
Citation: Song, H.; Yao, H.; Wei, X.;

Qin, H.; Li, Y.; Lv, K.; Chen, Q.

Experimental Study on Fire

Suppression of the Outdoor

Oil-Immersed Transformer by

High-Pressure Water Mist System.

Fire 2023, 6, 238. https://doi.org/

10.3390/fire6060238

Academic Editors: Qian Li, Jin Lin,

Mingjun Xu and Youjie Sheng

Received: 11 May 2023

Revised: 2 June 2023

Accepted: 12 June 2023

Published: 15 June 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

fire

Article

Experimental Study on Fire Suppression of the Outdoor
Oil-Immersed Transformer by High-Pressure Water
Mist System
Huaitao Song * , Haowei Yao, Xiaoge Wei , Hengjie Qin, Youxin Li, Kefeng Lv and Qianlong Chen

School of Building Environment Engineering, Zhengzhou University of Light Industry, Zhengzhou 450001, China;
yaohaowei@zzuli.edu.cn (H.Y.); 2015041@zzuli.edu.cn (X.W.); qhj102432@zzuli.edu.cn (H.Q.);
liyouxin@email.zzuli.edu.cn (Y.L.); lvkefeng@email.zzuli.edu.cn (K.L.); chenqianlong@email.zzuli.edu.cn (Q.C.)
* Correspondence: songhuaitao@zzuli.edu.cn

Abstract: Fire accidents due to oil-immersed transformers seriously threaten the safe operation of
power systems. In this paper, the similarity principle was used to design a high-pressure water mist
fire-extinguishing test platform for a small-scale transformer fire, and the design method achieved a
good fire extinguishing effect. The results indicate that a deflagration phenomenon, lasting about
2–4 s, could be observed after activating the high-pressure water mist system; the flame temperature
rose rapidly at first, then dropped sharply, and finally cooled to the indoor temperature. The nozzle’s
flow rate in this system has a significant impact on the fire extinguishing time. Meanwhile, the
adjustment of the upper nozzle height also influenced the fire suppression effectiveness of the system,
where a height of 1800 mm achieved the best performance compared to the others. In addition,
the ambient wind speed is a very unfavorable factor for transformer fire suppression, where the
fire extinguishing efficiency decreases rapidly with the increase in wind speed. Therefore, under
low wind speed conditions, the high-pressure water mist system has great advantages in the fire
suppression of outdoor oil-immersed transformers, and the above research results can provide a
reference for the optimization design of this system.

Keywords: oil-immersed transformer fire; high-pressure water mist system; fire suppression test;
burning characteristics; similarity model

1. Introduction

The substation is the most centralized place of the power system infrastructure. Nowa-
days, it is faced with notable fire risks [1–3]. According to the statistics [4], the probability
of transformer fire accidents in China was about 0.01~0.03% over the past twenty years
and has taken on a rising tendency. For example, in April 2018 [5], a sudden breakdown
of the high-end Y/D-B phase of the converter transformer at Tianshan Converter Station
resulted in a severe fire accident. In November 2019 [6], one person died and two were
injured in an explosion and fire at the Jinan substation. When oil-immersed transformer fire
accidents happen, the internal insulation oil will constantly leak out and then give rise to
various types of fires, such as jet fires, flowing fires, and pool fires, because the position of
the oil pillow is higher than that of the transformer body [7]. The transformer fire possesses
features of fast propagation speed and high combustion intensity, easily causing great prop-
erty losses and casualties [8–10]. Therefore, it is of great significance to continually enhance
the fire-prevention and fire-extinguishing capacities of the oil-immersed transformer.

Over several decades, many researchers have conducted many studies in this field.
Chen [11] proposed that there were five main causes leading to transformer fire accidents,
i.e., bushing malfunction, winding short circuit, iron core spoilage, deterioration of insu-
lation oil quality and natural disasters. Additionally, the study of small oil pool fires was
the most popular method to analyze the combustion characteristics of the transformer oil
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in terms of the initial oil temperature [6,12,13], the fire source power [14], the size of the
oil pool [15–19], the level of oil pool [20], the burning rate [21], the ignition mode [22],
the pulsating characteristics of the flame [23,24], etc. However, the transformer fire is
a collection of multiple fire scenarios, and the burning rule obviously changes with its
geometric scale. Thus, only studying the oil pool fire is not sufficient enough, as it cannot
express stereo-burning characteristics.

Moreover, according to the “Standard for Design of Fire Protection for Fossil Fuel
Power Plants and Substations” (GB50229-2019) [25], water spray systems, foam spray
systems, oil discharge and nitrogen injection systems, and water mist systems are four
conventional extinguishing systems used on transformer fires [26–28].

