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A B S T R A C T   

Tank farms are commonly used for storing large quantities of liquid fuels. The design, construction, operation, 
and maintenance of a tank farm must be in accordance with standards/codes applicable to specific countries. 
Existing codes on the design of storage tank farms are largely based on tests performed at standard atmospheric 
pressure and associated thermal hazard analysis. Studies based on small-scale experiments, however, have shown 
that the burning behavior and associated radiation impact of liquid fuels could be substantially affected by the 
reduced pressure at high altitude. In this study, large-scale n-heptane pool fire experiments with different pool 
diameters were carried out at sub-atmospheric pressure to firstly investigate their burning characteristics. 
Subsequently, specific fire scenarios for the cases under both standard and sub-atmospheric conditions were 
selected for assessing and comparing their thermal hazards. The experimental results showed that the burning 
rate at sub-atmospheric pressure is reduced, whereas the flame height is increased. Correlations for both the 
burning rate and flame height including the pressure effect were proposed and validated against the experiment 
data in this and existing studies obtained at different pressure conditions. The flame radiative fraction was found 
to decrease exponentially with the pool diameter. The thermal hazard analysis showed that whilst the thermal 
hazard at sub-atmospheric pressure is lower than that at standard atmospheric pressure, this difference gradually 
reduces with increasing tank diameter. The present results not only are important in understanding the effects of 
pressure on the burning characteristics of large-scale pool fires but provide guidance on the applicability and 
limitations in the use of design codes developed for standard atmospheric pressure for plateau regions.   

1. Introduction 

Tank farms are commonly used for storing large quantities of liquid 
fuels. In a case study by Tauseef et al. (2018) involving 28 major acci-
dents of fire and explosion in storage tank farms, it was reported that 97 
% of all storage tanks failure involved the accidental release of highly 
flammable chemicals due to human errors, equipment failure or envi-
ronmental factors such as lightning or earthquakes (Chang and Lin, 
2006). Once the released fuel is ignited and, if not contained or 
controlled immediately, the large radiation and fragments from the 
initial fire and explosion may ignite the fuel vapor in adjacent tanks 
(Taveau, 2011), resulting in the escalation of the initial accident to 
catastrophic levels and the failure of the whole facility. This cascade of 
accidents, also known as the domino effect, can increase significantly 

the risk posed by large tanks storing flammable liquids (Khan and 
Abbasi, 1998a; Khan and Abbasi, 2001). To study the domino effects, a 
computer software DOMIEFFECT was developed by Khan and Abbasi 
(1998b) to estimate the hazard of fire, explosion and toxic release in a 
chemical process industry and assess the likelihood of a second (and 
subsequent) accident and their consequences. In order to reduce the risk 
of the occurrence of such events, the design, construction, operation, 
and maintenance of a tank farm must be in accordance with stand-
ards/codes applicable to specific countries (Abbasi et al., 2017). 

With the rapid economy development in plateau regions, there has 
been an increasing demand of liquid fuels in these areas, and as a result a 
large number of storage tank farms have been successively built in these 
regions (Pouyakian et al., 2021). Currently, the key design parameters 
such as tank spacing, and arrangement are mainly based on available 
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codes developed from tests at standard atmospheric pressure conditions 
(Schmidt et al., 2022) and thus there is a lack of theoretical basis and 
experimental data in the design of tank farms in plateau regions. The 
burning characteristics and corresponding thermal hazards are, how-
ever, expected to be different at reduced pressure conditions because of 
the change in pressure and oxygen concentration. In the last decades, 
serval major accidents involving liquid tank fires occurred in plateau 
regions with serious consequence. For example, a storage tank fire ac-
cident occurred at a tank farm in Lanzhou Petrochemical Company 
(altitude: 1520 m) in Jan 2010, which involved six storage tanks and 
resulted in six fatalities. Environmental pollution often followed in such 
accidents due to a large amount of wastewater containing refractory 
foam produced during firefighting. It is, therefore, of practical impor-
tance to study the burning characteristics of liquid fuels and to charac-
terize the resulting thermal hazard under sub-atmospheric pressure 
conditions, which could contribute to fire protection and the prevention 
of secondary accidents in plateau tank farms. 

The burning characteristics of n-heptane have been widely used to 
analyze the thermal hazard of liquid fuels (Yao et al., 2015; Tu et al., 
2013; Liu et al., 2016; Zhou et al., 2014; Fang et al., 2011; Liu et al., 
2019). These studies were focused on the burning rate (Yao et al., 2015; 
Tu et al., 2013), flame height (Liu et al., 2016; Zhou et al., 2014), and 
radiative fraction (Fang et al., 2011; Liu et al., 2019). Yao et al. (2015) 
conducted small-scale (D: 3–8 cm) pool fire experiments in a 
high-altitude chamber and found that the mass burning rate increased 
with pressure. Tu et al. (2013) carried out radiation-controlled pool fire 
experiments using a rectangular pan (S=900 cm2) at different altitudes 
and reported that the burning rate was proportional to ambient air 
pressure (m˝∝p) due to a decrease of the radiative heat flux with 

pressure. Liu et al. (2016) performed small-scale (D: 6–10 cm) pool fire 
experiments under different pressures (40–101 kPa) to investigate the 
flame height variation. It was found that the flame height increased with 
decreasing pressure and a flame height correlation was deduced 
(Lf

D ∼ Pλ(α− 1), where α and λ are constants). Zhou et al. (2014) also 
examined the flame height of pool fires at sub-atmospheric pressure and 

a new model of flame height was developed (Zf/D∝Q̇∗2/5
). Fang et al. 

