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Abstract: To study the fire behavior of UHVDC (ultra-high-voltage direct current) converter
transformers and the effectiveness of CAFs (compressed air foams) in suppressing fires,
a full-scale model of a 220 kV converter transformer fire was constructed. The model
mainly considered the oil pool fires and oil spill fires that form after explosions, causing
the casing to completely fall out. The hot oil fire tests were conducted on the physical
converter transformer. The fire suppression characteristics of the CAF system for converter
transformer fires were studied. The temperature and changes in various locations of the
fire model were analyzed under different foam supply strengths. The fire in a converter
transformer is characterized by intense heat, high temperatures, and strong radiation. The
highest temperature can exceed 1000 ◦C in cases of complete combustion. The fire in
the converter transformer involves a dynamic oil spill and a large pool of oil, making it
challenging to extinguish. The fire extinguishing performance and cooling effect of CAFs
are outstanding. The recommended foam supply strength for the actual project is more
than 8 L/(min·m2).

Keywords: CAF; converter transformer; fire extinguishment system

1. Introduction
UHVDC converter transformers have high voltage levels, large oil storage capacity,

and complex layouts. The insulating oil inside the transformer is prone to leakage and
combustion when the transformer is under failure or high temperatures and other abnormal
conditions [1]. The accident cases of recent years have shown that normal conventional fire
extinguishment technology has difficulty meeting the fire extinguishment requirements of
UHVDC converter transformers. CAF has the advantages of high fire extinguishing effi-
ciency, uniform and stable foam, and environmentally friendly chemicals [2–5]. Therefore,
it is important to investigate the characteristics of the CAF to suppress transformer fires. It
is of great significance for controlling transformer fire accidents.

In recent years, researchers have conducted several studies on the fire properties of
transformers and the effectiveness of CAF in extinguishing. The main focus of current
research is on the evaluation of fire extinguishing methods [6–8], fire risk assessment [9],
factors influencing fire extinguishing performance such as different mixing ratios of air and
foam solution [10], qualities and application rates of CAF [11], variable fuel thicknesses
of oil [12], the coupling effect of CAF and other fire extinguishing methods [13], and
transportation characteristics in pipe networks [14]. Several researchers have focused on
the characteristics of transformer fires of large or small sizes. Wu [15] investigated the
fire characteristics of transformer oil fires in a 100 m2 tank and identified differences in
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the effectiveness of two firefighting methods: a hand-held fire water branch and a fire
water monitor. Zhao [16] studied the correlation between burning rate and pool diameter
and concluded that pool size does not affect the boiling layer in oil pool tests. Li [17]
explored the characteristics of continuous spill fires and established a prediction model
for the burning area and radiation of transformer oil spill fires. Zhang [18] investigated
the burning process and fire characteristics of transformer oils using a cone calorimeter.
The study found that both external radiative heat flux and oil type have an impact on
fire hazards. Sun [19] conducted experiments on transformer oil jet fires using various
nozzle diameters to investigate the characteristics of transformer oil jet flames. They also
developed a prediction model for the radiant heat flux of oil-filled equipment in substations.
Zhu [20] conducted a study on the suppression of transformer oil pool fires in a 3 × 3 × 3 m
room by water mist. They found that flame intensification occurred at the initial stage
during water mist injection, which was related to fire size and the size of the pressure.
Although the effectiveness of CAF in extinguishing transformer oil fires has been verified,
there are few reports available on the behavior of full-scale transformer oil fires and the
fire extinguishing characteristics of such incidents. The development and extinguishing
process of the oil-immersed transformer fire model are not clear.

In this study, a full-scale 220 kV converter transformer solid fire model was devel-
oped, which includes simulations of oil pool fires and oil spill fires in a 1:1 proportion.
Furthermore, the suppression characteristics of CAF systems for full-scale converter fires
are discussed for the first time.

