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A B S T R A C T   

Liquefied petroleum gas (LPG) has potential pool fire risks due to its flammability. The configuration of pool fires 
plays a significant role when applying the solid flame model or point source model to assess the risks from heat 
radiation. However, no existing correlations can precisely predict the configuration of large LPG (100% propane) 
pool fires. To enhance the fundamental understanding on how pool diameter and wind velocity can influence the 
configuration of large LPG pool fires, an experimentally validated Computational Fluid Dynamics (CFD) model is 
employed to simulate fires using different burning rate models. Fire temperature profiles, flame heights, and 
flame tilts predicted by the CFD model were compared with empirical models and experimental data. Accord-
ingly, new correlations for flame height and flame tilt as functions of pool diameter D and wind velocity uw have 
been developed. The comparisons demonstrate that the new correlations have the best overall accuracy in the 
prediction of flame height and tilt for large LPG pool fires under different conditions (10 m � D � 20 m, 0 � uw �

3 m⋅s� 1).   

1. Introduction 

To achieve the goal of clean cooking and heating by 2030, the de-
mand for liquefied petroleum gas (LPG) as a low-pollution fuel is 
increasing rapidly (Kojima, 2011). Pool fire can be generated if there is 
an LPG leakage during transportation or at storage sites. Thus, under-
standing the characteristics, i.e., the radiation and configuration of LPG 
pool fire, are necessary for the effective control of potential fire risks. 
Pool fire is defined as the combustion of material evaporating from a 
layer which is formed by a liquid fuel pool (Van den Bosch and Weter-
ings, 1997). The liquid fuel spreads out horizontally and forms turbu-
lent, non-premixed, and diffusive flame (Vela et al., 2009). A large-scale 
LPG pool fire, i.e., beyond the experimental scale available for study in 
laboratory or largest field tests, could lead to severe consequences and 
losses with high flame temperature and heat flux to its surroundings. 
Thus, studying the pool fire configurations is essential, which will pro-
vide direct evidence to accurately predict the radiative heat flux and 
evaluate the induced risks to the ambient environment (Yi et al., 2019). 
Experiments have been conducted to investigate the flame height and 
wind effect on the flame distribution of LPG pool fires (Droste and 

Schoen, 1988; Hiroshi and Koseki, 2001; Johnson et al., 1980; Palazzi 
and Fabiano, 2012). However, they focused on small-scale fires with 
pool diameters less than 10 m, and large-scale LPG pool fires have not 
been well investigated by experiments due to the high costs, measure-
ment difficulties, and safety considerations (Trouv�e, 2008.; Vasanth 
et al., 2013). Nevertheless, there are many empirical or semi-empirical 
models and correlations developed based on experimental data for the 
flame height and tilt of small-scale pool fires (A.G.A, 1974; Bariha et al., 
2017; Moorhouse, 1982; Sengupta, 2019; Steward, 1970; Thomas, 1963; 
Welker and Sliepcevich, 1966). These models may lead to significant 
errors when being applied to large-scale pool fires, which have been 
discussed in discussion part of this paper. So far, there are no specific 
correlations for flame height and tilt in large LPG (100% propane) pool 
fires with diameters larger than 10 m. Thus, more reliable and accurate 
correlations for flame height and tilt should be developed to enhance the 
fundamental understanding of the large LPG pool fire configurations. 

Since experimental investigations are difficult for large-scale LPG 
pool fires, Computational Fluid Dynamics (CFD) models have been 
employed as an alternative time-saving and cost-effective tool based on 
first principles of physics and chemistry (Joshi et al., 2016; Wang et al., 
2016, 2018; Yi et al., 2019). The CFD capability to accurately simulate 
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pool fires has been proved by previous studies. The early CFD effort to 
simulate fire dynamics was done by Galea (1989), who used the field 
modeling approach to simulate enclosure fires. Sun et al. (2014) used 
Large Eddy Simulation (LES) to analyze the radiation from liquefied 
natural gas (LNG) pool fires and provided insight on determining the 
safe distance between LNG tanks and vaporizers. Vasanth et al. (2015) 
showed good agreements between experimental measurements and CFD 
simulation results in flame temperature, radiation, and burning rates of 
multiple pool fires situated at differing elevations. Chow et al. (2017) 
obtained flame height correlations, and thermal parameters in fire 
tornados using ANSYS Fluent validated via the comparison with exper-
imental data. Therefore, it is feasible to employ CFD simulations to 
investigate the configuration properties of large LPG pool fires. 

In this study, the characteristics of burning rate, flame height, and 
flame tilt of large LPG pool fires were investigated and compared using 
empirical models, correlations, and CFD simulations. Specifically, inte-
grating the Re-Normalization Group (RNG) k-ε model, P-1 radiation 
model, and the non-premixed combustion model, the CFD model was 
developed in ANSYS Fluent 2019 R2 (ANSYS Inc., Canonsburg, PA) to 
study the configuration of large LPG pool fires with pool diameters be-
tween 10 m and 20 m in static and windy conditions (0 � uw � 3 m⋅s� 1). 
The burning rates, flame heights, and tilts of large LPG pool fires using 
different methods are compared with the experimental data obtained by 
Mudan (1984a). Subsequently, two new correlations for flame heights 
and one new correlation for flame tilts are proposed with better accuracy 
specifically for large-scale LPG pool fires. 

