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Abstract 

The effects of convective flows in n-Octane pool fires in an ice cavity were investigated and it 

was found that a new set of parameters to the classical problem of bounded pool fires arises 

under these unique conditions. To systematically understand these parameters, two sets of 

experiments were performed by burning n-Octane in cylindrical shape ice cavities of 5.7 cm 

diameter. The first set of experiments was intended to provide a clear understanding on the 

geometry change of the cavity and displacement of the fuel layer. The results of these 

experiments showed the rate of melting the ice walls were higher in areas the fuel layer was in 

contact with ice compared with places where the flame was present. Because of melting of the 

ice walls a ring shaped void was formed around the perimeter of the cavity. Also, it was found 

that the melting rate was greater in the second half of the burning period. In the second set of 
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experiments, the change in the temperature of the fuel layer was measured by use of multiple 

thermocouples at different locations inside the ice cavity. The results of the temperature analysis 

showed that the lateral temperature gradient of the fuel layer was an increasing function of time 

while vertical temperature gradient was a decreasing function. Using the experimental results, 

two dimensionless numbers (Marangoni and Rayleigh) were calculated that represent surface 

tension driven and buoyancy driven flows in the fuel layer, respectively. The results of this study 

showed two major convective phases. In the first half of the burning time, buoyancy driven flows 

were dominant, while Marangoni convection was dominant in the second half of the burning 

time. The role of these mechanisms in affecting the flow and melting the ice is discussed.  

Keywords: convective flow, octane, pool fire, ice, Arctic 

1. Introduction 

The study of flow within liquid fuels and pool fires in general has been of interest both from fire 

safety concerns and from a scientific point of view. The phenomenology and understanding the 

controlling mechanisms of liquid flow in pool fires have aided fire researchers in recommending 

methods to lessen the risks associated with use of liquid fuels. Liquid-phase convection in pool 

fires was the subject of investigation in the 1955-1980 research period, and particularly two 

topics of interest, ignition and flame spread, were studied extensively and their association with 

the motion in liquid fuels were acknowledged [1, 2]. Specifically, it was shown that the rate of 

flame spread in liquid fuels with an initial temperature below the fuel’s flash point temperature is 

governed by liquid-phase convection [3]. The liquid fuel flow pattern was first documented by 

Burgoyne et. al. [4] during experiments of flame spread over alcohol pools. They attributed the 

motion in the liquid to buoyancy effects. Later, studies revealed that both surface tension and 

buoyancy were the driving forces in the flame spread of the liquids fuels and they predicted the 

surface tension to be dominant [5-7]. It was found that the liquid-phase convection in flame 

spread is driven initially by surface tension (Marangoni or thermo-capillary flow) then by 

buoyancy forces and, to a much lesser degree, by evaporation and thermal expansion [8]. 

However, further studies revealed the significant role of surface tension driven flows during the 

flame spread process [9-11]. Although there has been an extensive work on convective flow in 

the flame spread process, only a few studies have addressed the transport phenomena throughout 

the burning of pool fires [12-14].  
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In a typical pool fire (contained with sidewalls), a portion of the heat produced by the flame 

transfers to the body of liquid fuel in deeper areas through the rim of the pan, and thereby 

creating local convective flows [15]. When the rigid walls of the pan are replaced with walls of 

ice, the transport mechanisms are significantly altered. Such a situation will arise for example 

during clean-up of oil spills in the Arctic using the in-situ burning method [16]. In two previous 

studies on burning of liquid fuels in ice cavities, a phenomenon was observed which is referred 

as “lateral cavity formation”. During burning of liquid fuels in ice cavities [17] and ice channels 

[18] (where the fuel was surrounded by walls of ice) the burning fuel was observed to penetrate 

radially into the ice. The size of the lateral cavity formed on the circumference of the original 

cavity by the fuel layer was found to vary with fuel type, and different geometric configurations 

of ice.  

