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A B S T R A C T   

Accidental fire is a major safety concern in chemical parks, highlighted by the several major fire accidents 
involving storage tanks in recent years. Boilover is considered as one of the most destructive tank fire scenarios, 
which occurs when a liquid fuel burning on a water layer, leading to the explosive evaporation of water and 
consequently a sudden increase of the heat release rate (HRR) and associated flame height due to the splashing of 
burning fuel. Previous studies on boilover with large-scale pool fires were mostly conducted under normal at-
mospheric pressure. However, chemical parks are often located in plateau regions, where the effects of reduced 
pressure on boilover behaviors were rarely examined. Moreover, following the initial boilover, continuous 
boilover could occur, and its understanding is particularly important in the thermal hazard and risk analysis and 
firefighting of tank fires. In this study, thin-layer boilover experiments were conducted under sub-atmospheric 
pressure using aviation kerosene (RP-3) with various initial fuel thicknesses and pool diameters. The burning 
process, boilover intensity, temperature in the fuel and water layers and associated thermal hazard were 
analyzed. Experimental results showed that continuous boilover occurred in all test conditions, characterized by 
a high intensity initial boilover followed by a series of subsequent ones with gradually reduced intensity. The 
mass burning rate and flame height varied significantly during boilover. It was found that the boilover intensity 
increases with the initial fuel thickness but decreases with the pool diameter and approaches a nearly constant 
value when the pan diameter is sufficiently large. The temperature at the fuel/water interface was found to 
increase from 93 ℃ to around 108 ℃ during boilover, both of which are lower than those observed under normal 
atmospheric pressure due to reduced water boiling point. The thermal hazard calculated for the initial boilover is 
highest as expected, and that of subsequent boilovers gradually decreases but could still be higher than that at 
the steady burning stage. The findings in this work will contribute to risk assessment of continuous boilover in 
fire accidents.   

1. Introduction 

Storage tanks fires in chemical parks pose significant danger to the 
facility and the safety of personnel and fire fighters. Liquid fuels are 
prone to accidental leak during storage or transportation as highlighted 
by a case study that the accidental release or leak of highly flammable 
fuels contributed to 97% of major fire and explosion accidents (Tauseef 
et al., 2018). Once the released fuel from the initial accident is ignited, 
the resulting extreme radiation, fragments and splashing fuel could 
ignite the fuel vapor in adjacent tanks leading to a cascade of accidents, 
commonly known as the domino effect (Khan and Abbasi, 2001). The 

domino effect in chemical parks and, more importantly, its impact on 
risk assessment and management have attracted much research atten-
tion in recent years (Jiang et al., 2019; Ding et al., 2021; Ding and Ji, 
2023; Sun et al., 2022). The accident consequence of benzene leakage 
from storage tank (Zhou et al., 2023) and large-scale pool fires in oil 
storage (Ahmadi et al., 2019a) were also assessed using Areal Location 
of Hazardous Atmospheres (ALOHA) and a computational fluid dy-
namics (CFD) model respectively. 

There are many cities in the world located in plateau regions, such as 
Brasilia, the capital of Brazil (altitude: 1158 m) (Hua, 2011). In recent 
decades, the number of chemical parks has increased rapidly in these 
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regions with the development of plateau economy. Once the acciden-
tally released fuel is ignited and, if not controlled immediately, the fire 
can spread quickly to cover the whole fuel surface. During fire rescue, 
the fire extinguishing agent contains a large amount of water, leading to 
a particular fire scenario, i.e., a thin-layer of fuel burning on a water 
surface, which is the primary focus of this study. When boilover occurs, 
it can result in a significant change in the mass burning rate and flame 
height and associated thermal hazard, posing a greater threat to the 
surrounding equipment and firefighters (Shaluf and Abdullah, 2011; 
Ahmadi et al., 2019b). Furthermore, continuous boilover may occur 
after the initial boilover, and its understanding is important for fire 
rescue. For example, a storage tank fire accident occurred at a chemical 
park in Ningxia with four fatalities. The leaked fuel floated on the water 
layer and continuous boilover occurred, resulting in great difficulties in 
firefighting. In plateau regions, air pressure is low and both the boiling 
points of water and liquid fuel decrease, which could further affect the 
thin-layer boilover process as demonstrated in Hu et al. (2011). It is, 
therefore, of great practical importance to study the boilover behaviors 
of thin-layer fuels under sub-atmospheric pressure conditions and to 
characterize the resulting thermal hazard, which in turn can help 
improve the targeted firefighting strategy for tank fire accidents. 

