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a b s t r a c t

Floating-roof tanks are widely used in chemical parks and in case of fires, it is common to form pool fires
with varying ullage height. This paper is aimed at examining experimentally and analytically the effects
of ullage height on the burning and flame behaviors of heptane pool fires. A series of pool fire tests with
four fuel tray sizes (D ¼ 20e35 cm) and five ullage heights (h ¼ 3 cm, 5 cm, D/2, D, 2D) was conducted.
The flame characteristics (length and position) and mass burning rate were measured. Experimental
results indicate that the total flame length can be divided into (i) a down-reaching flame length, (Lf,down),
and (ii) an upper flame length (Lf,upper). The data shows that Lf,down increases as the ullage height in-
creases whereas Lf,upper shows an opposite trend. For the tests with very large ullage heights (h/D ¼ 1.93),
it was found that the flame fluctuated periodically and, in some cases, self-extinguishing of the flame
occurred due to lack of oxygen inside the fuel tray. A theoretical model is developed to calculate the total
flame length by considering the influence of ullage height on air entrainment and heat feedback and
subsequently validated against the experimental data.
© 2022 The Authors. Published by Elsevier 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

Oil has become one of the most important sources of energy
since the middle-1950s, and oil and nature gas continues to play
critical roles in energy consumption and the world economy [1].
Pool fire in storage tank areas is a common accident type in
chemical parks, threatening the storage of liquid flammable haz-
ardous materials [2,3]. Nowadays, floating-roof tanks are widely
used in many chemical parks because of the economy and safety
characteristics, compared with other storage facilities [2]. For
floating-roof tanks, the vertical distance from the top of the oil tank
rim to the fuel surface (ullage height, h) is determined by the po-
sition of the floating pan, related to the fuel volume. In case of fires,
the ullage height will directly limit air entrainment and change the
flame shape, which will in turn influence the heat transfer from the
flame to the fuel surface and affect evolutions of pool fire accidents
[4]. For example, a fire occurred in an 875# floating roof tank with a
large ullage height (h ¼ 15.68 m) at a Dalian Petrochemical storage
Ltd. This is an open access article u
area in 2011. Because of the large ullage height, the flame entered
the tank, which eventually resulted in the collapse of the sidewall
and subsequent fuel leakage and fire spread to an adjacent tank,
causing significant damage to the environment [5]. Therefore, it is
meaningful to study the flame and burning behaviors of pool fires
under different ullage height conditions.

Flame behaviors as a fundamental phenomenon have been
studied for decades, mainly for flame length [6e11]. Zukoski [12]
conducted a series of experiments with different heat release rates
(20kWe200kW) and proposed an average flame length model
using a dimensionless heat release rate (Q*). Heskestad [13]
analyzed the flame length in previous experiments and found that
the dimensionless flame height (Lf/D, Lf: average flame length)
varied as 2/5 power of the heat release rate. Zhuang et al. [14]
presented an investigation into the buoyancy and air entrainment
effect on flame length and introduced a dimensionless number Fc to
correlate the flame length. Hu et al. [15] conducted a series of
rectangular pool fire experiments and established the corre-
sponding flame length model in which the air entrainment con-
stant C1 was revised with the tray aspect ratio (tray length/tray

width) introduced in the dimensionless heat release rate _Q
*
mod. The
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Nomenclature

D side length of square pool fire (m)
Dʹ effective diameter (m)
h ullage height (m)
h* dimensionless ullage height (h/D)
Lf,down down-reaching flame length (m)
Lf,upper upper flame length (m)
Lf,total total flame length (m)
Lf,down* dimensionless down-reaching flame length (Lf,down/

D)
_Q heat release rate (kW)
_Q* dimensionless heat release rate
Fc dimensionless number defined in Eq. (24)
Tf flame temperature (K)
Tl liquid fuel temperature (K)
T∞ ambient temperature (K)

Ff/l view factor between the flame and the fuel surface
cp specific heat of air (kJ/kg$K)
g gravitational acceleration (m/s2)
r radius of the steady plume (m)
u plume velocity (m/s)
v entrainment rate (m/s)
_m"f mass burning rate per area (kg/(s$m2))
_m'a air entrainment rate of the total flame (kg/s)
_m'p mass flow rate (kg/s)

Greek symbols
s Stefan-Boltzmann constant (W/(m2$K4)
k flame extinction coefficient (m�1)
b mean beam length corrector
r∞ ambient air density (kg/m3)
r plume density (kg/m3)
g mass stoichiometric ratio of air to fuel
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above studies on flame length were performed for free burning
conditions and clearly show that the flame length is closely related
to air entrainment and the heat release rate. However, the flame
length of pool fires is often affected by some uncertain restrictions
in practical accident cases.

