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Abstract
An experimental study on an n-octane pool fire bound on one side by an ice wall was carried out
to investigate the effects on ice melting by convection within the liquid part of the fuel.
Experiments were conducted in a square glass tray (9.6 cm × 9.6 cm × 5 cm) with a 3 cm thick
ice wall (9.6 cm × 6.5 cm × 3 cm) placed on one side of the tray. The melting front velocity, as
an indicator of the melting rate of the ice, increased from 0.04 cm/min to 1 cm/min. The
measurement of the burning rates and flame heights showed two distinctive behaviors; an
induction period from the initial self-sustained flame to the peak mass loss rate followed by a
steady phase from the peak of mass loss rate until the manual extinguishment. Similarly, the flow
field measurements by a 2-dimensional PIV system indicated the existence of two different flow
regimes. In the moments before ignition of the fuel, coupling of surface tension and buoyancy
forces led to a combined one roll structure in the fuel. After ignition the flow field began
transitioning toward an unstable flow regime (separated) with an increase in number of vortices
around the ice wall. The separated regime started with presence of a multi-roll structure
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separating from a primary horizontal flow on the top driven by Marangoni convection. As the
burning rate/flame height increased the velocity and evolving flow patterns enhanced the melting
rate of the ice wall. Experimentally determined temperature contours, using an array of finely
spaced thermocouples in the liquid fuel, were used to further investigate the two layer
temperature structure; an upper layer (~8 mm thick) with steep temperature gradient in the
vertical direction and a layer of low temperature in deeper regions. A hot zone with thickness of
~3 mm was present below the free surface corresponding to the multi-roll location. The multiroll structure could be the main reason for the transport of the heat received from the flame
toward the ice wall which causes the melting.
Keywords: convective flow, melting, n-octane, pool fire, ice wall.
1. Introduction
The behavior and characteristics of pool fires have been studied for decades, including
convective motions in the liquid. Understanding the controlling mechanisms of the liquid-phase
convection in pool fires have aided fire researchers in explaining ignition and flame spread
problems [1, 2]. When the temperature of the liquid pool is lower than the liquid flash point
temperature, liquid-phase convection becomes a key point for both ignition and flame spread
process [3, 4]. Due to the convection in the liquid phase, the heat required for creating a vapor
concentration equal to the lean-limit concentration for a gaseous fuel-air mixture is removed,
causing a delay in ignition [5-7]. Conversely, flame spread is powered by the convective flows in
the liquid-phase [8]. This flow is mainly governed by surface tension and viscous forces and
slightly by gravity [9, 10]. A fairly recent scaling study on flame spread [11] presented flow
structures and pulsating regimes indicating the magnitude of convection on the bulk and surface
of the liquid fuels.
There is an extensive collection of both theoretical and experimental articles on the subject of
flame spread, as reviewed by Glassman and Dryer [12]. However, few studies have addressed
the transport phenomena in the liquid-phase throughout the burning time of the pool fires [1315]. Furthermore, the effects of convective flow on the walls of the pool were dismissed until a
new practical problem emerged; burning of oil spills in ice-infested regions e.g. burning of
spilled oil in ice cavities or melt-pools. It is shown that removing the spilled oil in ice-infested
regions is promising via in-situ burning [16-18]. This also opens up a new area of research
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related to understanding the influence of ice melting on pool fire burning dynamics, which is the
focus of the current study.
In typical pool fires, bounded with rigid sidewalls, a portion of the heat produced by the flame
transfers to the body of the fuel in deeper areas through the walls and creates upward convective
flows in the liquid adjacent to the wall [19]. When the pool is bounded by walls of ice, the
transport mechanisms are significantly altered [20]. Previous studies on burning of liquid fuels in
ice cavities exhibited a convection-melt phenomenon which is referred as “lateral cavity
formation”. During burning of liquid fuels inside ice cavities [20-22] the burning fuel was
observed to melt the ice and create an ice lip. The ice melting process was found to be more
significant in the regions of the fuel layer contact with the ice versus regions of flame
impingement. The observations made during experiments of a previous study [23] supported
existence of a flow close to the free surface of the fuel. It was hypothesized that the formation of
lateral cavities is due to the convective flows in the liquid fuel layer driven by buoyancy and
surface tension, relating to natural and Marangoni convection, respectively.
The objective of this study is to visualize the flow in the fuel layer using Particle Image
Velocimetry (PIV) technique and to analyze the flow characteristics coupled with the
temperature field. Exploring the extent of convective flows could explain the causes for melting
of the ice and formation of the lateral cavity. Most oil spills happen in large size (pool size of
several meters or larger) and involve multi-component fuels. The insight provided by laboratoryscale experiments on pure liquid fuels along with large scale pool fires in ice are useful to
understand the controlling thermo-physical parameters and effect of the geometry [24]. It is
envisioned that the results of this study can add to the current knowledge on the convectiondriven melting process of ice.

