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Abstract. This paper is aimed at studying the down-reaching flame behaviors of
tank fires with large ullage heights. Experiments were first conducted using a gas bur-
ner in a transparent quartz glass cylinder to simulate the large ullage and the experi-
mental data was used to validate the computational fluid dynamics (CFD) model.
Subsequently the effects of ullage height, fuel velocity and burner diameter on the
flame behaviors were examined systematically. Both experimental and numerical
results showed that, for lower fuel velocities, the down-reaching flame height (%4,,,,)
is restricted by the ullage height. As the fuel velocity continues to increase exceeding
a critical value, independent of the ullage height, /4, starts to decrease. For a given
fuel velocity, hg,,, increases with an increase of the burner diameter owing to
enhanced air entrainment. A detailed analysis of the flow field and oxygen concentra-
tion inside the tank at the steady burning stage was also carried out. Based on the
numerical results and dimensionless analysis, a piecewise function was proposed to
predict the down-reaching flame height and validated against the experimental data.
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1. Introduction

Floating-roof tanks are widely used in chemical parks for liquid fuel storage [1].
During storage, the floating roof floats on the liquid surface and will move up or
down with the variation of the fuel storage volume and, thus, the distance
between the liquid surface and the tank upper rim (ullage height, H) also varies.
In recent years, several major fire accidents related to floating-roof tanks occur-
red, especially for small storage volume (large ullage height), with serious conse-
quences [2]. For a low liquid level, the highly flammable fuel vapor can easily
accumulate inside the tank, which poses a significantly higher fire risk and increa-
ses the potential for a fire accident. In case of a tank fire, the tank’s roof can be
easily blown off so the floating plate can sink to the bottom of the tank, as shown
in Fig. 1a). In this scenario, the sidewall, unless ruptured, can restrict air entrain-
ment and change the morphology of the flame above the liquid surface and
between the sidewalls, so their flame behaviors are significantly different from
those of a traditional pool fire (low ullage height). Moreover, the change of flame
behaviors will in turn affect the accident development and potentially lead to fire
escalation, as demonstrated in a floating-roof tank fire accident at Cangzhou,
Hebei province, China in 2021 [3] as shown in Fig. 1b. In order to gain a deeper
understanding into flame behaviors of storage tanks, it is necessary to conduct
small-scale experiments under large ullage heights, which would be of significant
importance in advancing the fire safety design of storage tanks on a broader scale.

The burning behaviors of pool fires with large ullage heights were investigated
by various researchers. Orloff and de Ris [4] discovered that, for smaller burning
diameters, increasing the ullage height had minimal impact on the flame height
above the container rim. Artemenko and Blinov [5] and Dulgogorski and Wilson
[6] both analyzed the mass loss rate of pool fires at varying ullage heights and
observed a significant decrease in the mass loss rate as the ullage height increased.
Kolstad et al. [7] reported a 36% reduction in the mass loss rate for ullage heights
larger than zero. He et al. [8] considered different surface areas and ullage heights
in diesel pool fires to investigate the upper flame height as a function of the heat
release rate (HRR). Liu et al. [9] established an upper flame height model under
different ullage heights where an equivalent hydraulic diameter, D,, was intro-
duced. Huang et al. [10] examined the combustion and flame merging characteris-
tics of two n-heptane line pool fires, taking into account the effect of the ullage
height. Their findings indicated that flame merging increased as the ullage height
decreased. Zhang et al. [11] investigated the evolution of the upper flame height in
pool fires at various ullage heights and separation distances and observed an ini-
tial increase followed by a decrease in the upper flame height with increasing
ullage height. This behavior was attributed to the strengthened vortex near the
sidewall rims caused by the ullage, which initially led to an increase in air entrain-
ment. These studies collectively demonstrated that the burning behaviors including
mass loss rate, flame merging and upper flame height are significantly influenced
by the ullage height.

