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Abstract: Spill fires caused by oil leakage from tankers may pose a threat to the 

liquid transportation safety. In this paper, a series of large-scale gasoline continuous 

spill fire experiments were conducted on a water surface. The spread area, flame height, 

burning rate and the temperatures in the water layer were measured for different fuel 

discharge rates and ignition delays. The findings show that the spread process can be 

well predicted by an existing spread model without ignition. For ignited conditions, 

four burning phases were identified, namely (i) spread burning phase, (ii) shrinking 

burning phase, (iii) quasi-steady burning phase, and (iv) extinguishment phase. The 

burning rate at the quasi-steady phase was found to be approximately 45 to 62 % that of 

pool fires with the same burning area. Subsequently, a model was developed for 

predicting the quasi-steady burning rate of spill fires. The flame height at the 

quasi-steady burning phase was also analyzed and correlated with the fuel discharge 

rate. Finally, a model was proposed to predict the maximum burning area at the spread 

burning phase and validated against the experimental data. The present results are of 

practical importance in understanding of the spread and burning characteristics of 
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continuous spill fires and the associated risk assessment. 

Keywords: continuous spill fire, fuel spread, burning rate, maximum burning area, 

spread model 

1. Introduction 

The global demand of liquid fuels is ever increasing driven by the fast development 

of the world economy. Marine transportation using oil tankers plays an important role 

in the transportation of liquid petroleum products due to its low cost (Soares da Silva et 

al., 2021). One of the potential risks during the transportation process is the leakage of 

the fuel on the water surface. Once the liquid fuel leaks, it is often followed by ignition 

and subsequently the occurrence of a spill fire, which poses a greater threat to the 

safety of the people on board, the fuel transported, and the marine enviroment 

(Palazzi et al., 2004; Raja et al., 2019). Compared with a pool fire, the burning area of 

a spill fire is unconfined because there is no horizontal boundary, which means a larger 

burning area and a higher thermal risk (Zhao et al., 2017). For example, in 2018, a 

spill fire accident occurred after the collision of the oil tanker Sanchi at East China Sea 

and the leakage of the fuel resulted in a total burning area of approximately 70,000 m
2
 

and the death of 32 crew members (Yin et al., 2021). It is therefore of great importance 

to study the spread and burning behaviors of spill fires in order to understand better the 

fire risk associated with the marine transportation of liquid fuels . 

The fire risk during the transportation process of liquid fuels is closely related to 

the spread and burning processes (Palazzi et al., 2004; Bonvicini et al., 2015). For the 

spread of liquid fuels, Fay (1969) conducted experiments of fuel spread on a water 

surface and analyzed the spread process for different discharge rates and found that, 

based on order-of-magnitude analysis, the spread process can be distinguished into 

three regimes: ‘gravity-inertia’ regime, ‘gravity-viscous’ regime and ‘surface 

tension-viscous’ regime. Briscoe and Shaw (1980) studied the spread of liquid fuels on 

a water surface and noted that the spread process was mainly controlled by gravity and 

the inertial force, based on which a spread model was developed and subsequently used 

by other researchers (Raj, 2011; Webber, 2012). These studies laid a foundation for the 

research on the spread and burning processes of liquid fuels. For the burning of spill 

fires, the burning rate developed for pool fires is sometimes used to calculate the liquid 

fuel consumption during the spread process (Fay, 2003; Lehr and Simecek-Beatty, 

2004). However, studies have shown that this simplification could result in large 

discrepancies in the calculations. Gottuk et al. (2000) conducted spill fire experiments 
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on a concrete surface and found that the burning rate of spill fires was around 20 % of 

that in pool fires for the same burning area. Mealy et al. (2014) conducted spill fire 

experiments on different substrates (concrete, vinyl and plywood) and found that the 

heat loss of the thin fuel layer to the substrates is a key factor contributing to the lower 

burning rate in spill fires. 

