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Liqueﬁed petroleum gas (LPG) is ﬂammable and has risks of pool ﬁres during its transportation, storage, and
applications. The heat radiation by LPG pool ﬁres poses hazards to individuals nearby and can lead to potential
failures of ambient facilities. Due to the high costs and invasive nature of experiments for investigating largescale pool ﬁres, computational ﬂuid dynamics (CFD) is employed in this study as the cost-eﬀective and noninvasive method to simulate the process and analyze the characteristics of large hydrocarbon pool ﬁres.
Speciﬁcally, an experimentally validated 3-D CFD model has been built to simulate surface emissive power (SEP)
and incident radiation of large-scale LPG pool ﬁres with three diﬀerent diameters and wind speeds. Steady-state
simulations with P1 radiation and probability density function (PDF) combustion models were employed to
obtain reliable data after the optimizations based on the comparisons with experimental data and empirical
models. The comparison with benchmark experimental data demonstrates that the CFD model employed in this
study can accurately predict the incident radiation of large LPG pool ﬁres. A new SEP correlation is also proposed, which is speciﬁcally for LPG pool ﬁres with a diameter between 10 m and 20 m. Additionally, the safe
separation distances between LPG facilities and surrounded objects have been estimated based on the CFD
simulation results. The high-resolution CFD model for large LPG pool ﬁres in this work provides noninvasive and
direct quantitative evidence to enhance the fundamental understanding on the safety of large LPG pool ﬁres and
can assist regulatory agencies in reﬁning the safety limits in the cost-eﬀective and time-saving manners.

1. Introduction
Liqueﬁed petroleum gas (LPG) has been used widely in many applications, including utility, cooking, and heating appliances (Kojima,
2011). Potential risks need to be well controlled when using LPG. The
risks include pool ﬁres generated by the unintentional ignition on
leaked LPG. The heat ﬂux from the pool ﬁre would increase personnel
risks and cause signiﬁcant damages to individuals, process equipment,
storage tanks, and appliances (Pourdarvish et al., 2010; Mudan,
1984b). To reduce such risks, standards have been made and executed
regulating the minimum separation distances from LPG facilities to
exposures, and upper limits of thermal radiation to individuals or
structures (McGrattan et al., 2000). However, there are discrepancies
that need to be addressed and ﬁne-tuned. For example, in the spacing
requirements for LPG facility to its surroundings, the minimum space
for LPG vaporizers to a container in NFPA 58 is 3 m (NFPA 58, 2014)
and while in NFPA 59 is 15 m (NFPA 59, 2015). The thermal exposure
criteria are also varying from diﬀerent standards and regulations (NFPA

*

59A, 2016; API 521, 2014; 49 CFR, 2018; EN 1473, 2016) shown in
Table 1.
Therefore, a better understanding of the radiated heat ﬂux from LPG
pool ﬁres can provide not only essential information to manage the
risks throughout the processes of production, transportation, and utilization, but also the high-resolution quantitative evidence to regulatory agencies to revise current requirements precisely. In the past
decades, many experiments have been carried out to investigate the
characteristics of hydrocarbon pool ﬁres (Babrauskas, 1983 & 2002;
Muñoz et al., 2004; Fu, 1973; May and McQueen, 2007; Cowley and
Johnson, 1992), while none of them paid much attention to large LPG
pool ﬁres due to expensive costs and security considerations for experiment testing. Currently, CFD simulation method has become increasingly popular to be applied to investigate the properties of different ﬁre scenarios (Joshi et al., 2016; Wang et al., 2016, 2018). Sinai
and Owens (1995) employed CFD methods to analyze the impacts of
pool shape, bund and ambient turbulence on the ﬁre plume shape in
kerosene pool ﬁres. Rawat et al. (2002) used the unsteady ﬂamelet
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Nomenclature

ui

a
A
C
D
Di
E
Emax
Es
Etheory
f
F
f fuel
fOX
fsec
gi
G
Gb
Gk

uw
VR
vm, n
vm, n + 1
XLPG
XOxidizer
Yi
YM

h
H
H′
k
k1
k1′
kG
L
ṁ
ṁ"
p
qj
q̇′ ′
′′
q̇cond
′′
q̇conv
′′
q̇rad
Q̇
r
r'
R
RIS
Rε
SQ
Sε
t
Ta
Tf

Absorption coeﬃcient
Surface area of the ﬂame, m2
Linear-anisotropic phase function coeﬃcient
Pool diameter, m
Mass diﬀusivity of species i
Surface emissive power (SEP), kW/m2
Equivalent ideal radiator emissive power of fuel, kW/m2
Maximum smoke emissive power, kW/m2
Theoretical SEP, kW/m2
Mass fraction
Geometric view factor
Mass fraction of the fuel stream
Mass fraction of the oxygen
Mass fraction of the secondary stream
Acceleration of gravity
Incident radiation in Eq. (12)
Generation of turbulence kinetic energy due to buoyancy
Generation of turbulence kinetic energy due to the mean
velocity gradients
Mixture enthalpy
Flame height, m
Flame height in inclined ﬂame, m
Eﬀective emission/absorption coeﬃcient, /m
Average ﬂame extinction coeﬃcient
Flame extinction coeﬃcient
Reaction rate constant
Mean equivalent beam length of the ﬂame, m
Fuel mass burning rate, kg/s
Fuel burning rate per unit area, kg/m2·s
Static pressure
Heat diﬀusion ﬂux deﬁned by Fourier's law