In recent years, flame behaviors inside the burner with large ullage heights were
also investigated. Shi et al. [12] and Liu et al. [13] employed CFD (computational
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[3].

fluid dynamics) simulations to examine the flame behaviors of pool fires with vari-
ous ullage heights and found that, as oxygen was transported into the container,
the flame would enter the container due to the partial premixing of oxygen and
fuel vapor inside. Huang et al. [14] emphasized the significant effects of the ullage
height on the burning characteristics of pool fires, reporting an increase in the
convective heat feedback due to the flame entering the tank. Zhao et al. [15] car-
ried out a series of pool fire tests made of transparent glass containers with differ-
ent ullage heights and the total flame was divided into a down-reaching flame and
an upper flame. Kuang et al. [16] performed experiments and simulations of hep-
tane pool fires using steel containers with varying ullage heights under cross flows
and found the flame streamlines inside the container exhibited an upward, pre-
dominantly straight pattern at low cross flow velocities, suggesting that the plume
flow within the container was primarily controlled by buoyancy.

It is important to note that previous studies mainly focused on the characteris-
tics of the upper flame, and the flame behaviors of the down-reaching flame were
rarely studied. However, in a tank fire accident, the down-reaching flame is expec-
ted to play a significant role in the heat transfer process between the flame and



Fire Technology 2024

the tank sidewall, which could lead to the damage and eventually the collapse of
the tank. This study intends to close this knowledge gap by examining the down-
reaching flame behaviors and the flow field inside a fuel burner with large ullage
heights (h*>1, h* = H/D, where H is the distance from the container rim to the
liquid surface, D is the burner diameter) and identifying the key controlling
parameters. A series of experiments were conducted using a propane gas burner in
a transparent quartz glass cylinder to provide the data for validating the numeri-
cal model. Numerical simulations were then performed with different ullage
heights, fuel velocities and burner sizes. Key parameters related to the down-
reaching flame behaviors were analyzed in detail, and, based on dimensionless
analysis and experimental and numerical results, a piecewise function was devel-
oped to predict the down-reaching flame height.

2. Experimental Details

A schematic diagram of the experimental setup is illustrated in Fig. 2. In the
experiments, a porous gas burner was built using 0.4-cm-thickness steel with an
inner diameter of 20 cm and used as the fire source. The burner consisted of a
glass beads layer (particle size of 0.8 cm) and a fine quartz sand layer (particle size
of 0.2 cm) to provide uniform gas flow. The sidewall was made of a transparent
quartz glass cylinder (H =20 cm, H is the height of the quartz glass cylinder;
thickness: 0.5 cm) to directly observe the down-reaching flame behaviors. It
should be noted that gas burners were used in this work instead of liquid pool
fires, as their combustion characteristics are similar both being buoyancy-domi-
nated. The main reason in using gas burners in this work is that, although a liq-
uid pool fire can simulate better practical applications, its flame behaviors and
burning rates are coupled with each other, resulting in a dynamic change of the
flame behaviors, and burning rates as the ullage height changes. Thus, it is diffi-
cult to isolate the influence of the ullage height and burning rates on flame behav-
iors. In comparison, a gas burner allows for precise control of the fuel flow rate
(heat release rate), making it more feasible to study the impact of ullage height
and burning rates on flame behaviors compared to a pool fire and to assess the
impact of individual design parameters such as the burner diameter and fuel
velocity on the flame behaviors in the parametric studies.

Two digital cameras with a filming speed of 25 frames per second were arran-
ged to record flame morphology and capture the flame height in the front and
side of the container. A mass flow meter with accuracy of 0.01 SLPM (Standard
Liter Per Minutes) was used to control the fuel velocity (and thus the HRR)
[17,18]. The centerline temperature of the fire plume was measured using K-type
thermocouples (diameter: 0.1 cm, uncertainties: = 1 C). The arrangement of ther-
mocouples consisted of two parts. The first part began from the bottom of the gas
burner, with a spacing of 4 cm, for a total of eight thermocouples, whereas the
second part started at a distance of 40 cm from the bottom of the gas burner,
with a spacing of 10 cm, for a total of seven thermocouples. Estimates of the
error of temperature measurements by the thermocouples due to radiation loss are
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Figure 2. Schematic of experimental setup: a overview of the
experimental setup; b gas burner.

provided in Appendix 1. The propane gas was ignited by a piloted flame after
being ventilated in the propane gas cylinder for 30 s. All experiments lasted at
least 3 min after reaching the steady burning stage and each experiment condition
was conducted three times with good repeatability. The specification of the experi-
mental conditions is shown in Table 1.

