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ABSTRACT 

Accidental jet fires occurring in industrial facilities can involve severe consequences as they can 
trigger domino effect. The assessment of the flame-geometry descriptors of the jet can contribute 
to prevent flame impingement on plant equipment, hence reducing inventory loss and structural 
collapse. This paper reports the geometrical features of vertical methane subsonic jet flames at 
normal and sub-atmospheric pressures: 1.0 atm, 0.9 atm, 0.8 atm, 0.7 atm and 0.6 atm. Differences 
on flame shape are evaluated, and linear correlations of the main geometrical parameters of 
interest (i.e. lift-off distance, radiant flame length, and equivalent diameter) are defined as a 
function of the Reynolds number. Moreover, the predictive capabilities of FDS, FireFOAM and 
FLACS-Fire codes are assessed when determining the geometrical features of jet fire experiments. 
Based on a qualitative and a quantitative comparison between simulation results and experimental 
data, the main strengths and weaknesses of each code are identified. Recommendations on 
suitable grid sizes are delivered.  
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NOMENCLATURE 

𝐴𝐴 surface of the flame (m2) 
𝑐𝑐𝑝𝑝 specific heat of air (kJ/kg·K) 
𝐷𝐷 diameter (m and mm) 
𝐷𝐷∗ characteristic fire diameter (m) 
FB fractional bias (-) 
𝑔𝑔 gravitational acceleration (m/s2) 
𝐻𝐻 total jet fire length (m) 
𝐼𝐼 segmented image (-) 
𝑘𝑘 turbulent kinetic energy (m2/s2)  
𝐿𝐿 radiant flame length (m) 
�̇�𝑚 mass flow rate (kg/s) 
𝑀𝑀 molecular weight of the fuel (kg/kmol) 
𝑛𝑛 number of variables (-) 
NMSE normalized mean square error (-) 
𝑃𝑃 pressure (atm) 
PC  performance criteria (-) 
�̇�𝑄 heat release rate (kW) 
𝑟𝑟 stoichiometric coefficient (-) 
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𝑅𝑅 universal gas constant  
𝑅𝑅𝑅𝑅 Reynolds number, 4�̇�𝑚𝑜𝑜𝑜𝑜 𝜇𝜇𝜇𝜇𝐷𝐷𝑜𝑜𝑜𝑜⁄  
𝑅𝑅𝑅𝑅𝐿𝐿 Reynolds number based on 𝐷𝐷𝑜𝑜𝑜𝑜 and 𝑆𝑆𝐿𝐿, 𝐷𝐷𝑜𝑜𝑜𝑜𝑆𝑆𝐿𝐿 𝜈𝜈⁄   
𝑆𝑆 lift-off distance (m) 
𝑆𝑆𝐿𝐿 laminar burning velocity (m/s) 
𝑇𝑇 temperature (K) 
𝑢𝑢 gas velocity (m/s) 
𝑈𝑈∗ dimensionless flow number for choked and unchoked flow (-), see Eq. (6) 
�̇�𝑉 volumetric flow rate (Nm3/s) 
𝑋𝑋 measured/predicted variable  
 
Greek 
𝛼𝛼 thermal diffusivity (m2/s) 
𝛾𝛾 isentropic ratio (-) 
𝛿𝛿𝑥𝑥 cell size (m) 
∆ LES filter size (m) 
∆ℎ𝑐𝑐 heat of combustion (kJ/kg) 
𝜀𝜀 turbulent dissipation rate (m2/s3) 
𝜌𝜌 density (kg/m3) 
𝜏𝜏𝑚𝑚𝑚𝑚𝑥𝑥  mixing time scale (s) 
𝜈𝜈 kinematic viscosity (m2/s) 
𝜒𝜒 reacting species fractions (-) 
 
Subscripts 
𝑅𝑅𝑒𝑒𝑒𝑒 effective 
𝑅𝑅𝑒𝑒 equivalent  
𝑒𝑒 fuel 
𝐹𝐹 flame 
i initial stagnation conditions 
𝑖𝑖, 𝑗𝑗 coordinates 
𝑚𝑚 measured 
𝑜𝑜𝑟𝑟 orifice 
𝑝𝑝 predicted 
𝑠𝑠𝑔𝑔𝑠𝑠 sub-grid scale 
𝑡𝑡ℎ threshold 
∞ ambient conditions 
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1. Introduction 

Hydrocarbon fires are the most frequent accidents occurring in oil and gas industries [1]. Among 
the possible fires occurring, pool fires are the most common scenarios arising in process plants 
(66% of the cases), followed by flash fires (29%) and jet fires (5%) [2]. Despite the lower 
occurrence of jets compared to other hydrocarbon fires, a sudden ignition of an accidental release 
of pressurized fuel could generate a serious hazard to industry personnel and to the installation 
itself [3]. An escalation of the incident, known as domino effect, occurs approximately in the 50% 
of the registered jet fire accidents, with further inventory loss and structural collapse [4].  

In order to prevent most severe effects and consequences in the event of a jet fire, it is essential 
to assess the likelihood of flames impingement on plant equipment [5]. To that end, the flame-
geometry descriptors of jets (Fig. 1) must be estimated according to the fire scenario conditions. 
These are defined as follows: (i) the radiant flame length, 𝐿𝐿𝐹𝐹, as the distance from the base of the 
fire to the tip of the visible flame; (ii) the total flame reach, 𝐻𝐻𝐹𝐹, as the distance from the exit 
orifice to the tip of the visible flame; (iii) the flame area, 𝐴𝐴𝐹𝐹, as the flame surface defined by a 
given isothermal contour or by the visible flame; (iv) the lift-off distance, 𝑆𝑆𝐹𝐹, as the distance from 
the exit orifice to the base of the flame; and (v) the equivalent diameter, 𝐷𝐷𝑒𝑒𝑒𝑒, as the mean width 
occupied by the flame. 

 
Fig. 1. Flame geometry features of jet fires. 

Several experimental studies have been published that provide information on the flame geometry 
of vertical hydrocarbon jet fires (Table 1). Different fuels, nozzle diameters and flow regimes 
were studied and most of them were performed at an ambient pressure of 1.0 atm [6–17]. Most of 
the semi-empirical expressions found in those experiments could be used to assess the risks of 
accidental jet fires near the sea level; however, these were not initially developed for jet flames 
at high altitudes.  

Variations in the ambient pressure impact on the gaseous fuel density, 𝜌𝜌𝑓𝑓, hence affecting the heat 
release rate, �̇�𝑄 = 𝜌𝜌𝑓𝑓𝑢𝑢𝐴𝐴𝑜𝑜𝑜𝑜∆ℎ𝑐𝑐 , which is defined as one of the most important parameters 
governing the fire behaviour. Reduced atmospheres, where air is less compressed and lighter, may 
also alter the chemical reaction of combustion due to the changes on the effective amount of 
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oxygen available in the ambient air, 𝑂𝑂2,𝑒𝑒𝑓𝑓𝑓𝑓. Consequently, fewer molecules of oxygen are present 
in a volume of air to be mixed with the released fuel. 

