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Abstract 

In order to improve predictions for the burning efficiency and the residue composition of 
in-situ burning of crude oil, the burning mechanism of crude oil was studied in relation to the 
composition of its hydrocarbon mixture, before, during and after the burning. The surface 
temperature, flame height, mass loss rate and residues of three hydrocarbon liquids (n-octane, 
dodecane and hexadecane), two crude oils (DUC and REBCO) and one hydrocarbon liquid 
mixture of the aforementioned hydrocarbon liquids were studied using the Crude Oil 
Flammability Apparatus. The experimental results were compared to the predictions of four 
conceptual models that describe the burning mechanism of multicomponent fuels. Based on the 
comparisons, hydrocarbon liquids were found to be best described by the Equilibrium Flash 
Vaporization model, showing a constant gas composition and gasification rate. The 
multicomponent fuels followed the diffusion-limited gasification model, showing a change in the 
hydrocarbon composition of the fuel and its evaporating gases, as well as a decreasing 
gasification rate, as the burning progressed. This burning mechanism implies that the residue 
composition and burning efficiency mainly depend on the highest achievable oil slick 
temperature. Based on this mechanism, predictions can then be made depending on the 
hydrocarbon composition of the fuel and the measured surface temperature. 
 
Glossary 
BE Burning Efficiency �̇�𝑚 Mass Loss Rate (g/s) 
COFA Crude Oil Flammability Apparatus Pem Peclet Number for Mass Diffusion (-) 
DLG Diffusion-Limited Gasification �̇�𝑄𝑐𝑐 Energy Release Rate from Combustion 

(kW) EFV Equilibrium Flash Vaporization 
FID Flame Ionization Detector �̇�𝑄𝐹𝐹 Energy Release Rate from the Flame to 

the Fuel Surface (kW) GC Gas Chromatography 
HCL Hydrocarbon Liquid �̇�𝑄𝐿𝐿 Energy Release Rate Losses to the 

Water Layer (kW) ISB In-Situ Burning 
PGC Pyrex Glass Cylinder Tb Boiling Point (K) 
D Diameter (m) Ts Surface Temperature (K) 
ΔHc Heat of Combustion (kJ/kg) Ts,i Surface Temperature After the Initial 

Startup Phase of the Burning (K) ID Internal Diameter (m) 
LF Flame Height (m) χ Combustion Efficiency Factor (-) 
Lv Latent Heat of Evaporation (kJ/kg)   
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1 Introduction 

In the Arctic, oil spills pose an upcoming threat to its environment due to the increasing 
amount of marine transportation and oil exploration (AMAP, 2010a). The remoteness and 
extreme climate of Arctic waters make it more difficult for conventional oil spill response 
methods to be deployed effectively (Fitzpatrick, 1985; Nuka Research & Planning Group, 2010). 
A promising response method suitable under these circumstances is the in-situ burning (ISB) of 
the crude oil on the water surface. This technique features simple logistics, can be used in ice-
infested waters and can obtain a high efficiency (Buist et al., 1999; Nordvik, 1995). The 
parameter mostly determining the effectiveness of ISB is the burning efficiency (BE), i.e. the 
amount of oil (in wt. %) that is removed from the water surface during the burning. In order to 
establish whether or not ISB is a favorable response method for Arctic oil spills, it is therefore 
relevant to be able to predict the BE under a wide range of conditions. 

Experimental research has shown a wide spread in BEs which could not be related 
directly to the used variety of oils, burning conditions and pool sizes. Large scale experiments 
that have been conducted on open water (with and without ice) showed the highest BEs, reaching 
up to 99% (Allen, 1990; Brandvik et al., 2010; Fingas et al., 1994; Potter, 2010). Small scale 
experiments with similar crude oils showed much lower BEs as low as 40% (Farmahini Farahani 
et al., 2015; Fritt-Rasmussen and Brandvik, 2011; Fritt-Rasmussen et al., 2012). These results 
seem to suggest that large scale experiments have higher BEs than small scale, which would 
inherently improve the potential of ISB as a response method. However, the main focus of these 
experiments was on the practical aspects of ISB and limited theoretical knowledge on the 
burning mechanism of crude oils that determine the BE has been acquired. If the lower BEs 
observed for smaller scale experiments would be representative for full scale operations, ISB 
might not be an attractive response method for certain oils. As such, a better understanding of the 
burning mechanisms is desirable to allow for the proper interpretation of scaled ISB experiments 
and as a result improve BE predictions. In addition, mechanistic insight can provide information 
on the composition of the residue that is formed during the burning, which also plays a role in 
determining the effectiveness of ISB. 

