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ABSTRACT

In order to study the extinguishing performance of high-pressure-water-mist-based systems on the fires originat-
ing from power transformers the PyroSim software is used. Different particle velocities and flow rates are con-
sidered. The evolution laws of temperature around transformer, flue gas concentration and upper layer
temperature of flue gas are analyzed under different boundary conditions. It is shown that the higher the particle
velocity is, the lower the smoke concentration is, the better the cooling effect on the upper layer temperature of
flue gas layer is, the larger the flow rate is and the better the cooling effect is.
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1 Introduction

Currently, transformers are one of the most essential equipment in the power system. Studies show that
the transformer failure can impose significant hazards, including unplanned power outages [1,2]. Meanwhile,
the transformer contains a large amount of fuel oil, which is very prone to fire [3]. It is worth noting that
suppression of fire in a high-voltage electric appliance is an enormous challenge [4]. Accordingly, fire can
be considered as one of the important factors affecting power safety [5]. On the other hand, instability of
the power grid adversely affects economic development [6]. Consequently, it is of significant importance
to ensure the safe operation of transformers [7,8].

Water mist fire extinguishing technology is an emerging technology that uses water as the distinguishing
medium. It has superior characteristics, including high fire extinguishing speed and low water consumption
so that it has become increasingly popular in fire protection systems [9—14]. In this scheme, High-pressure
water mist is applied to produce small droplets [15], which can bypass obstacles [16,17], while providing
promising insulation for electrical equipment. Studies show that this approach has a good performance in
extinguishing electric fires. The water mist has a high heat absorption capacity and does not transmit the
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radiative heat flux [18-22]. The main extinguishing mechanism of water mist is endothermic cooling and
oxygen isolation asphyxiation [23], which is widely used in most fire prevention and extinguishing
methods [24]. However, regulations on water mist systems are inadequate. In order to resolve this
shortcoming, further investigations should be carried out to better understand the interactions between
water mist and fire [25].

With the development of science and technology, numerical methods have been widely applied to
simulate the transformer fire [26—28]. In order to reduce the damages originating from the transformer,
numerous investigations have been carried out on the fire extinguishing of transformers with water mist.
In this regard, Li et al. [29] implemented a fusion digital simulation (FDS) model for a demonstration
section of the cable corridor of the urban utility tunnel and analyzed the performance of the water mist
fire extinguishing system with low, medium, and high operating pressures under different spatial
structures, fire source positions, and ambient air velocities. It was found that when the water mist
sprinkler is turned on, sprayed droplets encounter high-temperature smoke in the fire and gasify. Then the
high-temperature water vapor rises upward, thereby increasing the volume of the mixed fuel and the
water vapor. Subsequently, the contact area with oxygen increases and the upper part temperature of the
corridor increases greatly. After a period of time, the sprinkler sprays all over the space and cools down
the hot smoke in the fire so that the fire temperature stabilizes within a certain time of control. Gataj et al.
[30] analyzed the impact of water mist flow rate on the temperature distribution in a closed space. Wang
et al. [31] implemented a model based on the full-scale electrical corridor test platform and compared the
influence of water mist spray intensity and sprinkler installation method on the fire extinguishing
performance of high-pressure water mist for different fire sources, ventilation wind speeds and cable
densities. Accordingly, it was found that the cooling rate of side spray sprinklers outperforms that of
vertical sprinklers. Meanwhile, it was concluded that increasing the spray intensity has no impact on the
cooling rate and the fire-extinguishing performance. Wang et al. [32] studied the influence of working
pressure on the effectiveness and safety of high-pressure water mist in case of electric fires. In a closed
environment of 4 m X 4 m X 5 m, water mist sprinklers were tested at different spray pressures. The
results showed that as the nozzle pressure increases, the particle size of the water mist decreases
continuously. Moreover, it was found that the pressure has a significant impact on the particle size of the
water mist. However, when the pressure exceeds a certain value, the influence of the pressure on the
droplet size reduces. Such a decrease rate is high in the direct injection scheme compared to that in that
dispersion approach. Chen et al. [33] carried out the spray test of 220 kV on a full-scale transformer with
a high-voltage bushing. The results showed that the transformer current does not change significantly
before and after spraying, indicating the live insulation capability of the water mist in protecting the
transformer. Shi et al. [34] used a smoke analyzer and a thermocouple device to investigate the
suffocation effect of the high-pressure water mist system on the extinguishing performance of the oil pan,
and found that the suffocation effect exists when the sprinkler is on the top, while there is no suffocation
for the side sprinkler. However, the fire extinguishing rate of the top sprinkler is high so that the
corresponding fire extinguishing time is low. Zhang et al. [35] studied the urban utility tunnel with
openings at both ends and used FDS to simulate fire and study the effect of the sprinkler layout on the
fire extinguishing performance. It was found that the water mist fire extinguishing effect is good when
there is no cable trough. Moreover, when there is a cable trough, the fire extinguishing performance
improves with side sprinklers. Meanwhile, it was found that when sprinklers are installed along the
longitudinal direction, the fire extinguishing effect at 3 m is better than that at 2 m. This achievement can
be used to appropriately increase the sprinkler spacing and reduce costs. Dai et al. [36] carried out a full-
scale fire experiment study on a 35 kV outdoor transformer to explore the combustion characteristics of
substations in case of fire. Obtained results showed that transformer fires have hidden, three-dimensional,
and multi-scale combustion characteristics. Fire sources of different scales collide and merge during the
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combustion process. In the full combustion stage, the flame on the upper part of the transformer has instable
flame oscillations and separation. The flame form is mainly adherent flames at the bottom, while continuous
and intermittent flames originating from diffusion combustion appear at the top. Moreover, the temperature
distribution gradually decreases along the vertical direction. Along the horizontal direction, high
temperatures appear in the middle, while low temperatures appear on both sides.