2. Experimental Setup
The experimental setup was developed to observe the melting of the ice and investigate
convective flows within the liquid phase of an n-octane pool fire. A schematic of the
experimental setup is shown in Fig. 1. The custom-made borosilicate glass tray used for the
burning (2 mm wall thickness) was an open top square with outside dimensions of 100 ×
100 mm and a depth of 50 mm. The liquid fuel used herein was n-octane, which has a Prandtl
number well above unity (7.8), density of 703 kg/m3 and a boiling point of 125 °C as the liquid
fuel. Each experiment used a 96 × 60 × 30 mm ice wall placed on one side of the tray as shown
3

with dark color in Fig. 1 (a) and (b). In order to create ice wall free of visual imperfections,
demineralized water was frozen using a directional freezing method, thus preventing the
inclusions of gas bubbles and other impurities. A bracket-shaped holder (shown with dashed line
in Fig. 1) was used to keep the ice wall fixed at the wall of the tray. A base-layer of water with
initial temperature of 0-2 °C was poured into the tray to a depth of 20 mm, followed by an noctane layer that was 15 mm thick and had a temperature of 10-12 °C. The tray was then placed
on a load cell (0.01 g precision) to record mass loss. A camera was placed in front of the test
setup to capture the flame heights during the burning process. A propane torch igniter was used
to ignite the fuel layer after it was poured into the tray.
Preliminary tests with and without the ice wall were repeated three times to ensure the
reproducibility of the results. The burning duration, mass loss, and flame height were
experimentally determined. The flame height was measured by capturing random frames each
four seconds from the videos of the tests. Then, the flame height was measured for each image
via ImageJ [25]. The measured flame heights of each test were averaged to obtain an average
flame height for the duration of the n-octane burning.

Figure 1. Schematic of the experimental setup. (a) side view of the tray showing the water
and fuel layer bound by ice, shaded area corresponds to field of view (b) top view of the
tray with PIV setup. The dimensions are in mm.
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The velocity field on the mid-plane of the liquid fuel perpendicular to the ice wall was obtained
by PIV measurements. The specifications of the PIV equipment used in this study are provided
in Table 1. The liquid fuel in the tray was seeded with 10 μm silver coated hollow glass sphere
particles. The particles specific gravity, relaxation time, and settling velocity were 1.1, 0.11 μs
and 0.27 μm/s, respectively. The shaded area in Fig. 1(a) shows the field of view for the camera.
The location of the laser sheet for the velocity measurements is shown in Fig. 1(b). The camera
was placed perpendicular to the laser that illuminated a thin light sheet in the flow.
Table 1
Details of the PIV equipment used in the current study
Laser

Type

Nd:YAG, NewWave Solo (Neodym–Yttrium–Aluminum–Granat)

Energy/pulses 100 mJ/pulse

CCD camera

Wavelength

532 nm (frequency doubled)

Type

HiSense 12 bit

Resolution

1280 × 1024 pixel (32 × 32 pixel interrogation area with 50%
overlapping)

