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Abstract 27 

To apply pyrolysis-based fire modeling to fire risk assessment, problems associated with coarse grids, 28 

such as inaccurate predictions of ignition and fire spread, must be addressed. Polyurethane foam (PUF) 29 

is widely used as an insulating material, and its constituent components are well characterized, making 30 

it suitable for pyrolysis-based fire modeling. In this study, a PUF fire model was developed using a 31 

pyrolysis model incorporating a grid-independent modeling method. PUF was represented by three 32 

components: virgin polyurethane foam, polyol beads, and a polyol layer. The combustion characteristics 33 

were adjusted by varying the area exposed to gas-phase cells and validated against cone calorimeter 34 

experiments. The proposed PUF fire model smoothly reproduced the two-stage combustion behavior, 35 

although the peak heat release rate during the second stage was overpredicted, particularly at low 36 

external radiative heat fluxes. Based on the validated PUF fire model, the grid-independent method was 37 

applied to PUF slab fire simulations. The method adjusted thermal properties and reaction kinetic 38 

parameters according to the cell temperature, which varied with grid size, while maintaining the one-39 

dimensional heat transfer solution. The proposed method successfully reproduced the HRR and fire 40 

spread rate of the PUF slab fire, although a time delay in fire development was observed.  41 

 42 
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NOMENCLATURE 46 

𝐴     Pre-exponential factor for the solid phase reaction (1−ݏ(݇݃ ݉3⁄ )1−௡ೞ) 47 

ܿ௣     Specific heat (J/(kg∙K)) 48 

 Characteristic fire diameter (-) 49    ∗ܦ

 ௔    Activation energy (J/mol) 50ܧ

݃     Gravitational acceleration (m/s2) 51 

ℎ௥    Heat of reaction (J/kg) 52 

݇     Thermal conductivity (W/(m∙K)) 53 

݊௦     Reaction order 54 

ܳ̇     Heat release rate (kW) 55 

ܴ     Universal gas constant (8.314 J/(mol∙K)) 56 

௚ܶ     Gas phase temperature (K) 57 

௦ܶ     Solid phase temperature (K) 58 

∞ܶ    Ambient temperature (K) 59 

 Time (s) 60     ݐ

 Depth (m) 61     ݔ

 62 

 63 

Greek symbols 64 
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 Thickness (m) 65      ߜ

 Solid density (kg/m3)  66      ߩ

 Ambient air density (kg/m3) 67     ∞ߩ

 68 

 69 

ABBREVIATIONS 70 

AF    Area fraction 71 

CFD    Computation fluid dynamics 72 

DNS   Direct numerical simulation 73 

HRR   Heat release rate 74 

HRRPUA Heat release rate per unit area 75 

LES    Large eddy simulation 76 

MF    Mass fraction 77 

PUF    Polyurethane foam 78 

TC    Thermocouple 79 

vPUF   Virgin polyurethane foam 80 

 81 
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1. Introduction 82 

Fire simulation is widely used in the field of fire safety for application such as fire risk assessment, 83 

evacuation safety analysis, and performance-based design. The most common approach in these 84 

applications is to use a design fire, which represents the fire growth and the maximum heat release rate 85 

(HRR) using an artificial burner. When applied to appropriate cases, such as over-ventilated fires and 86 

fires with constant products yields, this approach is useful despite its simplicity. However, to extend 87 

the application of fire simulation to a wider range of scenarios, the underlying physics of fire 88 

development should be considered.  89 

One approach to incorporating the underlying physics is to use a pyrolysis model in fire simulations. 90 

This approach enables the effects of heat feedback to the fuel surface to be calculated. Polyurethane 91 

foam (PUF) is an effective material for applying pyrolysis models because its solid-phase components 92 

are well characterized, allowing its thermal properties and reaction kinetics to be specified. PUF is 93 

widely used as an insulating material in buildings [1] and furniture [2], but it is highly susceptible to 94 

fire. For these reasons, PUF has been the subject of numerous previous studies on pyrolysis modeling.  95 