Recent years, the flame length of pool fires for restricted con-
ditions is investigated by some scholars [16e21]. Poreh et al. [22]
investigated the effect of single sidewall and double sidewalls
(corner) on the flame length and an Entrainment Factor (EF, the
ratio of air entrainment into the confined plume relative to the
unconfined plume in open space) was introduced to revise the
flame length model for different restricted conditions. Subse-
quently, this model was applied to pool fires beside a side wall in a
tunnel and a parameter related to the distance between the side
wall and the fire source was also introduced in the model [23].
Zhang et al. [24] conducted experiments using square and rectan-
gular burners to investigate the flame length of buoyant turbulent
diffusion flames in various air entrainment conditions: free-, wall-
and corner flames, fromwhich a global model based on the mirror
approach was derived to estimate the flame length. In comparison
with wall- and corner flames, the air entrainment for the burning
with a large ullage height will be restricted further. Liu et al. [25]
conducted a series of experiments under different ullage heights
(0�h*�1.5, where the dimensionless ullage height was defined as
the ratio between the ullage height and the burner diameter,
h* ¼ h/D) by using stainless steel trays with diameters of 0.1, 0.15,

and 0.2 m and a revised dimensionless heat release rate _Q
*
lip

including the ullage height was proposed to predict the upper
flame length (above the pool rim). Dang et al. [26] conducted pool
fire experiments using steel trays (0.05�D � 0.2 m) and found that
the upper flame length decreased with the increase of ullage height
(0�h*�2). The flame behaviors inside the tray were also investi-
gated by numerical simulations using Fire Dynamics Simulator,
FDS, which indicated that the flame length (down-reaching) in the
tray would increase with the increase of ullage height. Chen et al.
[27] also used FDS to study the fire behaviors in the tray and the
phenomenon of flame “pushed down” into the pool would be
strengthened by the cross wind. He et al. [28] experimentally
studied the flame length under different ullage heights and surface
areas of pool fires with steel trays. The flame length model for the
upper part was proposed based on the dimensionless heat release

rate _Q
*
L . A similar correlation was also obtained by Zhang et al. for

two pool fires under different ullage heights [29]. In their analysis,
2

the distance between the two fire sources was introduced in the

dimensionless heat release rate _Q
*
L . The previous works on flame

behaviors of pool fire for different restricted conditions are sum-
marized in Table 1.

The above studies clearly indicate that the ullage height signif-
icantly affects the flame length of pool fires. However, the flame
behaviors inside the pool are often ignored in most studies because
the opaque trays were used in their experiments. To date, the flame
down-reaching phenomenon is only observed and analyzed
numerically. On the other hand, the experimental data of flame
length and burning behaviors for pool fires under the different
ullage heights are limited and the available data are mainly from
small-scale experiments (D: 5e20 cm), in which the burning
mechanism is controlled by conduction or convection [30], far from
the practical accident cases.

Motivated by the above discussions, experiments were con-
ducted in this study using custom-made square trays with different
dimensions and ullage heights, where the trays were made of bo-
rosilicate glass. The focus of this study is on the variation of the
flame length during the whole burning process. The upper flame
length and down-reaching flame length over time are measured
and analyzed. A theoretical model considering the restriction of air
entrainment is also developed and validated against the experi-
mental datawith different ullage heights and tray sizes. The current
study aims to improve the understanding of the effect of ullage
height on flame length and burning behavior for pool fires, which
will be of practical use in thermal hazard analysis of floating-roof
fire accidents as well as corresponding firefighting.
2. Experimental setup and methods

2.1. Experimental setup

A schematic of the experimental setup is shown in Fig. 1. This
configuration simulates the fire scenario after the floating roof in an
external floating roof storage tank has failed and sunken to the
bottom of the tank. In the experiment, custom-made square trays
with four side lengths of 20 cm, 25 cm, 30 cm and 35 cm, and five
sidewall heights of 3 cm, 5 cm, D/2, D, 2D were used. The sidewalls
and the bottom of the custom-made square trays were made of
transparent borosilicate glass (thickness is 5 mm), so that the flame
behaviors inside the pool can be directly observed. Seven K-type
thermocouples were placed along the pool axis to record the oil



Table 1
Summary of previous works on flame behavior of pool fire under different restricted conditions.

