways of CO cleavage are illustrated in Figure 9a—c.
The bond breakage of Cy—05; at 1.274 ps shown in Figure 8a
marks the glycosidic bond damage. Immediately, the bond
breaking at 1.311 ps occurs at C4,—0s, and since C4—Os is a com-
ponent of the pyran ring, the pyran ring opens at this point.
The formation of CO is closely related to the glycosidic bond
and the pyran ring as shown in Figure 9a, which requires both
glycosidic bond breakage and pyran ring opening to form CO,
and the C-O bond is derived from the glycosidic bond.

The formation of CO is shown in Figure 8b, where the
C;—Cs bond breaks at 1.378 ps causing the pyran ring to
open. The C;—C, bond is broken at 9.769 and 9.731ps,
respectively. The C;—H;, bond breaks when the simulation
time reaches 10.626 ps, allowing C;—Oq to be free to form
CO. It can also be seen from Figure 9b that the two C-C
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Figure 9: (a) The C-0 bond on the glycoside bond dissociates to form
CO. (b) The C atom on the pyran ring dissociates with the O atom on the
hydroxyl group to form CO. (c) The C-O bond on the pyran ring dis-
sociates to form CO.
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Figure 10: AIMD simulation of the variation of bond length with time for
cellobiose broken bonds and H, bond formation in insulating paper.

bonds on the pyran ring break first causing the pyran ring
to open, followed by the H atom on the C atom of the
secondary alcohol shedding the H atom on the attached
hydroxyl group to eventually form CO. The formation of
this type of CO is related to the O atom on the pyran ring
and the hydroxyl group.

The chemical bonds C4;—05, C;—Cg, Cs—Cyp, and Cg—Hyg
are broken within 1.317-1.416 ps in Figure 8c, respectively,
and C¢—0Os on the pyran ring broke off to form CO. As
shown in Figure 9c, the C-0 bonds on the pyran ring are
broken successively with the chemical bonds formed by
the surrounding atoms. Finally, the C-O bond on the pyran
ring breaks free to form CO. In summary, there are three
ways of CO formation, which are formed by the C-0 bond
on the glycosidic bond, the C atom of the secondary alcohol
on the pyran ring with the O atom on the attached hydroxyl
group, and the C-O bond on the pyran ring breaking free.

3.2.2.3 The formation process of H,

Figure 10 depicts the formation of H,. The C,—H;y3, Og—Hyg
chemical bond is broken at 9.737 ps when the cellobiose
is continuously cleaved at a transient high temperature.
The two free H atoms combine to form H,. Figure 11 shows
a schematic diagram of the source of hydrogen Hy, where
the seco-alcohol C atom on the pyran ring is dehydroge-
nated; the adjacent seco-alcohol C atom is dehydrogenated

OH on
9 HO
\Og/é/’&o ° O " > Hz
2
O\ OH
OH o

Figure 11: The H atom on the hydroxyl group combines with the H atom
attached to the C atom in the pyran ring to form H,.
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Figure 12: AIMD simulation of the variation of bond length with time for
cellobiose broken bonds and CH, bond formation in insulating paper.

by attachment to the hydroxyl group; and the two free H
atoms combine to form H,.

3.2.2.4 The formation process of CH,

The methane formation process is represented in Figure 12.
The C3,—033 bond is broken when the cleavage time reaches
5.5 ps. The hydrogen atom H;g then forms a new bond with
the carbon atom Cs, at 6.566 ps. The C3—Cyg bond is broken
at 9.315 ps, when the Cs, valence electron is in an unsatu-
rated state. The free methyl group forms a new C-H bond
with the hydrogen atoms Hsg and H;g at 11.173 and 6.601 ps,
respectively. The methane molecule is formed. The CH,
radical shown in Figure 13 is associated with the source of

HO
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the constituent atoms. The C-0 bond formed by the C atom
of the primary alcohol with the attached hydroxyl group
and the C-C bond formed with the C atom on the pyran
ring break at high temperatures. Afterward, the C atom of
the glycosidic bond of the other cellobiose sheds an H atom,
the C atom on the pyran ring sheds an H atom, and the free
two H atoms combine with the C atom of the secondary
alcohol to form methane CH,.

