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As an important part of the power system, oil-immersed transformers have a complex 

structure with a large oil storage capacity and a high-risk factor. The fire simulation 

software PyroSim was used to simulate the burning process of oil-immersed transformers 

under different fire scenarios, in order to investigate the vulnerability of oil-immersed 

transformer oil to fire. Surface according to simulation results: burning oil from oil-

immersed transformers tends to form a fire plume and ignite other components such as 

transformer bushings. The ambient wind speed where the fire is located has a large effect 

on the spread of the fire's flames; the different rates of heat release from the fire source 

have little effect on the flames, but have a large effect on the overall process of fire 

development. The corresponding components therefore need to be protected against fire 

and the transformer insulating oil needs to be tested regularly. 
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1. INTRODUCTION

In recent years, the development of long-distance high-

voltage DC transmission projects has resulted in occasional 

fire accidents in extra-high voltage converter substations, 

causing huge economic losses and posing a serious threat to 

the production of staff stationed at the stations and the work of 

rescue personnel [1, 2]. As the key equipment for transforming 

and transmitting electrical energy in power systems, power 

converter transformers are widely used in power plants and 

substations [3, 4]. An example is the oil-immersed converter 

transformer that connects the converter bridge to the AC 

system in extra-high voltage DC transmission projects. Oil-

immersed transformers are the most common type of power 

transformer with high voltage levels, complex working 

conditions, high operating temperatures and enormous 

dimensions [5]. It contains a large amount of flammable liquid 

insulating oil inside, which, in the event of a fire, often spreads 

easily and is difficult to extinguish, posing a safety risk to 

operators and a risk of soil surface water contamination [6]. At 

the same time, the unstable operation of the grid can also have 

a negative impact on social and economic development [7], so 

it is vital to ensure the safe operation of transformers. 

In practical application scenarios, oil-immersed 

transformers are often surrounded by cables of various types. 

In the event of a fire, the large amount of burning insulating 

oil can melt the cables and steel around the transformer at high 

temperatures. It could cause a collapse and pose a greater 

safety risk for rescuers. Cai et al. [8] studied the cores of oil-

immersed transformers and learned that core fires can lead to 

transformer fires. Due to damage to the insulation between the 

silicon steel sheets or between the core and the clamping bolts, 

eddy currents are caused to heat up the core, causing the 

insulation oil to decompose and burn. Chen et al. [9] found 

through the analysis of the causes and high incidence areas of 

large converter transformer fires, the influencing factors and 

development process of transformer explosion fires, and the 

characteristics of casing explosion fire accidents. High-

voltage casing is a high incidence of fire in large oil-immersed 

transformers; transformer internal fault arc energy up to a 

certain value, can lead to an explosion in the tank, an explosion 

can start a fire, and leakage to the air of the gas mixture to 

reach the explosive limit and whether there is enough ignition 

energy is closely related. Li et al. [10] found that oil-filled 

equipment such as transformers in long-term overload 

operation and degraded transformer oil can present a higher 

risk of fire ignition by electric arcs. Dai et al. [11] conducted a 

full-scale experimental fire study on a 35kV outdoor 

transformer to explore the combustion characteristics of a 

substation under fire conditions. The results show that 

transformer fires are insidious, three-dimensional and multi-

scale combustion characteristics. Zhang et al. [12] used CFD 

numerical simulation technology to study the occurrence and 

development process of transformer fire in a typical UHV 

converter station, and came up with some measures for 

transformer fire extinguishing. Wang et al. [13] found that an 

increase in ambient wind speed contributed to the burning rate 

of smaller hollow pallet oil pool fires, but had no effect on 

larger hollow pallet oil pool fires. Two empirical correlations 

are presented to predict the critical burning rate for 

consolidation on a hollow tray. The predictions were found to 

be in fairly good agreement with the measurements. Vali et al. 

[14] investigating the combustion characteristics of oil pool

fires found that at a specified pool bottom temperature, the

combustion rate and flame height increased with pool depth,

with shallow pools being more sensitive to the pool bottom

boundary temperature and the combustion rate and

dimensionless temperature structure being independent of the

bottom temperature.