Significant research has been conducted to investigate boilover be-
haviors, occurrence mechanism and thermal hazard under normal at-
mospheric pressure. Fan et al. (1995) observed that the flame height and 
liquid layer temperature increased during boilover and divided the 
burning process into three periods: quasi-steady, boilover premonitory 
and boilover. Laboureur et al., (2012, 2013) reported using a mixture of 
diesel and oil that the bubbles appearing at the fuel/water interface are 
an essential condition for boilover. Broeckmann et al. (1995)) found that 
a thin boiling layer with stable temperature was formed under the fuel 
surface during burning and also suggested that the water at the 
water/fuel interface reaching its boiling point was an essential condition 
for boilover occurrence. Koseki et al. (2006) found using Arabian light 
crude oil that the ratio of the mass burning rate at the boilover stage to 
that at the quasi-stable stage (boilover intensity) increases with fuel 
thickness. Garo et al. (1994) performed experiments using heating oil 
and found that the onset time and intensity of boilover increased with 
the increase of initial fuel layer thickness whilst decreasing with an in-
crease of pan diameter. Kong et al. (2017) experimentally studied the 
boilover phenomenon of crude oil in open conditions and developed, 
based on mass burning rate and flame height measurements, a model for 
estimating the boilover intensity. Ferrero et al. (2007) carried out ex-
periments using a thin-layer of diesel-oil on a water layer and proposed 
that an increase of safety distance is needed in the case of thin-layer 
boilover accidents due to an increase of heat release rate and flame 
height during boilover. More recently, Kong et al. (2021) conducted 
experiments using crude oil with different pan diameters and initial fuel 
thicknesses to explore the hazardous characteristics of boilover splash 
and proposed a model for the safety distance based on the boilover 
splash coverage ratio by analyzing the relationship between boilover 
splash and a dimensionless distance. 

Due to the increasing number of chemical parks built in plateau re-
gions, boilover behaviors of liquid fuels under sub-atmospheric pressure 
have also been studied by several researchers, albeit in small-scale. Lin 
(2017) conducted experiments (D: 0.15–0.4 m) using thin-layer fuels 
under different pressures (64–101 kPa) and found that, with a decrease 
of pressure, the temperature at the fuel/water interface decreased. Ma 
(2020) performed experiments (D: 0.15–0.4 m) using kerosene and 
diesel under three different pressures (64, 76, 101 kPa) and reported 
that both the mass loss rate and boilover intensity decreased under 
sub-atmospheric pressure. Chen et al. (2018) carried out experiments 
(D: 0.15, 0.18 m) in Hefei (100.8 kPa) and Lhasa (64 kPa) and used 
sound intensity to characterize the boilover intensity and observed a 
positive correlation between pressure and boilover intensity. 

The above studies have clearly shown that boilover behaviors of 
liquid fuels can be affected by a large number of parameters such as fuel 

type, initial fuel thickness, pool diameter and pressure. Experimental 
data under sub-atmospheric pressure is still limited, especially con-
cerning large-scale experiments. Furthermore, previous studies focused 
mostly on the first (initial) boilover and less attention was paid to the 
subsequent continuous boilover, which could have a great impact on 
thermal hazard and risks analysis and needs further investigating. In this 
work, large-scale boilover experiments using a thin-layer of aviation 
kerosene (RP-3) were carried out under sub-atmospheric pressure. The 
initial fuel thickness and pan diameter were varied to examine their 
respective effects on boilover characteristics, including boilover in-
tensity, burning rate, flame height and temperature evolution inside the 
liquid layer (fuel and water). The continuous boilover behaviors and the 
corresponding thermal hazard were also examined. 

