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Highlights:  7 

• Fire burning regimes are well predicted in a wide range of ventilation conditions 8 

• Oscillatory combustion is captured by natural convection for evaporation modeling 9 

• Prescribing Auto-Ignition Temperature is important in capturing fire oscillations 10 

• Prescribing AIT prevents spurious fuel re-ignition in under-ventilated conditions 11 

Abstract: 12 

The paper presents a numerical study on an 18 cm-diameter liquid pool fire in a reduced-scale 13 
and mechanically-ventilated enclosure. The enclosure walls are made of a calcium silicate layer 14 

and a steel layer on five sides, the remaining sidewall is made of heat-tempered glass. The 15 
ventilation system consists of an extraction fan positioned in one duct. A second duct for air inlet 16 
is left ‘open’. Three air renewal rates (ARR) and open atmosphere conditions are considered in 17 

the numerical study. Computational Fluid Dynamics (CFD) simulations are carried out with the 18 
Fire Dynamics Simulator (FDS 6.7.5). The default evaporation model in FDS, based on a forced 19 

convection approach, is compared to a natural convection approach implemented in the source 20 

code. The results show that the oscillatory combustion, occurring at ARR = 15 h-1, is best 21 
captured by the natural convection approach. It is also found that prescribing the actual Auto-22 
Ignition Temperature (AIT) of the fuel is important to capture the fire oscillations and (local) 23 
flame quenching. At ARR = 8 h-1, extinction occurs. In this case, it is found that prescribing the 24 

actual fuel AIT allows to prevent spurious oscillatory combustion. At ARR = 22.5 h-1, there is a 25 
stable steady-state burning regime for which (as well as for open atmosphere conditions) 26 

prescribing the actual fuel AIT is not crucial.  27 

Keywords: compartment fires; modeling; CFD; liquid pool fires  28 

1. Introduction 29 

When a fire occurs in confined and mechanically-ventilated compartments, such as in nuclear 30 
facilities, there is a potential loss of confinement due to pressure changes. An associated 31 

subsequent risk is the release of harmful products. A specific fire scenario in this configuration is 32 
the oscillatory combustion phenomenon that has been observed in a large-scale mechanically-33 

ventilated compartment called DIVA [1]. The compartment dimensions were 5 m × 6 m × 4 m 34 
(height). The walls were made of re-enforced concrete partially covered with rock-wool panels. 35 
The ceiling was covered with a double layer of a 30 mm – thick panel. The mechanical 36 
ventilation consisted of a fresh air inlet duct and an exhaust duct with a 0.3 m × 0.6 m-ventilation 37 
area, each positioned at 0.8 m below the ceiling. The inlet and exhaust ducts were connected to a 38 

complex mechanical ventilation network with fans delivering in the room (prior to ignition) flow 39 
rates corresponding to Air Renewal Rates (ARRs) between 8 and 17 h-1. The fire source 40 
consisted of a 0.4 m2 circular heptane pool fire positioned in the center of the room. During the 41 



2 
 

fire growth period, the room pressure increased substantially because of the release of hot 42 
combustion products in an air-tight compartment. Consequently, the inflow of fresh air reduced, 43 

causing a ‘weakening’ of the flame to the point of near-extinction. Therefore, the pressure has 44 
decreased allowing for an increase in the inflow of fresh air and a subsequently ‘revitalized’ 45 
flame, which caused (again) and increase in pressure, leading to a cyclic behavior. This 46 
phenomenon, as described above, results from a coupling between the liquid (evaporation) 47 
burning rate and the ventilation through the room pressure. It is described as a low-frequency 48 

oscillatory behavior because the calculated frequency of the transient burning rate profile (which 49 
is similar to the dominant frequency in the pressure and ventilation profiles) is significantly 50 
lower than the puffing frequency of a pool fire in open atmosphere conditions due to 51 
hydrodynamic instabilities. The onset of oscillatory combustion (with frequencies between 5 and 52 
7 mHz) has been observed at ARRs of 12 and 15 h-1; a lower ARR of 8 h-1 caused a sudden 53 

extinction due to lack of oxygen and a higher ARR of 17 h-1 yielded sustained stable burning 54 
without low-frequency oscillations. Furthermore, a mapping of the burning modes has been 55 
proposed in [1] based on a Global Equivalence Ratio (GER) that has been defined using the 56 

steady burning rate in open atmosphere conditions and the ventilation flow rate at the inlet. At 57 

GER < 0.3, there is sustained stable burning. At GER > 0.8, sudden extinction occurs due to lack 58 
of oxygen. Oscillations occur at intermediate values of the GER. In addition to the effect of the 59 
ventilation it has been shown in [1] that, under similar ventilation conditions, oscillations occur 60 

for liquid fuels (heptane and dodecane) and not for a gaseous fuel, namely propane. This 61 
suggests that the response of the liquid surface in terms of evaporation rate under the radiative 62 

heat feedback effect plays a major role in triggering and sustaining oscillatory combustion. That 63 
is why, as will be further discussed in this paper, evaporation modelling is considered as a key 64 
modelling aspect in capturing oscillatory combustion for the fire scenarios of interest here. 65 

