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a b s t r a c t

Boilover is one of the most destructive tank fire scenarios. A series of experiments were conducted using
eight different depths of oil pans (ranging from internal depths of 4e20 cm) to vary the water layer
thickness and ullage height. The results indicate that the water layer effectively cools the sidewalls,
reduces the burning rate, inhibits the development of hot zones, and delays the onset of boilover in small
and medium-scale experiments. Conversely, the ullage height affects the burning rate, formation of hot
zones, intensity of the boilover, and boilover onset time. Utilizing experimental data and thermodynamic
analysis, both water layer thickness and fuel layer thickness were considered as variables to predict
sidewall temperature at the fuel surface. These results were then introduced into the burning rate
prediction model. A prediction model for the boilover onset time was also developed using the water
layer thickness as a variable, and a thermodynamic analysis revealed the existence of a limit to the effect
of water layer thickness on the boilover onset time. Bubble dynamics was introduced to analyze the
boilover process at the oil-water interface, clarifying that the influence of water layer thickness and
ullage height on boilover intensity primarily lies in factors such as the degree of superheat at the fuel-
water interface. The study's findings hold significant implications for predicting and assessing fire ac-
cidents in storage tanks.
© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Energy serves as the foundation of modern society. Since 1950,
when oil emerged as the primary source of global energy con-
sumption, the proliferation of crude oil storage tanks and reservoirs
has been relentless (Deng et al., 2021; Jing et al., 2023, 2024; Zhao
et al., 2021). For crude oil storage facilities, fire can have a devas-
tating effects (Li et al., 2024). Among various fire accidents, boilover
is recognized as a particularly severe scenario due to its potential
for rapid escalation. Studies on boilover fires can be categorized
into hot zone boilover and thin-layer boilover based on the for-
mation of a hot zone or the initial oil layer thickness, most tank
y Elsevier B.V. on behalf of KeAi Co
boil-over fires are hot zone boilover. Hot zone boilover involves the
expulsion of water from the storage tank, accompanied by a sub-
stantial volume of oil. This sudden release causes a rapid expansion
of flames, leading to a dramatic surge in heat radiation. The
resulting ignition can potentially ignite adjacent tanks, increasing
the scale of the incident (Shaluf and Abdullah, 2011). Over the years,
a series of boilover accidents from Whiting, Indiana in 1955
(Ahmadi et al., 2019), to Cangzhou, China in 2021, serves as a
somber testament to the gravity of this phenomenon. Therefore, it
is necessary to conduct research on the phenomenon of hot zone
boilover.

Studies on boilover have been conducted for decades, with Hall
(1925) being one of the first to describe the phenomenon. During
the combustion of wide boiling range oil, a region of constant
temperature known as the hot zone forms inside the oil. The hot
zone continuously expands downwards during the combustion
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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Table 1
The characteristics of Jidong crude oil.

Water content Viscosity Density Melting point Sulfur content

0.26% 32.29 mPa s 0.876 g/cm3 28 �C 0.212
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process until it reaches the bottom and heats the water, leading to
an explosive phase change. The formation and expansion of the hot
zone are crucial factors contributing to boilover (Koseki et al.,
2006). Burgoyne (1947), Hasegawa (1989), Koseki et al. (1991,
2006), conducted experiments using tanks of different sizes and
found that the continuous cycle of light components rising and
heavy components sinking with heat during combustion is a sig-
nificant reason for the continuous formation and expansion of the
hot zone. Broeckmann and Schecker (1995) investigated fuel types
and thicknesses, finding that bubble generation from lighter
component fuels at the hot-cold interface induces strong convec-
tion, resulting in a constant temperature and component in the hot
zone. Similarly, Tseng et al. (2020) and Wan Kamarudin and Buang
(2016) also identified the role of bubble generation in hot zone
development. However, Blinov and Khudyakov (1961) conducted
small and medium scale experiments suggesting that hot zone
growth occurs through heat transfer via the tank wall, and boilover
only transpires upon reaching the nucleation boiling temperature.
Nakakuki (1997), while cooling the tank with water during the
study, observed the hot zone shrinking until it disappears, noting
that an increases in tank wall thickness accelerates thermal
dissemination. Arai et al. (1990) proposed that significant radiation
from the flame heating the fuel layer contributes to hot zone for-
mation. Persson and L€onnermark (2004) conducted experiments
and analyses and suggested that three conditions are necessary for
boilover to occur: water in the oil, the ability to form a hot zone, and
a certain viscosity of the oil.