The drawbacks of using experiments for oil-immersed 

International Journal of Heat and Technology 
Vol. 41, No. 2, April, 2023, pp. 455-461 

Journal homepage: http://iieta.org/journals/ijht 

455

https://orcid.org/0000-0001-8425-0039
https://orcid.org/0000-0003-0410-7246
https://orcid.org/0009-0006-7195-628X
https://orcid.org/0009-0007-0338-2699
https://orcid.org/0009-0000-6340-3112
https://orcid.org/0009-0000-7179-271X
https://crossmark.crossref.org/dialog/?doi=10.18280/ijht.410221&domain=pdf


 

transformer fires are considered, such as the high cost and the 

high danger. In this paper, PyroSim, a fire dynamics 

simulation software, is used to numerically model and design 

a fire scenario for a ±220 kV oil-immersed transformer. The 

flame spread at different locations of the ignition point during 

the fire, the temperature above the ignition point, and the heat 

release rate profile under different wind speed ambient 

conditions are investigated for analysis. 

 

 

2. NUMERICAL SIMULATION MODEL FOR FIRES 

 

2.1 Theoretical foundations of simulation technology 

 

PyroSim uses the equations of conservation of energy, 

conservation of mass and conservation of momentum for the 

simulation of the model in order to make the results more 

accurate. The software divides the set space into a number of 

small 3D rectangular control bodies or computational cells. 

Using the equations of conservation of mass, momentum and 

energy, the division is carried out to calculate the thermal 

radiation, turbulence in fluid flow in each grid by the finite 

volume method, and to track and predict the generation and 

movement of flames and smoke and combine this with the 

properties of the flaming material to calculate the propagation 

and spread of the fire. 

The conservation equations for the mass, momentum and 

energy of the fluid used in the calculations are as follows [15]: 

Conservation of mass equation: 

 
𝜕𝑝

𝜕𝑡
+ ∇ ∙ 𝜌𝜇 = 0 (1) 

 

Conservation of momentum equation: 

 
𝜕

𝜕𝑡
(𝜌𝜇) + ∇ ∙ 𝜌𝜇 + ∇𝜌 − 𝜌𝑔 = 𝑓 + ∇ ∙ 𝜏𝑖𝑗 (2) 

 

Conservation of energy equation: 

 
𝜕

𝜕𝑡
(𝜌ℎ) + ∇ ∙ 𝜌ℎ𝜇 =

𝐷𝑝

𝐷𝑡
+ �̇�′′′ − ∇ ∙ �̇�′′ + ∅ (3) 

 

Ideal state gas equation: 

 

𝑝 =
𝜌𝑅𝑇

𝑤
 (4) 

 

2.2 Oil-immersed transformer models 
 

The numerical model in this paper mainly refers to a 

±220kV oil-immersed transformer. The actual project ±220kV 

oil-immersed transformer is shown in Figure 1(a). A three-

dimensional model of the oil-immersed transformer was 

created using PyroSim software, which simplified the 

modelling in accordance with the structure and actual 

dimensions of the building. The tank length, width and height 

are: 12m × 4m × 5m, respectively, and the oil pillow is 8 m 

long and 1.5 m in diameter in a column. The thickness of the 

entire transformer housing is set to 0.1 m and coloured green; 

the thickness of the oil conservator is set to 0.1 m and coloured 

white. The oil-immersed transformer as a whole is in an oil 

discharge tank, supported by four concrete blocks. In addition, 

a reasonable simplification of the transformer has been made 

taking into account the factors affecting the fire and the effect 

of the model is shown in Figure 1(b). 

 

 
(a) ±220kV oil-immersed transformers 

 
(b) ±220kV oil-immersed transformer 3D model drawing 

 

Figure 1. Diagram of ±220kV oil-immersed transformer 

 

2.3 Division of the grid 

 

When using PyroSim software for simulation calculation, it 

is necessary to divide the grid. The finer the grid is divided, 

the smaller the calculation error will be, but more calculation 

time will be consumed [16]. In this paper, the model is 

reasonably meshed, taking into account the simulation 

accuracy and computer processing power. The grid size is: 

24m × 16m × 16m. The model's simulation calculation space 

is divided into: 0.4m × 0.4m × 0.4m size grids, and the total 

number of grids after division is 96,000, which is within the 

capacity of the computer to handle. 