Particles

Silver coated hollow glass sphere, 10 μm

Software

Flowmanager, Dantec Dynamics

Five thermocouples (K-type, wire and bead diameter of 0.10 mm and 0.25 mm) were also used
to measure the temperature of the fuel in the vertical mid-plane perpendicular to the ice. These
thermocouples were arranged vertically with 5 mm intervals (see Fig 1(a), with detail shown as
solid circles). The ends of the thermocouple wires were parallel to the fuel surface to minimize
conduction loss. The radiation loss was assumed to be negligible due to low temperature in the
liquid phase. The experimental procedure included moving the thermocouple array for each test
in 5 mm increments, creating over the course of the experiments a temperature map of the fuel
20 mm × 60 mm, with a 5 mm resolution (see Fig. 1(a), shaded area representing the temperature
map position). The bracket-shape holder that was used to fix the ice at the side of the tray was
designed to act as a holder for positioning the thermocouple array at designated locations for
each test.
3. Results and Analysis
The geometry change of the ice was monitored with the CCD camera to obtain melting front
velocity. In addition, measurements of mass loss over time as well as the video taken from the
flame were used to evaluate the burning behavior of the n-octane with and without the ice wall in
5

the tray. The results are reported in Section 3.1. Results of the PIV study showing the flow field
within the fuel layer is presented in Section 3.2. Finally, the results of the temperature analyses
are reported in Section 3.3.
3.1. Geometry change due to melting and burning behavior
The experiments started with igniting n-octane over a 20 mm water sub-layer while the ice wall
was placed on one side of the tray. As expected based on observations of the previous studies
[20, 23], the melting of the ice was more significant in the regions of the fuel layer contact with
the ice wall versus regions of flame impingement. Thus, the fuel layer created a void in the ice
which eventually led to the splitting and falling of the top section into the pool. Figure 2 shows
the splitting sequence from the beginning to the end of an experiment. The ice, n-octane and
water are labeled in Fig. 2a.

Figure 2. Melting process of the ice in the tray with ice on the left and n-octane on top of
water layer on right. a) before ignition, b) 130 seconds after ignition, and c) splitting after
195±5 seconds. The ice was made with tap water for better illustration in this figure.
6

Figure 3 shows the intrusion of the fuel layer into the ice (indicated as penetration length “L” in
Fig. 2 b) with respect to time. The slope of the lines indicate the melting front velocity. Three
distinct periods with different values of melting front velocity are identified in Fig. 3. In the
period before ignition, minor melting occurs due to higher ambient and pool temperatures with
the melting front velocity of around 0.04 cm/min. This has an important implication for lateral
cavity formation in arctic oil spill, as the sunlight can potentially contribute in ice melting due to
the high emission absorptivity of crude oils. After igniting the fuel and in the first 50 seconds
(Phase 1), the melting front velocity was measured to be around 0.6 cm/min. In the rest of the
burning time (Phase 2), the melting front velocity was measured 1 cm/min.

Figure 3. Penetration length of the fuel in the ice over the burning time for three
experiments labeled as L1, L2, and L3. The melting front velocity (slope of the curve) is
roughly 0.04 cm/min for the period before ignition, 0.6 cm/min in the first phase, and 1
cm/min in the second phase.
The mass loss rate and flame height from 3 identical experiments are compared and their average
trend is reported. Experiments with similar initial conditions but without the ice wall in the tray
were also performed to compare the burning behavior of the fuel with and without the ice in the
tray. The thickness of the fuel layer was initially at 15 mm (equal to 73 g of n-octane) and
reduced to 11.5 mm (60 g) at the end of the experiment. However, because of the accumulation
of melt-water under the fuel layer, the fuel layer was slightly elevated with respect to the bottom
of the tray at the end (~3 mm). The measurements were stopped after the ice top detached for the
tests with ice wall. The splitting of the ice was used as an end-point to the experiments, and
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occurred consistently after 195±5 seconds. During the ~200 second burn, 13.1 g of n-octane was
consumed in each test with ice present, giving an average burning rate of 0.066 g/s, while tests
performed without the ice wall consumed 16.4 g of n-octane giving an average burning rate of
0.082 g/s. The average burning rate per unit area of the tray was 8.6 g/s.m2 for ice wall tests,
compared to 8.9 g/s.m2 for tests without an ice wall. Because the ice occupied a portion of the
tray and gradually melted away, the average burning rate per unit area of the experiments with
ice was calculated based on an average area (96×80 mm). The reduction in the overall surface
area of the pool in the presence of ice was the main reason for the lower burning rates in the
cases with ice. Figure 4, shows the averaged mass loss rate during the 200 seconds burning of noctane. The experiments with the ice wall present in the tray are shown with dotted line, and the
experiments without the ice wall are presented with dashed line.