Zi
Zi, fuel
Zi, OX

Velocity component in the direction of Cartesian coordinate x i
Wind velocity, m/s
Average percentage of velocity diﬀerence
Velocity at the reference point m in mesh n and mesh m
Velocity at the reference point m in mesh n+1
Molar concentration of LPG
Molar concentration of oxidizer
Mass fraction of species i
Contribution of the ﬂuctuating dilatation in compressible
turbulence to the overall dissipation rate
Mass fraction for the i-th element
Mass fractions of LPG
Mass fractions of oxygen

Greek Symbols

β
θ
ρ
μ
ε
σ

τ
τij
δij
ω̇i
ω̇LPG
αε
αk
χr
ΔHc

Total heat ﬂux, kW/m2
Conductive heat transfer source, kW/m2
Convective heat transfer source, kW/m2
Radiative heat transfer source, kW/m2
Total energy radiated per unit time, kW
Radial distance from the source to the observer, m
Radial distance from the ﬁre ﬂame center to the observer,
m
Fire radius, m
Radius of Iso-surface, m
User-deﬁned source terms in Eq. (11)
Energy source term
User-deﬁned source terms in Eq. (11)
Time
Ambient temperature, K
Temperature of the radiator surface of the ﬂame, K

Angle between the normal to the external objects
Flame inclined angle, 。
Density
Dynamic viscosity
Emissivity (0 < ε ≤ 1)
Stefan-Boltzmann constant which is equal to 5.6703 × 10−8
J/m2⋅s⋅T4
Atmospheric transmissivity
Constitutive relation for a Newtonian ﬂuid
Kronecker delta function
Rate of formation of each species
Rate of LPG consumed
Inverse eﬀective Prandtl numbers for ε
Inverse eﬀective Prandtl numbers for k
Radiative fraction
Heat of combustion, kJ/kg

Subscripts
m
n
LPG
OX
sec
f
a
max
s
cond
conv
rad

Number of the reference point
Mesh number
Liqueﬁed petroleum gas
Oxygen
Secondary
Flame
Ambient
Maximum
Smoke
Conduction
Convection
Radiation

accuracy of the predictions from both codes of Flame Acceleration Simulator Fire and Fire Dynamics Simulation. This paper would have
carried out the novel research of estimating the surface emissive power
(SEP), predicting the incident radiation from large LPG pool ﬁres to the
surrounded objects, and proposing the reasonable minimum distances
between the pool ﬁre and objects using CFD simulations.
In this study, the characteristics of SEP and incident radiated heat
ﬂux of large LPG pool ﬁres have been studied by using both empirical
models and CFD simulations. Speciﬁcally, a 3-D CFD model has been
built to estimate SEP and radiation from large LPG pool ﬁres. The mesh
independence test has been done ﬁrst to ensure the optimized balance
between computational accuracy and eﬃciency. Simulation results
were compared with data from empirical models, and the CFD method
has been validated by experimental measurements (Mudan, 1984a).

approach to investigate the chemical reaction mechanisms of soot formation on a methane pool ﬁre with 1 m diameter. Hostikka et al. (2003)
used large-eddy simulation to simulate heat ﬂux from methane pool
ﬁres (0.1 m ≤ D ≤ 1 m) and found good agreements with experimental
measurements. Small-size pool ﬁres (D ≤ 0.2 m) for gasoline, kerosene
and tert-Butyl peroxybenzoate (TBPB) have been carried out to analyze
the ﬂame temperature and radiation of the corresponded pool ﬁres
(Attar et al., 2013). Sun et al. (2014 & 2015) used the large eddy simulation (LES) to analyze the radiated heat ﬂux from LNG pool ﬁres to
estimate the distance between LNG tanks and vaporizers. Vasanth et al.
(2015) found the exceptional agreement between experimental ﬁndings
of pool ﬁres situated at diﬀering elevations and CFD simulations.
Rengel et al. (2018) carried out a priori validation and found out that
wind speeds and pool diameters are crucial factors inﬂuencing the
263
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Table 1
Thermal exposure criteria in standards and regulations.
Thermal radiation ﬂux (kW/
m2)