(2011) carried out pool fire experiments (D:4–33 cm) in Hefei (100.8 
kPa) and Lhasa (64 kPa) and found that the flame radiative fraction in 
Lhasa is smaller than that in Hefei, which was attributed to the decrease 
of soot formation. Liu et al. (2019) further discussed the radiative 
fraction and found its dependence on both pressure and pool diameter 
(Xr ∼ P0.3− 0.175αD0.15). Whilst these results showed that pressure has a 
significant impact on burning characteristics of pool fires, it is difficult to 
employ them directly to assess the thermal hazard for the storage of 
liquid fuels at high altitude regions, because they were obtained from 
small- to medium-scale experiments, in which the burning characteris-
tics are expected to be different from these in practical fire conditions. 

When conducting a thermal hazard analysis of liquid fuels, the 
vulnerability of nearby targets including facilities and personnel is one 
of the most important issues, which has attracted much research 
attention. For the nearby facility, the high-intensity heat flux is the 
primary hazard factor. The threshold method (Khan and Abbasi, 1998a; 
Cozzani et al., 2006) and the probability method (Landucci et al., 2009; 
Chen et al., 2018) are commonly used to assess the heat flux hazard from 
the flame. The threshold method (Khan and Abbasi, 1998a; Cozzani 
et al., 2006) was often used due to its simplicity to determine whether a 
nearby facility will fail. Khan and Abbasi (1998a) concluded that a 

Fig. 1. Framework for assessing thermal hazard of tank farms at high altitude.  
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target storage equipment will fail if the exposure heat flux is over 
37 kW/m2. It should be noted that in this study the exposure time was 
not considered. A significant lower threshold was proposed (around 
15 kW/m2) by Cozzani et al. (2006), in which an exposure time of 
15 min was used in their calculations. The failure probability method is 
used to calculate the probability of facility failure under the radiative 
heat flux effect (Landucci et al., 2009; Chen et al., 2018). Landucci et al. 
(2009) analyzed the temperature and stress distribution of 10 types of 
storage tanks at normal pressure under different radiative heat fluxes 
and subsequently proposed a Probit model to estimate the failure 
probability of device (Pr = a − b • ln(ttf)), where ttf is the time to failure 
of the tank, and a and b are constants). Using the Probit model, Chen 
et al. (2018) analyzed the thermal hazard for various fire accident sce-
narios including single and multiple tank fires, obtained the probability 
of fire accident escalation and then evaluated the risk of the storage tank 
farm using a quantitative risk analysis (QRA) method. Both threshold 
and probability methods were also used in the assessment of human risk, 
namely burns or even deaths. In the threshold method, different radia-
tive heat flux thresholds were provided in different countries (Fire 
Department of Ministry of Public Security, 2010; Raj, 2008; NFPA, 
2006). For example, the thresholds are 4.73 kW/m2 and 4.5 kW/m2, 
respectively, in China and Australia (Fire Department of Ministry of 
Public Security, 2010; Raj, 2008). Lees (1996) and Lines and Gledhill 
(1998) studied the effects of radiative heat flux and presented a human 
vulnerability model. The threshold method was also used by Pietersen 
(1990) and Van den Bosch (1992) to calculate the death probability. By 
combining the facility and personnel vulnerability models, the thermal 
hazard of liquid fuels can be determined quantitatively. The above 
studies showed that the thermal hazard of a storage tank farm is closely 
related to the exposure radiative heat flux and the corresponding 
exposure time. However, very limited research has been conducted on 
the thermal hazard and risk analysis of liquid fuels at high altitude. 

In this study, a series of large-scale n-heptane pool fire experiments 
under sub-atmospheric pressure (79 kPa) were carried out. The burning 
characteristics of the pool fires, including mass burning rate, flame 
height, and radiative fraction, were analyzed in detail, and compared 
with those obtained at normal pressure from the literature. The second 
part of this study is focused on the thermal hazard and risk analysis of 
liquid fuel tanks to nearby facility and personnel. Three layouts of tank 
farms were chosen based on the current codes in China, USA, and UK. 
The data on burning characteristics obtained in the experiments were 
then incorporated in the thermal hazard and risk analysis of the chosen 
fire accident scenarios at both standard and sub-atmospheric pressure 
conditions. 

2. Research framework and experimental setup 

Fig. 1 shows the research framework of this study. This research 
consists of two parts: (i) the burning characteristics of large-scale n- 
heptane pool fires at sub-atmospheric pressure and (ii) the associated 

thermal hazard and risk analysis of tank farms. 
Fig. 2 shows the schematic of the experimental setup. The liquid fuel, 

n-heptane, with a purity greater than 99.99 % was used. The thermal 
properties of the fuel are shown in Table 1. 