Therefore, the focus in this study is on liquid pool fires in mechanically-ventilated compartments 66 

because it is carried out in the context of fire safety in nuclear installations (with mechanically-67 
ventilated rooms and liquids such as Hydrogenated TetraPropylene (HTP) stored therein for 68 
reprocessing). Nevertheless, it is important to mention that oscillatory combustion has also been 69 

observed in naturally-ventilated compartment fires [2], as well as in a mechanically ventilated 70 
compartment with a gaseous fuel (propane) [3].    71 

In order to further characterize the oscillatory combustion, a 1:4 scale reproduction of the room 72 

in the DIVA facility, called NYX, has been used in [4]. The ARR varied between 4 and 22.5 h-1. 73 
Heptane and dodecane were used as fuels with burner diameters varying from 12 to 24 cm. 74 
Unstable oscillatory combustion (with frequencies of about 12 to 33 mHz) has been mainly 75 
observed at ARRs between 10 and 16.5 h-1, with variations depending on the fuel (heptane or 76 

dodecane) and the burner diameter.  77 

Several numerical studies have been carried out in order to assess the current Computational 78 
Fluid Dynamics (CFD) capabilities in the prediction of the oscillatory combustion phenomenon 79 
at either large-scale (DIVA) or reduced-scale (NYX). In [1], the CFD code ISIS has been used to 80 
simulate the large-scale experiments. The Mass Loss Rate (MLR) prediction is based on a heat 81 
balance (i.e., net heat flux divided by the heat of gasification of the liquid). Extinction is modeled 82 

using the Eddy Dissipation Concept (EDC) in conjunction with a Flame Extinction Factor (FEF) 83 
defined as a function of a lower oxygen index, YO2,c = 0.15, and a critical flame temperature, Tc = 84 
1500 K, that were determined experimentally. The oscillatory behavior was qualitatively well 85 

captured. Nevertheless, the frequency was overestimated by 112% (14 mHz instead of 7 mHz) 86 
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and the amplitude was underestimated by 64%.  In [5], the Fire Dynamics Simulator (FDS 6) has 87 
been used for a similar scenario with a similar approach for turbulent combustion [6], but with a 88 

fuel evaporation modelling based on the mass transfer number approach. An improvement has 89 
been observed in the predicted frequency (about 10 mHz). However, the amplitude remained 90 
significantly underestimated. Further simulations carried out in [7] with FDS have shown that 91 
oscillations were observed in the simulations whereas they were not observed in the experiments. 92 
In order to suppress the spurious oscillations, the authors hinted in [7] at the importance of the 93 

fuel Auto-Ignition Temperature (AIT) that was calibrated numerically at AIT = 373 K = 100°C. 94 
Finally, numerical simulations of the small-scale experiments, carried out in [4] using the CFD 95 
code SAFIR and in [8] using the CFD code ISIS, confirmed the difficulty of current state-of-the-96 
art modelling in capturing correctly the oscillatory phenomenon.     97 

As mentioned above, liquid evaporation is very important for the fire scenarios of interest, given 98 

the importance of the liquid response to the radiative heat feedback at the surface. Regarding this 99 

aspect, it has been shown in [9] that using a natural convection approach, as opposed to the 100 
forced convection approach used in [6], is fundamentally more appropriate and yields improved 101 
predictions for the liquid surface temperature in open atmosphere conditions. The objective of 102 
the paper is to explore the potential improvement (by using a natural convection approach) in 103 
capturing the oscillatory behavior observed in the NYX compartment. Regarding extinction (in 104 
the gas phase), the importance of the fuel Auto-Ignition Temperature (AIT) is analyzed. FDS 105 
6.7.5 is used in this study.   106 

2. Experimental configuration and settings  107 

As mentioned in the introduction, the enclosure fire tests considered in this numerical work, have 108 
been conducted in a 1.50 × 1.25 × 1.00 m3 mechanically-ventilated compartment called NYX [4] 109 

(which is a 1:4 scale reproduction of the room of DIVA facility of IRSN [1]). Schematic 110 
drawings are shown in Fig. 1.  111 

 112 

Fig. 1. The schematic drawings of the NYX compartment, reproduced from [4]. (left) view from 113 
the FW side; (right) top view. 114 