2. Experimental details 

The overall schematic of the experimental setup is shown in Fig. 1. 
Two types of fuel pans, made of stainless steel (3 mm thick), were used: 
(a) circular pans with diameters of 40, 80 and 120 cm and a side wall 
height of 20 cm and (b) a square pan with a side length (L) of 2.5 m 
(equivalent diameter of 2.8 m), and a side wall height of 40 cm. The 
reason for using a square pan for the largest diameter is the design of the 
pan, which was comprised of several small parts for easy transportation 
and assembly. For large-scale pool fires, the experiment results obtained 
using square or circular pans (with the same fuel surface area) are ex-
pected to be almost the same because of strong air entrainment at the 
flame base and the resulting flame/fire plume being axisymmetric. For 
the experiments with the circular pans, the pan was placed on the top of 
a load cell (maximum: 35 kg; precision: 0.1 g) to record the real time 
mass loss of the fuel, based on which the burning rate was calculated. 
For the experiments with the square pan, the communicating vessels 
principle was used to calculate the burning rate (Liu et al., 2021). 

A CCD camera and an infrared camera were used to record the flame 
contour and flame temperature respectively. They were positioned at 
10 m horizontally away from the pool center at a height of 1.5 m. The 
flame images by the CCD camera at a frequency of 25 fps were used to 
calculate the mean flame height via image processing (Hu et al., 2012; 
Chen et al., 2022). In order to simulate the boilover fire, water (10 cm) 
was injected into the pan before fuel was added. Three initial fuel 
thicknesses were used: 10, 15, and 20 mm. A set of 7 K-type thermo-
couples (bead diameter: 1 mm; maximum: 1200 K) was positioned 
evenly inside the pan at a 5 mm interval to measure the temperature of 
the liquid fuel and water. The first thermocouple was 9 cm from the pan 
bottom surface as shown in Fig. 1(b). They were numbered 1–7 from 
bottom to top. A water-cooled heat flux meter (SGB 01, with a mea-
surement range of 50 kW/m2 and a view angle of 180◦) was positioned 
at three times of the pool diameter from the pool center (3D) and 1 m 
above the ground to measure the radiative heat flux. Aviation kerosene 
(RP-3) with a purity of more than 99% was used as the fuel and its 
detailed thermal properties are shown in Table 1. 

The experiments were carried out in an outdoor environment in 
Qinghai Province (atmospheric pressure: 69 kPa). A windproof net was 
installed around the experimental setup to reduce the impact of wind. 
The wind speed inside the windproof net was less than 1 m/s during the 
experiments, which was confirmed to have no impact on the experi-
ments (Chatris et al., 2001). A total of 12 test conditions were examined 
as shown in Table 2. Each test condition was repeated three times to 
ensure the reliability of the experiments. 

3. Results and discussion 

3.1. Burning process 

The whole burning process of thin-layer boilover is shown in Fig. 2, 
using Test 6 as an example. After the ignition, the flame spread rapidly 
to the entire fuel surface. The mass burning rate and flame height 
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continued to increase, followed by a relatively long steady burning 
period. As the fuel was being consumed, both the burning rate and flame 
height suddenly increased sharply, accompanied by crackling noises, 
indicating the onset of boilover. After the initial boilover, both the 
burning rate and flame height decreased substantially and became 
similar to those before boilover. However, as burning continued, both 
increased again, followed by a series of continuous boilover during the 
whole burning process and finally extinction occurred after all fuel was 
consumed. Based on the variations of the mass burning rate and flame 

height, the whole burning process can be divided into four phases: (1) 
initial burning; (2) steady burning; (3) continuous boilover; (4) extin-
guishing, which are consistent with those at normal atmospheric pres-
sure (Zhao et al., 2020). It is worth noting that a similar burning process 
was also observed in the other tests. 