To determine the flame base position and down-reaching flame height, the flame
videos were converted into a series of binary images and the down-reaching flame
height was then determined based on a certain scale [19,20]. The same process was
also used to find the flame height in the simulations. It should be noted that there
are some areas on the experimental pictures with a faint flame, which are not pre-
sent in the binary flame image due to the fact that their intensity is less than the
pre-defined threshold value. Examples of the imaging processing procedure for
both experiments and simulations are shown in Fig. 3.

3. Numerical Modeling

3.1. Description of the CFD Model

Fire dynamics simulator (FDS, version 6.7.9) [21], a large-eddy simulation (LES)
based CFD model was used. Here, only a brief discussion of the model is pre-
sented as its detailed description can be found in FDS documentations [21,22]. It
solves the filtered conservation equations for mass, momentum, energy, and spe-
cies. The combustion model is based on the eddy dissipation concept (EDC),
which assumes the burning occurs once the reactants are mixed. Its treats each
control volume as a partially stirred batch reactor with a characteristic mixing
time, based on which the mean chemical mass production rate is calculated. The
discretized form of the radiative transport equation (RTE) is solved using a finite
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Table 1
Specification of Experimental Conditions (H=20 ¢cm, D=20 cm)

Test Fuel supply Rate Fuel Velocity Ambient Temperature Humidity
No (L/min) (1073 m/s) (K) (Yrh)

1 6 3.2 29345 55+12

2 8 42

3 10 5.3

4 12 6.4

5 16 8.5

(b)

Figure 3. A Down-reaching flame height extraction process in the
experiments; b down-reaching flame height extraction process in the
simulation (H=20 cm, D=20 cm).

volume method with the absorption coefficient obtained using local gas and soot
concentrations.

3.2. Numerical Details

Figure 4 shows a schematic view of the numerical model. The sidewall of the tank
was modeled as a transparent quartz glass cylinder as in the experiments. The
tank diameter was varied (D = 20, 30, 40, and 50 cm) to examine its effects on the
flame behaviors, flow field inside the tank, and air entrainment. The physical
properties of the fuel and those of the quartz glass are shown in Table 2. The bot-
tom of the container was modeled as a vent to supply the fuel gas at a constant
flow rate.

For determining the fuel velocities, a review of relevant literature [14,15,24-26]
was conducted on the mass burning rates per area (kg/(m*s)) of various common
liquid fuels at different pool diameters, which were subsequently converted into
fuel velocities (m/s), as shown in Table 3. Finally, five fuel velocities (v) were used,
which cover the burning rate of a wide range of hydrocarbon fuels [23]. The cen-
terline temperature was recorded as shown in Fig. 4 for comparison with the
experimental data.

In total, 30 numerical conditions were examined as shown in Table 4. The selec-
tion of the ullage height was based on the fact that the dimensionless ullage
height, i* = H/D, of smallest storage tanks ranges from 0.6 to 1.4 [27,28]. In the
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Table 2

Physical Properties of Quartz and Propane

Properties Quartz cylinder 137 Propane
Boiling point (1)) - —42.1
Density (kg/m>2001) 2200 1.83
Heat of vaporization(kJ/kg) - 4229
Heat of combustion (MJ/kg) - 50.37
Conductivity (W/m - K) 1.4 0.01674
Specific heat (kJ/kg - K) 0.67 1.693

first part of simulations (Sim Nos. 1-20), the ullage height was set equal to the
burner diameter, whereas in the second set (Sim Nos. 21-30), #* was increased for
cases with low fuel velocities with a maximum value of 1.4. It should be noted
that the data for D =20 cm are obtained from the experiments and simulations,
whereas the data from the other diameters are only obtained from the simula-
tions.

In order to capture the whole combustion region and properly resolve air
entrainment, the computational domain was extended in all directions. The
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Table 3
The Corresponding Fuel Velocities in Literature [14,15,24-26]