On the west (W) side of the compartment, heat-tempered glass allows video recording by a CCD 115 
camera outside the compartment. On the E, S, N, B and F sides of the compartment, the walls are 116 

made of a 45 mm-thick calcium silicate layer and a 2 mm-thick steel layer facing outward. The 117 
air flow is mechanically extracted and the inlet flow is free. The rectangular-shaped ventilation 118 
pipes are located in the upper part of the compartment at 0.8 m from the floor. The ventilation 119 
rate is represented as an Air Renewal Rate (ARR), which is defined as the ratio of inlet volume 120 
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flow rate of air before ignition to the volume of the enclosure. The fire source is an 18 cm-121 
diameter burner made of steel and filled with heptane up to 4.3 cm height. Ignition is carried out 122 

by a propane burner. In this study, three ventilation flow rates are considered, namely 22.5, 15 123 
and 8 h-1 in order to study the three different modes of under-ventilated burning: (i) stable steady 124 
burning, (ii) unstable oscillatory burning, and (iii) sudden extinction due to lack of oxygen.  125 

Gas temperatures are measured in each corner of the compartment and in the ventilation ducts. 126 

Oxygen, CO2, and CO are measured in the exhaust duct and inside the enclosure. Gas velocities 127 
are measured in the inlet and the outlet pipes. The pressure difference is measured by a pressure 128 
transducer between the inside and outside of the compartment. The fuel MLR is recorded by a 129 
load cell. The time delay of the measurement is corrected and all measurements are recorded 130 
with the same frequency of 1 Hz. More details can be found in [4].  131 

3.  Numerical modelling 132 

As mentioned above, FDS 6.7.5 is used this work. The main modelling aspects will be described 133 
in this section, with a particular focus on liquid heat-up and evaporation. More details can be 134 

found in [6].    135 

3.1 Liquid evaporation 136 

The liquid evaporation rate, calculated on a cell basis, is governed by Stefan diffusion: 137 
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where Sh is the Sherwood number, D is the binary diffusion coefficient, L is a length scale, p is 139 

the pressure, MWF is the molecular weight of the fuel, R is the universal gas constant, Tg and XF,g 140 
are, respectively, the gas temperature and the volume fraction of fuel vapor in the first cell above 141 
the liquid, and XF,l is the volume fraction of fuel vapor at the surface (calculated using the 142 

integrated Clausius–Clapeyron equation). The latter is a function of the liquid surface 143 
temperature, which is calculated using the liquid heat-up model described in the next sub-144 

section.   145 

3.2 Liquid heat-up 146 

In FDS, the liquid fuel is viewed as a 1-D thermally thick solid. Therefore, Fourier’s equation 147 

reads:  148 
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where x is the distance from the liquid surface, t is the time, ρl, cl, and kl are the density, specific 150 

heat, and thermal conductivity of the liquid fuel and 
'''

rq&  is the radiative exchange term. A mean 151 

absorption coefficient is applied for calculating the radiation absorption within the liquid phase, 152 

where a gray medium is assumed. In this study, the mean absorption coefficient is chosen to be 153 
43 based on the ‘M1’ method discussed in [10]. 154 

The thermal boundary condition at the top of the liquid surface is:  155 
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where "

cq&  is the convective heat flux and "

rq&  is the radiative heat flux. The radiative fraction is 157 

discussed in section 3.4. The convective heat flux at the liquid surface is calculated as: 158 
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The heat transfer coefficient, h, is defined as: 160 
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where C is a coefficient of empirical natural convection models (taken C = 1.52 for a horizontal 162 
plate), and kg is the thermal conductivity of the surrounding gas.  163 

3.3 Convective heat and mass transfer 164 

An important modelling question at this point is the estimation of the Sherwood number (Sh) and 165 
the length scale (L) in Eq. (1). Two approaches are discussed in this study: a natural convection 166 

approach and a forced convection approach.   167 

3.3.1 Forced convection 168 

The forced convection approach (default approach in FDS) is based on empirical correlations for 169 
the Nusselt number (Nu). These correlations, derived from experiments of a parallel flow to a 170 

flat plate, read [11]:     171 

1/2 1/3 5Nu 0.664Re Pr if Re<3 10=       (6) 172 

4/5 1/3 5 8Nu 0.037Re Pr if 3 10 Re 10=        (7) 173 

where Re is the Reynolds number and Pr is the Prandtl number (Pr = 0.7). Equation (6) is applied 174 
for the laminar regime and Eq. (7) is applied for the turbulent regime.  175 

The Reynolds number is calculated as: 176 

Re
g

g

uL


=          (8) 177 

where ρg and µg are the density and the dynamic viscosity of gas at the thermal boundary layer, 178 
computed according to the gas temperature, u is the velocity of the cross flow and L is the 179 
characteristic length crossing the fuel surface.  180 

The Sherwood number is obtained using the Chilton-Colburn analogy, i.e., Sh = Nu. 181 

3.3.2 Natural convection 182 

It has been shown in [9] that a natural convection correlation is more appropriate for a liquid 183 
pool fire burning under quiescent conditions. More particularly, a correlation from ‘cold plate’ 184 
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experiments is used in [11] to account for the ineffective heat transfer due to flow movement. 185 
This correlation reads [11]: 186 