Two types of fuel pans, made of stainless steel (3 mm thick), were 
used. The first type is circular with diameters of 20, 40, 60, 80, 100 and 
120 cm and the same side wall height of 20 cm. The second type is 
square with a side length (L) of 2.5 m (equivalent diameter of 2.8 m, 
D′

= 2L/
̅̅̅
π

√
) and a side wall height of 40 cm. For the experiments with 

the circular pans, a load cell (Sartorius: maximum: 35 kg, precision: 
0.1 g,) was used to record the real time mass loss of the fuel, based on 
which the burning rate was calculated. For the experiment with the 
square pan, the principle of the connector was used (Liu et al., 2020) to 
calculate the burning rate by measuring the mass of a small container 
connected to the large fuel pan, and the detail layout is shown in Fig. 1 
(b). A CCD camera and an infrared camera were used to record the flame 
contour and flame temperature respectively. They were positioned at 
10 m horizontally away from the pool fire center at a height of 1.5 m. 
Two water-cooled heat flux meters (SGB 01) were used to measure the 
radiative heat flux at different distances: one was positioned at five times 
of the pool diameter from the pool center (5D), and the other at three 
times of the pool diameter (3D). Both heat flux meters were located at 
1 m above the ground and have a measurement range of 50 kW/m2. The 
heat flux and mass loss were recorded with an interval of 1 s 

Fig. 2. Schematic of the detail experimental setup.  

Table 1 
Thermal properties of the fuel.  

Characteristics N-heptane 

Boiling point (℃) 98 
Flash point (℃) -4 
Density (kg/m3, at 20 ℃) 684 
Heat of combustion (kJ/kg) 44,600  

Table 2 
The detail specifications of tests.  

Test 
No. 

Pan diameter 
(cm) 

Initial fuel layer thickness 
(cm) 

Ullage height 
(cm) 

1 20  1.5 10 
2 20  2.0 10 
3 40  1.5 10 
4 40  2.0 10 
5 60  1.5 10 
6 60  2.0 10 
7 80  1.5 10 
8 80  2.0 10 
9 100  1.0 10 
10 100  1.5 10 
11 120  1.0 10 
12 120  1.5 10 
13 280  1.5 10  
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The experiments were carried out in an outdoor environment at 
Qilian Airport in Qinghai Province (Altitude: 3163 m; Atmospheric 
pressure: 79 kPa). To minimize the wind effect, a windbreak net was 
arranged around the experimental site. Furthermore, the wind speed 
was closely monitored so the wind speed was less than 1 m/s outside the 
windbreak net prior to the test. For all the tests, water was injected into 
the pan before the fuel. The thickness of the water layer was set to ensure 
that the ullage height of all the tests was uniform (10 cm). A total of 13 
tests were carried out as summarized in Table 2. For smaller pan di-
ameters (20, 40, 60, 80 cm) the initial fuel layer thicknesses used were 
1.5 and 2.0 cm, whereas for large pan diameters (100, and 120 cm) 
slightly smaller fuel layer thicknesses (1.0 and 1.5 cm) were used due to 
the large quantities of the fuel needed in these tests. It is important to 
note that the steady burning rates between the two cases with the same 
pan diameter but different fuel thicknesses were very close to each 
other, which indicates that the steady burning rate is independent of the 
initial fuel thickness used in this study. Each test was repeated three 
times and the average of the three tests are presented and used in the 
analysis. 

3. Result and discussion 

3.1. Burning process 

The typical burning process of the pool fire experiment is shown in  
Fig. 3 for two cases (a) 0.8 m pan diameter with 1.5 cm initial fuel layer 
thickness and (b) 2.5 m side length with 1.5 cm initial fuel layer thick-
ness. After the ignition, the flame quickly spread to the entire fuel sur-
face and the flame height continued to increase at the initial period, after 
which the flame height remained steady for a relatively long period of 
time. Near the end of the test, the flame height decreased quickly as the 
fuel burned out. The whole process can be divided into three stages: (1) 
initial development stage; (2) steady burning stage; (3) extinguishment 
stage. The similar burning process was also observed in the other cases. 
For the case with a side length of 2.5 m, the burning is less uniform 

during the development and extinguishment stages due to its large 
surface area as it is more difficult to heat up uniformly the fuel surface 
after ignition, whereas near the end of the test, the fuel was gradually 
consumed and there was not enough fuel for the flame to burn on the 
whole surface. 

Fig. 4 plots the mass burning rate against time for the 80c m case. The 
variation of the mass burning rate is consistent with that of the flame 
height. The mass burning rate is low at the initial stage but increases 
quickly due to the increase of the flame height and radiation feedback 
from the flame to the fuel surface. The mass burning rate varies little in 
the steady burning stage, indicating that the flame height and corre-
sponding radiation feedback are nearly constant. It is important to note 
from Figs. 3 and 4 that the steady burning stage is the most important 
one in the whole burning process and the corresponding burning rate 
and flame height will be further analyzed. 

3.2. Burning rate 

For pool fires, the mass burning rate depends on the flame heat flux 
feedback (Fang et al., 2011; Tao et al., 2018). As the diameter of the fuel 
pans used in this study is larger than 20 cm, the burning rate is primarily 
controlled by radiation from the flame (Babrauskas, 1983) and the 
burning rate at standard atmospheric pressure can be calculated as 
(Burgess et al., 1961; Babrauskas, 1983): 

m"
1atm = m"

∞,1atm(1 − e− kβD) (1)  

where m˝
∞,1atm is the mass burning rate of a pool fire with an infinite pool 

diameter at standard atmospheric pressure, g/(m2⋅s), k is the flame 
extension coefficient (1/m) and β is the mean-beam length corrector. 