Conditions

Reference

5

Based on the quantitative assessment of both individual risk and social risk, it is equivalent to the consequence that no less
than 10 individuals in open environment or at least one individual inside building, suﬀer second-degree skin burns on at least
10% of their bodies within 30 s of exposure to the thermal radiation.
Loss of strength of structural steel.
Maximum heat ﬂux at any location where urgent emergency action is required for individuals.
Maximum heat ﬂux in areas where emergency actions within 30 s are required for individuals without shielding but with
proper clothing.
Maximum heat ﬂux in areas where emergency actions within 2–3 min are required by individuals without shielding but with
proper clothing.
Maximum heat ﬂux at any location where individuals with proper clothing can be continuously exposed.
A property line can be built to ignite a design spill.
The closest point of the structure outside the individual's property line
A property line can be built upon for ﬁre over an impounding area containing liqueﬁed natural gas (LNG).
The concrete outer surface of adjacent storage tanks.
The outer mental surface of adjacent storage tanks.
The outer surfaces of adjacent pressurized storage vessels and process facilities.
Control rooms, maintenance workshops, laboratories, warehouses, etc.
Administrative buildings.
Remote area: An area only infrequently occupied by small numbers of persons.
Critical area: This is either an unshielded area of critical importance where people without protective clothing can always be
required, including during emergencies or urban area or a place diﬃcult or dangerous to evacuate at limited time.
Other areas: Other areas typically include industrial areas not under control of the operator/occupier of the liqueﬁed natural
gas LNG facilities.

NFPA 59A (2016)

32
9.46
6.31
4.73
1.58
5
9
30
32
15
15
8
5
8
1.5
5

The speciﬁc separation distances between large LPG pool ﬁres and
ambient individuals/structures have been proposed based on the data
from CFD simulations to satisfy the diﬀerent codes and regulations.
Additionally, a new correlated equation has been developed to predict
the SEP for large LPG pool ﬁres (10 m ≤ D ≤ 20 m).

API 521 (2014)

49 CFR (2018)

EN 1473 (2016)

2.2. Constitutive equations

2. Theory

2.2.1. The P-1 radiation model
As the most simpliﬁed case of general P-N model, P-1 is based on the
expansion of the radiation intensity into an orthogonal series of spherical harmonics (Cheng, 1964; Siegel and Howell, 1992). The radiation
ﬂux qrad equation with four terms in the gray radiation model of LPG
pool ﬁre can be expressed as:

2.1. Governing equations

qrad = −

2.1.1. Conservation laws
In this study, conservations of mass, momentum, species balance,
and energy, as well as key mechanisms of chemical kinetics (Faghri and
Sundén, 2008) for turbulent reacting ﬂows are discretized and solved in
the simulation process. The above-mentioned governing equations are
listed in Table 2.

∂k
∂
∂ ⎛
∂k ⎞
+ρ
(kui ) =
⎜αk μeff
⎟ + Gk + Gb − ρε − YM + Sk
∂t
∂x i
∂x j ⎝
∂x j ⎠

f=−

Zi − Zi, OX
Zi, fuel − Zi, OX

(13)

Since the composition of LPG in the United States is pure propane
(Hahn, 2019), the mass fraction summation can be expressed as:

f fuel + fsec + fOX = 1

(14)

where fsec is determined by f fuel and fOX .
2.2.3. The surface emissive power (SEP) model
Surface emissive power (SEP), E, is deﬁned as the heat ﬂux due to
heat radiation at the surface area of the ﬂame. It can be computed with
the Stefan-Boltzmann equation from an assumed gray radiator (Van den
Bosch and Weterings, 2005) as follows:

(10)

and

ρ

(12)

2.2.2. The non-premixed combustion model
LPG pool ﬁre combustion should be considered as two separated
streams (fuel vapor and air) from diﬀerent sources in the modeling
domain. ANSYS Fluent 19.2 (ANSYS, 2019) provides the non-premixed
combustion model to simulate that fuel and oxidizer enter the reaction
zone in distinct streams, and a fuel mass fraction f has been applied to
this model. With this assumption, the mass fraction f (Sivathanu and
Faeth, 1990) can be presented by

2.1.2. The Re-Normalization Group (RNG) k-ε model
The Re-Normalization Group (RNG) k-ε model is utilized to accurately predict the strained ﬂows for LPG pool ﬁre simulation in this
study. The RNG k-ε model is also a computationally eﬃcient, robust,
and accurate model that can be applied for a wide range of turbulence
ﬂow simulations with heat transfer. Compared with similar Standard kε turbulence model, the RNG k-ε model considers the swirl ﬂow and the
improvement of the analytical formula for turbulent Prandtl numbers.
The transport equations for the RNG k-ε model (Perry et al., 1984) are
listed below:

ρ

1
∇G
3(a + σs ) − Cσs

E = εσ (T f4 − Ta4 )

∂ε
∂
∂ ⎛
∂ε ⎞
ε
ε2
+ρ
(kui ) =
(Gk + C3ε Gb) − C2ε ρ − Rε
⎜α ε μeff
⎟ + C1ε
∂t
∂x i
∂x j ⎝
∂x j ⎠
k
k
− Sε
(11)

(15)

The emissivityε for luminous and sooty ﬂames, is often approximated by the equation (Drysdale, 2011)

