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Abstract 13 

As thin-layer burning of fuels on water are often followed by thin-layer boilover 14 

fires, particularly during the firefighting process, an experimental and numerical study 15 

was undertaken to address key aspects of such fires, especially in plateau areas (i.e., 16 

sub-atmospheric pressure). In the thin-layer boilover experiments at sub-atmospheric 17 

pressure (69 kPa), diesel was used as the fuel in five circular steel trays (ranging from 18 

0.4 m to 1.2 m in diameter) and a square steel tray (side length of 2.5 m). The burning 19 

process, and especially the continuous boilover stage, was presented and the 20 

corresponding boilover intensity, time to boilover onset and boilover time interval 21 

were measured and analyzed. The results show that the flame height increased sharply 22 



at the initial boilover, while this increasing range gradually became weak for the 23 

subsequent boilovers. The initial boilover intensity showed a linear dependency on the 24 

fuel layer thickness at the time of boilover, and the slope of the boilover intensity line 25 

decreased with increasing pan area. Eventually, the effect of pan area on boilover 26 

intensity became limit. Moreover, a predictive model for the boilover intensity was 27 

established based on dimensionless analysis. The initial boilover onset time under the 28 

sub-atmospheric pressure was delayed compared with that under atmospheric pressure. 29 

The corresponding predictive correlation (for 69 kPa) with different diameter and fuel 30 

thickness was developed based on the one-dimension two-layer conduction model. In 31 

the end, the boilover time interval decreased with the boilover times, closing to 32 

uninterrupted boilover eventually. This work enriches the thin-layer boilover behavior 33 

experimental data at sub-atmospheric pressure and provides guidance for the fuel 34 

storage safety. 35 
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1. Introduction 38 

In recent years, due to the vast development space and outstanding resource 39 

advantages in western China, the eastern chemical plants are accelerating the transfer 40 

to the western regions. Liquid fuel fire accidents occur from time to time in these 41 

harsh environments at high altitude, which pose a great threat to liquid fuel security. 42 

In the process of firefighting, firefighters usually use a large amount of water, 43 

resulting in a thin water layer beneath the liquid fuel. The liquid fuel burning on the 44 



water can result in boilover, causing some serious consequences. For example, in 45 

2014, a 5000 m³crude oil storage tank fire accident occurred in a chemical company 46 

in Aksu, Xinjiang Province (altitude: 1150 m), in which crude oil leaked and burned 47 

[1]. During the firefighting process, the crude oil floated on the water layer and 48 

thin-layer boilover occurred. Numerous boilovers followed the initial boilover and 49 

caused difficulty to the firefighting.  50 

Several aspects related to the altitude are adding to the already large challenges of 51 

such fires. First, the burning characteristics of liquid fuel are changed at 52 

sub-atmospheric pressure [2]. Second, the boiling points of liquid fuel and water will 53 

be reduced [3]. As a result, the boilover behaviors at sub-atmospheric pressure are 54 

different from those under atmospheric pressure. Therefore, it is of interest to study 55 

the boilover behaviors of liquid fuel at sub-atmospheric pressure conditions to ensure 56 

the liquid fuel security in plateau areas. 57 

The boilover phenomenon has been investigated experimentally in the past and 58 

much attention has been paid to the boilover behaviors. Fan et al. [4] carried out 59 

small-scale boilover burning experiments on a water surface and analyzed the burning 60 

process. According to the flame height and flame shape, they divided the burning 61 

process into three stages: quasi-steady stage, boilover premonitory stage and boilover 62 

stage. Koseki et al. [5] performed some larger scale (D: 0.3 m - 2.7 m) boilover 63 

experiments using Arabian light crude oil and measured the mass burning rate and 64 

flame radiation values. They found that burning rate and flame radiation increased 65 

dramatically and proposed the concept of boilover intensity, which is defined as the 66 



ratio of the mass burning rate at the boilover stage to the mass burning rate at the 67 

stable stage. Ferrero et al. [6] conducted a series of thin-layer boilover fire 68 

experiments with different diameters (D: 1.5 m - 5 m) and initial fuel layer 69 

thicknesses (h0: 10 mm - 30 mm). They focused on the initial boilover intensity and 70 

developed a predictive expression (𝐼𝑏,𝑚𝑎𝑥 = −25.3 + 262.1exp⁡(−
𝐷

2.37
)). They also 71 

found that the limiting factor for initial boilover intensity was the residual fuel at the 72 

boilover onset. Kong et al. [7] experimentally studied the boilover fires at different 73 

scales (D: 0.1 m - 0.2 m) and initial fuel thicknesses (h0: 5 mm - 15 mm) using crude 74 

oil and recorded the time to boilover onset. They found that the time to boilover onset 75 

showed a linear dependency on the initial fuel layer thickness and decreased with the 76 

increase of pan diameter. Chen et al. [8] carried out some small-scale (D: 15 cm - 18 77 

cm) boilover experiments using diesel and kerosene with the initial fuel layer 78 

thickness of 7.5 mm in Hefei (100.8 kPa) and Lhasa (64 kPa), respectively. They 79 

compared the boilover onset time and initial boilover intensity at two places and 80 

obtained that the pressure had a negative correlation with boilover onset time and a 81 

positive correlation with initial boilover intensity. Ding [3] conducted a series of 82 

thin-layer burning experiments on a water layer with different diameters (D: 15 cm - 83 