In recent years, the spread and burning processes of continuous spill fire experiments 

were examined by several research groups ( Li et al., 2017; Ingason and Li, 2017; Zhao 

et al., 2019; Pan et al., 2020; Li et al., 2020). Li et al. (2017) performed continuous spill 

fire experiments in a steel trench (3 m × 0.15 m) and divided the whole spread process 

into five phases (spread, shrinking process, quasi-steady burning, maintenance after 

discharge time and fire extinction). Ingason and Li (2017) conducted continuous spill 

fires on a concrete surface with different slopes and found that the larger slope the 

concrete surface, the smaller the heat release rate. In Zhao et al. (2019), the authors 

carried out continuous spill fire experiments on a fireproof glass surface and the heat 

transfer between the fuel layer and glass was studied, based on which a model 

incorporating the heat loss of the fuel layer was developed. Pan et al. (2020) carried out 

continuous spill fire experiments on a rectangular steel trench (1 m × 0.044 m) and 

reported that the discharge rate also affected the burning rate. Li et al. (2020) 

conducted continuous spill fires in a model-scale tunnel and qualitatively analyzed the 

heat transfer process of the fuel layer, in which the spill fire burning rate was revised 

using an empirical correction factor provided by Mealy et al. (2014). These studies 

have qualitatively clarified some of the key factors affecting the burning rate and 

further verified that the heat loss of the fuel layer plays an important role in the reduced 

burning rate of continuous spill fires. However, in these studies, the heat loss from the 

fuel layer to the substrate and the maximum burning area (one of the key parameters to 

assess the risk of spill fire accidents) were not examined in detail. 

In this work, large-scale continuous spill fires experiments were carried out on a 

water surface. The spread and burning behaviors were recorded for different fuel 

discharge rates and ignition delays. The temperature profile in the water layer was 

measured to quantify the heat loss of the fuel layer to the water layer, based on which a 

numerical model was developed to predict the burning rate of spill fires. By combining 

the fuel spread model and the burning rate model, the maximum burning area was 

calculated and validated against the experimental data. These results are important in 

assessing the risks in a spill fire accident during marine transportation and conducting 
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in-situ burning which can be used to reduce the adverse effect of the leaked fuel on 

the environment.  

2. Experimental setup 

The experimental schematic is shown in Fig. 1(a). The stainless circular pan has an 

inner diameter of 6 m, which is sufficient to minimize the boundary effect on the fuel 

spread. The height of the side wall is 0.3 m. Before the experiments, the pan was filled 

with water of 25 cm, which was found to be sufficiently deep that the heat does not 

penetrate the water layer and its effect on burning can be neglected (Garo et al., 1999). 

During the experiments, the fuel (92# gasoline) was discharged from the outlet 

positioned at the center of the pan to spread on the water surface. The detail position is 

shown in Fig. 1. Preliminary tests were conducted to adjust the angle of the discharge 

outlet, so that the fuel can spread in an axisymmetric manor. A peristaltic pump was 

used to provide a steady volumetric flow rate ranging from 0.06 to 18 mL/s. A Sartorius 

balance (maximum load: 35 kg, accuracy: 0.1 g) was used to record the residual mass 

and to ensure the desired discharge rate Qin. Five thermocouple trees were placed 

outward from the center of the pan at 10 cm intervals. Each thermocouple tree consisted 

of five K-type thermocouples (tip of 0.5 mm, resolution ±1 K) located on the water 

surface and at 0.5, 1, 2 and 3 cm below as shown in Fig. 1(c). Two digital video (DV) 

recorders (SONY HDR-CX450) were used to record the spread process, based on 

which the real-time spread area and flame height were determined. DV 1 was located at 

an elevated location with the lens tilted at an angle, so that the front of the fuel layer can 

be captured clearly. DV 2 was located at 15 m away to record the flame height. 

 

Fig. 1. Schematic diagram of: a) complete experimental set-up; b) the stainless pan; c) 

thermocouples arrangement in the water layer. 
 

(b) (c)                                

(a)

DV 1

Peristaltic Pump

Data Acquisition Tube
Fuel Container

Balance

Water

6 m
Discharge Outlet

Discharge Outlet
DV 2

Thermocouple Tree

0.3m

0.5cm

1cm

1cm

0.5cm

40cm Pan

Water Surface

Jo
ur

na
l P

re
-p

ro
of



 

 

All tests were conducted outdoors, and the wind velocity was less than 0.2 m/s, so the 

effect of the wind could be ignored. The ambient temperature was 24±3 ℃. In total, 20 

test configurations were considered with different fuel discharge rates and ignition 

delays (the time delay in igniting the fuel after the initial release) as shown in Table 1. 