In addition to the mechanisms of boilover occurrence and hot
zone formation and expansion, there has been a significant body of
research focused on the combustion process and boilover charac-
teristics. Traditional parameters of pool fire research, such as
burning rate, flame height, and radiant heat flow, have also been
studied in the context of boilover (Chen and Wei, 2014; Kong et al.,
2021). Kong's (Kong et al., 2017) small-scale experiments further
classified the process into four stages: development, steady-state
combustion, boilover, and decay based on the mass burning rate.
Boilover characteristics, such as the rapid increase in flame height,
oil spattering, and formation of hot zones, have been extensively
studied. Researchers have identified and studied parameters such as
boilover intensity, heat wave transfer rate, and spattering range
(Ferrero et al., 2007a, b; Garo et al., 1999, 2006; Inamura et al., 1992).

Numerous studies have investigated the mechanism of boilover
and explored various parameters affecting its occurrence. For
instance, Ping et al. (2018) examined the flame geometry charac-
teristics of boilover under lateral airflow, Ferrero et al. (2007a, b)
studied the effect of pool diameter on boilover, and Garo et al.
(1996) studied the effect of fuel boiling point in boilover. Tseng
et al. (2020) demonstrated the significance of bubble motion at
the hot-cold interface in the formation and expansion of the hot
zone by introducing a metal grid to increase nucleation points
within the fuel layer.

Although significant research has been conducted on the mech-
anism of boilover, the formation and distribution of hot zones, and
the influence of various factors on boilover, little attention has been
paid to the thickness of the water layer and the ullage height. The
water layer, one of the fundamental components of boilover,
significantly influences both the onset of this phenomenon and the
formation of hot zones. Moreover, the thickness of the water layer
plays a pivotal role in the design of small- and medium-scale ex-
periments and the prediction of real-world boilover incidents.
Additionally, ullage height governs limitations on air entrainment
and heat transfer from the flame to the fuel surface (Liu et al., 2021;
Zhao et al., 2022, 2023), ultimately affecting boilover splatter
behavior.

In the present study, a series of small-scale experiments were
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conducted to investigate the effects of water layer thickness and
ullage height on boilover. Predictive models were established for
burning rates and boilover onset times based on heat transfer
theory. By examining the key factors affecting boilover intensity,
this research aims to provide valuable insights for both predicting
and understanding actual boilover incidents. The findings from this
study could serve as useful technical references in the field of
boilover safety.
2. Experimental setup and models

2.1. Experimental setup

To mitigate potential effects of ambient winds, all experiments
were conducted indoors in a hall, with doors and windows kept
closed but not sealed during the experiments. The ambient tem-
perature during the experiments was 15 3 �C, with the humidity at
approximately 25% 10%. The oil utilized in this experiment was
crude oil from the Jidong Oil Field, and the relevant parameters of
the crude oil are presented in Table 1. Prior to the experiment, the
oil was heated in a constant temperature water bath, with an initial
oil temperature of 50 �C.

As depicted in Fig. 1, the schematic diagram illustrates the
experimental setup. Since most of the accidental tanks are low
liquid level and high ullage height situations, eight customized
round oil pans made of Q-235 stainless steel were used in the ex-
periments. Each pan has an inner diameter of 10 cm, a sidewall
thickness of 3 mm, and a bottom thickness of 3 mm. The internal
depths of these pans are 4, 5, 6, 8, 10, 12, 16, and 20 cm. Positioned
along the pool axis were nine K-type thermocouples (T1-T9) to
monitor temperature changes in the fuel and water layers during
combustion. The arrangement of the thermocouples is illustrated in
Fig. 2, with a 1 cm interval between T2 and T3 and a 0.5 cm interval
between the remaining thermocouples. These thermocouples, with
a diameter of 1 mm, facilitated sampling at a rate of twice per
second. An electronic balance, with a maximum load of 40 kg and
an accuracy of 0.1 g, was utilized to measure oil mass variations
during the experiment. Positioned beneath the oil pan, a fire barrier
shielded the balance from heat and spatter products generated
during combustion. Furthermore, a 30-frame camera was strate-
gically placed within the room to capture and record changes in the
flame pattern as well as changes in the audio signal.

The objective of this study is to investigate the influence of
water layer thickness and ullage height on boilover. Therefore, the
primary variables of interest in this investigation are water layer
thickness and ullage height. To gain deeper insights into the impact
of water layer thickness (Hw) on boilover, combustion tests were
conducted without a water layer, utilizing two different initial fuel
layer thicknesses (H0). Throughout all experiments, the pool
diameter remained constant. The specific experimental conditions
are depicted in Table 2.