1/5 4 9Nu 0.52Ra if 10 Ra 10=              (9) 187 

The Rayleigh number, Ra, is defined as: 188 
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where Gr is the Grashof number, g is the gravitational acceleration, β is the expansion coefficient 190 
(inverse of the film temperature, i.e., average of Tg and Ts), ν is the kinematic viscosity, α is the 191 

thermal diffusivity, ρg is the gas density, cp, μ, and k are the heat capacity, dynamic viscosity and 192 

thermal conductivity calculated at Tg for Sh, and at the film temperature for Nu. 193 

The characteristic length scale L for the natural convection approach is [11]:  194 

/L A P=          (11) 195 

where A and P are the area and the perimeter of the horizontal plate respectively.  196 

The Sherwood number is obtained using the Chilton-Colburn analogy, i.e., Sh = Nu. 197 

3.4 Gas phase 198 

The treatment of turbulence is carried out by Large Eddy Simulation (LES) method, where the 199 
Wall-Adapting Local Eddy-viscosity model for the sub-grid scale viscosity applies. The Eddy 200 

Dissipation Model (EDM) is applied for turbulent combustion, assuming an infinitely fast 201 

chemistry. The Finite Volume Method (FVM) is used to solve the Radiative Transport Equation 202 
(RTE). The radiative fraction, χr, is predicted instead of using a prescribed default value in FDS. 203 
In fact, the default radiative fraction of χr = 0.40 [6] is believed to be too high for the burner 204 

diameter of 18 cm considered in this study.  205 

The extinction model in FDS is based on local oxygen and fuel concentration, as well as the 206 
mean temperature resolved in the grid. The cell temperature must be higher than the critical 207 

flame temperature (CFT) for the combustion to occur. The flame extinguishes when the reactants 208 
fail to raise the cell temperature above the critical flame temperature. The default assumption in 209 
FDS is that the fuel and oxygen react immediately after mixing, as long as there is sufficient fuel 210 
and oxygen concentration, unless flame extinguishment occurs. This is designed to avoid the 211 
need to model the ignition process. In practice, this is done by assuming a very low auto-ignition 212 

temperature (AIT) of -273 °C. This assumption is adequate for well-ventilated and large-scale 213 

fire simulations. However, as shown in [7], this assumption can cause spurious re-ignition under 214 
low gas temperature. Specifying a higher AIT allows to prevent the spurious re-ignition because 215 
combustion will not occur when the cell temperature is lower than the specified AIT. For 216 
heptane, AIT = 215 °C [12]. The AIT has been considered in [7] as a model parameter by taking 217 
the intermediate value of AIT = 100 °C. However, we have chosen here to consider either the 218 

default value (AIT = -273 °C) in FDS, or the actual value (AIT = 215 °C). In the latter case, 219 
ignition modelling is required, which is carried out here by setting first AIT = -273 °C, stopping 220 
the simulation at t = 80 s, changing AIT to 215 °C, and restarting the simulation from t = 80 s 221 

onwards. The choice of t = 80 s is motivated by the fact that the burning in the compartment is 222 
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found to be similar to the burning in open atmosphere conditions during this period [4]. This is a 223 
simpler ‘numerical ignition protocol’ than, e.g., the hot surface method used in [7].    224 

3.5 Numerical settings and test cases  225 

Prior to the enclosure fire simulations, open atmosphere simulations are carried out. A 0.16  226 
0.16 m2 square burner is used to represent the 0.18 m-diameter burner in the simulations, as the 227 
Cartesian coordinates system is applied in FDS. The results of a simulation (not shown here) 228 

with a circular burner using the ‘stair stepping method’ show that the deviations with a square 229 
burner for the quantities of interest are marginal (below 1%). The lip height in the simulations is 230 
1 cm and the fuel depth is 4.3 cm. The computational domain is 0.72 × 0.72 × 1.60 m3; 231 
simulations with a larger domain do not yield different results (results not shown here). The top 232 
boundary and the four sides of the computational domain are set to be ‘OPEN’ (total pressure 233 

boundary condition allowing free flow across the domain boundary). The bottom of the domain 234 
is set as ‘INERT’; the surface remains at the initial (ambient) temperature. A uniform structured 235 

mesh is used in the simulations. A sensitivity analysis on the cell size is carried out using cell 236 
sizes of 4, 2 and 1 cm without changing the default models for evaporation (forced convection 237 

approach) and fuel Auto-Ignition Temperature (AIT = -273 °C). An additional simulation is 238 
carried out with a cell size of 1 cm and using the natural convection approach. The fuel 239 

properties used are listed in Table 1. 240 

Table 1. Fuel properties [10]. 241 

Fuel 
ρ Cp k Lv ΔHc Tb YCO Ys 

kg/m3 kJ/(kg K) W/(m K) kJ/kg kJ/kg °C g/g g/g 

Heptane 675 2.24 0.14 317 43580 98.5 0.010 0.037 

Table 2. The main simulations conducted in this study. 242 

Sim. ID Vent. 
Forced/ 

Natural Remin/ Ramin
1 L AIT (°C) 

