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Highlights:

e The burning behavior of the radiation-controlled pool fires under different ullage heights
is analyzed experimentally.

e Dimensionless down-reaching flame length (Lgown™) increases exponentially with the
increase of h*.

e A new correlation is established to predict the steady burning rate for pool fires with
different ullage heights.

Abstract:

Pool fires with different ullage heights are a common type of fire accident. A series of gasoline
pool fire experiments with two sizes (D = 40 cm, 60 cm) and six ullage heights (h = 0, 0.2D,
0.4D, 0.6D, 0.8D, 1.0D) are conducted. The burning process, axial temperature profile, radiative
heat feedback, and burning rate are measured and analyzed. The result shows that the fuel vapor
layer and the down-reaching flame layer are distinguished based on the axial temperature profile
for the steady burning stage. Meanwhile, the down-reaching flame length (Lgown) iNncreases more
profoundly for large tank diameters under the same ullage height. Subsequently, the
dimensionless down-reaching flame length (Lgown™ = Laown/D) increases exponentially with the
dimensionless ullage heights (h* = h/D). Finally, based on the classical burning rate model for
the low ullage height and the heat transfer process from the flame to the fuel surface, a
correlation with different ullage heights is established to calculate the burning rate, which is then
validated against the experimental data in the paper and literature values. The results are of
importance to understand the burning rate and the radiative heat feedback to the fuel surface for
pool fires with different ullage heights.

Keywords: pool fires; ullage height; down-reaching flame; flame radiative heat feedback;
burning rate correlation

1. Introduction

Despite the massive focus on other forms of energy provision, liquid fuels still play an
important role in energy consumption and supply [1]. In order to store large quantities of liquid
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fuels, some floating-roof tanks have been built and are widely used [2]. During the storage
process, the fuel level will change with the variation of the fuel storage volume, followed by the
different vertical distances between the fuel surface and the tank upper rim (ullage height, h). For
a low liquid level, the flammable fuel vapor easily accumulates above the fuel surface, which
increases the fire risk. In case of a pool fire accident, the flame will enter into the tank due to the
restriction of air entrainment by the ullage height, which further affects the fire accident
evolution. There are several tank fires occurring worldwide every year [3]. For example, a
storage tank fire accident occurred at Dalian, Liaoning Province, China in 2011[4]. The flame
entered the tank because of the low liquid level, which eventually caused the collapse of the
sidewall. Understanding the role played by the ullage height is one of the aspects that are of
importance for reducing the risk associated with storing liquid fuels in tanks.

The burning behavior of pool fire with different ullage heights have been investigated in the
past. More than 50 years ago, Blinov and Khudyakov [5] conducted some experiments (0.56 < D
£2.26 cm) to analyze the ullage height effect and found that the burning rate decreased with the
increase of the ullage height. Shi et al. [6] also conducted some small scale (D = 2.5 cm and 5
cm) methanol pool fire experiments in a cavity. They pointed out that there was a given ullage in
which the burning rate reached a minimum value. Then some numerical simulations were used to
complement the results and showed that the down-reaching flame appearance resulted in the
mass burning rate increasing again with the ullage height. Moreover, a series of large
experiments (D = 1-1.5 m, h = 10-20 cm) were also conducted to develop an understanding of
the burning of crude oil. They demonstrated that the burning rate increased with the ullage height
because a fire induced air entrainment into the cavity formed a recirculation zone that premixed
the oil vapor with the air, which resulted in a significant increase in flame heat feedback to the
oil surface [7]. Kolstad et al. [8] experimentally studied the ullage height effect on the burning
rate of pool fire with some relatively large diameters (D = 10, 20, 30 cm). In their study, they
found that the burning rate was affected by the lip height enough for it to surpass the diameter
effect. Kuang et al. [9] presented an experimental investigation into the pool fire burning rates
with different lip heights under the different cross flow air speeds. They observed that the cross
flow affected the burning rate, especially for the larger ullage height. In order to find the reasons
for the burning rate variations with ullage heights, the flame heat feedback has been studied by
some scholars. Liu et al. [10] investigated the ullage height effects on the heat feedback. They
found that the incident radiative heat flux to the fuel surface fraction first increased and then
decreased with ullage height while the convective heat feedback fraction presented a reverse
trend. This was attributed to the flame base suspension and the soot evolution due to incomplete
combustion. Huang et al. [11] carried out some pool fire experiments (D = 10-20 cm) using n-
heptane and ethanol to investigate ullage height (O until the burning could not be sustained)
effects on the heat transfer and combustion characteristics. They found that the radiative heat
feedback rate generally decreased for the fuels, while the convective heat feedback rate increases
slightly, followed by a decrease with h/D. Moreover, a mass flux correlation based on the
modified stagnant film theory was developed for the convection-dominated pool fires. In
addition to studies of the burning rate and heat feedback for pool fires with different ullage
heights, the flame behavior has also been studied by some scholars. He et al. [12] experimentally
studied the flame height variations with the ullage height by using steel trays and a new
correlation for upper flame height was established by considering the ullage height, tray
diameter, and heat release rate. Zhang et al. [13] presented two oil pool fires experiments under
different ullage heights to investigate the upper flame height evolution. They demonstrated that