Burning rates  Fuel velocity

Literature Fuel types Pool diameter/equivalent diameter (m) (1073 kg/(m2~s)) (1073 m/s)
Zhao et al.[15] N-heptane 0.23 7.82-13.64 1.75-3.06
0.28 8.73-14.86 1.96-3.34
0.34 8.96-17.67 2.01-3.97
0.39 19.18-23.56 4.31-5.29
Huang et al. [14] Ethanol 0.10 10.83-11.46 5.28-5.59
0.15 10.66-14.72 5.19-7.18
0.20 13.06-14.01 6.37-6.83
N-heptane 0.10 6.36-17.83 1.43-4.01
0.15 9.06-15.29 2.03-3.43
0.20 9.24-19.43 2.07-4.36
Wang et al. [24]  N-heptane 0.10 11.01 2.47
0.15 10.30 2.31
0.20 17.12 3.84
0.25 16.11 3.59
0.30 19.01 4.27
0.35 21.52 4.83
0.40 21.63 4.85
Diesel 0.10 11.22 2.17
0.15 10.05 1.95
0.20 15.41 2.99
0.25 17.5 3.39
0.30 17.91 3.47
0.35 17.95 3.48
0.40 21.2 4.11
Zhao et al. [25]  Gasoline 0.4 10.08-28.13 2.61-6.79
0.6 11.78-34.03 2.84-8.22
Chen et al. [26]  Gasoline 0.6 18.80-33.32 4.54-8.05
0.8 26.46-40.72 6.39-9.83

lengths of the domain in the X, Y and Z directions are respectively three, three
and eight times of the diameter of the storage tank [29-31]. Open pressure bound-
ary conditions were set at the four sides and top of the domain to allow the com-
bustion products and surrounding air to freely leave or enter the domain. The
simulation time of all cases was 120 s.

3.3. Grid Sensitivity Analysis

In all simulations, uniform cubic control volumes were used. The ranges of the
recommended grid size for the various simulation conditions were determined by
the characteristic fire diameter [13,29] and details are included in Appendix 2. A
grid size of 1.0 cm was found to be appropriate for most cases except for the ones
with larger HRRs, for which an even larger grid size could be used. This is further
supported by the grid sensitivity analysis in Fig. 5, which shows a comparison of
the measured and predicted temperatures with three grid sizes (0.5, 1.0 and
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Table 4
Summary of Numerical Simulation Conditions

Fuel
Sim Ullage height/diameter velocity  Sim  Ullage height/diameter Fuel velocity 107
No (cm/cm) 1073 (m/s) No (cm/cm) (m/s)
1 20/20 3.2 6 30/30 3.2
2 4.2 7 42
3 5.3 8 5.3
4 6.4 9 6.4
5 8.5 10 8.5
11 40/40 3.2 16  50/50 3.2
12 4.2 17 4.2
13 5.3 18 5.3
14 6.4 19 6.4
15 8.5 20 8.5
21 24/20 3.2 26 56/40 3.2
22 28/20 32 27 60/50 3.2
23 36/30 3.2 28 70/50 3.2
24 42/30 3.2 29 60/50 4.2
25 48/40 3.2 30 70/50 42
900 -
B Experimental
800 — 5mm
700 — 10mm
—_ 20mm
S 600
-’
2
E 500
£ 400
o
=N
£ 300
et
200
100
0 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 1

0 10 20 30 40 50 60 70 80 90 100
Height above the burner surface (cm)

Figure 5. Comparisons of simulated and experimental plume
centerline temperature profiles (H=20 cm, D=20 cm, v=3.210"2 m/s).

2.0 cm) for the case with a burner dimeter of 20 cm and a fuel velocity of
32107 m/s. The predicted temperatures using the 2.0 cm grid size are substan-
tially different from the ones predicted with smaller grid sizes or the measure-
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ments. The differences between simulations with 0.5 and 1.0 cm grid sizes are neg-
ligible and both are in good agreement with the measurements, indicating that the
results are grid independent. Subsequently, the grid size of 1.0 cm was used in all
the simulations.

4. Results and Discussion

4.1. Flame Behaviors During Experimental Burning Process

The flame behaviors and the flow field inside the tank with a large ullage height
are expected to be significantly different from those with a low ullage height. Fig-
ure 6 shows the flame morphology at different times in the experiments (Test 4, H
=D=20 cm, v=6.410" m/s). Based on the flame base position, the flame varia-
tion can be categorized into three stages: 1) internal burning; 2) flame lifting; 3)
steady burning. During the internal burning (t=4 s) and flame lifting stages
(11 s<t<40 s), the flame base is firstly attached to the burner surface before it
gradually moved upward. This behavior can be attributed to the consumption of
the air inside the container and the limited air entrainment caused by the sidewall
[32]. At the steady burning stage (t =40, 60 and 80 s), the flame morphology
becomes stable, and the position of the flame base is relatively fixed. This can be
attributed to the balance of the downward momentum of the entrained air flow
and the upward momentum of the fuel flow.