To understand the occurrence of boilover, it is important to examine 
the heat transfer process as shown in Fig. 3. The heat balance of the 
liquid layer can be described as (Vali et al., 2014): 

q̇cond + q̇conv + q̇rad = q̇fuel + q̇loss (1)  

where q̇cond is the conduction from the pan sidewall to the liquid layer; 
q̇conv is the convective heat transfer between the flame and fuel surface; 
q̇rad is the flame radiative heat feedback; q̇fuel is the heat absorbed by the 
fuel layer; and q̇loss represents the heat loss to the surroundings. 

Note that q̇fuel contains two parts (Hamins et al., 1994): q̇preheat , the 
heat needed to raise the temperature of the fuel to its boiling point 
(q̇preheat = m′′Cp(Tb − T0), where m’’ is the mass burning rate; Cp is the 
average specific heat capacity; Tb and T0 are the boiling point and the 
initial temperature of liquid fuel, respectively) and q̇evap, the heat needed 
for fuel vaporization. The heat loss term q̇loss includes the radiation 
partly reflected at the fuel surface (q̇ref ), which is usually neglected in 

Fig. 1. The schematic of experimental setup and detail layout of thermocouples.  

Table 1 
Thermal properties of RP-3 kerosene (Wang et al., 2022).  

Properties Value 

Flash point (℃) 60 
Density (kg/m3) 795 
Boiling point and range (℃) 130–300 
Heat of combustion (kJ/kg) 42800  

Table 2 
Specifications of the test conditions.  

No. Pan 
diameter D 
(cm) 

Initial fuel layer 
thickness h0 

(mm) 

No. Pan 
diameter D 
(cm) 

Initial fuel layer 
thickness h0 

(mm) 

1 40 10 7 120 10 
2 40 15 8 120 15 
3 40 20 9 120 20 
4 80 10 10 280 10 
5 80 15 11 280 15 
6 80 20 12 280 20  

Fig. 2. The whole burning process vs. time (D:80 cm; h0:20 mm).  

Fig. 3. The heat transfer mechanism in the liquid layer in pool fire.  
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pool fires, and the heat conduction from the fuel layer to the water layer 
(q̇c), which is the main heat transfer mechanism responsible for 
increasing the temperature at the fuel/water interface and ultimately 
the onset of boilover. 

Fig. 4 presents the temperature histories at different depths for Test 
6. During the initial burning stage, the fuel temperature at all locations 
increased quickly, due to an increase of flame height and radiative heat 
feedback from the flame to the fuel surface. At 10 mm below the fuel 
surface, temperature reached 190 ℃ at 370 s, and then remained con-
stant for some time. This indicates that there was a boiling layer below 
the fuel surface, which is consistent with the finding in Vali et al. (2014). 
This temperature (190 ℃) is slightly lower than that reported (198 ℃) 
under normal atmospheric pressure (Ding, 2016). The temperature at 
the fuel/water interface reached the boiling point (93 ℃) at around 
610 s, after which boilover occurred. The slightly lower boiling tem-
perature was because water was more prone to boiling under 
sub-atmospheric pressure (Chen et al., 2018). It can be noted that the 
temperature measured at the fuel/water interface (93 ℃) was slightly 
higher than the water boiling point (90 ℃) at this pressure. This can be 
attributed to the disturbance at the fuel-water interface prior to boilover 
and the pressure increase caused by the fuel layer above the interface. 
Following the initial boilover, the temperature at the fuel/water inter-
face fluctuated around 93 ℃ during the continuous boilover stage. 