3.2.2.5 The formation of CH;0H

The formation process of CH;OH can be divided into two
categories, one is the shedding and reorganization of the
cellobiose own atoms and radicals. From Figure 14a, it can
be seen that the simulation time breaks the C;;—Cg and
Ce¢—Hye chemical bonds at 1.357 ps and 1.403 ps, respec-
tively, and the free H;¢ forms a new chemical bond with
Cyo. Figure 15a shows that the C—C bond formed by the C
atom of the primary alcohol with the C atom on the pyran
ring breaks, and the C-H bond formed by the H atom
attached to the C atom on the pyran ring breaks, and the
shed methanol group CH,0H combines with the H atom to
produce CH3;0H.

The other category is the free combination of two cel-
lobiose molecules with their own atoms shedding free radi-
cals. Figure 14b shows the formation process of the second
type of methanol molecule. The first to break the bond is
Cs50—Cs4, and the valence electron layer, which is originally

Distance (A)
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Figure 14: AIMD simulation of the variation of bond length with time for cellobiose broken bonds and CH;OH bond formation in insulating paper.
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Figure 15: (a) After the C-C bond of primary alcohol is broken and dissociated, a free radical is generated and bonded with its own hydrogen atom to
form CH3OH. (b) The primary alcohol C-C bond breaks and dissociates, resulting in a free radical that combines with the hydrogen atom of another

cellobiose to form CH3OH.

saturated with Cs,, is no longer stable. With time, several
chemical bonds are broken, and new bonds are formed
between 7.1 and 7.2ps. Hgg on Oss is freed and bonds
with Cs4, and the valence electron layer of Cs, reaches
stable saturation again. Oss captures the Hzg atom on Cag,
and a new O-H bond is formed after the C-H bond is
broken. Figure 15b shows the origin of the composition of
this type of methanol molecule. The C-C bond consisting of
the C atom of the primary alcohol and the C atom on the
pyran ring breaks, along with a break in the primary
alcohol hydroxyl group. The C atom on the pyran ring of
another cellobiose breaks the C—-H bond with the attached
H atom, and a bond break occurs in the own primary
alcohol hydroxyl group. The free radical CH,0 combines
with the detached H atom to form a new chemical bond,
allowing the formation of the methanol molecule CH;0H.

The main products of cellulose at instantaneous high
temperatures are shown in Figure 16. The highest content
of H,0 and CO is followed by hydrogen H, and CH;0H, and
the lowest content is methane CH,. Insulating paper is the
only source of CH30H in oiled paper insulation system.

Products Quantity
S

H, CH,OH

N
T

0

Figure 16: Diagram of product content.

Even though there is less CH;0H after thermal cracking
of insulating paper, CH30H is the first to be produced by
insulating paper under instantaneous high temperature.
Therefore, the content of CO, H,0, and CH;0H, and the
rate of CH30H production can be used to monitor partial
discharge faults.

4 Conclusions

In this study, the influence of transient high temperature
on thermal cracking of insulating paper is explored. In
this simulation, it is found that when the temperature is
higher than 2,400 K, the glycosidic bond and pyran ring
would first crack in a short time. The primary source of
H,0 is the glycosidic bond. The strong electronegativity
of the O atom is also the main driving force for the forma-
tion of H,0. Dehydration will cause a rapid decline in the
DP of insulating paper. CO is mainly derived from the C-O
bond on the glycosidic bond and the C-O bond on the
pyran ring. The production of a large amount of CO proves
that the pyranoid ring is heavily cleaved. Therefore, the
content of H,0 and CO can directly explain the degree of
thermal cracking of insulating paper. H, and CH, are pro-
duced in a similar process, both of which are formed by
the recombination of atoms and chemical bonds connected
to the pyran ring. CH30H is formed by breaking the bond
between C atom of primary alcohol on the pyran ring and C
atom on the pyran ring and combining with H atom. The
presence of CH;OH confirms that the chemical bond to
the pyran ring is not stable. In addition to cracking of the
glycosidic bond and the main body of the pyran ring, the
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part connected to the main body will also be largely
cracked. Finally, the insulating paper loses its insulation
property at instantaneous high temperature. As a result,
transient high temperature will cause thermal cracking of
insulating paper. Glycosidic bond, pyran ring, and the
broken bond recombination of atoms and chemical bonds
connected with the pyran ring result in thermal cracking of
insulating paper. This study also shows that the content of
CO, H,0, and CH30H as well as the CH;0OH production rate
is a feasible method to detect partial point defects. CH;0H
is a unique cracking product of insulating paper. By mon-
itoring CH30H, the operating conditions of the insulating
paper can be determined earlier. This will be conducive
to the improvement of power quality and the long-term
stable operation of the power system.
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