For the burning rate of pool fires under sub-atmospheric pressure, 
theoretical analysis has shown that, when the radiative heat feedback is 
the dominant heat transfer mode, the burning rate is a function of the 
ambient pressure, p∞, (Wieser et al., 1997; Tu et al., 2013): 

m"∝p∞
α (2)  

where α is a constant and equals to 1.3 (Wieser et al., 1997). 
At standard atmospheric pressure, 

m"
1atm∝pα

1atm (3) 

Dividing Eq. (3) by Eq. (2), one has 

m"

m"
1atm

=

(
p∞

p1atm

)α

(4) 

Substituting Eq. (1) in Eq. (4), the burning rate at a given pressure 

Fig. 3. Side view of the pool fire at different times: (a) initial fuel layer 
thickness: 1.5 cm; pan diameter: 0.8 m; (b) initial fuel layer thickness: 1.5 cm; 
side length: 2.5 m. 

Fig. 4. The mass burning rate and the mass vs. burning time (initial fuel layer 
thickness: 1.5 cm; pan diameter: 80 cm). 
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p∞, can be obtained: 

m" = m"
∞,1atm

(
p∞

p1atm

)1.3

(1 − e− kβD) (5)  

or 

m"

/(
p∞

p1atm

)1.3

= m"
∞,1atm

(
1 − e− kβD) (6) 

The model constants m˝
∞,1atm and kβ can be determined based on the 

best fit of the experimental data under normal pressure (Raj and Prabhu, 
2018, 2010) as shown in Fig. 5(a), having values of 95.6 g/(m2⋅s) and 
0.62 1/m respectively. The mass burning rate for n-heptane pool fires at 
p∞ can thus be deduced as: 

m"

/(
p∞

p1atm

)1.3

= 95.6(1 − e− 0.62D) (7) 

The validity of Eq. (7) is demonstrated in Fig. 5(b), which shows the 
normalized mass burning rate obtained in this work and that from 
previous studies at different pressure conditions. The predicted burning 
rate increases with the fuel pan diameter; however, the increase rate 
gradually decreases, which is consistent with the burning characteristics 

of n-heptane under standard atmospheric pressure (Raj and Prabhu, 
2018). The calculated values by the model are in good agreement with 
the present experimental data (79 kPa) and Tu et al.’s data (66.4 kPa), 
with a maximum error less than 15 %. The normalized burning rate 
under sub-atmospheric pressure is slightly lower than that under normal 
pressure, which could be attributed to the lower radiative heat feedback 
from the flame to the fuel surface due to the influence of the reduced 
pressure on the flame height and soot formation (Fang et al., 2011; Liu 
et al., 2019). 

For the experiment with the square burner (L = 2.5 m), the calcu-
lated mass burning rate using Eq. (7) is 57.97 g/(m2⋅s), which compares 
well with the measured value of 61.77 g/(m2⋅s). Tests at other large 
diameters and different pressure conditions would allow further vali-
dation of the model for large-scale pool fires. 

3.3. Flame height 

Flame height is a key parameter in thermal hazard analysis of pool 
fires. The binary image processing technique was employed to convert 
the RGB images to binary ones. The flame contour was analyzed firstly, 
based on which the flame height was obtained using the imaging pro-
cessing method (Zhang et al., 2020). Fig. 6 shows the obtained flame 
height as a function of the pan diameter, along with the correlation 
proposed for standard atmospheric pressure (Heskestad, 1998). 

As shown in Fig. 6, the flame height increases with the fuel pan 
diameter. Compared with the predictive values by Heskestad’s model for 
standard atmospheric pressure, the flame height under sub-atmospheric 
pressure is systematically higher at the same diameter. This is mainly 
because that the flame height is closely related to air entrainment. The 
lower atmospheric pressure leads to a decrease in air density, which in 
turn reduces the mass flux of air entrainment per unit length. Thereby, 
the flame requires a longer entrainment path, i.e., the flame height, to 
completely burn the fuel. Similar to normal pressure conditions 
(Heskestad, 1998), the flame height under sub-atmospheric pressure can 
be expressed as a function of the fire diameter and heat release rate: 

Lf

D
= a(Q̇∗

)
b
+ c (8)  

where Lf is the flame height, m; Q̇∗ is the dimensionless heat release rate: 

Q̇∗
=

Q̇
ρ∞T∞cp

̅̅̅̅̅̅̅̅
gD5

√ (9)  

Q̇ = m"SΔHc (10)  

where T∞ is the ambient temperature, K; cp is the specific heat, kJ/ 

Fig. 5. (a) Experimental data in the literature and correlation for the mass burning rate at standard pressure; (b) Experimental results vs. proposed model.  

Fig. 6. Comparison between the experimental flame height and the predictive 
values by Heskestad’s model. 
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(kg⋅K); ΔHc is the heat of combustion, kJ/kg; Q̇ is the heat release rate, 
kW; ρ∞ is the ambient air density, kg/m3; g is the acceleration of gravity, 
m2/s; S is the fuel pan area, m2. Because ρ∞ changes with pressure, Q̇∗

can be expressed as, 

Q̇∗
=

m"SΔHc

ρ∞T∞cp
̅̅̅̅̅̅̅̅
gD5

√ ∝
m"πD2

/
4

ρ∞T∞D5/2∝
m"

p∞D1/2 (11) 

Combining Eq. (9) and Eq. (11), one has: 