In specific scenarios, particular attention was given to two
conditions: (1) in the absence of a water layer, where the T1 ther-
mocouple was positioned 5 mm above the bottom of the oil pan,
and (2) when the water layer had a thickness of 1 cm, where the T2
thermocouple was situated at the oil-water interface. For all other
working conditions, the T3 thermocouple was placed at the oil-
water interface.



Fig. 1. Schematic of experimental setup.

Fig. 2. Schematic representation of the thermocouple tree and the thermocouple employed for temperature measurement.

Table 2
The specific experimental conditions of boilover.

Initial fuel thickness, cm Pool diameter, cm Ullage
height, cm

Water layer
thickness, cm

3 10 1 0, 1, 2, 4, 6, 8
5 10 1 0, 2, 4, 6, 8, 10, 14
5 10 1, 3, 5, 9, 13 2
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2.2. Heat transfer models

To gain a better understanding of the combustion behavior
specific to the phenomenon of boilover, the primary heat transfer
mechanics of the combustion process are analyzed, as illustrated in
Fig. 3, primarily adapted from Nakakuki's study (Nakakuki, 1997).
As depicted in Fig. 3, along the y-axis direction, the interior of the
entire oil pan can be divided into four parts: the boiling layer, hot
zone, cold zone and water layer.

In general, the mass burning rate essentially represents the
gasification rate. The burning rate of a pool fire is determined by the
energy required to evaporate the fuel versus the net heat flux
transferred to the fuel surface, as shown in Eq. (1):
4407
_m
00 ¼ _q

00
f � _q

00
l

Lv þ
ð
Cpdt

¼ _q
00
f � _q

00
l

DHg
(1)

In Eq. (1), the parameters _q
00
f and _q

00
l represent the heat input to

the fuel surface and the heat loss from the fuel, respectively. The
term " DHg ¼ Lv þ

R
Cpdt" denotes the heat required for fuel gasi-

fication, while Lv signifies the energy needed for fuel evaporation.
Additionally, Cp represents the sensible energy required to raise the
fuel temperature from its initial state to the temperature at which it
evaporates. Futhermore, Fig. 3 illustrates a schematic diagram of
the heat transfer inside the liquid and at the tankwall, which can be
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Fig. 3. Schematic representation of the primary heat transfer mechanics for the fuel
and the sidewall.

Fig. 4. Temporal evolution of burning rate and mass for a set of typical operating
conditions (H0 ¼ 3 cm, Hw ¼ 5 cm).
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combined with Eq. (1) to obtain a more refined heat balance
extrapolation:

_m
00
DHg ¼ Qrad;f�l þ Qcond;s�lb þ Qconv;g�l � Qloss;l � Qref ;l (2)

In Eq. (2), the left side of the equation represents the heat
absorbed by the surface of the liquid, Qrad;f�l is the radiation heat
from the flame, Qcond;s�lb is the conduction heat from the walls of
the tank, Qconv;g�l is the convection heat from the evaporating
gases, Qref ;l is the heat reflected from the surface of the liquid, Qloss;l

is the heat loss from the surface of the fuel to the deeper layers of
the fuel.

The radiative heat from the flame to the fuel surface is given by
Chatris et al. (2001), Ditch et al. (2013), Karataş et al. (2013):

Qrad;f�l ¼ sF
�
Tf

4 � Tl
4
�
½1� expð � kDÞ � (3)

where s corresponds to the Stefan-Boltzmann constant, F repre-
sents the geometric coefficient of the liquid relative to the flame, Tf
denotes the flame temperature, while Tl represents the fuel surface
temperature, and k is the extinction coefficient, D denotes the pool
diameter.

The conductive heat feedback from the tank wall to the fuel
surface is given as Vali et al. (2015):

Qcond;s�l ¼ pDLhcdðTs � TlÞ (4)

where L is the length of the boiling layer (Vali et al., 2015; Zhao
et al., 2018), hcd is the conduction coefficient, Ts corresponds to
the temperature of the side wall at the fuel surface.

The convective heat feedback between the fuel vapor and the
fuel surface can be obtained through the stagnant layer theory and
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is expressed as follows (Quintiere, 2006; Vali et al., 2014):

Qconv;g�l ¼ Ahcv

�
lnð1þ BÞ

B

��
Tg � Tl

�
(5)

where hcv is the convection coefficient, B is the Spalding number, Tg
is the temperature of the fuel vapor.

As depicted in Fig. 3, in addition to heat transfer for the fuel
surface, heat transfer for the sidewalls and the internal liquid also
occurs underneath. Qcv;l�s represents the heat transfer in the hot
zone from the hot zone to the sidewalls during combustion with a
water layer, Qcd;s�lc represents the heat transfer in the cold zone
from the sidewalls to the cold zone, and Qcd;s�w represents the heat
transfer in the water layer from the sidewalls to the water layer. It's
essential to emphasize that when the hot zone extends to the oil-
water interface, the sidewall temperature is lower than the tem-
perature at the oil-water interface.