2. Experiment and Method
2.1. Apparatus Layout Introduction

A full-size solid fire model was developed and constructed following the structure and
dimensions of a 220 kV oil-immersed transformer in the State Grid Beijing Power Company
(China, Beijing). The model is depicted in Figure 1. The energy level and explosion power
of 220 kV oil-immersed transformer during fault conditions are significantly lower than
those of UHVDC converter transformers. The model is primarily concerned with oil pool
fires and oil spill fires that result from explosions and falling tubes. The fire model includes
a main tank top pool fire, a burn hole fire, an oil spill fire, and a bottom pool fire. The
transformer in this model consists of a main oil tank that measures 6.5 m in length, 3.5 m in
width, and 1.5 m in height. Additionally, there are two radiators situated at either end of the
main tank. The oil conservator measures 2.5 m in length, 1.0 m in width, and 1.0 m in height.
The arrangement of the model is based on the typical layout of a 220 kV oil-immersed
transformer room in real-world projects. For safety reasons, the model is situated in the
center of a pit that measures 14.5 m in length and 9.5 m in width, as illustrated in Figure 2.

2.2. Materials

The KI25X transformer oil, produced by Petro China’s Karamay Lubricating Oil Plant
(China, Xinjiang, Karamay), was used as the test fuel. The density is 884.6 kg/m3, the
kinematic viscosity is 9.652 mm2/s and the flash point is 143 ◦C. This transformer oil has
the characteristics of rapid heat transfer, good oxidation stability, and excellent electrical
properties. The amount and temperature of transformer oil are key factors that affect fire
extinguishing performance. The higher the temperature of the oil, the more challenging it
becomes to put out the fire. The oil dosage and temperatures for various locations in the
test were determined through a comprehensive analysis that included case studies of fire
accidents, temperature analysis of actual operating oil, and theoretical calculations for a
typical 220 kV oil-immersed transformer. The results are presented in Table 1. Film-forming
CAF extinguishing agents, which have a fire extinguishing performance level of Class I and



Fire 2025, 8, 12 3 of 12

a burn resistance level of Class A, were used in conjunction with a fixed CAF-generating
device called FCAFS1200 (China, Tianjin) during the test. The release device adopted a
self-developed CAF spraying pipe. The arrangement of the pipe network is illustrated in
Figure 3. The CAF spray pipes have a length of 12 m on each side, with a distance of 9.5 m
between them and a height of 6.4 m from the ground.
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Table 1. Test oil quantity and test oil temperature.

No. Model Position

Oil Consumption
Oil

Temperature/◦COil Layer
Thickness/mm Oil Volume/m3

1 Main oil tank 150 3.5 ≥85
2 Top oil pool 140 0.8 ≥85
3 Bottom oil pool A 70 0.5 ≥85
4 Bottom oil pool B 70 0.5 ≥85
5 Bottom oil pool D 70 0.5 ≥85
6 Bottom oil pool E 70 0.5 ≥85
7 Bottom oil pool C 70 0.2 ≥85
8 Bottom oil pool F 70 0.2 ≥85
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2.3. The Configuration of Thermocouples

To investigate the characteristics and development of fire suppression, a multi-channel
data acquisition system was utilized along with thermocouples, infrared thermometers,
and heat flow meters. These instruments were used to measure crucial thermal parameters,
including temperature, distribution, and heat radiation during the experiment. The TP1000
multi-channel data acquisition system was used in real time, supporting the measurement
of signals such as thermocouples, resistance temperature detectors and thermistors, DC
(direct current) voltages, and DC currents. K-type armored NiCr-NiSi thermocouples with
a 3 mm diameter and temperature measurement range of 0 ◦C to 1200 ◦C were used in the
test. The other test equipment includes two cameras (HF S30 and COOLPIX S8000) (China,
Tianjin), a stopwatch, a walkie-talkie, a thermal imaging camera, a radiometric heat flow
meter, etc.