The main challenge in determining the burning mechanism of crude oils comes from the 
fact that they consist of many hundreds of different hydrocarbons, each with their own specific 
flash point, boiling point, viscosity, etc. (AMAP, 2010b; Fingas, 2011b). It is not well-
understood how each individual compound affects the whole system and what happens with each 
individual compound when a crude oil is ignited. Considering that it is not the liquid oil itself 
that is burning, but rather the gases evaporating from the oil slick, the oil composition can vary 
from the composition of the flammable gases. For a compound inside an oil to evaporate, it must 
be physically near the liquid surface. This means that compounds ‘trapped’ in the bottom of an 
oil slick cannot burn no matter the burning conditions. Hence, it is crucial to understand which 
hydrocarbons contribute to the composition of the flammable gases as a function of time. When 
this is known, it becomes easy to deduce the compounds that will end up forming the residue and 
thus what the BE will be.  

Herein, the goal is to establish a model that describes the gasification process of burning 
crude oil and thus its burning mechanism, based on previous proposed models and experimental 
observations. Over the past decades a number of models have been proposed that described the 
burning of oil mixtures. The next section will give a short overview of the models that can be 
applied to the ISB of crude oils. These models are then compared to a series of experimental 
observations in order to establish a model for the burning mechanism of crude oil. 



1.1 Model Review 
In the latest review on ISB, the Equilibrium Flash Vaporization (EFV) model was 

proposed for the burning mechanism of crude oil (Buist et al., 2013), which has been observed 
earlier by Petty (1983). This model describes the gasification of a multicomponent fuel as being 
of “essentially constant composition” (Petty, 1983) with a constant gasification rate. In other 
words, the many compounds in the fuel behave as one compound with an ‘average’ flashpoint 
and boiling point. Characteristics of this model are that the crude oil should burn with constant 
surface temperature at a constant burning rate, have a temperature gradient in the oil slick and 
allow for lighter components to be present in the residue (Buist et al., 2013; Petty, 1983).  

An alternative to the EFV model was proposed by Buist et al. (1997), based on their 
studies on crude oil residues. Their results showed that crude oil residues had an increased 
concentration of heavy hydrocarbon fractions (boiling point (Tb) >538 °C) and complete removal 
of the light hydrocarbon fractions (Tb <204 °C). The authors suggested that the burning 
proceeded according to an Imperfect EFV mechanism where lighter oil fractions are favored in 
the burning over heavier oil fractions. This implies that the gasification rate and composition is 
still constant, but that its composition differs from the crude oil composition. 

Furthermore, three models have been developed for the combustion of multicomponent 
fuels based on the Peclet number for mass diffusion (Pem), Eq. (1), (Law, 2006). The value of 
Pem determines which of these three models is the most appropriate to describe the gasification 
of the certain fuel (Makino and Law, 1988). While these models have not been developed 
directly for the burning of crude oils, they describe the interaction between a multicomponent 
fuel and its evaporating gases in great detail. 
 

𝑃𝑃𝑃𝑃𝑚𝑚 =  
𝐾𝐾
𝐷𝐷𝑙𝑙

=
gasification rate 

mass diffusion rate
 (1) 

 
For fuels where Pem approaches infinity, most likely due to negligible mass diffusion, 

e.g. in solids, the composition of the fuel is fixed and no internal changes occur during the 
combustion. This means that the fuel is burned layer by layer and hence this model is known as 
the Onion Skin model. For fuels where Pem approaches zero, the fuel can be considered to have a 
uniform distribution of its components, due to its relatively high mass diffusion rate. Hence, the 
gasification of gases on its surface depends only on relative volatility differences of the 
compounds. This model is known as the Batch Distillation model and describes the fuel as being 
burned compound by compound with decreasing volatility (Law, 1976).  