2. Theory 

In large LPG pool fires, the radiative heat flux can be influenced by 
many variables, such as the pool size, the fire configuration (i.e., flame 
height and tilt), the duration of the fire, the distance to the ambient 

targets, and the characteristics of the targets exposed to the thermal 
radiation. The total radiative heat flux in a pool fire is determined by the 
burning rate, flame height, and flame tilt, which had significant impacts 
on radiation distributions when point source model and solid flame 
model are used to estimate the heat flux to surrounded targets. There-
fore, when predicting the radiation to ambient human and constructions 
around large LPG pool fires, the above-mentioned variables should be 
considered comprehensively. The details are discussed in the following 
sections. 

2.1. Burning rate models 

The burning rate varies mainly with the pool fire size, and is also 
influenced by the ambient air velocity, i.e., the wind speed (Johnson 
et al., 1980). In general, the burning rate _m of a pool fire can be 
expressed as: 

_m¼
π _m’’D2

4
(1)  

and 

_m’’¼ ρLPGv (2)  

where _m, _m’’ , and v are burning rates defined in mass per second, mass 
per unit area per second, and velocity, respectively (Drysdale, 2011). 

Johnson et al. (1980) developed a correlation to describe the rela-
tionship between the burning rate v and pool diameter D based on the 
experimental data of small pool fires, which shows that the maximum 
burning rate v has been reached to 1.905 � 10� 4 m⋅s� 1 when the pool 
size is larger than 0.508 m. 

Blinov and Khudiakov (1957) proposed that burning rates were 
determined dominantly by the heat flux from the fire plume to the liquid 

Nomenclature 

A The pool area, m2 

cp Specific heat of air at constant pressure, kJ⋅kg� 1⋅K� 1 

D LPG pool diameter, m 
F A flame shape factor for radiation to the liquid 
g Acceleration of gravity, m⋅s� 2 

Fr Froude number 
ΔHv Heat of vaporization, J⋅kg� 1 

ΔHC Heat of combustion, kJ⋅kg� 1 

k An extinction coefficient 
k1 Thermal conductivity, W⋅m� 1⋅K� 1 

k0 An opacity coefficient 
k’

1 Rate coefficient 
k2 Convective heat transfer coefficient, W⋅m� 2⋅K� 1 

_m Mass burning rate, kg⋅s� 1 

_m’’ Mass burning rate per unit area, kg⋅m� 2⋅s� 1 

_m’’
∞ Maximum mass burning rate per unit area, kg⋅m� 2⋅s� 1 

_q’’ Heat flux, W⋅m� 2 

_QC Rate of LPG heat release, kW 
_Q*
C Non-dimensional rate of LPG heat release 

r The mass ratio of the stoichiometric air to the fuel 
R Regression rate, mm⋅min� 1 

R∞ Radiation-dominant regression rate limit, mm⋅min� 1 

T∞ Temperature far away from the LPG pool fire, K 
TB Liquid surface temperature, K 
TF Flame temperature, K 
U Gas velocity, m⋅s� 1 

u*
10 Non-dimensional wind velocity at the height 10 m 

uw Wind velocity, m⋅s� 1 

u* Non-dimensional wind velocity 
v Burning velocity defined by the liquid pool level decreases 

with time, m⋅s� 1 

W The long-side length of a rectangular pool, m 
α A constant pressure expansion ratio for stoichiometric 

combustion 
β Mean beam length corrector 
σ Stefan-Boltzmann constant, 5.67 � 10� 8 W m� 2⋅K� 4 

θ Tilt angle, ◦ 
ϕ Mole fraction composition of fuel-air mixture 
ϕst Stoichiometric fuel-air mixture mole fraction composition 
ω Inverse volumetric expansion ratio due to combustion 
ν Kinematic viscosity of air, m2⋅s� 1 

ρ∞ Far-end air density, kg⋅m� 3 

ρa Ambient air density, kg⋅m� 3 

ρLPG LPG density, kg⋅m� 3 

ρ’
LPG Density ratio between LPG and air 

ρLPGg Vaporized LPG density, kg⋅m� 3 

a Ambient 
C Combustion 
F Flame 
g Gas 
LPG Liquefied petroleum gas 
p Pressure 
st Stoichiometric 
v Vaporization 
w Wind  
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pool surface. Based on such a hypothesis, the following correlation was 
proposed by Hottel (1959), i.e.,  

_q’’¼ k1
TF � TB

D
þ k2ðTF � TBÞþ σT4

F ⋅F
�
1 � e� k0D� (3) 

It is worth mentioning that the first and second terms on the right- 
hand side of Eq. (3) represent conduction and convection, which can 
be neglected when the pool fire diameter is larger than 0.3 m (Drysdale, 
2011; Zabetakis and Burgess, 1961). Being divided by the volumetric 
heat of vaporization ρLPGΔHv on both sides, Eq. (3) can be further 
simplified to 

v¼
σT4

FF
ρLPGΔHv

�
1 � e� k0D�� 10� 3  (4) 