3.2. Boilover intensity 

3.2.1. Initial boilover intensity 
The boilover intensity is commonly defined as the ratio of the 

maximum mass burning rate during the boilover stage to the steady 
mass burning rate (Koseki et al., 2006). However, because of the un-
certainties in determining accurately the maximum mass burning rate 
due to large fluctuations, the averaged mass burning rate during the 
boilover period can be used to replace the maximum mass burning rate 
(Kong et al., 2021; Ferrero et al., 2006), so the boilover intensity can be 
calculated as: 

Ib,a =
ṁb,a

ṁs
(2)  

where ṁb,a is the average mass burning rate at the boilover stage, g/ 
(m2⋅s) and ṁs is the mass burning rate at the steady stage, g/(m2⋅s). 

It should be noted that, after boilover, the mass burning rate doesn’t 
represent the fuel burning rate as it also consists of the evaporation of 
water and splashing fuel droplets. However, it is not possible to differ-
entiate their contributions due to the highly transient nature of the 
burning process during flashover. The mass burning rate is thus used 
only to characterize the boilover intensity. 

To demonstrate the effects of initial fuel layer thickness and pan 
diameter on the boilover intensity, Fig. 5 presents the boilover intensity 
of the initial boilover as a function of initial fuel layer thickness for 
different pan diameters. The initial boilover intensity increases with the 
increase of initial fuel layer thickness, which is consistent with that 
found at normal atmospheric pressure (Kong et al., 2017). This can be 
explained by noting that with a larger initial fuel layer thickness, the fuel 
layer at boilover is thicker and the pressure at the fuel/water interface is 
greater, which would result in larger bubbles when boilover occurs 
(Ferrero et al., 2006). Furthermore, with a larger fuel layer thickness, 
the heating of the water vapor by the high-temperature fuel layer be-
comes more significant. 

Fig. 5 also indicates that the initial boilover intensity decreases as the 
pan diameter increases. This can be attributed to the fact that, as the pan 
diameter is increased, the burning rate increases and there is less fuel 
remaining when boilover occurs (Ferrero et al., 2006). Interestingly, 
with an increase of the pan diameter, the increasing rate of the initial 
boilover intensity decreases gradually and becomes nearly one for the 
case with the largest pan diameter. This is because the heat transfer from 
side walls is important for small-scale pool fires and fuel temperature is 
high. In comparison, for large-scale pool fires, radiative heat feedback is 
the dominating heat transfer mode and the conductive heat transfer 
from side walls to the liquid layer can often be ignored and, as a result, 
the burning rate is relatively close, and the corresponding fuel layer 
thickness is almost the same when boilover occurs (Heskestad et al., 
1998). 

In order to characterize the relation between the initial boilover in-
tensity and the fuel layer thickness and pan diameter, Chatris et al. 
(2001) introduced a parameter Λ (the ratio of the initial fuel layer 
thickness to the fuel surface area, mm/m2) and reported that (i) the 
boilover intensity increases with Λ and (ii) there is a limiting value of Λ, 
below which no increase in the burning rate was observed. In Fig. 6, we 
plot the calculated initial boilover intensity against Λ for all test con-
ditions. For comparison, the data of thin-layer kerosene at normal at-
mospheric pressure (Lin, 2017) is also included. The trends of the 
present results are consistent with these reported in Laboureur et al. 
(2013). The boilover intensity can be positively correlated with Λ and 
approaches one when Λ is very small, confirming that the pan diameter 
has limited effect on the boilover intensity for large-scale burning of 
thin-layer fuels. 

The boilover intensity under sub-atmospheric pressure appears 
slightly lower than that under normal atmospheric pressure, although 
more data for normal atmospheric pressure would be needed to confirm 

Fig. 4. Temperature histories in the fuel and water layers (D:80 cm; h0:20 mm).  
Fig. 5. The initial boilover intensity as a function of initial fuel layer thickness 
for different pan diameters. 
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this. One likely explanation is that the boiling points of both fuel and 
water are reduced under sub-atmospheric pressure, as verified by the 
temperature measurements in Fig. 2 and there are fewer water vapor 
bubbles at the fuel/water interface and the heating effect of the fuel 
layer on water vapor is also reduced (Lin, 2017). 