A total of 38 thermocouples were arranged in the main tank, the combustion holes, the
top tank, and the bottom tank. Among these thermocouples, T1–T3 were evenly distributed
inside the main tank 250 mm from the bottom near the center. T4–T10 were located directly
above the 7 combustion holes in the main tank, respectively. T11 and T12 were located
50 mm from the bottom, near the center inside the top tank. T13 and T14 were located
200 mm above the top tank, near the center. T15–T18 and T20–T23 were located 50 mm
from the bottom, near the center, inside the bottom tanks, and every location—A, B, D,
and E—had 2 each. T25–T28 and T30–T33 were arranged 500 mm above the center of the
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bottom pools, and each point—A, B, D and E—had 2 each. T19 and T24 were arranged
50 mm from the bottom near the center; the points C and F had 1 each. T35–T38 were
evenly spaced at a distance of 2.5 m directly above the main tank. A thermocouple was
placed 100 mm from the bottom in the high-heat oil conservator outside the firewall to
measure the temperature of the oil in the conservator. The arrangement of thermocouples is
shown in Figure 4. In addition, four high-definition cameras were set up at each of the four
corners of the transformer model to record the development and extinguishing process of
the fire of the oil-immersed transformer physical model.
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2.4. The Test Procedure

The heating tank and oil conservator were filled with transformer oil according to the
program’s oil consumption. The tank was then covered with a lid, and the transformer oil
was heated in both the heating tank and the oil conservator. When the temperature of the
transformer oil in the heating tank and oil conservator reached approximately 160 ◦C and
110 ◦C, respectively, the heating was stopped. The hot oil was then injected into the main
tank and each oil pool from the heating tank. Meanwhile, the lid of the tank was removed.

By opening the electric control valve connecting the oil conservator and the main oil
tank, the transformer oil stored in the oil conservator flowed into both the main oil tank
and the top oil pool. When the overflow of oil from the main oil tank and the top oil pool
reached approximately 300 L/min, the oil was ignited by electric ignition on both sides of
the bottom oil pool and the main oil tank, and the timer was started.

The CAF spraying system was started after the pre-ignition process, which took
approximately three minutes. The CAF spraying system uses two supply intensities. The
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foam solution flow rate is 1100 L/min, the supply intensity is 8 L/(min·m2), the foam
solution flow rate is 1300 L/min, and the supply intensity is 9.4 L/(min·m2).

The fire extinguishing process was observed and recorded, including the flame pattern,
smoke, temperature, heat radiation, foam coverage performance, and other changes, during
the fire extinguishing process. After the fire was completely extinguished, foam samples
were collected and their performance was determined using the following methods.

Step 1: The interior of the precipitator receiver tank was moisturized with water,
cleaned, and weighed (m1).

Step 2: After extinguishing the fire, the foam collector was promptly positioned
beneath the nozzle to collect a sample of the foam using the precipitator. While the
stopwatch was running, the excess foam from the precipitator was scraped, wiped away,
and weighed (m2). The mass of the 25% precipitate (m3) was calculated using Equation (1),
where m1 is the net weight of the liquid analyzer, g; m2 is the weight of the foam and liquid
analyzer, g; and m3 is the weight of the 25% precipitate, g.

m3 = (m 2 − m1)/4 (1)

Step 3: The precipitation-receiving tank of the precipitation tester was removed and
placed on the balance, while the foam-receiving tank was placed on the stand, keeping the
precipitation free of foam. When the mass of the precipitated liquid was m3, we recorded
the 25% precipitation time with a stopwatch.

Step 4: The foaming multiplier was calculated according to Equation (2), where E is
foaming time, ρ is density of the foam solution (ρ = 1.0 g/mL), and V is the volume of foam
receiving tank, mL.