For water spray systems, the emitted water droplets can rapidly absorb a lot of heat
around the transformer, and the formed water vapor that follows can isolate the insulation
oil from the air and play a role in suffocating the fire [29,30]. However, compared with
other fire suppression systems, it needs to consume a large amount of water. Many power
substations are usually located in drought-affected areas far away from cities and towns,
and thus, this limits their applications.

The foam spray system is similar to the water spray system, which can quickly reduce
the temperature of the transformer fire by virtue of the endothermic effect of water mist
and foam. In addition, the foam extinguishing agent can produce a layer of flame retardant
film on the surface of the protected material, obstructing its contact with air and effectively
preventing re-ignition [31]. However, the shortcomings of this system are its high oper-
ational costs, prolonged response times, pollution environments, and not working well
under cold or harsh conditions [32,33].

Moreover, the oil discharge and nitrogen injection systems are also widely used to
extinguish transformer fires. They comprise an automatic device that connects its fire
detection ability with an alarm and that has oil discharge and is explosion proof and that
employs nitrogen injection for fire prevention [34]. The benefits of this system include
reliable operation, easy installation and continuous automatic detection [35]; however,
when the transformer fire progresses to a stage of fierce combustion, this system cannot
function properly or be used well in the event of transformer oil spillage and subsequent
combustion outside the confines of the transformer body [1].

Based on the above analysis, the three firefighting systems have some deficiencies in
terms of their firefighting efficiency, cost-effectiveness and adaptability to harsh environ-
ments [36]. Under the new circumstances, the water–mist system is gradually applied to the
oil-immersed transformer fire, which is more friendly, more efficient and more water-saving
than other systems [31]. The system can be classified into two types based on the outlet
water pressure: the low-pressure water–mist system and the high-pressure water mist
system [37]. The low-pressure water–mist system (NFPA750 standard) is characterized by
a droplet cumulative volume distribution of DV0.99 < 1000 µm at a distance of 1 m from
the nozzle and operating pressure of approximately 1–2 MPa [38]. The primary distinction
between the low-pressure water–mist system and the water spray system lies in the nozzle,
while other components remain largely unchanged. Therefore, the former also demands a
large consumption of water. However, the high-pressure water mist system, also known
as micro water droplets, is primarily based on a positive displacement pump that can
generate the water mist with a DV0.99 < 200 µm. The outlet water pressure must be greater
than 10 MPa and can even reach a maximum of 100~200 MPa. The working pressure is
usually 10~20 MPa in practical engineering applications, considering safety, economy and
efficiency factors.

In terms of the extinguishing principle, the low-pressure water–mist system is similar
to the water spray system, which has the characteristic of surface cooling, oxygen isolation
and asphyxia, radiant heat isolation, smoke suppression and immersion wetting [39].
However, the high-pressure water mist system is fundamentally different from the low-
pressure water mist system or the water spray system in terms of the pressure formation
principle and the flow control way of the system. Its extinguishing mechanism is as
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follows [40,41]: (1) Better endothermic effect. Because the relative surface area of the
discharge water mist droplet can attain a 1700-times larger size than that of the spray water
droplet from the low-pressure system, it can completely evaporate in the fire site. (2) More
effective suffocating effect. After ejecting, the water–mist rapidly evaporates into vapor,
expands its volume and excludes the air, finally forming a barrier around the burning
fuel to prevent the inhalation of fresh air. (3) Hindering radiant heat. The water vapor
quickly envelops the flame, which has a more excellent ability to hinder radiant heat and
can effectively suppress the radiant heat igniting other items nearby.

Nevertheless, the high-pressure water mist system also has its own inherent defects.
For example, fine water mist particles are easily affected by external factors, such as
environmental wind. Therefore, the system is mostly applied to fire suppression in enclosed
spaces. In this paper, through the real test of simulating an oil-immersed transformer fire,
the feasibility of the outdoor application of the high-pressure water mist system, especially
in a bad environment, is studied.

2. Methodology
2.1. Design Principle

In general, the design of a fire suppression system not only considers the fire situation
of the protected object, such as the fire characteristics, space geometry, environmental condi-
tions, etc., but it also follows the related standard, taking into account safety and economy.

Due to the variety of water mist products and the complexity affecting their extinguish-
ing effectiveness, the research, design and application of the water mist fire suppression
system is always based on the real-fire simulation test. The NFPA 750 standard does not
provide specific parameters but requires the relevant fire test to determine them [38].