Where Eq. (2) will be utilized to analyze and discuss changes in
burning rate, variations in Qcv;l�s, Qcd;s�lc and Qcd;s�w have a
notable impact on alterations in the internal temperature of the
fuel during the combustion process. Further elaboration on these
effects will be provided later in the discussion.
3. Results and analysis

3.1. Mass burning rate

The mass burning rate plays a pivotal role in the combustion
process, representing the rate of evaporation from the fuel surface.
It serves as a defining factor for both pool fire characteristics and
boilover characteristics. Direct measurement of the burning rate is
hindered by the presence of the flame. In this experiment, an
electronic balance was employed to measure mass changes, and a
previously established conversion factor was used to convert the
mass loss rate into the mass burning rate. The change in mass
burning rate during the combustion process can be categorized into
four stages (Chen et al., 2023; Kong et al., 2017): (1) Growth stage,
(2) Quasi-steady stage, (3) Boilover stage, and (4) Decay stage. As
illustrated in Fig. 4, the evolution of mass and mass burning rate
under typical operating conditions is depicted.

As shown in Figs. 4 and 5, during the boilover stage there is a
sharp increase in flame height along with a surge in mass burning
rate. This surge can be attributed to the expulsion of oil droplets

mailto:Image of Fig. 3|eps
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Fig. 6. Steady burning rate comparison of the different water layer thicknesses for
different initial fuel layer thicknesses.
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caused by the presence of water. It is worth noting that, according
to Ferro et al.'s (Ferrero et al., 2006) study, the evaporation of water
is negligible compared to the amount of oil droplets expelled.
However, in this process, the expelled oil droplets are considered as
consumed by combustion, resulting in a certain discrepancy be-
tween the calculated and actual mass burning rates.

Hottel (1959) conducted research on the enthalpy balance and
the scale of the fuel surface, providing a semi-quantitative analysis
of heat transfer from the fuel surface, this analysis suggests that the

term " _q
00
l " in Eq. (1) can be approximated to zero. The mass burning

rate is primarily influenced by the scale effect, particularly in the
mesoscale range (0.03 m < D < 1.0 m), where the radiation term
plays a significant role, as shown in Eq. (6) (Drysdale, 2011):

_m
00
z

sF
�
Tf

4 � Tl
4
�

DHg
½1� expð � kDÞ � ¼ _m

00
max½1� expð � kDÞ �

(6)

As depicted in Fig. 6, the variation in burning rate during the
quasi-steady state period for different water layer thicknesses is
apparent. There's a substantial reduction in burning rate with
increasing water layer thickness, considering it as the sole variable.
This experimental finding deviates from Hottel's semi-quantitative
analysis.

Through the thermodynamic analysis combined with Eqs.
(1)e(5), it can be found that variations in burning rate are primarily
governed by the heat balance of the fuel surface. The boiling point
of the fuel and the flame temperature in both radiation and con-
vection terms are inherent to the fuel composition, which means
that the radiation term and the convection term are almost unaf-
fected by the thickness of the water layer. Consequently, the change
of the thickness of the water layer is mainly related to the heat
conduction term. Furthermore, sidewall temperatures were
measured throughout the experiment. Along the y-axis direction as
depicted in Fig. 3, we observed a negative correlation between
sidewall temperature and its distance from the fuel surface, the
sidewall temperature decreased with increasing water layer
thickness (HW). Hence, we conclude that the water layer provides a
cooling effect on the sidewalls, illustrated as Qcd;s�w in Fig. 3. This
cooling effect becomes more pronounced with a thicker water
Fig. 5. Evolution of the flame during the b
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layer. It's worth noting that the influence of the cooling effect on the
burning rate is also affected by the initial fuel layer thickness (H0),
which can be explained by heat transfer. H0 represents the distance
from the fuel surface to the water layer, and the larger H0 is, the
smaller the effect on Ts.