ε = 1 − exp (−kL)
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where L has a slight relationship with the ﬂame geometry of LPG pool
ﬁres, is approximately equal to the ﬁre radius R. In this paper, the ﬁre
ﬂame is assumed as a back body, and ε = 1.
In some circumstances, the ﬂame temperature and emission/absorption coeﬃcient data are not available. Another method (Van den
Bosch and Weterings, 2005) was come up that SEP is appropriate to
theoretical SEP, Etheory , determined by the heat of combustion with the
surface area of the ﬂame expressed by

Table 2
Conservations laws and chemical kinetics in the LPG pool ﬁre modeling process.
Mass Conservation

Momentum
Conservation

∂ui
=0
∂xi

(1)

ρ∂ui uj
∂τij
ρ∂ui
∂p
+
+ ρgi
+
=−
∂xi
∂j
∂t
∂xj

(2)

∂uj ⎞
∂u
2
∂u
τij = μ ⎜⎛ i +
μδij k
⎟ −
∂xi ⎠
3
∂x k
⎝ ∂xj
Energy equation:

ρ

Etheory =
(3)

Q˙ = m˙ ΔHC

(4)

n

(5)

i=1

Energy
Conservation

Heat diﬀusion ﬂux:

A=

n

∂T
∂Y
qj = λ
+ ρ ∑ hi ⎛⎜Di i ⎞⎟
∂xj
∂xj ⎠
i=1 ⎝

(6)

Chemical
Kinetics

∂Yi
∂
∂ ⎛ ∂Yi ⎞
˙i
+ρ
(uj Yi ) = ρ
⎜Di
⎟ + ω
∂t
∂xj
∂xj ⎝ ∂xj ⎠

LPG + a·Oxidizer → b·Products

ω˙ LPG =

d [XLPG ]
= −kG (T )[XLPG ]n [XOxidizer ]m
dt

πD 2
+ πDH
2

(19)

In the single-zone solid model, the averaged SEP can be determined
using the fraction of energy radiated from pool ﬁres (Mudan, 1984b;
Yang et al., 1994; Moorhouse and Pritchard, 1982) given by the following equation

Species Balance

ρ

(18)

where χr is related to C/H of fuel compounds (Koseki, 1989) and pool
diameters (McCaﬀrey and Harkleroad, 1989); previous numerical studies (Souil et al., 1984; Fleury, 2010; Delichatsios, 1993; Yang et al.,
1994; Quintiere and Grove, 1988; Cox, 1995) presented that the radiative fraction of propane ﬁre ﬂames ranges from 0.28 to 0.35; and the
ﬂame surface area A is determined the ﬂame height H and ﬁre diameter
D, i.e.,

Enthalpy of the gas mixture:

∑ hi Yi

(17)

and

∂q
∂p ⎞
∂p
∂h
∂
∂u
(uj h) = i + τij i + ⎛⎜
+ uj
+ρ
⎟ + SQ
∂xj ⎠
∂xj
∂xj
∂xj
∂t
⎝ ∂t

h=

χr Q˙
A

(7)
(8)

E=

χr m˙ ′ ′ΔHC
1 + 4H / D

(20)

Using the initial ﬁre design and evaluation method, Ufuah and
Bailey (2011) proposed a correlation for SEP which can be expressed by

(9)

E = 70exp(−k1 D)
Note: The terms from left to right in momentum equation are unsteady term,
convection term, pressure gradient, diﬀusion term, and gravity term, respectively; the terms from left to right in mixture enthalpy are unsteady term,
convection term, diﬀusion term, dissipation term, compressibility term, and
heat source term, respectively; in the mass fraction equation, the terms from left
to right are unsteady term, convection term, diﬀusion term, and rate of information source term, respectively.

(21)
-1

where k1= 0.00165 m .
Mudan and Croce (1988) obtained a uniform model for SEP of
ﬂames for smoky hydrocarbons as follows:

E = Emax ·exp (−k1′ D) + Es (1 − exp (1 − k1′ D))
2

2

(22)
-1

where Emax = 140 kW/m , Es= 20 kW/m , and k1′= 0.2 m .
In this study, the empirical models would have been combined with
results of CFD simulations to estimate the SEP in large LPG pool ﬁres.

Fig. 1. Point source model (PSM) and solid ﬂame model (SFM) to calculate incident radiation from LPG pool ﬁres.
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where F is geometric view factor, and τ is atmospheric transmissivity.

Speciﬁcally, after comparing with the experimental measurements, a
new correlation was developed to predict the SEP in large LPG pool
ﬁres (10 m ≤ D ≤ 20 m) properly.