2



84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103

104
105
106
107

108

109

110

111
112
113
114
115
116
117
118

119
120
121
122
123
124

the upper flame height first increased and then decreased with the ullage height increase and
eventually reached a local maximum value. This was attributed to the strengthened vortex around
the sidewall rims by the ullage height, which initially resulted in an increase in air entrainment.
Zhao et al. [14] conducted a series of pool fire tests by four transparent glass trays (L = 20-35
cm) with different ullage heights, in which the total flame was observed and divided into the two
parts: a down-reaching flame and an upper flame. They then developed a theoretical model for
the total flame length. Liu et al. [15] studied the ullage height (0 < h/D <1) effect on the flame
behavior using both experimental and numerical (FDS) methods. They found that there was a
negative pressure region in the tank which resulted in the surrounding air entrance into the pool,
forming the down-reaching flame. The above studies clearly indicate that the ullage height
significantly affects the burning rate, the flame heat feedback to the fuel surface and the flame
behavior, which even surpass the diameter effects. Although both the flame heat feedback to the
fuel surface and the flame behavior are analyzed to explain the lower burning rate for the cases
with large ullage heights, previous studies are predominantly qualitative in nature. Currently,
there is no available model to calculate the burning rate for the radiation-controlled pool fires
under different ullage heights. Furthermore, most of the experiment data are from some small-
scale experiments (D<20 cm), in which the burning rate is controlled by the conduction or
convection [16], far from the practical accidents. Therefore, the experimental data of the whole
burning process and burning rates for large ullage height pool fires controlled by radiation are
still limited.

Motivated by the above discussions, this study is aimed at investigating the burning
characteristics of pool fires with different ullage heights. A series of experiments were performed
using two customized tanks with different ullage heights. The burning rate, temperature profiles
in the tank, and radiative heat feedback to the fuel surface were measured and analyzed.

2. Experimental setup and models
2.1. Experimental setup

A schematic of the experimental setup is shown in Fig. 1. Two custom-made circular trays
with diameters (D) of 0.4 m and 0.6 m were used, and the corresponding sidewall height was 60
cm and 80 cm, respectively. The sidewalls and the bottom of the custom-made circular trays
were made of stainless (with a thickness of 2.5 mm). The position of the circular trays could be
adjusted by a supporting device so that the ullage height could be accurately confirmed, as
shown in Fig.1(b). The circular tray was placed on an electronic balance (maximum load: 150
kg, accuracy: 0.1 g) to measure the real-time fuel mass so that the mass burning rate can be
calculated. The burning process was recorded by a digital video camera.