Tray dimension (cm) Restricted type Height (cm) Fuel type Reference

Diameter: 10, 15, 20, 25, 30 One sidewall 88 Methanol Gao et al. [23]
Square: 10, 15, 20, 25, 30
Rectangular size (10 � 5e30 � 15)

One sidewall 240 Propane Zhang et al. [24]

Diameter: 20-100 One sidewall/Double walls 240 Methanol Poreh et al. [22]
Diameter: 10, 15, 20 All-around sidewalls 0�h*�1.5 Heptane Liu et al. [25]
Diameter:5, 10, 15, 20 All-around sidewalls 0.25�h*�2 Heptane Dang et al. [26]
Diameter: 5, 10, 15, 20 All-around sidewalls 0.25�h*�2 Heptane Chen et al. [27]
Diameter: 30 All-around sidewalls 10, 15, 30 Diesel He et al. [28]
Diameter: 30, 40, 50 All-around sidewalls 2, 5, 10, 15, 30 Diesel Zhang et al. [29]

Fig. 1. Schematic of experimental setup.

Table 2
Specification of the experimental conditions.

Test Num. Side length/cm Sidewall height/cm Initial fuel thickness/cm

1e15 20 3 1, 2, 2.5
5 1, 2, 3
10
20
40

16e30 25 3 1, 2, 2.5
5 1, 2, 3
12.5
25
50

31e48 30 3 1, 2, 2.5
5 1, 2, 3
15
20
30
60

49e63 35 3 1, 2, 2.5
5 1, 2, 3
10
17.5
35

Fig. 2. Global flowchart for flame behaviors with different ullage heights.

J. Zhao, X. Zhang, J. Zhang et al. Energy 246 (2022) 123397
temperature and flame temperature. The diameter of these ther-
mocouples is 1 mm and the response time is less than 1 s.

A Sartorius balance (maximum load: 35 kg, accuracy: 0.1 g) was
used to record the real-time fuel mass. Two video cameras were
placed at different directions to record flame shape, and mainly
capture the upper flame length and down-reaching flame length.
The fuel used in the experiments was n-heptane, with different
initial fuel thicknesses of 1, 2, 2.5 and 3 cm. N-heptane was used
because it is a representative hydrocarbon fuel with well known
burning and combustion characteristics and when it burns it pro-
duces luminous flames that can be easily observed and analyzed.
The fuel level was not controlled in the experiments. However, it
was observed that the flame length and burning rate became steady
quickly after ignition. It was found that for the cases with relatively
large ullage heights, the steady burning rate (and associated flame
height) is nearly independent of the initial fuel thickness indicating
that the heat loss through the bottom of the tank is negligible and
the critical fuel thickness is less than 1 cm. This finding is consistent
with that reported in [31,32] that the heat transfer between the fuel
layer and the bottom substrate is weak as the fuel thickness is more
than 1 cm and in [33] that the steady burning rate can be achieved if
the fuel thickness is more than 8 mm. The detail specifications of
the experiments are shown in Table 2. The experiments were car-
ried out in an indoor environment and thus the wind effect can be
neglected. The ambient temperature was 20 ± 3 �C and the hu-
midity remained around 54 ± 10% during the experiments. Each
experiment was repeated three times.

To clearly illustrate the process of this study, a global flowchart
is shown in Fig. 2. Firstly, the flame behaviors in the whole burning
process are presented and discussed. Next, the flame length for
both small and large ullage heights cases are analyzed and corre-
lated with the mass burning rate and ullage height. Finally, theo-
retical and empirical models are proposed to predict the down-
3

reaching flame length and total flame length, which are validated
against the experimental data.
2.2. Flame height extraction method

For pool fires with a certain ullage height, the flame can be



Fig. 4. Flame length extraction process.
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divided into two parts: upper flame (visible flame in other papers)
and down-reaching flame (located inside the tray) based on the
flame position. The upper flame length refers to the vertical dis-
tance from the rim of the tray to the flame tip, whereas the down-
reaching flame length is the vertical distance from rim of the tray to
the flame base. In order to determine the steady flame heights, the
method proposed by Zukoski et al. [12] based on flame intermit-
tency was used and the mean flame length was determined based
on a flame intermittency of 0.5. The experiment with a side length
of 20 cm and fuel thickness of 3 cm is used as an example in Fig. 3 to
show the determination of the mean flame length in the steady
stage.