3.2.2. Continuous boilover intensity 
In addition to the initial boilover, subsequent boilovers can also 

create significant thermal hazard during firefighting. Fig. 7 shows the 
variation of the boilover intensity as a function of the number of boil-
over. It is worth noting that only the first five boilovers are shown here, 
even though more were observed in some of the tests. The continuous 
boilover intensity decreases gradually with the number of boilover, in 
that the fuel was being constantly consumed and ejected when boilover 
occurred. After the occurrence of each boilover, the residual fuel mass 
was less and the pressure at the fuel/water interface became lower, 
resulting in a reduction of the boilover intensity. There is relatively more 
difference between the cases with h= 10 mm and h= 15 mm, which 
could be explained by the fact that for a small fuel thickness (i) there is 
less fuel available for boilover and (ii) it also takes a shorter time to 
reaching boilover, so less heat has been transferred to the water layer. As 
also shown in Fig. 7, for the cases with large pan diameters (120 and 
280 cm), the boilover intensity of subsequent boilovers is lower than 
that observed with small pan diameters, which is consistent with the 
variation of the initial boilover with pan diameter shown in Fig. 5. 

3.3. Temperature evolution during boilover 

As the boilover process is closely related to the liquid layer tem-
perature, Fig. 8 shows a comparison of the average liquid temperature at 
different depths before and after the initial boilover for Tests 5 and 9. It 
can be seen that the temperature at the fuel/water interface is around 
93 ℃ before the initial boilover. The temperature at the interface 

Fig. 6. The initial boilover intensity evolution with Λ, the ratio of the initial 
fuel layer thickness to the fuel surface area. 

Fig. 7. The evolution of boilover intensity a) D= 40 cm; b) D= 80 cm; c) D= 120 cm; d) D= 280 cm.  
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increases after boilover, reaching around 108 ℃. Both temperatures are 
lower than those reported under normal atmospheric pressure by Garo 
et al. (1994), where it was shown that the temperature at the fuel/water 
interface is around 100 ℃ before boilover and then increases to 120 ℃ 
after boilover. The difference is mainly because the water boiling point 
decreases under sub-atmospheric pressure and the pressure at the 
fuel/water interface also decreases. Fig. 8 also shows that after the initial 

boilover, the temperature of the water layer increases rapidly, while that 
of the fuel layer drops suddenly. This indicates that boilover destroyed 
the boiling layer at the surface of the burning fuel, which in turn led to 
the decrease of the burning rate and flame height after boilover as 
observed in the experiments. 

To further understand the effects of boilover on the temperature of 
the liquid layer in the continuous boilover stage, a comparison of the 

Fig. 8. The measured liquid temperature evolution during initial boilover (No. 1 TC is 10 mm below the interface; No. 2 TC is 5 mm below the interface; No. 3 TC is 
at the interface; No. 4 TC is 5 mm above the interface; No. 5 TC is 10 mm above the interface): a) D:80 cm, h0:15 mm; b) D:120 cm, h0:20 mm. 

Fig. 9. The measured liquid temperature variation during continuous boilover a) D:80 cm, h0:15 mm; b) D:280 cm, h0:15 mm.  
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temperature of the liquid layer before and after the first five boilovers is 
shown in Fig. 9. The temperature at the fuel/water interface increases 
noticeably from the water boiling point to above 100 ℃ during each 
boilover. This is because a large number of bubbles were generated at 
the fuel/water interface when boilover occurred, which were heated 
continuously by the high-temperature fuel layer (Laboureur et al., 2013; 
Garo et al., 1994). After boilover, the bubbles disappeared and the 
temperature at the fuel/water interface returned to the water boiling 
point. The temperature variation at the interface appears smaller for the 
cases with large pan diameters. This could be attributed to the reduced 
boilover intensity for these cases as shown in Fig. 7 and reduced heat 
transfer between the fuel and water layers. The temperature of the water 
layer rises continuously when boilover occurs. However, the rising rate 
decreases gradually with the number of boilover until the temperature 
becomes nearly the same as the water boiling point. Results also show 
that with the increase of the number of boilover, there is a boiling layer 
below the fuel/water interface because of the continuous heat and mass 
transfer between the fuel and water layers, which also explains why the 
time interval of multiple boilovers was gradually shortened. 