The oil-immersed transformer fire has dual characteristics of both electric and liquid
fires because the transformer is the power equipment, and the fire source is the insulation
oil that can flow. Furthermore, the high-pressure water mist system is highly effective in
extinguishing electric and liquid fires due to its outstanding extinguishing character. At
present, the design principle of the system is based on the national standard “Technical
Code for Water Mist Fire Extinguishing System” (GB50898-2013) [42], which is a technical
specification for the water mist system in China. The flow discharge coefficient, K, is one of
the main technical parameters, which can be calculated using the following formula [43]:

K = Q/
√

10P (1)

where Q is the flow rate of a nozzle, L/min. P is the operating pressure of a nozzle, MPa.
K is the flow discharge coefficient of a nozzle, L/min/Mpa0.5, which is provided by the
manufacturer.

Q =
S·W

N
(2)

where N is the total number of nozzles. S is the effective protection area, m2. W is the water
spray intensity, L/(min·m2).

According to the state standard [42], this system’s design should prioritize the follow-
ing five basic principles:

1. The layout of the water mist nozzle is generally based on the rectangular shape.
2. The emitted water mist should be evenly distributed to fill the protective space and

completely shield the protected object.
3. The working pressure P at the worst place must be no less than 10 MPa.
4. The water spray intensity W must be no less than 1.2 L/(min·m2), and the water

consumption should not be overdone.
5. The flow discharge coefficient K should be within the design domain of the manufacturer.

Other parameters, such as the nozzle spray spacing and installation height, etc., can
be appropriately adjusted as required; however, this needs to be illustrated. The minimum
distance between the nozzle and the protected object should achieve good atomization,
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while the maximum distance should ensure that the water mist has enough impulse to
reach the surface of the protected object [44].

2.2. Problem Analysis

Obviously, it is extremely difficult to conduct a high-pressure water mist system
test for real and large-scale transformer fires due to the inconvenience of the equipment
transportation, the high economic cost and the uncertainty of the experimental fire risk, etc.
Meanwhile, the larger the size of the transformer body is, the greater its oil reserve is, and
the more difficult the fire control is. Thus, in this paper, we propose to use a small-scale
transformer instead of the large-scale one to evaluate the extinguishing effectiveness of the
high-pressure water mist system.

There were two primary methods for designing the experiment platform. One was to
calculate directly according to the national standard above, and the other was to calculate
indirectly based on the principle of similarity.

For the first method [45], initially, the total number of nozzles can be determined
according to the geometric size of the device. Then, the flow rate for a single nozzle can
be calculated based on Equation (2). Finally, the flow discharge coefficient, K, meeting the
standard water spray intensity, can be obtained by Equation (1). As shown in Figure 1, the
small-scale transformer in the test was a stereo-rolled iron core transformer of the following
model: S13-M-RL-200/10, rated capacity 200 KVA, 10 KV, 3-phase. The geometry size
was 1 m × 1 m × 0.82 m, and its outer effective protection area was about 5.05 m2. It
was manufactured by the Henan Tianli Electric Equipment Company in September 2016
and has now been scrapped. It is obvious that at least 8 nozzles were placed around the
transformer so that the nozzle layout completely covered its outer surface. According
to Equation (1) and Equation (2), if the water spray intensity was equal to 1.2 L/min·m2

and the operating pressure of a nozzle was 10 Mpa, the flow discharge coefficient K was
0.07575 L/min/Mpa0.5. However, the K value was too low, which was not in the design
range of the manufacturer. Thus, based on the first method, the test design has certain flaws.
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Figure 1. Small transformer pattern.

2.3. Similarity Design

Compared to the large-scale prototype test, the small-scale fire model test has the
advantages of a lower cost, shorter cycle and higher measurement accuracy and has
gradually become an important method in substation fire research [46]. In theory, the
establishment of the small-scale fire model can be achieved when the similarity parameters
of both the prototype and the model are equal. However, it is almost impossible to achieve
the exact equality of all characteristic numbers. Therefore, some important parameters are
often selected in practice, and it can be considered that when these parameters are equal,
the prototype is similar to the model.
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In 1973, Heskestad [47] first proposed the application of Froude modeling in fire
simulation testing, with the method being widely used because of its good applicability
to the small-scale experimental study of fires in open spaces. The necessary condition for
the Froude similarity model is that the Reynolds number is large enough to ensure that
the flow is turbulent. The related research indicates that the fire flow can fully develop
into turbulence as long as the main feature size of the model is not less than 0.3 m [48].
Moreso, in addition to the working pressure and the water flow rate, the system’s flow
discharge coefficient K is also related to the particle size, fog particle characteristic quantity,
physical momentum, spray angle, range and other parameters. However, because the
national standard does not carry out detailed constraints on the latter related parameters,
to simplify the study, these content influences are ignored in the paper.