Table 1. Experimental studies of vertical hydrocarbon jet fires. 

Year Ref. Fuel 𝑫𝑫𝒐𝒐𝒐𝒐 (mm) 𝑷𝑷∞ (atm) Flow Regime 

1983 [6] CH4 4 - 12 1.0 Subsonic 

1984 [7] CH4 - C3H8 10 - 80 1.0 Subsonic 

1986 [8] CH4 76 - 102 1.0 Sonic 

1989 [9] CH4 38 - 102 1.0 Subsonic - Sonic 

1994 [10] C3H8 0.84 - 2.58 1.0 Subsonic 

1997 [11] C3H8 6.5 - 27.6 1.0 Subsonic 

2004-2005 [12,13] CH4 - C3H8 - C2H4 5 - 8 1.0 Subsonic 

2007 [14] C4H10 2.2 1.0 Subsonic 

2009-2012 [15–17] C3H8 10 - 43.1 1.0 Subsonic - Sonic 

2013-2015 [18–21] C3H8 4 - 10 0.6 - 1.0  Subsonic 

2013 [22] CH4 3 0.4 - 1.0 Subsonic 

2014 [23] C3H8 4 - 6 0.6 - 1.0 Subsonic 

2019 [24] C3H8 0.22 0.5 - 5.5 Subsonic 

 

In case of accident, jet fires at normal atmospheric pressures may be present in offshore platforms, 
in marine gas and oil fields, and in many liquefied natural gas terminals (i.e. Troll A platform, 
Norway [25]; Blake oil field, UK [26]; LNG terminal on Maasvlakte, The Netherlands [27]). 
However, oil and gas fields, gas power plants and refineries can be located at elevated areas, and 
the pipelines network can cross high altitude regions (i.e. the Permian Basin oil field at 800 m 
a.s.l. (USA) [28]; the F’Kirina gas power plant at 950 m a.s.l (Algeria) [29]; and the A13 oil 
pipeline Teheran-Trabniz at a maximum altitude of 2890 m a.s.l. (Iran). Thus, fire behaviour 
research has to be addressed to check fire protection requirements under sub-atmospheric 
pressures. 

The U.S. Energy Information Administration (EIA) reported that methane gas is one of the most 
processed, transported and used hydrocarbon fuels these days (Fig. 2) [30]. Nevertheless, jet fires 
of methane at sub-atmospheric pressures have been barely studied. Therefore, jet fire events at 
pressures lower than 1.0 atm have to be studied because they represent a possible hazardous 
scenario in the industrial sector. In particular, the assessment of the flame shape and size of 
methane jets at different ambient pressures becomes essential to ensure fire safety.  

Computational Fluid Dynamics (CFD) models can be used to assess the flame-geometry 
descriptors of methane jet fires at different ambient pressures. During the last years, CFD 
modelling has been considerably used in the field of fire risk analysis due to the need for an in-
depth understanding of the phenomena associated to hydrocarbon fires [31–35]. CFD tools solve 
the fundamental conservation equations for mass, momentum, energy and species transport. 
These are coupled with additional sub-models and parameters, which are commonly defined by 
default within the codes, to account for the physical and chemical processes in a fire event, i.e. 
turbulence, combustion and radiation. However, to reduce the uncertainties generated either in 
the conceptual modelling or during the computational design phase and thus, to increase the 
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prediction accuracy, CFD validation analyses through sound and comprehensive experimental 
benchmark data are needed [36].  

This paper is aimed at: (i) determining geometry-flame descriptors of vertical subsonic jet fires 
of methane in normal and sub-atmospheric pressures; (ii) validating the predictive capabilities of 
three CFD codes when modelling this type of fires. To that end, laboratory-scale methane jet 
flame tests were performed at different atmospheric pressures: 0.6 atm, 0.7 atm, 0.8 atm, 0.9 atm, 
and 1.0 atm. Mathematical correlations describing the flame shape were obtained as a function of 
the Reynolds number. Afterwards, geometry-flame estimations obtained with the computational 
simulations carried out with FDS, FireFOAM and FLACS-Fire were compared against the 
experimental results. Four grid sizes were proposed to determine the most suitable grid resolution 
for each code. Recommendations are delivered based on the agreements found when comparing 
simulation results against experimental data.  

 
Fig. 2. Evolution of the natural gas production worldwide since 1990 until 2015 [30]. 

2. Experimental dataset 

Vertical subsonic jet fire tests of methane were carried out to determine the geometrical 
characteristics of the flames at normal and sub-atmospheric pressures: 1.0 atm, 0.9 atm, 0.8 atm, 
0.7 atm and 0.6 atm (Table 2). Figure 3 depicts an outline of the experimental facility and 
measurement setup used for the fire tests. The experimental set-up consisted of a flow supply 
system, with a 2 m long pipe, a stainless nozzle, and a low air pressure chamber of 3 m (width) x 
2 m (length) x 2 m (height). The following parameters were the same for all the tests: an ambient 
temperature of 25 ºC, a relative humidity of 35%, a constant volumetric methane flow rate of 
�̇�𝑉𝑜𝑜𝑜𝑜 = 1.71 · 10−4 𝑁𝑁𝑚𝑚3 𝑠𝑠⁄ , and a nozzle diameter of 3 mm. The fuel supply rates and hence fuel 
jet exit velocities at the nozzle were controlled through the flow rate meter. 
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Fig. 3. Experimental facility for the study of turbulent and vertical methane jet fires at normal and sub-
atmospheric pressures. VFC stands for volume flow controller, and CCD for charged-coupled device. 

The ambient pressure inside the chamber was regulated and maintained by a vacuum pump, and 
controlled by a pressure sensor. As the ambient pressure decreased, other parameters affecting 
the jet fires development also decreased: the amount of oxygen per unit volume [37], 𝑂𝑂2,𝑒𝑒𝑓𝑓𝑓𝑓, the 
fuel density expressed as 𝜌𝜌𝑓𝑓 = 𝑃𝑃∞𝑀𝑀 𝑅𝑅𝑇𝑇∞⁄ , the mass flow rate of the gas released through the 
orifice, �̇�𝑚𝑜𝑜𝑜𝑜 = 𝜌𝜌𝑓𝑓�̇�𝑉𝑜𝑜𝑜𝑜, and the Reynolds number, 𝑅𝑅𝑅𝑅 = 4�̇�𝑚𝑜𝑜𝑜𝑜 𝜇𝜇𝜇𝜇𝐷𝐷𝑜𝑜𝑜𝑜⁄ . Each test began when the 
pressure inside the chamber was stable for a period of about 5 min after pumping fresh air into 
the low pressure chamber to replace previous air. The duration of each experimental test was 2 
min. 

Table 2. Turbulent vertical methane jet fire experiments dataset (orifice diameter = 3 mm). 