When the PUF catches on fire, it undergoes low-temperature pyrolysis, producing combustible gases 96 

and solid polyol. As the solid temperature increases, the polyol undergoes pyrolysis at a higher 97 

temperature, producing additional combustible gas. Based on this phenomenon, two approaches have 98 

been adopted in previous studies: the layering approach and the mixture approach. The layering 99 

approach was first proposed by Prasad et al. [3] to reproduce the two-stage combustion characteristics 100 

of PUF. They considered two components: virgin polyurethane foam (vPUF) and polyol, with each 101 

component represented as a separate layer. Two reactions were adopted for each component. However, 102 

this approach could not reproduce a smooth transition from the first stage to the second stage. McKeen 103 

and Liao [4] proposed a method in which the two components (vPUF and polyol) were mixed to modify 104 

the thermal properties of the bottom layer and reduce the thermal inertia. Using this method, the two-105 

stage combustion was smoothly connected. Chen et al. [5] adopted five components: vPUF, polyol, 106 

carbodiimide, polycarbodiimide, and residue. The first layer was composed of vPUF, which produces 107 
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combustible gas. The second layer, initially composed of vPUF, produced combustion gas and solid 108 

products that were subsequently converted to polyol and carbodiimide. The produced carbodiimide was 109 

then converted into polycarbodiimide and residue, sequentially producing combustible gas. Most 110 

previous studies have been based on the layering approach, whereas Pau [6] used the mixture approach. 111 

Various methods were examined, and the final model adopted the mixture approach. In this approach, 112 

vPUF was represented as a mixture with thermal properties between those of vPUF and polyol.  113 

Although the many researchers investigated PUF modeling methods using pyrolysis models, two 114 

issues remain. First, previous pyrolysis-based PUF fire models did not account for physical phenomena 115 

observed in experiments, such as bead formation on the vPUF surface [4, 7, 3]. Second, pyrolysis-based 116 

fire modeling is highly dependent on grid size and is difficult to apply with coarse grids. This limitation 117 

restricts the application of pyrolysis-based fire models to fire risk assessment.  118 

Prasad et al. [3] conducted PUF slab fire simulation using a pyrolysis-based fire model. However, a 119 

grid size as small as 1 mm was used, while the simulation domain was 1.2 m × 1.2 m × 1.0 m. To 120 

reduce the computational cost, an anisotropic grid was used, which is not appropriate for Large Eddy 121 

Simulation (LES) because resolving large-scale turbulent vortices requires sufficient spatial resolution 122 

in all direction. Mangs and Hostikka [8] used 0.5-mm grid to analyze vertical fire spread over a birch 123 

rod using Direct Numerical Simulation (DNS). They found that the flame-spread characteristics 124 

obtained using a 0.5-mm grid were practically identical to those obtained using a 1.0-mm grid. However, 125 

this conclusion was limited to concurrent-flow flame spread, in which the flame is tilted in the direction 126 

of flame spread and heat transfer ahead of the pyrolysis front relatively effective. In the case of opposed-127 

flow flame spread, a smaller grid size is expected to be required to obtain a grid-independent results. 128 

Most studies that successfully analyzed fire using pyrolysis models without modifying the reaction 129 

parameters employed grid sizes on the order of 1–10mm [9-11], depending on the heat feedback and 130 

flow characteristics. 131 

The used of grid sizes on the order of 1–10 mm restricts the application of fire simulations to practical 132 

scenarios and requires substantial computational resources. For this reason, relatively coarse grids are 133 
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generally used in practical fire simulations. In the field of pyrolysis-based fire modeling, grid sizes on 134 

the order of 20–200 mm are commonly used. Dréan et al. [12] investigated fire spread over cladding 135 

using 20-mm gird, while Cui et al. [13] investigated a timber building fire using a 200-mm grid. The 136 

problem with pyrolysis-based fire simulation using coarse grids is that ignition and fire-spread 137 

characteristics can be inaccurately predicted when the fire is not sufficiently large to provide adequate 138 

heat feedback to the fuel surface [14].  139 

In this study, a PUF fire model based on experimentally observed physical phenomena was proposed. 140 

In addition, a grid-independent fire modeling method was developed to enable the application of the 141 

PUF fire model to PUF slab fires using relatively coarse grid on the order of 20 to 50 mm. To compare 142 

the simulation results with experimental data, the experimental data reported by Pau [6] were selected. 143 

