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Abstract: In order to analyze the composition of pyrolysis products of insulating oil at different
thermal fault levels, this paper proposes a thermal fault simulator device for oil-filled equipment.
This device simulates different thermal fault levels by changing the heat source temperature,
provides the real pressure environment by using a closed container and analyzes the composition of
the insulation products by chromatographic analysis methods. By analyzing the temperature and
velocity of flow distributions, it is proved that the fault simulator results are consistent with the actual
results. The influence of heat source energy on the pyrolysis reaction of insulating oil is also discussed.
The obtained results show that the correlation coefficient between pyrolysis product and heat source
energy reaches 0.978. As a result, a multivariate nonlinear energy calculation model is presented
to establish the relationship between the complete reaction process and energy. By calculating the
energy absorbed by different products during the reaction, it can be found that the decomposition of
alkanes absorbs a large amount of energy at the initial stage of pyrolysis, which corresponds to low
temperature overheating fault. When the pyrolysis reaction continues, dehydrogenation occupies
the leading role, which corresponds to high temperature overheating fault. This can be used as an
effective basis for distinguishing fault levels according to the corresponding relationship between
energy and fault level.
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1. Introduction

Insulating oil as the main insulating material can guarantee the normal operation of the
transformer [1]. Thermal faults are a common factor in destroying the insulating properties of
insulating oil during transformer operation [2,3]. Therefore, the study of the pyrolysis process of
insulating oil is of evident importance in the thermal fault diagnosis of transformers. Past research
has focused on the effects of temperature on the pyrolysis process of insulating oils and pyrolysis
products such as alkanes and alkenes [4–6]. However, energy is the direct driving force for chemical
reactions. The analysis of pyrolysis reaction from the perspective of energy will make understanding
of the mechanism of pyrolysis reaction more profound.

The mechanism of insulation oil pyrolysis reactions is considered as the theoretical basis of
thermal fault monitoring of oil-filled equipment, consequently, attention has been paid to related
research since very early. In the 1970s, Halstead deduced the chemical reaction equations and analyzed
them theoretically, obtaining a model of gas production by pyrolysis of mineral oil under fault
conditions [7]. Moreover, according to the calculation results of partial equilibrium pressure of
different gas components, he finally proposed a Pressure-Temperature Relationship diagram. In the
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1980s, Shirai put forward the two-stage decomposition theory of mineral insulating oil which divides
the decomposition process of insulating oil into two stages [8]. The first stage mainly contains of
the cracking reactions of alkanes; the second stage mainly contains the cracking reactions of olefins,
naphthenes, and aromatic hydrocarbons. In recent years, more and more studies have been carried
out on pyrolysis of organic compounds from different perspectives. Hossein and Foster studied the
cracking process of oil from the point of using a multifunctional nickel catalyst [9]. Suntivarakorn
studied the pyrolysis process of oil by using a circulating fluidized bed reactor [10]. Jakob and his team
proposed a transformer fault diagnosis model based on chemical reaction enthalpy changes which
initially explained the pyrolysis reactions of insulating oil from the angle of enthalpy change [11].

Fault simulation is one of the effective means to study the mechanism of pyrolysis reactions
which can analyze the pyrolysis process from different viewpoints, such as reaction conditions,
reaction environment, reaction products and so on. By quantum mechanics, Hu et al. simulated the
thermal aging process of insulating paper with a Condensed-phase Optimized Molecular Potential for
Atomistic Simulation Studies (COMPASS) Force Field and analyzed the effect of oxygen, water and
hydrogen hydrate ions on the thermal aging degradation of insulating paper [12–14]. Yan et al. used
the Reactive Force Field (ReaxFF) on the thermal aging simulation of insulating paper and cellulose
by molecular reaction dynamics [15,16]. The process of dissolution was studied, and the microscopic
process of fiber pyrolysis was obtained by simple analysis. Lu et al. took the lead in simulating the
pyrolysis of alkanes, bicyclic alkanes, aromatic hydrocarbons and other molecules in mineral insulating
oils by quantum mechanics [17]. The above fault simulation studies are all based on molecular
dynamics simulation, and no experimental methods of insulation oil pyrolysis reaction were carried
out, which will be highlighted in this paper.

