
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

Experiments and modeling of the temperature profile of turbulent diffusion flames with
large ullage heights

Zhao, J., Zhang, X., Song, G., Huang, H., & Zhang, J. (2023). Experiments and modeling of the temperature
profile of turbulent diffusion flames with large ullage heights. Fuel, 331, 1-11. [125876].
https://doi.org/10.1016/j.fuel.2022.125876

Link to publication record in Ulster University Research Portal

Published in:
Fuel

Publication Status:
Published (in print/issue): 01/01/2023

DOI:
10.1016/j.fuel.2022.125876

Document Version
Publisher's PDF, also known as Version of record

General rights
Copyright for the publications made accessible via Ulster University's Research Portal is retained by the author(s) and / or other copyright
owners and it is a condition of accessing these publications that users recognise and abide by the legal requirements associated with these
rights.

Take down policy
The Research Portal is Ulster University's institutional repository that provides access to Ulster's research outputs. Every effort has been
made to ensure that content in the Research Portal does not infringe any person's rights, or applicable UK laws. If you discover content in
the Research Portal that you believe breaches copyright or violates any law, please contact pure-support@ulster.ac.uk.

Download date: 23/05/2023

https://doi.org/10.1016/j.fuel.2022.125876
https://pure.ulster.ac.uk/en/publications/16d7f4a2-1e70-4a38-ab6b-adb8fac58747
https://doi.org/10.1016/j.fuel.2022.125876


Fuel 331 (2023) 125876

Available online 12 September 2022
0016-2361/© 2022 The Author(s). 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/).

Full Length Article 

Experiments and modeling of the temperature profile of turbulent diffusion 
flames with large ullage heights 

Jinlong Zhao a, Xiang Zhang a, Guangheng Song a, Hong Huang b, Jianping Zhang c,* 

a School of Emergency Management & Safety Engineering, China University of Mining & Technology (Beijing), Beijing, China 
b Institute of Public Safety Research, Department of Engineering Physics, Tsinghua University, Beijing, China 
c FireSERT, Belfast School of Architecture and the Built Environment, Ulster University, Newtownabbey BT37 0QB, United Kingdom   

A R T I C L E  I N F O   

Keywords: 
Turbulent diffusion flame 
Ullage height 
Axial temperature 
Virtual origin 
Global temperature models 

A B S T R A C T   

In the last decades, several major fire accidents involving storage tanks occurred, particularly for the tanks with a 
low fuel level (large ullage height). In case of a tank fire, the axial temperature profile is affected by the ullage 
because of the restriction in air entrainment by the tank sidewall. This work is aimed at examining the tem-
perature profile of turbulent diffusion flames with large ullage heights. A series of experiments were conducted 
with different ullage heights (h = 16–42 cm) and fuel supply rates. The temperature profiles both inside and 
outside the fuel tray were measured and analyzed. Five regions were identified based on flame intermittencies: 
namely 1) fuel vapor, 2) down-reaching intermittent flame, 3) continuous flame (down-reaching and upper 
flame), 4) upper intermittent flame and 5) buoyant plume. It was found that for a given fuel supply rate the 
length of the fuel vapor region increases linearly with the ullage height. The lengths of the fuel vapor and 
continuous flame regions both increase with the fuel supply rate, whereas that of the down-reaching intermittent 
flame region shows an opposite trend. Based on the experimental data and dimensionless analysis, new corre-
lations for the virtual origin were proposed, which were then incorporated in the predictions of the temperature 
profiles in both upper and down-reaching flames. The present results could not only contribute to the under-
standing the effects of the ullage height on the axial temperature profile in storage fuel tank fires with large 
ullage heights but are also of practical importance in the thermal hazard assessment of fire accidents involving 
tank liquid fuels.   

1. Introduction 

With the rapid development of the world economy, liquid fuels 
remain one of the key energy sources and currently supplies about 30 % 
of the overall energy consumption around the world and will remain an 
indispensable part in the future [1]. In order to store large quantities of 
liquid fuels, storage tanks have been built and widely used [1,2]. In a 
liquid fuel storage tank, the ullage height (the distance between the fuel 
surface and the tank upper rim) is one of the key parameters affecting 
the flow structure and flame development in a fire accident. In recent 
years, several major fire accidents involving storage tanks occurred, 
particularly for the tanks with a low liquid level (large ullage height) 
[3]. Once the fuel is ignited, the flame base will move up due to re-
striction of air entrainment by the sidewall, resulting in a significant 
change of the flame temperature profile [4], which in turn can affect the 
evolution of the fire accident and determine the likelihood of fire 

escalation. On April 6, 2015, a major fire accident involving a liquid fuel 
storage tank occurred in Fujian, China [5]. Because of the large ullage 
height (h = 11 m), the flame entered the tank, resulting in the collapse of 
the sidewall and the occurrence of spill fires and eventually ignited three 
nearby storage tanks. The high temperature inside the tank also made it 
difficult to extinguish the fire because of the large upward momentum of 
the fire plume. 