Lf

D
∝Q̇∗2/5∝

m"2/5

p∞
2/5D1/5 (12)  

or 

Lf

D
= k1 + k2

m"2/5

p∞
2/5D1/5 (13)  

where k1 and k2 are model constants which can be determined from 
experimental data. A similar correlation to Eq. (13) was also used by Liu 
and Zhou (2019) to study the radiative fraction of small-scale pool fires 
at reduced pressure environments. Fig. 7 shows that the dimensionless 
flame height Lf

D decreases linearly with an increase of 

m”2/5p∞
− 2/5D− 1/5 and the parameters k1 and k2 are found to be 8.01 and 

− 0.97 respectively, i.e., 

Lf

D
= 8.01 − 7.97m"2/5

/

p∞
2/5D1/5 (14) 

To further verify this correlation, additional experimental data at 
other sub-atmospheric pressures in the literature are also plotted in 
Fig. 7. It can be observed that the prediction is in good agreement with 
the experimental data in (Zhou et al., 2014) and (Hu et al., 2013). 
However, there are relatively large deviations between the predictive 
values and the experimental data in (Yao et al., 2015) and (Liu et al., 
2019), which could be explained by noting that in both studies the tests 
were conducted in low pressure chambers instead of at high altitude. In 
a low-pressure chamber, the combustion gas needs to be pumped out to 
maintain the specified pressure. Continuous pumping of gas caused 
uneven distribution of pressure and airflow disturbance inside the 
chamber, both of which can affect air entrainment and as a result the 
flame height. 

3.4. Radiative fraction 

The radiative heat flux distribution due to the flame is closely asso-

ciated with radiative fraction (Liu et al., 2019). The point source model 
is commonly used to calculate radiative fraction, in which the flame is 
simplified as a point and all the flame radiation is emitted from this point 
regardless of the flame shape (Hankinson and Lowesmith, 2012). This 
model is suitable when the distance between the flame and target is far 
enough (L≥5D) (Hu et al., 2014). The specific formula is as follows 
(Hankinson and Lowesmith, 2012): 

Xr =
Q̇r

Q̇
=

Srq
′ ′
r

m"SΔHc
=

4πR2q′ ′
r

m"SΔHc
(15)  

where Q̇r is the total emitted radiation from the flame, kW; Sr is the 
flame radiation area, m2; q′ ′

r is the radiative heat flux, kW/m2; R is the 
distance from the vertical flame mid-height point to a target. 

Fig. 8 shows the calculated radiative fraction using the heat flux 
measured at 5D for different pan diameters. It can be found that the 
radiative fraction decreases with the increase of the pan diameter, which 
is consistent with that reported at standard atmospheric pressure (Fang 
et al., 2011; McGrattan et al., 2000). McGrattan proposed the following 
correlation based on pool fire experiments at standard atmospheric 
pressure (McGrattan et al., 2000). 

Xr = Xrmaxe− cD (16)  

where the two parameters Xrmax = 0.3 and c= 0.05 m− 1 (McGrattan 
et al., 2000). As shown in Fig. 8, the radiative fraction at 
sub-atmospheric pressure is slightly lower than that at normal pressure, 
which could be attributed to the effect of reduced pressure on soot 
formation due to a change in oxygen concentration (Tu et al., 2013). 
Based on the present data, the following correlation can be obtained. 

Xr = 0.34e− 0.138D (17)  

3.5. Radiation calculation 

Flame radiation is the primary reason for igniting nearby targets in 
large-scale fire accidents involving liquid fuels and the occurrence of the 
chain accidents (domino effects). To calculate the radiative distribution 
around the flame, the solid flame radiation model is widely used (Li and 
Zhang, 2021; Wang et al., 2022). In this model, the flame is idealized as 
a vertical cylinder emitting thermal radiation from its surface. The 
radiative heat flux received by a target can be expressed as: 

q′ ′ = Ef F12τ (18)  

where Ef is the flame surface emissive power; F12 is a view factor; τ is the 
atmospheric transmissivity, approximated as one when approaching the 
target. Two common models used to calculate the emissive power are 

Fig. 7. Experimental results and fitting curve.  

Fig. 8. Experimental results and proposed model.  
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shown in Table 3. In the calculations, the average flame temperatures 
are used. 

The view factor F12 is a geometric parameter, which represents a 
ratio of the radiation received by a target to the total radiation emitted 
by the flame. 

F12 = FA1→A2 =
1
A1

∫

A2

∫

A1

cos(θ1)cos(θ2)

πr2 dA1dA2 (19)  

where A1 is the flame surface area; A2 is the target area; r represents the 
distance from the flame to the target surface. The schematic of radiation 
heat transfer between the flame and the target is given in Fig. 9. 

For the view factor between the cylinder and the target, a simple 
correlation provided by Mudan (1984) can be used. The whole flame 

was assumed to be composed of two cylinders (one above the heat flux 
meter, V1, and the other below the heat flux meter, V2), as shown in 
Fig. 9. The total view factor can be expressed as: 

FV − A2 = FV1 − A2 +FV2 − A2 (20)  

where FV1 − A2 represents the view factor of the vertical cylinder (V1) to a 
horizontal target and FV2 − A2 that of the vertical cylinder (V2) to a hori-
zontal target. 

Based on Eqs. (7, 14, 17, 18 and 20), the heat flux at the locations of 
the heat flux meters can be calculated and compared with these 
measured as shown in Fig. 10. It can be noted that the predictions by 
Model 1 are in better agreement with the measurements with a 
maximum difference of 20 %. The larger deviations by Model 2 are due 
to an overestimation of the emissive power highlighting the un-
certainties and difficulties in determining accurately the flame surface 
area. As a result, Model 1 will be used to calculate the radiative heat flux 
in the thermal hazard risk analysis. 