This paper presents a thermal fault simulator for oil-filled equipment, which can be used to
measure reaction energy, reaction temperature, reaction products, and so forth. Moreover, the finite
element simulation model is established to verify the effectiveness of the fault simulation device.
By using the thermal fault simulator for oil-filled equipment, this paper focuses on analyzing the
relationship between heat source energy and products of pyrolysis reaction of insulating oil. In the
end, a multivariate nonlinear energy calculation model is presented to describe this relationship.

2. Thermal Fault Simulator Description

2.1. Experimental Device

Based on the thermal faulty transformer as a prototype, the transformer thermal fault simulator
is designed by proper simplification of the structure. The device is introduced separately from the
housing, fault source, temperature measurement, and measurement control.

2.1.1. Enclosure

In this paper, the design of an enclosure for the sulfur hexafluoride overheating decomposition
simulation device [18,19] is taken as a reference. According to the thermal fault structure, the fault
volume is tiny compared with the transformer volume on the whole, and transformer oil is
symmetrically distributed around the fault point. As a result, a symmetrical cylinder was chosen
in the design of the enclosure shape. For the convenience of temperature and gas measurement,
opening and sealing were needed on the enclosure’s skirt board, and 304 stainless steel was selected
as the enclosure’s material. To guarantee the safety of the experiment, the inside limit pressure of
the enclosure was calculated, and the thickness of the enclosure is set as 1 cm [20–22]. According to
the above requirements, the parameters of the enclosure are 30 cm in diameter, 35 cm in height, 1 cm
in thickness.
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2.1.2. Fault Source

According to the actual faults, a fault source needs to meet three characteristics: rated power,
long test time, and local heating. Given the above conditions, resistance heating was chosen as the heat
source in designing the fault source, and iron flipping aluminum with a melting point of 1400 ◦C and a
thermal conductivity of 60.2 kJ/m·h·◦C was the best choice [14]. To avoid short circuits or open circuits
occurring to the resistance wire in the transformer oil, aluminum oxide powder was chosen as the
isolation medium among resistance coils, and stainless steel was chosen as the shell of the fault source.
Alumina powder had such good insulating and thermal conductive performance [15] as the isolation
material in the fault source that the heat generated by the resistance wire could come outside in time.
To avoid air remaining inside the fault source, the high-pressure compressed method was adopted
to evict air from the stainless steel shell. Above the stainless steel casing, the power cord led outside
the enclosure through a ceramic casing with high-temperature adhesive sealing at the interfaces in
transformer oil. To sum up, the heating part of the fault source was a cylinder, 2 cm in height, 6 mm
in diameter.

2.1.3. Temperature Test and Control Module

Because of the significant differences in the temperature distribution around the heat source,
the temperature of the internal resistance wire, the heat source surface and the area around the heat
source are measured separately to observe the temperature field distribution in the oil tank and predict
the severity of the fault development.

In order to measure the temperature of internal resistance wire in the fault source, a K type
thermocouple was put on the surface of the resistance wire. The type K thermocouple can bear
temperatures of 500 ◦C and its measurement precision was 0.1 ◦C.

To accurately measure the fault source temperature, the measurement wire of the temperature
sensor temperature was fixed on the surface of the fault source and submerged in mineral insulating
oil. Thus wire should be able to bear high temperatures and erosion here. A temperature measurement
line with a glass fiber skin was adopted. With high transmission speed, the delay time of the glass
fiber wire is just 0.2 s.

To measure the temperature of the entire cutting surface, the sensor’s contacts were distributed
by the upper and lower symmetry and the temperature lines were moved in parallel. According to
the symmetry of the device structure, the temperature of any point around the fault source can
be measured.