Taking a 220 KV outdoor oil-immersed transformer of the substation in Zhengzhou as
a prototype, as shown in Figure 2, the geometric size is approximately 8 m × 7.5 m × 4 m,
and the effective protection area is about 240 m2. The design, based on the current standard,
is that the layout of the nozzle is arranged as a three-layer frame structure, with 4 nozzles
on the top layer and 18 nozzles on the other per layer. The water flow rate of an individual
nozzle is 10 L/min. The horizontal spacing between nozzles is 2500 mm, and the vertical
interval between layers is 4000 mm. The system’s operating pressure is 10 Mpa. The
distance from the nozzle to the transformer is 1500 mm, and the height from the top
nozzle to the ground is 6.8 m. The water spray intensity of the system can be calculated as
1.67 L/(min·m2), and the flow discharge coefficient K is 1.0 L/min/Mpa0.5.
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Figure 2. A 220 KV outdoor oil-immersed transformer.

According to the similarity principle [49,50], the detailed design parameter between
the prototype and the model is shown in Table 1. For example, the proportional coefficient
of the water flow rate of a single nozzle is 32, and the water flow rate of the small-scale
transformer can be calculated as 0.3125 L/min. Based on Equations (1) and (2), if the water
spray intensity is equal to 1.2 L/(min·m2) and the working pressure of the nozzle is 10 MPa,
the flow discharge coefficient K can be obtained at 0.03125 L/min/Mpa0.5, and the number
of the total nozzles is at least 19. Thus, in this paper, the water mist nozzle is arranged as
two layers around the transformer, with each layer having 12 spray nozzles and a total of
24. As shown in Figure 3, the bottom nozzles (about 200 mm above the ground) protect
the bottom oil pit (simulated by the bottom oil pan), and the top nozzles (about 1800 mm
above the ground) protect the transformer’s body.
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Table 1. Similarity relationship between the prototype and the model.

Items Similar Relation Proportional
Coefficient Prototype Model

Boundary geometry of the transformer (mm) lm/lf = C 4 4000 1000
Water flow rate of a single nozzle (L/min) Qm/Qf = C5/2 32 10 0.3125
Horizontal spacing between nozzles (mm) dm/df = C 4 2500 625

Vertical interval between layers (mm) hm/hf = C 4 4000 1000
Distance from the nozzle to the transformer (mm) Lm/Lf = C1/2 2 1500 750

Height from the top nozzle to the ground (mm) Hm/Hf = C 4 6800 1700

Note: the subscript m represents the prototype; the subscript f represents the model; C is the geometric propor-
tionality coefficient. The physical meaning of the other letters is shown in Figure 3.
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3. Experiment Platform
3.1. Platform Building

In general, the development process of the transformer fire can be divided into three
stages: the initial growth stage, the stable burning stage and the decay stage [51]. Among
them, the second stage is where the combustion intensity is the largest, the temperature
rise is the highest, and the diffusion rate is the most rapid. At this point, it is the most
difficult period of flame suppression. Furthermore, on the one hand, the oil-immersed
transformer fire has flowing, stereo and explosion characteristics, resulting in it being very
difficult to conduct a real overflow fire test. On the other hand, as long as the high-pressure
water mist system can put out the transformer fire while in the stable combustion stage in a
short time, it can be considered that this system has a good effect on the transformer fire.
Therefore, based on the above considerations, our group proposes that the real overflow
fire was substituted by the multi-point oil pan burning.

The fire extinguishing test was performed in a large-space laboratory, as shown in
Figures 4 and 5. The test platform comprised a set of high-pressure water mist systems,
a small transformer, eight oil pans, four brackets, several thermocouples, a draught fan
and a smoke exhausting system. The high-pressure pump of the system was a portable
device and could export a constant pressure of 15 Mpa, as shown in Figure 6. The small
transformer was placed on a 0.4 m high channel steel bracket. Eight oil pans were evenly
arranged on the transformer to use as the fire source, respectively, with four at the top and
the other four at the bottom. Additionally, the diameter of each oil pan was 40 cm. Four
brackets were set up around the transformer to measure the ambient temperature: Bracket
A#, Bracket B#, Bracket C# and Bracket D#, respectively. They were in the front, left, back
and left of the transformer. The spatial arrangement of each bracket is shown in Figure 5.
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Bracket A# and Bracket B#, respectively, contained seven temperature measuring points,
and Bracket C# and Bracket D#, respectively, contained three temperature measuring points,
as shown in Figure 7. It should be noted that Bracket D# was used to measure the center line
temperature at the top of the transformer. The K-type thermocouple was made of nichrome–
nichrome silicon, the measuring range of which was 0~1300 ◦C. The temperature data were
collected every 1 s and automatically saved. In addition, the draught fan, positioned 2 m
away from the transformer, was a frequency conversion device used to generate the needed
airflow. The large exhaust hood was installed at the top of the testing platform, which was
an off-gas treatment device to reduce environmental pollution.
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Figure 6. Portable high-pressure water mist device.
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3.2. Experiment Procedure