In the flame length processing, an algorithm was developed to
distinguish the flame contour. Videos of the flames were converted
to a series of binary pictures and then the flame length was
determined based on a certain scale, as commonly done in litera-
tures [34,35]. An example of the imaging processing procedure is
presented in Fig. 4, which clearly shows that the whole flame
consists of an upper flame and a down-reaching flame. Flame
necking-in occurs at the base of the tray rim, which is mainly
caused by the entrained flow approaching the flame induced by
buoyancy. The down-reaching flame is located inside the tray
because of the restriction in air entrainment by the ullage.
Fig. 5. The whole flame shape variations of pool fires with side length of 25 cm:
a) h* ¼ 0.03; b) h* ¼ 0.93; c) h* ¼ 1.93.
3. Results and discussion

3.1. Flame and burning rate behaviors

The transient flame shapes of selected tests (Side length: 25 cm,
Fuel Thickness: 2 cm) with different ullage heights are shown in
Fig. 5. For the cases with smaller ullage heights (e.g., h* ¼ 0.03), the
flame spreads to the fuel surface shortly after ignition and the flame
length increases quickly to its steady condition, as shown in Fig. 5a.
In these cases, the flame in most times kept above the rim of the
tray and the down-reaching flame cannot be observed. For the
cases withmedium ullage heights (e.g., h*¼ 0.93), the flamemainly
appears inside the tray initially, during which the flame base was
close to the fuel surface. As the burning continued, the flame base
gradually moved up and eventually fixed at a certain position
because of the restriction in air entrainment by the ullage. Then the
steady down-reaching flame can be clearly observed. Near the end
of the test, the flame re-entered the tray because the evaporation
rate decreased and the air reached the bottom of the tray again, as
shown in Fig. 5b. For the cases with a larger ullage height (e.g.,
h* ¼ 1.93), the total flame was almost inside the tray although the
flamewould rise as burning continues. Furthermore, a steady flame
could not be observed because of unstable air entrainment. In
Fig. 3. The averaged flame length of pool fire (D ¼ 25 cm; Fuel thickness ¼ 3 cm).

4



J. Zhao, X. Zhang, J. Zhang et al. Energy 246 (2022) 123397
Fig. 5c, it can be noted that only part of the tray was filled with
flame, and the other part was empty which was mainly used as an
air intake channel. In this test, the sound of airflow movement can
be heard because of its high speed. For very large ullage heights,
self-extinction also occurred in some tests because of very limited
air entrainment, which was also observed in [25,36]. It can also be
observed in Fig. 5 that, for the same fuel tray but with different
ullage heights, the fire duration can vary significantly. As all the
fuels are consumed under open burning conditions, the fire dura-
tion would depend primarily on the mass burning rate and initial
fuel mass (thickness).

Fig. 6 presents the transient total flame length (i.e.,
Lf,total ¼ Lf,upper þ Lf,down) and mass burning rate for different ullage
heights. According to the flame length and burning rate variations,
the whole process can be divided into three stages: (1) initial
development, (2) steady burning and (3) extinguishment. In the
initial development stage, the total flame length and the mass
burning rate increase continuously for low ullage height conditions
(see Fig. 6a and aʹ). This is because the flame spreads rapidly to the
entire surface after ignition, and the heat feedback from the flame
to the liquid layer increases quickly. At the same time, the tem-
perature of the fuel surface gradually rises, forming the stable
boiling layer as the burning continues, which results in the
decrease of energy to preheat the fuel [37]. Under large ullage
height conditions, the total flame length and mass burning rate
show a tendency to increase first, then decrease and finally increase
(see Fig. 6b and bʹ). This difference can be attributed to the fact that
the tray is full of air to support the burning after ignition. In this
condition, the convection and radiative heat feedbacks from the
flame are relatively large. However, with limited oxygen inside the
tray, the air entertainment process gradually becomes the domi-
nant factor to determine the heat feedback and the flame length
and mass burning rate decrease quickly because of restricted air
entrainment. As the ullage height continues to increase, the total
flame length and the mass burning rate are relatively large because
of previous mixed vapor in the tray. However, they will decrease
soon because of limited air entrainment (see Fig. 6c and cʹ). For the
steady stage, the air entrainment and the heat feedback from the
flame to the fuel surface both keep steady, which determines the
steady burning rate and flame length. At the extinguishment stage,
the burning rate decreases and the flame gradually disappears
because of the fuel depletion.
Fig. 6. Total flame length and mass burning rate histories under different