The sensor contacts are moved constantly, so it was necessary to use the armored type K
thermocouple (WRNK-191K, Enlai Automation Technology Co., Ltd., Xiamen, China) to withstand
the stress in the push-pull process. To avoid the impact on the distribution of temperature field,
the contacts of the thermocouples should be moved to the wall of the enclosure after measurement.
The distribution of temperature sensors in the enclosure is shown in Figure 1 [23,24].
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Figure 1. Temperature sensor layout.

For the control of temperature, power control was adopted in this paper. When the resistance is
certain, voltage control is equivalent to control the power of the fault source. Under stable conditions,
heat dissipation of the fault source to the surrounding was stable. When the thermal power and heat
dissipation power of the fault source reached the equilibrium state, the temperature in the enclosure
was stable. With the increase of voltage, the power of the fault source increased, and so did the stable
temperature. Then thermal faults at different temperatures were simulated. The whole setup of the
pyrolysis of mineral insulation oil under thermal fault conditions is shown in Figure 2.
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2.2. Experimental Process

2.2.1. Experimental Sample

DB #25 mineral insulation oil (Boshi Lubricating Oil Trading Co., Ltd., Dongguan, China), which is
widely used in current transformers, was chosen as the oil sample. The important parameters of this
mineral oil are shown in Table 1 below. Before the test, the sample was put in a vacuum drying oven
(ZK90, Yongheng Experimental Instrument Factory, Chongqing, China) to be dried for 48 h, under the
condition that pressure was 50 Pa and temperature was 90 ◦C. The initial moisture content of mineral
oil after drying was 6 µL/L. After drying, the oil sample was put into the vacuum glove operation
box (GBV-1, Zhongjing Chemical Machinery Co., Ltd., Changsha, China), filled with nitrogen and
then sealed.

Table 1. Parameter list of DB#25 Mineral insulating oil.

Property Parameter

Density (20 ◦C) kg/m3 825.4
Pour Point, ◦C −36

Kinematic viscosity (40 ◦C), mm2/S 10.83
Acid Value, mg/g 0.03

Corrosive non-corrosive
Water Soluble Acid or Alkali none

Breakdown Voltage, kV ≥75

2.2.2. Experimental Circuit

The experimental circuit diagram is shown in Figure 3. Some steps are conducted before
the experiment.
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1. Check the connections of the circuit

To ensure the safety of the electrical equipment, it was necessary to check the value of resistance
wire in the fault source and connect a fuse in the circuit.

2. Check whether the airtight performance of enclosure was in good condition

All the oil inlets were closed, and the screws of the temperature sensor probe should ensure that
the probe can be moved and no liquid seeped.

3. Prepare sampling equipment

To prevent moisture penetration, brown ground glass bottles dried 3–4 h before the test were used
for sampling. After oil sampling, a rubber seal was adopted to prevent air entry which influences the
test results.
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2.2.3. Fault Simulation

Referring to the temperature variation regularity of internal fault and hot spots in transformer,
the temperature was set at 80 ◦C and above and the interval was 40 ◦C in this paper. Put dried mineral
oil in the enclosure, and set the temperature at 80 ◦C, 120 ◦C, 160 ◦C, 200 ◦C, 240 ◦C, 280 ◦C, 320 ◦C
respectively. The oil was kept at each fault temperature for 10 h and temperatures were recorded at
different distances from the fault source and the content of dissolved gas in the transformer oil was
measured every hour.

2.2.4. Test the Gas Dissolved in Oil

1. Measuring equipment

The test adopted a special gc-9560-HD chromatograph produced by Shanghai Guance Electrical
Technology Company (Shanghai, China). The chromatograph was equipped with a Thermal
Conductivity Detector (TCD) and two Hydrogen Flame Ionization Detectors (FID). With advanced
three-detector process, the chromatograph can complete the analysis of the solubility of eight kinds of
gases in transformer oil in 7 min from one injection.