The axial (centerline) temperature in the fire plume of pool fires has 
been examined extensively [e.g., 6–10]. McCaffrey [6] conducted ex-
periments using a natural gas burner (0.3 m2) to investigate the axial 
temperature profile for heat release rates (Q̇) ranging from 14.4 to 57.5 
kW. Three distinguishing regions (continuous flame, intermittent flame 
and buoyant plume) were identified and the correlations between the 
axial temperature and Q̇ was established. A similar correlation was also 
provided by Gong et al. for rectangular n-heptane pool fires with 
different aspect ratios (n = tray length/tray width, 1 ≤ n ≤ 14) [7] and 
the aspect ratio was introduced to modify the temperature profile. 
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Heskestad [8,9] introduced the virtual origin height Z0 by considering 
air entrainment and found that the axial temperature in the fire plume 
varied as − 3/5 power of Z-Z0 (Z: local height). Hu et al. [10] experi-
mentally studied the axial temperature profile of propane turbulent jet 

flames with diameters of 4–10 mm at two atmospheric pressures (0.64 
and 1 atm). The virtual origin was used to modify the temperature 
predictions and the virtual origin height was correlated with a flame 
Froude number (Frf) in a 2/5 power law function. These studies showed 

Nomenclature 

D tray diameter (m) 
h ullage height (m) 
h* dimensionless ullage height (h/D) 
Ldown down-reaching flame length (m) 
Lupper upper flame length (m) 
Ltotal total flame length (m) 
Q fuel supply flow rate (L/min) 
Q̇ heat release rate (kW) 
Q̇c convective heat release rate (kW) 
Q̇upper heat release rate for upper flame (kW) 
Q̇down heat release rate for down-reaching flame (kW) 
Q̇∗ dimensionless heat release rate 
Z local height (m) 
Z0 virtual origin (m) 
Fr Froude number 
Frf flame Froude number, in Eq. (9) 

u fire plume velocity (m/s) 
us velocity of the fuel ejected from the burner surface (m/s) 
g gravitational acceleration (m/s2) 
T∞ ambient air temperature (K) 
Tg averaged surrounding gas temperature (K) 
ΔT excess temperature (above the ambient) (K) 
ΔTr temperature measurement error (K) 
ΔTf mean peak flame temperature rise (above the ambient) (K) 
cp specific heat of air (kJ/kg⋅K) 
S air to fuel mass stoichiometric ratio 
bL radius of the fire plume at the mean flame height (m) 
k thermal conductivity of the gas (W/(m⋅K) 

Greek symbols 
σ Stefan-Boltzmann constant (W/(m2⋅K4) 
α entrainment rate coefficient, in Eq. (2) 
ρ∞ ambient air density (kg/m3) 
ρs fuel density (kg/m3)  

Fig. 1. Schematic of the experimental setup: (a) overview of the experimental setup; (b) glass cylinder tray.  
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that the axial flame temperature of free burning fires can be well pre-
dicted by existing classical or modified models. However, in practical 
accident cases the presence of restricted boundaries (e.g., sidewall, 
ceiling, ullage) can also affect the burning characteristics of the fire and 
flame temperature. 

Tao et al. [11] conducted a series of experiments to study the effects 
of a wall on the temperature distributions of methane jet flames with 
different heat release rates (2.76 kW ≤ Q̇ ≤ 8.83 kW) and nozzle inclined 
angles. A model for the temperature profile was developed to account 
for both the nozzle inclined angle and air entrainment. Zhang et al. [12] 
investigated the temperature profile beneath an inclined ceiling induced 
by gaseous jet flames (2.6 kW ≤ Q̇ ≤ 9.6 kW) and a revised plume radius 
bL including the ceiling inclination angle was proposed. A similar cor-
relation was also deduced by Zhang et al. [13] for wall-attached propane 
jet flames (2.23 kW ≤ Q̇ ≤ 19.64 kW) with different ceiling inclination 
angles, in which the total flame length was introduced to modify the 
characteristic length scale in the temperature profile model. 

Compared with ceilings and walls, the air entrainment will be more 
restricted inside a tank with a large ullage height, which often led to the 
rise of the flame base, resulting in different flame characteristics [14], in 
which case the total flame can be considered to consist of an upper flame 
(outside the tank) and a down-reaching flame (inside the tank). Sharma 
and Mishra [15] experimentally studied the effects of the ullage height 
on the upper flame temperature profile using stainless steel trays (D = 5 
and 10 cm) and found that the temperature of the upper flame for the 
cases with large ullage heights is 10–20 % higher than that for the ones 
with small ullage heights. Liu et al. [16] conducted heptane experiments 
using steel trays to investigate the effects of the ullage height (0 ≤ h/D ≤
1.5) on the evolution of the fire plume temperature (D = 10 and 15 cm) 
and noted that the centerline temperature in the upper flame increases 
with the ullage height (h/D > 0.5 for D = 15 cm, and h/D > 0.3 for D =
10 cm) and a model was developed by modifying the virtual origin based 
on physical and dimensionless analysis. 