From a practical point of view there are some disadvantages to these deformations. For example, 

such a deformation will allow a portion of the oil to drift underneath the lateral cavity. This is 

presumed to be a potential factor in reducing the burning efficiencies by preventing the exposure 

of air to the trapped oil. A decrease in the burning efficiency means a larger amount of oil 

residue. In addition, the confined residue in the cavity would be harder to collect and increase the 

cost of the post-burn clean-up during in-situ burning operations. In particular, if the residue stays 

untreated, it could be encapsulated due to freezing of the water in colder seasons and potentially 

remain in the ecosystem for years.  

The hypothesis to explain the formation of lateral cavities is that the penetration in ice is caused 

by flows in the liquid fuel layer. The observations made during experiments of this study 

corroborate existence of a flow close to the free surface of the fuel. The driving forces behind the 

flow in liquid fuel are anticipated to be buoyancy and surface tension, relating to natural and 

Marangoni convection, respectively. However, the relative contribution of each of these 

mechanisms needs to be studied. Therefore, it is required to find out the influence of these 

convective flows within the fuel layer to understand formation of lateral cavities in the ice walls.  

The objectives of this study are to understand the convective motions in the fuel layer (role of 

thermocapillary and natural convection) and to relate these to the lateral cavity formations during 

in-situ burning of liquid fuels in ice cavities. It is envisioned that the results of this study could 

give a solution toward higher efficiency of in-situ burnings in Arctic condition.  
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2. Experimental Procedure  

Figure 1 shows the experimental setup with n-Octane in a 5.7 cm diameter ice cavity. Each 

experiment used an ice block with a circular cavity excavated in its center. The depth (H) and 

initial fuel layer (L) were chosen based on the data obtained from preliminary tests to prevent 

overflow and spillage during burning n-Octane. The ice block was placed on a drip pan on top of 

a load cell (precision of 0.01 g) to record mass loss of the fuel. Then, 30±0.1 g n-Octane was 

added to the cavity (with no water base-layer) and a propane torch igniter was used to ignite the 

fuel layer immediately after n-Octane was poured into the cavity. 

 

Figure 1. Schematic of the experimental setup. The dimensions are in cm with an 

uncertainty of ±0.05 cm for D and ±0.1 cm for H. 

Two sets of experiments were performed to collect data for analysis. In the first set, ten identical 

tests were conducted where the only varying parameter was the burning duration. In the first 

experiment n-Octane was allowed to burn only for 1 minute and then it was extinguished. The 

second experiment was extinguished after 2 minutes and so on. After each test the ice blocks 

were cut in half and a photograph was taken from the cross section. In addition, measurement of 

ice cavity geometry was made by processing the images. These tests were intended to give an 

understanding of the process of geometrical changes of the ice and lateral cavity formation. In 

addition, the free surface of the fuel was tracked visually by the camera which was positioned on 

top of the ice block and the interface of the fuel-water was calculated based on the fuel layer 

thickness at each time stamp. The fuel layer thickness was also calculated based on the diameter 

of cavity and remaining mass of the fuel (Load cell data). In the second set, experiments were 
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conducted with 3 thermocouples (type K, gauge 36, and 0.13 mm diameter protected by ceramic 

tubes with a 1-2 mm exposed junction) placed inside the cavity as shown with solid circles in 

Fig. 1. These tests were repeated 5 times with the thermocouple (TC) array placed at different 

elevations in the cavity to create a temperature map of the liquid fuel within the cavity. A more 

detailed description of the TC implementation is given in Section 3.2. 

3. Results and Analysis 
Measurements of mass loss over time as well as the images taken from the cavity were used to 

measure and analyze the geometry change of the cavity and thickness of the fuel layer. The 

results are reported in Section 3.1. along with a discussion on lateral cavity formation. The 

temperature profile of the fuel layer was obtained by using different arrangements of TCs inside 

the cavity and within the fuel layer. The results of the temperature analyses are reported in 

Section 3.2. A discussion on convective flow within the fuel layer and the effects of the fuel 

layer on melting of the ice follows in Section 3.3.  