The discharge duration was chosen to allow the establishment of the quasi-steady 

steady burning stage for the determination of the corresponding burning area. Each 

test configuration was repeated twice, and the results showed good repeatability. The 

relative errors were less than 11.6％for the measured quasi-steady diameters.  

 

Table 1 Specification of the test conditions. 

Test 

No. 

Discharge 

rate, Qin 

(mL/s) 

Ignition 

delay, ts (s) 

Discharge 

duration 

(s) 

Total 

volume 

(mL) 

1 3.0  No ignition 320 960 

2 6.0  No ignition 270 1620 

3 9.0  No ignition 240 2160 

4 14.0  No ignition 150 2100 

5 3.0  0 147 441 

6 6.0  0 140 840 

7 9.0  0 126 1134 

8 14.0  0 154 2156 

9 3.0  10 190 570 

10 6.0  10 190 1140 

11 9.0  10 190 1710 

12 14.0  10 190 2660 

13 3.0  20 200 600 

14 6.0  20 200 1200 

15 9.0  20 200 1800 

16 14.0  20 200 2800 

17 3.0  30 210 630 

18 6.0  30 210 1260 

19 9.0  30 210 1890 

20 14.0  30 210 2940 

 

3. Results and discussion 

3.1 Spread process of liquid fuel 

3.1.1 Spread process without ignition 

For a liquid fuel spreading on a water surface, the ‘gravity-inertia’ regime has been 

shown to play a dominant role in the spread area (Briscoe and Shaw, 1980; Lehr and 

Simecek-Beatty, 2004). In this regime, Briscoe and Shaw (1980) developed a spread 
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model based on the balance of gravity and the inertial force, which was widely used to 

predict the fuel spread process (e.g., Raj, 2011; Webber, 2012): 

𝑑𝑅

𝑑𝑡
= 𝜀√𝑔′𝑕         (1) 

where R is the spread radius (m), t is the spread time (s), h is the average fuel layer 

thickness (m), 𝑔′is the effective gravity that is a function of the density of fuel and 

water (𝑔′ = 𝑔(1- 𝜌𝑓 𝜌𝑤⁄ )), and ɛ is an empirical constant and its value is usually 

determined by experimental data. 

The average fuel layer thickness h can be calculated as the ratio between the 

discharge volume and the fuel spread area. Therefore, Eq. (1) becomes: 

𝑑𝑅

𝑑𝑡
= 𝜀√𝑔′

𝑄𝑖𝑛𝑡

𝜋𝑅2
          (2) 

where Qin is the fuel discharge rate (mL/s). By integrating Eq. (2), one obtains: 

𝑅 = [
4

3
𝜀 (

1

𝜋
)
1 2⁄

]
1 2⁄

(𝑔′𝑄𝑖𝑛)
1 4⁄ 𝑡3 4⁄        (3) 

Eq. (3) indicates that the spread radius, R, is proportional to (𝑔′𝑄𝑖𝑛)
1 4⁄ 𝑡3 4⁄ . By 

plotting R against (𝑔′𝑄𝑖𝑛)
1 4⁄ 𝑡3 4⁄ , the spread coefficient, ɛ, can be determined, as 

shown in Fig. 2.  

 

Fig. 2. The spread radius as a function of (𝑔′𝑄𝑖𝑛)
1 4⁄ 𝑡3 4⁄  for different fuel discharge 

rates. 

As shown in Fig. 2, the spread coefficient was found as ɛ≈0.23. Note that there is a 

relatively large difference between the experimental data and the correlation for larger 

values of (𝑔′𝑄𝑖𝑛)
1 4⁄ 𝑡3 4⁄ , which could be attributed to the fact that the fuel spread 

regime is gradually changing from the ‘gravity-inertia’ to the ‘gravity-viscous’ regime. 

Another possible reason is that at longer times the shape of the spread fuel could not 

kept completely axisymmetric, for which case the average spread radius was estimated. 
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3.1.2 Spread process with ignition 

To display the whole burning spread process, typical flame images for Test 8 (Qin 

=14.0 mL/s and with no ignition delay, i.e., ts=0) are shown in Fig. 3. 

 

Fig. 3. Images of continuous spill fire at different times after discharge in Test 8. 