The experiment was conducted while considering three factors: water flow rate, nozzle
height and ambient wind speed. The factor of the water flow rate included adjusting the
flow discharge coefficient K of the nozzle and reducing the number of nozzles (blocking
the middle eight nozzles with plugs), and the final design result is shown in Table 2. For
the nozzle height, as shown in Figure 5, the upper nozzle height (H1) was set to 1400 mm,
1600 mm and 1800 mm, respectively. Additionally, the below nozzle height (H2) always
remained unchanged and was 200 mm away from the ground. In addition, due to the
instability of the airflow, the average wind speed of the cross-section was taken as the
research object at 0 m/s, 0.5 m/s, 1 m/s and 2 m/s.

Table 2. The results of the system design.

System Pressure
(MPa)

K Factor
(L/min/MPa0.5)

Flow Rate of a Nozzle
(L/min) Number of Nozzles Water Spray Intensity

(L/min·m2)

15 0.03 0.367 24 1.746
15 0.06 0.735 24 3.492
15 0.03 0.367 16 1.164
15 0.06 0.735 16 2.328

The test material was 25# transformer oil. As shown in Table 3, during the experiment
process, a small amount of gasoline was added as the ignition agent because the transformer
oil was not easy to ignite at the indoor temperature. Additionally, a certain amount of
water was added to the oil pan bottom, lest the influence of the oil pan wall on the fire
extinguishing efficiency of the system.

Table 3. Basic parameters of the test.

Density (kg/m3)
Kinematic

Viscosity (mm2/s)
Point of

Flammability (◦C) Gasoline (mL) Transformer oil
(mL) Water (mL)

882.8 9.4 155.5 5 500 4000

3.3. Testing Scheme

In this paper, 11 trials were carried out based on the above experiment platform. As
shown in Table 4, the fire extinguishing time of the top oil pans, 1#–4#, the bottom oil
pans, 5#–8#, and their average extinguishing times were listed, which were key factors in
evaluating the extinguishing efficiency of the high-pressure water mist system. The longer
the fire extinguishing time is, the worse the fire extinguishing efficiency is.
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Table 4. Test scheme.

No.
Upper
Nozzle

Height (mm)

Air Speed
(m/s)

K Factor
(L/min/MPa0.5)

Total
Nozzles
Number

Oil Pans
5#–8# (s)

Oil Pans
1#–4# (s)

Average
Extinguishing

Time (s)

1 1800 0 0.03 24 152 204 178
2 1800 0 0.06 24 24 7 15.5
3 1800 0 0.06 16 72 104 88
4 1600 0 0.06 24 10 108 59
5 1400 0 0.06 24 14 81 47.5
6 1400 0.5 0.06 24 55 79 67
7 1400 1 0.06 24 50 106 78
8 1400 2 0.06 24 89 76 82.5
9 1400 0 0.06 16 33 165 99
10 1400 0 0.03 16 62 249 155.5
11 1400 0 0.03 24 38 68 53

4. Results and Discussion
4.1. Fire Suppression Process

Figure 8 shows the partial images of the entire flame development process for the
typical test, test 5, including the burning phase of the oil pan fire and the firefighting
phase of the high-pressure water mist system. Because the stable combustion state had
been entered completely after about 80 s of igniting the oil pan fire, we stipulated that the
high-pressure water mist system be activated at about 140 s after igniting the oil pan fire.
In addition, the ignition moment was taken as the starting point in Figure 8.
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Significantly, a deflagration phenomenon lasting about 2–4 s was observed in the
initial period of ejecting the water mist. From then on, a large amount of water vapor
appeared surrounding the flame. When entering the stable combustion stage, the burning
center of the oil pan fire had less oxygen content, generating a large amount of black smoke.
That is to say, the fuel at the center of the fire was not sufficiently burned. Once the fire
suppression system was activated, the high-speed water mist carrying the fresh oxygen
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would instantly spray and quickly reach the central position of the burning transformer
oil. At that moment, the deflagration phenomenon was induced by full contact between
the fuel that was bad at sufficiently burning and the adequate oxygen; the water mist had
not had time to vaporize during that moment. However, with the passage of the ejection
time and the increase in ejection volume, the water mist vaporization gradually occupied a
dominant position. Finally, the transformer oil pan fire was extinguished through surface
cooling, oxygen asphyxia, etc.