5

In Fig. 6, it can be observed that the steady stage is the most
important stage in the whole burning process and thus plays a key
role in the storage tank fire accident for hazardous materials. In
addition, the flame behaviors are closely related to the burning rate
as reported in previous studies [38,39]. The average steady mass
burning rate is calculated from the mass loss history and summa-
rized in Table 3, together with the standard deviation of the burning
rate. The results show that the mass burning rate decreases grad-
ually with an increase of the ullage height, because of an increase in
the distance between the flame base and the fuel surface and, as a
result, a reduction in the radiation heat feedback from the flame to
the fuel surface.
3.2. Steady flame length

As shown in Fig. 6, the steady stage can sustain for a long time,
mainly affecting the fire risk and the corresponding rescue strate-
gies. Based on experimental observations, a schematic of the flame
length variations with ullage height is shown in Fig. 7. In the
experiment, it was found that some part of flamewas located inside
the tray, forming the down-reaching phenomenon as the ullage
height increases to a critical value, which agrees with the obser-
vations of previous studies [25e27]. The flame length can be
divided into two parts: the upper flame length (Lf,upper) and the
down-reaching flame length (Lf,down), the sum of which gives the
total flame length (Lf,total ¼ Lf,upper þ Lf,down). Fig. 8 shows the
measured value of flame lengths (total, upper and down-reaching)
with an increase in the ullage height for the steady burning stage
(Side length: 30 cm, Fuel thickness: 2 cm).

In Fig. 8, it can be found that the down-reaching flame length
increases as the ullage height increases, whereas the upper flame
length shows an opposite trend, which is consistent with the
finding in previous studies [26,29]. Fig. 9 shows upper flame length
under the different dimensionless ullage heights at the steady
stage.

As shown in Fig. 9, the upper flame length tends to decrease
with increasing ullage height. The reason is two-fold. Firstly, the
distance between the flame and fuel surface increases because of
restricted air entrainment. This reduces the radiative and convec-
tive heat feedbacks from the flame to the fuel surface and as a result
the burning rate decreases with the increase of ullage height as
shown in Table 3. Secondly, as the ullage height increases, some fuel
ullage height conditions with h* ¼ 0.04, 0.42, 0.92, 1.92, D ¼ 25 cm.



Table 3
The average steady mass burning rate (fuel thickness: 2 cm).

Side length (cm) Ullage height (h*) Burning rate (g/(m2$s)) STD (g/(m2$s)) Side length (cm) Ullage height (h*) Burning rate (g/(m2$s)) STD (g/(m2$s))

20 0.05 13.64 0.0078 30 0.03 17.67 0.0165
0.15 11.38 0.0094 0.1 15.41 0.0069
0.4 13.27 0.0113 0.43 16.04 0.0027
0.9 7.82 0.0023 0.6 13.45 0.0145
1.9 4.88 0.0068 0.93 8.96 0.0073

25 0.04 14.86 0.0071 1.93 5.03 0.0042
0.12 13.42 0.0156 35 0.03 23.56 0.0098
0.42 14.11 0.0063 0.09 17.31 0.0034
0.92 8.73 0.0086 0.23 16.36 0.0138
1.92 4.46 0.0074 0.44 19.18 0.0047

0.94 9.73 0.0064

STD: standard deviation.

Fig. 7. The schematic of flame length with dimensionless ullage height in steady stage.

Fig. 8. Flame length with dimensionless ullage height with D ¼ 30 cm.

Fig. 9. Variation of upper flame length with dimensionless ullage heights in steady
stage.
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vapor will be consumed inside the tray, which reduces the fuel
vapor amount leaving the tray. The combined effect of these two
results in a significant reduction in the upper flame length. The
upper flame (visible flame) length data with the tray diameters of
5 cm and 10 cm by Dang et al. [11] is also plotted in Fig. 9 for
comparison purpose. It can be observed that the variations of the
upper flame length with the increase of ullage height in [11] are
smaller than those in our study. It is probably because of the fact
that the dominant heat feedback from the flame is conduction in
Dang's study. The variation of dimensionless down-reaching flame
length (Lf,down* ¼ Lf,down/D) with the dimensionless ullage height in
the steady burning stage is shown in Fig. 10.
6