It can be seen in Fig. 3 that from 10 to 40 s, both the flame diameter and flame height 

increased rapidly. However, the flame diameter decreased from 95 cm at 40 s to 79 cm 

at 90 s. During this period, the fuel burning rate (𝜔𝜋𝑅2, where ω is the linear burning 

rate, m/s) gradually increased and became larger than the discharge rate (𝜔𝜋𝑅2＞14.0 

mL/s), and, as a result, there was no fresh fuel to be fed to the fuel front, which led to 

the shrink of the burning area. From 90 to 142 s, the burning area and flame height 

remained nearly constant, indicating a balance between the fuel burning rate and the 

discharge rate. After the fuel supply was stopped, both the burning area and flame 

height decreased gradually before the fire eventually extinguished. 

These spread behaviors were also observed in other tests and the detail spread 

process is shown in Fig. 4, which shows the variation of the spread radius as a function 

of time at different discharge rates with no ignition delay. 

 

Fig. 4. The spread radius as a function of time for different discharge rates (No ignition 

delay). 

The spread process, as shown in Fig. 4, can be divided into four phases: (i) spread 
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burning phase, (ii) shrinking burning phase, (iii) quasi-steady burning phase, and (iv) 

extinguishment phase, which correspond well with those reported by Li et al. (2021a). 

Fig. 5 shows the variation of both the quasi-steady burning area and the maximum 

burning area at different discharge rates and ignition delays. 

 

Fig. 5. The quasi-steady burning area and maximum spread area for different 

discharge rates and ignition delays (ts). 

As shown in Fig. 5, the quasi-steady burning area is independent of the ignition delay 

but increases with the discharge rate. This is because the fuel burning rate at this phase 

was approximately the same as the fuel discharge rate. The maximum burning area, on 

the other hand, increases with the ignition delay. For example, the maximum burning 

area for the case with Qin= 14.0 mL/s and ts=30 s was 1.05 m
2
, which is 43.8% larger 

than that (0.73 m
2
) for the test at the same discharge rate but with no ignition delay. In 

order to further examine the effect of the ignition delay, a ratio φ can be defined as: 

φ=
Am-A0

A0
 ×100%        (4) 

where Am is the maximum burning area at a given ignition delay (ts=0, 10, 20, or 30 s) 

(m
2
), and A0 is the maximum burning area for instantaneous ignition (ts = 0 s) (m

2
). Fig. 

6 shows the ratio φ increases almost linearly with the ignition delay.  
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Fig. 6. The ratio φ as a function of ignition delay at different discharge rates. 

It is worth noting that if the release was continuous (with no ignition) and the 

evaporation, viscosity and surface tension effects are not considered, the ratio φ would 

continuously increase with the ignition delay. In practical situations, the increase of the 

ratio φ will be limited due to the balance between evaporation and discharge rate. For 

the liquid spread with no ignition, as the fuel surface increases, the spread rate will 

gradually decrease due to the weak gravity effect, whereas evaporation will become 

more important. It can also be observed in Fig. 6 that for the same ignition delay, the 

ratio φ increases with the discharge rate, since at a larger discharge rate the fuel can 

spread to a larger area before ignition.  

3.2 Quasi-steady burning behaviors  

3.2.1. Burning rate of spill fires 

During the quasi-steady burning phase, the fuel burning rate (πωsRs
2) is dynamically 

balanced by the fuel discharge rate (Qin): 

𝜔𝑠 =
𝑄𝑖𝑛

𝜋𝑅𝑠
2                (5) 

where ωs is the linear burning rate in the quasi- steady burning phase (m/s).  

Babrauskas (1983) proposed an empirical relationship between the burning rate and 

burning diameter for pool fires: 

𝜔𝑝𝑜𝑜𝑙 = 𝜔∞(1 − 𝑒−𝑘𝛽𝐷)            (6) 

where 𝜔∞ is the linear burning rate of a pool fire with an infinite diameter (m/s), k is 

the flame extinction coefficient (1/m), β is the mean-beam length corrector, and D is the 

pool diameter (m). Fig. 7 shows a comparison of the experimental burning rates and 

those predicted by the pool fire model using Eq. (6).  
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Fig. 7. Comparison of experimental burning rate with that predicted by the model for 

pool fires and the present one developed for spill fires. 