This study was selected because it provides the thermal properties and reaction kinetic parameters of 144 

the test material. In addition, the experiments progressed from cone calorimeter tests to PUF slab fire 145 

tests, which were sequentially required for the validation conducted in this study. However, the original 146 

reference is a dissertation. Therefore, the corresponding journal publication was sought and cited 147 

instead where available. Fire Dynamics Simulator (FDS) v6.9.1 was used for all the simulation results 148 

in this study.   149 

 150 
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2. Simulation Methodology 151 

A polyurethane foam fire was reproduced using a pyrolysis model. To apply this model to large-scale 152 

fire simulations, a method for reducing grid-dependent characteristics was proposed. For clarity, the 153 

grid-independent fire modeling method used in this study is introduced first, followed by and 154 

explanation of the polyurethane foam fire model based on pyrolysis.  155 

 156 

2.1 Grid-Independent Fire Modeling Method 157 

Maragkos and Merci [15] reported that the flame near the fuel surface becomes smeared when a 158 

coarse grid is used. This can prevent accurate prediction of radiative emission. Furthermore, even if the 159 

radiation emission is accurately predicted, the incident heat flux still be affected by the grid size. Fig. 1 160 

illustrates an example of the incident radiative heat flux ahead of a flame. The incident heat flux at the 161 

first cell in the fine-grid case is normalized to unity, and theoretical incident heat flux is assumed to 162 

decrease in proportion to the inverse square of the distance from the burning cell. If the critical heat 163 

flux for ignition is assumed to be 0.4, the cell adjacent to the burning cell can be ignited in the fine-grid 164 

case. However, as the grid becomes coarser as in Fig. 1 (b), the incident radiative heat flux at the 165 

adjacent to the burning cell falls below the critical heat flux, even when the theoretical heat-flux 166 

distribution is predicted. This demonstrates the grid-dependent nature of fire spread predictions, 167 

regardless of the accuracy of the radiation, combustion, or pyrolysis models. To mitigate this grid 168 

dependency in predicting flame spread —which must be accurately modeled to predict the HRR—this 169 

study proposes a method for modifying the properties governing fire spread according to grid size. The 170 

one-dimensional heat-transfer equation for a solid phase cell is given by  171 

௣ܿߩ డ ೞ்డ௧ = ݇ డ2 ೞ்డ௫2 + 𝐴ߩ௡ೞ݁݌ݔ (− ாೌோ ೞ்) ℎ௥.                    (1) 172 
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Here, ߩ is the solid density (kg/m3), ܿ௣ is the specific heat (J/(kg∙K)), ௦ܶ is the temperature inside the 173 

solid (K), ݇ is the thermal conductivity (W/(m∙K)), ݔ is the depth (m), 𝐴 is the pre-exponential factor 174 

݃݇)1−ݏ) ݉3⁄ )1−௡ೞ), ݊௦ is the reaction order, ܧ௔ is the activation energy (J/mol), ܴ is the universal gas 175 

constant (8.314 J/(mol∙K)), and ℎ௥  is the heat of reaction (J/kg). The last term represents the heat 176 

released or absorbed by the solid-phase reaction. Even at the same HRR, the incident heat flux received 177 

by the adjacent cell differs depending on the mesh resolution, resulting in lower temperature for the 178 

coarse mesh. To maintain the fire spread characteristics even on a coarse mesh, the pyrolysis reaction 179 

must occur at an incident heat flux below the critical heat flux. The most common approach to overcome 180 

this issue is to revise the kinetic constants (A and Ea). In this study, a method for correcting the activation 181 

energy based on the Arrhenius number is proposed. Currently, a common approach to reducing grid-182 

size dependency is to exploit well-established physical phenomena [16] or dimensionless numbers [17]. 183 

This modification directly affects internal solid heat transfer, as it alters the final term of Eq. (1). 184 

Therefore, maintaining these heat transfer characteristics inside the solid is essential. Adjusting 185 

activation energy (Ea) depends on the grid size; more precisely, it is driven by how the temperature 186 

predictions vary with grid resolution. It was assumed that if the Arrhenius number (Ea/Ts) is preserved 187 

regardless of grid size, the flame spread rate will also be maintained. Since the solid phase temperature 188 

is difficult to measure directly while modifying activation energy (Ea), it was assumed that the solid 189 

temperature variance across grid sizes is proportional to the gas-phase temperature (Tg). Consequently, 190 

the maximum gas phase temperature was measured to determine the appropriate activation energy (Ea) 191 

for each grid size while keeping the Arrhenius number constant. To preserve the same heat transfer 192 

characteristics within the solid-phase cell under Arrhenius similarity, Eq. (1) was reformulated by 193 

introducing Θ = ௦ܶ ⁄௔ܧ , yielding the following revised heat transfer equation: 194 