2. Degassing mode

The vacuum full degassing method was adopted in the experiment, and the transformer oil
vacuum full degassing device JYS-5J produced by Yangzhou Huadian Electric Company (Yangzhou,
China) was used. The degassing device, was also connected to the gas chromatograph online, so it
can be used accurately. In this way, manual operation errors were reduced, and operation time was
also saved.

3. Sampling method

Three typical locations were selected for sampling in the test: the top of the enclosure, the middle
of the enclosure and the bottom of the enclosure. Three oil samples taken out from three oil outlets were
measured, and the average of the measurement was finally used in the analysis. In the experiment,
in order to prevent the mineral oil from spilling outside under the pressure of the gas in the enclosure,
about 1–2 cm on top of the enclose was empty, and the oil charge in it was about 25 L each time.

3. Finite Element Simulation Model

The finite element simulation model is established to study the temperature field and velocity field
distribution in the tank when a thermal fault occurs. Therefore, the heat transfer relationship between
insulating oil and fuel tank wall is the focus. The calculation area is set in the tank, and the boundary
conditions are set according to the actual conditions. The following is the specific modeling process.

3.1. Governing Equations

When a thermal fault occurs, the heat in the tank is mainly transferred between the solid and the
liquid. The way of heat transfer includes heat conduction, thermal convection, and thermal radiation.
The heat generated by the heat source is mainly transferred to the insulating oil, ceramic tube and
insulating adhesive. In addition, the outer surface of the tank emits little heat into the air, so it is not
calculated in the model. The laminar flow equation is used to calculate the fluid heat transfer process
in the insulating oil. The non-isothermal flow field is applied to the oil tank because of the surge of
insulating oil during the heating process. Meanwhile, the temperature field is regarded as the coupling
field of laminar flow and non-isothermal flow.

The heat transfer equation for solids is [25,26]:

ρCρ
∂T
∂t

+ ρCρu · ∇T +∇ · q = Q + Qted (1)
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q = −k∇T (2)

The laminar flow equation for a liquid is [27]:

ρ
∂u
∂t

+ ρ(u · ∇)u = ∇ ·
[
−ρI + µ(∇u + (∇u)T)

]
+ Fρ∇ · (u) = 0 (3)

where ρ is the density of solid, Cρ is the normal pressure heat capacity, u is the convective velocity, T is
the surface temperature of solid, q is the convective heat flux, Q and Qted are the initial energy and the
radiation energy of solid, respectively, F is the volume force and I is linear inertia force.

3.2. Boundary Condition Setting and Calculation Realization

In the test, the power of the heat source is set to 50, 100, 150, 200, 250, and 300 W and so on,
which simulates the development of the thermal fault under different temperature and different power.
When the constraint value of the pressure point is set to the port, the initial value is 0. The initial
temperature is set to 293.15 K, and the velocity field and initial pressure are set at 0.

In the numerical simulation model, the heat transfer process in the tank is simplified to a 2D
model because of its axisymmetric structure. Reasonable mesh generation is essential for the accurate
solution of numerical simulation models [28,29]. Therefore, for the 2D model, the scanning network
partition method is adopted. The vicinity of the heat source is preferentially divided into more
detailed sections, and the grid is then swept to the tank boundary. The final partition network is
obtained as shown in Figure 4. The quality of the smallest and average elements is 0.8536 and 0.9868,
respectively, which ensures the accuracy of the calculation results. The final calculation process is
shown in Figure 5 [30].
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4. Experimental Result and Analysis