18 cm) and pressures (54 kPa - 101 kPa) and focused on the effect of pressure on the 84 

time to boilover onset. He found that for the same pan diameter, the lower the ambient 85 

pressure was, the later the initial boilover occurred. He also proposed a simplified 86 

expression for the time to boilover onset based on the ambient pressure (
1

𝑡(𝑃)
=87 

𝑐1𝑃
2 + 𝑐2). Lin [9] performed thin-layer boilover burning experiments (D: 15 cm - 40 88 



cm; h0: 10 mm) for three different pressures (64 kPa, 76 kPa and 101 kPa). He found 89 

that with the increase of air pressure, the residual fuel layer at the boilover onset and 90 

the corresponding initial boilover intensity increased.  91 

The above studies, mainly focusing on the boilover behaviors under atmospheric 92 

pressure, indicate that the fuel layer thickness and pan diameter both significantly 93 

impact boilover behaviors. There are also some studies on boilover behaviors at 94 

sub-atmospheric pressure. However, it appears that available literature for studies at 95 

sub-atmospheric pressure are based on experiments at a relatively small-scale, thus 96 

rendering the experimental data of large-scale boilover fires, which are more relevant 97 

for actual fires, to be limited. Therefore, the boilover behaviors at sub-atmospheric 98 

pressure are still unclear and need further investigating. Moreover, the initial boilover 99 

has been widely studied in the previous studies, while the boilover behaviors of the 100 

subsequent multiple boilovers after initial boilover, which is of importance to fire 101 

rescue, have received little attention. 102 

Some scholars have also been committed to the investigate in boilover mechanism. 103 

Arai et al. [10] conducted a series of small-scale (D: 4.8 cm - 20.3 cm) boilover 104 

experiments and studied the burning behaviors using 16 different single and 105 

multicomponent fuels. They proposed that boilover occurred only when the boiling 106 

point of fuel was higher than that of water. Broeckmann et al. [11] carried out some 107 

boilover experiments on a water layer with different diameter pans (D: 0.19 m - 1.9 m) 108 

and analyzed the heat transfer process of thin-layer boilover. It was found that a 109 

boiling layer with stable temperature was formed at the fuel surface during burning 110 



process and an essential condition for boilover occurrence is the temperature at 111 

interface reaching water boiling point. Twardus and Brzustowski [12] first developed 112 

a simple one-dimensional model to describe the burning process of boilover fire with 113 

a heat loss from fuel towards the water layer. Subsequently, this developed model was 114 

modified by incorporating the radiative absorption in the fuel layer [13]. Alramadhan 115 

et al. [14] developed a more realistic model by using existing experimental data. This 116 

model incorporated radiative feedback and the effects of turbulent buoyant motion. 117 

Based on the experimental data of Arai et al. [10], Inamura et al. [15] used the liquid 118 

layer temperature and flame radiation to establish the one-dimensional transient 119 

model. This model took into account the conduction and absorption of radiation 120 

through the fuel layer to predict the time to boilover onset. Garo et al. [16] performed 121 

small scale (D: 15 cm - 50 cm) experiments on water using heating oil and crude oil 122 

with different initial fuel layer thicknesses (h0: 2 mm - 20 mm). One-dimensional 123 

models of single layer and double layers were established and the temperature 124 

distribution inside the liquid layer was predicted. The above studies show that the 125 

occurrence of boilover is closely related to the heat transfer in liquid layer. The 126 

influence of reduced ambient pressure on the heat transfer in fuel layer and boilover 127 

occurrence is ignored and merits further study.  128 

The following describes experimental research on the boilover behaviors of 129 

large-scale thin-layer diesel burning at sub-atmospheric pressure. The boilover 130 

characteristics including boilover intensity, time to boilover onset and boilover time 131 

interval were analyzed in detail. Meanwhile, the influence of initial fuel layer 132 



thickness and pan diameter on above-mentioned parameters were also investigated. 133 

The corresponding predictions of boilover intensity and time to boilover onset were 134 

established through novel expressions. 135 

2. Experimental setup and theoretical model 136 

2.1. Experimental setup  137 

The detail experimental setup and the measurement methods have been shown in a 138 

previous publication [17] and they are therefore only described briefly at here. In the 139 

experiments, two types fuel pans made of stainless steel (3 mm thick) were used to 140 

resemble the fire pools. One type is circular with diameters of 40, 60, 80, 100 and 120 141 

cm, with the same side wall height of 20 cm. The other type is square with a side 142 

length (L) of 2.5 m (equivalent diameter of 2.8 m, 𝐷′ = 2𝐿/√𝜋). Water was added 143 

beneath the fuel layer for all tests until the water layer thickness achieved 10 cm. 144 