To facilitate the calculation, the regression rate R (mm⋅min� 1) was 
introduced by Blinov and Khudiakov (1957). As a result, the LPG pool 
burning rate can be simplified to 

_m’’¼
ρLPGR

60
� 10� 3 (5)  

where the regression rate R can be given as: 

R ¼ R∞
�
1 � e� k’

1D� (6) 

Zabetakis and Burgess (1961) recommended another equation to 
predict the burning rate _m’’ of liquid pool fires of which the pool 
diameter is greater than 0.2 m in the static air: 

_m’’ ¼ _m’’
∞

�
1 � e� kβD� (7) 

For the liquid LPG (100% propane) used in Eq. (7), ρLPG, _m’’
∞;  and kβ 

are considered as 585 kg⋅m� 3, 0.099 kg m� 2⋅s� 1, and 1.4 m-1 in this 
study, respectively (Babrauskas, 1983). 

In order to calculate the thermal radiation of pool fires directly, Liu 
et al. (2009) used a simplified equation to calculate the burning rate v, i. 
e.,  

v¼

0

@6:932 � 6:01 � D
1:31

1

A

6
� 10� 4 (8) 

Since the regression rate R for LPG (100% propane) is still not 
available and needs to be identified, the above-mentioned three models 
(Johnson et al., 1980; Liu et al., 2009; Zabetakis and Burgess, 1961) 
were employed to predict the burning rate of large LPG pool fires in this 
study, and all values have been converted to mass burning rate _m shown 
in Fig. 3 using Eqs. (1) and (2). 

2.2. Flame height models 

The flame height is an important variable for the estimations of 
surface emissive power and radiation from large LPG pool fires to its 
surroundings when the point source model and solid flame model are 
employed. Many numerical models and correlations have been devel-
oped to predict the flame height for different hydrocarbon pool fires in 
the past decades, among which a dimensionless number H= D (Hurley 
et al., 2016) was often employed. The flame height model is usually 
proposed as a function of the Froude number Fr which is defined as 
(Drysdale, 2011): 

Fr¼
U2

gD
(9)  

and 

U¼
4 _QC

πΔHCρLPGD2 (10) 

A dimensionless heat release rate _Q*
C was introduced to classify fire 

types and flame height (McCaffrey, 1995; Zukoski, 1995) expressed by 

_Q*
C ¼

_QC

ρ∞cpT∞
ffiffiffiffiffiffi
gD
p

D2 (11) 

Based on Eq. (11), Thomas (1963) further developed a correlation for 
the mean visible height of turbulent diffusion flames in still air: 

H

,

D¼ 42
�

_m}

ρa
ffiffiffiffiffiffi
gD
p

�0:61

(12) 

Steward (1970) developed a similar correlation with a dimensionless 
parameter of inverse volumetric expansion ratio due to combustion 
expressed by: 

H

,

D¼ 14:73

0

@
ω
�

r þ ω
ρ’

LPG

�

ð1 � ωÞ5

1

A

�
_m}

ρa
ffiffiffiffiffiffi
gD
p

�0:4

(13)  

and 

ρ’
LPG¼

ρLPGg

ρa
(14) 

ω is determined using the following equation: 

ω¼ ϕ � ϕst

αð1 � ϕstÞ
(15)  

where α is equal to 8.0 for hydrocarbons (Tugnoli et al., 2013), ϕ is the 
mole fraction composition of the fuel-air mixture and ϕst is the stoi-
chiometric mole fraction composition fraction for the fuel-air mixture. 

Specifically, since the composition of LPG in the United States is pure 
propane (Hahn, 2019), the evaporated fuel cloud in this study can be 
considered as pure propane vapor. Therefore, parameter values for pure 
propane were used. For example, ω is equal to 19 (Mannan, 2012), and r is 
equal to 15.6. Using Eqs. (13)–(15), a new correlation which focuses on 
the flame height of LPG pool fires is proposed as follows: 

H

,

D¼ 46:24
�

_m}

ρa
ffiffiffiffiffiffi
gD
p

�0:4

(16) 

Based on previous correlations and experimental results (Heskestad, 
1981 &1983b), Heskestad (1983a) has obtained the following 
correlation: 

H

,

D ¼ 15:6

 
cpT∞ _Qc

2

gρ2
∞ðΔHc=rÞ3D5

!1=5

� 1:02 (17) 

McCaffrey (1995) further simplified Eq. (17) in terms of _Q*
C. Specif-

ically, when 0:12 < _Q*
C < 1:2� 104, Eq. (17) can be rewritten as: 

H
�

D ¼ 3:7 _Q*
C

2=5
� 1:02 (18) 

Besides, the presence of wind may also alter the visible length of 
flames when the wind velocity is large enough. The correlation devel-
oped by Thomas (1963) explicitly shows the wind effect on the wood 
crib flames: 