E = ρV/(m2 − m1) (2)

When the oil temperature dropped below 100 ◦C, the fire extinguishing system was
shut down. The application of CAF was stopped. The oil relief valve was closed and
the continuous supply time was recorded. When the transformer oil cooled down to
ordinary temperature after the test, the remaining transformer oil, the oil tank, and pool
were disposed and cleaned up in preparation for the next test.

3. Results and Discussion
3.1. The Influence of Supply Intensity on Fire Suppression Performance

The experimental procedure is shown in Figure 5. After pre-ignition for 60 s, the fire
developed into a full liquid fire filling the whole area of the physical model, producing
thick black smoke. After approximately 180 s of pre-ignition, the CAF was sprayed to
extinguish the fire. When the flow rate of the foam solution was 1100 L/min and the supply
intensity was 8 L/(min·m2), the fire was completely extinguished in 175 s. For transformer
oil in the main oil tank, bottom oil pool, and top oil pool, the oil’s temperature was reduced
to below 100 ◦C after continuously supplying foam for 468 s. After 480 s of continuously
supplying foam, the temperature of transformer oil was reduced to 99.8 ◦C, 90.7 ◦C, and
69.6 ◦C, respectively. When the foam solution flow rate was 1300 L/min and the supply
intensity was 9.4 L/(min·m2), the fire was completely extinguished in 91 s. After 618 s of
continuous foam supply, the transformer oil temperature in the main oil tank, bottom oil
pool, and top oil pool reduced to 97.6 ◦C, 87.6 ◦C, and 62.7 ◦C respectively. Meanwhile, a
thick foam blanket was formed on the surface of the transformer oil throughout the area,
which could cool down the temperature and prevent the fire from re-igniting.
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When the transformer oil overflows from the tank, the oil moves along the tank wall
to form a dynamic oil spill fire close to the wall. With the high temperature of the tank
wall, the transformer oil quickly vaporizes into oil vapor, so the fire is very difficult to
put out. Cooling down the tank wall requires a large flow of CAF. A large flow of CAF
must be used to make the tank wall quickly cool down; after that, the oil spill fire can
be extinguished. Under the condition that the foam mixture is supplied at a strength of
8 L/(min·m2), the CAF spray system can quickly and effectively extinguish hot oil fires of
220 kV oil-immersed transformers. The thick foam blanket on the transformer oil surface
throughout the area could quickly cool down the fire and prevent it from re-igniting.

Figure 6 depicts the temperature distribution within the fire zone. With a supply in-
tensity of 9.4 L/(min·m2), the temperature field in Figure 6 indicates that after burning for
57 s, the fire expanded into a full liquid fire with an oil spill. The temperature throughout
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the fire area was extremely high. The temperature of the entire area affected by the fire
decreased rapidly after the application of CAF. This indicates that CAF possesses not only
a potent fire-extinguishing ability but also an exceptional cooling effect.
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3.2. The Temperature of Various Locations

To investigate the fire characteristics of different positions of the transformer, com-
pressed air foam with a supply intensity of 9.4 L/(min·m2) was selected for the fire ex-
tinguishing test. Figure 7 shows the temperature variation inside the main tank and
combustion holes. When ignited, the temperature of the transformer oil inside the main
tank was approximately 121.6 ◦C. After a while, the temperature of the transformer oil grad-
ually increased and began to gradually decrease when applying CAF to the transformer.
After a continuous supply of foam for 618 s, the transformer oil temperature was reduced
to below 97.6 ◦C, and the surface of the transformer oil was covered by foam throughout
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the area. After ignition, the fire reached a stable state of combustion after 168 s. The temper-
ature inside the combustion hole of the main tank rapidly increased, reaching a maximum
temperature of 954.1 ◦C at 183 s. After applying CAF, the temperature inside the combus-
tion hole began to decrease rapidly. After the transformer fire was completely extinguished,
the temperature inside the combustion hole dropped to approximately 46.9 ◦C.
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Figure 7. Temperature inside the main fuel tank and combustion hole.