The A series of K-type thermocouples (diameter: 1 mm) were placed along the centerline to
measure the temperature in the tank, for which the distance between two nearby thermocouple
pairs was 2 cm, as shown in Fig. 1(c). A heat flux meter (SGB) was used to measure the flame’s
radiative heat flux to the fuel surface. A quartz glass tube (thickness: 2 mm, transmissivity: 0.82)
was positioned at the bottom to protect the heat flux meter, as shown in Fig.1(d). This measure
was widely used in fire experiments [11].
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In order to reduce the influence of wind speed on the burning process, the experiments were
carried out in a semi-enclosed space. Before the experiments, a water layer (thickness: 11 cm)
was injected into the tray to prevent the bottom of the tray from overheating and deformation.
The fuel used in the experiments was gasoline (92 octane), with an initial fuel layer thickness of
2 cm, for which the burning lasted at least 3 min after reaching steady burning. The detail
experimental specifications are shown in Table 1. Note that each of the 12 test conditions was
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Fig. 1. Schematic of the detailed experimental setup.

carried out at least 3 times.

Tablel. Overview of the experimental conditions.

Test No. Diameter (cm) height (cm) h/D I:llgfll(lnf:sesl (l:l};:;r
1 40 0 0 2
2 40 8 0.2 2
3 40 16 0.4 2
4 40 24 0.6 2
5 40 32 0.8 2
6 40 40 1.0 2
7 60 0 0 2
8 60 12 0.2 2
9 60 24 0.4 2
10 60 36 0.6 2
11 60 48 0.8 2
12 60 60 1.0 2




137

138

139
140
141

142

143
144
145
146
147

148
149

150

151

152

153
154
155

156

157

158
159
160

161

162

163
164
165
166
167
168

2.2. Burning rate model in pool fire with small ullage heights

For pool fires, the heat flux (q‘f) received by the fuel surface mainly includes three parts: the

conductive heat from the sidewall to the fuel, the convective heat from the gas above the liquid
surface and the radiative heat from the flame to the fuel surface, which can be expressed as
follows [17]:

4, =0 h(r, 1)+ oF (77 -T)a- exp(-K D) )

where k, h and o are the conduction heat transfer coefficient, convection heat transfer coefficient
and Stefan-Boltzmann constant, respectively; k' is a constant, which equals to the extinction
coefficient multiplied by the mean beam length corrector (kf) [16]; D is the tray diameter; F is
the view factor; and T,, Ty, Ts, and T, are the temperatures of the tray rim, liquid gas above the
liquid surface, flame, and liquid fuel, respectively; T, is the liquid fuel boiling point.

For the radiation-controlled burning (D > 20 cm), the flame heat feedback to the fuel surface
can be simplified as [17]:

G, =oF Ty -T*){1-exp(-kD)) )
Then the burning rate (/i) can be written as:
4y =m(C, (Toon —T.)+ L)) 3)

where ¢, is the specific heat at constant pressure, L, is the latent heat of vaporization, and Ty
and T, are the fuel boiling point and ambient temperature, respectively. For the fuel burning, the
fuel surface temperature usually keeps the boiling point to sustain the burning (T, = Tyoil).

Combining Egs (1-3), the burning rate can be expressed as:
. UF(Tf4 _T|4)

Mm=——————

C, (Too = T.0)

where m is the mass burning rate of a pool fire with an infinite tray diameter. The burning rate
of most fuels with a diameter larger than 1 m can be approximated as the maximum burning
value (71 ) [16].

(1—exp(=k'D)) =m_(L—exp(-k'D)) 4)

3. Results and discussion
3.1. Burning process

Figure 2 shows some typical flame shapes for different ullage heights (for the cases with D =
60 cm: (a) h* = 0; (b) h* = 1.0). After the ignition, the flame length increases rapidly, after which
the flame height remains steady for a long period. Near the end of the test, the flame height
decreases rapidly, and the flame re-enters the tray as the fuel is depleted. Meanwhile, comparing
Fig. 2 (a) and (b), it is clear that the larger the ullage height, the lower the steady flame height of
the pool fires.
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Fig. 2. Typical flame shapes at different times for the case D = 60 cm: (a) h* = 0; (b) h* = 1.0.
Note that, apart from the first photo, the frames are taken at different times for the two
conditions.