H

,

D ¼ 55
�

_m}

ρa
ffiffiffiffiffiffi
gD
p

�0:67

ðu*Þ
� 0:21 (19)  

where u* is the nondimensionalized wind velocity defined by 

u* ¼ uw

�
g _m}D
ρLPGg

�� 1
3

(20) 

Moorhouse (1982) conducted several large-scale experiments for 
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LNG pool fires. The crosswind and downwind were analyzed to deter-
mine the exact flame length, and the correlated flame height expressed 
by 

H

,

D ¼ 6:2
�

_m}

ρa
ffiffiffiffiffiffi
gD
p

�0:254�
u*

10

�� 0:044 (21) 

In Eq. (19), u* is treated to be equal to 1.0 when it is less than 1.0 
(Mudan, 1984b). Since Eq. (21) is used to estimate LNG pool fires under 
the windy condition, the correlations for large LPG pool fires can be 
refined based on Eq. (21) by using CFD simulations. 

In this study, Eqs. (12) and (13) and (16)–(18) were employed to 
predict the flame height in static ambient air for large LPG pool fires. 
Equations (19) and (21) are used to estimate flame heights with ambient 
winds. It should be noticed that Eq. (16) was originally developed in this 
study specifically for LPG (100% propane) pool fires. In contrast, other 
correlations mentioned above are for other hydrocarbon fuels, which 
might lead to errors to predict flame heights of LPG pool fires. 

2.3. Flame tilt models 

The ambient airflow dynamics might have a significant impact on the 
flame in outdoor environments, which may affect the fire behaviors 
tremendously. The tilt angle θ is often used to describe the effect of cross- 
winds on flame (Oka et al., 2003), which is defined by the angle between 
the centerline of the flame and the normal direction of the pool, i.e., the 
Y axis (see Fig. 1). 

In order to have a better understanding of the wind effect on the 
flame height of LPG pool fires, Oka et al. (2003) proposed an equation to 
predict the flame tilt angle ð20� � θ� 80� Þ for rectangle-shaped pools as 
a function of multiple variables, i.e., 

tanθ ¼

8
>>>><

>>>>:

2:73F0:4
r Q*� 0:55

c

�
W
r*

�� 0:5

;
�
0:05 < Q*

c � 0:38
�

2:73F0:4
r Q*� 0:267

c

�
W
r*

�� 0:5

;
�
0:38 < Q*

c � 12:8
�

(22a,b)  

where W is the long side length of a rectangular pool, and r* is the 
equivalent radius of the pool fire which is defined by: 

r*¼
ffiffiffiffiffiffiffiffi
A=π

p
(23) 

For LPG pool fires in circular shapes, Eq. (22 a & b) (Oka et al., 2003) 
can be simplified as follows 

tanθ¼

(
2:18F0:4

r Q*� 0:55
c ;

�
0:05 < Q*

c � 0:38
�

2:18F0:4
r Q*� 0:267

c ;
�
0:38 < Q*

c < 12:8
� (24a,b) 

Additionally, an empirical correlation characterizing the wind speed 
effect on pool fire flame has been proposed by Rew et al. (1996): 

tan θ
cos θ

¼ 3:13F0:2155
r (25) 

Comparing different models including correlations mentioned by 
Mudan (1984b) with experimental data of pool fires, Fay (2006) 
developed another correlation for wind tilt which can be expressed as: 

sin θ¼
F2

r

F2
r þ 0:19

(26) 

Welker and Sliepcevich (1966) proposed another correlation based 
on small-scale liquid pool fire experiments, which is given as follows: 

tanθ
cosθ

¼ 3:3
�

Duw

ν

�0:07�ρLPGg

ρa

�� 0:6

Fr
0:8 (27) 

Another correlation for flame tilt was derived based on the tests from 
wood cribs (Thomas, 1963): 

cosθ¼ 0:7

 
uw

ðg _m’’=ρaÞ
1=3

!� 0:49

(28) 

Moreover, A.G.A (1974) concluded a correlation using experimental 
data to determine the angle of tilt: 

cosθ¼

8
><

>:

1; ðu* < 1Þ
1
ffiffiffiffiffi
u*
p ; ðu* � 1Þ

(29a,b) 

A global correlation was developed by Tang et al. (2015) to char-
acterize the burning behaviors of acetone pool fire under crosswind 
ranging from 0 to 2.5 m⋅s� 1 shown as follows: 

tanθ¼ 4:16
�

ρacpðTF � TaÞu5
w

_m’’D2ΔHc

�
Ta

gðTF � TaÞ

�2�0:2

(30) 

More recently, Hu et al. (2013) used another correlation to describe 
the tilt angle for n-heptane and ethanol pool fires in terms of the ratio of 
the cross-flow air velocity and the uprising velocity of the 
buoyancy-induced flame: 

tanθ¼ 9:1
�

ρacpðTF � TaÞu5
w

_m’’D2ΔHc

�
Ta

gðTF � TaÞ

�2�0:2

(31)  

2.4. Governing equations of the CFD model 

The conservation laws of mass, energy, momentum, as well as 
constitutive equations of chemical kinetics, RNG k-ε turbulence model, 
P-1 radiation model, and non-premixed combustion model consist the 
closed equation system for the CFD simulations, which are documented 
in detail in previous publications (Yi et al., 2019). 