Experiment 𝑷𝑷∞ (atm) 𝑶𝑶𝟐𝟐,𝒆𝒆𝒆𝒆𝒆𝒆 𝝆𝝆𝒆𝒆 (kg/m3) �̇�𝒎𝒐𝒐𝒐𝒐 (kg/s) 𝑹𝑹𝒆𝒆  

1 0.6 0.12 0.39 6.7·10-5 2.6·103 

2 0.7 0.14 0.46 7.8·10-5 3.0·103 

3 0.8 0.16 0.52 8.9·10-5 3.5·103 

4 0.9 0.18 0.59 1.0·10-4 3.9·103 

5 1.0 0.21 0.66 1.1·10-4 4.3·103 
 

A charged-coupled device (CCD) digital camera of sensor size 8.5 mm and an image size of 320 
x 240 pixels was used to film the jet fire experiments. The recording frequency was 25 Hz. For 
each video footage, an image segmentation process was performed to discriminate the flame 
region from the background and to determine the flame-geometry descriptors of the jet fires. 
Figure 4 shows the main steps followed to segment the images with the Interactive Segmentation 
Tool® [38]. First, the frames belonging to the steady state were extracted each at a rate of 2 Hz 
and individually imported (Step 1). Then, for each image, a red continuous line was manually 
drawn to define the flame contour (Step 2).  

Following, an outer contour was also drawn within the background of the image in a blue 
continuous line to facilitate the colour distinction between the flame and the rest of the picture 
(Step 3). Automatically, the Binary Partition Trees algorithm [39] was applied to segment the 
image and save it as a binary file (Step 4). It transforms a hierarchical region segmentation into 
an object-background segmentation by using the user interactions to split and merge regions. 
After that, the ImageJ® software [40] was used to convert the binary files created into spreadsheet 
documents containing a binary matrix, where 0 corresponds to background regions and 1 to flame 
regions. Based on the exit orifice diameter and the dimensions of the imported image, the flame-
geometry descriptors were determined for the complete set of segmented images. 
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Step 1 Step 2 Step 3 Step 4 

    

Fig. 4. Instant captures of a test (atmospheric pressure = 0.7 atm) in the steady state. The four steps 
followed during the image segmentation process are depicted. Red line depicts the manually drawn flame 

contour. Blue line depicts the outer contour.  

3. Computational fluid dynamics 

Three CFD codes were used to simulate the methane jet fire experiments: Fire Dynamics 
Simulation v6.7.0 (FDS) [41], the fire solver of OpenFOAM v6 (FireFOAM) [42], and the Flame 
Acceleration Simulator v10.7 (FLACS-Fire) [43]. FDS is an open source code developed by the 
NIST (National Institute of Standards and Technology) that numerically solves a form of the 
Navier-Stokes equations appropriate for low-speed, thermally-driven flows. FireFOAM is 
another open code developed by the firms CFD Direct and FM Global. It is based on a set of 
object-oriented CFD toolboxes written in C++. Both codes, FDS and FireFOAM, are able to 
perform fire simulations under multiple grids, which can be of high interest: (i) when high 
resolution is required to simulate complex obstructions present within the computational domain, 
and (ii) to split the modelled volume into several grids of different sizes to speed up the 
computational times. FLACS-Fire is a commercial CFD code (Gexcon AS) especially designed 
for fire hazards applications in industries. With FLACS-Fire, one mesh can be modelled with 
stretching capabilities.  

In FDS and FireFOAM, the stability criteria in the explicit schemes is regulated through the 
Courant-Friedrichs-Lewy (CFL) condition, which places a restriction on the time step to maintain 
physically realizable conditions. In both codes, a default CFL value of 0.8 was defined to avoid a 
fluid element to traverse more than one cell within a time step; hence keeping the implicit 
temporal and spatial filters consistent with the LES turbulence approach. On the other hand, the 
time stepping scheme in FLACS-Fire relies on the CFL numbers based on the speed of sound 
(CFLC) and flow velocity (CFLV). As recommended in the user’s guide [43], a CFLC of 20 and 
a CFLV of 2 were set-up for the fire simulations regardless of the cell size defined. Additional 
information on the numerical schemes used in the codes can be found in Rengel et al. [44] for 
FDS and FLACS-Fire, and in Maragkos et al. [45] for FireFOAM. 

Simulations lasted 30 s and fire scenario conditions (i.e. mass flow rates, ambient temperature, 
pressure, and humidity) were prescribed according to the experimental set-up. The Conversion 
Factor Model (CFM) was used in the codes to directly convert a certain fraction of the fuel carbon 
to soot. For methane jet fires, a soot yield of 0.7 % was prescribed as the fraction of carbon from 
the fuel converted to soot [46]. However, an analysis about the effect of soot yield fraction on 
flame geometry results has also been performed and reported in section 4.2.3. 

In the following sub-sections turbulence and combustion models used in the codes are described 
and cell sizes criteria and simulation outputs are defined. It is worth noting that radiation was not 
solved in any code, as it has a negligible impact on the flame geometry. 
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3.1. Turbulence modelling 

The exact solution of the governing equations is beyond the capabilities of the most powerful 
computers due to the high-turbulent flows occurring in large-scale fires. Alternatively, the flow 
structures can be modelled using a sub-grid scale (SGS), sufficiently small to account for all 
relevant, significant processes. In order to diminish the possible uncertainties derived from the 
SGS modelling, numerous turbulence sub-models have been developed and implemented in CFD 
codes.  

In the case of FLACS-Fire, the Reynolds Averaged Navier-Stokes (RANS) model is applied [47], 
whereas FDS and FireFOAM represent the flow motion by means of the Large Eddy Simulations 
(LES) approach [48]. The former is the less expensive model as it solves the Navier-Stokes 
equations for the mean flow variables. In FLACS-Fire, to solve the equations closure problem, 
the 𝑘𝑘 − 𝜀𝜀 two-equation eddy viscosity model is implemented, where 𝑘𝑘 represents the turbulent 
kinetic energy and 𝜀𝜀 the dissipation rateDue to the use of temporary averages, the RANS method 
usually does not allow a good temporary resolution of the system, but can provide a good spatial 
resolution.  

LES is not a time average approach such as RANS. In LES, the way of resolving turbulence to 
reduce the computational cost is to ignore what is happening on the smaller scales. A temporal 
and spatial filtering of the Navier-Stokes equations is made to eliminate the information contained 
in the smaller scales. This information, however is not irrelevant and it is necessary to model it in 
some way, especially in those cases where small scale events can be important (fluxes near walls, 
with chemical reaction, etc.). To solve this LES requires what are called sub-grid scale models 
(SGS), which require empirical information. LES is more computational expensive and more grid 
sensitive; non-reliable results can be obtained if there are not enough cells to describe the flow 
field [49]. FDS and FireFOAM dynamically solve the turbulence as a function of the sub-kinetic 
energy, the LES filter size (i.e. cubic root of the cell volume), and the Smagorinsky constant. 