 

2.4 Fire simulation scenario setting 

 

The identification of fire hazards is a fundamental part of 

the design of a fire scenario, which focuses on the analysis of 

possible fire risks, the types of combustible materials, 

combustible burning characteristics, etc. The fire hazard of oil-

immersed power transformers stems from the transformer oil, 

which in this simulation is a hydrocarbon with a flash point of 

approximately 140℃ and an ignition point of 165 to 190℃ 

[17]. The selected fire source type is a "T" square fire. The 

maximum heat release rate for transformer oil No. 25 is 3000 

kW/m2 and the minimum heat release rate is approximately 

1400 kW/m2 at different initial temperatures. In the actual 

course of a fire, natural factors such as temperature in the 

environment and surrounding wind speed, all have a 

significant impact on the process of fire combustion [18]. 

In this paper, two different maximum and minimum heat 

release rate cases are set up in the simulation of the spread of 

oil-immersed transformer fires, the ambient temperature is a 

high summer temperature of 40 °C and different ambient wind 

speeds (no wind, light wind and strong wind) are simulated 

and the results are compared and analysed. According to the 

literatures [19-21], it is known where fires often occur in oil-

immersed transformers, and in this paper three fire source 

locations are set up in the model, as shown in Figure 2. 
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Figure 2. Simulated fault location diagram for ±220kV oil-

immersed transformers 

 

Fire source location 1 in Figure 2(a), may occur winding fire, 

poor contact, transformer oil leakage, etc. will lead to fire 

inside the tank, often causing a large number of oil vapour 

gathering, triggering the box bursting and burning. Fire source 

location 1 in Figure 2(b), insulation of the porcelain casing 

surface may occur flash arc, due to the oil in the wire spacing 

is too small, or insulating oil moisture, dirt, aging, easy to arc, 

causing the burning of oil, the formation of spreading fire. Fire 

source position 3 in Figure 2(c), on the side of the transformer, 

near the side of the high voltage winding, consider the spread 

of flame and smoke after a winding fire under natural 

conditions. 

The relevant parameters in the PyroSim software have been 

set and, based on the oil-immersed transformers considered in 

this study, the following relevant parameters were set for the 

simulation. 

• Initial ambient temperature: 40℃; 

• Initial ambient relative humidity: 50%; 

• Atmospheric pressure: 101,325 Pa; 

• Wind speed:0 m/s, 5m/s, 10m/s; 

• Fire simulation run time: 240 s; 

• Fire conditions: No sprinklers and detectors; 

• Combustion type: Liquid combustion; 

• Building height: 10 m. 

 

 

3. ANALYSIS OF FIRE RISK PARAMETERS 

 

In this paper, three different wind speeds are set for no wind 

(0 m/s), light wind (5 m/s) and strong wind (10 m/s). 

Simulation of different fire scenarios, the simulation time is 

240s, and the arrangement of several temperature observation 

points, focusing on the study in different heat release rate, 

different heat release rate, oil-immersed transformer 

combustion process, and its temperature change. 

 

3.1 Analysis of flame combustion simulation results 

 

3.1.1 Analysis of flame simulation results in windless 

scenarios 

A comparative analysis of the development of flames during 

an oil-immersed transformer fire in a windless scenario was 

carried out to analyse the flame changes at 20 s, 40 s, 60 s and 

120 s after fire initiation for fire location 1, fire location 2 and 

fire location 3 respectively at two different heat release rates, 

the flame changes are shown in Table 1. 

 

Table 1. Flame variation at different fire locations with different heat release rates without wind 

 

 
Fire source location 1 Fire source location 2 Fire source location 3 

1400 kW/m2 3000 kW/m2 1400 kW/m2 3000 kW/m2 1400 kW/m2 3000 kW/m2 

20s 

      

40s 

      

60s 

      

120s 

      
 

As shown in Table 1, in a windless scenario, the flame 

pattern at fire location 1 remains more or less constant towards 

a steady state. Significant difference in flame height at 

different rates of heat release. Significant increase in flame 

height at higher 60s heat release rates (3000 kW/m2). This is 

due to the overflow of transformer oil vapour inside the high 

voltage casing on the left side of the flame, which starts to burn 

violently under the effect of the thermal radiation of the flame. 