From a perspective of space, the fire of the bottom oil pans 5#–8# was usually extin-
guished earlier than that of the top oil pans 1#–4#. There were two reasons for the difference
in the extinguishing time: (1) Considering the randomness of the ignition point and the
burning process in real-life transformer fires, the jet of the nozzle was directed horizontally
rather than sprayed specifically towards a particular oil pan; (2) the spatial arrangement
of the top oil pans 1#–4# was more dispersed than that of the bottom oil pans 5#–8#, and
the distance between the burning point and the nozzle was also greater. To some extent,
the above reasons reduced the extinguishing capability of the top nozzles. Especially for
the oil pan at the corner, the extinguishing effect was even worse. However, it did not
affect the study of project test results. On the one hand, the occurrence and development of
transformer fires in the real environment are more complex and changeable. On the other
hand, in the process of analyzing the results, we can discuss, respectively, the changing
rule regarding the top and bottom oil pan fires. Based on the above reasons, the impact of
multiple factors on the extinguishing efficiency of the high-pressure water mist system can
be studied systematically.

4.2. The Temperature Curve of the Typical Test

Figure 9a–d displays the temperature curves at different measuring points of Bracket
A#, Bracket B#, Bracket C# and Bracket D# before and after activating the high-pressure
water mist system for the typical test 5. The letter ‘I’ denotes starting the ignition of the oil
pan fire; the letter ‘P’ denotes activating the high-pressure water mist system; the letter ‘B’
denotes the time that the bottom oil pan fire was extinguished; and the letter ‘U’ denotes
the time that the top oil pan fire was extinguished.
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Figure 9. Temporal evolution of temperature surrounding the transformer for test 5. (a) Bracket A#;
(b) Bracket B#; (c) Bracket C#; (d) Bracket D#.
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It was observed that the flame temperature rapidly increased at the initial stage after
igniting the oil pan fire and gradually reached stability. After the high-pressure water
mist system was turned on, the ambient temperature rose sharply for about 2–4 s. Then, it
dropped sharply from 700 ◦C at the highest temperature to 10 ◦C at the indoor temperature
within about 30 s. As the surrounding temperature was higher during the early stage of
the fire suppression, it was easier for the water vapor to form and create an asphyxiating
environment around the transformer, thus leading to a rapid decline in the fire environment
temperature. However, fire suppression developed later, and there was usually only one oil
pan burning. During this time, the temperature around the transformer had been reduced
to an ambient level, and it was very unfavorable to form an asphyxiating environment,
which also indirectly delayed the fire extinguishing time.

The temperature curves changed consistently with the fire development in Figure 8.
It indicates that the high-pressure water mist system has a good extinguishing effect on
the transformer oil fire and can effectively control the burning temperature in a very short
time. In addition, the temperature at each measuring point was poorly correlated with its
height but had a strong relationship with the distance from the fire source. As the distance
decreased, the temperature increased.

4.3. The Impact Analysis of Ejecting Flow Rate on Fire Extinguishing Efficiency

Figure 10a,b show the temperature curves and extinguishing times for the different
K coefficients and nozzle quantities. As the total fire extinguishing time varied greatly in
each test, we defined the moment of activating the system as reference point P. Point D0
was selected as the analysis object because it was closest to the fire source. The tests were
conducted at different times; thus, the changes in ambient temperature led to differences in
the highest temperature for each test. However, this did not affect the analysis of the results.
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Figure 10. Experiment results for tests 1#, 2#, 3#, 5#, 9#, 10# and 11#. (a) Temperature curves
(measured point D0); (b) extinguishing times.

For the factor of the flow discharge coefficient K, comparing test 1# and test 2#, test 11#
and test 5#, and test 10# and test 9#, Figure 10a shows that the temperature descents of test
2#, test 5#, and test 9# were steeper than that of test 1#, test 11# and test 10#, respectively. In
addition, as shown in Figure 10b, it can be observed that there was a positive correlation
between the average extinguishing time and the flow discharge coefficient K. For test 5# and
test 11#, though their average extinguishing times had little difference, the extinguishing
time difference in the bottom oil pan for them was 24 s, which was remarkably larger than
that of the top oil pan. Therefore, in general, the larger the flow discharge coefficient K is,
the more significant the suppression effect of the system is.