Different initial fuel layer thicknesses were used, ranging from 3 to 25 mm. The liquid 145 

temperature profiles during the burning were measured with an array of seven K-type 146 

thermocouples (maximum: 1200 K; bead diameter: 1 mm) labeled as T1-T7 from the 147 

bottom to the top along the centerline inside the pan. The vertical gap between two 148 

neighboring thermocouples was 5 mm, in which the first thermocouple T1 was 9 cm 149 

above the pan bottom.  150 

  Diesel fuel with a purity of more than 99 % was selected for all tests and the main 151 

physical properties were shown in Table 1.  152 

Table 1. Thermal properties of the diesel fuel 153 

Properties Value 



Flash point (℃) 65 

Density (kg/m
3
) 835 

Latent heat of evaporation (kJ/kg) 250 

Heat of combustion (MJ/kg) 42 

All experiments were performed in an outdoor environment in the Qinghai 154 

Province (atmospheric pressure: 69 kPa, which was measured locally using a 155 

barometer). A windproof net was installed around the experimental site to reduce the 156 

impact of environmental winds. The wind speed near the fuel pan was less than 1 m/s 157 

during the experiments, in which the influence of wind can be ignored. A total of 33 158 

tests were carried out and the specific conditions of each test are shown in Table 2. All 159 

tests were repeated three times to guarantee the reliability.  160 

Table 2. Specification of the Test Conditions 161 

No. Pan diameter 

D (cm) 

Initial fuel layer 

thickness h0 (mm) 

No. Pan diameter 

D (cm) 

Initial fuel layer 

thickness h0 (mm) 

1 40 3 18 80 25 

2 40 5 19 100 3 

3 40 10 20 100 5 

4 40 15 21 100 10 

5 40 20 22 100 15 

6 40 25 23 100 20 

7 60 3 24 100 25 

8 60 5 25 120 3 



9 60 10 26 120 5 

10 60 15 27 120 10 

11 60 20 28 120 15 

12 60 25 29 120 20 

13 80 3 30 280 3 

14 80 5 31 280 5 

15 80 10 32 280 10 

16 80 15 33 280 15 

17 80 20    

2.2. Theoretical model 162 

The heat release rate from a pool fire has been extensively studied by scholars. It 163 

can be expressed as [13,18]: 164 

     𝑄̇ = 𝜌∞𝐶𝑝(𝑇∞𝑔(𝑇𝑓 − 𝑇∞))
1/2𝐷5/2                 (1) 165 

where 𝜌∞ is the ambient air density, kg/m
3
; Cp is the specific heat at constant 166 

pressure, kJ/(kg·K); Tf and T∞ represent the flame temperature and the ambient 167 

temperature respectively, K; g is the acceleration of gravity, m/s
2
. 168 

The heat feedback from flame to fuel surface is a fraction of the total heat release. 169 

The proportional coefficient is found independent of the pan diameter [19]. Thus, the 170 

heat flux feedback from the flame (per unit) reaching the fuel surface (𝑞̇𝑠
′′) can be 171 

expressed as: 172 

𝑞̇𝑠
′′ = (

4𝜒

𝜋
)𝜌∞𝐶𝑝(𝑇∞𝑔(𝑇𝑓 − 𝑇∞)𝐷)

1/2                (2) 173 

where 𝜒 is the radiative fraction of the radiation feedback to the pool surface. 174 



For thin-layer burning on a water layer, heat conduction is the main heat transfer 175 

mechanism in liquid layer, as shown in Fig. 1, assuming that no convection inside the 176 

fuel layer occurs. During the burning process, the liquid layer decreases in depth at a 177 

regression rate r(t). the radiative heat flux is fully absorbed at the fuel surface y=ys(t), 178 

where the energy balance is: 179 

𝑞̇𝑠
′′ = 𝐿𝑣𝜌𝐹𝑟(𝑡) + 𝑞̇𝑐

′′                       (3) 180 

where the heat conducted into the fuel layer (𝑞̇𝑐
′′) can be expressed as: 181 

𝑞̇𝑐
′′ = −𝜆𝐹

𝜕𝑇

𝜕𝑦
|
𝑦=𝑦𝑠(𝑡)

                      (4) 182 

where Lv is the the latent heat of vaporization, kJ/kg; 𝜌𝐹 is the fuel density, kg/m
3
; 183 

𝜆𝐹 is the thermal conductivity of fuel; ys(t) represents the location of the fuel 184 

surface at a specific time. 185 

The thermal diffusivity of water is significantly bigger than that of the liquid fuel. 186 

The propagation velocity of thermal wave in water layer and fuel layer is obviously 187 

different [16]. One-dimensional two-layer conduction model is proposed to more 188 

accurately describe the heat transfer process of boilover pool fire. 189 

For fuel layer: 190 

   
𝜕2𝑇

𝜕𝑦2
=

1

𝑎𝐹

𝜕𝑇

𝜕𝑡
                          (5) 191 

For the water layer: 192 

  
𝜕2𝑇

𝜕𝑦2
=

1

𝑎𝑊

𝜕𝑇

𝜕𝑡
                          (6) 193 

With initial condition at 194 

t=0, T= T∞                         (7a) 195 

and boundary conditions 196 



T= TS, y=ys(t),                        (7b) 197 

y=0, −𝜆𝐹
𝜕𝑇

𝜕𝑦
|
𝑦=0−

= −𝜆𝑤
𝜕𝑇

𝜕𝑦
|
𝑦=0+

                (7c) 198 

y→∞, T= T∞.                       (7d) 199 

where 𝛼𝐹and 𝛼𝑊 are the thermal diffusivity of fuel and water, respectively; 𝜆𝑤 is 200 

the thermal conductivity of water.  201 

  202 

Fig. 1. Coordinate system for liquid fuel pool fires supported on a water layer. 203 