Fig. 7 shows that the burning rate of spill fires gradually increases with the burning 

diameter, similar to that observed for pool fires. This can be explained by noting that for 

a large burning area (D > 0.2 m), the radiative heat feedback from the flame to the fuel 

surface is the dominant heat transfer mechanism controlling the burning rate (Hamins 

et al., 1994). The radiative heat feedback can be expressed as (Ditch et al., 2013): 

𝑞𝑟𝑎𝑑 = 𝜍(𝑇𝑟𝑓
4 − 𝑇0

4)[1 − 𝑒𝑥𝑝⁡(−𝜅𝐷)]      (7) 

where ζ is the Stefan–Boltzmann constant, Trf  is an effective flame radiation 

temperature (K), T0 is the ambient temperature (K), and κ is an effective absorption–

emission coefficient. As the burning diameter increases, the radiative heat feedback 

increases, leading to an increase of the burning rate. 

The experimental burning rates of spill fires are systematically lower than those 

predicted by the model for pool fires – about 45 to 62 % of the predicted values. In 

order to explain this, it is important to examine the difference in the heat transfer 

process between pool fires and spill fires as illustrated in Fig. 8. 

 

Fig. 8. Heat transfer in the fuel layer for (a) a pool fire and (b) a spill fire. 

In pool fires, the heat transfer process can be expressed as (Hamins et al., 1994): 
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𝑄𝑐𝑜𝑛𝑑 + 𝑄𝑐𝑜𝑛𝑣 + 𝑄𝑟𝑎𝑑 = 𝑄𝑓𝑢𝑒𝑙 + 𝑄𝑙𝑜𝑠𝑠 + 𝑄𝑟𝑒𝑓     (8) 

where Qcond, Qconv and Qrad are, respectively, conduction from the side wall, convection 

due to combustion gas, and radiation from the flame (kJ). Qfuel represents the heat 

absorbed by the fuel. Qloss is the heat loss of the fuel layer to the bottom of the fuel pan, 

which can usually be neglected for pool fires because the heat is completely absorbed 

by the thick liquid layer (Suo-Anttila et al., 2009; Zhao et al., 2020). The reflected heat 

Qref  is typically small compared to other terms and is therefore neglected (Hamins et al., 

1994). 

Since the quasi-steady burning diameter in our experiments is more than 0.3 m, Qrad 

is dominant in controlling the burning rate (Hamins et al., 1994). Eq. (8) can be 

simplified to (Vali et al., 2015): 

𝑞𝑟𝑎𝑑 = 𝜔𝑝𝑜𝑜𝑙𝜌𝑓(Δ𝐻𝑣 + 𝑐𝑝𝑓(𝑇𝑏 − 𝑇0)       (9) 

where Δ𝐻𝑣 is the latent heat of evaporation (kJ/kg), Tb is the liquid fuel boiling point 

(K) and T0 is the ambient temperature (K), and cpf is the average specific heat of the fuel 

from T0 to Tb (kJ/kg-K).  

The radiative heat feedback for spill fires can be calculated similarly but with the 

burning rate for spill fires. In contrast to pool fires, the heat transfer process between the 

fuel layer and the water layer in spill fires is significant and should be considered (Garo 

et al., 1999), because the fuel thickness is in the order of millimeters (Maly et al., 2014). 

This is evident in Fig. 9 showing the temperature histories at different depths in the 

water layer (Test-8, at 20 cm to the discharge outlet). 

 

Fig. 9. The measured temperature by the thermocouple tree positioned at 20 cm to the 

discharge outlet in Test-8. 

Figure 9 shows that the temperature at the water surface increases quickly after the 

initial contact with the fuel layer, followed by a nearly constant value close to the 
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boiling point of the fuel, which indicates that the temperature inside the fuel layer is 

nearly uniform. However, the temperature at 1 cm or deeper remains nearly at the 

ambient temperature. Based on the temperature variations in the water layer, the heat 

loss at a distance, x, to the outlet can be found as (Vali et al., 2015): 

𝑞𝑙𝑜𝑠𝑠𝑥
′ = 𝑐𝑝𝑤𝜌𝑤 ∫

𝑑𝑇

𝑑𝑡

𝑕0
0

𝑑𝑕       (10) 

where 𝑐𝑝𝑤 is the specific heat capacity of water (kJ/kg-K), h0 is the thickness of the 

heat penetration depth in the water layer (m), and T is the water temperature (K). Table 

2 presents the calculated results of the average heat loss values based on the measured 

water temperatures. The heat loss near the discharge outlet is lower than that at other 

positions because of the supply of the fresh fuel. With an increase in the distance from 

the outlet, the heat loss gradually increases before reaching a constant value, which 

could be attributed to the steady fuel temperature (around the boiling point) after the 

initial heating phase. 