In particular, it should be emphasized that there is a limit to the
water cooling effect on Ts. When thewater layer thickness exceeds a
certain value, Tswill reach aminimum temperature, which does not
change further, and theminimumvalue of Ts is positively correlated
with H0. Therefore, the connection between Ts, H0, and HW is
established by fitting, and the results are shown in Fig. 7 and Eq. (7)
and Eq. (8):

Ts ¼ 45:57 expð � HW=3Þ þ 349:6 (7)

Ts ¼ 45:57 expð � HW=5Þ þ 353:94 (8)

If the fitted equations are incorporated into Eqs. (2)e(6), we
oilover fire (H0 ¼ 5 cm, Hw ¼ 2 cm).

mailto:Image of Fig. 5|eps
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Fig. 7. Comparison of the Ts of the fuel surface for different water layer thicknesses and
different initial fuel layer thicknesses, along with the fitting of Eq. (7) and Eq. (8). Fig. 8. Comparison of steady burning rates for different ullage heights.
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derived prediction equations for the mass burning rate during the
quasi-steady state period with water thickness as a determining
factor, as presented in the following Eq. (9):

_m
00
z

sF
�
Tf

4�Tl
4
�

DHg
½1�expð�kDÞ�þALhcdðTs�TlÞ

DHg
¼

_m
00
max½1�expð�kDÞ�þALhcd

DHg

�
45:57expð�HW=H0ÞþTs;min�Tl

	

(9)

where HW represents the water layer thickness, H0 represents the
initial fuel layer thickness, and Ts;min represents theminimumvalue
of the sidewall temperature at the fuel surface location as the water
layer thickness approaches its limit. It's important to highlight that
the analysis above is based on small-scale boilover fire experi-
ments. In larger-scale fire scenarios, thermal radiation becomes the
primary heat transfer mechanism, and the decrease in conduction
heat induced by water-cooling effect may have a negligible effect
on the burning rate.

As depicted in Fig. 8, a comparison of burning rates at varying
ullage heights reveals a clear trend: as the ullage height increases,
the burning rate initially rises and subsequently declines. An
experiment with an ullage height of 13 cm was conducted in this
study, however, it's important to highlight that the flame self-
extinguished within a few seconds from the experiment's
commencement. As shown in Fig. 4, altering the ullage height re-
sults in an expanded heating surface for both radiation and con-
vection along the tank wall. This, in turn, elevates the sidewall
temperature, consequently reflecting an increase in the burning
rate. However, as the ullage height continues to rise, it becomes
increasingly susceptible to the influence of air entrainment, as
observed in the experimental data presented in Fig. 8, leading to a
decrease in the rate of combustion until self-extinguishing.
3.2. Temperature variation within fuel

During combustion, wide-boiling range oils such as crude oil
and diesel oil develop an isothermal layer beneath the fuel surface,
commonly referred to as the "hot zone", as depicted in Fig. 9. As
combustion progresses, the temperature within this zone steadily
rises, consistent with findings from prior research (Hasegawa,
4410
1989; Koseki, 1993; Koseki et al., 1991).
The temperature of the hot zone, a critical aspect, is largely

governed by the oil type, consistent with the principles outlined in
(Nakakuki, 1997). Distinct variations exist in the hot zone temper-
ature across different oil types. In our study, employing Jidong
crude oil, the initial hot zone temperature registers at 170±5 �C
during the zone's inception. As time elapses, the temperature es-
calates, eventually reaching 200±5 �C.

In this study, we have identified a phenomenon that deviates
from the conventional formation of a thermal zone. As illustrated in
Fig. 9, this phenomenon involves the stratification of the thermal
zone. Specifically, the thermocouple reaches a stable temperature
after a certain period, displaying minimal fluctuations over time.
However, intriguingly, a discernible temperature gradient forms
along the axial direction. Notably, the temperaturewithin thewater
layer (located closer to the axis) registers lower than the typical
temperature of the thermal zone. This observation adds a new layer
of complexity to our understanding of hot zone formation.

In Fig. 10(a), with a 1 cm water layer, a conventional hot zone
forms near the fuel surface until boilover occurs. However, in
Fig. 10(b), an initial hot zone is established, but delamination sets in
after approximately 1000 s of combustion. As depicted in
Fig. 10(c)e(e), a standard hot zone fails to develop throughout the
combustion process.

Furthermore, it's important to highlight that the presence of this
temperature gradient differs from the distribution of fuel within
individual combustion instances. While a solitary combustion
event follows an exponential fuel distribution pattern, the tem-
perature distribution observed in the experiment portrays a linear
configuration. Refer to Fig. 11 for a visual representation of this
scenario.