Figure 4. Mass loss rate of n-octane over the time for experiments with and without the ice
wall. The case with ice is normalized to account for the reduced burning area of the fuel
due to the presence of the ice.
Phases 1 and 2, as shown in Fig. 3, are also identified in the mass loss rate trends in Fig. 4. In the
tests without the ice wall, the mass loss rate increased with time and reached a maximum value at
around 50 seconds. During this period the ullage distance also increased due to surface
regression. As a result, after a point, the mass loss rate gradually decreased, because an increase
in the ullage decreases the transport of oxygen and heat towards the surface. On the other hand,
the mass loss rate showed only an increasing trend for the case with ice. This is due to the fact
that as the ice melts the water level beneath the pool surface increases and this reduces the ullage
8

distance. As mentioned, one of the reasons for the lower burning rate for the case with ice is the
reduction in the pool surface area. A third curve is added to Fig. 4 (solid line) representing the
normalized mass loss rate of n-octane with ice. This curve is normalized based on the available
surface area of the fuel to burn (the surface area of the tray minus the area occupied by the ice
wall). The normalized curve provides a comparison of the mass loss rate of the two cases without
the influence of geometry (equal surface area for the fuel to burn). As can be seen, the presence
of ice (with the assumption of similar surface area) has minimal effect on the burning rate. The
lower burning rate in the normalized case may be attributed to the fact that n-octane has heat
losses to the ice. Thus, for the same heat flux received from the flame, the case with ice burns at
a slower rate than the case without ice.
Figure 5 shows the results of flame height analysis for the case with and without the ice wall.
The tests with ice show slightly smaller flame height compared to the case without the ice. The
flame heights results for both experiments showed a period of growth within the first 50 seconds
of experiments (Phase 1) before reaching a steady fluctuating phase (Phase 2). The vertical line
in Fig. 5 separates the two phases.

Figure 5. Flame height of n-octane over the time for experiments with and without the ice
wall.
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3.2. Velocity Field
The flame impingement on the fuel surface and the presence of the ice alongside the n-octane
pool created a convective field for the transfer of heat and mass in the fuel layer. The heat
received on the fuel surface increased the free surface temperature to sustain the burning and the
rest was transferred towards heating the liquid portion below the surface and the ice wall. In an
earlier study [23], it was hypothesized that the melting of the ice wall is related to the convective
motions in the liquid phase. In this study the hypothesis was examined through flow
visualization and careful analysis of the flow structure. The buoyant and surface tension forces
can be considered as the driving forces for convection within the liquid-phase of the pool fire
that contributed to the melting of ice and formation of the lateral cavity [26, 27]. The Grashof
and Marangoni numbers corresponding to the convective flow in the fuel layer [28, 29] can be
expressed as
𝜕𝜕𝜕𝜕 𝑔𝑔∆𝑇𝑇𝑣𝑣 𝐻𝐻 3

𝐺𝐺𝐺𝐺 = 𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕

𝑀𝑀𝑀𝑀 = �𝜕𝜕𝜕𝜕 �

𝜗𝜗𝜗𝜗

∆𝑇𝑇ℎ 𝑅𝑅
𝜇𝜇𝜇𝜇

,

(1)