The above studies clearly indicated that the ullage height can 
significantly affect the flame temperature profile. However, most of 
these studies were based on relatively low ullage heights, which may be 
very different from practical fire accidents (low liquid level and large 
ullage height). Furthermore, these studies were focused on the tem-
perature profile of the upper flame and that of the down-reaching flame 
(inside the tank) was generally not considered. To fill this knowledge 
gap, this study is aimed at investigating the axial temperature profile of 
propane diffusion flames with large ullage heights with an equal 
emphasis on both the upper and down-reaching flames. A series of ex-
periments were conducted using two customized fuel trays with 
different ullage heights and fuel supply rates. The temperature profiles 
both inside and outside the fuel tray were measured and analyzed. Based 
on dimensionless analysis and experimental data, new correlations for 
the virtual origin were proposed, which were then incorporated in the 
predictions of the temperature profiles in both upper and down-reaching 
flames and validated against the experimental data. 

2. Experimental setup 

Fig. 1 depicts a schematic of the experimental setup. Two circular gas 
burners (D = 20 and 30 cm) were used. The tank sidewall was made of 
transparent quartz glass, so the down-reaching flame could be observed 
and the flame length measured. This configuration simulates the pool 
fire scenario after the failure of liquid fuel storage tanks. In a liquid fuel 
tank fire, the burning rate is affect by the heat feedback from the flame 
to the fuel surface [14,15], which makes it difficult to systematically 
study the relation between the flame temperature and the heat release 
rate (HRR). In comparison, with gas burners the fuel flow rate (heat 
release rate) can be accurately controlled by a mass flow meter (±0.01 
L/min). Furthermore, the temperature profile of a gas burner flame 
during its steady burning stage is expected to be the same as that of a 

tank fire because of similar flame behaviors. 
Two video cameras at a speed of 25 frames per second were 

employed to record the flame behavior, based on which the flame length 
was calculated using a flame images processing method [17,18]. Videos 
of the flames were converted to a series of binary pictures and the 
probability of flame intermittency was then calculated. The mean flame 
length was determined based on a flame intermittency of 0.5 [19]. The 
upper flame length (Lupper) and the down-reaching flame length (Ldown) 
refer to the vertical distances from the upper rim of the glass cylinder to 
the flame tip and flame base, respectively. 

A series of K-type thermocouples (diameter: 1 mm, uncertainties: ±1 
K) were placed along the centerline to measure the temperature of the 
fire plume and fuel vapor, as shown in Fig. 1(b). Estimates of the error of 
temperature measurement due to radiation loss by the thermocouples 
are provided in Appendix 1. A summary of the experimental conditions 
is shown in Table 1. The fuel supply flow rate ranged from 6 to 24 L/min 
corresponding to a maximum gas velocity (us) of 0.00637 m/s (for D =
20 cm), which, based on the calculated Froude number (Fr = us

2/gD), 
indicate that the flow was dominated by buoyancy [20]. Four dimen-
sionless ullage heights, h/D, were used, namely 0.8, 1.0, 1.2, and 1.4, 
which are consistent with the ones expected in practical liquid fuel tanks 
from around 0.15 (full tank) to 1.4 (empty tank) [21,22]. All experi-
ments were conducted in a quiescent environment with no wind and at 
atmospheric pressure. The ambient temperature was 20 ± 3℃ and the 
relative humidity was 54 ± 10 %. Each experiment lasted for at least 3 
min after reaching the steady burning stage and was repeated at least 
two times to ensure the repeatability of the tests with the average results 
of the repeated tests used in the data analysis. 

Table 1 
Specification of the experimental conditions.  

Test 
No. 

Diameter of 
burner (cm) 

h/D Propane volume 
flow rate (L/min) 

HRR 
(KW) 

Fr(us
2/ 

gD) 

1–16 20 0.8/1.0/ 
1.2/1.4 

6  9.24 5.17 ×
10-6 

8  12.32 9.19 ×
10-6 

10  15.40 1.44 ×
10-5 

12  18.48 2.07 ×
10-5 

17–30 30 0.8/1.0/ 
1.2/1.4 

12  18.48 2.72 ×
10-6 

16  24.64 4.84 ×
10-6 

20  30.80 7.56 ×
10-6 

24  36.96 1.09 ×
10-5  

Fig. 2. Typical flame behaviour at different times for the case D = 20 cm, h =
28 cm, Q = 10 L/min. 
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3. Result and discussion 