3. Numerical method 

3.1. Geometry and mesh 

A 3-D computational domain for a large LPG pool fire at the center 
was constructed, with a pool diameter of 10.4 m (see Fig. 2). The O-Grid 
mesh was generated for the cylindrical flame region using ICEM CFD 
2019 R2 (ANSYS Inc., Canonsburg, PA). In order to achieve the opti-
mized balance between computational accuracy and efficiency, a mesh 
independence test was performed among four meshes with different 
element sizes (Yi et al., 2019). The final structured hexahedral mesh 
contains 3,694,764 cells. To eliminate the pool size effect, the meshes 
have been scaled with factors 1.240, 1.433 and 1.625 for the pools with 
12.9 m, 14.9 m and 16.9 m in diameters, respectively. 

Fig. 1. Definition of the flame height H and flame tilt angle θ.  
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3.2. Numerical setup 

A total of 19 CFD simulation cases were performed to study the 
configuration characteristics of large LPG pool fires. Specifically, three 
cases were used to seek for the best burning rare model as a function of 
pool diameter for large LPG pool fires, and another sixteen cases 
investigated how flame height and tilt can be influenced by the pool 
diameter (10 m � D � 20 m) and wind velocity (0 � uw � 3.0 m⋅s� 1). The 
distinguished temperature for flames from the black smoke zone was 
considered as 800 K (H€agglund and Persson, 1976; Yi et al., 2019). The 
LPG pool fire simulations are considered steady-state in this study. A 
user-customized, commercial volume-finite based computer program, i. 
e., ANSYS Fluent 2019 R2 (ANSYS Inc., Canonsburg, PA) was employed 
to perform numerical solutions of the given governing equations (see 
Section 2.4) (Yi et al., 2019) with appropriate boundary conditions (see 

Table 1). Boundary conditions were determined based on empirical 
models and experimental measurements (Mudan, 1984a) shown in 
Table 1. Simulations were run on a local 64-bit Dell Precision Tower 
7810 with 128 GB of RAM and dual 3.40 GHz processors. Second-order 
upwind schemes were adopted to discretize the governing equations of 
mass, momentum, turbulent kinetic energy, turbulent dissipation rate, 
energy, mean mixture fraction, and mixture fraction variance. The 
coupled scheme was employed for pressure-velocity coupling, and the 
least-squares cell-based schemes were applied for spatial discretizations. 
1.0E-6 was assigned as the convergence criteria for energy and P1, and 
1.0E-3 for the rest equations. 

4. Results and discussion 

4.1. Comparisons of predicted flame heights to find the best burning rate 
model 

Although the experimental data are well documented in a bench-
mark research report for LPG pool fires with different diameters 
(Mudan, 1984a), the burning time of these pool fire in the experiments 
was not recorded precisely. Due to lack of the burning duration data in 
the experiments, it is impossible to estimate the average mass burning 
rate accurately with the only given information of total LPG burned 
mass. Since the burning rate is a key boundary condition for CFD sim-
ulations, which determines the accuracy of flame height and tilt angle 
predictions for large LPG pool fires, three widely used burning rate 
models were employed (see Section 2.1 and Fig. 3) in CFD simulations. 
To find the most accurate burning rate model for large LPG pool fire 
simulations, comparisons of the predicted flame heights using different 
burning models has been done with the benchmark experimental mea-
surements (Mudan, 1984a) (see Fig. 4 (a)–(c)). 

Specifically, according to the previous study (Yi et al., 2019), flame 
height is majorly determined by the burning rates in static air for large 
LPG pool fires. Therefore, CFD simulations for the pool fire with D ¼
16.9 m in static air were performed using the three burning rate models 
(see Fig. 3). The configurations of the flames colored by temperature are 
shown in Fig. 4. Fig. 4 (a)–(c) show three different flame heights, i.e., 
41.52 m, 66.21 m, and 72.47 m, corresponding to three burning rate 
models. Experimental measurements (Mudan, 1984a) show that the 

Fig. 2. Flow domain and the structured hexahedral final mesh for LPG pool fire simulations (D ¼ 10.4 m and _m ¼ 8.406 kg⋅s� 1).  

Fig. 3. Relationships between burning rates _m and pool diameters (10.4 m � D 
� 16.9 m) using three different models in large LPG pool fires. 
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flame height for the same large LPG pool fire with the diameter 16.9 m is 
54 m. Thus, it can be found that the flame height predicted in Fig. 4 (b) 
using Johnson’s burning rate model (Johnson et al., 1980) provides the 
best match to experiments. The flame height with burning rate 12.770 
kg⋅s� 1 is smaller than a regular LPG pool fire (Mudan, 1984a), which 
implies that the burning rate in a regular LPG pool fire should be larger 
than 12.770 kg⋅s� 1. The temperature profile is more likely a jet fire 
rather than a pool fire when the burning rate is 24.986 kg⋅s� 1 because 
the flame height is 34% higher than a normal LPG pool fire (Mudan, 
1984a & 1984b). Therefore, to reduce the relative errors between the 
CFD simulations and experiments, the burning rate model proposed by 
Johnson et al. (1980) was selected as the boundary conditions values in 
CFD simulations to predict the flame heights and tilts in large LPG pool 
fires. Moreover, the parametric analysis of between flame height and 
pool diameter (see Figs. 5–9 and Table 2 in Section 4.2) also indicate that 
Johnson’s burning rate model is more precise and reliable in flame 
height predictions in large LPG pool fires compared with experimental 
data. 