3.1. Cavity Change 
The geometry change of the original cavity in ice during combustion of liquid fuels has been 

reported to be an important reason in affecting the burning rate and efficiency of a liquid fuel 

[17]. However, the exact changeover of the cavity into its final shape and formation of lateral 

cavity has not been discussed in earlier studies [17, 18]. In order to provide a detailed 

observation of the geometry change of the ice cavity, 10 experiments with similar initial 

condition were performed as explained in Section 2. Figure 2 shows the change in cavity 

geometry with few of the corresponding dimensions labeled in the figure.  
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Figure 2. Lateral cavity formation in sequential steps from top left in photos of ice blocks 

cut in half after the experiment. The dashed line represents the centerline of the cavity. The 

dimensions are in cm.   

As shown in Fig. 2, at any instance during burning the n-Octane pool, the ice walls of the cavity 

were melting and the diameter of the cavity was constantly increasing. However, it was observed 

that the rate of melting of the ice walls were higher in areas the fuel layer was in contact with ice 

compared with places where the flame was present. The melted ice created a semi-hemisphere 

void inside and around the circumference of the cavity. Thus, a lateral penetration of the fuel 

layer was observed around the perimeter of the original cavity. The final diameter of the cavity 

measured at the location of the fuel layer (D) was 15.8 cm where the diameter at the top surface 

of ice (D`) was 13 cm. This translates into a partial penetration length (defined as 𝐷−𝐷`
2

) of 

roughly 1.4 cm for a 10 minute burning period. Note the total penetration (calculated from 

original position of the ice wall) of the fuel layer was larger (about 5 cm). With this estimation 

the area of the fuel layer would be roughly 30 % larger than the cavity opening area which means 

difficult air entrainment for a portion of the fuel. Thus, the burning rate of the fuel would be 

lower. 

As mentioned, during burning the n-Octane pool, the penetration length into the ice wall was 

observed to be larger wherever the liquid fuel was in contact with ice. Contrary to the intuitive 
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assumption that the flame’s leading edge (temperature range of 1000-1300 °C) can melt the ice 

faster, it became evident that the liquid fuel (temperature range of 80-125 °C) is melting the ice 

at a much faster pace. Melting is an endothermic process and it requires a significant portion of 

the produced heat by combustion of the fuel to be consumed. This suggests existence of a great 

heat transfer coefficient in the liquid phase compared with that of the gas phase [19].  

In burning of the fuels in an ice cavity, a portion of the released heat by the burning of the fuel is 

transferred to the walls thus converting the ice to water. Because of higher density of water 

(compared with that of the fuel) a layer of water forms at the base of ice cavity forcing the fuel 

layer to elevate with respect to the bottom of the cavity [18]. For these experiments, the change 

in the thickness of the fuel layer (because of expansion of the cavity and evaporation of the fuel) 

and position of the fuel layer at each time stamps are shown in Fig. 3.  

 

Figure 3. Elevation of the fuel layer in cavity (free surface and water-fuel interface shown 

in solid and dashed line, respectively). The time in the figure is the time after ignition.  

As illustrated in Fig. 3 the thickness of the fuel layer was initially at 1.8 cm (equal to ~30 g of n-

Octane) and reduced to ~0 at the end of the burning. The evaporation of the liquid fuel because 

of burning and the increase in the diameter of cavity are the two main reasons for the fast 

regression of the fuel layer thickness. It should be noted that in the final stage of burning (last 3 

minutes) the fuel layer accumulated in a ring shape around the perimeter of the cavity. This ring 

shrunk and became slimmer as more fuel evaporated but maintained a 2 mm thickness which is 

required for continuous burning [20]. Because of accumulation of water at the base of the cavity, 
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the fuel layer elevated relative to the volume of the melt water. In a 5.7 cm diameter ice cavity, 

combustion of 30 g n-Octane resulted in melting of 350 g ice. This amount of melted water 

makes a significant increase in a fairly small cavity. However, for large cavity diameters the 

elevation of the fuel layer is expected to be insignificant.  