Cell size  

(cm) 

FO-4 OPEN Forced  5 ×105 Lb -273 4 

FO-2 OPEN Forced  5 ×105 Lb -273 2 

FO-1 OPEN Forced  5 ×105 Lb -273 1 

NO OPEN Natural 104 Ab / Pb -273 1 

F22.5_AIT 22.5h-1 Forced 5 ×105 Lb 215 1 

N22.5_AIT 22.5h-1 Natural 104 Ab / Pb 215 1 

N22.5 22.5h-1 Natural 104 Ab / Pb -273 1 

F15_AIT 15 h-1 Forced 5 ×105 Lb 215 1 

N15_AIT 15 h-1 Natural 104 Ab / Pb 215 1 

N15 15 h-1 Natural 104 Ab / Pb -273 1 

F8_AIT 8 h-1 Forced 5 ×105  Lb 215 1 

N8_AIT 8 h-1 Natural 104 Ab / Pb 215 1 

N8 8 h-1 Natural 104 Ab / Pb -273 1 
1 Remin and Ramin are for the forced and natural convection approach, respectively. 

In the enclosure fire simulations, a 1 cm cell size is used. A 1.50 × 1.26 × 1.00 m3 compartment 243 
is prescribed to represent the NYX compartment in the simulations. The six sides of the 244 
compartment are prescribed as insulated walls with two layers of calcium silicate and steel. The 245 
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heat-tempered glass on the West side of the compartment is not prescribed due to unavailability 246 
of the information on material properties and thickness. One simulation was carried out with 247 

glass (properties taken from [13] with the thickness of 7 mm) installed on the west side with 248 
oscillatory regime (ARR = 15 h-1), where no significant difference is found in the results (not 249 
shown here). The ventilation is activated for 30 seconds before placing the fuel in the enclosure, 250 
to ensure a stable ventilation rate. As mentioned above, three ventilation flow rates are 251 
considered (ARR = 22.5, 15 and 8 h-1) in order to study the three different modes of under-252 

ventilated burning conditions: (i) stable steady burning, (ii) unstable oscillatory burning, and (iii) 253 
sudden extinction due to lack of oxygen. For each of the three ventilation flow rates, the 254 
following combinations are used: (1) natural convection and AIT = 215 °C, (2) natural 255 
convection and AIT = -273 °C, and (3) forced convection and AIT = 215 °C. These 256 
combinations allow to examine separately the influence of two modelling aspects of interest 257 

here: convective mass transfer and AIT. The main numerical tests and details of the numerical 258 
settings can be found in Table 2. The nomenclature is as follows: the first letter is F or N (‘F’ 259 
means Forced convection approach; ‘N’ means Natural convection approach), the following 260 

letter is the ventilation condition (‘O’ means open atmosphere condition; ‘8’, ‘15’, and ’22.5’ are 261 

the ARRs). After the underscore, ‘AIT’ means AIT = 215 °C, otherwise the default AIT = -273 262 
°C is used. The number (4 ,2, or 1) after ‘FO-’ is the cell size. A 1 cm cell size is used for the 263 
remainder of the simulations. The numerical results presented in this study are time-averaged 264 

over a period of 12 s, similarly to the experimental data. 265 

4.  Results and discussions 266 

4.1 Open atmosphere conditions  267 

Most of the test cases shown in this sub-section have been analyzed in [9]. They are briefly 268 

recalled here for the sake of completeness.  269 

 270 

Fig. 2. The cell sensitivity analysis by the forced convection approach in open atmosphere 271 
conditions. (a) burning history; (b) integrated total heat flux on the fuel surface.  272 

The results for the cell sensitivity analysis are reported in Fig. 2. It is shown that the transient 273 
MLR predictions correspond to the total heat flux received on the fuel surface. The predicted 274 

burning rate and heat flux on the fuel surface are significantly overestimated with a cell size of 4 275 
cm, whereas good predictions are obtained with cell sizes of 2 cm and 1 cm. The structure of the 276 
flame is relatively well predicted, regardless of the cell size, when comparing the quasi-steady 277 
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state vertical velocity and temperature to McCaffrey’s correlations (see Fig. 3). The most 278 
significant difference is found to lie in the first gas cell near the fuel surface. The gas temperature 279 

(Tg) in the first cell adjacent to the liquid fuel is much higher in the 4 cm mesh, whereas similar 280 
gas temperatures are predicted by 1 cm and 2 cm meshes (see Table 3). Strictly speaking, 281 
convergence is not yet obtained. However, the deviations for the burning rate and heat fluxes on 282 
the fuel surface are small enough (see Table 3) to carry out the remaining tests with a cell size of 283 
1 cm.   284 

Table 3. Results of the cell sensitivity analysis (1, 2, and 4 cm cell) by the forced convection 285 
approach. 286 

Sim. ID 
 m&  

(g/s) 
totalq&

(kW) 

rq&  

(kW) 

cq&  

(kW) 

Tg 

(°C) 

Ts 

(°C) 

(Tg - Ts) 

(°C) 

FO-1 0.56 0.24 0.21 0.03 171 50 121 

FO-2 0.48 0.21 0.17 0.04 167 42 125 

FO-4 1.26 0.43 0.27 0.16 525 24 501 

* The averaging time is 800-1200 s for ‘FO-1’ and ‘FO-2’, and 300-500 s for ‘FO-4’ due to 

earlier full consumption of the fuel. 