,

(2)

where R is the half-length of the pool, H is the thickness of the fuel, g is the acceleration due to
gravity, and 𝜎𝜎, 𝜌𝜌, μ, ϑ, and α are surface tension, density, dynamic viscosity, kinematic viscosity

and thermal diffusivity of the liquid, respectively. The vertical temperature difference on the
bulk of the liquid can be assumed to be ∆𝑇𝑇𝑣𝑣 and on the horizontal free surface of the liquid as
∆𝑇𝑇ℎ . Table 2 provides the properties of the fuel and the related experimental measurements that

are used to estimate the Grashof and Marangoni number.
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Table 2
Properties and dimensions used to calculate Gr and Ma.
n-octane properties

Vertical

at 20 °C

temp.

(obtained from Aspen

gradient

Regime

∆𝑇𝑇𝑣𝑣

HYSYS®)
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

l temp.
gradient

Liquid

Half

fuel

length

height

of the

𝐻𝐻 3

tray

(°C)*

∆𝑇𝑇ℎ (°C)

(m3)

𝑅𝑅 (m)

4.5

5.2

3×10-6

0.03

45.8

65.6

2×10-6

0.04

109.1

122.2

1×10-6

0.05

0.82

(kg/m3.K)
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
(N/m.K)

Horizonta

Combined (before
ignition)

Grashof
and
Marangoni
number

Gr0 ~ 2.6×105
Ma0 ~ 3.2×105

-9.5 × 10-5

𝜇𝜇 (kg/m.s)

5.46 × 10-4

𝛼𝛼 (m2/s)

8.6 × 10-8

Separated

1

𝜗𝜗 (m2/s)

7.76 × 10-7

(after

Phase

g (m/s2)

9.81

Phase

ignition)

2

Gr1 ~ 1.7×106
Ma1 ~ 5.3×106
Gr2 ~ 2.1×106
Ma2 ~ 1.2×107

* The temperature differences are obtained from the experiments.

After the fuel was poured into the glass tray, when both ∆𝑇𝑇𝑣𝑣 and ∆𝑇𝑇ℎ were low and the
magnitudes of Grashof and Marangoni numbers were comparable (Gr0 ~ 2.6 × 105 and Ma0 ~ 3.2
× 105), the flow field showed one combined convection roll with two distinctive group of vectors
[28]. The first group induced by the Marangoni effect, created a horizontal flow 3-4 mm below
the free surface with a weak return flow for -15 < Y < -4 mm. Figure 6 shows the horizontal
velocity profile of the fuel, obtained from PIV measurements 3 and 8 mm away from the ice
wall. The Marangoni induced flow had a velocity of 3-4 mm/s below the surface as shown in
Fig. 6. The second group of vectors was traveling downward, adjacent to the ice due to the
buoyancy effect. The combination of these two flows is representing a combined convection
regime due to the coupling of thermocapillary and buoyancy forces.
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Figure 6. Horizontal component of velocity (U) over the fuel depth at 3 mm and 8 mm away
from the ice wall obtained from PIV measurements.
The velocity field of the liquid fuel on the vertical mid-plane prependicular to the ice wall was
measured by the PIV system described in section 2. The coupling of thermocapillary and
buoyancy in the combined regime (before ignition), and formation of a large convection roll in
the flow field near the ice wall is shown in Fig. 7. Figure 7 (a) and (b) show the velocity vector
field overlaid on the velocity magnitude map and streamlines of flow with background map of
vorticity magnitude, respectively. The return flow is apparent on the lower left side of the
domain in Fig 7a. The maximum velocity magnitude of 4-5 mm/s was found below the free
surface and near the ice. The streamlines of flow showed a large convective roll covering the
whole domain with vorticity magnitude of less than 2 𝑠𝑠 −1 . The pattern of the flow and the
convective roll formed in the liquid fuel before ignition corroborates the hypothesis that was

proposed in the previous study by the authors [23]. However, the flow measurement after
ignition revealed a more complicated flow field than what was anticipated.
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Figure 7. Flow field of n-octane before ignition a) The vector field with background color
map of velocity magnitude (m/s) b) Streamlines of flow with background color map of
vorticity magnitude (𝑠𝑠 −1 × 10−3 ).