௣ܿߩ డΘడ௧ = ݇ డ2Θడ௫2 + ஺ாೌ ݌ݔ௡ೞ݁ߩ (− 1ோΘ) ℎ௥.                    (2) 195 

To maintain the solid-phase heat transfer characteristics regardless of grid size, the three terms (ܿߩ௣, 196 ݇, and (𝐴 ⁄௔ܧ ) ௡ೞ) in Eq. (2) and the Arrhenius numberߩ( ௦ܶ ⁄௔ܧ ) must remain invariant.  197 
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 198 

 199 

(a) 200 

  201 

(b) 202 

Fig. 1 Incident radiative heat flux depending on the grid size: (a) Fine grid size case and (b) Coarse 203 

grid size case  204 

 205 
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2.2 Polyurethane Foam Fire Modeling 206 

2.2.1 Solid Phase Modeling 207 

The most common and simple approach for modeling polyurethane foam pyrolysis is a two-step 208 

pyrolysis model [18-21]. Based on observations from previous studies, these two stages progress as 209 

shown in Fig. 2 (a). Initially, vPUF decomposes into a higher-density polyol while releasing pyrolysis 210 

gas. The generated polyol forms small beads on the surface of virgin polyurethane foam [22, 7, 3, 5]. 211 

In the first stage, the pyrolysis gases are generated from both vPUF and the resulting polyol. As the 212 

thermal degradation proceeds into the second stage, this polyol forms a layer and produce pyrolysis gas 213 

[23]. Current fire simulation tools cannot explicitly model this physical transformation (i.e, polyol bead 214 

generation and polyol layer formation). Therefore, three seperate vPUF obstructions were defined: one 215 

producing pyrolysis gas (vPUF1), another generating polyol beads (vPUF2), and the last creating the 216 

polyol layer (vPUF3). Their ratios were adjusted using the ‘AREA_MULTIPLIER’ parameter, 217 

decoupled from the geometrical area exposed to the gas-phase cells. Since the area supplying pyrolysis 218 

gas into the gas-phase cells changes with the ‘AREA_MULTIPLIER’, the density of the vPUF 219 

obstruction was adjusted to conserve fuel mass. Based on this approach, two modeling methods were 220 

evaluated: one without the ‘BURN_AWAY’ option and the other with it. When the ‘BURN_AWAY’ 221 

option is not used, the obstruction retains its original geometry. Consequently, the vPUF generating the 222 

polyol layer must be present at the start of simulation. To prevent heat transfer and combustion during 223 

the first stage, a thin incombustible obstruction was placed over the layer composed of vPUF3, which 224 

transforms into polyol layer. This thermal barrier was set to disappear when the mass of vPUF1 in 225 

adjacent cell decreased to 5% of its initial mass. This approach was used to analyze the combustion 226 

characteristics of PUF in a cone calorimeter test. When ‘BURN_AWAY’ option is used, the vPUF 227 

obstructions generating pyrolysis gas and polyol beads (vPUF1 and vPUF2, respectively) were placed 228 

on top of vPUF3, which transforms into the polyol layer. To align its surface with the height of the 229 

burning polyol layer, vPUF3 was positioned one cell layer below the physical thickness of the actual 230 

PUF. Since the second method utilizes ‘BURN_AWAY’ option, it can capture changes in the burning 231 
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area—and consequently the variation in heat absorption and fuel release—as the fire develops. In 232 