Garo et al. [16] obtained the equivalent thermal diffusivity by matching the thermal 204 

penetration distance through a two-layer bed with thermal diffusivities 𝛼𝐹 and 𝛼𝑊 205 

and the thermal penetration distance in one single layer of thermal diffusivity 𝛼𝐹𝑊. 206 

𝛼𝐹𝑊 =
𝑟𝑦0

𝛼𝐹
(√𝛼𝑊 + √𝛼𝐹)

2                     (8) 207 

where 𝑦0 is the initial fuel layer thickness; r is the regression rate, which is assumed 208 

to be constant. 209 

The two-layer conduction model can be simplified into a single layer model. 210 

Combined with Eq. (3), the expression for the average regression rate is obtained 211 

[20]: 212 

y

r(t)
Fuel layer

Water layer

O

Pan

Initial fuel 

thickness



𝑟 =
1

𝐿𝑣𝜌𝐹
[(
4𝜒

𝜋
) 𝜌∞𝐶𝑝 (𝑇∞𝑔(𝑇𝑓 − 𝑇∞))

1

2
𝐷

1

2 −
𝜆𝐹𝛼𝐹(𝑇𝑠−𝑇∞)

𝑦0(√𝛼𝑊+√𝛼𝐹)
2⁡]       (9) 213 

3. Results and discussion 214 

3.1. Burning process and boilover behaviors   215 

  Figure 2 shows the flame evolution of thin-layer diesel boilover fire during the 216 

whole burning process at sub-atmospheric pressure. It is consistent with the burning 217 

process at atmospheric pressure [21], which can be divided into four stages: (1) initial 218 

development stage; (2) steady burning stage; (3) continuous boilover stage; (4) decay 219 

stage. It is worth noting that the boilover occurred before the burning reached the 220 

steady burning stage for tests with an initial fuel layer thickness of 3 mm. For the 221 

continuous boilover stage, the flame expanded rapidly, and the flame height increased 222 

sharply, accompanied by a loud sound. A large amount of fuel droplets was ejected 223 

outside the fuel pan. After a short period of boilover, the flame height decreased 224 

significantly, followed by a weak burning. As the burning progressed, the flame 225 

height gradually increased again. A second boilover occurred, but with a smaller 226 

flame height compared with that at the initial boilover. Subsequently, multiple 227 

boilovers occurred and the flame height at boilover decreased gradually until the 228 

flame was extinguished, accompanied by the reduction of boilover time interval.  229 

 230 
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 231 

Fig. 2. The evolution of the flame during the boilover fire: a) D = 100 cm, h0 = 15 mm; 232 

b) D = 280 cm, h0 = 15 mm. 233 

The occurrence of continuous boilover is closely associated with the heat transfer in 234 

the liquid layer. Figure 3 shows the schematic of the temperature variation in the fuel 235 

layer and the heat transfer in liquid layer, respectively. It can be observed in Fig. 3(b) 236 

that a boiling layer was formed at the upper fuel layer (about 3 mm) during steady 237 

burning stage [22]. Meanwhile, a large quantity of water vapor bubbles was 238 

continuously generated at the fuel/water interface under the effect of heat diffusion. 239 

When boilover occurred, these bubbles carried the fuel from pan to the flame, 240 

resulting in violent burning. The convective heat transfer between water layer and fuel 241 

layer was also enhanced, which destroyed the boiling layer. As a result, the 242 

temperature in the fuel layer decreased sharply, as shown in Fig. 3(a), and the burning 243 

became weak. Subsequently, the temperature of fuel layer continued to increase again 244 

by absorbing the radiative heat feedback from the flame to the fuel surface until a 245 

second boilover occurred. This process was repeated many times until the flame 246 

extinguished. 247 

(b)t=15 s t=90 s t=275 s t=285 s t=435 s 

boilover

t=300 s t=310 s 

boilover

4.1 m
6.1 m

2.5 m

t=250 s 



 248 

Fig. 3. Schematic and plot of a) temperature variation in the fuel layer (D = 100 cm, 249 

h0 = 15 mm); b) heat transfer in the liquid layer. 250 

In addition, compared with Fig. 2(a) and Fig. 2(b), it was found that the increasing 251 

range of flame height before and after boilover decreased with the increasing pan 252 

diameter, which indicated the decrease of boilover intensity. This was mainly due to 253 

that, for large-scale pool fires, the mass burning rate was large and fuel was consumed 254 

fast, leading to a thin residual fuel layer thickness at boilover onset. Thus, the pressure 255 

at the fuel/water interface was low and few bubbles were generated. Meanwhile, it 256 

was observed in the experiments that for large scale burning, the initial boilover 257 

occurred earlier and the boilover time interval was shortened. 258 

3.2. Boilover intensity 259 

Boilover intensity is an important parameter to characterize the burning 260 

characteristics of liquid fuel boilover fires [6]. Koseki [5] proposed an expression for 261 
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boilover intensity based on the mass burning rate as follows: 262 

𝐼𝑏,𝑎 =
𝑚̇𝑏,𝑎

𝑚̇𝑠
                            (10) 263 

where 𝑚̇𝑏,𝑎 is the average mass burning rate at the boilover stage, g/(m
2
·s), whereas 264 