 

Table 2 The calculative heat flux loss values (unit: kW/m
2
). 

Distance from 

discharge outlet 

(cm) 

Qin=3.08 

mL/s 

Qin=5.97 

mL/s 

Qin=9.08 

mL/s 

Qin=14.44 

mL/s 

0 6.16 7.41 7.16 8.18 

10 9.82 11.54 11.81 14.17 

20 12.36 12.23 14.82 15.54 

30 12.56 14.62 15.16 15.38 

40 13.85 15.07 15.57 15.86 

 

Based on the heat losses at different locations, the average heat loss can be found as:  

𝑞𝑙𝑜𝑠𝑠
′ =

∑ (𝜋𝑥𝑖
2−𝜋𝑥𝑖−1

2 )𝑞𝑙𝑜𝑠𝑠𝑥(𝑖−1)
′𝑛

𝑖=1

𝜋𝑅2
      (11) 

where i the number of a given thermocouple tree, n is the total number of thermocouple 

trees, xi is the distance to the discharge outlet. (𝜋𝑥𝑖
2 − 𝜋𝑥𝑖−1

2 ) is the area of the circular 

ring. 𝑞𝑙𝑜𝑠𝑠𝑥(𝑖−1)
′  is the heat loss at the position of the (i-1)

th
 thermocouple tree. 

Therefore, the burning rate of spill fires at the quasi-steady burning phase can be 

expressed as: 

𝑞𝑟𝑎𝑑 − 𝑞𝑙𝑜𝑠𝑠
′ = 𝜔𝑠𝑝𝑖𝑙𝑙𝜌𝑓(𝛥𝐻𝑣 + 𝑐𝑝(𝑇𝑏 − 𝑇0))    (12) 

Based on Eqs. (8-12), the quasi-steady burning rate of continuous spill fires can be 

deduced as: 

𝜔𝑠𝑝𝑖𝑙𝑙 = (1- 𝑞𝑙𝑜𝑠𝑠
′ q

rad
⁄ )𝜔𝑝𝑜𝑜𝑙      (13) 
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or 

𝜔𝑠𝑝𝑖𝑙𝑙 = 𝐶𝛿𝜔∞(1 − 𝑒−𝑘𝛽𝐷)      (14) 

where Cδ=(1- 𝑞𝑙𝑜𝑠𝑠
′ q

rad
⁄ ). The predicted values by Eq. (14) are shown in Fig. 7, in 

close agreement with the measured values. These results further verify that the 

increased heat loss of the fuel layer is the primary reason for the reduced burning rate in 

spill fires. 

3.2.2 Flame height 

For the prediction of the flame height, (Heskestad, 1999) proposed a dimensionless 

correlation: 

𝐻 𝐷⁄ = 3.7(𝑄̇∗)
2 5⁄

− 1.02       (15) 

where D is the diameter of the fire (m), and⁡𝑄̇∗ is the dimensionless heat release rate: 

𝑄̇∗ =
𝑄̇

𝜌∞𝑐𝑝𝑎𝑇∞𝑔1 2⁄ 𝐷5 2⁄        (16) 

where 𝜌∞ is the ambient density (kg/m
3
), 𝑇∞ is the ambient temperature (K), g is the 

gravity acceleration (=9.81m/s
2
) and cpa is the specific heat of air at constant pressure 

(kJ/kg-k). 𝑄̇ is the total heat release rate (kW), which can be calculated from the fuel 

discharge rate as: 

Q̇=𝜌𝑓𝑄𝑖𝑛Hc         (17) 

where Hc is the effective heat of combustion (kJ/kg).  

Figure 10 shows a comparison of the measured average flame height at the 

quasi-steady burning stage and that predicted using Eq. (15).  

 

Fig. 10. Comparison of experimental average flame height with that predicted by 

Heskestad’s model. 
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The predicted values are slightly lower than the experimental data, even though the 

trends are similar. This can be attributed to that the model was deduced based on pool 

fires, in which there is a sidewall which could increase air entrainment around the 

sidewall rim, leading to a lower flame height.  