For fuels with a low Pem value (<<1), the gasification is controlled by boundary layers 
(Law, 1978; Wang et al., 1984). At the start of the combustion, the most volatile compound at 
the surface will determine the gasification rate by its volatility, like the batch distillation model. 
When the concentration becomes too low to support this gasification rate, gasification becomes 
controlled by the mass diffusion rate of this compound. Since mass diffusion is much slower, the 
less volatile compounds at the surface will also be able to contribute significantly to the 
gasification rate. Once the fuel becomes so thin that the fuel surface crosses the concentration 
boundary layer, the gasification rate becomes volatility controlled again. This causes a rapid 
depletion of the more volatile compounds and a quick increase in temperature as the less volatile 
compounds start to burn thereafter, until the fuel is fully consumed. For fuels several millimeters 
thick, this means that the majority of the time the evaporating gases have a mixed composition of 
compounds with similar Tb. In this study, we will refer to this model as the diffusion-limited 
gasification (DLG) model. 



Of these five models, the Onion Skin model is very unlikely to describe crude oil 
combustion, considering that crude oils do not show any solid-like behavior. It would require the 
crude oil to have either a near infinite gasification rate or near zero mass diffusion rate, both of 
which are implausible because crude oils consist of both light (high mass diffusion rate) and 
heavy hydrocarbons (low gasification rate). Therefore, the onion skin model is not considered to 
be a valid description of crude oil combustion. 

The remaining four models present plausible, yet very different mechanisms for the 
combustion of crude oils; both the predicted residue compositions and the resulting BE vary for 
each model. As such, the uncertainties in ISB predictions based on any of these models would be 
numerous. In order to determine if one of these models or combination of models can accurately 
predict the gasification process and the related burning mechanism for crude oil, results of a 
series of small scale ISB experiments were compared to the model predictions. In the burning 
experiments of HCLs and crude oils on water, the surface temperature (Ts), mass loss rate (�̇�𝑚), 
flame height (LF) and the residue composition were studied. Based on the comparison between 
experimental and modeled results a conceptual model for the burning mechanism of crude oil 
was established.  
 
2 Materials and Methods 

All experiments were performed in the Crude Oil Flammability Apparatus (COFA), 
following the procedures described in Van Gelderen et al. (2015) and hence only a short 
description of the procedures is given here. For measuring the surface temperature and flame 
height a Pyrex Glass Cylinder (PGC) of 160 mm diameter on an open metal foot was placed in a 
1 x 1 x 0.5 m water basin to contain the oil. The open foot allowed for water to move freely at 
the bottom of the PGC to maintain the level of the oil surface constant for a longer period of 
time. For the mass loss rate, the PGC was placed on an open foot in a 0.3 x 0.3 x 0.4 m metal 
bucket filled with water, which stood on a scale that had a reading interval of 1 g. For all 
experiments, a known amount of oil, corresponding to an initial thickness of 5-40 mm, was 
poured carefully on the water in the PGC. A thermocouple array was then placed in position to 
measure the temperature at the oil surface and at 2, 3, 5, 10, 20, 30, 40, and 50 mm below the 
surface. A camera was used to capture the flame height after the oil was ignited with a butane 
blow torch. After the flame extinguished, the residue was collected with hydrophobic absorption 
pads and weighed. 

To measure the burning parameters, three hydrocarbon liquids (HCLs) (n-octane, 
dodecane and hexadecane), a 1:1:1 volumetric ratio mixture of the HCLs and two crude oils 
(DUC, a North Sea crude and REBCO, a Russian Export Blend crude) were used. Oil 
characteristics of the oils are shown in Table 1. HCL and crude oil experiments were conducted 
with initial slick thicknesses of 10, 20 and 40 mm. Experiments with the HCL mixture were 
conducted with initial slick thicknesses of 15 and 30 mm and the mixture was homogenized 
before it was poured onto the water. Thin initial slick thicknesses (10-15 mm) had less height 
difference in oil surface level, so it was easier to measure the surface temperature, whereas the 
thicker slicks (20-40 mm) provided better results for the flame height and mass loss. 