After ignition, impingements of the growing flame on the fuel surface increased the temperature

differences (∆𝑇𝑇𝑣𝑣 and ∆𝑇𝑇ℎ ), and thereby augmenting the Grashof and Marangoni numbers (Gr1 ~

1.7 × 106 and Ma1 ~ 5.3 × 106). An unstable flow regime denoted as separated regime (Table 2)
started due to the increase and dominance of the Marangoni over Grashof number. Phase 1 (the
first ~40 seconds after ignition) began with individual vortices traveling toward the ice and
ended with presence of the multi-roll structure near the fuel surface. During the first phase, a
multi-roll structure began to appear due to separation of buoyant and surface tension forces [30].
The flow field 10 seconds after ignition, as seen in Fig. 8, shows a main counter clockwise
vortex. Figures 8 (a) and (b) show the velocity vector field overlaid on the velocity magnitude
map and streamlines of flow with background map of vorticity magnitude, respectively. As
expected, after ignition the velocity magnitudes increased and more regions of the fuel became
involved in convective flows. The maximum velocity of 8 mm/s was measured to occur below
the fuel surface. As shown in Fig. 8 (b) the counter clockwise rotating vortex was formed in the
upper half and near the fuel surface that moved toward the ice with a vorticity magnitude of
4 𝑠𝑠 −1 . The vorticity color map also shows that most of the rotations occur near the fuel surface.
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Figure 8. Flow field of n-octane 20 seconds after ignition a) The vector field with
background color map of velocity magnitude (m/s) b) Streamlines of flow with background
color map of vorticity magnitude (𝑠𝑠 −1 × 10−3 ).

As the flame heights/burning rate increased, complete separation of buoyant and surface tension
flows initiated the multi-roll structure layer with axes of the rolls parallel to the ice wall (below
the free surface of the fuel and near the ice) [29, 31]. The multi-roll layer separated from the
main flow, with thickness of 3-4 mm, and consisted of many rotating waves with relatively small
radii that were visually observable through the tray walls. In pool fire literature, the multi-roll
layer structure is introduced by the name of inversion layer and is stated to be driven by the
thermal instabilities caused by buoyancy only [15, 32, 33]. However, near the ice wall,
horizontal temperature difference, and consequently surface tension driven instabilities also
seems to play an important role in the formation of the inversion layer.
Figure 9 (a) and (b) show velocity vector field overlaid on the velocity magnitude map and
streamlines of flow with background map of vorticity magnitude, respectively. The flow field
became more complex and showed a significant change in the magnitudes and pattern as the pool
surface was extended into the ice cavity. Still, the downward movement of the liquid near the ice
surface remained intact. The maximum velocity magnitude was expected to be seen below the
surface and near the ice, but the multi-roll structure repelled the seeding particles and made the
14

measurments to be partially insufficient. Thus, the maximum velocity magnitude was recorded
around 16 mm/s in the middle of the pool.

Figure 9. Flow field of n-octane 40 seconds after ignition a) The vector field with
background color map of velocity magnitude (m/s) b) Streamlines of flow with background
color map of vorticity magnitude (𝑠𝑠 −1 × 10−3 ).