𝑚̇𝑠 is the mass burning rate at the steady stage, g/(m
2
·s). 265 

In addition, the boilover intensity can be defined based on the flame enlargement. 266 

In the experiments, flame images were captured using a CCD camera with a 267 

frequency of 25 fps, and flame contour recognition algorithm was used to determine 268 

the flame height according to proportion [23-24]. Based on the flame height, the 269 

boilover intensity can be calculated by the following equation: 270 

𝐼𝑏,𝑎 =
𝐿𝑏,𝑎

𝐿𝑠
                            (11) 271 

where 𝐿𝑏,𝑎 is the average flame height at the boilover stage, m; LS is the average 272 

flame height at steady stage, m. Figure 4 presents the evolution of boilover intensity at 273 

sub-atmospheric pressure with the burning time based on mass burning rate and flame 274 

height, respectively.  275 

  276 

Fig. 4. The boilover intensity evolution versus burning time (D = 40 cm, h0 = 20 mm). 277 

  As shown in Fig. 4, the initial boilover intensity is the most intense, and then 278 
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boilover intensity reduces significantly at the next few boilovers. As the burning 279 

progresses, the boilover intensity tend to be almost constant with short boilover time 280 

interval. After multiple boilovers, the remaining fuel amount is unable to support 281 

high-strength boilover followed by several weak boilovers. According to the variation 282 

of boilover intensity with burning time, the diesel boilover process can be further 283 

divided into: (Ⅰ) strong boilover period, (Ⅱ) uninterrupted boilover period and (Ⅲ) 284 

weak boilover period. Moreover, it can be observed in Fig. 4 that the boilover 285 

intensity based on mass burning rate is significantly greater than that based on flame 286 

height. This is mainly due to that the calculated mass burning rate is obtained based 287 

on the mass loss of the fuel in the pan. However, a large number of fuel droplets are 288 

thrown out of the fuel pan when boilover occurs, which is not completely involved in 289 

burning [14]. In the subsequent analysis of this paper, the boilover intensity is 290 

calculated based on flame height. 291 

3.2.1. Boilover intensity with fuel layer thickness 292 

The effect of fuel layer thickness on boilover intensity is further analyzed. Figure 5 293 

shows the boilover intensity of diesel at different residual fuel layer thicknesses 294 

during the strong boilover period at sub-atmospheric pressure. 295 
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 297 

 298 

   Fig. 5. The boilover intensity as a function of fuel thickness at boilover:  299 

a) S = 0.13 m
2
; b) S = 0.28 m

2
; c) S = 0.50 m

2
; d) S = 0.79 m

2
; 300 

e) S = 1.13 m
2
; f) S = 6.15 m

2
. 301 

  As mentioned in section 3.1, there was no steady burning stage for the burning with 302 

an initial fuel layer thickness of 3 mm, which makes it hard to determine the boilover 303 

intensity. This is mainly because for burning at only 3 mm fuel layer thickness, the 304 

fuel/water interface was very close to the fuel surface and was heated quickly. When 305 

the interface was heated to boiling temperature of water, a boiling layer was not 306 

formed at the fuel layer surface. Thus, the boilover intensity of tests with 3 mm fuel 307 

layer thickness is not analyzed. As shown in Fig. 5, the correlations of boilover 308 

intensity and fuel layer thickness under different pan areas are fitted and the 309 
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corresponding slopes k
’ 
are obtained (𝑘′ = 𝐼𝑏,𝑚/ℎ), respectively. It was found that the 310 

boilover intensity shows a linear dependency on the fuel layer thickness. The thicker 311 

the fuel layer when the boilover occurs, the greater the pressure at the fuel/water 312 

interface, resulting in more water vapor bubbles. As these bubbles burst through the 313 

fuel layer, more fuel droplets are carried out from the pan to the flame [7]. Meanwhile, 314 

the heating effect on water vapor bubbles is more obvious for thick fuel layer, leading 315 

to a more intense boilover. 316 

3.2.2. Boilover intensity with pan area 317 

  The variation of boilover intensity coefficient k
’
 with the pan area is analyzed in 318 

detail, as shown in Fig. 6(a).  319 

 320 

Fig. 6. a) The k
’
 vs. pan area; b) The initial boilover intensity as a function of pan area 321 

based on flame height. 322 

The corresponding correlation is also obtained by fitting as follows: 323 

𝑘′ = 0.21𝑒−𝑆/1.53 + 0.25                      (12) 324 

According to Fig. 6(a) and Eq. (12), the value of k
’
 decreases in an exponential way 325 

with pan area. The decreasing range gradually reduces and the k
’
 tends to a constant 326 

value. Fig. 6(b) presents the initial boilover intensity of thin-layer diesel burning 327 
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under different pan areas. It can be found that the boilover intensity decreases as the 328 

pan area increases with the same initial fuel layer thickness, which is consistent with 329 

the variation of k
’
. This is because both the burning rate and the radiative heat flux 330 

reaching the fuel surface increase with increasing pan area. Then, the fuel 331 

consumption rate becomes faster and the residual fuel layer thickness is thinner when 332 

boilover occurs [26]. Meanwhile, the decreasing range of boilover intensity reduces 333 