 

3.2. Combustion modelling 

In all the codes, the Eddy Dissipation Concept (EDC) was the approach used to simulate the 
interaction between the turbulent flow and the chemical reactions [50]. This is an appropriate 
model when the detailed kinetics of the fuel are not important and when the products of 
combustion released are known from experimental data [49]. Within this framework, the ‘mixed 
is burnt’ assumption is considered, hence neglecting the chemical kinetic effects. Therefore, the 
reaction of fuel species and air occurs immediately when fuel and air are available in a cell. 

The chemistry is simplified and it is only necessary to calculate mixing time scales, 𝜏𝜏𝑚𝑚𝑚𝑚𝑥𝑥 , which 
dictate the required time to carry out the mixture between the fuel and the oxidizer [51]. Indeed, 
the main difference between codes using the EDC approach lies on the way they deal with the 
mixing time scales. For example, mixing time scales in FLACS-Fire are expressed as follows: 

𝜏𝜏𝑚𝑚𝑚𝑚𝑥𝑥 =
2.433�𝜀𝜀𝜈𝜈�

1 2⁄
𝛾𝛾3𝜒𝜒

1−𝛾𝛾3𝜒𝜒
         (1) 

where 𝜀𝜀 represents the dissipation rate, 𝜈𝜈 the kinematic viscosity, 𝜒𝜒 the reacting species fractions, 
and 𝛾𝛾 the isentropic ratio, determined as:  

𝛾𝛾 = 𝑚𝑚𝑖𝑖𝑛𝑛 �0.8, 2.13 �𝜈𝜈𝜈𝜈
𝑘𝑘2
�
1 4⁄

�        (2) 

where 𝑘𝑘 is the turbulent kinetic energy.  

In FireFOAM, the mixing scale time depends on model constants, the LES filter size (∆) and the 
sub-grid kinetic energy (𝑘𝑘𝑠𝑠𝑠𝑠𝑠𝑠) as follows [52]: 
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𝜏𝜏𝑚𝑚𝑚𝑚𝑥𝑥 = ∆

4.192𝑘𝑘𝑠𝑠𝑠𝑠𝑠𝑠
1
2�
         (3) 

On the other hand, FDS uses the most detailed mixing time scale model, based on the fastest 
physical process of the local state of the flow field [53]: 

𝜏𝜏𝑚𝑚𝑚𝑚𝑥𝑥 = 𝑚𝑚𝑚𝑚𝑚𝑚 �10−4,𝑚𝑚𝑖𝑖𝑛𝑛 �∆
2

𝛼𝛼
, 0.4∆

��23�𝑘𝑘𝑠𝑠𝑠𝑠𝑠𝑠
,�2∆

𝑠𝑠
��      (4) 

where 𝛼𝛼 is the thermal diffusivity.  

Within the simple combustion model solved, the gas fuel molecules (carbon, 𝐶𝐶, hydrogen, 𝐻𝐻, 
oxygen, 𝑂𝑂, and nitrogen, 𝑁𝑁) react with air to form the products of combustion defined by default 
(H2O, CO2, soot, N2, and CO) as follows: 

𝐶𝐶𝑥𝑥𝐻𝐻𝑦𝑦𝑂𝑂𝑧𝑧𝑁𝑁𝑣𝑣 + 𝑟𝑟𝑎𝑎𝑚𝑚𝑜𝑜𝐴𝐴𝑖𝑖𝑟𝑟 → 𝑟𝑟𝐶𝐶𝑂𝑂2𝐶𝐶𝑂𝑂2 + 𝑟𝑟𝐻𝐻2𝑂𝑂𝐻𝐻2𝑂𝑂 + 𝑟𝑟𝐶𝐶𝑂𝑂𝐶𝐶𝑂𝑂 + 𝑟𝑟𝑠𝑠𝑆𝑆𝑜𝑜𝑜𝑜𝑡𝑡 + 𝑟𝑟𝑁𝑁2𝑁𝑁2  (5) 

where 𝑟𝑟 represents the stoichiometric coefficients of the species. In particular, stoichiometric 
coefficients are automatically calculated for H2O, CO2, and N2, while they are user-defined as 
input data for soot and CO yields.  

 

3.3. Cell size and computational domain 

Accuracy of computational models greatly depends on the grid size, which probably represents 
the most important parameter defined by the user in CFD fire simulations. Besides, the 
computational time will also depend on the mesh resolution: the thinner the cell size, the better 
the computational resolution and the greater the simulation time [54]. Therefore, it is necessary 
to provide a good balance between low grid resolution and reasonable computational costs. 

The selection of suitable cell sizes mostly depends on the fire regime. Based on a vast data bank 
covering 880 sets of jet flames, Bradley et al. [55] identified the flow regime as a function of a 
dimensionless flow number for choked and unchoked flow, 𝑈𝑈∗: 

𝑈𝑈∗ = �
𝑢𝑢𝑓𝑓
𝑆𝑆𝐿𝐿
� 𝑅𝑅𝑅𝑅𝐿𝐿−0.4 � 𝑃𝑃𝑖𝑖

𝑃𝑃∞
�        (6) 

where 𝑢𝑢𝑓𝑓  is the gas velocity, 𝑆𝑆𝐿𝐿  is the laminar burning velocity (0.39 m/s for methane [56]), 
𝑅𝑅𝑅𝑅𝐿𝐿 = 𝐷𝐷𝑜𝑜𝑜𝑜𝑆𝑆𝐿𝐿 𝜈𝜈⁄  is the Reynolds number based on 𝐷𝐷𝑜𝑜𝑜𝑜 and 𝑆𝑆𝐿𝐿, and 𝑃𝑃𝑚𝑚 and 𝑃𝑃𝑎𝑎 are the stagnation 
and ambient pressures, respectively. The 𝑈𝑈∗ values obtained for the experiments analysed here 
range between 10.6 (for 1 atm) to 12.5 (for 0.6 atm). Thus, the jet flames are at the beginning of 
the transition regime from buoyant to momentum-dominated flames. In this sense, the non-
dimensional expression defined by Lin et al. [57] for buoyant and transition regimes can be 
applied:  

𝐷𝐷∗  𝛿𝛿𝑥𝑥⁄ = � �̇�𝑄
𝜌𝜌∞𝑐𝑐𝑝𝑝𝑇𝑇∞√𝑠𝑠

�
2
5�

 𝛿𝛿𝑥𝑥�         (7) 

where 𝐷𝐷∗ is the characteristic diameter of the fire,  𝛿𝛿𝑥𝑥 is the cell size, �̇�𝑄 is the heat release rate, 
𝜌𝜌∞ is the ambient density, 𝑐𝑐𝑝𝑝 is the specific heat of air, 𝑇𝑇∞ is the ambient temperature, and 𝑔𝑔 is 
the gravitational acceleration. 