In Fig. 11, Tb denotes boiling point of fuel, Thz represents hot zone
temperature, and T0 signifies ambient temperature. Hasegawa
(1989) and Boreckman and Schecker's (1995) theory posits that
the genesis and evolution of the hot zone emanate from discrep-
ancies in boiling points among oil components. Components with
lower boiling points generate bubbles upon reaching their boiling
points, precipitating abrupt volume fluctuations, trigger the ascent
of bubbles. This oscillatory behavior, observed prior to thermo-
couples entering the hot zone (as seen in Figs. 9 and 10). Subse-
quently, these bubbles give rise to vigorous convection currents
that homogenize the hot oil zone's temperature and components.

mailto:Image of Fig. 7|tif
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Fig. 9. A typical set of internal fuel temperature variations and hot zone formation in
the absence of a water layer.
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This convection-driven process underpins the hot zone's formation
and expansion. However, this theory inadequately explains the
emergence of non-standard hot zones with stratified layers dis-
playing conspicuous temperature gradients, as previously noted.

Nakakuki (1997) investigated heat transfer within small and
medium-scale liquid fires with hot zone formation, utilizing con-
tainers varying in material and wall thickness. The study revealed
distinct hot zone formation and burning rates influenced by
differing thermal conductivities of containers. Similarly, in one of
Blinov and Khudyakov's (1961) reports, water cooling of a burner
with a forming hot zone led to a gradual reduction in the hot zone
until its disappearance.

Previous studies have explored the impact of sidewalls on hot
zone formation and development. When analyzed alongside Fig. 3,
it becomes apparent that the earlier-mentioned water-cooling ef-
fect is responsible for this phenomenon. An increase in the water
layer's thickness intensifies the water-cooling effect, resulting in a
reduction of sidewall temperature. This decrease in sidewall tem-
perature causes the heat from the hot zone not only to propagate
downward but also to transfer to the sidewall.

During this study, temperature measurements were taken at
horizontal positions corresponding to one-half of the distance from
the axial line and close to the tankwall, using T5 thermocouple. The
results of these measurements reveal a gradual temperature
decrease from the axial line towards the outer edge.

Hence, the formation of the non-standard hot zone in Fig. 9 can
be attributed to a combination of axial convection and radial heat
transfer. Axial convection plays a pivotal role in maintaining tem-
perature stability over an extended duration and drives the
downward expansion of the hot zone. Simultaneously, radial heat
transfer results in lower edge temperatures compared to the center,
ultimately giving rise to the non-standard hot zone.

The hot zone also exhibits some degree of change under the
influence of the ullage height factor, as evidenced by an increase in
the maximum temperature of the hot zone, which aligns with the
previous analysis.
3.3. Boilover onset time

Boilover occurs when energy accumulates at the bottom of the
oil product, leading to the formation of bubbles upon continuous
4411
heating. These bubbles rupture during their ascent, causing oil
droplets to splatter. This process generates distinctive noise, which,
according to the research by Hua et al. (1998), can serve as an in-
dicator of boilover.

As depicted in Fig. 12, changes in the acoustic spectrum occur
before and during boilover. It's evident that boilover commences
around the 2400 s mark. In addition to using audio signals to
identify boilover, one can also observe an instantaneous increase in
burning rate (as seen in Fig. 4) or a sudden surge in flame height.
Nevertheless, employing audio signal analysis stands out as a
simpler and more accurate method for detection (Hua et al., 1998).

As illustrated in Fig. 13, variations in boilover onset time are
observed across different water layer thicknesses and initial fuel
layer thicknesses. When analyzing the impact of water layer
thickness as the primary variable, a discernible trend emerges:
with increasing water layer thickness, there is a delay in the
occurrence of boilover until it approaches a limiting value. This
suggests that there is a maximum effect of water layer thickness on
boilover onset time. This relationship can be precisely expressed
through the following Eq. (10):

tb ¼ tb;max½1� expð � hwÞ � (10)

Where tb is the boilover onset time, tb;max is the limit value of
the boilover onset time when the thickness of the water layer is
used as a single variable, hw is the thickness of the water layer, and
as per Eq. (10), the limit value of the boilover onset time is 1347 s for
an initial fuel layer thickness of 3 cm. Fig. 13 highlights a significant
trend: as the initial fuel layer thickness increases, the boilover onset
time also increases. This observation aligns with Ferro's findings,
which indicate a linear relationship between boiling time and the
initial fuel layer thickness.

This phenomenon can be elucidated through the mechanism of
boilover. In scenarios where hot zones form, heat transfer at the oil-
water interface primarily occurs through conduction. With a
greater initial fuel layer thickness, more time is required for the
bottom of the oil-water interface to reach the boiling temperature
of the water. Moreover, due to the oil-water interface being
immersed in water and lacking the necessary conditions for bubble
formation, the temperature at the interface is typically super-
heated, usually by around 20 �C.

The influence of water layer thickness on boilover onset time
arises from two main factors. Firstly, the cooling effect of water
leads to a reduction in the burning rate and promotes thermal zone
stratification. This results in a slower expansion of the hot zone and
a decrease in the temperature near the bottom of the hot zone.