The separation of buoyant and surface tension forces in Phase 1 resulted in the appearance of the
single traveling vortex initially and then to the creation of the multi-roll structure. The multi-roll
structure remained intact for the rest of the burning period. When the flame heights/burning rate
reached their maximum in the second phase, both ∆𝑇𝑇𝑣𝑣 and ∆𝑇𝑇ℎ increased significantly, resulting

in Gr2 ~ 2.1 × 106 and Ma2 ~ 1.2 × 107. The term spatiotemporal chaos is used herein to describe
a constantly varying instantaneous velocity field with high velocity magnitudes mainly because
of an increase in the Marangoni number to around 1.2 × 107 in the second phase.
The PIV measurements were rather difficult in the liquid after the onset of the 3-dimensional

unsteady flow during the second phase of the burning. Presence of the ice in the liquid pool
intensified the temperature differences and consequently complicated the system further. The
quality of images that were taken after ignition slowly started to deteriorate. Two major issues
made the PIV measurements less useful after about 40 seconds. Figure 10 (a) shows these issues
from an image that was taken after 50 seconds from the ignition. Labeled areas in Fig. 10 (a)
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show the dark, blurry, and stretched region numbered 1 and 2, respectively. The first issue (label
1) was a dark region without tracer particles which corresponds to the location of the multi-roll
structure. This dark region started to appear near the ice during Phase 1 and was stretched to the
entire pool length by the end of experiments. The centrifugal force acting on the particles in the
multi-roll layer repelled the particles thus a black region was seen in the images [34]. As shown
in Fig. 10 the thickness of this region was greater near the ice which shows the higher intensity
of the rolls near the ice wall. Region 2 depicts the formation of a blurry area in the vicinity of the
ice wall, which may be caused by mixing of hot fuel heated by the flame and cold fuel cooled by
the ice. Region 3 originates because of the high temperature variation and subsequent variation
in the refractive index of the fuel. The scattered light from tracer particles was stretched and
distorted arbitrarily causing high measurement uncertainty. The vector field shown in Fig. 10 (b)
is produced by an image pair of which one is depicted in Fig. 10 (a). While the vector field near
the ice is not representing the actual displacement of the liquid due to the absence of tracer
particles, an instantaneous downward flow in the middle of the pool and below the surface with
high velocity magnitudes is observed. A maximum velocity of around 20 mm/s was observed for
this region, but greater velocities are expected to have occurred closer to the ice.

Figure 10. Deterioration of PIV image qualities after 50 seconds from ignition on top. The
different types of issues are labled by numbers in the top image (9.5 cm length by 4 cm
16

height). The vector field of n-octane layer obtained from the same image with background
color map of velocity magnitude (m/s) on the bottom.
An earlier study by the current authors [24] introduced two major convective flows (natural and
Marangoni convection) as the driving force for convection in a burning fuel layer adjacent to ice.
The two convection mechanisms were also used to demarcate different melting rates that occur
in a lab-scale pool fires in an ice cavity. Herein, the convective flows were examined by
observations with a PIV system and also through Gr and Ma numbers. Also, the convective
regimes (characterized by magnitude of Gr and Ma numbers) that relate to two distinct melting
rates were evaluated herein. The extensions of these results to a larger scale or fuels that are
multi-component require additional information and validation experiments at larger scales (1 to
30 m), as discussed by Emori and Saito [24], and is thus beyond the scope of the current study.
3.3. Temperature Field
As part of this study, the temperature field of the fuel layer was measured by a thermocouple
array as described in Section 2. Contours of temperature within the liquid phase are shown in
Fig. 11 (a-e) (with the ice on the left side). The temperature contours are plotted with linear
interpolation in x and y direction. The thermocouple positioned at the top of the array recorded
the temperature of the gas phase and because melting of the ice caused the fuel layer to rise, it
eventually recorded the temperature of n-octane surface. The elevation of the top surface and
interface of the fuel-water were tracked via the images obtained from the PIV experiments and
are presented in Fig. 11 to detail the fuel layer displacement. Note that the top layer elevates
during time. The red solid line in Fig. 11 shows the interface of the fuel-water. The thermocouple
at the bottom of the array remained in the water layer and recorded the temperature of the water
layer only. The boiling point temperature of n-octane (125 ℃) was assigned to the top layer.
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Figure 11. Temperature (℃) distribution within the liquid phase of n-octane pool fire with
ice wall located on the left side of the fuel (t = 0 s is the moment of ignition). a) before
ignition, b) t = 10 s, c) t = 30 s, d) t = 130 s, e) t = 190 s. The red line shows the fuel-water
interface.
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Figure 11(a) shows the temperature distributions before ignition along the vertical direction of
the fuel layer. Due to the proximity of the ice wall on the left side of the contours, lower
temperatures were recorded in this area. After ignition (Fig. 11 (b-e)), the temperature
distributions showed a two-layer thermal structure within the liquid fuel. The upper layer with a
temperature range of 60 – 125 ℃ had a steep temperature gradient in the vertical direction. This