3.1. Flame behavior and temperature profile in burning process 

As the axial temperature profile is closely related to the flame posi-
tion and flame shape, the general flame behavior will be discussed first. 
Fig. 2 shows the typical flame shapes at different times (for the case D =
20 cm, h = 28 cm, Q = 10 L/min). Based on the position of the flame 
base, the whole burning process can be divided into four stages: (1) 
initial stage, (2) developing stage, (3) steady burning stage and (4) 
extinguishment stage. At the initial stage, the flame was mainly inside 
the tray, and the flame base was close to the burner surface because the 
tray was full of air to sustain burning [23]. At the developing stage, the 
flame base gradually moved up as the oxygen inside the tray was being 
consumed and the air entrainment was restricted by the large ullage 
height. At the steady burning stage, both the flame shape and flame 
length became stable, with the flame base and flame tip also relatively 
fixed. This indicates a balance between the air entrainment around the 
tray exit and the upward fuel flow. During the steady burning stage, 
three distinguishing regions can be observed: (1) the fuel vapor region, 
(2) the down-reaching flame region and (3) the upper flame region. At 
the extinguishment stage, the flame length gradually decreased after the 
fuel supply was stopped and the flame re-entered the tray just before 
extinguishment. It is worthwhile to note that similar flame behaviors are 
expected for a liquid tank fire due to the reduction of the fuel supply 

rate, although extinguishment would occur naturally in a liquid fuel 
tank fire due to complete burning of the fuel. 

Fig. 3 presents the axial temperature histories at different heights 
(Case: D = 20 cm, h = 28 cm, Q = 10 L/min). At the initial stage, the 
temperatures both inside and outside the tray increase rapidly because 
the flame became full of the tray in a short time, which agrees with the 
observations in [24]. As burning continues, the temperatures inside the 
tray gradually decrease indicating a rise of the flame base. At the steady 
stage, the temperatures remain relatively constant, consistent with the 
steady flame shape and flame base position. During this stage, the 
maximum upper flame temperature reaches about 800℃ whereas that 
in the fuel vapor region is below 200℃. At the extinguishment stage, the 
measured temperatures inside the tray increase shortly as the flame re- 
entered the tray. Among the four burning stages, the steady burning 
stage is the most important one as it can sustain for a long time in 
practical accidents and the results at this stage will be further analyzed. 

3.2. Axial temperature profile at steady burning stage 

Fig. 4(a) shows the profile of the axial temperature at the steady 
stage for the case D = 30 cm, h = 36 cm and Q = 20 L/min. The axial 
temperature increases with height (Z) first, followed by a relatively 
constant value before it decreases with a further increase in height. In 
the fuel vapor region, the axial temperature increases slowly from 138 
℃ to 212℃ as the height increases from 0 to 18 cm. The flame base is 
located away from the burner surface. As the height continues to in-
crease, the temperature increases sharply before reaching its maximum 
(about 800℃). As the height further increases, the axial temperature 
gradually decreases, which is consistent with the finding in [25]. Based 
on the flame behaviors, temperature variations and flame intermittency, 
five regions can be identified: 1) fuel vapor, 2) down-reaching inter-
mittent flame, 3) continuous flame (down-reaching and upper flame), 4) 
upper intermittent flame and 5) buoyant plume. The boundaries of the 
different regions were determined by the flame intermittency values of 
0.95 and 0.05, respectively [10,19], as shown Fig. 4(b). 

To further demonstrate the effect of the ullage height on the tem-
perature profile, Fig. 5(a) compares the results of two cases with 
different ullage heights (h = 24 and 42 cm) but the same burner size and 
fuel supply flow rate (D = 30 cm, Q = 20 L/min). It is interesting to note 
that, as the ullage height increases, the length of the fuel vapor region 
(distance between the flame base and the burner surface) increases, 
whereas the lengths of other regions remain nearly the same. This can be 
explained by the fact that the distance between the flame base and the 
burner rim (the down-reaching flame length) is only related to the fuel 
flow rate independent of the ullage height. As a result, for the same fuel 
supply rate the length of the fuel vapor region is mainly determined by 
the ullage height, as verified by a linear relation between the length of 

Fig. 3. Axial temperature histories at different heights for the case D = 20 cm, 
h = 28 cm, Q = 10 L/min. 

Fig. 4. (a) The steady axial temperature profile for the case D = 30 cm, h = 36 cm, Q = 20 L/min, (b) determination of the flame intermittencies of the boundaries.  
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Fuel 331 (2023) 125876

5

the fuel vapor region and the ullage height, as shown in Fig. 5(b) 
applicable for all the cases. 

As the axial temperature is closely related to the flame shape, we can 
expect that the fuel supply rate also affects the axial temperature profile, 
as shown in Fig. 6(a), which compares the results of the two cases with 
different fuel supply rates (Q = 16 and 24 L/min) but the same burner 
diameter and ullage height (D = 30 cm, h = 42 cm). As the fuel supply 
rate increases, the length of the fuel vapor region gradually increases 
whereas that of the down-reaching intermittent flame region decreases. 
This can be explained by the fact that the flame base position is 
controlled by the competition of the downward momentum of air 
entrainment and the upward momentum of the fuel gas. For a large fuel 
supply rate, the upward momentum of fuel gas can overcome the 
downward momentum of air entrainment, leading to the rise of the 
flame base. Furthermore, it can be observed that the length of the 
continuous flame region increases with the fuel supply rate, as shown in 
Fig. 6(b), which presents the variation of the lengths of different regions 
as a function of the fuel flow rate. 