Method 2, grid-independent model discussed in the previous section was also adopted. This approach 233 

was used to analyze the fire behavior of a PUF slab. Regardless of the methods, solid phase reaction 234 

kinetics are as follows: 235 

1ܨܷܲݒ →  236 (3)                             1ݏܽ݃ ݏ݅ݏݕ݈݋ݎݕܲ

2ܨܷܲݒ → ܾ݀ܽ݁ ݈݋ݕ݈݋ܲ → 2ݏܽ݃ ݏ݅ݏݕ݈݋ݎݕ0.973ܲ +  237 (4)             ݁ݑ݀݅ݏ݁ݎ0.027

3ܨܷܲݒ → ݎ݁ݕ݈ܽ ݈݋ݕ݈݋ܲ → 2ݏܽ݃ ݏ݅ݏݕ݈݋ݎݕ0.973ܲ +  238 (5)             ݁ݑ݀݅ݏ݁ݎ0.027

Since vPUF2 and vPUF3 have different ‘AREA_MULTIPLIER’ values—and consequently different 239 

densities—the solid vPUF had to be defined separately. However, their gaseous phase transformations 240 

were set identically because they consist of the same material. In addition, the residue was configured 241 

with properties identical to polyol, with its quantity set to match the remaining mass observed in the 242 

TGA results by Pau [6]. The concepts of the PUF fire model for two methods are illustrated in Fig. 2 243 

(b) and (c) 244 

  245 

 246 

(a) 247 
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 248 

(b) 249 

 250 

(c) 251 

Fig. 2 Burning process of the polyurethane foam fire and modeling methods: (a) Burning process of 252 

the polyurethane foam, (b) First method (‘BURN_AWAY=F’), and (c) Second method 253 

(‘BURN_AWAY=T’ and with grid-independent model)  254 

 255 

Table 1 summarizes the base thermal properties and kinetic constants used in this study. The thermal 256 

properties were adopted from the previous study by Pau [6, 24]. It is known that vPUF produces 26 wt% 257 

gaseous products, while the remaining 74 wt% is converted into polyol [21]. The solid polyol 258 

subsequently undergoes pyrolysis at higher temperatures, producing gaseous products and solid residue 259 

[6, 25]. The heat of reaction is generally defined on the basis of the reactant, which in this case is vPUF. 260 

However, the present study considers two parallel pyrolysis pathways of vPUF: one producing low-261 

temperature gaseous pyrolysis products and the other forming solid polyol. Because each pathway 262 

generates a different pyrolysate, the heat of reaction was defined on the basis of the corresponding 263 
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gaseous pyrolysis products. The values used in this study were obtained from the previous TGA 264 

experiment by Pau [6, 25]. Additionally, for the same reason, the kinetic constants for the pyrolysis 265 

reaction were recalculated using a “Model free” method [26].  266 

 267 

Table 1. Base thermal properties and kinetic constants of vPUF and polyol [6, 25, 24] (Kinetic 268 

constants were recalculated according to the definitions used in this study). 269 

 vPUF Polyol 

Density (kg/m3) 31 1019 

Specific heat (kJ/kg∙K) 2.996 2.053 

Conductivity (W/m∙K) 0.049 0.186 

Heat of Reaction (kJ/kg) 891 233 

A (1−ݏ(݇݃ ݉3⁄ )1−௡ೞ) 4.02×1014 7.38×1015 

Ea (kJ/mol) 179 231 

ns 1.35 1.25 

 270 

As illustrated in Fig. 2, the PUF was composed of three obstructions (vPUF1, vPUF2, and vPUF3). 271 

For this purpose, four cells were chosen as a unit obstruction representing the PUF. When using Method 272 

1, all component obstructions (vPUF1, vPUF2, and vPUF3) are exposed to the gas cell. Since the 273 

adjustment of the geometric area fraction exposed to the gas cell is restricted, ‘AREA_MULTIPLIER’ 274 

was adopted and its value was adjusted by comparing the HRR with experimental data. In Method 2, 275 

vPUF3, which transforms into a polyol layer, is located under vPUF1 and vPUF2; thus, its geometric 276 

area fraction is 1.0. To maintain the same area in both methods, ‘AREA_MULTIPLIER’ was set 277 

accordingly. The polyol bead burns in the first stage, and its exposed area is reduced as bead form. 278 