This dimensionless parameter expresses how well the flow field is numerically solved. In order 
to determine the optimal grid resolution, the flame-geometry descriptors were predicted in the 
CFD codes by using four different cell sizes, 𝛿𝛿𝑥𝑥: 32 mm-cell for 𝐷𝐷∗ 𝛿𝛿𝑥𝑥 = 4⁄ , 24 mm-cell for 
𝐷𝐷∗ 𝛿𝛿𝑥𝑥 = 8⁄ , 16 mm-cell for 𝐷𝐷∗ 𝛿𝛿𝑥𝑥 = 12⁄ , and 8 mm-cell for 𝐷𝐷∗ 𝛿𝛿𝑥𝑥 = 16⁄ . Therefore, a total of 
20 fire simulations are performed for each fire code. The dimensionless expression values 
proposed for mesh sensitivity analysis, 𝐷𝐷∗ 𝛿𝛿𝑥𝑥⁄  (ranged from 4 to 16), have been used in previous 
works for computational simulations of hydrocarbon diffusion flames [44,57]. 
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As observed, the cell sizes calculated are larger than the original exit orifices (3 mm-diameter). 
Because of that, equivalent nozzle diameters are defined with the same size than the calculated 
cell. For example, a vertical subsonic jet fire modelled with a 𝐷𝐷∗ 𝛿𝛿𝑥𝑥⁄ = 12 is modelled with an 
equivalent nozzle diameter of 0.016 m and a cell volume of 0.016 x 0.016 x 0.016 m3. As a 
consequence, an equivalent mass flow rate, �̇�𝑚𝑒𝑒𝑒𝑒 = 0.25𝜌𝜌𝑓𝑓𝑢𝑢𝑓𝑓𝜇𝜇𝐷𝐷𝑒𝑒𝑒𝑒,𝑛𝑛

2, is calculated for each cell 
size defined and prescribed within the computational simulation. 

The cell sizes previously defined have been used in the CFD codes regardless of their capabilities 
to perform unstructured grid simulations. By this, a better comparison of codes can be achieved 
on an equal basis (i.e. cell size, fuel reaction, domain, time step, etc.), despite the evident 
mathematical differences in terms of numerical schemes and sub-models solved, especially in 
FLACS-Fire. A further investigation analysis could consider unstructured grids or even more 
refined grids near the nozzle orifice. The results obtained could be then compared against the 
outcomes found in the current work.  

The computational domains modelled in the CFD codes are composed by rectangular and 
isotropic cells with a volume of 0.6 (Length) x 0.6 (Width) x 1.0 (Height) m3 for all the 
simulations performed. 

 

3.4. Simulation outputs 

Two dimensional slice files were positioned on the centreline axis of the nozzle orifice to record 
temperature evolution. Different post-processing tools were used to convert the slice files into 
spreadsheets containing mean temperature values registered at each cell every 1 second: fds2ascii 
for FDS, ParaView v5.4 for FireFOAM, and Flowvis v5 for FLACS-Fire. After that, a threshold 
temperature (𝑇𝑇𝑡𝑡ℎ) was set to perform a flame segmentation process within the CFD domain by 
comparing the temperature at each cell (𝑇𝑇𝑚𝑚,𝑗𝑗) with the defined threshold temperature: 

𝐼𝐼(𝑖𝑖, 𝑗𝑗) = �
1, 𝑖𝑖𝑒𝑒 𝑇𝑇𝑚𝑚,𝑗𝑗 ≥ 𝑇𝑇𝑡𝑡ℎ 
0, 𝑖𝑖𝑒𝑒 𝑇𝑇𝑚𝑚,𝑗𝑗 < 𝑇𝑇𝑡𝑡ℎ

  (8) 

where 𝐼𝐼(𝑖𝑖, 𝑗𝑗) is the segmented image and 1 indicates that the cell is within the flame region, and 
0 means that the cell belongs to the background of the image. Cells with 𝑇𝑇𝑚𝑚,𝑗𝑗 ≥ 600 𝐾𝐾  were 
considered as flame [58], while the rest were considered as background. More details about this 
processing technique can be found in Rengel et al. [44]. 
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4. Results and discussion 

4.1. Experimental results 

Figure 5 shows instant captures of (a) original images and (b) segmented images obtained during 
the stationary state of the jet fire experiments. As seen, the shapes and the colours of the jet flames 
significantly varied according to the ambient pressure. This may be due to the effective amount 
of oxygen available, which altered the soot formation rate and the chemical reaction rate [59,60]. 

 (a) Original Images 

 1.0 atm  0.9 atm  0.8 atm  0.7 atm  0.6 atm 

 
(b) Segmented Images 

 1.0 atm  0.9 atm  0.8 atm  0.7 atm  0.6 atm 

 
Fig. 5. Instant captures of (a) original and (b) segmented images obtained during the stationary state of the 

vertical jet fire experiments of methane in normal and sub- atmospheric pressures. 

At 1.0 atm, there was sufficient oxygen present near the base of the flame to support the reaction 
of combustion from the nozzle orifice. As the axial distance from the orifice increased, the flame 
turned to be more yellow and luminous, indicating the oxidation of the soot particles as a result 
of an incomplete combustion process [61]. 

At lower pressures, there was no formation of soot given the lower amount of oxygen particles 
present in air, hence creating a blue and smaller flame. Indeed, reduced atmospheres lead to 
premixed flames due to the lower concentration of oxygen molecules and the better fuel/air 
mixing process. 

The mean results of the (a) lift-off distances, (b) radiant flame lengths, and (c) equivalent flame 
diameters obtained from the image segmentation process are shown in Fig. 6 as a function of the 
Reynolds number. Vertical error bars indicate the standard deviation of the measurements 
obtained from the images segmented for each fire experiment. Linear trend lines reveal the 
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variables evolution. The geometrical parameters are expressed in dimensionless quantities as a 
function of the nozzle diameter to allow further comparison with other jet fire experiments. 

(a) Lift-off distance 

 
(b) Radiant flame length 

 
(c) Equivalent diameter 

 

 
Fig. 6. Mean values of the (a) lift-off distances, (b) radiant flame lengths, and (c) equivalent diameters as 

a function of the Reynolds number. 

The mean lift-off distance varied according to the ambient pressure: the lower the atmospheric 
pressure, the larger the flameless distances. This occurred due to the high amount of fuel released 
downstream the orifice that required a significant amount of oxygen molecules, which were not 
present at reduced pressures. As the methane gas was diluted into the ambient air, its concentration 
decreased until the fuel-oxidizer mixture was within the flammability limits. A similar tendency 
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on the lift-off behaviour was found in methane jet fire experiments performed by Zeng et al. [22], 
who examined laminar flames released from 3 mm-diameter nozzles and ambient pressures 
ranged from 0.5 atm to 1.0 atm. 