3.4. Thermal hazard assessment 

For thermal hazard assessment of liquid fuel fires, the solid flame 
radiation model is widely used to calculate the radiative distribution 
from the flame (Hankinson and Lowesmith, 2012; Li and Zhang, 2021). 
In this model, the flame is assumed to be a vertical cylinder emitting 
thermal radiation from its surface and consists of two separate flames, 
one above the target and one below, as shown in Fig. 10. 

The radiative heat flux can be expressed as: 

q′′ = Ef Fτ (3)  

where Ef is the flame surface emissive power, which is closely related to 
flame temperature; F is a view factor, which is related to the flame shape 
and the distance between the flame and the object; τ is the atmospheric 
transmissivity, approximated as one when approaching the target 
(Sudheer and Prabhu, 2010). 

For the flame surface emissive power，McGrattan et al. proposed the 
following correlation (McGrattan et al., 2000): 

Ef = σεf T4
f (4)  

εf = 1 − e− k′D (5)  

where σ is the Stefan− Boltzmann constant; Tf is the flame temperature, 
K; k′ is a constant, which equals the extinction coefficient multiplied by 
the mean beam length corrector (kβ) and a value of 0.65 is used in this 

work (Wang et al., 2022). 
For the flame temperature, an average value of 690 ℃ was used, as it 

was observed that the variation of flame temperature during the boil-
over stage is relatively small. It should be noted that whilst the flame 
surface emissive power during boilover is assumed to be constant, the 
flame height varies not only between different tests but also during the 
multiple boilovers. 

The view factor between the flame and the target was calculated 
using the method proposed by Mudan (1984) for two cylindrical flames 
(see Appendix A for more detail). Fig. 11 presents the variation of the 
measured flame height and calculated view factor as a function of the 
number of boilover for Test 11 (D:280 cm, h0:15 mm). The flame height 
increases when the initial boilover occurs, but as burning continuous, 
the flame height gradually decreases until it becomes smaller than that 
at the steady stage. The evolution of the view factor is similar to that of 
the flame height. At the initial boilover, the view factor increases from 
the steady stage value of 0.096–0.105, resulting in an increase in the 
calculated radiative heat flux from 4.49 to 5.01 kW/m2. As expected the 
thermal hazard of the initial boilover is higher than that at the steady 
stage, but that due to continuous boilover decreases gradually. For 
practical thin-layer boilover fires, the burning scale is often large. Based 
on the variation of the burning rate and flame radiation, it can be noted 
that the strengthening effect of boilover on thermal hazard at the 
continuous boilover stage gradually diminishes with the increase of pan 
diameter. It should be emphasized though that as the steady burning 
rate and flame radiation of large-scale fires are much higher than those 
in smaller scale, they would still pose a greater thermal hazard at the 
continuous boilover stage even their boilover intensity is reduced. 
Moreover, the boilover interval shortens for large-scale boilover, indi-
cating the reduction of relative safety time between two adjacent boil-
overs, the understanding of which is important for the safety of 
firefighters. 

Fig. 12 shows a comparison of the calculated and measured heat flux 
at both steady and continuous boilover stages. The two sets of data are in 
good agreement with a maximum relative difference less than 20%, 
which verifies that the flame radiation model can be used to estimate the 
radiation impact on adjacent objects or personnel. Such information is 
important in firefighting and rescue, especially in the selection of fire-
fighting equipment and consideration of safety distance during 
firefighting. 