Transformer fire not only imposes significant economic losses but also may cause casualties. Generally,
effective factors of high voltage water mist fire extinguishing in transformers are revealed through
experiments. In the present study, the fire extinguishing performance of the transformer is analyzed by
simulating the high voltage water mist system. In this regard, different flow rates and particle velocities
are considered in the simulations. Then the temperature distribution around the transformer, concentration
of the flue gas and the upper temperature of the flue gas layer are compared. This article is expected to
provide a theoretical and technical reference for the safe and stable operation of the transformer and
promote the development and application of high-pressure water mist fire extinguishing technology.

2 Theoretical Basis

It is worth noting that FDS is often used to simulate the flue gas flow and heat transfer process during the
combustion in fire simulation scenarios and is widely used in the fire field. The basic governing equations are
as follows [37]:

The equation of the mass conservation is mathematically expressed as follows:
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The momentum conservation equation is expressed as follows:
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The energy conservation equation is described as:
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Equation of state is described as:
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Nomenclature
p  Gas density m***, Rate of formation of vaporized droplets
f External forces Tjj Stress tensor
q >’ Heat release rate per unit volume q°”’; Energy transferred to the evaporating droplet
q’’ Conduction and radiation heat flux p Space pressure

For most applications, FDS uses a combustion model based on the mixing-limited and infinitely fast
reaction of lumped species. Lumped species are reacting scalar quantities that represent a mixture of
species. For example, air is a lumped specimen, which is a mixture of nitrogen, oxygen, water vapor, and
carbon dioxide. It is worth noting that the reaction of fuel and oxygen is not necessarily instantaneous
and complete, and several optional schemes are designed to predict the extent of the combustion in
under-ventilated spaces.
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For an infinitely fast reaction, reactant species in a given grid cell are converted to produce species at a
rate determined by a characteristic mixing time, 7,,,. The heat release rate per unit volume is defined by
summing the lumped species mass production rates times their respective heat of formation.

g == s, Ay, (5)

In the simulated fire scene, if only the flame thermal effect is considered, the mixed component
combustion model can meet the requirements. However, in order to study the concentration of smoke and
carbon monoxide, carbon dioxide and other gases produced in the fire, the finite chemical reaction model
should be introduced into the calculation. In general, the simplified equation for the combustion of
hydrocarbons such as oil products is mathematically expressed as [38]:
ve,n,CeHy +v0,02 — veop, COa + v, o2 O (6)

The rate of the chemical reaction is denoted as:

d(C.H, a
% = —A(CH,)"(0y) 77 (7)

where A and v denote the pre-finger factor of the activation energy reaction and the chemical reaction
coefficient, respectively. Moreover, E, R and T denote the reaction activation energy, the molar gas
constant and the thermodynamic temperature, respectively. Furthermore, a and b are the reaction coefficients.