3. Numerical method

2.2.4. Radiated heat ﬂux generated by LPG pool ﬁres
The radiated heat ﬂux generated by LPG pool ﬁres consists of the
contributions of conduction, convection, and radiation (see Eq. (23)).
The semi-quantitative equation to compute heat ﬂux was obtained by
Hottel (1958) as follows:

q˙ " = q˙ "conv + q˙ "cond + q˙ "rad

3.1. Geometry
A 3-D computational domain for a large LPG pool ﬁre at the center
has been constructed, with a pool diameter of 16.9 m (see Fig. 2). The
O-Grid blocking strategy was employed the ﬁnite volume mesh generation of the cylindrical ﬂame region using ICEM CFD 19.2 (ANSYS,
2019), which is also shown in Fig. 2. In order to obtain the ﬁnal mesh
for the simulation, the mesh independence test was conducted with four
sets of meshes with diﬀerent mesh densities. The total mesh cell numbers of the four meshes are 1,184,477 (Mesh 1), 2,885,631 (Mesh 2),
3,694,746 (Mesh 3) and 5,029,535 (Mesh 4).
A mesh independence test was performed by reﬁning the mesh until
the average percentage of velocity diﬀerence VR was less than 1% between mesh iterations. Speciﬁcally, VR is employed (see Eq. (28)) to
compare the velocity magnitudes at diﬀerent locations in Z-axis direction at the LPG mass ﬂow rate of 44.37 kg/s (Mudan, 1984a). On plane
Z = 0, 50 locations have been selected which are randomly distributed
in the ﬂow domain. The velocity magnitudes at the locations have been
acquired and compared. Speciﬁcally, VR can be calculated by:

(23)

In Eq. (23), the radiative heat ﬂux plays a signiﬁcant role in the heat
ﬂux from pool ﬁres to objects, while other terms such as conductive and
convective heat transfer sources are ignored in existing studies (Mudan,
1984b; Drysdale, 2011; Fay, 2006).
To predict q̇"rad from pool ﬁres, the widely accepted point source
model (PSM) and the solid ﬂame model (SFM) are often applied.
Speciﬁcally, PSM is the most applicable conﬁguration model to calculate the radiation heat ﬂux at any distance from the pool ﬁre source
with the equation

q˙ "rad =

χr Q˙
4πr 2

(24)

Drysdale (2011) correlated PSM with the information of the narrowangle radiometer data for the radiative heat ﬂux to the external target
(see Fig. 1 (a)) with the equation

q˙ "rad =

χr cosβQ˙
4πr ′2

50

∑m = 1
VR =

H2
+ r2
4

)

50

(28)

(26)
3.2. Numerical setup

SFM (Mudan, 1984b,1987) is another widely used model for describing radiative heat ﬂux, q̇"rad , to outside targets (see Fig. 1 (b) & (c))
around the pool ﬁre expressed by

q˙ rad
" = EFτ

vm, n + 1 − vm , n 2
vm, n + 1

where n is the mesh index (n = 1,2,3,4) . Based on the mesh independence test results shown in Fig. 3, Mesh 3 provides the optimum
balance between computational eﬃciency and accuracy. Speciﬁcally,
VR reaches the minimum due to the lowest summation of truncation
and round-oﬀ errors. Therefore, Mesh 3 was employed as the ﬁnal mesh
for this study.

(25)

where β is the angle between the normal to the external objects and the
line of slight between the object and point source, and r ′ is determined
by r and H. Speciﬁcally,

r′ =

(

Finite volume method is used to discretize the computational domain and solve the governing equations in the CFD simulations. RNG kε method (Perry et al., 1984) is used as turbulence model, and the P-1

(27)

Fig. 2. LPG pool ﬁre geometry and the structured hexahedral mesh (D = 16.9 m).
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Fig. 3. Comparisons of VR in diﬀerent meshes for mesh independence test.

Fig. 5. Comparison of surface emissive power (kW/m2) obtained by empirical
models, proposed equation, and experiments for large LPG pool ﬁres.

Table 3
Boundary conditions of the CFD simulation for large LPG pool ﬁres.
Pool diameter
(m)

Atmosphere
temperature (K)

Mass burning
rate (kg/s)

Wind velocity
(m/s)

12.9
14.9
16.9

309
306
312

29.087
47.328
44.426

3
2.5
0

boundary conditions was performed by using a user-enhanced, commercial ﬁnite-volume based program, i.e., ANSYS Fluent 19.2 (ANSYS,
2019). All variables, including velocity components, pressure, shear
rates, and species concentrations, were calculated and located at the
centroids of the discretized mesh cells. Simulations were run on a local
64-bit Dell Precision Tower 7810 with 128 GB of RAM and 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 scheme was applied to
spatial discretization. To evaluate the convergence, the residuals assigned are 1e-6 for energy and P1, and 1e-3 for the other governing
equations.

model (Cheng, 1964; Siegel and Howell, 1992) is selected as the radiation model. Using the fuel stream rich ﬂammability limit and
boundary species in the species transport model, the non-premixed
combustion method is employed to simulate LPG pool ﬁre with the
calculated probability density function (PDF) table. To investigate the
pool size eﬀect, the mesh has been scaled with factors of 0.882 and
0.763 for the pools with 12.9 m and 14.9 m in diameters, respectively.
Boundary conditions were determined based on the experimental
measurements (Mudan, 1984a) and are listed in Table 3.
The numerical solution of the governing equations with appropriate

Fig. 4. Temperature (K) proﬁles of large LPG pool ﬁres in diﬀerent sizes and atmosphere conditions: (a) D = 12.9 m, uW = 3 m/s, (b) D = 14.9 m, uW = 2.5 m/s, (c)
D = 16.9 m, uW = 0.
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Fig. 6. Incident radiation distributions at Y = 0 of large LPG pool ﬁres with diﬀerent sizes and wind speeds: (a) D = 12.9 m, uW = 3 m/s, (b) D = 14.9 m,
uW = 2.5 m/s, (c) D = 16.9 m, uW = 0.