3.3. Axial temperature profile model 

3.3.1. Upper flame temperature profile 
For a buoyant diffusion flame, McCaffrey [6] proposed the following 

correlation for the axial temperature rise above ambient, ΔT: 

ΔT = T∞

(
κ

C
̅̅̅̅̅
2g

√

)2
(

Z

Q̇2/5

)2η− 1

(1)  

where Z is the vertical height above the burner, C is a constant and 
equals 0.9, T∞ is the ambient air temperature, g is the gravitational 
acceleration, and Q̇ is the heat release rate. A similar equation of ΔT vs 

Z/Q̇2/5 was also given by Cox and Chitty [26]. The empirical coefficients 
κ and η for both models are shown in Table 2. 

Fig. 7 shows a comparison of measured temperature rises and the 
ones calculated by both models. It can be found that both models 
generally overestimate the temperature rise, especially for the cases 
with small fuel supply flow rates (large down-reaching flame length). 
The reasons are twofold. On the one hand, as some combustion occurred 
inside the fuel tray, the heat release rate of the upper flame (Q̇upper) is 
smaller than the total heat release rate (Q̇), leading to lower values of Z/ 

Fig. 5. (a) Comparison of the axial temperature profile between two cases with different ullage heights (D = 30 cm, Q = 20 L/min). (b) The length of the fuel vapor 
region as a function of the ullage height. 

Fig. 6. (a) Comparison of the axial temperature profile between two cases with different fuel supply rates (D = 30 cm, h = 42 cm). (b) The lengths of different regions 
as a function of the fuel flow rate. 

Table 2 
Parameters of McCaffrey [6] and Cox and Chitty [26] model.  

Regions/Authors McCaffrey [6] Cox and Chitty [26]  

κ η κ η 

Continuous flame  6.84 1/2  6.83 1/2 
Intermittent flame  1.93 0  1.85 0 
plume  1.12 − 1/3  1.08 − 1/3  

J. Zhao et al.                                                                                                                                                                                                                                     
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Q̇2/5 in the experiments (i.e., the experimental data is less than the 
model prediction). On the other hand, the fire virtual origin was not 
considered in the calculations, which could also lead to an over-
estimation of the flame temperature [9]. 

The virtual origin can be used to account for different buoyancy 
fluxes at the source and is generally expressed as a function of the burner 
size and heat release rate [27]. For a given heat release rate, the thermal 
buoyancy flux is mainly determined by the burner area (gas vent area) 
[28]. As a result, the virtual origin varies with the buoyancy flux and can 
be calculated using the axial temperature in the plume [29,30]. 

In the plume, the axial temperature can be expressed as [29,31]: 

ΔT =
5
6

(
9π2α4

10

)− 1/3

g− 1/3( ρ∞cpT∞
)− 2/3Q̇

2/3
c Z− 5/3 (2)  

where α is the entrainment rate coefficient, ρ∞ is the ambient density, 
and Q̇c is the convective heat release rate (Q̇c is about 60 %–80 % of the 
total heat release rate and in this study 70 % was used [23,32]). 

Based on dimensionless analysis, Eq. (2) can be simplified as: 

ΔT
T∞

= Aα− 4/3

(
Q̇

ρ∞cpT∞g1/2D5/2

)2/3(
Z
D

)− 5/3

(3)  

where A is a constant. 
By considering the virtual origin and replacing Z with (Z − Z0), Eq. 

(3) becomes [33]: 

ΔT/T∞

Q̇*2/3 = fun
(

Z − Z0

D

)

(4)  

where the dimensionless heat release rate Q̇∗
= Q̇

ρ∞cpT∞g1/2D5/2. 
Eq. (4) can be further expressed as: 

(
Q̇*2/3

ΔT/T∞

)3/5

∝Z − Z0 (5) 

Eq. (5) implies that (i) there exists a linear relation between 
(

Q̇*2/3

ΔT/T∞

)3/5 
and Z and (ii) by plotting 

(
Q̇*2/3

ΔT/T∞

)3/5 
against Z, the virtual 

origin can be found from the intercept of the linear fit and the x-axis. It is 
noted that the effect of the down-reaching flame is considered in the 
virtual origin. Fig. 8 show the results for the cases at different fuel flow 

rates with D = 20 cm and h = 20 cm, which verifies that 
(

Q̇*2/3

ΔT/T∞

)3/5 
in-

creases linearly with Z. The determined virtual origin values are nega-
tive for most cases and increase with an increase of the fuel flow rate (i. 
e., heat release rate). This could be partly due to the fact that the down- 
reaching flame length decreases with an increase of the heat release rate. 