gradually with pan area. Combined with the evolution of k
’
, this clearly indicates that 334 

pool size has small effect on boilover intensity for large-scale burning. This is mainly 335 

due to that for pool fires with large pan area, the burning rate and flame height are 336 

relatively close, and the corresponding residual amount of fuel is almost the same 337 

when boilover occurs [27]. The previous experimental data of diesel boilover intensity 338 

under atmospheric pressure is also added in Fig. 6(b). The boilover intensity at 339 

sub-atmospheric pressure is lower than that under atmospheric pressure with the same 340 

pan area and fuel layer thickness. This can be attribute to the decrease in the boiling 341 

points of liquid fuel and water at sub-atmospheric pressure. When boilover occurs, 342 

there are fewer water vapor bubbles generated at the fuel/water interface and the 343 

heating effect of the fuel layer on the bubbles is also weakened [3].  344 

3.2.3. Boilover intensity model 345 

For thin-layer boilover fires, the key factors controlling the boilover intensity are [6, 346 

7, 16, 26]: fuel boiling point Tbf, water boiling point Tbw, pan diameter D, initial fuel 347 

layer thickness h0, fuel density 𝜌𝑓, acceleration of gravity g, air pressure P, dynamic 348 

viscosity μ, ambient temperature T∞, air density 𝜌∞, air specific heat at constant 349 



pressure Cp, thermal conductivity k, thermal diffusivity α, mass burning rate 𝑚̇, heat 350 

of combustion per unit fuel mass ∆𝐻𝑐, i.e.  351 

𝐼𝑏,𝑎 = 𝑓(𝑇𝑏𝑓, 𝑇𝑏𝑤, 𝐷, ℎ0, 𝜌𝑓 , 𝑔, 𝑃, 𝜇, 𝜌∞, 𝑇∞, 𝐶𝑝, 𝑘, 𝛼, 𝑚̇, ∆𝐻𝑐)       (13) 352 

Based on the dimensionless analysis, Eq. (13) can be expressed as: 353 

𝐼𝑏,𝑎 = 𝑓(
𝑇𝑏𝑓

𝑇∞
,
𝑇𝑏𝑤

𝑇∞
,
ℎ
0

𝐷
,
𝜌𝑓

𝜌∞
,
𝑔𝐷3

𝛼2
,
𝑃𝐷2

𝜌∞𝛼2
,

𝜇

𝜌∞𝛼
,
𝐶𝑝𝑇∞𝐷2

𝛼2
,
𝑘𝑇∞𝐷

𝜌∞𝛼3
,
𝑚̇𝐷

𝜌∞𝛼
,
∆𝐻𝑐𝐷

2

𝛼2
)    (14) 354 

For pool fire, the heat release rate 𝑄̇ is expressed as follows [28]: 355 

𝑄̇ =
𝜋𝑚̇𝐷2∆𝐻𝑐

4
                          (15) 356 

Combined with Eq. (15), the Eq. (14) can be written as: 357 

𝐼𝑏,𝑎 = 𝑓(
𝑇𝑏𝑓

𝑇∞
,
𝑇𝑏𝑤

𝑇∞
,
ℎ
0

𝐷
,

𝑄̇

𝜌∞𝐶𝑝𝑇∞√𝑔𝐷5
,

𝑃

𝜌𝑓𝑔𝐷
,
𝐶𝑝𝜇

𝑘
)               (16) 358 

The dimensionless heat release rate 𝑄̇∗ and Prandtl number Pr are introduced. The 359 

𝑄̇∗ is closely associate with the heat release of boilover fires. The Prandtl number can 360 

reflect the influence of fluid characteristics on the heat transfer in the liquid layer.  361 

𝑄̇∗ =
𝑄̇

𝜌∞𝐶𝑝𝑇∞√𝑔𝐷5
                        (17) 362 

𝑃𝑟 =
𝐶𝑝𝜇

𝑘
                            (18) 363 

Substituting Eq. (17-18) into Eq. (16), the correlation can be simplified as: 364 

𝐼𝑏,𝑎 = 𝑓(
𝑇𝑏𝑓

𝑇∞
,
𝑇𝑏𝑤

𝑇∞
,
ℎ
0

𝐷
, 𝑄̇∗,

𝑃

𝜌𝑓𝑔𝐷
, 𝑃𝑟)                  (19) 365 

𝐼𝑏,𝑎 = 𝑓(
𝑄̇∗𝑃𝑟ℎ

0
𝑃

𝜌𝑓𝑔𝐷
2 ,

𝑇𝑏𝑓

𝑇∞
,
𝑇𝑏𝑤

𝑇∞
)                     (20) 366 

𝐼𝑏,𝑎 = 𝐴(
𝑄̇∗ℎ

0
𝑃

𝜌𝑓𝑔𝐷
2)
𝑛1 + 𝐵(

𝑇𝑏𝑓

𝑇∞
)𝑛2 + 𝐶(

𝑇𝑏𝑤

𝑇∞
)𝑛3 + 𝐸             (21) 367 

where A, B, C, E, n1, n2 and n3 are constants. For liquid fuel burning at stable ambient 368 