The cumulative volume distribution of the liquid spray ejected from the nozzle in FDS software can be
represented by a combination of log-normal and Rosin-Rammler distribution functions [39]:

B T 6 )
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The movement of water droplets released after the nozzle is described as:
d(mgu 1
d(maua) =my — = pCamrg*(ug — u)|ug — ul 9)
dt 2
Nomenclature
D’ Drop diameter x4 The spatial position of water droplets in the airflow field
at any time
D Upper limit of droplet size interval u, Water droplet velocity (uy; = %
d,, Average droplet diameter u Air velocity
my Single water droplet mass rqg Water droplet radius

C, Resistance coefficient of water droplets
moving in gas

3 Numerical Simulation
3.1 Model Implementation
3.1.1 Model Description

In this section, considering the transformer object, a transformer model of 4m x 11.5m x 7.7 m (x X y X 2)
is implemented by the Pyrosim software simulation. Tab. 1 shows the layout description.
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Table 1: Test points layout description table

Layout type Layout position Remarks

Horizontal Set up two rings of thermocouples at the distance of 2.5 m around Fig. 1
the fire point (front, rear, left, right)

Thermocouple ; .
Vertical 0.2 m above the fire point is the first layer, and 4 layers of

thermocouples are arranged every 2 m upwards

Smoke concentration The smoke concentration measuring device is set on the top of the Fig. 2
model, and the distance between each device is 2 m

Smoke layer temperature A temperature measurement point for the smoke layer is set above Fig. 3
the transformer

Sprinkler 9 water mist spraying devices are installed at 9 m from the Fig. 4
ground, and the spraying devices spacing is 2.5 m

Figure 1: The horizontal distribution of thermocouples

3.1.2 Description of the Measurement Points

THCP, THCP 05, THCP 10, and THCP 15 denote 4 thermocouples at different heights located directly
above the center of the fire source, which are located on the first, second, third, and fourth layer, respectively.
The near point above the fire source is denoted as THCP, while the far point is determined as THCPOS.

THCP 31, THCP 20, THCP 03, and THCP 01 are the thermocouples on the same plane of the ignition
point, located in four positions, including front, back, left, and right side of the center of the fire source,
respectively (The thermocouple ring that is closer).
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Figure 2: Configuration of the distribution of the smoke concentration measurement devices

Figure 3: Configuration of the temperature measurement points in the upper layer of the smoke layer
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Figure 4: Configuration of the spraying device

THCP 35, THCP 24, THCP 04, THCP 02 are the thermocouples on the same plane of the ignition point,
located in four positions, including the front, back, left, and right side of the center of the fire source (The
thermocouple ring that is farther, i.e., the second ring).

Soot density 06, Soot density 01, 11, and 08 are the smoke and dust concentration measurement points in
the front, back, left and right side of the plane above the center of the fire source. Meanwhile, Soot density
06 is the near point in front of the center of the fire source, and Soot density 07 denotes the far point.

The temperature of the upper layer of flue gas refers to the temperature of the flue gas at the top of the
space where the transformer is located when a transformer fire occurs.

3.2 Simulated Working Conditions

According to the purpose of the test, the following working conditions are set to test the fire
extinguishing effect of the high-pressure water mist system: Working condition 1 is that the fire source
position is fixed, the flow rate is 10 L/min and the particle velocity is 80 m/s. In working condition 2, the
fire source position is fixed, the flow rate is 10 L/min, and particle velocities are different, including
80 m/s, 90 m/s, 100 m/s and120 m/s. Working condition 3 is that the position of the fire source is fixed,
with different flow rates of 10 L/min, 11 L/min, 12 L/min and 13 L/min, while the particle velocity is
80 m/s. Tab. 2 shows the description of test working conditions.

3.3 Simulation Parameter Setting
Model parameters as shown in Tab. 3.
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Table 2: Description of test working conditions
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Condition Description

No.

#1 Flow rate is 10 L/min and the particle velocity is 80 m/s

#2 Same Flow rate (10 L/min), different particle velocities (80 m/s, 90 m/s, 100 m/s, 120 m/s)

#3 Different Flow rates (10 L/min, 11 L/min, 12 L/min, 13 L/min), Same particle velocity
(80 m/s)

Table 3: Model parameters

Heat release rate per unit area: 4000 kW/m? Flame area: 2.4964 m?

Initial ambient temperature: 20°C Water mist system startup time: 5 s

3.4 Mesh Setting

In the process of the FDS simulation, the simulation area is categorized into three parts equally. Tab. 4

shows that the cell size is 0.25 m x 0.25 m x 0.25 m.