The radiant flame length increased with the Reynolds number, whereas the equivalent diameter 
remained approximately steady (slope of the linear trend = -0.004). Thus, vertical jet flames of 
methane became thinner as the ambient pressure decreased. Given the opposite behaviour of the 
lift-off distance and the radiant flame length (note that slopes have the same absolute value), the 
total flame length (𝐻𝐻𝐹𝐹) remained steady regardless the ambient pressure tested. Therefore, the 
flame always achieves the same total length from the exit orifice and occupies the same area (Fig. 
7). These values were found to be 𝐻𝐻𝐹𝐹 = 200𝐷𝐷𝑜𝑜𝑜𝑜 and 𝐴𝐴𝐹𝐹 = 3000𝐴𝐴𝑜𝑜𝑜𝑜. 

It is worth noting that sooty flames, such as those occurring at 1 atm, are featured with lower 
temperatures since the radiative fraction is higher than at sub-atmospheric pressures [19,20]. In 
addition, the radiant flame lengths are larger and closer to the nozzle orifice at 1 atm than at 
reduced atmospheres. Consequently, in terms of geometrical characteristics, jet flames pose a 
more hazardous situations at 1 atm than at reduced ones given the greater possibility of flame 
impingement in adjacent equipment. However, higher thermal fluxes are expected to be emitted 
in sub-atmospheric pressures. 

(a) Total Flame Length 

 
(b) Flame Area 

 

 

Fig. 7. Mean values of the (a) total flame lengths, and (b) the flame areas as a function of the Reynolds 
number. 
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4.2. Modelling results 

4.2.1. Qualitative assessment of the predictions 

The following scatter plots (Figs. 8 and 9) illustrate the level of agreement reached by the flame-
geometry descriptors predicted with the codes using different cell sizes. The solid diagonal line 
indicates perfect agreement between simulation results and experimental data, while dotted lines 
and long-dashed lines represent the ± 25 % and ± 50 % prediction error, respectively, with regard 
to the experimental measurement. Vertical bars represent the standard deviation of the simulation 
results obtained from the slice files, and the horizontal ones indicate the standard deviation of the 
experimental measurements. It is worth noting that neither FLACS-Fire nor FireFOAM were able 
to predict flame temperatures higher than 600 K under cells of 32 mm (results not shown). 
Therefore, both codes are unable to solve the rate of fuel/oxidant mixing under coarse grids.  

Figure 8 shows mean predicted values of the lift-off distances (left) and the radiant flame lengths 
(right) estimated for different pressures and cell sizes with (a) FDS, (b) FireFOAM, and (c) 
FLACS-Fire. None of the codes is able to capture the influence of the ambient pressure on the 
lift-off distances (i.e. a steady trend is generally obtained). This fact may be probably due to the 
‘mixed is burnt’ assumption considered in the EDC combustion model, which immediately ignites 
the gas fuel entering into the domain simulated. Favrin et al. [62] also pointed out the limitations 
of computational combustion models to simulate jet fires.  

Furthermore, FDS and FLACS-Fire are able to predict the radiant flame lengths with an error 
estimation lower than 25 % with cells of 8 mm and 16 mm, whereas the error is much pronounced 
for greater grid sizes. Contrarily, a minimum error estimation of 25 % is achieved in FireFOAM 
for cell sizes of 24 mm for all the ambient pressures tested. The notable differences on the 
accuracy of the results obtained with FDS are probably derived from the mathematical approach 
adopted for the mixing time scales. More complex models, as those implemented in FDS, may 
contribute to provide higher precision on the flame length estimations. 

Figure 9 depicts the mean predicted values of the equivalent diameters (left) and flame surfaces 
(right) estimated for different pressures and cell sizes with (a) FDS, (b) FireFOAM, and (c) 
FLACS-Fire. Reasonable agreements on the equivalent diameter are generally obtained with 
FDS. The mean error estimation is lower than 25 % when the cells are of 24 mm or higher, 
whereas it is comprised between 25 % and 50 % for smaller cells. Particularly, thinner grids over-
predict the equivalent diameter of the jet. This may be due to possible measuring errors during 
the segmentation process from the video recordings, or from the temperature slice files. Similarly, 
mean equivalent diameters calculated with FireFOAM provide an average error estimation of 30 
% with light differences among the cell sizes simulated. In contrast, greater over-estimations of 
the equivalent diameters are found in FLACS-Fire, with error estimations much higher than 50 
%. This means that the flames predicted in FLACS-Fire are much wider than in reality. 

As for the estimation of the flame surface, which corresponds to the projected area with cells 
having temperatures greater than 600 K, different levels of accuracy are achieved according to 
the grid sizes and the CFD codes. For example, in FDS the thinner the size of the cells, the greater 
the surface of the flame estimated. The most accurate predictions are found for cells of 16 mm, 
while an error estimation of 30 % approximately is found for cells of 8 mm and 24 mm. On the 
other hand, the best agreement obtained in FireFOAM occurs with cells of 24 mm, which is in 
accordance with the radiant flame length predictions. Differently, flame surfaces calculated with 
FLACS-Fire are significantly over-estimated. 

The cell size modelled is the parameter that mostly affects the standard deviations found: the 
coarser the cell size modelled, the less noticeable the error bars found. The negligible variations 
obtained demonstrate that most of the air/fuel mixing effects on the flame’s surfaces are not 
completely considered; hence leading to more stable flames. This fact may lead to sudden 
fluctuations of the dependent flame shape parameters, such as the emissive powers or the heat 
fluxes received at a certain distance from the flame origin. 
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Apart from the cell size influence, the deviations found also varied in minor way depending on 
the geometrical parameter estimated. For example, the smallest deviations are found on the flame 
length’s predictions; while the highest one are found in the predictions of the flame areas. This 
notorious difference, between the error bars found in both measurements, highlights the strong 
influence of the air entrained into the base and surroundings of the jet flames.  

(a) FDS 

  
(b) FireFOAM 

  
(c) FLACS-Fire 

  
Atmospheric Pressure (Symbols):  

Cell Size (Colours):  
Fig. 8. Predicted values of the mean lift-off distances (left) and the mean radiant flame lengths (right) 

estimated with (a) FDS, (b) FireFOAM, and (c) FLACS-Fire for the different ambient pressures and cell 
sizes modelled. 
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Figure 10 shows instant captures (up) and the corresponding segmented images (down) of jet 
flames at 0.6 atm (left) and 1.0 atm (right) obtained from the slice files of temperatures set in the 
CFD codes with a cell size of 16 mm. These images help to understand the tendency of the flame 
shape obtained with the different computational codes. As previously described and regardless of 
the ambient pressure, more reasonable predictions (lengths and diameter) are obtained with FDS 
and FireFOAM, while large flames are found with FLACS-Fire. 