3.2. Temperature History 
As part of this study, the temperature distribution of the fuel layer was measured by 

thermocouples (TCs). The initial fuel layer was 1.8 cm as shown in Fig. 4. But through 

evaporation and geometry change of the ice cavity it became as thin as about 2 mm during the 

final stage of burning. As shown in Fig. 4, the 2 mm fuel layer remained only near the perimeter 

of the cavity and formed a ring shape slick. The thermocouple array setup is also shown in Fig. 

4. The TC array consisted of 3 parallel ceramic tubes enclosing the TC wires each 1 cm apart 

horizontally. Insulated thermocouple wires were passed through the ceramic tubes for protection 

against flame and liquid fuel. The opening of the tube (immersed in liquid) was also blocked by 

heat resistant cement to prevent fuel from entering into the ceramic tube. Thus, the only exposed 

parts of the TCs were the 1-2 mm Junctions. A holder was used to position the 3 TC beads at 

fixed elevations for each test. A total number of 5 tests were performed with TC array being at 

different elevations (each 1 cm apart) with respect to the bottom of the cavity for test 1 through 

test 5. Thermocouple measurements were used to create a temperature map of the liquid fuel as it 

rose up within the cavity. The corresponding location of TCs for each test is shown in Fig. 4. The 

uncertainty for the location of the TC array was 0.1 cm.    

 

Figure 4. Thermocouple array setup used to obtain the temperature history of the liquid 
fuel.  

The three TCs positioned at different locations along the x-direction (TC1 being at the center of 

cavity and TC3 near the ice wall, as shown in Fig. 4) recorded the temperature of gas phase and 
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because melting of ice caused the fuel layer to rise, it eventually recorded the temperature of n-

Octane surface and that of water. The elevation of the liquid layer caused a sudden drop in the 

temperature recorded by these TCs. This moment was defined as the instant that the TCs 

immerse into the liquid fuel (500-700 °C drop in temperature readings). Considering the boiling 

point of n-Octane is 125℃, the temperature measurements in a 5 seconds period after this 

moment were averaged. This averaged value was assumed to be the instantaneous surface 

temperature of the fuel. As expected, the temperature of the fuel layer free surface measured at 

center line of the cavity had the greatest value compared with the other locations measured. This 

is due the higher input radiation from the flame in the center [21]. Based on the findings of 

Hamins et al. [22], there should be a constant decrease of local heat feedback outward from the 

center and then a rise near the rims because of local heating of the fuel by the heat conducted 

through the rims to the body of the fuel. In a pool fire in ice the component of heat transfer of the 

flame through rims to the body of the fuel does not exist. Still, the temperature readings at 

location of TC3 are higher than that of TC2. The explanation for this difference would be the 

existence of a high local burning rate near the perimeter of the ice cavity [23].      

Using the temperature data, temperature gradient of the fuel layer along vertical and lateral 

directions were obtained. In Fig. 5(a) the horizontal temperature gradient (∆𝑇ℎ) on the fuel 

surface is shown for the distances between the TCs and the ice wall. The assumption was that 

temperature of n-Octane adjacent to the ice wall is similar to that of ice (0 °C). Except for the 

first data point (25 s after ignition) the ∆𝑇ℎ trend shows a monotonic increase. This initial non-

linearity may be due to the effect of ignition by the propane torch. The vertical temperature 

gradient (∆𝑇𝑣) was also specified as the temperature difference between the free surface of the 

fuel and fuel-water interface. Figure 5(b) shows the vertical temperature difference of n-Octane. 

As expected, the ∆𝑇𝑣 of the fuel layer was initially high and plummeted to small values toward 

the end of the burning. The decline in the fuel layer thickness increased the in-depth heat 

transfer, and resulted in higher temperature at the fuel-water interface. 
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(a) 

 

(b) 

Figure 5: Temperature gradient of fuel layer in horizontal (a) and vertical (b) axes.  