4.1. Temperature Field Distribution of Oil Tank in Fault Simulation Experiment

In the fault simulation device, based on the height of the temperature sensor and the distance
of the probe from the heat source, a cylindrical coordinate system can be established to measure the
temperature in different positions in the oil tank. Because the fault simulation device is an axisymmetric
structure, the temperature of the temperature sensor in the same height and the same distance from
the heat source is approximately equal, so the temperature field can be seen as a variable related to
height and distance from the heat source. In the fault simulation device, five feature points are selected,
and the temperature of the five feature points is detected for a long time. Finally, the relationship
between the temperature of the feature points and the time is shown in Figure 6. Among them, (17, 0)
points are the surface points of the heat source, and (17, 0.5) points represent the characteristic points
where is 5 cm away from the heat source. The (1, 0) point represents the lowest point of the fault
simulation device directly below the heat source. (20, 0.5), (23, 0.5) indicate the point where its lateral
distance from the heat source is 5 cm, and the distance from the bottom surface of the fault simulation
device is 20 and 23 cm respectively. Based on the plot of temperature vs. time for feature points,
the following conclusions can be drawn:
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Figure 6. The temperature of each point in the experimental device when the heating temperature is
160 K.

By observing the change in temperature of the three feature points at a distance of 5 cm from the
heat source, it can be found that the temperature rises slowly, which shows that the fault simulation
device works well for the heating and fault simulation of mineral insulating oil near the heat source,
but the heating temperature far from the heat source cannot reach the ideal value, which is in line with
the finite element simulation results in Figure 7. This is consistent with the fact that the temperature at
the winding in the transformer tank is significantly higher than the oil temperature at the far point [31].
Therefore, we conclude that the fault simulation device can be more realistic to restore the trend of
temperature changes in the transformer oil tank when a thermal fault occurs.
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4.2. Pyrolysis Gas Production of Insulating Oil in Fault Simulation Experiment

It can be seen from the Figure 8 that when the heating temperature is 80 ◦C, methane is generated
first, and the content of methane increases significantly with increasing temperature, which is in
accordance with the pyrolysis law of mineral insulation oil under actual fault conditions [7]. When the
heating temperature reaches 120 ◦C, ethane gas is generated, yet when the temperature reaches 160 ◦C,
the content of ethane gas decreases, while ethylene gas is produced. With the temperature rising to
240 ◦C, the content of ethylene keeps rising, while the content of ethane does not change substantially
between 200 ◦C and 240 ◦C. This is because insulation oil preferentially undergoes the chain scission
reaction of paraffins in the event of a low-temperature fault, and changes from long-chain paraffins to
short-chain paraffins [4]. Therefore, methane gas and ethane gas are generated first. As the temperature
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reaches the mid-temperature fault condition, some short-chain paraffins undergo simultaneous chain
scission and dehydrogenation reactions, including partial ethane gas dehydrogenation reactions to
produce ethylene, so a large increase in the content of methane occurs, and the content of ethylene
decreases. When the oil is heated from 240 ◦C to 280 ◦C, the ethylene content is reduced significantly,
while acetylene gas is generated and the content is greatly increased, which indicates that the mineral
insulation oil undergoes the second stage reaction, the olefin undergoes dehydrogenation during the
heating process and alkynes are produced [9].
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Combining with the above results and previous studies [1–4], the pyrolysis process of insulating
oil can be established. When mineral oil is overheated at low temperature, the bond breaking and
dehydrogenation of alkane molecules occur first. The bond breaking reaction mainly refers to the chain
breaking of C20 alkane and the formation of small molecules such as C1-C4 and C10-C19. At the same
time, dehydrogenation reactions occur. The carbon-carbon bonds in the C20 molecule dehydrogenate
to produce carbon-carbon double bonds and hydrogen. With the increase of temperature, C10-C19

hydrocarbon molecules decompose further to produce small molecules such as C1-C4 and C4-C9,
accompanied by the dehydrogenation of C10-C19 hydrocarbon molecule. As the temperature continues
to rise, naphthenes and aromatic hydrocarbon molecules in the mineral oil decompose, accompanied
by bond breaking and dehydrogenation of small molecules such as C4-C9. When the insulating oil
reaches a high temperature level, the olefins in the system dehydrogenate to form alkynes. At this
time, the mineral insulating oil completes the thermal decomposition process. The pyrolysis process of
insulating oil is shown in Figure 9.
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4.3. Relationship between Heat Source Energy and Pyrolysis Reaction of Insulating Oil