(a) FDS 

  
(b) FireFOAM 

  
(c) FLACS-Fire 

  
Atmospheric Pressure (Symbols):  

Cell Size (Colours):  
Fig. 9. Predicted values of the mean equivalent diameters (left) and the mean flame surfaces (right) 

estimated with (a) FDS, (b) FireFOAM, and (c) FLACS-Fire for the different ambient pressures and cell 
sizes. 
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(a) 0.6 atm  (b) 1.0 atm 

 

 

 

 

 

 

 
Fig. 10. Instant captures (up) and segmented images (down) of the slice file of temperatures corresponding to the fire scenarios at (a) 0.6 atm and (b) 1.0 atm obtained with 

FDS, FireFOAM, and FLACS-Fire. Images were taken 30 s after ignition. 
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4.2.2. Cell size recommendation 

Given the numerous qualitative comparisons performed, it is challenging to provide 
recommendations on the most suitable grids according to the codes, the geometrical variables 
measured and the atmospheric pressures considered. In addition, two quantitative statistical 
methods have been used to assess the accuracy of the predictions: the fractional bias (FB) and the 
normalized mean square error (NMSE). These are expressed as: 

𝐹𝐹𝐹𝐹 = 1
𝑛𝑛
∑ 2

𝑋𝑋𝑚𝑚−𝑋𝑋𝑝𝑝
𝑋𝑋𝑚𝑚+𝑋𝑋𝑝𝑝

𝑛𝑛
1          (9) 

𝑁𝑁𝑀𝑀𝑆𝑆𝑁𝑁 = 1
𝑛𝑛
∑ 2 �𝑋𝑋𝑚𝑚−𝑋𝑋𝑝𝑝�

2

𝑋𝑋𝑚𝑚𝑋𝑋𝑝𝑝
𝑛𝑛
1         (10) 

where 𝑛𝑛 is the total number of variables considered, 𝑋𝑋𝑚𝑚 and 𝑋𝑋𝑝𝑝 are the variables corresponding 
to the experimental measurements and simulation predictions, respectively. The FB indicates the 
under/over estimations of the model results, while the NMSE reflects the relative fit of the model 
estimations to the experimental data. Even though a perfect model would have FB and NMSE 
values of 0, the following performance criteria (PC) must be met to define a code as “acceptable”: 
NMSE ≤ 0.5 and -0.3 ≤ FB ≤ 0.3 [63]. Table 3 summarizes the FB and NMSE results obtained 
for the different codes as a function of the cell sizes and atmospheric pressures. Blue italic values 
indicate that the metric is within the established performance criteria. 

Table 3. FB and NMSE values for the flame-geometry descriptors estimated with the codes as a function 
of the cell sizes and atmospheric pressures considered. Blue italic values indicate that the metric is within 
the established performance criteria.  

CFD 𝑷𝑷∞ 
(atm) 

𝜹𝜹𝒙𝒙 
(mm) 

𝑺𝑺𝑭𝑭 𝑳𝑳𝑭𝑭 𝑫𝑫𝒆𝒆𝒆𝒆 𝑨𝑨𝑭𝑭 

FB NMSE FB NMSE FB NMSE FB NMSE 
FDS 

0.6 

8 2.00 1.00 -0.02 0.00 -0.39 0.16 -0,41 0,18 
16 1.06 1.59 0.08 0.00 -0.28 0.08 -0,20 0,04 
24 0.49 0.25 0.28 0.00 0.14 0.02 0.41 0.18 
32 -0.11 0.01 0.84 0.87 0.13 0.02 0.95 1.15 

0.7 

8 2.00 1.00 0.06 0.00 -0.38 0.15 -0.30 0.11 
16 0.93 1.11 0.24 0.06 -0.18 0.03 0.06 0.00 
24 0.20 0.04 0.30 0.11 0.13 0.02 0.46 0.22 
32 -0.29 0.08 0.83 0.83 0.10 0.01 0.91 1.06 

0.8 

8 2.00 1.00 0.11 0.01 -0.47 0.23 -0.28 0.12 
16 0.69 0.55 0.26 0.14 -0.20 0.04 0.18 0.03 
24 -0.19 0.04 0.42 0.18 0.02 0.00 0.46 0.22 
32 -0.56 0.34 0.91 1.03 0.02 0.00 0.94 1.14 

0.9 

8 2.00 1.00 0.16 0.03 -0.51 0.28 -0.26 0.13 
16 0.22 0.05 0.30 0.13 -0.46 0.22 -0.11 0.01 
24 -0.67 0.50 0.51 0.28 0.00 0.00 0.50 0.27 
32 -0.98 1.28 1.03 1.44 -0.03 0.00 1.00 1.34 

1.0 

8 2.00 1.00 0.22 0.09 -0.54 0.31 -0.25 0.07 
16 2.00 1.00 0.29 0.20 -0.41 0.18 0.04 0.00 
24 2.00 1.00 0.57 0.35 -0.05 0.00 0.52 0.29 
32 2.00 1.00 1.07 1.63 -0.06 0.00 1.03 1.44 

FireFOAM 
0.6 

8 1.47 4.73 0.73 0.61 0.35 0.13 1.02 1.39 
16 0.74 0.65 0.59 0.38 0.11 0.01 0.69 0.54 
24 0.09 0.01 0.30 0.11 -0.06 0.00 0.26 0.07 
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CFD 𝑷𝑷∞ 
(atm) 

𝜹𝜹𝒙𝒙 
(mm) 

𝑺𝑺𝑭𝑭 𝑳𝑳𝑭𝑭 𝑫𝑫𝒆𝒆𝒆𝒆 𝑨𝑨𝑭𝑭 

FB NMSE FB NMSE FB NMSE FB NMSE 

0.7 
8 1.38 3.68 0.85 0.88 0.21 0.05 1.02 1.40 
16 0.59 0.38 0.52 0.28 0.01 0.00 0.53 0.30 
24 -0.29 0.10 0.29 0.09 0.01 0.00 0.30 0.09 

0.8 
8 1.22 2.36 0.98 1.27 -0.09 0.01 0.93 1.11 
16 0.31 0.10 0.82 0.82 -0.19 0.04 0.68 0.43 
24 -0.58 0.37 0.23 0.12 -0.17 0.03 0.19 0.04 

0.9 
8 0.22 0.05 0.74 0.63 0.50 0.27 1.14 1.91 
16 -0.18 0.03 0.65 0.47 -0.05 0.00 0.60 0.40 
24 -0.82 0.82 0.28 0.36 -0.27 0.10 0.28 0.08 

1.0 
8 2.00 1.00 0.76 0.67 0.18 0.03 0.91 1.04 
16 2.00 1.00 0.49 0.25 -0.07 0.01 0.42 0.18 
24 2.00 1.00 0.30 0.14 -0.18 0.03 0.20 0.04 

FLACS-Fire 
0.6 

8 1.23 2.45 -0.18 0.03 -1.68 9.66 -1.73 12.01 
16 0.23 0.06 0.53 0.31 -1.08 1.64 -0.63 0.45 
24 0.30 0.12 0.58 0.36 -1.02 1.42 -0.52 0.29 

0.7 
8 1.11 1.80 -0.20 0.04 -1.70 10.22 -1.75 12.89 
16 0.43 0.20 0.25 0.06 -1.33 3.13 -1.17 2.08 
24 0.28 0.29 0.47 0.24 -1.03 1.44 -0.63 0.44 