4.2. Validation of the Numerical Model

Both experimental and simulation results showed that the flame became steady
after 40 s and the mean (time-averaged) values of simulated results (temperature
and flame height) were obtained from the steady stage and compared to the exper-
imental data. Figure 7 shows a comparison of the predicted and measured mean
flame height for the cases with a 20 cm container size and different fuel velocities.
The trends of the predicted values follow those of the experimental ones. Both the
upper and total flame heights increase with the fuel velocity, whereas the down-
reaching flame height decreases.

When the fuel velocity is small, the down-reaching flame height is the same as
the ullage height, indicating that the flame is attached to the burner. With an
increase of the fuel velocity, the flame gradually moves up and eventually becomes
anchored at the burner exit for very large fuel velocities, when the down-reaching
flame height is nearly zero. The maximum relative difference, o, as defined in
Eq. (1), for the down-reaching, upper and total flame heights are 20.1, 2.1, and
2.3% respectively.

:MX 100% (1)

exp

where /g, is the simulated flame height, and #,,, is the experimental flame height.
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heights with different fuel velocities (H=20 cm, D=20 cm).

Figure 8 presents comparisons of the experimental and simulated plume center-
line temperatures as a function of the vertical distance from the burner surface
(z.) for different fuel velocities (D =20 cm). Overall, the predictions are in good
agreement with the measurements with a maximum deviation of 15.6% for smal-
ler fuel velocities in Fig. 8a—c. The temperature is slightly overestimated for large
fuel velocities in Fig. 8d, e, which is consistent with the overprediction of the
down-reaching flame height shown in Fig. 7.

4.3. Internal Flow Field in Numerical Simulations

In order to display the flow field inside the container with a large ullage height,
Fig. 9a shows the typical flame morphology at different times observed in the sim-
ulations for Sim. No. 4 (H= D =20 cm, v=6.410" m/s), whereas Fig. 9b and c
show the predicted temperature, oxygen volume fraction and flow field inside the
container from the simulation results (averaged over 1 s).



Fire Technology 2024

900 900 900

G Simulated —~ Simulated —~ Simulated
o W Experimental %) = Experimental %) = Experimental|
N’ - e
Z e & 6001
= = =
- - =
«® ] <
= = =
2 2 & s00f
= = £
5} o o [
= = 0 = 0
00 25 50 75 100 0 25 50 75 100 0 25 50 75 100
z(cm) z,(cm) z,(cm)
(a) v=3.2X10" m/s (b) v=4.2 X103 m/s (¢) v=5.3X103 m/s
1000 Simulated 1000 — Simulated

®  Experimental ¥  Experimental

~
%
=)

750

Temperature (°C)
[ W
g S

Temperature (°C)

=)
=)

25 75 100 0 25 50 75 100

’ Zc(i(;n) Zc(cm)
(d) v=6.4 X103 m/s (e) v=8.5X10" m/s
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It can be found that the burning process in Fig. 9a is in good agreement with
the experiments in Fig. 6. In Fig. 9b and c, three vertical regions inside the con-
tainer can be distinguished at the steady burning stage based on the temperature
distribution and oxygen volume fraction: fuel vapor, down-reaching flame, and
upper flame regions [32]. In the fuel vapor region, the gas temperature is nearly
constant. In the down-reaching flame region, several vortexes form around the
container upper rim to entrain the air into the container to maintain the down-
reaching flame. This results in relatively stable air entrainment, which agrees with
the observation in [16]. It can also be observed that the oxygen volume fraction
and flow field inside the container are nearly the same at t =40, 60 and 80 s.

4.4. Effect of Fuel Velocity on Flame Behaviors

In practical storage fire accidents, steady burning usually sustains for a long time
and the down-reaching flame plays an important role in the sustained burning of
the liquid fuel and the failure of the sidewall [33]. Figure 10a compares the flame
behaviors at the steady stage with different fuel velocities for the cases with D =
30 cm. In order to better describe the flow field inside the container, the heat
release rate per unit volume (HRRPUYV) and oxygen volume fraction and flow
field inside the container, averaged over the steady burning stage are shown in
Fig. 10b and c.