4. Results and discussion

equations, such as Eqs. (17), (20) and (22), the results from these
equations, are appropriate while they underestimate SEP from large
LPG pool ﬁres. The main factor for the large errors is the inaccurate
extrapolation from small-scale experiments to large-scale ﬁres when
generating the empirical models. Another possible factor is because
existing models were not developed speciﬁcally for LPG pool ﬁres.
Nevertheless, the results obtained by Eq. (21) show that it has a similar
trend with the experiment results to predict the SEP for large LPG pool
ﬁres. Therefore, to further reduce the relative errors between Eq. (21)
and experiment measurements, a new equation has been proposed in
this study based on the research of Ufuah and Bailey (2011) as follows:

4.1. Surface emissive power (SEP)
To ﬁnd the ﬂame temperature Tf and ﬂame height H which are used
to calculate the SEP and radiated heat ﬂux from large LPG pool ﬁres by
empirical models, the temperature proﬁles of the three LPG pool ﬁres
from CFD simulations are obtained which are shown in Fig. 4 (a) to (c).
Hägglund and Persson (1976) claimed that the distinguished temperature for ﬁre ﬂames from the black smoke body is 800 K. In this paper,
the LPG pool ﬁre scenario is considered as steady-state. Accordingly,
steady-state CFD solver was employed for the numerical study. Therefore, the temperature is applied in this paper to diﬀer the ﬂame zone to
smoke zone. The average ﬂame temperatures 1492, 1449 and 1492 K in
the large LPG pool ﬁres with the corresponded diameters 12.9, 14.9 and
16.9 m have been used to calculate the SEP in Eq. (15). The ﬂame
heights in the three large LPG pool ﬁres have been employed to Eq.
(17), Eq. (20), Eq. (25), as well as Eq. (27). Therefore, with the data
obtained from CFD simulations, the empirical models can be validated
to estimate the SEP and radiative heat ﬂux from large LPG pool ﬁres.
Using the ﬂame heights and temperatures obtained from Fig. 4, the
SEP for the large LPG pool ﬁres have been obtained by the empirical
models, and have been compared with experimental data (Mudan,
1984a) shown in Fig. 5. Fig. 5 demonstrates that Eq. (21) provide the
best SEP prediction compared with the experimental data. While other
equations generate noticeable deviations when estimating the SEP for
large LPG pool ﬁres. Equation (15) overestimates the SEP, which is
more than two times over the experimental results, and for other

E = 105exp(−k1 D) (10 m≤ D ≤ 20m)

(29)

where k1= 0.00165 m-1.
Comparisons of SEPs between numerical studies using Eq. (29) and
benchmark experimental data are shown in Fig. 5. The comparison
shows that Eq. (29) provides more accurate predictions than other
empirical models with less relative errors of the estimated SEP in large
LPG pool ﬁres with the pool diameters employed in this study (see
Table 3). It is worth mentioning that the composition of LPG in the
United States is pure propane (Hahn, 2019), while the compositions are
diﬀerent in other countries. Therefore, Eq. (29) is limited to be used in
large LPG pool ﬁres with 100% propane. A more generalized SEP correlation for large LPG pool ﬁres will be developed in the future.
4.2. Radiative heat ﬂux
Fig. 6 (a) to (c) show the distribution of incident radiation that is
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Fig. 7. Iso-surfaces of incident radiation (kW/m2) at diﬀerent RIS in LPG pool ﬁre (D = 12.9 m): (a) RIS = 20 m, (b) RIS = 40 m, (c) RIS = 55 m, (d) RIS = 60 m, (e)
RIS = 80 m.

obtained by CFD simulations in large LPG pool ﬁres with the diﬀerent
diameters and wind speeds. The maximum incident radiation for these
pool ﬁres is 22.90 kW/m2, 27.58 kW/m2, and 30.87 kW/m2, respectively. It can be observed from Fig. 6 that the maximum incident radiation for the pool ﬁre (D = 12.9 m) is smaller than another two pool
ﬁres. It might be due to the factor of the burning rate, which is only
29.087 kg/s and much less than the corresponding values of LPG pool
ﬁres with the diameters of 14.9 m and 16.9 m. Fig. 6 also demonstrates
that the wind has a signiﬁcant impact on incident radiation distribution. The incident radiation is tilted towards the wind direction, and the
tilting angle increases with wind speed. The reason for the incident
radiation leaning to air direction is because of the enhanced convection
of evaporated components released from the LPG pool. Thus, the incident radiation distribution is determined by the shape of ﬁre ﬂame
(see Fig. 4), which is formed by the distribution of evaporated LPG after
its burning.