Table 4: Mesh region division

Mesh 1 axes Min Max
X 4 m 16 m
Y 2 m 8 m

Z 0m 16 m
Mesh 2 axes Min Max
X 4 m 16 m
Y 8 m 14 m
4 0m 16 m
Mesh 3 axes Min Max
X 4 m 16 m
Y 14 m 20 m
Z 0m 16 m

4 Comparative Analysis of Simulation Results

4.1 Thermocouple Temperature Curve Analysis
(1) Analysis of results of working condition 1

Fig. 5 illustrates that the temperature at the first layer of the thermocouple (THCP) is relatively high. This
location is the closest to the fire source, and the temperature is 793°C. The temperatures of the remaining
three layers are 353°C, 168°C, and 105°C. It is observed that the closer to the fire source, the higher the
temperature, and vice versa. The temperature of the thermocouple (THCP31) in the front of the fire
source varies significantly, and the temperature is about 150°C. On the other hand, the temperature of the
thermocouple at the left (THCPO3), right (THCPO1) and rear (THCP20) positions of the fire source is about
50°C. Therefore, it is found that the fire source has a greater influence on the temperature in front of the fire source.
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Figure 5: Temperature change curve at different locations around the fire source

(2) Analysis of results of the working condition 2

Fig. 6 shows that under the conditions of different particle velocities (80 m/s, 90 m/s, 100 m/s, 120 m/s)
the following conclusions are obtained:

1) The average temperature changes of the first layer of thermocouple (THCP) above the fire source are
793°C, 817°C, 822°C and 843°C. Moreover, it is found that the temperature increases as the particle velocity
increases. Therefore, under this condition, the high-pressure water mist with high particle velocity at the first
layer above the fire source has a poor cooling effect on the fire source.

2) The average temperature changes of the second layer of the thermocouple (THCPO05) above the fire
source are 353°C, 349°C, 306°C and 315°C. The temperature rises at 120 m/s. It should be indicated that the
higher the particle velocity, the better the cooling effect.

3) The average temperature changes of the first ring of the thermocouple (THCP31) in front of the fire
source are 130°C, 123°C, 141°C and 175°C. Therefore, when the particle velocity is 80 m/s and 90 m/s, the
temperature decreases as the velocity increases. This shows that the high-pressure water mist system has a

cooling effect. At velocities of 100 m/s and 120 m/s, the temperature rises, which shows that there is no
cooling effect.
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Figure 6: Temperature change curve at different locations around the fire source at the same flow rate and
different particle velocities

(3) Analysis of results of working condition 3

Fig. 7 shows that the temperature of the near point (THCP) above the fire source is higher than that of the
far point (THCPOS). Therefore, the closer to the fire source, the higher the temperature. At flow rates of
10 L/min, 11 L/min, 12 L/min and 13 L/min, the average temperatures of the near point (THCP) above
the fire source are 793°C, 844°C, 821°C and 858°C, respectively. The average temperature changes of the
remote point (THCPOS5) above the fire source are 353°C, 324°C, 337°C and 242°C. Meanwhile, the
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cooling effect with a high flow rate is reasonable. The average temperature changes in front of the fire source
(THCP31) are 130°C, 131°C, 129°C, and 131°C. It is worth noting that the higher the flow rate, the better the
cooling effect.
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Figure 7: Temperature change curve at different locations around the fire source at different flow rates and
same particle velocity

4.2 Analysis of the Smoke Concentration Curve
(1) Analysis of results of working condition 1

Tab. 5 shows that the average smoke concentration directly above the fire source is 1.2 x 10~* kg/m>, and
the average smoke concentrations in the four directions above the fire source are 5.36 x 10~ kg/m?>, 5.70 x
107 kg/m>, 4.24 x 10°® kg/m® and 7.07 x 10°® kg/m>. Moreover, it is found that the smoke concentration
directly above and in front of the fire source is higher.

Table 5: Smoke concentration change table

Location Average value of smoke concentration (kg/m®)
Directly above the fire source (0) 1.2 x 10* kg/m’

In front of the fire source (soot density 06) 5.36 x 10~ kg/m’

Behind the fire source (soot density 01)  5.70 x 10~ kg/m’

Left side of the fire source (11) 4.24 x 10°° kg/m®

Right side of the fire source (08) 7.07 x 107 kg/m®

(2) Analysis of results of working condition 2

Tab. 6 presents that at different particle velocities (80 m/s, 90 m/s, 100 m/s, 120 m/s), the average smoke
concentration changes directly above the fire source are 2.66 x 10~ kg/m>, 2.59 x 107 kg/m>, 2.33 x 107
kg/m® and 2.43 x 107 kg/m>. The average smoke concentration changes in the front position above the fire
source are 5.36 x 107> kg/m?, 5.30 x 10> kg/m°, 5.30 x 10> kg/m® and 5.37 x 10> kg/m’. It is observed that
the concentration of the flue gas is reduced by increasing the particle velocity directly above the fire source.
On the front side of the fire source, increasing the particle velocity has little effect on the flue gas
concentration.
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Table 6: Smoke concentration change table