For the simulations with low fuel velocities (Sim. No. 6, Sim. No. 7), the down-
reaching flame almost filles up the container, and the flame base is anchored at
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the burner surface. As reported in [9], the flame base position was controlled by
the competition of the momentum of the downward entrained air flow and that of
the upward fuel gas flow. For low fuel velocities, the momentum of the entrained
air can overcome the momentum of the fuel gas to reach the bottom of the tank,
so the flame is anchored at the burner surface and the down-reaching flame height
is constrained by the ullage height. As the fuel velocity increases, the upward
momentum of the fuel gas increases resulting in the flame base gradually moving
up and the formation of the fuel vapor region. The oxygen volume fraction in the
fuel vapor region significantly decreases and the fuel flow field tends to be uni-
form. During this stage, the length of the fuel vapor region gradually increases
with an increase of the fuel velocity, whereas that of the down-reaching flame
height decreases. Vortexes form at the interface of the fuel vapor and down-reach-
ing flame regions, as a result of the interaction of buoyancy force and air entrain-
ment [34].

Figure 11 presents the dimensionless down-reaching flame height (%,,,/D) at
the steady stage against fuel velocity. It can be seen that 4,,,,/D is nearly one for
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low fuel velocities as the down-reaching flame height is restricted by the burner
surface. As the fuel velocity exceeds a critical value (v > v.), the flame base deta-
ches from the burner surface and #hy,,,/D decreases. The two distinguishing
regimes will be referred to as (1) ullage-controlled regime and (2) air entrainment-
controlled regime respectively. For the cases with small burner diameters (i.e., D
=20 and 30 cm), the ullage-controlled regime is not obvious, indicating that the
fuel velocities used are larger than the critical fuel velocity.

4.5. Effect of Burner Diameter on Flame Behaviors

Figure 12 shows the flame behaviors and the oxygen volume fraction and flow
field inside the container, averaged over the steady burning stage for the cases
with different burner diameters (D =20, 30, 40 and 50 cm) and a fuel velocity of
6.410° m/s. The down-reaching flame height gradually increases as the burner
diameter increases. This can be explained by the fact that the volume of the air
intake channels increases as the burner diameter increases, which strengthens the
air entrainment around the container rim, as demonstrated by more chaotic
streamlines and a larger number of vortexes inside the container as shown in
Fig. 12c.
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Figure 11. Typical flame behavior and down-reaching flame height
variations with fuel velocity (v=3.2, 4.2, 5.3, 6.4 and 8.5 1072 m/s).

To further understand the effects of the burner diameter on the flame behaviors,
the dimensionless down-reaching flame height is plotted against the burner diame-
ter in Fig. 13, where it can be observed that at the same fuel velocity the down-
reaching flame height increases with increasing burner diameter because of
enhanced air entrainment. It can also be noted that the burner diameter has lim-
ited effect on the down-reaching flame height when the fuel velocity is small (v =
3.110* m/s). This is due to the fact that the down-reaching flame height is restric-
ted by the ullage height in the ullage-controlled regime.

4.6. Development of a Model for the Down-Reaching Flame Height

It has been shown that the down-reaching flame behaviors with low fuel velocities
are restrained by the ullage height, but the effect of the ullage height on the flame
behaviors in the air entrainment-regime remains unclear. To better understand the
effect of the ullage height on the flame behaviors, simulations were performed
with increased ullage heights for the cases with low fuel velocities (Sim. Nos. 21—
30 in Table 3) and the results of the average HRRPUYV are shown in Fig. 14. It is
clear that the flame base gradually detaches from the burner surface as the ullage
height increases, indicating that the flame behaviors transition from the ullage-
controlled to the air entrainment-controlled regime.

Figure 15 shows that the dimensionless down-reaching flame height 4,,,,,/D is
nearly one when H/D=1. As H/D increases, hy,,,/D gradually increases to a
nearly constant value, which verifies that the down-reaching flame behaviors are
not affected by the changes of the ullage height in the air entrainment-controlled
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regime. For the cases with D=50 cm and v=3.210"° m/s, a steady value of
haown/D 1s not achieved implying that a further increase of H/D is required.