In order to further show the whole burning process, the transient burning rates of pool fire (D
= 60 cm) with different ullage heights are shown in Fig. 3. The burning rate shows a tendency to
increase first, gradually stabilize and finally decrease. The variation of the mass burning rate is
consistent with that of the flame height. Meanwhile, it is also found that the mass burning rate of
the pool fire with h* = 1.0 is lower than that with h* = 0, which directly indicates that the ullage
height has a significant influence on the mass burning rate. Considering Figs. 2 and 3, it is useful
to divide the burning process into three typical stages: (1) initial stage, (2) steady burning stage
and (3) extinguishment stage.
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Fig. 3. Experimental data of burning rate and fuel mass for different ullage height vs. burning
time (D =60 cm: (a) h* = 0; (b) h* = 1.0).

The axial temperature profile in the tank is related to the burning behaviors. In Fig. 4(a), Test
12 (D =60 cm, h* = 1.0) is used as an example to show the temperature variation. Fig. 4(b) then
shows the radiative heat feedback from the flame to the fuel surface in Test 9 (h* = 0) and Test
12 (h* = 1.0) against the non-dimensional time.
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Fig. 4. (a) Axial temperature profile in the vertical direction at different times (h* = 1.0, D = 60
cm); (b) The radiative heat feedback from the flame to the fuel surface for different ullage
heights (h* =0, 1.0, D = 60 cm) against the non-dimensional time.

In Fig. 4, it can be observed that, as expected, the axial temperature in the tank increases
rapidly at the initial stage, up to around 700 °C, which is accompanied by the flame radiative
heat feedback. This is because the flame is mainly located in the tank due to the oxygen
existence after the ignition of fuel. However, as the burning continues, the inner temperature
gradually drops, especially near the fuel surface, from around 700 °C to 300 °C. This shows that
the flame base gradually moves up because of the restricted air entrainment by the sidewall.
Meanwhile, this process has also been observed in the previous experiments using the
transparent quartz glass trays [14]. In addition, the variations in the radiative heat feedback from
the flame to the fuel surface in Fig. 4(b) further illustrates the flame lifting process in the initial
stage. For the steady burning stage, the axial temperature profile in the tank and the radiative
heat feedback are basically stable. Combined with the axial temperature profile, it can be seen
that the space in the tank can be divided into two layers: (i) fuel vapor layer (the fuel surface to
the flame base) and (ii) the down-reaching flame layer (the flame base to the tank upper rim) in
the steady burning stage. For the extinguishment stage, it is found that both the axial temperature
in the tank and the radiative heat feedback increases first in a short time. This can be attributed to
the lower burning rate that causes the flame re-entered into the tank. Then, the axial temperature
and the radiative heat feedback decrease rapidly until to small values because of the
disappearance of the flame. It is noted that the measured radiative heat feedback is mainly from
the hot tube and the sidewall surface, after the fire extinguishment. This measured value was less
than 1 kW/m?. As a result, the influence of the glass surface is considered to be insignificant
enough to be neglected.

3.2. Axial temperature profile at the steady burning stage

In order to further analyze the steady axial temperature profile in the tank, Fig. 5 shows the
axial temperature profile of the pool fires (D = 40 cm) for h =32 cm and h =40 cm.



217

218
219

220
221
222
223
224
225
226
227
228
229
230
231

232

233
234

235
236
237
238
239

800

Flame base DQ] © §
o / ¥ ¢
&600 : Fuel vapor ! oQ
(b o
5 I (0] DT
= l o ! Flame base
SG—J | OD |
2400 " § ;
T | (] 1 D= 40 cm
— ipoﬂgﬂj I O h=32cm
>l O h=40cm
200I Fuel vapor . —
0 10 20 30 40

Distance to fuel surface (cm)

Fig. 5. The axial temperature profile for steady burning with different ullage heights for the case
D =40cm.

According to Fig. 5, as the distance increases to the fuel surface, the temperature begins to
increase slowly first, especially near the fuel surface. This is mainly because this part is far from
the flame. As the distance increases, the temperature increases sharply to around 600 °C. This
region is directly affected by the down-reaching flame. In comparison with previous pool fire
experiments with glass trays, it is found that the temperature is about 600°C [18] at the boundary
between the fuel vapor and flame (the flame intermittency of 0.5). Based on this finding, the fuel
vapor layer and the down-reaching flame layer can be distinguished. In Fig. 5, the thickness of
the fuel vapor is also determined and it can be seen that the fuel vapor thickness increases with
h*. This is mainly because of the greater air entrainment restriction imposed by the higher
sidewall, which results in flame base rise. Fig. 6 shows the down-reaching flame as a function of
h* and a correlation of the length of down-reaching flame and dimensionless ullage height at the
steady burning stage, respectively.
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Fig. 6. A correlation of down-reaching flame length and dimensionless ullage height in the
steady burning stage.