3.3. Discussion on convective flows in the liquid fuel 
The melting of the ice alongside the n-Octane pool was assumed to be associated with the 

dynamic heat and mass transfer in the fuel layer. Thus far, the convective flows in the liquid 

phase of pool fires in an ice cavity have not been studied. Therefore, it is important to analyze 
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the convective flows in these situations opposed to the convective flows in the classical bounded 

pool fires problem. In typical pool fires, the convective motion in liquid fuels had been attributed 

mostly to buoyancy driven flows (occurring near the rims of the pan) and to surface tension 

driven flows. Normally, the flow in the liquid fuel is retarded by the convective motion related to 

the Rayleigh number and is enhanced by the convective motion related to the Marangoni 

number. Though, when the liquid fuel is bounded by ice (instead of rigid walls) the mechanisms 

inducing the convective motions alter significantly. In areas closer to the ice a downward flow is 

expected to occur because of severe low temperature of the ice. In addition, because of presence 

of the ice a horizontal temperature gradient exists along the surface of the fuel which produces 

surface tension variation on the surface of the fuel. Surface tension is a decreasing function of 

temperature for most of the liquids at most temperatures. Therefore, for a liquid of non-uniform 

surface temperature, variation of surface tension drives a flow in liquid. This phenomenon is 

known as Marangoni or thermo-capillary convection [24].  

In this study, the temperature of the fuel surface in centerline of the pool is about 125 °C and 

decreases to 0 °C directly at the side of the ice walls. Therefore, a surface tension driven flow 

should arise toward the ice wall outward from the center (Thermo-capillary convection) and 

downward in the liquid adjacent to the wall (Natural convection). The coupling between the 

buoyancy driven and surface tension driven flows creates a significant transport of mass and heat 

which provides the necessary heat to melt the ice. The relative contributions of these 

mechanisms are shown and discussed further in this section. 

In addition, the pattern of flow is of an intriguing nature. The pattern of flow and vortices formed 

in the liquid fuel burning of contained pool fires are reported to include two groups of vortices. A 

main counter rotating vortex in the center of pool (characterized by a larger radii and higher 

velocities) and a vortex closed to the rims of vessel formed due to buoyancy [12, 13]. The exact 

flow pattern of the burning liquid fuel in this study remains unstudied. However, by the 

observations made during this study it is likely to see vortices with large radii near the free 

surface of the fuel. Figure 6 is showing the conceptual paths of the flow for the two cases. These 

vortices are expected to enhance in velocity during the second half of burning where the fuel 

layer has become thin.  
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Figure 6. Conceptual sketch showing the paths of the flow within the fuel layer for a) 

contained pool fires, b) pool fires in ice cavity. 

The observation made during experiments showed soot particles to be traveling on the fuel 

surface away from center toward the ice wall. Figure 7 displays one rather large particle captured 

on camera. This particle traveled a length of 1.5 cm in 1.28 seconds which is equal to traversing 

the final diameter of cavity (~16 cm) about 50 times in the 10 minutes burning period. This 

motion should not be mistaken with surface standing waves which are associated with the gas 

phase pulsation exerting perturbation on liquid surface [22].   
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Figure 7. Movement of a soot particle on the surface of the fuel. The particle travels a 

length of 1.5 cm in 1.28 seconds towards the ice wall. Solid ice, ice cavity, and fuel surface 

from left to right.  

To analyze the proportionality of the driving forces in the liquid fuel, Marangoni and Rayleigh 

numbers have been used as the relevant dimensionless groups for thermocapillary and natural 

convection, respectively [12]. The effect of evaporation on the fluid flow was assumed to be 

negligible so only surface tension and buoyancy have been considered as driving forces for fluid 

motion [10, 11, 25-27]. These dimensionless numbers can be represented as:  

𝑀𝑀 =  𝜎𝑇𝑅∆𝑇ℎ
𝜇𝜇

         (1) 

𝑅𝑀 =  𝛽𝛽𝐿
3 ∆𝑇𝑣
𝜗𝜇

                        (2) 