At the low heat release rate (1400 kW/m2), the internal 

temperature of the high pressure casing to the left of the flame 

was low and failed to induce fuel vapour, so there was no fire 

spread. Due to the simulated wind-free environment, the shape 
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of the flame did not appear skewed and eventually returned to 

its initial shape. 

The contrasting changes in flame development at different 

heat release rates are more evident for fire location 2. At 20 s, 

the height and brightness of the flame differed significantly at 

different rates of heat release. A low heat release rate (1400 

kW/m2), with the flame just starting to spread at 40 s, with the 

surface of the casing above the source starting to burn and 

smaller flames appearing on the surface of the casing on either 

side of the source. Violent burning of the surface of the 

insulating sleeve at 60 s. The flame becomes smaller at 120 s 

when the oil and gas on the surface of the casing is largely 

burnt out, but the flame height is still lower than the flame 

height at the heat release rate (3000 kW/m2). In the case of heat 

release rate (3000 kW/m2), the combustion developed to 40 s 

when the flame had finished spreading to both sides and the 

oil and gas inside the low-pressure casing overflowed to the 

surface of the casing, all of which were ignited by the flame. 

At 60 s, the flame has started to diminish. At 120s, the 

transformer oil overflowing from the surface of the three low 

voltage bushings burns out and the flame becomes smaller. 

The flame development at fire location 3 varies 

approximately the same for different heat release rates. 

However, the flame heights differed, with the flame height for 

the heat release rate (3000 kW/m2) being higher at 40 s than 

for the heat release rate (1400 kW/m2). This is because at the 

higher heat release rate, the transformer oil gas overflowing 

from the high voltage bushing surface burns faster and burns 

through the transformer oil earlier than the lower heat release 

rate, so forming a difference in flame height. 

 

3.1.2 Analysis of flame simulation results in light wind 

scenarios 

Comparative analysis of flame development during an oil-

immersed transformer fire in light wind (5 m/s) scenario. The 

flame changes at 20 s, 40 s, 60 s and 120 s after fire initiation 

for fire location 1, fire location 2 and fire location 3 are 

analysed separately for two different heat release rate 

scenarios and are shown in Table 2. 

 

Table 2. Flame variation at different fire locations with different heat release rates in light wind (5m/s) 

 

 
Fire source location 1 Fire source location 2 Fire source location 3 

1400 kW/m2 3000 kW/m2 1400 kW/m2 3000 kW/m2 1400 kW/m2 3000 kW/m2 

20s 

      

40s 

      

60s 

      

120s 

      
 

As shown in Table 2, the development of the flame at 

different heat release rates varied approximately equally for 

fire location 1 in light wind (5m/s) scenario. The low rate of 

heat release from the fire source (1400 kW/m2), as the flame 

spread faster due to the influence of the side wind and the 

flame skewed to the left, quickly igniting the transformer oil 

spilled on the surface of the high voltage bushing to the left of 

the fire source. At 60 s, the transformer oil on the surface of 

the high voltage bushing starts to burn violently until it burns 

out. Rate of heat release (3000 kW/m2), blowing up of the 

high-voltage insulating bushing at 40 s and blast ignition of the 

overflowing transformer oil. At 60s the transformer oil on the 

high voltage bushing is largely burnt out. Eventually the flame 

of the fire source stabilises in both cases. 