By inspecting Fig. 6(a), it can be found that Lgow, increases with h*. Meanwhile, Lgown
increases more pronouncedly for the large tanks because of the increased air entrainment
associated with flame sizes [14]. Fig. 6(b) shows that the dimensionless down-reaching flame
length increases exponentially with the increase of h*, which is consistent with the findings by
Dang et al. [19]. Meanwhile, Lgown is almost independent on the pool diameter for the radiation-

8



240
241

242

243

244

245
246
247
248
249
250
251
252
253
254
255

256

257
258

259
260

261
262
263

264

controlled burning (D > 20 cm). To predict the Lgown, an empirical equation has been proposed by
Dangetal. [19] :
Ly goun / D=axh™ (%)

D,down

Combined with the experimental data, L gwn can be expressed as:

*

*1.46
L, ... =0:98xh (6)

In Fig. 6, it can be found that there is a good agreement between the measurements and the
prediction with a fitting coefficient (R>>0.99), which verifies that the correlation can predict the
down-reaching flame length very well. In order to further enrich the experimental data and
analyze the sidewall influence, Fig. 6 also adds the down-reaching flame length data presented in
the studies by Huang et al. and Dang et al. [11, 19]. It should be noted that some experiment data
cannot be obtained in these scholar studies. So only parts of experiment data were selected and
added in Fig.6. By comparison, it is found that the developed correlation can also predict the
down-reaching flame length. However, it is noted that there is a certain deviation for those from
the work by Huang et al., especially the cases with the lower sidewall. This is mainly because of
the stronger heat conduction from the sidewall for the small-scale burning, which results in the
smaller down-reaching flame length [20].

3.3. Radiative heat feedback in the steady burning phase

Figure 7 presents the steady radiative heat feedback from the flame to the fuel surface for the
different dimensionless ullage heights.
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Fig. 7. Average radiative heat feedback versus h* at the steady-state stage.

As shown in Fig.7, the radiative heat feedback (Qrag) from the flame to the fuel surface
decreases with h*. For the grag (KW/m?), a solid flame model is widely used, in which the flame
is considered as a cylinder and the radiation is emitted entirely from the flame surface [21]:

qrad = Ef Fl,ZT (7)
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where F;, is a view factor between the flame base and the fuel surface; 7 is the atmospheric
transmissivity, approximately considered to be 1 for near the target [22]; and Es is the emissive
power from the flame surface. As the ullage height increases, the flame base will lift, followed
by the decrease of F; ,, which eventually causes the decrease of the radiation heat feedback to the
fuel surface.

In order to analyze the effect of the pool size on the radiative heat feedback, the experimental
values from the pool fire experiments with the pool diameters of 15 cm and 20 cm by Huang et
al. [11] are also plotted in Fig. 7. It can be observed that the radiative heat feedback is smaller
than the ones measured in our study, which is a result that is consistent with those for the pool
fires with lower ullage height [23]. This is because the tank size is small, followed by the weak
radiative heat feedback. Meanwhile, the decreased rate of the radiative heat feedback in the study
by Huang et al. is not obvious, which is probably due to the effect of radiative heat feedback to
the fuel surface from the high-temperature sidewall.