The output voltage of the AC voltage source is adjusted to change the heating power of the heat
source so that the temperature sensors on the resistance wires are 80, 120, 160, 200, 240, 280, 320,
respectively. The insulation oil in the fault simulator is continuously heated for 10 h. The oil samples
are taken from the oil tank for thermal spectrum analysis and detection, and the various gases in the
oil are recorded. The average heating power of 10 h is calculated by reading the power meter in the
circuit every 1 h. Hence, the energy released from the heat source can be obtained by calculating the
heating time and the average heating power of the heat source. Figure 10 describes the relationship
between the heat release energy and the content of various gaseous components in the oil.
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In Figure 10, it is shown that the pyrolysis gas content of mineral insulating oil changes
significantly with the release of heat energy. The content of methane increases when the heat energy is
low. However, with the increase of heat source energy, the content of methane does not change until
the heat source energy reaches 0.7 kWh, and the content of methane gas rises again. According to
the two-stage pyrolysis theory of mixed insulating oil [4] combined with our analysis, when the
heating energy of heat source is low, it can be deduced that alkane chains are broken to produce
methane, while the methane gas content increases again because of the decomposition reaction of
naphthenes and aromatic hydrocarbons in the mineral insulating oil. The constant content of methane
is due to the fact that the heating energy of the heat source does not reach the activation energy of
the decomposition reaction. The content of ethane increases first with the increase of energy then
remains stable, and finally increases again. This changing trend is consistent with the change trend of
methane, which accurately reflects the general change trend and the main reaction process of alkane
gases in the case of increasing energy. At the same time, when the heating energy of the heat source
is 0.5 kWh, ethylene is produced. When the heating energy reaches 0.85 kW, it can be found that the
content of ethylene decreases significantly, while acetylene is produced, which indicates that the heat
source release energy reaches the reaction activation energy of olefin dehydrogenation. Consequently,
the dehydrogenation reaction takes place, resulting in the reduction of ethylene and the increase of
acetylene. In conclusion, it can be deduced that the energy needed for chain breaking reaction of long
chain alkane is 0.2–0.5 kWh per liter of insulating oil. The energy for decomposition of naphthenic
hydrocarbons and aromatic hydrocarbons is 0.5–0.7 kWh per liter of insulating oil. The energy for
dehydrogenation reaction of carbon-carbon double bond is 0.85–0.95 kWh per liter of insulating oil.
The chemical reaction energy obtained is recorded in Table 2.

Table 2. Chemical reaction energy table.

Chemical Reaction Energy (kWh/L)

C20 → C1-C9 + C10-C19 0.2–0.5
Unsaturated hydrocarbons→ olefins + alkynes 0.5–0.7

olefins + alkanes→ acetylene + hydrogen 0.85–0.95

4.4. Multivariate Nonlinear Energy Calculation Model and Result Analysis

According to the above analysis, it is evident that there is a quantitative relationship between
heat source energy and pyrolysis gas output. Some authors have proposed a multivariate linear
model to describe the relationship, which is derived based on the enthalpy theory [32,33]. Yet,
the model is not entirely consistent with the development of pyrolysis reaction due to the complexity
of organic reactions. To establish the relationship between the complete reaction process and energy,
the multivariate nonlinear energy calculation model is presented. In order to properly simplify the
model, the following conditions are assumed:

• The content of methane, ethane, ethene and acetylene in pyrolysis is higher than that of
other products.

• Most of the heat energy is converted to chemical reaction energy, and energy dissipation is ignored.
• Hydrogen occurs in a variety of organic reactions, making the product's contribution to energy

duplicate, so hydrogen is not selected as the characteristic gas.