Fire location 2 has a large initial variation in flame 

development at different heat release rates, with roughly the 

same contrast in later changes. Under the heat release rate 

(3000 kW/m2), the height of the flame at 20 s is higher and the 

burning area is larger because the flame burns more vigorously 

at the beginning of the higher heat release rate, and the flame 

spreads faster due to the influence of the wind. At 40 s, the 

flame burning pattern is the same for the different heat release 

rates. This is because under the heat release rate (3000 kW/m2) 

conditions, the fault point has been burning long enough for 

the spilled transformer oil to become less and the height of the 

flame to become lower, while the spilled transformer oil on the 

surface of the low voltage bushing within the 1400 kW/m2 

scenario has just started to burn and there is sufficient 
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combustible material, so the height of the flame is higher. In 

the 60 s of the fire, the transformer oil overflowing from the 

middle low-voltage bushing has been completely burned, and 

the oil and gas overflowing from the surface of the other two 

low-voltage bushings are also burning in varying degrees. As 

the fire continued to develop all of the transformer oil that had 

overflowed from the surface of the three low-voltage 

insulating bushings burned away and the flames eventually 

remained stable. 

The development of the flame at fire location 3 is essentially 

the same. Apart from the difference in flame height, there are 

no other significant differences. When the fire developed to 40 

s, the transformer oil spilled in the middle of the high voltage 

casing in both cases had started to burn vigorously and the 

flames spread rapidly to both sides, as the fire continued to 

develop the spilled transformer oil burned out and the flames 

eventually remained stable. 

 

3.1.3 Analysis of flame simulation results in strong wind 

scenarios 

A comparative analysis of the flame development during an 

oil-immersed transformer fire in a strong wind (10 m/s) 

scenario is presented below. The flame changes at 20 s, 40 s, 

60 s and 120 s after fire initiation for fire location 1, fire 

location 2 and fire location 3 respectively under two different 

heat release rate scenarios are shown in Table 3. 

 

Table 3. Flame variation at different fire locations for different heat release rates in strong winds (10 m/s) 

 

 
Fire source location 1 Fire source location 2 Fire source location 3 

1400 kW/m2 3000 kW/m2 1400 kW/m2 3000 kW/m2 1400 kW/m2 3000 kW/m2 

20s 

      

40s 

      

60s 

      

120s 

      
 

As can be seen in Table 3, the trends in flame development 

for different heat release rates are approximately the same for 

fire source location 1 in a strong wind scenario. Both were 

affected by strong winds at 40 s and the flame skewed to the 

left, igniting the transformer oil spilled on the surface of the 

high voltage bushing and burning most intensely. Depending 

on the heat release rate of the fire source, the flame height is 

higher for higher heat release rates (3000 kW/m2). At 60 s the 

transformer oil spilled on the surface of the high voltage casing 

to the left of the fire has burned out and the flame of both tends 

to burn steadily. 

The variation of the flame for different heat release rates at 

fire location 2 is essentially the same initially and varies later. 

At the beginning of the 20 s burn, both ignited the low pressure 

casing above and to the upper left of the fire, due to the flame 

skewing to the left in response to the strong wind on the right. 

At 40 s both ignited the three low pressure bushings, the low 

pressure bushing surface transformer oil vapour at a higher 

heat release rate (3000 kW/m2) and the flame occurred as a 

boom, giving the fire a flaming shape. After 60 s the flame on 

the two low pressure bushings was the first to go out due to the 

high heat release rate (3000 kW/m2) of the bombardment 

which accelerated the consumption of transformer oil on the 

surface of the low pressure bushings above and to the left of 

the fire source location. At 120 s both flames are essentially in 

a steady state of combustion. 

The development of the flame at fire location 3 varied in 

approximately the same way for different heat release rates, 

both igniting only one high pressure casing. This is due to the 

large gap between the transformer's high voltage bushings, 

which makes flame spread more difficult. The high heat 

release rate (3000 kW/m2) is the first to ignite the high pressure 

casing at the beginning of the combustion and the flame is 

higher than the low heat release rate (1400 kW/m2) during the 

combustion. But at 60 s the high heat release rate (3000 kW/m2) 

transformer oil is consumed, so the flame height is low. 120s 

later all enter the stable combustion phase. 

In the oil-immersed transformer fire, in different locations 

of the fire point, wind speed on the spread of fire flames are 

great, while the rate of heat release from the fire source on the 

flame is not significant, but the overall process of fire 

development has a great impact, combined with the above 
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unified analysis as follows. 