Gas Chromatography (GC) analysis with a Flame Ionization Detector (FID) was used to 
characterize the crude oil composition of DUC and REBCO and the residue composition of the 
HCL mixture and REBCO. The samples were analyzed on an Agilent 6890 GC-FID equipped 
with a 7683 autosampler and a 30 m ZB5 column (0.25 mm internal diameter (ID) and 0.25 µm 
film thickness). The inlet temperature was 310 °C and 1 µL was injected in split mode (5:1) held 



for 2 min to a liner (4 mm ID) with a fixed plug of glass wool. Hydrogen was used as carrier gas 
with a flow rate of 2.0 mL/min and the detector setup was: a temperature 300 °C, hydrogen flow 
rate 35 mL/min, air flow 350 mL/min and nitrogen makeup flow of 40 mL/min. The initial oven 
temperature (40 °C) was held for 2 min, then increased to 310 °C at a rate of 15 °C/min (held for 
10 min), leading to a total analysis time of 30 min. Peak identification was based on the two 
doubles pattern of heptadecane-pristane and octadecane-phytane (Fingas, 2011a; Stauffer et al., 
2008). 
 
3 Results and Discussion 
 
3.1 Model Predictions 

For each model, a set of qualitative predictions were made for Ts, �̇�𝑚, LF and residue 
compositions of a crude oil burning on water (Figure 1). Although the models lack the numerical 
details that would allow for quantitative predictions, the qualitative results are still useful when 
compared to experimental results. In the EFV model, the constant nature of the gas composition 
and gasification rate results in constant burning parameters. The crude oil burns essentially as if 
it consisted of only one component, i.e. like a HCL. The Ts and LF will likely lie in the range of 
the middle hydrocarbon fraction (Tb of 204-538 °C) (Buist et al., 1997), corresponding to the 
‘averaged’ character of the flammable gases that consist of the full range of hydrocarbons 
present in the crude oil. Residues will more or less show the same composition as the crude oil, 
depending on the exact composition of the evaporating gases.  

The Imperfect EFV model also uses a constant gasification rate and constant gas 
composition, but the composition of the gas is no longer similar to the crude oil composition due 
to its higher concentration of light hydrocarbons. This results in a lower Ts, higher LF and �̇�𝑚 (as 
explained below) and formation of a residue without a light hydrocarbon fraction (Buist et al., 
1997). The presence or absence of lighter hydrocarbons in the residue composition is the main 
parameter to distinguish between the EFV and Imperfect EFV model.  

Both the Batch Distillation and DLG model feature the increased contribution of heavier 
hydrocarbon fractions to the gasification as the burning progresses, which results in more 
dynamic burning parameters. With increasing molecular weight, hydrocarbons generally show an 
increase in Tb and latent heat of evaporation (Lv) and a decrease in the heat of combustion (ΔHc). 
The increasing Tb will directly reflect on the Ts and will show an increase of Ts over time (Figure 
1). The models can be distinguished by the initial value of Ts after the initial startup phase of the 
burning (Ts,i). For the Batch Distillation model, the Ts,i will correspond to that of the hydrocarbon 
with lowest Tb, which is usually around C7 (Tb = 98 °C). The DLG model on the other hand will 
show a higher Ts,i as the evaporating gases are composed of a mixture of several light fraction 
hydrocarbons. 

The respective reduction and increase of ΔHc and LF affect the �̇�𝑚 and LF through a 
number of closely connected equations (Eq. (2), (3), (4) & (5)) (Drysdale, 2011). 
 