temperature and air pressure, 
𝑇𝑏𝑓

𝑇∞
 and 

𝑇𝑏𝑤

𝑇∞
 can be approximated as constant values. 369 

Meanwhile, the variation of pressure has little effect on 𝜌𝑓 and g, which can be 370 

ignored. Eq. (21) can be further simplified as: 371 



𝐼𝑏,𝑎 = 𝐴′(
𝑄̇∗𝑃𝑟ℎ

0
𝑃

𝐷2
)𝑛1 + 𝐵′                    (22) 372 

As shown in Fig. 7, the best-fit correlation with the experimental data and the data 373 

from previous literatures is expressed as follows:  374 

𝐼𝑏,𝑎 = 0.02(
𝑄̇∗𝑃𝑟ℎ

0
𝑃

𝐷2
)0.40 + 1.12                  (23) 375 

The R
2
 is 0.92, and the predicted correlation is in good agreement with the work of 376 

Ferrero and Chatris et al with a maxim error less than 20 %. These indicates this 377 

model can well predict the boilover intensity under different conditions.  378 

 379 

Fig. 7. The boilover intensity evolution as a function of 
𝑄̇∗𝑃𝑟ℎ

0
𝑃

𝐷2
. 380 

3.3. Time to boilover onset 381 

According to the findings in previous studies, the time to boilover onset in all tests 382 

is determined based on the fuel/water interface temperature, flame expansion and the 383 

variation of burning rate [4, 29]. Fig. 8 shows the time to boilover onset at different 384 

diameter and initial fuel layer thickness at sub-atmospheric pressure. 385 
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 386 

Fig. 8. The time to boilover onset evolution with initial fuel layer thickness. 387 

As illustrated in Fig.8, the time to boilover onset shows a tendency to increase with 388 

initial fuel layer thickness for the same diameter at sub-atmospheric pressure, which is 389 

consistent with the variation of time to boilover onset under atmospheric pressure [26]. 390 

This is mainly because for thicker initial fuel layer thickness, it takes more time for 391 

heat transfer to fuel/water interface, resulting in a longer time to reach the water 392 

boiling point [6]. In addition, for the same initial fuel layer thickness, the time to 393 

boilover onset decreases as the pan diameter increases. This is due to the mass 394 

burning rate is faster and more heat is generated per unit of time with a larger 395 

diameter. Thus, the fuel/water interface is heated to the water boiling temperature 396 

faster [7]. 397 

Figure 8 also gives the experimental data of time to boilover onset under 398 

atmospheric pressure in previous literatures. It can be found that the time to boilover 399 

onset at sub-atmospheric pressure increases compared with that under atmospheric 400 

pressure with the same diameter and initial fuel layer thickness. This is mainly 401 

because the boiling point of liquid fuel becomes lower at sub-atmospheric pressure, 402 
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companied with the decrease of temperature at fuel surface. For example, the surface 403 

temperature of diesel pool fire is 320 ℃ at atmospheric pressure [6], while the value 404 

is 275 ℃ in this work. Thus, the downward heat transfer rate slows down, resulting in 405 

the delay of boilover onset time at sub-atmospheric pressure. Meanwhile, the mass 406 

burning rate decreases at sub-atmospheric pressure [30] and the effective heat transfer 407 

rate becomes slower, which lead to a decrease in the heating rate of fuel layer and 408 

interface. 409 

Based on Eqs. (5-8), the following expression for the temperature distribution in the 410 

liquid layer can be obtained [31]: 411 

𝑇−𝑇∞

𝑇𝑠−𝑇∞
= exp⁡(

𝑟

𝛼𝐹𝑊
(𝑦 − 𝑦𝑠(𝑡)))                 (24) 412 

When the temperature at fuel/water interface reaches the boiling point of water, the 413 

boilover occurs. In order to predict the time to boilover onset, the temperature at the 414 

fuel layer position y=0 is set as T=Tbw when boilover occurs. The fuel surface is 415 

located at ys(t)=y0-rtb. Thus, the Eq. (24) can be expressed as follows:  416 

𝑇𝑏𝑤−𝑇∞

𝑇𝑠−𝑇∞
= exp⁡(

𝑟

𝛼𝐹𝑊
(𝑟𝑡𝑏 − 𝑦0))                  (25) 417 

Eq. (25) can be simplified as: 418 

𝑡𝑏 =
1

𝑟
(
𝛼𝐹𝑊

𝑟
ln (

𝑇𝑏𝑤−𝑇∞

𝑇𝑠−𝑇∞
) + 𝑦0)                   (26) 419 

  Combined with Eq. (8), the above equation can be written as: 420 

𝑡𝑏 =
1

𝑟
(
𝑦0

𝛼𝐹
(√𝛼𝑊 + √𝛼𝐹)

2
ln (

𝑇𝑏𝑤−𝑇∞

𝑇𝑠−𝑇∞
) + 𝑦0)            (27) 421 

The regression rate r is proved to be almost independent with initial fuel thickness 422 

for 𝑦0 > 5⁡𝑚𝑚 [16]. Thus, according to Eq. (9), it can be obtained that 𝑟 ∝ √𝐷. 423 