3.4. Steady burning rate and modeling

Figure 8 shows the steady burning rate as a function of the ullage height. The burning rate
decreases gradually with an increase of the h* for the same pool diameter, which is consistent
with the tendency of the radiative heat feedback to the fuel surface in Fig. 7. For the same ullage
height, the burning rate tends to increase with the pool diameter. This can be explained by the
fact that the radiative heat feedback increases with the tank diameter, as shown in Fig. 7.
Meanwhile, in order to display the pool diameter influence, Fig. 8 also presents the experimental
data from the literature [11, 24]. It confirms that the burning rate also decreases with the ullage
height, which is consistent with the finding in the paper [4]. Furthermore, it can be observed that
the burning rate also depends on the pool diameters, showing an increasing trend. However,
there is a still difference in the burning rate for the cases with the pool diameter of 60 cm
between Chen et al.’s experiments and the current experimental results. This is possibly because
of the wind effect caused by an exhaust hood in Chen et al.’s experiments, which has a
significant impact on the flame [9].
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Fig. 8. Burning rates versus h* at the steady burning stage.
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For the radiation-controlled pool fires with a low ullage height, the burning rate is mainly
determined by the radiative heat feedback from the flame to the fuel surface which is almost
equal to the flame base. For a large ullage height, the flame radiative heat feedback can be
simplified into two parts: (1) Flame radiative heat feedback to the flame base; (2) Radiation from
the flame base to the fuel surface, as shown in Fig. 9.

Fuel surface

Fig. 9. lllustrations of the flame radiative heat feedback and the heat transfer process
simplifications. (1) Flame radiative heat feedback to the flame base; (2) Radiation from the flame
base to the fuel surface.

The radiative heat feedback to the flame base can be considered a constant as long as the
flame is tall (flame height > 2D) and does not change color during the burning process [25].
Also, the effect of flame shape variation on the flame radiative heat feedback is negligible.
Therefore, the radiative heat feedback to the flame base for the different ullage heights
approximately equals the flame radiative heat feedback to the fuel surface for the low ullage
height pool fires. As a result, for pool fires with different ullage heights, the q'f (kW/m?) to the

flame base can be expressed as:

G =m(L-exp(-k D))(c, (T, ~T.)+L,) ()

After the radiative heat feedback to the flame base, there is still a vapor region in the tank
between the flame base and the fuel surface. For this radiative transfer process, the radiation is
roughly regarded as from the circular flame base to the circular fuel surface and the detail is
shown in Fig. 9. For the view factor between the two parallel circular surfaces, Fj can be
expressed as [26]:

Lvapor =h- I‘down (9)
1+(L)2
S—=14— vawor (10)
(L)Z
Lvapor
1 2 2705
Fy = 2{5-[5" 405, /)T (1)
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where r; is the fuel surface radius, rj is the radiant surface radius, and Lyapor is the fuel vapor
thickness.

Thus, combining Egs. (4) and (7), the burning rate model for pool fires with different ullage
heights can be expressed as:

m=r, (1-exp(—k D))F;z (12)

Substituting Egs. (3) and (8-11) into Eq. (12), the final expression of burning rate prediction
model for pool fires with different ullage heights can be obtained:

= mw(l—e‘k'D)(1+ 2h —axh*b)—2(h*—axh*b)\/1+(h*—axh*b))r (13)

In Eq. (13), the fuel vapor absorption on the flame radiative heat feedback is not considered
and z = 1. For the burning rate prediction model of radiation-controlled gasoline pool fires, it can
be obtained by combining Egs. (6) and (13):

m= 55(1_e1.8D)(1+ Z(h* _058x h*1,46)2 _ 2(h* _058x h*1.46)\/1+ (h* _0.58x h*l.46)2 ) (14)

where 1m4,= 55 g/(m?-s), k' = 1.8 m™ for gasoline pool fires [16]. Fig. 10 shows the comparison
of calculated burning rate prediction model and experimental data in current paper and some
literature values [11 14, 20, 24].

~1
th
R

B D=40cm @ D=60cm
Huang [11], D =20 cm, n-heptane
- | / Zhao [14], L =30 cm, n-heptane
Liu [20], D =20 cm, n-heptane
> Chen [24], D =60 cm € Chen [24], D =80 cm
Cd

=a)
[—

i
7))

w
=]

-15%

[y
h
‘\' «E l
3

Experimental value of m (g'm'z's'l)

0 1 1 1 1
0 15 30 45 60 75

Predicted value of m (grm™>s?)

Fig. 10. Comparison of experimental and calculated burning rate using Eq. (14) and experimental
data in this work and from literature.