Moreso, the number of nozzles was reduced by 8 from the original 24 to the now 16
by comparing test 2# and test 3#, test 5# and test 9#, and test 11# and test 10#; however,
the firefighting effectiveness could still be achieved. However, Figure 10a shows that
the former rapidly decreased to the indoor temperature, while the latter went through a
period of intense fluctuation before decreasing to the ambient temperature. Furthermore,
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Figure 10b shows that the average fire extinguishing time of the system was obviously
extended after plugging the eight nozzles in the middle. Therefore, the inhibitory effect
of the high-pressure water mist system on the environmental temperature had a positive
correlation with the number of nozzles. Additionally, the number of nozzles also had a
significant influence on the fire extinguishing efficiency.

Therefore, decreasing the flow discharge coefficient K and reducing the number of
nozzles are the two main methods of weakening the spray intensity of the system. The former
is equivalent to reducing the flow rate of the outlet, and the latter is equivalent to weakening
the unit protection area. According to the comparison among test 1#, test 2# and test 3#, it
can be concluded that the sensitivity of the flow discharge coefficient K was greater than that
of the number of nozzles. Therefore, adjusting the flow discharge coefficient K had a greater
impact on the extinguishing efficiency than adjusting the number of nozzles.

4.4. The Impact Analysis of Nozzle Installation Height on Fire Extinguishing Efficiency

Adjusting the installation height of the nozzle will change the ejection distance of the
system, which greatly affects both the atomization effect and spraying intensity. Figure 11a
shows the temperature curves of point D0 of test 2#, test 4# and test 5#. They represented the
upper nozzle installation heights of 1800 mm, 1600 mm and 1400 mm from the ground. The
high-pressure water mist system can efficiently suppress the transformer flame temperature
in a short period of time and then restore the flame environment to the indoor temperature.
At the same time, the temperature variation curves showed a similar tendency in these
three tests. Figure 11b shows the extinction times for test 2#, test 4# and test 5#, and the
corresponding average extinguishing times were 15.5 s, 59 s and 47.5 s, respectively. For the
bottom oil pan, the fire extinguishing times were not significantly different among these
three cases. However, for the top oil pan, when the nozzle installation height was 1800 m, it
was obviously better than the other two cases. Therefore, judging by the end result, the fire
extinguishing efficiency was the best at the upper nozzle installation height of 1800 mm.
Additionally, due to the limitation of the test conditions, the height of the nozzle in the
larger space was not analyzed or discussed.

Fire 2023, 6, x FOR PEER REVIEW  13  of  16 
 

 

flame temperature in a short period of time and then restore the flame environment to the 

indoor temperature. At the same time, the temperature variation curves showed a similar 

tendency in these three tests. Figure 11b shows the extinction times for test 2#, test 4# and 

test 5#, and the corresponding average extinguishing times were 15.5 s, 59 s and 47.5 s, 

respectively. For the bottom oil pan, the fire extinguishing times were not significantly 

different among these three cases. However, for the top oil pan, when the nozzle installa‐

tion height was 1800 m, it was obviously better than the other two cases. Therefore, judg‐

ing by the end result, the fire extinguishing efficiency was the best at the upper nozzle 

installation height of 1800 mm. Additionally, due to the limitation of the test conditions, 

the height of the nozzle in the larger space was not analyzed or discussed. 

   
(a) (b) 

Figure 11. Experiment results for tests 2#, 4# and 5#. (a) Temperature curves (measured point D0); 

(b) extinguishing times. 

4.5. The Impact Analysis of Wind Speed on Fire Extinguishing Efficiency 

Because the high‐pressure water mist particles are very tiny, their distribution field 

can be dramatically affected by wind speeds. Therefore, there is a direct relationship be‐

tween the fire‐extinguishing effect and the wind speed. Figure 12a shows the temperature 

curves at point D0 under different wind speeds. The comparison of test 5#, test 6#, test 7# 

and test 8# indicated that the change in wind speed did not affect the final fire‐extinguish‐

ing effect of the system. At the same time, the greater the wind speed, the less the inhibi‐

tion effect. In addition, Figure 12b demonstrates that the average extinguishing time ob‐

servably increased with an increase in wind speed. Therefore, the fire extinguishing effi‐

ciency was closely related to the wind speed. However, due to limited experimental con‐

ditions, the paper did not discuss the influence of wind speeds exceeding 2 m/s. 