Secondly, the cooling effect of water affects sidewall tempera-
tures, which, in turn, has implications for the oil-water interface.
Specifically, the sidewall temperature is lower than that of the
interface, causing it to take a longer time to reach the superheating
temperature at the oil-water interface. In our experiments, sidewall
temperatures at the oil-water interface were measured, revealing
that during boilover, the sidewall temperature was approximately
80 �C, while the central temperature at the oil-water interface had
already reached approximately 120 �C.

As illustrated in Fig. 14, the impact of ullage height on boilover
onset time is evident, showcasing a significant influence when the
water layer thickness remains constant. Notably, as the ullage
height increases, the boilover onset time initially decreases before
increasing again, a phenomenon easily explained. As discussed in
Section 3.1, the burning rate experiences an initial surge followed
by a decline until self-extinguishing with increasing ullage height.
This surge in the burning rate accelerates the transfer of heat to the
water layer, resulting in a reduction in boilover onset time.
Conversely, a continued increase in ullage height subsequently

mailto:Image of Fig. 9|tif


Fig. 10. Variation of internal temperature of fuels at different water layer thicknesses and thermal zone stratification when H0 ¼ 3 cm (From (a)e(e) denote water layer thicknesses
of 1, 2, 4, 6 and 8 cm, respectively.)
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decreases the burning rate, thereby prolonging the boilover onset
time.

3.4. Boilover intensity

Boilover intensity, a crucial parameter, assesses the severity of
boiling. Initially, Koseki et al. (1991) quantified it as the ratio of
burning rates during the quasi-steady state period and the boilover
period. Ferrero refined this approach, expressing it as the
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percentage increase or decrease in burning rate during boilover
relative to the quasi-steady state period. This modification is pre-
sented in Eq. (11) and Eq. (12) below (Ferrero et al., 2007a, b):

Ib;av ¼
_mb;av � _ms

_ms
� 100 (11)
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Fig. 11. Internal temperature profiles of the combustion process of different fuels are illustrated from left to right: a single fuel, a fuel with hot zone formation, and a fuel with water-
cooling leading to thermal zone stratification.

Fig. 12. Determination of boilover onset time by audio signal analysis.
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Ib;max ¼
_mb;max � _ms

_ms
� 100 (12)

where Ib;av signifies average boilover intensity, _mb;av is the average
mass burning rate during boilover, Ib;max denotes the maximum
boilover intensity, and _mb;max represents the maximum mass
burning rate of a single splash.

In this experiment, increasing the water thickness reduced the
boilover duration, rendering average boilover intensity less effec-
tive for characterizing boilover intensity. Conversely, the maximum
boilover intensity captures the peak moment in a single boilover
event, offering a clearer indication of water layer thickness. This
metric aptly reveals the influence of water layer thickness and ul-
lage height on boilover intensity. As shown in Fig. 15, the maximum
boilover intensity varies under different water layer thicknesses.

The maximum boilover intensity, a key parameter, exhibits
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intriguing behavior in response to varying water layer thicknesses.
Upon analyzing the data, a noteworthy pattern emerges. As the
initial fuel layer thickness increases, the maximum boilover in-
tensity tends to rise, consistent with earlier research findings. The
effect of the initial fuel layer thickness on Ib;max is also well un-
derstood. At the same water layer thickness, the difference in
burning rate between different initial fuel layer thicknesses is not
very large. However, the larger the fuel layer thickness, the later the
boilover occurs. Yet, just before the boilover, a larger fuel layer
thickness results in more fuel remaining, which can be encapsu-
lated in the bubbles formed by the phase transition of the water, as
depicted in Fig. 15.

In Fig.15, it can also be observed that Ib;max tends to increase and
then decrease when the water layer thickness is used as a single
variable, and it can be predicted that there exists a limiting value of
Ib;max when the water layer thickness is used as a single variable,
based on the previous analysis combined with the trend in Fig. 15.

To unravel this phenomenon, we delve into the mechanisms of
boilover. Boilover necessitates boiling of the water layer, which, in
turn, involves two distinct processes: homogeneous nucleation and
heterogeneous nucleation. While the hot zone extends to the oil-
water interface, nucleation conditions for boiling aren't met due
to excessive immersion. Research by Apfel (1971) and Jarvis et al.
(1975), alongside our own experimental results, suggest that boil-
over predominantly occurs through heterogeneous nucleation. In
this process, nucleation conditions are facilitated by particles
generated during combustion (Laboureur et al., 2013). We can
represent homogeneous and non-homogeneous nucleation as fol-
lows (Reed-Hill et al., 1973):

DGc
het ¼ DGc

hom
�
2� cos qþ cos3 q

�
4

(13)

where DGhet
c represents the energy required for heterogeneous

nucleation, DGhom
c represents the energy required for homoge-

neous nucleation, q represents the contact. Laboureur's high-speed
camera records during boilover reveal that bubbles formed at the
oil-water interface grow into smaller bubbles. After some time,
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Fig. 13. Comparison of boilover onset times across different water layer thicknesses for
various initial fuel layer thicknesses, along with the fitting of Eq. (10).