(1) In no wind, flames can be seen in three locations starting 

to spread from the sides of the transformer case, and as the fire 

continues to grow, the flames become larger forming a plume 

of fire that is narrow at the top and wide at the bottom. 

(2) In light wind (5 m/s) the flames develop completely 

differently from those in no wind, the flames are not vertical 

but inclined in the direction of the wind, and the fire will be 

larger at the same moment with high wind speed compared to 

a windless scenario. 

(3) In strong winds (10 m/s) the fire develops rapidly and 

the flames spread even more rapidly, with the spilled 

combustible material largely burnt out by the time the fire has 

developed to 60 s. There is no obvious rule for the spread of 

the fire. 
 

3.2 Analysis of heat release rate simulation results 
 

It is clear from the above section that different fire-starting 

points and ambient wind speeds have different effects on the 

development of a fire. In this paper, the effect of wind speed 

on fires at different locations is selected for overall heat release 

rate analysis in scenarios with more significant changes in high 

heat release rates (3000 kW/m2). 
 

 
(a) Location of fire source 1 

 
(b) Location of fire source 2 

 
(c) Location of fire source 3 

 

Figure 3. Overall heat release rate curve during fire 

As can be seen from Figure 3. In no wind, the maximum 

heat release rate reached 25000 kW for the three different fire 

locations, while the maximum heat release rates reached 

28000 kW and 33000 kW in light wind (5 m/s) and wind strong 

(10 m/s), respectively, with significant differences in the 

trends of the three curves. Relatively stable fire curves for oil-

immersed transformers in no wind. At 20 s, the heat release 

rate curve tends to rise sharply at all three different positions, 

due to the spread of the flame igniting the transformer oil 

spilled on the surface of the high voltage bushing or low 

voltage bushing of the oil-immersed transformer. In particular, 

the fire scenes in fire location 2. A threefold increase in the 

heat release rate in the three wind speed scenarios, due to the 

small spacing of the low voltage bushings at fire location 2 and 

the ease with which the flames ignite the three bushings, 

causing the burning of the transformer oil spilling over the 

surfaces of the three low voltage bushings, resulting in a 

dramatic increase in the overall heat release rate. In the case of 

strong winds (10 m/s), the rate of heat release does not vary 

much between scenarios. The fires in all three scenarios have 

essentially stabilised and progressed to the decline stage after 

80 s, with the heat release rate per unit area essentially 

remaining at 3000 kW/m2. 

 

 

4. CONCLUSION 

 

Numerical simulations of fires in oil-immersed transformers 

have been carried out, and the flame development process and 

heat release rate curves at different ignition point locations and 

different wind speeds have been analysed. The following 

conclusions and recommendations were drawn. 

(1) Wind speed had a significant effect on the spread of the 

flames, which in all three locations began to spread from the 

sides of the transformer case and became larger as the fire 

continued to develop, forming a plume of fire that was narrow 

at the top and wide at the bottom. During the 240 s of the 

simulated fire, the flame spread is stable without wind and 

tends to develop steadily after 120 s. In the light wind situation, 

the flames develop completely differently from those in no 

wind, the flames are not vertical but tilted in the direction of 

the wind, and the fire will be bigger at the same moment with 

high wind speed compared to the light wind scenario. In strong 

wind conditions, the fire develops quickly and the flames 

spread more rapidly, with the combustible material largely 

burnt out by 60s and the flames brighter and spreading in an 

unobtrusive direction. 

(2) In no wind, the maximum heat release rate of the oil-

immersed transformer reaches 2.5 MW for the three scenarios, 

while the maximum heat release rate reaches 2.8 MW and 3.3 

MW for a light wind of 5 m/s and a strong wind of 10 m/s, 

respectively, and the three curves vary considerably in trend. 

At 20 s, the heat release rate curves for all three scenarios show 

a sharp increase, and after 80 s the heat release rate curves for 

each scenario have stabilised, after which the heat release rate 

per unit area remains at around 3000 kW/m2. As can be seen, 

the effect of wind speed on oil-immersed transformer fires is 

mainly to accelerate the spread of the fire and increase the peak 

rate of heat release, with little effect on temperature. 
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