Velocity

) 80 m/s 90 m/s 100 m/s 120 m/s
Location

Directly above  2.66 x 10~ kg/m®>  2.59 x 107° kg/m®>  2.33 x 107° kg/m®  2.43 x 10> kg/m’
the fire source

In front of the 536 x 107 kg/m®>  5.30 x 10° kg/m® 530 x 10° kg/m®  5.37 x 10 kg/m’
fire source

(3) Analysis of results of the working condition 3

Tab. 7 presents that the average smoke concentration changes at the center position directly above the
fire source under different flow rates are 2.66 x 107> kg/m>, 2.61 x 107> kg/m>, 2.66 x 10~> kg/m> and 2.04 x
107> kg/m>. Moreover, the average values of the smoke concentration in the front position above the fire
source are 5.36 x 107> kg/m>, 5.29 x 107> kg/m?, 5.32 x 10> kg/m® and 5.29 x 10> kg/m>. It is found
that there is no obvious change in the flue gas concentration as the flow rate changes.

Table 7: Smoke concentration change table

Flow rate

) 10 L/min 11 L/min 12 L/min 13 L/min
Location

Directly above  2.66 x 10~ kg/m®>  2.61 x 10° kg/m®>  2.66 x 10° kg/m®  2.04 x 10> kg/m’
the fire source

In front of the  5.36 x 107 kg/m®> 529 x 10° kg/m®> 532 x 107° kg/m®  5.29 x 10> kg/m’
fire source

4.3 Analysis of the Temperature Change Curve of the Upper Layer of the Smoke Layer
(1) Analysis of results of the working condition 1

Fig. 8 shows that the upper layer temperature of the smoke layer reaches the maximum value of 900°C in
about 10 s, and then gradually drops to a stable value of 100°C in about 50 s, with an average value of 172°C.
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Figure 8: Temperature change curve of the upper layer of the smoke layer
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(2) Analysis of results of the working condition 2

Tab. 8 show that at different particle velocities of 80 m/s, 90 m/s, 100 m/s and 120 m/s, the average
temperature changes in the upper layer of the smoke layer are 172°C, 175°C, 142°C and 140°C,
respectively. The overall change trend shows that the working condition with high particle velocity has a
reasonable cooling effect on the temperature of the upper layer of the smoke layer.

Table 8: Temperature change table of the upper layer of the smoke layer

Velocity (m/s)  Average temperature change (m/s)

80 m/s 172°C
90 m/s 175°C
100 m/s 142°C
120 m/s 140°C

(3) Analysis of results of the working condition 3

Tab. 9 shows that the average temperature changes of the upper layer of the smoke layer at different flow
rates are 172°C, 177°C, 184°C and 136°C. Moreover, it is found that the flow rate increases and the
temperature of the upper layer of the smoke layer decreases, which plays a cooling role.

Table 9: Temperature change table of the upper layer of the smoke layer

Velocity (m/s)  Average temperature change (m/s)

10 L/min 172°C
11 L/min 177°C
12 L/min 184°C
13 L/min 136°C

5 Conclusion

Transformer fire will not only cause casualties but also bring economic losses. In the present study, the
key control factors of high voltage water mist fire extinguishing for the transformer under different boundary
conditions are revealed by experiments. By analyzing the experimental results, theoretical and technical
support for the safe and stable operation of the transformer equipment is provided. Moreover, the
development and application of the high-pressure water mist fire extinguishing technology are provided.
The following conclusions are drawn from the present study:

(1) The closer to the fire source, the higher the temperature, and the farther away from the fire source, the
lower the temperature. Around the fire source, the temperature and smoke concentration on the front side of
the fire source are higher.

(2) Under the conditions of different particle velocities, analyzing the temperature changes at the near
point and far point above the fire source and in front of the fire source shows that increasing the particle
velocity can reduce the temperature around the fire source, the concentration of flue gas and the
temperature of the upper layer of flue gas layer.

(3) Under different flow rates, analyzing the temperature changes at the near and far points above the fire
source and in front of the fire source shows that increasing the flow rate reduces the temperature around the
fire source and has a negligible effect on the flue gas concentration.
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