For spill fires, the flame height is related to the discharge rate, diameter of the 

burning area, heat release rate, and fuel layer thickness, i.e.,  

𝐻 = 𝑓𝑐𝑛(𝑄𝑖𝑛, 𝐷, 𝑄̇, 𝑕⁡)       (18) 

Based on dimensionless analysis, Eq. (18) can be simplified as (Moorhouse, 1982; 

Zukoski et al., 1985):  

𝐻 𝐷⁄ = 𝑎(⁡𝑄̇∗)𝑏        (19) 

where a and b are model constants, and their values can be determined based on 

experiment data. In this study, the values of a and b for continuous spill fires are found 

to be 3.27 and 0.28 respectively as shown in Fig. 10 and Eq. (20). 

𝐻 𝐷⁄ = 3.27(⁡𝑄̇∗)0.28       (20) 

3.3 Spread and burning model  

The burning rate and flame height presented in Section 3.2 are for the quasi-steady 

stage. In this section, a model is developed to predict the transient spread and burning 

process and the maximum burning area at the spread burning phase.  

For the fuel spread on the water surface, the heat transfer through fuel and water is 

nearly one-dimensional. The conduction equations for the fuel and water layers can be 

expressed as (Garo et al., 1999): 

𝜌𝑓𝑐𝑝𝑓
𝜕𝑇

𝜕𝑡
= 𝑘𝑓

𝜕2𝑇

𝜕𝑥2
+

𝜕𝑞𝑟

𝜕𝑥
       (21) 

𝜌𝑤𝑐𝑝𝑤
𝜕𝑇

𝜕𝑡
= 𝑘𝑤

𝜕2𝑇

𝜕𝑥2
+

𝜕𝑞𝑟

𝜕𝑥
       (22) 

with the initial condition: 

t=0, T=T0        (23) 

where kf, kw are the thermal conductivity of fuel and water, respectively (kW/m-K).  

Based on the finding of Suo-Anttila et al. (2009), the heat feedback from the flame is 

mainly absorbed by the upper liquid layer (~3 mm), which results in a thin boiling layer. 

In our experiments, the fuel layer thickness was less than 1 mm during the whole spread 

process. Therefore, the fuel layer can be simplified as one with a uniform temperature 

(boiling point) (Suo-Anttila et al., 2009). The measured temperature (99℃) at the 

fuel-water interface also validates this simplification, as shown in Fig. 9. As water has 

strong radiative absorption, the heat transfer process can be further simplified as (Garo 
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et al., 1999; Brambilla and Manca, 2009): 

𝜕𝑇

𝜕𝑡
= 𝛼𝑤

𝜕2𝑇

𝜕𝑥2
        (24) 

where 𝛼𝑤 is the thermal diffusivity of water (m
2
/s).  

In the calculations, the temperature of the water surface is considered to be the fuel 

boiling point. The real time temperature distribution in the water layer and the heat loss 

of the fuel layer can be calculated, respectively, as: 

𝑇(𝑥，𝑡)−𝑇𝑠

𝑇0−𝑇𝑠
= 𝑒𝑟𝑓⁡(

𝑥

2√𝛼𝑤𝑡
)      (25) 

𝑞𝑙𝑜𝑠𝑠
′ (𝑡) =

𝑘𝑤(𝑇𝑠−𝑇0)

√𝜋𝛼𝑤𝑡
           (26) 

with the initial condition: 

T(x, 0) =T0        (27) 

In order to verify the accuracy of this method, Fig. 11 shows a comparison of the 

predicted and measured temperatures. There is a good agreement between the 

experimental data and predicted values with a maximum difference of 10.3%.  

 

Fig. 11. Comparison between the experimental temperatures at different times and the 

predicted values for the thermocouple tree positioned 20 cm to the outlet in Test 8. 

Figure 12 shows the schematic diagram of the spread process and the heat loss of the 

fuel layer for a given time (t= t′). 
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Fig. 12. Schematic diagram of the spread process and heat loss distribution for 

burning fuel layer (t= t′). 