In the multivariate nonlinear energy calculation model, a three degree polynomial is used
to describe the energy absorbed by the production of hydrocarbons. Methane, ethane, ethylene,
and acetylene are selected as characteristic gases to estimate the heat source energy, because they
are significantly more abundant than other products. The measurement of model parameters is
very difficult due to various parameters and independent variables. A Particle Swarm Optimization
algorithm is used because it can start from random solutions and find the optimal solution by iteration.
The number of population, the number of neighboring population, and the learning factor are set to 50,
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2, and 2.05 respectively for accuracy. As a result, the multivariate nonlinear energy estimation model
was built as follows:

y = 249.9x1 − 10x1
2 − 7.4x1

3 + 47x2 − 13.67x2
2 + 9.83x2

3

+ 112x3 − 7.9x3
2 − 35x3

3+2566.5x4 + 33.86x4
2 + 22.87x4

3 (4)

where y is the heat source energy, x1, x2, x3 and x4 are the contents of methane, ethylene, ethane and
acetylene respectively.

The calculated values and actual values of heat sources are shown in Figure 11. It can be seen that
the estimated value of energy is basically consistent with the actual value. The correlation coefficient
reached 0.978. Nevertheless, at the initial stage of pyrolysis, there is still a gap between the estimated
energy and the actual value. At the early stage of pyrolysis, the content of pyrolysis products is small,
and the energy lost cannot be ignored, which leads to this error. At the same time, the heat absorption
of ethylene and acetylene in the pyrolysis reaction calculated by a multivariate nonlinear model is
shown in Figure 12.
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In Figure 11, it can be seen that the energy absorbed by ethylene increases gradually during the
initial stage of the pyrolysis reaction, corresponding to the chemical reaction of dehydrogenation of
alkanes to olefins. This indicates that a large number of carbon-carbon single bonds dehydrogenate to
form carbon-carbon double bonds at this stage. As the heat source energy continues to rise, the energy
absorption curve of ethylene decreases, and the energy absorption curve of acetylene increases,
which proves that the dehydrogenation of alkanes and olefins takes place at the same time, and the
olefin content as the reactant is more than the olefin content produced. Carbon-carbon double bonds
dehydrogenate at this stage to form carbon-carbon triple bonds. In the final stage of the reaction,
the energy absorption curves of ethylene and acetylene rise simultaneously, which is thought to
be a large amount of energy absorbed by the decomposition reaction of naphthenic hydrocarbons
and aromatic hydrocarbons [1]. As a result, the reaction energy for cracking reaction of paraffins is
0.2–0.5 kWh per liter of insulating oil. The reaction energy of dehydrogenation reaction is 0.5–1 kWh
per liter of insulating oil, which is consistent with the conclusion of the last section. The energy values
calculated by nonlinear energy calculation model are also consistent with previous studies on the
pyrolysis of insulating oils and are considered to be effective in estimating the pyrolysis reaction at
any stages.

5. Conclusions

A thermal fault simulator for oil-filled equipment is presented in detail and a multivariate
nonlinear energy calculation model is proposed in the paper. The conclusions are as follows:

1. The fault simulator can simulate the pyrolysis process of the insulated oil well through the
comparison of the experimental results with the two-stage pyrolysis theory proposed by Shirai [2].

2. Further analysis of the heating process of the insulating oil indicates that the pyrolysis process
of the insulating oil is gradually completed. Different pyrolysis stages correspond to different
reactions and products. According to this analysis, a pyrolysis path model for insulating oil
is obtained.

3. A multivariate nonlinear energy calculation model is proposed, which provides a way to calculate
the reaction energy through the pyrolysis products of insulating oils.

4. The heat source energy required for different pyrolysis processes is calculated by the multivariate
nonlinear energy calculation model.

In general, the transformer thermal fault simulator can be used as a test platform for transformer
thermal fault research. Its experimental results have certain reference significance. Moreover,
the multivariate nonlinear energy calculation model can be used as a new method to analyze and
define the stages of thermal failure, which establishes a bridge to deeply understand the relationship
between the complete reaction process and energy.
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