Based on the above discussions and findings in [35-37], the dimensionless down-
reaching flame height, A4, /D, can be correlated to the dimensionless HRR Q* as:

b _ 1(¢) @

where O* is defined as [38,39]:

-2 o)

PocCpToor/ D>
and O is the heat release rate, p,_ is the density of ambient air, ¢, is the air speci-
fic heat capacity at constant pressure, 7., is the ambient temperature, g is the
acceleration of gravity, D is the burning diameter.

Due to the variation of the fuel velocity affecting O, it can be inferred from
Eq. (3) that 0" is dependent on both the fuel velocity, v, and the burner diameter,
D. With either an increase of v or a decrease of D, O* will increase, resulting in
the decrease of the down-reaching flame height [32]. Finally, the correlation can
be expressed as:

Mo — 4(0)" + 8 @

In Fig. 16, hyp,,/D is plotted against O* for all the simulation conditions. All the
data collapse into one single curve with the exception of the cases in the ullage-
controlled regime, where the down-reaching flame height equals the ullage height,
i.e., Mgown/D = H/D = 1. In the air entrainment-controlled regime, /4,,,/D decrea-
ses monotonically with O* and the constants 4 and n can be found based on the
besting fitting of data. So, we finally have:

Bdown { H /D For the ullage - controlled regime

D 3.93 — 3.7(0*)"*® For the air entrainment - controlled regime

(5)

Figure 17 shows a further comparison of the down-reaching flame height in the
air entrainment-controlled regime calculated using Eq. (5) and the simulated data
in this work and the experimental data reported in [15] for a heptane pool fire.
The calculations agree well with the simulation results and the experimental data
in [15] within the errors of £20%. This finding is significant, as the results indi-
cate that the correlation is applicable for the prediction of the down-reaching
flame heights for pool fires.
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<Figure 14. Time-averaged distributions of the simulated HRRPUV,
averaged over the steady burning stage (H/D=1.0, 1.2 and 1.4, D=
20, 30, 40 and 50 cm, v=3.2 and 4.2 1073 m/s).

In this work, the effects of the ullage height, fuel velocity and burner diameter on
the down-reaching flame behaviors of tank fires with large ullage heights were
experimentally and numerically studied. The main findings are as follows:

(1) The flame variation of tank fires with large ullage heights can be categorized
into three phases: internal burning, flame lifting and steady burning. At the
steady burning stage, the flame base is relatively fixed in the container and
three distinct regions can be distinguished: fuel vapor, down-reaching flame,
and upper flame regions. For cases with very low fuel velocities, the flame lift-
ing stage was not observed.

(2) At the steady burning stage, the down-reaching flame height depends on the
fuel velocity, burner diameter and ullage height. For low fuel velocities, the
down-reaching flame height is same as the ullage height. However, as the fuel
velocity exceeds a critical value v., the down-reaching flame height decreases
with either a further increase of the fuel velocity or a decrease of the burner
diameter. These two regimes were referred to as “ullage-controlled regime”

1.4
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Figure 15. Simulated dimensionless down-reaching flame height
variations with vllage height (H/D=1.0, 1.2 and 1.4, D=20, 30,40
and 50 cm).
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and “air entrainment-controlled regime” respectively. As the ullage height
increases, the down-reaching flame transitions from the “ullage-controlled
regime” to the “air entrainment-controlled regime”. In the air entrainment-
controlled regime, the down-reaching flame height is not affected by a change
of the ullage height.

(3) Based on the experimental and numerical results and dimensionless analysis, a
piecewise function was proposed to predict the down-reaching flame height as
a function of the dimensionless heat release rate in both ullage-controlled and
air entrainment-controlled regimes (Eq. (5)), which is in good agreement with
the experimental and numerical results.

For further validation of the observations and findings in this work and the
numerical model for the down-reaching flame height, large-scale experiments with
other fuels and varying burner sizes will be carried out. The heat feedback mecha-
nism of tank fires with large ullage heights and the buckling and collapsing phe-
nomena of tank sidewalls will also be examined.
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Appendix 1

Due to the temperature measurement errors, the measured temperature may differ
from the true gas temperature. In order to correct the experimental measurement
errors, a widely used temperature correlation method was adopt [40], as shown in
Eq. (Al):