In Fig 12, the initial spread radius R(1) was calculated by Eq. (3), and the burning 

rate at the first time step was assumed to be zero. The total heat loss at the time of t′ (R= 

R (t′)) can be calculated as: 

𝑞𝑙𝑜𝑠𝑠
′ (𝑡′) =

∑ 𝑞𝑙𝑜𝑠𝑠(𝑡′−𝑡)
𝑡′
𝑡=1 [𝜋𝑅(𝑡)2−𝜋𝑅(𝑡−1)2]

𝜋𝑅(𝑡′)2
⁡,⁡⁡⁡(𝑡′ > 1𝑠)    (28) 

From the radiative heat feedback from the flame and the heat loss of the fuel layer, 

the coefficient Cδ can be obtained. Combined with Eq. (14), the burning rate at the time 

of t′ can thus be derived. Finally, the total fuel volume used for the spread can be found 

as: 

𝑄𝑒𝑓𝑓 = 𝑄𝑖𝑛 − 𝜋𝜔𝑠𝑝𝑖𝑙𝑙𝑅(𝑡′)
2       (29) 

Note that in the present calculations the variation of some fuel properties, such as 

viscosity, and surface tension, were not considered because the spread was mainly 

controlled by the gravity-inertia regime. Based on Eqs. (2-3, 14 and 28), the maximum 

spread burning area can be estimated, as shown in Fig. 13.  

 

Fig. 13. Comparison of the predicted and measured maximum burning area. 

In Fig. 13, the predictions follow the trends of the experimental data and are also in 

R(2)

R(t′-1)

R(t′)

qloss(1)

qloss(t′-1) qloss(0)qloss(t′-2)

… …

R(1)

Water

Fuel 

2 4 6 8 10 12 14 16
0.0

0.2

0.4

0.6

0.8
  The experimental data

  Predicted values

M
a

x
im

u
m

 b
u

rn
in

g
 a

re
a

 (
m

2
)

Discharge rate (ml/s)

Jo
ur

na
l P

re
-p

ro
of



 

 

quantitative agreement with a maximum difference less than 14.5%. The predicted 

values are slightly lower than the experimental values for some cases, which indicates 

that the radiative heat feedback could be over-predicted. In addition, the fresh supplied 

fuel could also affect the heat transfer process. Both factors would result in a lower 

burning rate and consequently a larger maximum burning area as shown by the 

experiment data. 

4. Conclusion 

This study aims to examine the spread and burning behaviors of continuous spill fires 

on a water surface. A series of large-scale spill fire experiments was performed with 

different fuel discharge rates and ignition delays. The main conclusions are: 

(1) The spread process for the continuous spill can be well predicted using the 

existing spread model by Briscoe and Shaw as: 𝑅 = [
4

3
𝜀 (

1

𝜋
)
1 2⁄

]
1 2⁄

(𝑔′𝑄𝑖𝑛)
1 4⁄ 𝑡3 4⁄ , 

where the spread coefficient ε is found to be 0.23 in this work. Both the maximum and 

quasi-steady burning areas increase with the discharge rate. The quasi-steady burning 

area is independent of the ignition delay whereas the maximum burning area increases 

with increasing ignition delay.  

(2) The burning rate of spill fires at the quasi-steady stage is lower than that of pool 

fires of the same burning area, (from 45 to 62 %). The increased heat loss of the fuel 

layer to the water layer is the primary reason. The heat loss was incorporate into a 

theoretical model for calculating the quasi-steady burning rate of a spill fire.  

(3) For the quasi-steady flame height, the values predicted by the Heskestad’s model 

proposed for pool fires are slightly lower than the experimental data, likely because of 

the presence of the side wall in pool fires. Based on the dimensionless analysis and 

experimental data, a correlation (𝐻 𝐷⁄ = 3.27(⁡𝑄̇∗)0.28) was found for continuous spill 

fires.  

(4) Based on the temperature profiles at different depths in the water layer, a 

simplified one-dimensional conduction model was developed to calculate the heat loss 

of the fuel layer, which was in turn used in estimating the transient burning rate for the 

spread burning phase. Combining the spread model and the burning rate model, the 

maximum burning areas for the spill fires with different discharge rates were predicted 

and validated against the experimental data.  

This study provides a detailed analysis of the spread and burning process for 

continuous spill fires on a water surface. The experimental data (especially the burning 
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rate and the maximum burning area) and the developed correlations and models are not 

only useful in explaining the differences between the burning of spill fires and pool 

fires, but of practical importance in understanding and assessing the risks associated 

with marine transportation of liquid fuels, and the subsequent risk management and 

mitigation (e.g., the use of in-situ burning). 
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