�̇�𝑄𝑐𝑐 = χ ∗ �̇�𝑚 ∗ ∆𝐻𝐻𝑐𝑐 (2) 
  

𝐿𝐿𝐹𝐹 = 0.23�̇�𝑄𝑐𝑐
2/5 − 1.02𝐷𝐷 (3) 
  

�̇�𝑚 =
�̇�𝑄𝐹𝐹 − �̇�𝑄𝐿𝐿
𝐿𝐿𝑣𝑣

 (4) 



  
�̇�𝑚 = 0.076�̇�𝑄𝑐𝑐

1/3𝐿𝐿𝐹𝐹
5/3 (5) 

 
Here �̇�𝑄𝑐𝑐 is the energy released in the flame, χ a factor that accounts for incomplete 

combustion, D the diameter of the pool, �̇�𝑄𝐹𝐹 the energy released from the flame to the fuel and �̇�𝑄𝐿𝐿 
the energy release lost through the fuel surface to the water layer. When ΔHc decreases, �̇�𝑄𝑐𝑐 
decreases as well, considering that �̇�𝑚 will not increase spontaneously for less volatile heavy 
hydrocarbons (Eq. (2)). Equation (3) shows that a decrease in �̇�𝑄𝑐𝑐 will lower LF. As a 
consequence, �̇�𝑄𝐹𝐹 and �̇�𝑄𝐿𝐿 cannot make up for the reduction in �̇�𝑚 caused by the increase in Lv and 
�̇�𝑚 will thus decrease as well (Eq. (4)). This reduction in �̇�𝑚 will further reduce �̇�𝑄𝑐𝑐, resulting in a 
feedback loop until a new equilibrium between �̇�𝑚, �̇�𝑄𝑐𝑐 and LF is reached (Eq. (5)). Thus, the 
contribution of heavier hydrocarbons results in a decreasing �̇�𝑚 and LF over time in both models, 
with a somewhat lower starting value for the DLG model due to the contribution of heavier 
hydrocarbons in the evaporating gases. The reduction in �̇�𝑚 and LF will be faster for the Batch 
Distillation model than for the DLG model as the composition of the evaporating gases changes 
more abruptly (Figure 1). 

Regarding the residue composition, the Batch Distillation and DLG models once more 
provide similar predictions. Both models predict the complete removal of the light and most of 
the medium hydrocarbon fraction. The DLG model will show a gradual increase of the heavier 
hydrocarbon fraction, much like the Imperfect EFV model, as the heavier hydrocarbons 
contribute less and less to the gasification. On the other hand, the Batch Distillation model shows 
a more abrupt increase in concentration going rapidly from the last fraction that took part in the 
burning to the fraction that did evaporate at all. Figure 1 gives a visual representation of this 
behavior based on the GC spectrum of REBCO. Note that these spectra do not represent actual 
concentrations, only the relative residue composition for each model. In practice, it will be more 
difficult to discern between the Imperfect EFV, Batch Distillation and DLG model based on the 
residue composition of a crude oil. Still, all three models show a similar pattern: depletion of the 
lighter hydrocarbon fractions and increased concentrations of the heavier fractions.  

As can be seen from Figure 1, the model predictions clearly show the distinction between 
either EFV and Imperfect EFV or Batch Distillation and DLG as model for crude oil combustion. 
Constant values for the Ts, �̇�𝑚 and LF indicate that one of the EFV models is followed, whereas 
dynamic values imply either the Batch Distillation or DLG model. To discern an individual 
model in these subdivisions, the residue composition and surface temperature can be used as 
discussed above.  
 
3.2 Experimental Results 

The results of the Ts measurements for the oil-on-water burning experiments are shown in 
Figure 2. The data shown is up to the point where the surface thermocouple was no longer 
attached to the surface due to thinning of the slick as the burning progresses. Comparison of 
Figure 1 and Figure 2 clearly shows that the EFV predictions match with the HCL data, showing 
nearly constant surface temperatures close to the respective Tb for the HCLs. Hexadecane proved 
very difficult to ignite as it suffered from significant heat losses to the water, which is reflected 
in the scattered Ts data. The Ts of the HCL mixture and crude oils increased steadily as a function 
of time, which matches with the predictions of the Batch Distillation and DLG model. A Ts,i 
around 230 °C was observed for the multicomponent fuels, which indicates that the initial 
evaporating gases also included heavier hydrocarbons than just the lightest hydrocarbons present 



in the fuel (C6-C8 have a Tb of 69-126 °C, see Figure 4 for the hydrocarbon composition of 
REBCO). Therefore, the most accurate predictions for the Ts of multicomponent fuels are made 
by the DLG model. 