layer maintained a thickness of approximately 8 mm as the fuel burned. The top section of the
upper layer (hot zone), with temperature range of above 100 ℃ and thickness of about 3 mm,
corresponding to the location of the multi-roll layer greatly contributed in the ice melting
process. In contrast, the lower layer remained relatively cold for the entire length of the
experiments. Also, a gradual decrease of temperature in horizontal direction and toward the ice,
top left side of the Fig 5 (b), was observed which is due to the presence of the ice in the early
stage of burning.
Figure 12 shows the ice shape and the fuel layer location around 160 seconds after ignition of the
fuel. The unstable flow regime and the multi-roll structure in the upper layer of the fuel is clearly
visible in Fig. 12. The structure was experimentally observed to originate near the ice wall and
expand horizontally with the progress in burning. The wavy line in Fig. 12 shows the lower
boundary of the multi-roll layer that was stablished during Phase 2. This implies the presence of
a strong transport mechanism in the upper fuel layer that is responsible for the transfer of heat
(flame feedback) towards the ice wall. In addition, the fuel layer had horizontal parallel
isotherms at the beginning of the burning period (t = 10 and 30 s) indicating a uniform
temperature distribution in Phase 1. Later in the experiments (Phase 2), the isotherms became
wavy, which is most obvious in Fig. 11 (e). The waviness of the isotherms may be attributed to
the presence of the multi-roll and the chaotic state of the flow in the latter stage of the burning.
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Figure 12. The ice wall (yellow line) and location of the fuel layer shown by an image taken
about 160 seconds after ignition. The wavy line below the free surface (enclosed by the red
rectangle) shows the lower boundary of the multi-roll structure.
Conclusions
A previous study showed that the melting of ice near a pool fire was related to the convective
motions within the liquid-phase of the pool fires. In order to examine this hypothesis, a series of
experiments were conducted to understand the thermal and flow field of n-octane burning
adjacent to an ice wall.
Experiment showed that the melting front velocity increase after ignition in two different steps
(phases 1 and 2). Before ignition, a combined flow in the fuel layer was established toward the
ice (with maximum velocity of 4 mm/s) due to coupling of Marangoni convection and buoyancy.
However, after ignition both magnitude and shape of the flow field changed significantly.
Transition from combined one roll structure to multi-roll structure followed by spatiotemporal
chaos occurred due to the increase in the temperature differences caused by flame impingement.
The velocity magnitude increased and reached 16 mm/s in the transition period. At the same
time, the vorticity magnitude increased and most of the fuel layer became involved with
convective currents. The increased velocity in the separated regime (multi-roll structure) could
be the main cause of the melting of the ice. Based on the thermocouple measurements, a two
layer thermal structure; 1) a top layer with steep temperature gradient in the vertical direction
and 2) a low temperature zone was observed in the fuel layer. The ice melting was much more
significant in the upper layer regions of contact where the multi-roll structure was present.
An in-depth analysis of the flow characteristics requires an understanding of the influence of
thermo-physical properties of the liquid during the complex process of convection-driven
melting. Therefore, a parametric study on the convection-melt phenomenon using liquids with
different thermal properties and controlled temperatures could potentially clarify the dominant
parameters on melting.
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