Figure 8 shows the temperature variation of the top oil pool during the fire extin-
guishing process. The temperature of the oil in the top pool was approximately 76.9 ◦C at
the moment of ignition (0 s). After ignition, the temperature of the transformer oil in the
top oil pool continued to rise, and the oil’s maximum temperature reached approximately
566.9 ◦C (T11). After extinguishing the fire in the upper oil pool, the temperature of the
transformer oil began to decrease gradually. After continuously supplying foam for 618 s,
the temperature of the transformer oil in the top oil pool decreased to 62.7 ◦C. A layer of
foam formed on the surface of the transformer oil. After ignition, the temperature above
the main oil tank and the top oil pool rose rapidly. The fire achieved a stable state of
combustion after 174 s. The maximum temperature recorded above the main oil tank was
562.13 ◦C for 191 s, while the top oil pool reached a maximum temperature of 841.47 ◦C
for 185 s. The temperature above the main oil tank and the top oil pool decreased rapidly
after the application of CAF. The temperature above the main oil tank and the top oil pool
decreased to approximately 49.4 ◦C and 36.7 ◦C, respectively, after the transformer fire was
completely extinguished.

Figure 9 depicts temperature fluctuations inside and above the bottom tank. In the
figure, it can be observed that when ignited, the temperature of the transformer oil inside
the bottom pool was approximately 141.08 ◦C. The temperature of the transformer oil inside
the lower pool continued to increase after ignition and decreased after the application of
CAF. After 78 s of continuous foam supply, the temperature of the transformer oil inside
the lower pool decreased to below 87.6 ◦C. After ignition, the temperature above the lower
tank continued to rise and reached a stable combustion state after approximately 138 s
of burning. During the entire combustion phase, the temperature above the bottom tank
reached a maximum of 1085.3 ◦C. After applying CAF, the temperature above the bottom
tank continued to decrease. After 96 s of continuous foam supply, all temperatures dropped
below 50 ◦C.
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4. Conclusions
(1) Full-scale testing has sufficient advantages in terms of realism and fire extinguishing

system evaluation. Fires in full-size oil-immersed transformers with 220 kV are
complex. It possesses characteristics of high burning heat and temperature, strong
thermal radiation, and thick black smoke. After complete combustion, the temperature
can reach up to 1000 ◦C or even higher. The temperature of the transformer oil reached
120 ◦C or even higher. The dynamic oil spill fire and the large area pool fire, which
overflowed from the oil tank and spread along the wall of the tank, caused the fire to
rapidly intensify and become difficult to extinguish.

(2) The CAF spray system is capable of rapidly and efficiently extinguishing hot oil
fires in 220 kV oil-immersed transformers. During the fire extinguishing process,
the compressed air foam monitor can quickly cool down the box wall temperature,
preventing the oil spill from gasifying. The thick foam blanket established on the
surface of the transformer oil can quickly cool down the temperature and effectively
prevent re-ignition. The slow application of foam can also reduce the impact of the
compressed air foam jet on the foam layer and transformer oil.
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(3) Under the condition that the foam mixture supply strength is 8 L/(min·m2), the
CAF spraying system can extinguish a fire in a 220 kV oil-immersed transformer
within 180 s. The temperature of the transformer oil can be cooled to below 100 ◦C by
continuously supplying foam for approximately 468 s.

(4) Under the condition that the foam mixture supply strength is 9.4 L/(min·m2), the
CAF spraying system can extinguish a hot oil fire in a 220 kV oil-immersed trans-
former within 90 s. Continuous foam supply for approximately 510 s can reduce the
temperature of the transformer oil to below 100 ◦C.

(5) We can respond quickly at the early stage of a fire and quickly control the fire using
the CAF spray system, which helps reduce the risk of fire spread and the cost of
firefighting. In practice, it is recommended that the foam mixture supply strength of a
CAF spraying system should not be less than 8 L/(min·m2).
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