4.2. Flame height vs. pool diameter and wind velocity 

According to the experimental report (Mudan, 1984a), the flame 
heights were 54.9 m, 51.9 m and 54.4 m in the LPG pool fires with the 
corresponding diameters of 12.9 m, 14.9 m and 16.9 m under different 
wind velocities (0 � uw � 3 m⋅s� 1), respectively. To obtain the flame 
heights with different pool diameters and wind velocities, the flame 
heights covered by the temperature magnitude with corresponded pool 
sizes (10.4 m �D � 16.9 m) under the air velocity from 0 to 3 m⋅s� 1 have 
been simulated using the CFD model and visualized in Figs. 5–8. Table 2 
also quantitatively summarize how the flame height varies with the 
change of pool diameter at different wind velocity. It can be found that 
the flame height increases gradually as the burning rate grows up under 
the same air condition. These phenomena can be explained that the 
larger burning rate would generate more LPG vapor by the vaporization 
heat from the fire plume, and eventually form higher flames during the 
combustion process. Figs. 5–9 indicate that the flame height decreases 
with the increase in wind velocity, because higher wind velocity will 
enhance the vaporization of fuel gases and the tilt angle of the flame, 

Table 1 
Boundary conditions employed in CFD simulations for large LPG pool fires.   

Pool diameter 
(m) 

Ambient temperature 
(K) 

Average mass burning rate _m 
(kg�s� 1)  

Faces 

Xþ X- Yþ Y- Zþ Z- 

Air velocity uw 

(m�s� 1)  
Pressure outlet 

Finding the best burning rate 16.9 312 14.972 0 Gauge pressure ¼ 0 Non-slip 
wall 22.196 

24.986 

Flame heights and tilts 
simulations 

10.4 306 8.406 0 
0.5 
2.5 
3 

12.9 309 12.932 0 
0.5 
2.5 
3 

14.9 306 17.254 0 
0.5 
2.5 
3 

16.9 312 22.196 0 
0.5 
2.5 
3  

Fig. 4. Predicted flame configurations of large LPG pool fires (D ¼ 16.9 m, uw ¼ 0) colored by temperature (K) using three different burning rates: (a) _m ¼ 12.770 
kg⋅s� 1 (Liu et al., 2009), (b) _m ¼ 22.196 kg⋅s� 1 (Johnson et al., 1980), (c) _m ¼ 24.986 kg⋅s� 1 (Zabetakis and Burgess, 1961). 
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resulting in the flame axis more leaned towards the horizontal direction. 
The comparisons of flame heights using empirical models, correla-

tions, the only available experimental data (Mudan, 1984a), and the 
CFD simulations in this study are shown in Fig. 9 (a)–(d). Equations (12) 
and (16)–(18) have been used to estimate the flame height in the still air, 
which are shown in Fig. 9 (a)–(d). Compared with the flame heights 
predicted via the experimentally optimized and validated CFD model 
(see Section 4.1) as well as the experimental data, Eqs. (12), (17) and 
(18) underestimate the flame heights with noticeable errors. The de-
viations are due to the fact that Eqs. (12), (17) and (18) were developed 
specifically for small pool fires or other hydrocarbon pool fires, which 
are not appropriate to be employed to predict the large LPG pool fires. In 
contrast, Eq. (16) can predict the flame height of large LPG pool fires in 
the still air with much smaller deviations (see Fig. 9 (a)–(d)), which 
suggests that specific correlations should be developed for corresponded 
specific hydrocarbon fuels if more accurate values need to be obtained, 
because different hydrocarbon fuels has corresponded combustion 
parameter values, i.e., stoichiometric composition mole fraction ϕst and 
inverse volumetric expansion ratio due to combustion ω. These 

parameters have significant impacts on flame height prediction using 
Eq. (16) for LPG pool fires. 