0.8 
8 1.19 2.21 -0.16 0.03 -1.70 10.24 -1.73 12.03 
16 0.95 1.18 -0.02 0.00 -1.39 3.74 -1.39 3.74 
24 0.15 0.02 0.57 0.36 -1.06 1.55 -0.55 0.33 

0.9 
8 1.10 1.72 -0.12 0.01 -1.71 10.78 -1.74 12.41 
16 0.53 0.30 0.11 0.01 -1.46 4.58 -1.41 3.97 
24 -0.29 0.08 0.59 0.39 -1.10 1.74 -0.61 0.41 

1.0 
8 2.00 1.00 -0.05 0.00 -1.71 11.11 -1.73 11.83 
16 2.00 1.00 0.16 0.03 -1.47 4.64 -1.39 3.71 
24 2.00 1.00 0.68 0.52 -1.11 1.78 -0.53 0.30 

 

Apart from the lift-off distance, the rest of geometrical parameters estimated with FDS meet the 
PC in more than the 50 % of the cases. In particular, the most accurate results are obtained with 
a cell size of 16 mm (𝐷𝐷∗ 𝛿𝛿𝑥𝑥⁄ ≈ 12). Likewise, a similar agreement between predictions and 
measurements is determined with FireFOAM. Among the geometrical variables calculated, the 
mean equivalent diameter is the parameter simulated with greater accuracy as a result of the 
equilibrium reached between the over-estimated flame lengths and flame surfaces. The best 
agreement between simulation results and experiments was reached for grids of 24 mm 
(𝐷𝐷∗ 𝛿𝛿𝑥𝑥⁄ ≈ 8). On the other hand, the statistical measurements do not meet the PC defined in most 
of the predictions performed with FLACS-Fire. The only geometrical variable that can be 
reasonably estimated is the radiant flame length for cell sizes between 8 mm to 16 mm 
(12 ≤ 𝐷𝐷∗ 𝛿𝛿𝑥𝑥⁄ ≤ 16). The accurate predictions found with FDS and FireFOAM codes point out 
their capacity to estimate the flame shapes of vertical methane jet fires at different ambient 
pressures. Indeed, these codes would be recommended to be used to reasonably determine the 
safety measures required to prevent major accidents in oil and gas industries derived from 
methane jet fire accidents.  
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4.2.3. Soot yield influence 

Experiments have shown that different flame colours and shapes can be observed depending on 
the ambient pressure. This may be due to differences in combustion efficiency. In this regard, the 
soot yield fraction prescribed in CFD codes for methane (0.7 %) (very low compared to other 
hydrocarbon fuels, such as propane (9.0 %) or heptane (12.9 %)), which directly affects the 
products of combustion formed (Eq. 4), may have a direct influence on the estimated flame 
shapes. In order to assess the influence of this parameter on the flame shapes, six simulations have 
been run in FDS with cell sizes of 16 mm (as it was previously observed that it is a good cell size 
for most of the geometry descriptors). Specifically, different soot yield fractions have been tested 
in jet flames at 0.7 atm and 1.0 atm: 0.7 %, 0.5 %, 0.3 %, and no soot at all.  

Table 4 shows the estimations of the radiant flame lengths, equivalent diameters, and flame 
surfaces obtained with FDS for different soot yield fractions and ambient pressures of 0.7 atm 
and 1.0 atm. As observed, the flame shape estimations are very similar value regardless of the 
soot yield fractions and the ambient pressure defined. Thus, its influence on the flame shape 
predictions is negligible.  

Table 4. Flame shapes predicted in FDS with cell sizes of 16 mm and different soot yield fractions. 

Soot yield fractions 𝑷𝑷∞ (atm) 𝑳𝑳𝑭𝑭 (m) 𝑫𝑫𝒆𝒆𝒆𝒆 (m) 𝑨𝑨𝑭𝑭 (m2) 

0.7 % 
0.7 0.41 0.047 0.018 

1.0 0.42 0.050 0.021 

0.5 % 
0.7 0.41 0.048 0.020 

1.0 0.42 0.050 0.022 

0.3 % 
0.7 0.44 0.052 0.023 

1.0 0.44 0.051 0.022 

0.0 % 
0.7 0.45 0.051 0.023 

1.0 0.42 0.047 0.019 
 

5. Conclusions 

Vertical methane subsonic jet fire experiments were studied to assess the flame-geometry 
descriptors at different ambient pressures: 1.0 atm, 0.9 atm, 0.8 atm, 0.7 atm, and 0.6 atm, which 
would correspond to different heights above the sea level. Different flame shapes and luminosities 
were obtained as the ambient pressure decreased. This occurred as a result of the decreasing 
effective amount of oxygen available in the ambient air, which, according to the literature, affects 
the soot formation rate and the chemical reaction between the fuel and the oxidizer. At 1.0 atm 
sufficient oxygen was present near the flame, hence promoting the oxidation of soot and allowing 
the reaction of combustion from the nozzle orifice. In contrast, a lack of oxygen hindered the soot 
formation and the fuel/air mixture downstream the orifice. In general, the lower the ambient 
pressure, the larger the lift-off distance and the shorter the radiant flame length. However, the 
total flame length remained essentially constant in spite of the pressure variations. Linear 
correlations based on the Reynolds number were obtained from the experimental data. 

Furthermore, the predictive capabilities of FDS, FireFOAM and FLACS-Fire were assessed when 
determining the geometrical parameters of the methane jet fires experiments. Four different grids 
were selected for each methane jet fire experiment: 8 mm, 16 mm, 24 mm, and 32 mm. A 
qualitative and quantitative analysis of the predictions was carried out to determine the 
performance of each code. Reasonable predictions of the radiant flame lengths, equivalent 
diameters, and flame surfaces were usually found with FDS and FireFOAM. Nevertheless, more 
precise outcomes were obtained with FDS due to the more detailed mixing scale times. The 
highest agreement occurred when the dimensionless 𝐷𝐷∗ 𝛿𝛿𝑥𝑥⁄  correlation was of 12 and 8 for FDS 
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and FireFOAM simulations, respectively. On the other hand, a considerable lack of agreement of 
the equivalent diameters and flame areas was obtained with FLACS-Fire in spite of the reasonable 
flame length estimations. In addition, the soot yield fraction had a negligible influence on the 
flame shape predictions. 

This paper has shown the impact of ambient pressures on the flame shapes of vertical jet fires. 
Likewise, it has revealed the great potential of CFD codes to assess their geometrical features. In 
particular, FDS is found to be the most suitable CFD code to estimate the flame-geometry 
descriptors of methane jet fires at reduced-pressure atmospheres. Further work is needed to study 
different fuels, ambient conditions (i.e. wind and temperature), and to analyse their effects on 
other fire variables, such as temperature contours and radiative heat fluxes. 
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