It is noted that the value of Lf,down* is close to zero with small
ullage heights (h*�0.1) because of free air entrainment, which can
be verified by the fact that the side wall remains clean during the
tests when h*�0.1. Fig. 10 shows that the down-reaching flame
length increases with an increase in the ullage height, which can be
attributed to the coupled effects of the heat feedback and air
entrainment, as shown in Fig.11. On the one hand, the surface of the
fuel requires sufficient heat flux to maintain steady burning. It is
known that the heat feedbackmechanism is mainly by radiation for
the tray side length larger than 20 cm [30,37]. The radiation from
the flame to the fuel surface can be expressed as [40]:

qrad ¼sFf/l

�
T4f � T4l

��
1� exp

�
� kDb

�
(1)

where s is the Stefan-Boltzmann constant, k is the extinction co-
efficient, b is the mean beam length corrector, Tf, Tl are the flame
temperature (around 700 �C, independent of the ullage height), the
fuel temperature, respectively, Ff/l is the view factor between the
flame and the fuel surface. The view factor is sensitive to the po-
sition between the flame and the fuel surface and an excellent
negative exponential function relationship is provided in [41]. This
process limits the variations of distance between the flame and the
fuel surface with increasing ullage height. Otherwise, the burning
will not be sustained. On the other hand, the mass burning rate
decreases as the ullage height increases, which decreases the up-
ward momentum of the fuel vapor in the tray.

To correlate the down-reaching flame length and the ullage
height, the exponential correlation proposed by Dang et al. [26],



Fig. 10. Correlation of dimensionless down-reaching flame length and ullage height
(D � 20 cm).

Fig. 11. The schematic diagram, a) radiation feedback from the flame to fuel surface; b)
the air entrainment process.
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Lf,down/D ¼ a � h*b, is applied to all the experimental data with
different tray sizes and ullage heights as shown in Fig. 10. By fitting
the experimental data, the down-reaching flame length can be
expressed as:

Lf ;down
* ¼0:539h*

1:5
(2)

It is found that the present data can be well correlated with the
same relation with a correlation coefficient larger than 0.99.
Fig. 12. The experimental data and the predictive results.
3.2.1. The model of flame length for low ullage height
Under low ullage height conditions (h*�0.1), the flame base is

above the tray upper rim and the down-reaching effect can be
neglected. Empirical models were proposed by Zukoski [12] and
Heskestad [13], which have beenwidely used to estimate the flame
height. The detail models provided by Zukoski and Heskestad are
shown in Eqs. (3) and (4), respectively.

Lf ;total
D0 ¼ 3:3 _Q

*2=5
; 1:0 � _Q

*2 � 40 (3)

Lf ;total
D0 ¼ 3:7 _Q

*2=5 � 1:02; 1:0 � _Q
*2 � 1000 (4)

where Dʹ is the effective diameter, _Q
*
is the dimensionless heat
7

release rate. The effective diameter and the dimensionless heat
release rate can be expressed as:

D0 ¼
ffiffiffiffiffiffiffiffiffiffiffi
D2,4
p

s
(5)

_Q
* ¼

_Q

CPr∞T∞
ffiffiffiffiffiffiffiffiffiffi
gD05

q (6)

where D is the side length of the square tray, _Q is the heat release
rate, r∞ is the density of ambient air, T∞ is the ambient tempera-
ture, and g is the gravitational acceleration. The comparisons be-
tween the experimental data and the predictive results are shown
in Fig. 12.

As shown in Fig. 12, the prediction by the Heskestad's model
correlates better with the experimental data, likely because the
experimental conditions in this study (i.e., buoyancy-controlled of
free-burning and axisymmetric fires) are similar to the ones used
by Heskestad to develop his model. The calculated values by
Zukoski's model are slightly larger than the present data. This could
be due to the fact that LNG was used as fuel to deduce the flame
length model, indicating that the fuel type can have an important
influence on the flame characteristics.
3.2.2. The model of steady flame length for large ullage height
For the large ullage height burning conditions (h*˃0.1), the

down-reaching flame length and air entrainment are considered in
the following analysis. Some reasonable assumptions are made by
Zhuang et al. [14], as shown below:

(1) Because of air entrainment restriction by the ullage, the
maximum reaching position of air by entrainment is
considered as the base of the flame (z ¼ 0) in the tray.
Meanwhile, the steady plume is simplified as a cylinder and
cylinder radius r(z) of the tray can be expressed as:

rðzÞ¼D0

2
(7)

where Dʹ is the effective diameter.