In Fig. 10, it can be observed that the burning rate can be predicted well by the model for the
cases with different ullage heights. The predictive deviation of the model may be due to the
difficulty in determining the down-reaching flame heights. Furthermore, it can be found that the
deviation increases for the cases with large ullage heights, which can be explained by the fact
that the radiative heat feedback to the flame base is not steady, even the change in flame color
for the cases with some large ullage heights [14,20]. For example, when h* is greater than 1.5,
the flame will become unstable and even extinguish [20], and the flame color also tends to blue
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[14]. Therefore, it should be noted that the developed model is applicable for the stable pool fires
with different ullage heights.

4. Conclusion

A series of gasoline pool fire experiments with different pool diameters and ullage heights are
carried out. The entire burning process, including axial temperature profile, radiative heat
feedback, and burning rate, is measured and analyzed.

The whole burning process can be divided into three stages: 1) initial stage, 2) steady burning
stage and 3) extinguishment stage. For the initial stage, the temperature in the tank and the
radiative heat feedback from the flame to the fuel surface increase rapidly after ignition because
the flame was mainly in the tank. Then these values gradually decrease and eventually stabilize,
which is closely related to the flame base rise and ensuing stabilization. During the steady
burning stage, the burning rate, flame height and axial temperature profile all remained stable.
Then the fuel vapor layer and the down-reaching flame layer in the tank are distinguished based
on the axial temperature profile. At the extinguishment stage, the flame re-enters the fuel tank,
causing the axial temperature and the radiative heat feedback to the fuel surface increase in a
short time, and then rapidly decrease.

During the steady burning stage, the down-reaching flame length (Lgown) increases with the
ullage height (h). Meanwhile, Lqown increases significantly more for large tanks. Subsequently, an
empirical exponential model (Lp gown® = 0.58 X h™*®) is used to predict the dimensionless down-
reaching flame length, which is also in good agreement with the experimental data from Dang et
al.

Both the radiative heat feedback from the flame to the fuel surface and the burning rate
decrease with the ullage height increase at the steady burning stage because of the flame base
rise. Meanwhile, the decreasing rates are not obvious for the small-scale pool fires, because of
the heat conduction effect from the side wall effect. By the analysis of the heat transfer process
between flame and fuel surface, two processes are defined and then a burning rate model for pool
fires with different ullage heights is established, which is in good agreement with the available
experimental data in some extent.

The results and fundamental analysis can enhance the understanding of the radiative heat
transfer process from the flame to the fuel surface. However, it is important to note that the
developed correlation for the burning rate in this study is currently only valid for limited
diameters of the stable pool fires with different ullage heights. Moreover, in practical fire
accidents, the tank diameter is usually large and the corresponding accident scene is also
complicated, which further affects burning behaviors and should be studied in future.
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Figure captions
Fig. 1. Schematic of the detailed experimental setup.

Fig. 2. Typical flame shapes at different times for the case D = 60 cm: (a) 2* = 0; (b) h* = 1.0.
Note that, apart from the first photo, the frames are taken at different times for the two
conditions.

Fig. 3. Experimental data of burning rate and fuel mass for different ullage height vs. burning
time (D = 60 cm: (a) 7*=0; (b) h*=1.0).

Fig. 4. (a) Axial temperature profile in the vertical direction at different times (£* = 1.0, D = 60
cm); (b) The radiative heat feedback from the flame to the fuel surface for different ullage
heights (h* =0, 1.0, D = 60 cm) against the non-dimensional time.

Fig. 5. The axial temperature profile for steady burning with different ullage heights for the case
D =40 cm.

Fig. 6. A correlation of down-reaching flame length and dimensionless ullage height in the steady
burning stage.

Fig. 7. Average radiative heat feedback versus h* at the steady-state stage.
Fig. 8. Burning rates versus h* at the steady burning stage.

Fig. 9. Illustrations of the flame radiative heat feedback and the heat transfer process
simplifications. (1) Flame radiative heat feedback to the flame base; (2) Radiation from the flame
base to the fuel surface.

Fig. 10. Comparison of experimental and calculated burning rate using Eq. (14) and experimental
data in this work and from literature.
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