Therefore, the area fraction of vPUF2 was set relatively lower than that of vPUF3. In addition to the 279 

area fraction, the mass fraction of each component was adjusted. Since vPUF1 represents the pyrolysis 280 

gas produced from the low-temperature pyrolysis reaction and its amount is fixed, its area fraction and 281 

the mass fraction were fixed to the ratio observed in the TGA experiment (26 %). By adjusting the mass 282 

fractions of vPUF2 and vPUF3, the amount of heat released during the first and the second stage 283 

combustion can be adjusted. Similar to ‘AREA_MULTIPLIER’, the mass fraction was also adjusted by 284 
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comparing it with the experiment HRR data. The parameters determined based on experimental 285 

observations are marked with an asterisk (*) in Table 2.  286 

 287 

Table 2. Geometrical parameters used for the PUF fire model. 288 

 vPUF1 vPUF2 (Polyol bead) vPUF3 (Polyol layer) 

Method 1 
Area Multiplier 1.04* 0.4 1.0 

Geometric Area Fraction 0.25 0.25 0.5 

Method 2 
Area Multiplier 0.52* 0.2 0.5 

Geometric Area Fraction 0.5 0.5 1.0 

Area Fraction 0.26* 0.1 0.5 

Mass Fraction 0.26* 0.222(0.3) 0.518(0.7) 

 289 

290 



17 

 

Based on the thermal properties and kinetic constants summarized in Table 1, the parameters of the 291 

grid-independent PUF fire model were calculated using the method described in Section 2.1, as 292 

summarized in Table 3.  The mass fraction and the area fraction of each component were set as in Table 293 

2; therefore, the modeled thickness (ߜ௠௢ௗ௘௟) in Table 3 can be caclulated.  In this study, the maximum 294 

temerapture ( ௠ܶ௔௫,∆௫)  was  predicted by extrapolating the cone calorimeter simulation results, while 295 

the reference temperature ( ௥ܶ௘௙) was set to the adiabatic flame temperature.  296 

The heat transfer within the solid phase is calculated using a one-dimensional heat transfer equation. 297 

This calculation is performed using one-dimensional cells in the solid phase, extending from the solid 298 

surface toward the backside of the solid. The solid phase cell size was calulated as √݇ ⁄௣ܿߩ  and 299 

uniformly distributed throughout the pyrolyzing solid. For non-pyrolyzing solids, the solid-phase cells 300 

were generated by successively doubling the cel size from the surface toward the center of the solid, 301 

followed by successively halving the cell size from the center toward the backside. This follows the 302 

default solid-phase cell distribution in FDS.  303 

 304 
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Table 3. Thermal properties and kinetic constants used for the PUF fire model. 305 
 vPUF1 vPUF2 Polyol bead vPUF3 Polyol layer 

Density (kg/m3) ߩ௩௉௎ி ߩ௩௉௎ி ܨ𝐴ܨܯ ௠௢ௗ௘௟ߜ௔௖௧௨௔௟ߜ ௩௉௎ிߩ ௣௢௟௬௢௟ߩ  ܨ𝐴ܨܯ ௠௢ௗ௘௟ߜ௔௖௧௨௔௟ߜ  ௣௢௟௬௢௟ߩ 
Specific heat (J/kg∙K) ܿ௣,௩௉௎ி ܿ௣,௩௉௎ி ௩௉௎ி2 ܿ௣,௣௢௟௬௢௟ ܿ௣,௩௉௎ிߩ௩௉௎ிߩ  ௩௉௎ி3 ܿ௣,௣௢௟௬௢௟ߩ௩௉௎ிߩ
Conductivity (W/m∙K) ݇௩௉௎ி ݇௩௉௎ி ݇௣௢௟௬௢௟  ݇௩௉௎ி ݇௣௢௟௬௢௟  
A (1−ݏ(݇݃ ݉3⁄ )1−௡ೞ) 𝐴௩௉௎ி ௔,௩௉௎ிܧ௔,௩௉௎ி1ܧ  𝐴௩௉௎ி ௔,௩௉௎ிܧ௔,௩௉௎ி2ܧ ௩௉௎ி2௡ೞߩ௩௉௎ி௡ೞߩ  𝐴௣௢௟௬௢௟ ௔,௣௢௟௬௢௟ܧ௔,௣௢௟௬௢௟ ௕௘௔ௗܧ  𝐴௩௉௎ி ௔,௩௉௎ிܧ௔,௩௉௎ி3ܧ ௩௉௎ி3௡ೞߩ௩௉௎ி௡ೞߩ  𝐴௣௢௟௬௢௟ ௔,௣௢௟௬௢௟ܧ௔,௣௢௟௬௢௟ ௕௘௔ௗܧ  