Similar correspondence to the model predictions were found for the results of the flame 
height and mass loss rate (Figure 3). The results shown were obtained for initial slick thicknesses 
of 40 mm (n-octane, dodecane, DUC and REBCO), 30 mm (HCL mixture) and 20 mm 
(hexadecane). Each data point represents an averaged value over approximately 2% of the 
burning time. The presented flame height data points represent averages of 10 obtained flame 
height data points (see Van Gelderen et al. (2015)). Mass loss rates were averaged over the same 
time period (30-60 seconds) as the corresponding flame height intervals. The values reported 
here were not corrected for any water mass losses, which have been shown to influence the 
averaged burning rate (Van Gelderen et al., 2015). However, any corrections for water mass 
losses did not alter the observed trends in the data and thus were not taken into account to avoid 
additional uncertainties. 

The HCLs followed the LF predictions of the EFV models reasonably, with only a minor 
decrease in LF over time. This was most likely caused by increasing heat losses to the water as 
the slick becomes thinner, which leads to an increase in �̇�𝑄𝐿𝐿. Semi-constant values were also 
observed for the �̇�𝑚 of n-octane and hexadecane. Scatter in the data is mainly caused by the lower 
amount of mass used, respectively due to a lower density and thinner slick thickness, but the 
general pattern still matched the EFV predictions. Contrary, the increasing �̇�𝑚 of dodecane does 
not match with any of the described models, nor matches with the decreasing LF in conjunction 
with Equations (2) & (3). The phenomenon is possibly caused by some unknown interaction with 
the surrounding water, though as mentioned, adjusting for the water mass losses did not alter the 
increasing trend of �̇�𝑚. No explanation could be found for this increase in �̇�𝑚 in the current data 
and further research was beyond the scope of this study. Overall, the LF and �̇�𝑚 results for the 
HCLs are best described by the EFV models, as expected. 

Contrary to the Ts results (Figure 2), the LF and �̇�𝑚 of the HCL mixture do not show data 
that clearly suggest a certain burning mechanism. For both parameters the HCL mixture data lies 
within the boundaries of its HCL components, portraying a more ‘averaged’ behavior. The LF 
shows a decline from the n-octane region to the hexadecane region, which suggests a Batch 
Distillation or DLG mechanism. However, the �̇�𝑚 slightly increases, likely due to the influence of 
dodecane, though with a different slope, indicating that the other oils were also present in the 
flammable gases, which in turn suggests one of the EFV mechanisms. Regardless of the burning 
mechanism though, the HCL mixture results show that if the individual components in a 
multicomponent fuel do not differ significantly, its combustion behavior is very similar to that of 
HCL. This implies that refined oils like diesel or gasoline could be treated as if they were HCLs 
for combustion purposes. 

The crude oil results for the LF and �̇�𝑚 were in line with the Ts results, again indicating 
that the Batch Distillation and DLG models best describe the burning of crude oil. Both the LF 
and �̇�𝑚 quickly reach a maximum during the start of the burning and decrease steadily over time 
afterwards. Boilover happened for both crude oils at the end of the burning and resulted in an 
increase in LF and �̇�𝑚 (see Arai et al. (1990) and Garo et al. (1994) for more information on 
boilovers). As discussed in section 3.1, this data does not allow for distinguishing between the 
Batch Distillation and DLG model. Nevertheless, the results indicate clearly that the crude oils 
follow a different burning mechanism than the HCLs. 