𝑡𝑏 ∝
𝑦0

√𝐷
，that is, 𝑡𝑏 ∝

ℎ0

√𝐷
                     (28) 424 



Therefore, the time to boilover onset can be expressed as: 425 

𝑡𝑏 = 𝑘1
ℎ0

√𝐷
+ 𝑘2                        (29) 426 

In Fig. 9, the key parameters (k1=27608；k2=-14) are obtained by fitting the 427 

experimental data. Therefore, Eq. (30), which presents the correlation coefficient (R
2
) 428 

of 0.97, can serve to predict the time to boilover onset at sub-atmospheric pressure (69 429 

kPa): 430 

𝑡𝑏 = 27608
ℎ0

√𝐷
− 14                      (30) 431 

 432 

Fig. 9. The variation of time to boilover onset as function of h0/D
1/2

. 433 

3.4. Boilover time interval 434 

The phenomenon of continuous boilover occurs during the burning process of 435 

diesel thin-layer burning. The boilover time interval is closely related to the thermal 436 

hazard of boilover fires. Fig. 10 shows the variation of time interval between two 437 

adjacent boilovers at sub-atmospheric pressure. 438 
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 439 

Fig. 10. The evolution of boilover time interval with range of boilover times:  440 

a) D = 40 cm b) D = 80 cm. 441 

In Fig. 10, the time interval between two adjacent boilovers decreases with the 442 

number of boilover and the decreasing rate gradually slows down. Thus, the 443 

uninterrupted boilovers occurs later in the continuous boilover stage, as observed in 444 

the experiments. This is mainly because the residual fuel layer thickness decreases as 445 

burning progresses. Thus, the vertical distance from the fuel/water interface to the 446 

high-temperature fuel layer at fuel surface decreases with the increase of boilover 447 

times [21], resulting in a stronger convection heat transfer between the fuel layer and 448 

water layer. At the same time, the temperature at the fuel/water interface rises with the 449 

number of boilover as shown in Fig. 11. The time required to heat the interface to the 450 

boiling point of water is shortened. Moreover, it can also be observed in Fig. 10 that 451 

the boilover time interval increases for the thicker fuel layer burning. 452 
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 453 

 Fig. 11. The temperature of fuel/water interface vs. boilover times  454 

a) D = 40 cm b) D = 80 cm. 455 

It can be seen in Fig.10 that the boilover time interval decreases with the increasing 456 

pan diameter compared with Fig.10(a) and Fig.10(b). This is mainly because as the 457 

pan diameter increases, both the mass burning rate and the surface heat flux increase. 458 

Then, the liquid layer is heated faster and the fuel/water interface reaches the boiling 459 

temperature of water again sooner after boilover.  460 

4. Conclusions 461 

  Large-scale boilover fire experiments with a thin-layer of diesel on water were 462 

performed at sub-atmospheric pressure. The burning process, boilover intensity, time 463 

to boilover onset and boilover time interval were analyzed and the corresponding 464 

models were established. The influence of the initial fuel layer thickness and pan 465 

diameter on these key parameters were investigated in detail. The main findings are 466 

drawn as follows: 467 

  (1) Based on the variation of flame shape, the burning process of diesel boilover at 468 

sub-atmospheric pressure can be divided into four typical stages: initial development 469 

stage, steady burning stage, continuous boilover stage, and decay stage. Meanwhile, 470 
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there is no steady burning stage for boilover fires with a small fuel layer thickness, in 471 

which the value is 3 mm in the current study. For the continuous boilover stage, the 472 

flame height increases significantly at initial boilover. The flame height decreases 473 

gradually and the boilover time interval is shortened for the subsequent multiple 474 

boilovers. In addition, weak burning occurs and the temperature of fuel layer 475 

decreases after boilover, which is attributed to the destruction of the boiling layer. 476 

(2) The initial boilover intensity shows a linearly dependency on fuel layer 477 

thickness, and the increasing range decreases with pan area. Meanwhile, the pan area 478 

has a limited effect on boilover intensity for large-scale burning. Moreover, the 479 

boilover intensity at sub-atmospheric pressure is lower than that under atmospheric 480 

pressure with the same other conditions. Based on the dimensionless analysis, a 481 

predictive expression for boilover intensity was established 482 

(𝐼𝑏,𝑎 = 0.02(
𝑄̇∗𝑃𝑟ℎ

0
𝑃

𝐷2
)0.40 + 1.12). 483 

  (3) The time to boilover onset increases positively with the initial fuel layer 484 

thickness and negatively with the pan diameter, which is consistent with the findings 485 

under atmospheric pressure. The time to boilover onset at sub-atmospheric pressure is 486 

delayed compared with that under atmospheric pressure. Based on the 487 

one-dimensional, two-layer conduction model, a predictive expression for the time to 488 

boilover onset at sub-atmospheric pressure (69 kPa) was developed (𝑡𝑏 = 27608
ℎ0

√𝐷
−489 

14). 490 

  (4) The boilover time interval at sub-atmospheric pressure decreases as the number 491 

of boilover increases and the decreasing range decreases gradually, followed by close 492 



to uninterrupted boilovers. Meanwhile, the boilover time interval increases with initial 493 

fuel thickness and decreases with burning scale.  494 

  Finally, it should be noted that present work mainly using diesel studied the 495 

evolution of continuous boilover behaviors at a certain sub-atmospheric pressure. In 496 

the future, more experiments will be performed using different liquid fuels and 497 

pressure conditions for further validation of the models proposed in this work.  498 
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