To obtain the incident radiation at diﬀerent distances (RIS) to the
center of the LPG pool ﬁre, Iso-surfaces colored by the radiation magnitude have been visualized in Figs. 8–10. Speciﬁcally, the Iso-surfaces
are generated RIS = 20, 40, 50, 60, and 80 m for all three diﬀerent large
LPG pool ﬁres. RIS values were selected to facilitate the comparisons
between the CFD simulation results and the experimental data (see
Fig. 10). Although no experimental data for incident radiation are
currently available at RIS = 20 m, simulation results at that distance
were still acquired to study distribution conditions of the incident radiation close to the pool ﬁre burning area. Figs. 6 and 7(a), 8(a), 9(a),
and 10 integrally demonstrate that the average incident radiation at
RIS = 20 m are higher than 10 kW/m2 in all three pool ﬁres, which can
potentially lead to severe damages to the individuals in this area (API
521, 2014). Further post-processing of the high-resolution incident radiation distributions can provide quantitative evidence and guide ﬁre
departments on how to protect our ﬁreﬁghters from heat radiation risks
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Fig. 8. Iso-surfaces of incident radiation (kW/m2) at diﬀerent RIS for LPG pool ﬁre (D = 14.9 m): (a) RIS = 20 m, (b) RIS = 40 m, (c) RIS = 55 m, (d) RIS = 60 m, (e)
RIS = 80 m.

distribution from a distance between 20 m and 80 m in the pool ﬁre
(D = 14.9 m). Exceptions on good agreements between numerical and
experimental data exist at RIS = 40 m which also can be observed in
another two LPG pool ﬁres. In Fig. 10, it can be observed that the
airﬂow condition has a signiﬁcant impact on the heat radiation distribution from 45 m to 60 m to the pool ﬁres with diameters 12.9 m and
14.9 m. High wind velocity might also inﬂuence the measurement accuracy of the thermocouples in the experiments, which is a possible
reason for the deviations between CFD and experimental data with high
ambient airﬂow velocities. Without the wind velocity eﬀects, good
agreements between experimental data and CFD results can be seen in
Fig. 10 in the static air condition with the pool diameter 16.9 m. Based
on the good overall predictions of the CFD simulation results, the CFD
model and the numerical results can be used to estimate the safe separation distances between large LPG pool ﬁres and targets properly.

when approaching centers of large LPG pool ﬁres.
It should also be noticed that the highest incident radiation magnitudes locate near the tops of Iso-surfaces, with deviations due to
diﬀerent tilting eﬀects driven by the wind. To understand speciﬁc radiation behaviors more systematically, the maximum and average incident radiations of each Iso-surface have been obtained, and these
results are compared with experimental results and data from empirical
models (see Fig. 10 (a) to (c)). From Figs. 7–10, it can be found that the
CFD model employed in this study provides the best accuracy on predicting the incident radiation of large LPG pool ﬁres, compared with
existing empirical models. In Fig. 10, it shows that SFM (see Eq. (27))
has better performance to estimate incident radiation from large LPG
pool ﬁres than PSM (see Eq. (15)), and the results from SFM present a
similar trend with the maximum values of CFD simulation. Despite that
the experimental data for the pool ﬁre (D = 14.9 m) may have noticeable ﬂuctuations when measuring incident radiations, the CFD simulation results show the great ﬁtting with the experiments on radiation
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Fig. 9. Iso-surfaces of incident radiation (kW/m2) at diﬀerent RIS for LPG pool ﬁre (D = 16.9 m): (a) RIS = 20 m, (b) RIS = 40 m, (c) RIS = 55 m, (d) RIS = 60 m, (e)
RIS = 80 m.

radiated heat ﬂux drops rapidly from 50 m to 100 m for the pool ﬁres
with the diameters 12.9 m and 14.9 m which might be due to wind
condition. Airﬂow condition would have a signiﬁcant impact on the
fuel evaporation morphologies which determine the shape of ﬁre ﬂame.
Moreover, the air velocity has a negligible eﬀect on the distribution
trend of the average incident radiation because the total energy generated by the pool ﬁre is similar and determined by the fuel-burning
rate.
Using the data and simulation results shown in Table 1 and Fig. 11,
the safe separation distances of LPG pool ﬁres to the surrounded targets
can be estimated. Large LPG pool ﬁres tend to more likely happen in an
outdoor environment rather than indoor area because only limited LPG
is allowed to be utilized and stored in buildings and structures (NFPA
58, 2014), and the limited LPG is not available to form a large LPG pool.
Indeed, the horizontal radiated heat ﬂux draws more safety concerns
than the vertical component due to the fact that individuals and facilities are often located on the ground around the pool ﬁre accidents.
Therefore, the average incident radiation was chosen as the more