The virtual origin height is related to the heat release rate, flame 
temperature rise and fire diameter [10]: 

Fig. 7. Comparisons between the experimental axial temperature and the 
predictive results. 

Fig. 8. Determination of virtual origins for the cases with different fuel flow rates (D = 20 cm and h = 20 cm).  

J. Zhao et al.                                                                                                                                                                                                                                     



Fuel 331 (2023) 125876

7

Z0 = fun
(

Q̇, ΔTf , D
)

(6) 

Based on the experimental data and dimensionless analysis [8,9], Eq. 
(6) can be rewritten as: 

Z0 = αQ̇2/5
+ βD (7)  

where α and β are model coefficients. It is noted that: 

Z0

D
∝

(
Q̇
̅̅̅̅̅̅
D5

√

)2/5

∝
(

us
̅̅̅̅
D

√

)2/5

∝
( ̅̅̅̅̅

Fr
√ )2/5

(8)  

where us is the fuel gas velocity and Fr is the Froude number (Fr = us
2/ 

gD). A global flame Froude number including the fuel property and 
environmental factors effects is provided to describe the virtual origin 
height [34]: 

Frf =
us

(1 + S)3/2D(ρs/ρ∞)
1/4( (ΔTf

/
T∞
)
gD
)1/2 (9)  

where ρs is the fuel density, ΔTf is the mean maximum flame tempera-
ture rise, and S is the air to fuel mass stoichiometric ratio. Based on Eqs. 
(8) and (9), a dimensionless virtual origin can be defined as: 

Z0

(1 + S)D(ρs/ρ∞)
1/2∝Fr2/5

f (10) 

The correlation between the dimensionless virtual origin height and 
the flame Froude number is shown in Fig. 9. It can be observed that the 
dimensionless virtual origin height increases with Frf, which agrees well 
with the observation in [10]. By fitting the experimental data, the 
following correlation can be determined: 

Z0

(1 + S)D(ρs/ρ∞)
1/2 = 9.75Fr2/5

f − 0.17 (11) 

With the virtual origin height Z0 calculated from Eq. (11), we can 

now plot the temperature rise ΔT against (Z − Z0)/ Q̇2/5 as shown in 
Fig. 10. The data converges well for all the cases with different ullage 
heights and heat release rates. 

The final axial temperature profile of the upper flame is given in Eq. 
(12), where it can be noted that both the boundary values and the ex-
ponents in all three regions agree well with those reported by McCaffrey 
[6] and Cox and Chitty [26]. 

Fig. 9. Correlation of dimensionless virtual origin height and flame 
Froude number. 

Fig. 10. Correlation of the axial temperature of the upper flame and (Z −

Z0)/Q̇2/5. 

Fig. 11. The schematic diagram of the flame shape assumption.  
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ΔT =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

790.44,

(
Z − Z0

Q̇
2/5

)

⩽0.08, continuous zone

63.88

(
Z − Z0

Q̇2/5

)− 1

, 0.08 <

(
Z − Z0

Q̇2/5

)

⩽0.2, intermittent zone

20.63

(
Z − Z0

Q̇2/5

)− 5/3

,

(
Z − Z0

Q̇2/5

)

>0.2, plume zone

(12)  

3.3.2. Down-reaching flame temperature profile 
From the temperature profile of the down-reaching flame shown in 

Fig. 3, three regions can be identified, similar to those for the upper 
flame. For further analysis, the total flame is assumed to be from two fire 
sources with the total heat release rate (Q̇ or Q̇total) consisting of an upper 
heat release rate (Q̇upper) and a down-reaching heat release rate (Q̇down). 

The shape of the steady flame is simplified as a cylinder with the 
flame diameters of both upper and down-reaching flames the same as 
the tray diameter [14,35], as shown in Fig. 11. Furthermore, the com-
bustion in both upper and down-reaching flames is assumed to be uni-
form [36,37] so the heat release rate is proportional to the flame 
volume. 

The heat release rate of the down-reaching flame (Q̇down) can now be 
determined as: 

Q̇down =
Vdown

Vtotal
Q̇total =

Ldown

Ltotal
Q̇ (13)  

where Vdown and Vtotal are the volumes of the down-reaching and total 
flames, respectively. 

In order to estimateQ̇down, we need to obtain the flame length ratio 
Ldown/ Ltotal. As shown in Fig. 6, with an increase of the fuel supply rate 
the base of the flame gradually moves up, resulting in a decrease of the 
down-reaching flame length while an increase of the upper flame length, 
i.e., a decrease of Ldown/Ltotal. As the ratio Ldown/Ltotal is also related to the 
burner size and air entrainment, the normalized HRR,Q̇∗, can be used to 
correlate Ldown/Ltotal as done in [30]. Fig. 12 plots Ldown/Ltotal against Q̇∗

for all the tests with different tray diameters, heat release rates and ul-
lage heights, and all the data collapse into a single line with the 
following correlation. 