(2) The density difference for the entire steady fire plume zone
changes little with the height, which is neglected in the
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paper. The flame buoyancy is mainly from the density dif-
ference which can be expressed as:

Dr¼ r∞ � r (8)

where r∞ is the density of ambient air, and r is the density of the
fire plume.

(3) The steady plume rising velocity (u) in the fire plume is a
function of the height (z), and the vertical velocity is zero at
the bottom of the steady fire plume at z ¼ 0.

u¼uðzÞ (9)

uð0Þ¼0 (10)
Fig. 13. Schematic of model of pool fire plume for burning with large ullage height.
(4) The entrainment rate (v) at any height is proportional to the
steady plume vertical rising velocity u(z), and the air
entrainment only occurs at the cylindrical boundary of the
steady fire plume. In addition, the coefficient of entrainment
is different for the upper and down-reaching flame zones.
The entrainment rate can be written as:

vðzÞ¼
�

a,uðzÞ; 0 � z< Lf ;down
b,uðzÞ; Lf ;down � z � Lf ;total

(11)

where a and b are constants.

(5) The evaporated fuel is considered to be completely depleted
at the top of the flame (z ¼ Lf,total). So the relation between
the entrained air rate and the fuel evaporation rate can be
expressed as:

g , _mf ¼ _ma

�
Lf ;total

�
(12)

where g is the stoichiometric ratio of entrained air and fuel, _mf is
the fuel evaporation burning rate (kg$s�1), and _ma is the air
entrainment rate of the total flame (kg$s�1).

Based on the above assumptions, the model schematic of the
steady pool fire plume for the burning of pool fires with a large
ullage height is shown in Fig. 13.

A microelement unit (dz) at a certain height (z) of the fire plume
_ma ¼

8>>><
>>>:

4pr,r∞a

3

ffiffiffiffiffiffiffiffiffi
gDr
r

s
,z3=2; 0 � z< Lf ;down

4pr,r∞a

3

ffiffiffiffiffiffiffiffiffi
gDr
r

s
,L3=2f ;down þ

4pr,r∞b

3

ffiffiffiffiffiffiffiffiffi
gDr
r

s �
z3=2

�
L3=2f ;down; Lf ;down � z � Lf ;total

(19)
is considered. The corresponding buoyancy can be expressed as:

dF ¼ gðr∞ � rÞ,pr2,dz (13)

The momentum of the upward movement of the microelement
unit is:

_mpu¼pr2ru2 (14)

The variation of the momentum of the microelement unit at the
height (z) is caused by the buoyancy. Combining Eqs. (13) and (14),
8

one has:

d
�
_mpu

�
dz

¼d
�
pr2ru2

�
dz

(15)

d
�
pr2ru2

�
dz

¼ gDr,pr2 (16)

Integrating Eq. (16) from height 0 to z, and considering the as-
sumptions (1), (2) and (3), we obtain:

uðzÞ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
gDr
r

,z

s
(17)

Based on the assumption (4), the air entrainment volume of the
microelement unit can be written as:

d _ma ¼
�
2pr,r∞auðzÞ,dz; 0 � z< Lf ;down
2pr,r∞buðzÞ,dz; Lf ;down � z � Lf ;total

(18)

Integrating Eq. (18) from the flame length z ¼ 0 to z, we have:
From the assumption (5) at the height z ¼ Lf,total, Eq. (19) can be
transformed to:

, _mf ¼ _ma

�
Lf ;total

�
¼4pr,r∞a

3

ffiffiffiffiffiffiffiffiffi
gDr
r

s
, L3=2f ;down

þ 4pr,r∞b

3

ffiffiffiffiffiffiffiffiffi
gDr
r

s �
L3=2f ;total � L3=2f ;down

�
(20)

Eq. (20) can be rearranged and simplified as:
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3g

8b
ffiffiffiffiffi
Dr
r

q ,
_m
00
f

r∞
ffiffiffiffiffiffiffi
gD0p ¼ a� b

b

�
Lf ;down

D0

	3=2

þ
�
Lf ;total
D0

	3=2

(21)

where _m
00
f is s mass burning rate per area (kg$s�1$m�2) and has

been given in Table 3.
The down-reaching flame length, Lf,down, is calculated as an

exponential function of the dimensionless ullage height, h*,
following [26] and as shown in Fig. 9:

Lf ;down

.
D ¼ a,h*

b
(22)

Substituting Eq. (22) into Eq. (21), the model can be simplified
as:

3l

8b
ffiffiffiffiffi
Dr
r

q ,
_m
00
f

r∞
ffiffiffiffiffiffiffi
gD0p ,

�
1
h*

	3b=2
�
�
a,

ffiffiffi
p

4

r 	3=2

,
a� b

b

¼
�
Lf ;total

D0,h*b

	3=2

(23)

Here, a dimensionless number Fc, a characteristic length L* and
the constant A are introduced to simplify the flame model.