 287 

Fig. 3. The quasi-steady (a) vertical velocity and (b) temperature difference of the cell sensitivity 288 

analysis by the forced convection approach, comparing to McCaffrey’s correlations. 289 

Fig. 4 shows the transient profiles of the burning rate and surface temperature predictions by the 290 

forced and natural convection approaches. A slight improvement is observed for the burning rate 291 

when using the natural convection approach, where a peak value in closer agreement with the 292 
experimental data is observed. Additionally, the surface temperature with the natural convection 293 
approach is much closer to the boiling point, which is believed to be more representative of 294 
reality. The higher surface temperature prediction is also believed to have a significant influence 295 
on the fuel response to heat feedback at the surface in the enclosure fire configuration. One 296 

drawback of the forced convection approach is the inconsistency of the flow regime on the fuel 297 
surface and the correlation assumption [9]. The Reynolds number on the center of fuel surface is 298 
found to lie in the laminar regime (250 - 500) instead of the turbulent assumption by the forced 299 

convection approach (Remin ≥ 5  105). On the other hand, the natural convection approach is 300 
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found to have a flow regime that is consistent with the correlations, where the Rayleigh number 301 

(7  104) complies with the flow regime (104  Ra  109) of Eq. (9).  302 

 303 

Fig. 4. Transient profiles of the (a) burning rate and (b) fuel surface temperature, by the forced 304 
and natural convection approaches in open conditions. 305 

4.2 Stable steady-state burning  306 

Fig. 5 shows that in the experiments with ARR = 22.5 h-1, after an initial fire growth stage, the 307 

burning rate stabilizes at 0.22 - 0.25 g/s at t = 200 to 1200 s. After 1250 s, the burning rate 308 
increases rapidly and a MLR runaway occurs around t = 1400 s before fire extinction. The rapid 309 

increase of fuel evaporation is believed to be due to the remaining small fuel quantity (around 310 

450 g) in the burner and the conductive heat flux from the burner walls [4]. 311 

 312 

Fig. 5. The transient fire history at ARR = 22.5 h-1. 313 

The initial fire growth is not well captured in the simulations which is believed to be due to the 314 
challenges of modeling the ignition process and heat transfer through the burner walls, which is 315 
further discussed in section 4.3. At t = 200-500 s, the natural convection approach predicts a 316 
close time-averaged MLR (0.21 g/s) to the experiment (~ 0.22 g/s), whereas the forced 317 
convection approach predicts a lower value (0.18 g/s). After t = 550 s, both approaches predict 318 
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similar (0.22 and 0.23 g/s, respectively by the natural and forced approach), but slightly lower 319 
time-averaged MLR, compared to the experiment (~ 0.25 g/s). The results show that the 320 

assumption of low AIT (= -273°C) seems to be appropriate for the stable steady-state burning 321 
scenario, where the averaged MLR predictions are close to the experiment.  322 

The evaporation runaway and fire extinction are not predicted by the simulations, which has also 323 
been the case in a previous numerical study conducted by SAFIR [4]. The simulations predicted 324 

a stable increasing MLR until the fuel is consumed (not shown here). In [4], it is mentioned that 325 
the simplified assumptions of 1-D conductive heat transfer and not accounting for the regression 326 
of the liquid surface results in the failure to predict the MLR runaway. Similar predictions are 327 
observed here as neither of the assumptions are challenged in this study.  328 

4.3 Unstable oscillatory combustion  329 

For ARR = 15 h-1, it is observed experimentally that the burning rate escalates at t = 0-80 s as in 330 
the open conditions [4]. After the initial fire growth stage, the burning rate stabilizes at around 331 
0.23 g/s before undergoing an under-ventilated stage with an oscillatory combustion mode. 332 

During the latter stage, the average burning rate is about 0.16 g/s, the amplitude of the 333 
oscillations is about 0.045 g/s and their frequency is about 20 mHz. After five periods of fire 334 

oscillation, extinction occurs at 496 s and the MLR is below 0.03 g/s beyond t = 600 s.  335 