Ldown/Ltotal = 0.065Q̇*− 1.96 (14) 

By combining Eq. (13) and Eq. (14), we note that Q̇down is a function 
of the total heat release rate (Q̇) and tray diameter (D), independent of 
the ullage height and burner diameter. 

The flame length is closely related to the tray diameter, heat release 
rate, density of ambient air, acceleration of gravity, air specific heat at 
constant pressure, and ambient temperature [17,38]. As the down- 
reaching flame is simplified as an independent fire source, the corre-
sponding flame length can be expressed as: 

Ldown = fun
(

D, Q̇down, ρ∞, g, cp, T∞

)

(15) 

Based on dimensionless analysis [38], the dimensionless flame 
height (Ldown/D) can be correlated with the dimensionless heat release 
rate (Q̇∗

down =
Q̇down

ρ∞cpT∞g1/2D5/2) as: 

Ldown

D
= A

(

Q̇∗

down

)n

+B (16) 

Fig. 13 shows the correlation between Ldown/D and Q̇∗

down for all the 
cases with different fuel flow rates, tray sizes and ullage heights. It can 
be noted all the data can be represented with the same correlation given 
in Fig. 13 and Eq. (17). This result also verifies the validity of the use of 
the ratio of the flame lengths in Eq. (13) to calculate the heat release rate 
of the down-reaching flame. 

Ldown

D
= 123.77

(

Q̇
∗

down

)5/2

+ 0.02 (17) 

To develop a model for the axial temperature of the down-reaching 
flame, the virtual origin height of the down-reaching flame can be 
found following [9,39]: 

Z0 = Ldown − EbL (18)  

where E is a dimensionless constant equal to 5.9 [9] and bL is the radius 
of the fire plume at the flame length, which can be obtained from 
integration of the convective-heat flux over the plume cross section as: 

bL =
[
2πβξ

(
cpρ∞

)4/5T3/5
∞ g2/5

]− 1/2
Q̇2/5

c,downT1/2
mL

/

ΔT3/5
mL (19)  

where TmL and ΔTmL is the axial temperature and excess axial temper-
ature above ambient at the mean flame length, respectively, Q̇c,down is the 
convective heat release rate of the down-reaching flame, ξ is an 
invariant dimensionless parameter having a value of 2.2 [40,41] and β is 

Fig. 12. Correlation of Ldown/Ltotal and Q̇∗.  
Fig. 13. Correlation of dimensionless down-reaching flame length and 
dimensionless heat release rate. 
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a dimensionless constant equal to 0.41[9]. 
Combining Eqs. (17)–(19), the virtual origin height for the down- 

reaching flame can be calculated as: 

Z0

D
= 123.77

(

Q̇∗

down

)5/2

+ 0.02 − E
[
2πβξ

(
cpρ∞

)4/5T3/5
∞ g2/5

]− 1/2T1/2
mL Q̇2/5

c,down

ΔT3/5
mL D

(20) 

Similar to the upper flame, we can now plot in Fig. 14 for the down- 

reaching flame the temperature rise ΔT against (Z − Z0)/Q̇2/5
down, where Z 

is the distance from inside of the tray to the burner rim and Z0 is 
calculated from Eq. (20). 

Three regions corresponding to the down-reaching continuous flame, 
intermittent flame, and fuel vapor regions can be clearly identified, 
consistent with those observed for the upper flame. The axial tempera-
ture in the down-reaching continuous flame region is nearly constant, 
decreases quickly in the intermittent region and remains relatively low 
in the fuel vapor region. 

It can be seen in Fig. 14 that all the data collapse and the final cor-
relations for the axial temperature distribution in the down-reaching 
flame region can be obtained as shown in Eq. (21). It is worthwhile to 
note that the model predicts well the axial temperature of the down- 
reaching flame for the cases with a wide range of ullage heights from 
16 to 42 cm. 

ΔT =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

797.49,

⎛

⎜
⎝

Z − Z0

Q̇2/5
down

⎞

⎟
⎠⩽0.12, continuous zone

2.25

⎛

⎜
⎝

Z − Z0

Q̇2/5
down

⎞

⎟
⎠

− 2.78

, 0.12 <

⎛

⎜
⎝

Z − Z0

Q̇2/5
down

⎞

⎟
⎠⩽0.17, intermittent zone

14.63

⎛

⎜
⎝

Z − Z0

Q̇2/5
down

⎞

⎟
⎠

− 1.71

,

⎛

⎜
⎝

Z − Z0

Q̇2/5
down

⎞

⎟
⎠>0.17, fuel vapor zone

(21)  