Table 3 
Flame surface emissive power models.  

Model types Equations Key Parameters 

Model 1 (McGrattan et al., 
2000) 

E = σεf T4
f σ = 5.67× 10− 8W/

(
m2K4)εf = 1 −

e− kβDTf(79kPa) = 1023K andTf(100kPa) =

1073K 
Model 2 (McGrattan et al., 

2000; Sudheer and 
Prabhu, 2010) 

E = XrQ̇/

A 
Xr = 0.34e− 0.138D ;A = πDLf + πD2/4  

Fig. 9. Schematic of heat radiation transfer between the flame and the target.  

Fig. 10. Comparison of experimental and calculated radiative heat flux using 
the different emissive surface models. 

Table 4 
Minimum shell-to-shell spacing of nearby floating roof tanks.  

Country Fire separation distance 

Code Categories in the 
codes 

Tank fire 
separation 
distance 

USA NFPA 30 (2012) D≤45 m 1/6 sum of 
diameters of 
nearby tanks, but 
not less than 0.9 m 

D＞ 
45 m 

Remote 
reservoir 

1/6 sum of 
diameters of 
nearby tanks 

Fire dike 1/4 sum of 
diameters of 
nearby tanks 

China GB50074-2014 (2014) Floating roof tank, 
internal floating 
roof tank 

0.4D 

UK Model Code of Safe 
Practice in the Petroleum 
Industry (Institute of 
Petroleum, 2007) 

D≤45 m 0.3D but not less 
than 10 m 

D＞45 m 0.3D but not less 
than 15 m  

Table 5 
The parameters for the different fire scenarios.  

Scenarios 
No. 

Storage tank 
height (m) 

Storage tank 
diameter (m) 

Storage tank 
distance (m) 

Atmospheric 
Pressure 
(kPa) 

1 10 20 0.30D 101 
2 10 20 0.30D 79 
3 10 20 0.33D 101 
4 10 20 0.33D 79 
5 10 20 0.40D 101 
6 10 20 0.40D 79 
7 10 20 0.84D 101 
8 10 20 0.84D 79 
9 10 20 0.88D 101 
10 10 20 0.88D 79 
11 10 20 0.98D 101 
12 10 20 0.98D 79 
13 10 40 0.30D 101 
14 10 40 0.30D 79 
15 10 40 0.33D 101 
16 10 40 0.33D 79 
17 10 40 0.40D 101 
18 10 40 0.40D 79 
19 10 40 0.84D 101 
20 10 40 0.84D 79 
21 10 40 0.88D 101 
22 10 40 0.88D 79 
23 10 40 0.98D 101 
24 10 40 0.98D 79  
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4. Thermal hazard risk analysis 

Pool fires are a common accident type in chemical parks, which 
directly determines the liquid fuel storage and processing thermal haz-
ard (Li et al., 2021; Sharma and Mishra, 2019). In the case of pool fires, 
the radiation from the flame poses a great threat to the nearby personnel 
and facilities, and possible escalation of the accident. To minimize the 
risk of accident escalation, the fire separation distance between tanks in 
the storage tank design is regulated and recommended by codes from 
different countries, as shown in Table 4. 

As shown in Figs. 5 and 6, the burning rate at sub-atmospheric 
pressure is smaller than that under standard atmospheric pressure 
whereas the flame height increases. The thermal hazard of liquid fuels 
under sub-atmospheric pressure, however, is still unclear and needs to 
be determined. Currently, the design of storage tank farms at plateau 
areas is mainly based on the codes develop at normal atmospheric 
pressure. To assess the fire risk for plateau regions, specific fire scenarios 
will be selected and analyzed for three countries, namely China, UK, and 
USA. In addition to the separation distance, other parameters such as 
tank diameter and pressure are also varied. The detailed layout and the 
specification are shown in Table 5 and Fig. 11, where the storage tank 
distance is defined as the distance between the sidewalls of two adjacent 
tanks. 

The probability of escalation (P) can be calculated using the Probit 
model (Landucci et al., 2009) as: 

P =
1̅̅
̅̅̅

2π
√

∫ Pr − 5

− ∞
e− x2/2dx (21)  

where: 

Pr = 12.54 − 1.847ln(ttf ) (22) 

Fig. 11. The layout of the tank farm and the set scenarios.  

Table 6 
Radiative heat flux, time to failure and escalation probability calculated by the 
Probit method.  

Scenarios 
No. 