 336 

Fig. 6. The burning history of the initial fire growth at ARR = 15 h-1. 337 

The results displayed in Fig. 6 show that the initial fire growth is over-predicted by the 338 
simulations. The over-predicted initial fire growth was also found in the enclosure fire 339 

simulations of PRISME [7] and in the numerical study conducted by ISIS code [8]. In [7], the 340 
challenges to model the ignition process and flame radiation are inferred to be the reasons of the 341 
exaggerated initial spikes. Additionally, it is mentioned that the heat loss to the fuel pan was not 342 
fully captured by the simplified assumption of 1-D Fourier transfer and results in over-prediction 343 

of the initial burning rate [8].  344 

Fig. 7 shows that the oscillatory combustion is relatively well captured by the natural convection 345 
approach along with a specified AIT = 215°C. The average burning rate during this phase is 346 
relatively well predicted with an average value of 0.13 g/s (vs. 0.16 g/s in the experiments). The 347 
periodicity and frequency (14 mHz) of the oscillations are not the same as in the experiments (20 348 
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mHz). Nevertheless, the predicted average amplitude (0.05 g/s) is close (0.04 g/s in the 349 
experiments).  350 

 351 

Fig. 7. The fire oscillations and near-extinction predicted by the natural convection approach 352 
with AIT = 215 °C, comparing to the experiment (ARR = 15 h-1).  353 

 354 

Fig. 8. Top view snapshots (at t = 276 s) by the natural convection approach with AIT = 215 °C; 355 
(left) the leaning of flame; (right) the oxygen concentration at 0.5 cm above the fuel surface. 356 

The oscillations correspond to a periodic flame displacement, where the fire is leaning toward 357 
the ‘Front’ side to seek for oxygen. This has been clearly captured in the simulations (see Fig. 8), 358 
unlike in the numerical study carried out in [4]. The burning area and flame height correspond to 359 
the burning history, where a higher flame height or larger burning area is observed for the 360 

burning rate peaks, and vice versa for the valleys. Furthermore, it is quite remarkable that the 361 
near-extinction is observed after 5 cycles, as in the experiments. However, the MLR at this stage 362 
is overestimated (0.07 vs 0.03 g/s in the experiments), which perhaps caused the spurious re-363 

ignition in the simulations that was observed at around t = 740 s (not shown here).     364 

Fig. 9 confirms that the overall fire dynamics during the oscillatory combustion stage is 365 
relatively well predicted with respect to the room pressure, the inlet ventilation flow rate and the 366 
gas temperature at the FE corner located 0.85m from the floor. The results shows that the 367 

predicted pressure (resp. the inlet volume flow rate) oscillates between about -200 and 25 Pa 368 
(resp. -10 m3/h and 37 m3/h) whereas the measured values are between -300 and 0 Pa (resp. 10 369 
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m3/h and 60 m3/h). A reversed inlet flow is observed at t ~ 420 s when the burning rate 370 
revitalizes, which remains to be explained. Regarding the gas temperatures at the FE corner, the 371 

average value of 140 °C is overestimated by about 20 °C in the simulations. Furthermore, the 372 
amplitude of the oscillations is also overpredicted: 20°C in the simulations against 10°C in the 373 
experiments.   374 

 

 

 
Fig. 9. The experimental and numerical results during the oscillatory period. (a) pressure 375 
difference; (b) inlet flow rate; (c) gas temperature 0.85m from the floor on the FE corner. 376 
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It appears that both the natural convection approach and a specified AIT = 215°C are important 377 
in predicting oscillatory combustion. As shown in Fig. 10(a), the forced convection approach 378 

predicts very low amplitudes. Furthermore, flame extinction is not captured. Fig. 10(b) shows 379 
that the natural convection approach with AIT = -273°C leads to a good prediction of the average 380 
burning rate, but the transient profile is ‘flat’ and no extinction is observed. When a very low 381 
AIT is prescribed, as the default setting in FDS, the fire will (re-)ignite when sufficient air meets 382 
the fuel gas, even if this does not happen in reality due to low gas temperature. In this case, 383 

(local) flame quenching is not observed when AIT = -273°C. On the contrary, the flame occupies 384 
the entire fuel surface and results in low but steady burning in under-ventilated conditions.  385 

  386 

Fig. 10. The temporal profiles of burning rate during the oscillatory period at ARR = 15 h-1, by 387 

(a) the forced convection approach with AIT = 215 °C and (b) the natural convection approach 388 
with AIT = -273 °C. 389 

4.4 Sudden extinction  390 

For an ARR = 8 h-1, it is observed experimentally that, after an initial fire growth stage, the 391 

burning rate stabilizes at a value of around 0.23 g/s, before undergoing decay and extinction at 392 
about t = 200 s. 393 

 394 

Fig. 11. The temporal profiles at ARR = 8 h-1. (a) the burning history; (b) the mean temperature 395 
in the first gas cell adjacent to the fuel surface.  396 