Furthermore, the wind velocity plays a significant role in the flame 
height which can be observed from Figs. 8 and 9. Flame height com-
parisons between the CFD simulations, experiments, and empirical 
models (see Eqs. (19) and (21)) have also been done for large LPG pool 
fires with different ambient wind velocities (see Fig. 9 (a)–(d)). It can be 
found that the flame height decreases as the wind velocity increases, 
which is due to the enhanced convection effect on vaporized fuel to-
wards the horizontal direction compared with the vertical direction 
(also see Figs. 5–8). It is worth mentioning that the experimental data for 
the pool fire with D ¼ 12.9 m and u* ¼ 1.35 (uw ¼ 3 m⋅s� 1) (see Fig. 9 
(b)) does not agree well with the CFD simulation results and other 
empirical models, which may be induced by the experimental mea-
surement errors. Additionally, CFD simulations (see the slopes in Fig. 9 
(a)–(d)) show that the flame height decreases faster when uw is between 
2.5 m⋅s� 1 and 3.0 m⋅s� 1 than the cases when uw is between 0 and 2.5 
m⋅s� 1. Such trends may due to that the air velocity larger than 2.5 m⋅s� 1 

in the horizontal direction has a tremendous impact on the movement 

Fig. 5. Temperature (K) profiles of large LPG pool fires (D ¼ 10.4 m) with different wind velocities: (a) uw ¼ 0, (b) uw ¼ 0.5 m⋅s� 1, (c) uw ¼ 2.5 m⋅s� 1, (d) uw ¼

3 m⋅s� 1. 

Fig. 6. Temperature (K) profiles of large LPG pool fires (D ¼ 12.9 m) with different wind velocities: (a) uw ¼ 0, (b) uw ¼ 0.5 m⋅s� 1, (c) uw ¼ 2.5 m⋅s� 1, (d) uw ¼

3 m⋅s� 1. 
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behavior of vaporized fuel gases in the vertical direction. While further 
investigation is needed in the near future. Based on the CFD simulation 
results shown in Fig. 9 (a)–(d), a new correlation is proposed to facilitate 
the estimation of flame heights for large LPG pool fires in engineering 
applications. Specifically for the LPG in the U.S., i.e., 100% propane 
(Hahn, 2019), the form of the new correlation is developed based on an 
existing paper (Thomas, 1963), which is given as follows: 

H
.

D¼90
�

_m}
.

ρa

ffiffiffiffiffiffi
gD

p �0:67
ðu*Þ

� 0:21
;
�
0<uw�2:5m⋅s� 1; 10m�D�20m

�

(32)  

where u* is a non-dimensional air velocity which is defined by Eq. (20). 

Equation (32) provides more precise predictions for flame heights in the 
air velocity (0 < uw � 2.5 m⋅s� 1) compared with empirical correlations 
shown in Fig. 9 (a)–(d). It is worth mentioning that Eq. (32) is only 
available for pure propane. For other LPG compositions, Eq. (32) need to 
be further revised. 

4.3. Flame tilt angle vs. pool diameter and wind velocity 

Figures 5–8 show the flame tilt behaviors that are obtained by CFD 
simulations for large LPG pool fires with different diameters (10.4 m �
D � 16.9 m) and wind velocity (0 � uw � 3 m⋅s� 1). In addition, Table 3 
quantitatively summarizes how the flame tilt angle varies with the 

Fig. 7. Temperature (K) profiles of large LPG pool fires (D ¼ 14.9 m) with different wind velocities: (a) uw ¼ 0, (b) uw ¼ 0.5 m⋅s� 1, (c) uw ¼ 2.5 m⋅s� 1, (d) uw ¼

3 m⋅s� 1. 

Fig. 8. Temperature (K) profiles of large LPG pool fires (D ¼ 16.9 m) with different wind velocities: (a) uw ¼ 0, (b) uw ¼ 0.5 m⋅s� 1, (c) uw ¼ 2.5 m⋅s� 1, (d) uw ¼

3 m⋅s� 1. 
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change of pool diameter at different wind velocity. It can be observed 
from Figs. 5–8 that the wind velocity also has a significant effect on the 
flame tilt angle due to the enhanced horizontal convection of the 
evaporated fuel. Indeed, the fire plume will lean downwind, and higher 
wind velocity will lead to a larger tilt angle at the same burning rate. 

Also, higher wind velocity will cause a more significant impact on the 
fire shape which is highly consistent with the high-concentration region 
of the evaporated LPG. Among all CFD simulation results, the maximum 
tilt angle appears at the pool fire with D ¼ 10.4 m and uw ¼ 3.0 m⋅s� 1. It 
indicates that pool fire with a larger diameter will be less sensitive to the 
wind velocity. Indeed, larger pool diameter of the LPG pool fire indicates 
a higher burning rate _m (see Fig. 3), so that the wind velocity effect will 
become relatively less important on evaporated fuel plume. 

To obtain the effects of wind velocity on flame tilt angle for large LPG 
pool fires, the results from CFD simulations, empirical models, correla-
tions, and experiments (Mudan, 1984a) have been analyzed and 
compared in Fig. 10 (a)–(d). The observation from Fig. 10 (a)–(d) also 
shows that the tilt angle increases with the increase of wind velocity. 
Compared with the CFD results, Eqs. (25), (28) and (31) overestimate 
the wind effects on the tilt angle of large LPG pool fires with the di-
ameters from 10.4 to 16.9 m. It is also interesting to find that Eq. (25) 
predicts a trend that the slope is smaller in the air velocity (0.5 m⋅s� 1 �

uw � 2.5 m⋅s� 1) than the corresponding value with the air wind from 0 to 
0.5 m⋅s� 1 (see Fig. 10 (a)–(d)), which is different from other empirical 
correlations and CFD simulations. The reason for this phenomenon 
needs further study. In contrast, Eq. (26) underestimates the wind effects 
on the tilt angle when comparing with other models and correlations. 
Therefore, the Froude number Fr and other parameters in Eq. (26) need 
to be correlated further when it is employed to investigate air effects on 
large LPG pool fires. In Fig. 10 (a)–(d), CFD simulations show that the 