Fc ¼
_m
00
f

r∞
ffiffiffiffiffiffiffi
gD0p A ¼

0
B@ 3g

8b
ffiffiffiffiffi
Dr
r

q
1
CA

2=3

L* ¼ D0,h*b (24)

In Eq. (23),
�
a,

ffiffiffi
p
4

q �3=2
,a�b

b
is nearly a constant, which has little

influence in data analysis and can be neglected. Substituting Eq.
(24) into Eq. (23), we can obtain the final expression of the total
steady flame length as:

Lf ;total
L*

¼A,Fc2=3,
�
1
h*

	b

(25)

Eq. (25) implies that the dimensionless total flame length

(Lf,total/L*) is proportional to the product of Fc2=3 and ð1=h*Þb. Ac-
cording to Eq. (2) and experimental data, the experimental data
fitting results are as follows:
Fig. 14. Correlation of the dimensionless total flame length and Fc
2/3$(1/h*)b.

9

Lf ;total
L*

¼66:32,Fc2=3,
�
1
h*

	3=2
(26)

The correlation of the dimensionless total flame length and Fc
2/

3(1/h*)b is shown in Fig. 14. There is an excellent agreement be-
tween the measurements and the correlation with a fitting coeffi-
cient R2 > 0.99, which verified that the developed steady flame
model can predict well the flame length for different ullage heights.
4. Conclusion

This study aims to examine the effects of fuel tray size and ullage
height on the flame behaviors of pool fires. Experiments were
performed with different tray sizes and ullage heights. Main mea-
surements consist of the upper flame length (flame length above
the upper rim of the tray) and the down-reaching flame length
(flame length inside the tray), based onwhich the total flame length
is also deduced, and the mass burning rate. The major conclusions
are:

(1) The ullage height has a significant effect on flame and
burning behaviors of the whole burning process. During the
initial development stage, the total flame length and burning
rate increase rapidly after the fuel is ignited for the low ullage
height burning. With an increase in the ullage height, the
flame length and burning rate increase initially, followed by a
short decrease and finally increase again until reaching the
steady burning stage. In comparison, when the ullage height
is large, the total flame length and burning rate mostly
continue to decrease and the flame fluctuates periodically
and in some cases with very large ullage heights the flame
self-extinguished due to lack of oxygen inside the tray.

(2) During the steady burning stage, a down-reaching flame was
observed for some cases with large ullage heights and then
the flame can be divided into two parts: upper flame and
down-reaching flame based on the flame base position. For
the down-reaching flame, the length increases with the in-
crease of the ullage height, whereas the upper flame length
shows an opposite trend. Based on the experimental data
and previous studies, an empirical model (Lf ;down

* ¼
0:539h*1:5, where h* is the dimensionless ullage
height ¼ h=D) is proposed to estimate the down-reaching
flame length, Lf,down.

(3) For low ullage height burning conditions (without down-
reaching flame), Heskestad's model is more appropriate to
estimate the flame height. For large ullage height burning
conditions (with down-reaching flame), a theoretical model

(Lf ;totalL* ¼ 66:32,Fc2=3,
�
1
h*

�3=2
) is developed to estimate the

total flame length, which is validated against the experi-
mental data in this study and that in the literature. In the
model, the dimensionless total flame length (Lf,total/L*) is

proportional to the product of Fc2=3 and ð1=h*Þb, where Fc is a
dimensionless parameter depending on the burning rate.

(4) The present experimental results provide insights into the
flame behaviors under different ullage heights and a theo-
retical model to estimate the total flame length for pool fires.
It should be recognized that this model is only valid for the
steady flame with down-reaching flame. However, the
down-reaching flame is closely related to the heat feedback
process and the air entrainment, which should be further
studied and eventually address the firefighting of storage
tank fires. Furthermore, whilst this study clearly demon-
strates the effects of ullage height on burning and flame



J. Zhao, X. Zhang, J. Zhang et al. Energy 246 (2022) 123397
behaviors, it is expected that increasing pool diameter can
have an important influence on the burning and, as a result,
it is crucial to conduct large-scale pool fire tests.
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