Furthermore, the influence of wind speeds on the fire extinguishing efficiency of the 

high‐pressure water mist system can be improved by the following methods: (i) Accord‐

ing to the characteristics of local wind, a windproof wall can be built around the outdoor 

oil‐immersed transformer; and (ii) the influence of wind speeds on water mist can be re‐

duced by increasing the outlet pressure of the high‐pressure water mist nozzle. 

   
(a) (b) 

0 100 200 300 400 500
0

200

400

600

800

1000
P

T
em

p
er

at
u

re
/℃

Time/s

 Test 2#
 Test 4#
 Test 5#

Test 2#

Test 4#

Test 5#

0 30 60 90 120 150

24

15.5

7

10

59

108

81

14

Time/s

 Top oil pan
 Average time
 Bottom oil pan

47.5

0 100 200 300 400
0

200

400

600

800
P

T
em

p
er

at
u

re
/℃

Time/s

 Test 5#
 Test 6#
 Test 7#
 Test 8#

Test 5#

Test 6#

Test 7#

Test 8#

0 30 60 90 120 150

14

82.5
89

50

47.5

81

55
67

79

78

106

76

Time/s

 Top oil pan
 Average time
 Bottom oil pan

Figure 11. Experiment results for tests 2#, 4# and 5#. (a) Temperature curves (measured point D0);
(b) extinguishing times.

4.5. The Impact Analysis of Wind Speed on Fire Extinguishing Efficiency

Because the high-pressure water mist particles are very tiny, their distribution field can
be dramatically affected by wind speeds. Therefore, there is a direct relationship between
the fire-extinguishing effect and the wind speed. Figure 12a shows the temperature curves
at point D0 under different wind speeds. The comparison of test 5#, test 6#, test 7# and
test 8# indicated that the change in wind speed did not affect the final fire-extinguishing
effect of the system. At the same time, the greater the wind speed, the less the inhibition
effect. In addition, Figure 12b demonstrates that the average extinguishing time observably
increased with an increase in wind speed. Therefore, the fire extinguishing efficiency was
closely related to the wind speed. However, due to limited experimental conditions, the
paper did not discuss the influence of wind speeds exceeding 2 m/s.
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Figure 12. Experiment results for tests 5#, 6#, 7# and 8#. (a) Temperature curves (measured point D0);
(b) extinguishing times.

Furthermore, the influence of wind speeds on the fire extinguishing efficiency of the
high-pressure water mist system can be improved by the following methods: (i) According
to the characteristics of local wind, a windproof wall can be built around the outdoor
oil-immersed transformer; and (ii) the influence of wind speeds on water mist can be
reduced by increasing the outlet pressure of the high-pressure water mist nozzle.

5. Conclusions

In this work, two methods of designing a high-pressure water mist fire extinguishing
test platform for the small-scale transformer were put forward, and the outdoor transformer
fire-extinguishing test was carried out. The main conclusions are as follows:

• There were some defects in the design of the high-pressure water mist fire-extinguishing
system for the small-scale transformer when using the routine national standards, such
as the flow discharge coefficient K of the nozzle not meeting the requirement of the
manufacturer. Therefore, the method of the similarity principle was proposed to construct
a real-type test platform and conduct relevant experimental research. The design results
fully met the national standard and manufacturer requirements.

• When the transformer fire entered a state of full combustion, the high-pressure water
mist fire-extinguishing system was activated. The following phenomena could be
observed: (i) After the water mist was sprayed, there was a deflagration phenomenon
lasting about 2–4 s, which was influenced by a fresh supply of oxygen; at this moment,
the flame temperature rose rapidly and then dropped sharply, and finally cooled
to the indoor temperature; (ii) the closer to the nozzle, the sooner the oil pan fire
was extinguished.

• Based on the current testing conditions, the influence of three main factors (the water
flow rate, nozzle installation position and ambient wind speed) on the fire extinguish-
ing efficiency of the high-pressure water mist system for the outdoor transformer
fire is discussed. The results show that: (i) increasing the flow rate of the nozzle can
effectively shorten the fire extinguishing time and significantly improve the perfor-
mance of the high-pressure water mist system; (ii) the project team adjusted the upper
nozzle height within the range of 1400 mm ≤ H1 ≤ 1800 mm and found that the
fire extinguishing efficiency of the system was best at the height of 1800 m; (iii) the
greater the ambient wind speed, the more disadvantageous the suppression effect of
the high-pressure water mist system on the transformer fire.

• This paper has a positive significance in promoting the use of high-pressure water
mist fire extinguishing systems for outdoor oil-immersed transformers. The main
deficiency of this paper is the lack of repeatability tests due to the limitation of the test
conditions. Therefore, there may be random errors in the final result, and the project’s
team plans to conduct a larger experimental study.
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