The GC spectrum of fresh REBCO and a typical REBCO residue are shown in Figure 4. 
Fresh REBCO consists of a considerable amount of light and medium weight hydrocarbons that 
were almost completely absent in the residues. Similar results were found for the GC spectra of 
fresh DUC and DUC residues. Overall, the crude oil residues had very different compositions 
from their respective fresh crudes, being depleted of the light hydrocarbon fraction and the 
majority of the middle hydrocarbon fraction. This trend was also found in previous studies (Buist 
et al., 1997; Fritt-Rasmussen et al., 2013; Garrett et al., 2000). The change in composition from 
fresh crude to residue indicates that the crude oils are either best described by the Imperfect EFV 
model or DLG model. The Batch Distillation model is less appropriate as the residue spectrum 
shows a gradual increase in the concentration of the heavier hydrocarbons, rather than an abrupt 
increase. A Batch Distillation controlled mechanism was also excluded by droplet combustion 
experiments with multicomponent n-alkane droplets, that showed the lightest component was 
present until the last stages of the burning (Randolph et al., 1988; Wang et al., 1984). 

However, such an abrupt increase was very clear in the GC spectrum of the HCL mixture 
residue (Figure 5). No trace of n-octane was detected and only a relative concentration of 0.4% 
of dodecane was left in the residue, with the remaining 99.6% consisting of hexadecane. These 
results are very much in line with the obtained BEs of the individual species (up to 99% for n-
octane, 98% for dodecane and 87% for hexadecane). Combined with the results from Wang et al. 
(1984) and Makino and Law (1988) it is therefore more likely that the residue composition is 
controlled by the relative BEs rather than a Batch Distillation mechanism. Similar to the crude 
oil data the residue composition does not match with the predictions of the EFV model and hence 
is best described by either the Imperfect EFV model or DLG model. 

By combining the experimental results of the surface temperature, flame height, mass 
loss rate and residue composition (Figure 6) it becomes clear that the HCLs were best described 
by the EFV model, as expected. The Ts, LF and �̇�𝑚 remained fairly constant over time, indicating 
that there were no changes in gas composition and gasification rate. Deviations from this trend 
were most likely caused by heat losses to the water and water mass losses.  

The results for the HCL mixture showed more of a mix between several models (Figure 
6), which is likely caused by the close resemblance of the mixture to its individual components. 
The Ts increased like it did for the crude oils and suggested a DLG mechanism, which was 
supported by the decreasing LF, whereas the �̇�𝑚 showed a rather constant behavior, similar to the 
HCLs. The residue formation ruled out an EFV mechanism and considering the crude oil results 
and results from Wang et al. (1984) and Makino and Law (1988), the DLG model likely best 
describes the burning of mixtures with a narrow molecular weight distribution. However, an 
Imperfect EFV model might still predict in good approximation the burning for refined 
hydrocarbon mixtures like gasoline or diesel. 

The crude oils, however, showed a clearly distinct burning mechanism compared to the 
HCLs. The increasing Ts and decreasing LF and �̇�𝑚 all indicated that the gasification rate changed 
over time as a consequence of heavier hydrocarbons contributing more to the gasification. This 
burning mechanism is well reflected in the REBCO residue (Figure 4), which showed a very 
different spectrum from the fresh crude oil. While the depletion of the lighter hydrocarbons in 
the residue spectrum could also indicate an Imperfect EFV mechanism, the other experimental 
results clearly suggested either a Batch Distillation or DLG mechanism (Figure 6). With the Ts 
and residue composition results being best predicted by the DLG model, the burning mechanism 
of crude oils is most likely dominated by diffusion-limited gasification, which indicates that 



crude oils have a Pem << 1. This conclusion is supported by experimental work on the droplet 
combustion of crude oil (Ikegami et al., 2003). 