Fire extinction can be predicted by both forced and natural convection approaches, as shown in 397 
Fig. 11(a). The natural convection approach predicts a later extinction time (234 s) than the forced 398 
approach (165 s). A significant difference is found for the mean gas temperature prediction one 399 
cell above the fuel surface, where a much higher temperature is predicted by the natural convection 400 
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approach, as shown in Fig. 11(b). The high gas temperature near the fuel surface is believed to be 401 
the reason why the natural convection approach predicts a later fire extinction, as the AIT is 402 

prescribed as 215 °C. However, the reason for the different gas temperature prediction in the first 403 
gas cell near the fuel remains to be explained. Both approaches predict an earlier time for onset of 404 
fire decay than observed in the experiments, in line with the higher MLR values during fire growth 405 
(as for the other ARR values), which is immediately followed by extinction here.  406 

Again, prescribing the AIT is crucial for predicting fire extinction. When the default AIT= -273 407 

°C is applied, unburned fuel gas re-ignites, leading to a spurious oscillatory behavior as shown in 408 
Fig. 11(a). The AIT is also critical for predicting the flame displacement, as local extinction can 409 
only occur when the AIT is high enough. The flame displacement is believed to be due to a non-410 
uniform distribution of the oxygen in the enclosure; the oxygen level is found to be higher in the 411 
FW side, due to the direction of the ventilation. This is also observed in the simulations of ARR = 412 

15 h-1 (see Fig. 8). Moreover, ‘ghost flames’ (flames detaching from the burner) are also observed 413 
before fire extinction. 414 

5.  Conclusions  415 

The numerical simulations carried out in this work confirm that the prediction of the low-416 
frequency oscillatory combustion of a liquid pool fire in a reduced-scale mechanically-ventilated 417 
enclosure is sensitive to the liquid evaporation model. A natural convection correlation for the 418 
Sherwood number for estimating the evaporation rate and the Nusselt number for the heat 419 
transfer calculations has been implemented in FDS 6.7.5. The impact of the Auto-Ignition 420 

Temperature (AIT) of the fuel has also been investigated. In case of stable steady-state burning 421 
(ARR=22.5 h-1), the predicted MLR is in closer agreement with experimental data when the 422 

natural convection approach is used, while a lower MLR is predicted with the forced convection 423 

approach at initial fire growth. The results are insensitive to AIT: even the default value (-273°C) 424 

provides good agreement with the experiments. For ARR = 15 h-1 the natural convection 425 
approach allowed to better capture the frequency and amplitude of the oscillations observed. 426 

Additionally, at the level of the gas phase, prescribing the actual AIT of the fuel is important to 427 
capture the increase in burning rate that follows near-extinction. The flame displacement is also 428 
successfully captured in the simulations. Oscillatory behavior is also found with the forced 429 

convection approach, but the amplitude is significantly under-predicted. No oscillations are 430 

found with the default AIT value, highlighting the importance of using the fuel’s AIT. With the 431 
lowest ARR, equal to 8 h-1, it was confirmed that the use of the actual AIT of the fuel is 432 
necessary to avoid spurious ignition to occur in a cyclic manner. The findings obtained in this 433 
work will be applied in the future for the numerical study of a large-scale mechanically-434 
ventilated compartment fire. 435 
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Figure captions  484 

Fig. 1. The schematic drawings of the NYX compartment, reproduced from [4]. (left) view from 485 
the FW side; (right) top view. 486 

Fig. 2. The cell sensitivity analysis by the forced convection approach in open atmosphere 487 

conditions. (a) burning history; (b) integrated total heat flux on the fuel surface. 488 

Fig. 3. The quasi-steady (a) vertical velocity and (b) temperature difference of the cell sensitivity 489 
analysis by the forced convection approach, comparing to McCaffrey’s correlations. 490 

Fig. 4. Transient profiles of the (a) burning rate and (b) fuel surface temperature, by the forced 491 
and natural convection approaches in open conditions. 492 

Fig. 5. The transient fire history at ARR = 22.5 h-1. 493 

Fig. 6. The burning history of the initial fire growth at ARR = 15 h-1. 494 

Fig. 7. The fire oscillations and near-extinction predicted by the natural convection approach 495 

with AIT = 215 °C, comparing to the experiment (ARR = 15 h-1). 496 

Fig. 8. Top view snapshots (at t = 276 s) by the natural convection approach with AIT = 215 °C; 497 
(left) the leaning of flame; (right) the oxygen concentration at 0.5 cm above the fuel surface. 498 

Fig. 9. The experimental and numerical results during the oscillatory period. (a) pressure 499 

difference; (b) inlet flow rate; (c) gas temperature 0.85m from the floor on the FE corner. 500 

Fig. 10. The temporal profiles of burning rate during the oscillatory period at ARR = 15 h-1, by 501 
(a) the forced convection approach with AIT = 215 °C and (b) the natural convection approach 502 

with AIT = -273 °C. 503 

Fig. 11. The temporal profiles at ARR = 8 h-1. (a) the burning history; (b) the mean temperature 504 
in the first gas cell adjacent to the fuel surface. 505 
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