Storage tank 
distance (m) 

Exposure heat 
flux (kW/m2) 

Time to 
failure 
(min) 

Escalation 
probability 

1 0.30D  14.17  15.01 2.58E-07 
2 0.30D  11.81  18.44 3.52E-08 
3 0.33D  13.82  15.43 1.99E-07 
4 0.33D  11.53  18.94 2.66E-08 
5 0.40D  13.07  16.47 1.05E-07 
6 0.40D  10.92  20.14 1.43E-08 
7 0.84D  9.52  23.51 2.61E-09 
8 0.84D  8.08  28.27 3.01 E-10 
9 0.88D  9.27  24.22 1.71E-09 
10 0.88D  7.89  29.08 2.18E-10 
11 0.98D  8.69  26.05 7.71E-10 
12 0.98D  7.42  31.12 9.45E-11 
13 0.30D  13.96  11.88 1.74E-06 
14 0.30D  11.81  14.35 4.32E-07 
15 0.33D  13.60  12.23 1.74E-06 
16 0.33D  11.53  14.74 3.35E-07 
17 0.40D  12.82  13.08 9.21E-07 
18 0.40D  10.92  15.67 1.89E-07 
19 0.84D  9.12  19.20 2.38E-08 
20 0.84D  8.08  22.01 5.02E-09 
21 0.88D  8.86  19.83 1.69E-08 
22 0.88D  7.89  22.63 3.73E-09 
23 0.98D  8.26  21.47 7.14E-09 
24 0.98D  7.42  24.22 1.71E-09  

Table 7 
Personnel safety distance under different scenarios.  

Scenarios 
No. 

Storage tank 
diameter (m) 

Atmospheric 
Pressure 
(kPa) 

Exposure heat flux threshold 
（kW/m2） 

Country Safety distance between accident tank edge and 
personnel (m) 

Safety distance 
difference (m) 

1 20 101  4.5 AUS  53.6  4.6 
2 20 79  4.5 AUS  49.0 
3 20 101  4.73 CHN  51.2  4.6 
4 20 79  4.73 CHN  46.6 
5 20 101  5.0 USA/ 

UK  
49.1  4.7 

6 20 79  5.0 USA/ 
UK  

44.4 

13 40 101  4.5 AUS  98.9  2.4 
14 40 79  4.5 AUS  96.5 
15 40 101  4.73 CHN  94.7  1.6 
16 40 79  4.73 CHN  93.1 
17 40 101  5.0 USA/ 

UK  
91.2  2.3 

18 40 79  5.0 USA/ 
UK  

88.9  
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ln(ttf ) = − 1.128ln(q′ ′) − 2.66 × 10− 5V + 9.877 (23) 

V is the tank volume, m3; Pr is the Probit variable; P is the escalation 
probability; and ttf represents time to failure of a nearby tank. Using Eqs. 
(7, 14, 18, and 20–23), the radiative heat flux, failure time and the 
escalation probability for the nearby tank can be determined, and the 
results are shown in Table 6. 

It can be seen in Table 6 that the radiative heat flux decreases with 
increasing separation distance as expected for both pressure conditions. 
For Scenarios 2, 4, and 6, the tank distances are 0.3D, 0.33D, and 0.4D, 
with the corresponding radiative heat fluxes of 11.81, 11.53, and 
10.92 kW/m2 respectively. The escalation probability increases with the 
increase of the tank diameter, which implies a higher thermal hazard for 
larger storage tanks. The escalation probability of Scenario 2 is 3.52E- 
08, which is one order of magnitude lower than that of Scenario 14 
(4.32E-07). The radiative heat flux under sub-atmospheric pressure 
conditions is lower than that under the normal pressure conditions for 
the cases with the same tank diameter and distance. This can be 
attributed to the lower flame surface emissive power at sub-atmospheric 
pressure due to the combined effect of lower burning rate and flame 
temperature. The reduced radiative heat flux results in a lower facility 
escalation probability. For example, the escalation probability of Sce-
nario 13 is 1.74E-06, whereas that of Scenario 14 is only 4.32E-07. It is 
interesting to note the difference in the thermal hazard between normal 
and sub-atmospheric pressures reduces with an increase of the tank 
diameter. For example, the escalation probability of Scenario 1 is 7 times 
higher than that of Scenario 2 (tank diameter: 20 m), while the escala-
tion probability of Scenario 13 is only 4 times higher than that of Sce-
nario 14 (tank diameter: 40 m). 

In fire accidents, another major concern is the safety of personnel/ 
firefighters (Raj, 2008). To protect the firefighters during firefighting, a 
heat flux threshold is stipulated (Fire Department of Ministry of Public 
Security, 2010; Raj, 2008; NFPA, 2006). Its value varies slightly by 
countries as shown in Table 7 for Australia, China, and USA/UK. From 
the heat flux thresholds, we can calculate the required safety distance for 
the given scenarios. The results are summarized in Table 7, along with 
the difference in the safety distance between normal and 
sub-atmospheric conditions. 

The safety distance under sub-atmospheric pressure is found to be 
systematically smaller than that under normal atmospheric pressure. 
This is mainly because of the lower flame surface emissive power at sub- 
atmospheric pressure, which reduces the radiative heat flux. Therefore, 
the areas of high-risk regions are reduced for the sub-atmospheric 
pressure condition, which implies a lower thermal hazard. In addition, 
the difference between the personnel safety distance under the two 
pressure conditions decreases with the increase of the tank diameter, as 
shown in Table 7. The reason is that the flame surface emissive power 
changes little with the increase of diameter. For smaller tank diameters, 
the difference in the calculated safety distance based on the different 
thresholds is not so obvious. However, this difference becomes larger as 
the tank diameter increases. 