4

AT, = M (A1)
hconv. + 458TH T;

where AT, is the temperature measurement error, ¢ is the Stefan-Boltzmann con-

stant, ez is the emissivity the thermocouple, ¢, is the emissivity of surrounding

gas, T, is the averaged surrounding gas temperature, /.., is the convective heat

transfer coefficient, which is given as [41]:

k
hcanv. = % (043 + 0.53R€0‘5Pr0‘31) (Az)

where k is the thermal conductivity of the gas. d7y is the thermocouple’s diame-
ter, Re and Pr are the Reynolds and Prandtl numbers of the gas flow, respec-
tively. Re is given as [38]:

d
Re:u TH

. (A3)

where v is the kinematic viscosity of the local gas, u is the local average velocity
of the gas, which is given as [38]:

u=[gD(T, — T)/Ty)"” (A4)

Table 5
Radiation Error of Thermocouples

v (cm) T, (C) u (m/s) dy, (mm) Error (C)
3.1 247 1.2 1.0 24

3.1 650 2.1 1.0 111

4.2 149 0.9 1.0 13

4.2 610 2.0 1.0 100

5.3 335 1.5 1.0 38

5.3 562 1.9 1.0 88

6.4 290 1.3 1.0 31

6.4 727 2.2 1.0 132

8.5 385 1.6 1.0 47

8.5 677 2.1 1.0 118
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Table 6
The Recommended Cell Size of Each Numerical Conditions

Fuel Container

Sim. velocity diameter Heat release Characteristic fire Recommended cell
No 103 (m/s) (m) rate(kW) diameter(m) size(cm)
1 3.2 0.2 9.26 0.14 0.7-2.9
2 4.2 0.2 12.16 0.16 0.8-3.2
3 5.3 0.2 15.34 0.18 0.9-3.5
4 6.4 0.2 18.52 0.19 1.0-3.8
5 8.5 0.2 24.60 0.21 1.1-4.2
6 3.2 0.3 20.84 0.20 1.04.0
7 4.2 0.3 27.35 0.22 1.1-44
8 5.3 0.3 34.52 0.24 1.2-4.8
9 6.4 0.3 41.68 0.26 1.3-5.2
10 8.5 0.3 55.35 0.29 1.4-5.9
11 3.2 0.4 37.05 0.25 1.2-5.0
12 4.2 0.4 48.63 0.28 1.4-5.6
13 5.3 0.4 61.36 0.31 1.5-6.1
14 6.4 0.4 74.10 0.33 1.6-6.6
15 8.5 0.4 98.41 0.37 1.8-7.4
16 32 0.5 57.89 0.30 1.5-6.0
17 4.2 0.5 75.98 0.33 1.7-6.6
18 5.3 0.5 95.88 0.36 1.8-7.3
19 6.4 0.5 115.77 0.39 2.0-7.8
20 8.5 0.5 153.76 0.44 2.2-8.8
21 3.2 0.2 9.26 0.14 0.7-2.9
22 3.2 0.2 9.26 0.14 0.7-2.9
23 3.2 0.3 20.84 0.20 1.04.0
24 3.2 0.3 20.84 0.20 1.0-4.0
25 3.2 0.4 37.05 0.25 1.2-5.0
26 32 0.4 37.05 0.25 1.2-5.0
27 3.2 0.5 57.89 0.30 1.5-6.0
28 32 0.5 57.89 0.30 1.5-6.0
29 4.2 0.5 75.98 0.33 1.7-6.6
30 4.2 0.5 75.98 0.33 1.7-6.6

Assuming that the surrounding gas emissivity is 0.1 and the thermocouple’s emis-
sivity is 0.9[40,41], the radiation error was calculated for various fuel velocities.
The results were presented in Table 5.

Appendix 2

To determine the optimal grid size, the plume resolution index (a ratio between a
characteristic fire diameter, D* defined in Eq. (A5) and the grid size, 6x) was com-
monly used with a value between 5 and 20 recommended for fire simulations [42].
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o= (557 )

where p_, T, and ¢, are respectively the density, specific heat and ambient tem-
perature of air, and g is the gravity acceleration. The heat release rate can be cal-
culated as:

O=¢-n"-AH, -4 (A6)

where ¢ is the combustion efficiency of fuel and can be assumed to be one for
open burning conditions [39], m” is the mass burning rate per unit area (= pv,
where p is the density of the fuel),AH, is the heat of combustion, and 4 is the sur-
face area of the container. The calculation process of the recommended cell size
was presented in Table 6.
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