From a practical point of view, a DLG mechanism means that the crude oil slick needs to 
continuously increase in temperature to maintain the gasification rate at the level required for 
self-sustainable burning. Small scale ISB experiments, compared to larger scales, might simply 
not be capable of reaching the temperatures required for evaporating the heaviest hydrocarbon 
fraction and therefore reach lower BEs, which also affects the residue composition. Without 
proper scaling tools, these experiments then no longer can be used to represent full scale 
operations, even when taking into account the regular restrictions for pool fire correlations 
(Babrauskas, 1983; Hottel, 1958). On the other hand, the DLG burning mechanism is rather 
practical for realistic ISB operations, as the large size will directly contribute to high BEs, 
regardless of the exact crude oil composition. Based on the maximum obtained temperature of 
the oil slick during the burning, combined with the hydrocarbon composition of the oil, 
predictions can then be made regarding the residue composition and BE. For example, the 
highest surface temperature recorded for the burning of REBCO was approximately 460 °C, 
which is close to the Tb of C30. This result matched well with the composition of the residue that 
showed hydrocarbons up to C30 were reduced in concentration relative to the fresh crude oil. 
When the concentrations of the burned components are known, the rough BE can then be 
estimated. 
 
4 Conclusions 

The comparison between model predictions and experimental results for the surface 
temperature, flame height, mass loss rate and residue composition of HCLs and crude oils 
showed that multicomponent fuels burn according to a different burning mechanism than HCLs. 
The burning of HCLs on water showed very constant burning parameters, indicative of a 
constant gas composition and gasification rate, as expected of a fuel with only a single 
component. This type of fuel was best described by the EFV model.  

The burning of the HCL mixture could be described by both the Imperfect EFV model 
and the DLG model. While the DLG model is likely the more accurate model, the close 
resemblance of the individual components allows for a reasonable approximation of the burning 
behavior using the Imperfect EFV model. Due to the narrow range of hydrocarbons in this 
mixture, it might be more representative for refined fuels, like gasoline or diesel, explaining the 
differences observed with the crude oils. 

The changing burning parameters of the crude oils, caused by an increasing molecular 
weight of the evaporating hydrocarbons as the burning progresses, were best described by the 
Batch Distillation and DLG models. The DLG model was more accurate for the surface 
temperature and residue composition, indicating that crude oils burn according to a diffusion-
limited gasification mechanism. This burning mechanism suggests that the residue composition, 
and thus the burning efficiency, is linked to the highest temperature the oil slick can acquire, 
which could explain the observed differences for burning efficiencies between large and small 
scale experiments. Based on the highest obtained surface temperature and the hydrocarbon 
composition of the fuel, predictions can then be made for the residue composition and burning 
efficiency. 
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Table 1. Oil characteristics 
Oil Density at 25 °C 

(g/ml)a 
Boiling point (°C)a Flashpoint (°C)b Viscosity at 25 °C 

(cP)a 

n-Octane 0.699 125-126 13 0.386 
Dodecane 0.745 215-217 71 1.294 
Hexadecane 0.770 287 135 3.036 
DUC 0.853 230+ 7 6.750 
REBCO 0.863 300+ 23 12.400 
 
aMeasured using an Anton Paar SVM 3000 viscometer. bMeasured using a Pensky-Martens Flash Point Tester: PM 
4 (closed cup). 
 

 
Figure 1. Crude oil combustion model predictions for the surface temperature (top left), mass loss rate (top 
right), flame height (bottom left) and residue composition (bottom right). The GC spectrum of REBCO was 
used as a reference for the model predictions. 
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Figure 2. Surface temperatures as a function of time. Hexadecane proved difficult to ignite, hence the high 
temperature at ignition. 
 

 
Figure 3. Flame height (top left) and mass loss rate (bottom left) as a function of time for n-octane, dodecane 
and hexadecane and flame height (top right) and mass loss rate (bottom right) for the HCL mixture, DUC 
and REBCO. 
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Figure 4. GC spectra of fresh REBCO and a REBCO residue. The two doubles pattern of heptadecane-
pristane and octadecane-phytane as well as the peaks representing n-octane, dodecane and hexadecane are 
marked. 
 

 
Figure 5. GC spectrum of a HCL mixture residue. The peaks representing n-octane, dodecane and 
hexadecane are marked. 
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Figure 6. Model allocations for the burning mechanism of HCLs, the HCL mixture and crude oils based on 
four burning parameters. The colored dots represent the best model for a specific burning parameter. 

 