Where, 𝜎𝑇 = 𝜕𝜎
𝜕𝑇

  is the change of surface tension per °C, R is the radius of the cavity, L is the 

thickness of the fuel, g is the acceleration due to gravity, and 𝛽, 𝜇, 𝜗, and 𝛼 are thermal 

expansion, viscosity, kinematic viscosity and thermal diffusivity of the liquid, respectively. The 

physical properties of the n-Octane were acquired by using a commercial software (Aspen 

HYSYS) and the change of surface tension was calculated for the temperature range of 80-125 
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°C. The dimensions (R and L) and also the temperature differences (∆𝑇ℎ  and ∆𝑇𝑣) were obtained 

experimentally as explained in section 3.1 and 3.2.  

After collecting all the relevant variables, Ma and Ra numbers can be calculated. Figure 8 shows 

the ratio of Ma to Ra calculated for the first 7 minutes of burning. Because of the severe 

reduction of thickness of the fuel layer and ∆𝑇𝑣 during the course of combustion the Rayleigh 

number reduces within orders of magnitude. On the contrary, radius of the cavity and ∆𝑇ℎ are 

increasing function of the time, hence Marangoni number increases by 4 times. Consequently, 

Ma/Ra ratio increases from very small values to unity and larger after about 5-6 minutes. Two 

major convective phases could be assigned to the fuel layer based on this ratio. The first phase 

would be the first 6 minutes of burning where buoyancy driven forces are dominant and the 

second phase occurs during the rest of burning time where Marangoni convection is dominant.  

 

Figure 8. The ratio of Marangoni to Rayleigh number. On the abscissa, 0 indicates the 

ignition time and 10 is the time for extinction of the flame.    

The results of the analysis showed dominance of natural convection in the first half of the 

burning period when the fuel layer was considerably thick (1.8-0.5 cm). However, Marangoni 

convection overcame in the final half of the burning. The corresponding total penetration lengths 

of the fuel layer in ice for the first and second half of the burning were 2.1 and 2.8 cm, 

respectively. Also, the partial penetration lengths for the first and second half of the burning 

were 0.9 and 1.4 cm, respectively. It is agreed that a large amount of the produced heat should be 

transferred to the ice through the fuel layer to melt the ice. In view of that, the heat transfer rate 
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to the ice is obviously higher during the second phase which means the Marangoni convection 

could actually play a bigger role in melting the ice.  

The two driving mechanisms (buoyancy and surface tension variation) inducing the convective 

flow in the liquid were analyzed to understand their contribution to the melting process. Usually, 

pressure, viscous, inertial and surface tension forces are of secondary importance and buoyancy 

alone is the dominating force for flow in liquid. Hence, it is uncommon for Marangoni force, 

under normal gravitational condition and for a macroscopic scale, to overcome the buoyancy 

effect [28, 29]. Yet, because of the particular circumstances involved in burning of a liquid fuel 

adjacent to ice such occurrence is observed.  

Conclusions 
A series of experiments were conducted to develop an understanding on the geometry change of 

an ice cavity during burning of n-Octane. Based on the observations made during the 

experiments it became evident that the fuel layer is capable of melting the ice at a faster pace 

compared with the flame. Thus, a void is shaped in the circumference of the ice wall which is 

called lateral cavity. Temperature measurements of the fuel layer obtained during the burning of 

n-Octane show a temperature gradient both in vertical and horizontal axes. This gradient 

contributed to creating convective motion in the liquid fuel. The driving forces inducing the 

convective motion were assumed to be surface tension and buoyancy. The Marangoni and the 

Rayleigh numbers were calculated as the relevant dimensionless numbers for surface tension and 

buoyancy, respectively. The results of the analysis showed dominance of natural convection in 

the first half of the burning period when the fuel layer is considerably thick (1.8-0.5 cm). 

However, Marangoni convection seems to overcome in the final half of the burning. The 

corresponding total penetration lengths of the fuel layer in ice for the first and second half of the 

burning were 2.1 and 2.8 cm, respectively. A flow visualization study on this subject is required 

to comprehend the pattern of flow and shape of vortices in the liquid fuel.  
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