Fig. 14. Comparison of boilover onset times at different ullage height.

Fig. 15. Ib;max comparison of the different water layer thicknesses for different initial
fuel layer thicknesses.

Q. Jing, C. Yan, G.-H. Luan et al. Petroleum Science 21 (2024) 4405e4416
these bubbles depart from the interface, stirring the oil and leading
to boilover. The relationship between bubble growth rate and
temperature is captured in the equation below (Reed-Hill et al.,
1973):

nf
�
e�Dga=kT

�
(14)

where n is the rate of bubble growth rate, Dga is energy barrier, k is
Boltzmann constant, T is the temperature. It can therefore be
concluded that the decrease in maximum boiling intensity is due to
the presence of water cooling. The increase in the thickness of the
water layer leads to the deepening of the water cooling effect,
resulting in a decrease in the burning rate. The time required for
particle generation and settlement is longer, prolonging the time
for heat to reach the oil-water interface. Additionally, the temper-
ature of the fuel layer above the oil-water interface decreases due to
the water cooling effect. Simultaneously, the lower temperature of
the sidewalls, caused by water cooling, leads to heat loss from the
interface to the sidewalls, further reducing the interface tempera-
ture compared to the expected temperature. Consequently, the
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boiling time is delayed, affecting the nucleation rate and nucleation
size. This delay in boiling time significantly reduces the maximum
boiling intensity. As a result, boilover occurs later, and the nucle-
ation rate and nucleation size are affected, leading to a significant
decrease in the maximum boilover intensity, as shown in Figs. 13
and 15.

Building upon the discussed theory, it becomes evident that the
number of generated bubbles also influences boilover intensity.
This relationship is aptly illustrated by the initial growth trend seen
in Fig. 15. Boilover intensity can be seen as a multifaceted function,
influenced by various factors, including the duration of boiling, the
quantity of flue gas produced, the temperature at the oil-water
interface, and the remaining fuel mass before boilover. During the
initial phase of water layer thickness growth, although the critical
bubble diameter decreases, the extended boilover onset time re-
sults in more settling particles, leading to an increased bubble
generation. This dynamic is clearly depicted in the initial growth
phase of Fig. 15.

4. Conclusion

A series of experiments were conducted to investigate the ef-
fects of water layer thickness and ullage height on boilover. Sub-
sequently, a burning rate prediction model and a boilover onset
time model were constructed through thermodynamic analysis to
elucidate the impacts of water layer thickness on boilover. Addi-
tionally, bubble dynamics and superheat theory were introduced to
examine the intensity of boilover. The main findings are summa-
rized as follows:

(1) The thickness of the water layer induces a water cooling ef-
fect on the sidewall, which consequently impacts boilover.
This effect amplifies with increasing water layer thickness.
Through thermodynamic analysis combined with a multi-
parameter prediction model of sidewall Ts, adjustments
were made to the burning rate model. Simultaneously, uti-
lizing water layer thickness as a single variable, a prediction
model for boiling time was developed. This predictive model
facilitated the determination of the limit value of the burning
rate and boilover onset time.

(2) The ullage height serves a dual function, acting as a
constraint on air entrainment while simultaneously
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enhancing sidewall heat transfer through the expansion of
the convection zone. These roles are interdependent and
influenced by the ullage height itself. In scenarios where the
ullage height is small, sidewall heat takes precedence,
resulting in an increase in the burning rate and an earlier
onset of boilover. Conversely, as the ullage height increases,
the limitation imposed by air entrainment becomes domi-
nant, leading to a decrease in the burning rate and a delayed
onset of boilover.

(3) Boilover intensity is determined by the superheat of the fuel-
water interface. The higher the superheat, the higher the
boilover intensity. The thickness of the water layer leads to a
reduction in the boilover intensity, precisely through the
effect of water cooling leading to a reduction in the superheat
of the fuel-water interface, which is caused by the particles
provided by prolonged combustion at a lower degree of su-
perheat. Since the bubbles are expanding as they rise, the
increase in the thickness of the fuel layer leads to an increase
in the boilover intensity as it is able to carry more fuel splash
out during the expansion process.
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