4. Conclusions 

In this work, large-scale boilover experiments with a thin-layer of 
kerosene on a water surface were carried out under sub-atmospheric 
pressure. The effects of initial fuel thickness and pan diameter on boil-
over intensity were examined. The continuous boilover behaviors and 
corresponding thermal hazard were investigated and analyzed. The 
main findings are as follows: 

(1) For burning of thin-layer fuels on a water surface, the whole 
burning process can be divided into four stages: initial burning, steady 
burning, continuous boilover and extinguishing stage. Both the mass 
burning rate and flame height increased significantly during the initial 
boilover, after which both decreased substantially, characterized by 
weak burning and reduced temperature of the fuel layer. This was 
attributed to the destruction of the boiling layer, which was also 
observed in subsequent boilovers. Under sub-atmospheric pressure (69 
kPa), the temperature at the fuel/water interface increased from 93 ℃ 
to around 108 ℃ during boilover, both of which are less than those 
reported at normal atmospheric pressure because of the reduced water 
boiling point under sub-atmospheric pressure. 

(2) The boilover intensity increased with the increase of initial fuel 
thickness but decreased with increasing pan diameter and approached a 
nearly constant value when the pan diameter is sufficiently large, indi-
cating that pan diameter has limited effect on boilover intensity for 
large-scale burning of thin-layer fuels. During the continuous boilover 

Fig. 10. The schematic of heat radiation transfer process between flame and 
heat flux meter. 
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stage, the boilover intensity decreased as the number of boilover in-
creases and the intervals between them gradually shortened. 

(3) As expected, the thermal hazard for the first few boilovers was 
larger than that of steady burning. However, as burning continued, the 
calculated thermal hazard gradually decreased until eventually 
becoming lower than that at the steady burning stage. It is worth 
pointing out that, although the boilover intensity is smaller for large pan 

diameters, the thermal hazard in these cases remains much higher than 
those in small pan diameters due to increasing burning rate and flame 
height. Thus, the threat of thermal hazard during continuous boilover on 
surrounding facilities and firefighters cannot be ignored in practical 
scenarios. In addition to thermal hazard, close attention should also be 
paid to the influence of the continuous boilover period on fire extin-
guishing strategies and potential harm to personnel due to splashing 
fuel. The findings from boilover phenomena and thermal hazard anal-
ysis also provide guidance on safety protection during fire rescue. 

The present data clearly highlighted the importance of the burning 
and continuous boilover behaviors of thin-layer fuels on a water surface 
under sub-atmospheric pressure conditions. More tests will be con-
ducted in our future work with other fuels and different pan diameters 
and pressure conditions for further validation of the model proposed in 
this work for thermal hazard assessment. 
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Appendix A 

The flame is divided into V1 and V2 parts (see in Fig. 10) and the total view factor can then be calculated as: 

FV − A2 = FV1 − A2 +FV2 − A2 (A1)  

where 

FV1 − A2 =
1

πS
tan− 1

(
h1

̅̅̅̅̅̅̅̅̅̅̅̅̅
S2 − 1

√

)

−
h1

πS
tan− 1

̅̅̅̅̅̅̅̅̅̅̅
S − 1
S + 1

√

+
A1h1

πS
̅̅̅̅̅̅̅̅̅̅̅̅̅̅
A1 − 1

√ tan− 1

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(S − 1)(A1 + 1)
(S + 1)(A1 − 1)

√

(A2)  

S =
2R
D

(A3)  

Fig. 11. a) The flame height vs. boilover time; b) The view factor vs. boilover time (D:280 cm, h0:15 mm).  

Fig. 12. Comparison of calculated and experimental radiative heat flux at 
steady and continuous boilover stages. 
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h1 =
2H1

D
(A4)  

A1 =
h1

2 + S2 + 1
2S

(A5)  

FV2 − A2 =
1

πS
tan− 1

(
h2

̅̅̅̅̅̅̅̅̅̅̅̅̅
S2 − 1

√

)

−
h2
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√ tan− 1
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√
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h2 =
2H2

D
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A2 =
h2

2 + S2 + 1
2S

(A8)  

where A2 is the area of target surface; R is the distance between the center of the pool fire and the target; H1 is the distance between the target and the 
flame tip (as calculated from the flame height); H2 is the distance of the target above the ground. 
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