5. Conclusion 

This paper was aimed at investigating the burning characteristics 
and thermal hazard of large-scale n-heptane pool fires under sub- 
atmospheric pressure. A series of experiments with different pool di-
ameters were carried out. The burning rate, flame height and radiative 
fraction were measured and analyzed in detail. The experimental results 
were subsequently incorporated into the thermal hazard risk analysis of 
nearby facilities and personnel in both sub- and normal atmospheric 
pressures. Specific fire accident scenarios were selected based on exist-
ing codes in three countries, China, UK, and USA. The main findings are 
as follows: 

(1) The burning rate of pool fires at sub-atmospheric pressure is 

lower than that at normal atmospheric pressure. A new predictive model 

(m˝/
(

p∞
p1atm

)1.3
= 95.6(1 − e− 0.62D) was developed for calculate the 

burning rate at a given sub-atmospheric pressure and validated against 
the present experimental data at 79 kPa and that in the literature at 
other sub-atmospheric pressures. 

(2) The dimensionless flame height, Lf
D , was found to decrease linearly 

with m˝2/5
/p∞

2/5D1/5 under sub-atmospheric pressure and a new cor-
relation was proposed (Lf

D = 8.01 − 7.97m˝2/5
/p∞

2/5D1/5) based on 
dimensionless analysis and experimental data. The correlation agrees 
with the experimental data in the literature at high attitude, but rela-
tively large differences were observed when compared to the test data 
obtained in pressure chambers as continuous pumping of gas caused 
uneven distribution of pressure and airflow disturbance inside the low- 
pressure chamber, both of which can affect air entrainment and as a 
result the flame length. 

(3) The radiative fraction was found to decrease exponentially with 
the increase of the pool diameter (Xr = 0.34e− 0.138D), which is consistent 
with that reported for tests under standard atmospheric pressure. 

(4) The thermal hazard under sub-atmospheric pressure is lower than 
that under the normal atmospheric pressure (assuming all the other 
conditions are the same), due to the combined effect of lower burning 
rate and flame temperature. However, this difference reduces with an 
increase of the tank diameter. These results indicate that the current 
codes on the design and layout of storage tank farms can be used as 
guidance in plateau regions when the radiative heat flux is of the pri-
mary concern. It is important to note that whilst these conclusions are 
drawn based on comparison of the thermal hazard risk analysis between 
a specific sub-atmosphere pressure (79 kPa) and normal pressure, the 
present methodology can be applied to any sub-atmosphere pressure 
condition. Furthermore, the findings from the thermal hazard risk 
analysis could not only help the safety management of liquid fuels 
during the storage process but provide guidance for firefighting and 
rescue in accidents involving tank farms in plateau areas. 

Finally, it should be noted that the study is focused on the thermal 
hazard assessment of liquid fuel fires. In practical situations, the thermal 
hazard of storage tank fires would also depend on other external factors, 
such as environmental conditions and safety protection measures, which 
will be further examined in a future study. 

CRediT authorship contribution statement 

Jinlong Zhao: Methodology, Investigation, Validation, Funding 
acquisition, Writing - original draft, Writing - review & editing. Qin-
gyuan Zhang: Data curation, Formal analysis, Investigation, Writing - 
original draft. Xiang Zhang: Supervision, Writing - review & editing. 
Jianping Zhang: Conceptualization, Methodology, Writing - review & 
editing. Rui Yang: Supervision, Writing - review & editing. Yu Lu: Su-
pervision, Writing - review & editing. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgements 

This study was sponsored by the National Natural Science Founda-
tion of China (No. 51906253), the Fundamental Research Funds for the 
Central Universities (No. 2020QN05 and No. 2021JCCXAQ01), and Key 
Laboratory of Emergency Management Department of Fire Emergency 
Rescue Equipment (2019XFZB16). 

J. Zhao et al.                                                                                                                                                                                                                                     



Process Safety and Environmental Protection 166 (2022) 279–289

288

Appendix A 

In the experiments, the flame can be divided into two parts (V1 and V2). As shown in Fig. 9, the view factor FV− A2 can be expressed as: 

FV − A2 = FV1 − A2 +FV2 − A2 (A1) 

The view factor for horizontal targets of a vertical cylinder (V1) is: 

FV1 − A2 =
1

πS
tan− 1

(
h1

̅̅̅̅̅̅̅̅̅̅̅̅̅
S2 − 1

√

)

−
h1

πS
tan− 1

̅̅̅̅̅̅̅̅̅̅̅
S − 1
S + 1

√

+
A1h1

πS
̅̅̅̅̅̅̅̅̅̅̅̅̅̅
A1 − 1

√ tan− 1

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(S − 1)(A1 + 1)
(S + 1)(A1 − 1)

√

(A1)  

S =
2R
D

(A2)  

h1 =
2H1

D
(A3)  

A1 =
h1

2 + S2 + 1
2S

(A4)  

where R is the distance between the center of the pool fire and the target. H1 is the distance between target and the flame upper boundary in vertical 
direction, shown in Fig. 9. And the FV2 − A2 can be expressed as: 

FV2 − A2 =
1

πS
tan− 1

(
h2

̅̅̅̅̅̅̅̅̅̅̅̅̅
S2 − 1

√

)

−
h2

πS
tan− 1

̅̅̅̅̅̅̅̅̅̅̅
S − 1
S + 1

√

+
A2h2

πS
̅̅̅̅̅̅̅̅̅̅̅̅̅̅
A2 − 1

√ tan− 1

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(S − 1)(A2 + 1)
(S + 1)(A2 − 1)

√

(A5)  

h2 =
2H2

D
(A6)  

A2 =
h2

2 + S2 + 1
2S

(A7)  

where H2 is the distance between target and the flame bottom in a vertical direction, shown in Fig. 9. 
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