Fig. 9. Relationships between the nondimensionalized flame height H/D and nondimensionalized air velocity u* with different pool diameters: (a) D ¼ 10.4 m (0 �
u* � 1.46), (b) D ¼ 12.9 m (0 < u* � 1.35), (c) D ¼ 14.9 m (0 < u* � 1.23), (d) D ¼ 16.9 m (0 < u* � 1.29). 

Table 2 
Flame heights (m) for pool fires with different pool diameters (m) and wind 
velocities (m⋅s� 1).   

D ¼ 10.4 D ¼ 12.9 D ¼ 14.9 D ¼ 16.9 

uw ¼ 0.0 42.47 36.81 33.72 27.56 
uw ¼ 0.5 53.20 49.95 43.94 30.79 
uw ¼ 2.5 61.95 55.91 46.26 32.73 
uw ¼ 3.0 66.21 56.58 52.30 39.15  

Table 3 
Flame tilt angles for pool fires with different pool diameters (m) and wind ve-
locities (m⋅s� 1).   

D ¼ 10.4 D ¼ 12.9 D ¼ 14.9 D ¼ 16.9 

uw ¼ 0.0 0� 0� 0� 0�

uw ¼ 0.5 4.1� 4.0� 3.9� 3.1�

uw ¼ 2.5 18.2� 14.2� 11.2� 8.0�

uw ¼ 3.0 28.8� 27.2� 25.5� 20.7�
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flame tilt angle increases increase in wind velocity from 0 to 3 m⋅s� 1 and 
matches experimental results better than other empirical correlations. 
Subsequently, Eq. (27) shows best agreements with CFD simulations 
with the air velocity u* from 0 to 0.5 and Eq. 29 (b) matches the CFD 
simulations best when wind velocity u* higher than 0.5 among all 
empirical correlations. Furthermore, according the correlations devel-
oped by Tang et al. (2015) for acetone pool fires and Hu et al. (2013) for 
the n-heptane and ethanol pool fires, an available correlation for flame 
tilt angle in large LPG pool fires (10 m � D � 20 m) was proposed in a 
similar way based on results from the empirical correlations and simu-
lations expressed by:   

Figure 10 (a)–(d) show that the new proposed correlation Eq. (33) 
provides better predictions of flame tilt angles compared with CFD re-
sults than other empirical models for large LPG pool fires with the 

diameters (10 m � D � 20 m). 

5. Conclusions 

In this study, numerical simulations were performed using an 
experimentally validated CFD model to simulate large LPG (100% pro-
pane) pool fires and predict the fire configuration characteristics 
including flame height and flame tilt. The impacts of pool diameter and 
wind velocity on the fire configuration characteristics were investigated. 
Based on the CFD results and the parametric analysis, new correlations 
are proposed to provide more accurate estimations of flame height and 

tilt specifically for large LPG pool fires. Quantitative conclusions are 
listed as follows:  

� The selection of burning rate model can significantly influence the 
accuracy of flame height predictions using the CFD model. Johnson’s 

Fig. 10. Relationships between nondimensionalized flame tilt tan θ and nondimensionalized wind velocity u* with different pool diameters: (a) D ¼ 10.4 m (0 � u* �
1.46), (b) D ¼ 12.9 m (0 � u* � 1.35), (c) D ¼ 14.9 m (0 � u* � 1.23), (d) D ¼ 16.9 m (0 � u* � 1.29). 

tanθ¼ð2:1� 0:4Þ
�

ρacpðTF � TaÞu5
w

_m’’D2ΔHc

�
Ta

gðTF � TaÞ

�2�0:2

; 
�
10  m�D� 20  m; 0� uw� 3  m ⋅ s  � 1�  (33)   
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burning rate model is the best model among the three burning rate 
models employed in this study. 
� Higher horizontal wind velocity will lead to stronger convection ef-

fect in the horizontal direction. As a result, it will reduce the flame 
height and increase the flame tilt angle.  
� The configuration of LPG pool fires with larger diameters will be less 

sensitive to the ambient wind velocity.  
� The new correlations proposed in this study provide more accurate 

predictions of the flame height and tilt angle than any existing 
empirical models. The two correlations will facilitate engineers and 
scientists when estimating the flame configurations for large LPG 
pool fires with pool diameters between 10 m and 20 m, and ambient 
wind velocity between 0 and 3 m⋅s� 1. 

With the enhanced fundamental understandings and the new pro-
posed correlations of flame height and tilt, the CFD tool developed in 
this paper can be further employed to facilitate the precise risk assess-
ment for large LPG pool fires in a time-saving and cost-effective manner. 
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