4.3. Safe separation distance
In Table 1, it shows that the maximum safe thermal exposure is
1.5 kW/m2 to individuals in the unshielded area or urban area. While
from Figs. 6–10, it can be found that the minimum radiated heat ﬂux is
larger than 2 kW/m2 in the simulated three LPG pool ﬁres. Thus, the
radiation from a longer distance (RIS > 80 m) must be considered for
appropriate safety distance estimation. Fig. 11 shows the maximum and
average incident radiations from 20 m to 160 m for these three LPG
pool ﬁres. It can be observed that the maximum incident radiation for
all pool ﬁres is strongly inﬂuenced by the shape of ﬁre ﬂames (see
Figs. 4 and 5) because the wind speed can dominantly impact the ﬂame
morphologies. Average incident radiations share similar distributions
from 20 m to 160 m around the pool ﬁres. In contrast, the incident
radiation distribution trends are diﬀerent from the pool ﬁre morphology when the ambient airﬂow ﬁeld is static. The maximum incident radiation decreases slowly from 50 m to 100 m away from the
center of the pool ﬁre with the diameter 16.9 m, while the maximum
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Fig. 10. Comparison of incident radiation (kW/m2) among empirical models, experimental data and CFD simulations in large LPG pool ﬁres under diﬀerent
diameters: (a) D = 12.9 m, uW = 3 m/s, (b) D = 14.9 m, uW = 2.5 m/s, (c) D = 16.9 m, uW = 0.

appropriate parameter to estimate safe separation distances than the
maximum incident radiation, which is weighted more by the vertical
radiation component.
Using the CFD simulation tool developed in this study, the estimated
safe separation distance between LPG pool ﬁres and targets for each
code with corresponded pool ﬁres are listed in Table 4. For the regulations and standards (NFPA 59A, 2016; 49 CFR, 2018; 1473, 2016),
the upper limit of the thermal exposure is larger than 15 kW/m2 for
these objects, such as structures, concrete surface to adjacent storage
tanks, mental surface to adjacent storage tanks, outer surfaces of adjacent pressurized storage vessels etc. Thus, it is diﬃcult to obtain the
safe separation distances in these objects because the maximum predicted average radiation is only 12.85 kW/m2. However, the safe separation distance can be less than 20.0 m, based on the fact that the
maximum predicted average radiation is 12.85 kW/m2 in the simulation results of this study. In contrast, the thermal exposure limit is
1.5 kW/m2 for the individuals wearing appropriate protections under
continuous exposure conditions (49 CFR, 2018) and the critical area
(EN 1473, 2016), such as an unshielded area of critical importance
where people without protective clothing. Since the exposure limit (49
CFR, 2018) is lower than the minimum average incident radiations
predicted by the CFD simulation (2 kW/m2). Therefore, the safe

Fig. 11. The maximum/average incident radiation predicted by CFD simulations for large LPG pool ﬁres.
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Table 4
Safe separation distances between large LPG pool ﬁres and targets estimated using CFD simulations.
Code

NFPA 59A (2016)
API 521 (2014)

49 CFR (2018)

EN 1473 (2016)

Targets

Advised safe separation distance (m)

Individuals
Structures
Individuals (Urgent emergency)
Individuals (Action in 30s)
Individuals (Action in 2 min–3 min)
Individuals (No action needed)
To ignite a design spill
Individual's property
An impounding area containing LNG
Concrete surface to adjacent storage tanks
Mental surface to adjacent storage tanks and outer surfaces of adjacent pressurized storage vessels
Control rooms et al. and remote area
Administrative buildings and other areas
Critical area

D = 12.9 m

D = 14.9 m

D = 16.9 m

52.0
< 20.0
23.0
40.5
54.0
> 120.0
52.0
25.5
> 120.0
< 20.0
< 20.0
30.5
52.0
> 120.0

60.0
< 20.0
31.5
45.0
63.5
> 140.0
60.0
33.0
> 140.0
< 20.0
< 20.0
36.0
60.0
> 140.0

61.0
< 20.0
31.0
48.0
63.5
> 160.0
60.0
33.0
> 160.0
< 20.0
< 20.0
37.0
61.0
> 160.0

Note: The detailed descriptions for the targets are presented in Table 1.

State University (Dr. Dana Brunson, Director and Dr. Evan Linde,
Research Cyberinfrastructure Analyst).

separation distance determined by 49 CFR (2018) and EN1473 (2016)
should be farther than 120 m, 140 m and 160 m for the LPG pool ﬁres
with the diameters of 12.9 m, 14.9 m and 16.9 m, respectively. Generally, the speciﬁc safe separation distances for other codes can also be
obtained using the CFD simulation data by following the similar analysis procedures mentioned above. Thus, the results from CFD simulation could provide valuable data for the code committees to evaluate
the risks from large LPG pool ﬁres.
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CFD simulations, the safe separation distances have been suggested
under the requirements of diﬀerent codes. Therefore, it can be concluded that the incident radiation from CFD simulations can help us to
have better understandings and estimations of the safe separation distances. The CFD model developed in this study can predict the radiative
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