4. Conclusion 

This study was aimed at experimentally investigating the axial 
temperature profile of turbulent diffusion flames with large ullage 
heights. Experiments were performed with different fuel tray sizes, fuel 

flow rates and ullage heights. Axial temperature in both upper and 
down-reaching flames were measured and analyzed, based on which 
new correlations for the virtual origin height were deduced and subse-
quently incorporated in the models for the prediction of the axial tem-
perature. The main results are as follows: 

(1) The whole burning process can be characterized by four stages: 1) 
initial stage, 2) developing stage, 3) steady burning stage and 4) extin-
guishment stage. At the initial stage, the flame length and corresponding 
temperature increased rapidly as more fuel is being consumed. As 
burning continued, the flame base gradually moved up before becoming 
relatively fixed with a relatively constant temperature profile. At the 
extinguishment stage, the flame re-entered the fuel tray after the fuel 
supply was stopped, resulting in an increase of the temperature of the 
down-reaching flame. 

(2) The axial temperature profile at the steady stage was found to 
depend on both the ullage height and fuel supply rate. Based on the 
flame behaviors and flame intermittencies, the axial temperature profile 
was divided into five regions: 1) fuel vapor, 2) down-reaching inter-
mittent flame, 3) continuous flame (down-reaching and upper flame), 4) 
upper intermittent flame and 5) buoyant plume. For a given fuel supply 
rate, the length of the fuel vapor region showed a linear relation with the 
ullage height. As the fuel supply rate increased, the length of the fuel 
vapor and continuous flame regions gradually increased whereas that of 
the down-reaching intermittent flame region showed an opposite trend. 

(3) Existing models developed for pool fires tended to overestimate 
the axial temperature of the upper flame because the down-reaching 
flame was not considered. A new virtual origin model considering the 
effects of the tray size and air entrainment was proposed, which was 
found to correlate well with the flame Froude number (Frf). Based on the 
virtual origin model, a global correlation was developed to predict the 
axial temperature of the upper flame. 

(4) For the down-reaching flame, three regions corresponding to 
down-reaching continuous flame, intermittent flame, and fuel vapor 
regions were identified according to the axial temperature variations 
and flame intermittencies. A virtual origin model was developed, based 
on which a new piecewise function was established to estimate the axial 
temperature of the down-reaching flame and validated against the 
experimental data for cases with different ullage heights. 

The present experimental results provide insights into the axial 
temperature profile with large ullage heights, which can enrich the basic 
experimental data, particularly for the down-reaching flame. Moreover, 
the fundamental analysis and corresponding models will enhance the 
understanding of the temperature profile and thus be of practical use in 
thermal hazard assessment of fire accidents involving tank liquid fuels. 
Finally, it should be mentioned that in liquid tank fires the heat feedback 
from the flame can play a significant role in fire development. In this 
work, gas burners were used to decouple the flame heat feedback and 
burning rate, allowing us to systematically study of the effects of the 
ullage height on the flame temperature profile during the steady burning 
stage. Experiments are planned to be conducted for large-scale liquid 
fuel tank fires, and the data will be used to further validate the models 
developed in this work. 
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Appendix 

The radiation correction of thermocouple in this work is referred to the method adopted by Cox and Chitty [42] and Dupuy et al. [43]. The 
difference in mean temperature between the surrounding gas and the thermocouple in the flame gas flow is given, to first order, by 

ΔT =
σεth
(
1 − εg

)
T4

g

hc + 4σεthT3
g

(A1)  

Where ΔTr is the temperature measurement error, Tg is the averaged surrounding gas temperature, σ is the Stefan-Boltzmann constant, hc is the 
convective heat transfer coefficient, εth and εg are the emissivity of the thermocouple and the surrounding gas, respectively. 

As indicated by Cox and Chitty [42], the convective heat transfer coefficient for a cylinder can be assumed to be: 

hc =
k

dth
Nu =

k
dth

(
0.43 + 0.53Re0.5Pr0.31) (A2)  

where k is the thermal conductivity of the gas, dth is the thermocouple’s diameter, Nu is the Nusselt number for heat exchange between the ther-
mocouples and the gas flow, Re and Pr are the Reynolds and Prandtl numbers for the gas flow. 

According to the study of Fischer et al. [44], Re can be expressed as: 

Re =
udth

v
(A3)  

where v is the kinematic viscosity of the gas, u is the mean surrounding gas velocity, which given as [44]: 

u =
[
gD
(
Tg − T∞

)/
T∞
]1/2 (A4) 

Assuming that the gas emissivity inside the flame is 0.1 and the thermocouple’s emissivity is 0.9 [42,43], the radiation error and characteristic 
response time were calculated for various burner sizes and temperatures. The results were reported in Table A1. 

It can be found that the radiation error increases with the gas temperature. For Tg= 500 K in plume zone, the radiation errors are less than 20 K, 
which indicates that the radiation error can be ignored for low gas temperatures. However, For Tg= 993 K in continuous flame zone, the radiation 
errors are larger than 112 K. 
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