Ea (J/mol) ܧ௔,௩௉௎ி ௥ܶ௘௙௠ܶ௔௫,∆௫ ܧ௔,௩௉௎ி ௥ܶ௘௙௠ܶ௔௫,∆௫ ܧ௔,௣௢௟௬௢௟ ௥ܶ௘௙௠ܶ௔௫,∆௫ ܧ௔,௩௉௎ி ௥ܶ௘௙௠ܶ௔௫,∆௫ ܧ௔,௣௢௟௬௢௟ ௥ܶ௘௙௠ܶ௔௫,∆௫ 

306 
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 2.2.2 Gas Phase Modeling 307 

The gas phase of the PUF was modeled using the method proposed by Chen et al. [5]. In this model, 308 

the gas produced by the low-temperature pyrolysis reaction, designated as ‘Pyrolysis gas1’ in this study, 309 

was represented by C9H6N2O2, while the gas produced by the high-temperature pyrolysis reaction, 310 

designated as ‘Pyrolysis gas2’, was represented by C6H14O3. Air was modeled as a lumped species 311 

consisting of nitrogen, oxygen, carbon dioxide, and water vapor, while the combustion products were 312 

modeled as a lumped species consisting of nitrogen, carbon monoxide, carbon dioxide, water vapor, 313 

and soot. The heat of combustion for ‘Pyrolysis gas1’ and ‘Pyrolysis gas2’ were set to 24 and 28 kJ/kg 314 

respectively [21]. The Eddy Dissipation Concept combustion model was used for predicting change in 315 

species concentration. Gas phase suppression (‘SUPPRESSION’) was turned off because the cell size 316 

used in this study was relatively coarse, making it difficult to accurately predict the extinction 317 

temperature. In addition, the flame extinction was beyond the scope of this study.  318 

By defaults, FDS calculates radiative heat transfer by assuming that the gas phase behaves as a gray 319 

gas and using a single absorption coefficient in the radiative heat transfer equation (RTE). FDS also 320 

supports improved absorption coefficient model that accounts for the dependence of gas radiation on 321 

the wavelength and the participating species. Ahmed and Trouvé [27] investigated thermal feedback in 322 

a medium-scale methanol pool fire and reported that the Weighted Sum of Gray Gases (WSGG) model 323 

predicted higher radiative heat feedback to the fuel surface near the flame boundary. This effect is 324 

particularly important in fire simulations involving pyrolysis reactions, as the results are highly sensitive 325 

to the surface temperature. For this reason, WSGG model was used in this study. The grid size used in 326 

the fire simulation is usually much larger than the length scale of the flame structure. In addition, the 327 

production and oxidation of soot, which plays a dominant role in radiative heat transfer, are not 328 

explicitly resolved in the fire simulation. As a result, the radiative emission by the flame cannot be 329 

accurately predicted. For this reason, FDS employs prescribed radiative fraction. For common 330 

combustible materials that produce sooting flames, the radiative fraction typically ranges from 0.3 to 331 

0.4. In this study, a value of 0.35 was used. To achieve this radiative fraction, the calculated radiation 332 
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emission source term is corrected by a factor of up to 100 times its original value. However, in FDS 333 

v6.9.1, which was used in this study, the correction factor is not allowed to fall below unity. In this 334 

study, the minimum correction factor ‘C_MIN’ was reduced from the default value of 1.0 to 0.1. This 335 

setting is consistent with that of the latest version of FDS (v6.11.1). 336 
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3. Simulation Conditions 337 

The methods described in Section 2 were used for the simulation-experiment comparison. The first 338 

case was based on a cone calorimeter experiment following ISO 5660, while the second case involved 339 

a PUF slab fire. The experimental conditions and corresponding data for both cases were adopted from 340 

the study by Pau [6]. This study was selected because it employed a sequential approach, progressing 341 

from a small-scale fire experiment to a large-scale fire test using the same material, for which the 342 

thermal properties were also provided.  343 

 344 

3.1 Cone Calorimeter Fire Simulation Conditions 345 

Based on the cone calorimeter test method [28], the cone  heater and PUF specimen were reproduced 346 

in the simulation domain. In the simulation, only the top surface was modeled as a PUF surface of which 347 

size is 0.1 × 0.1 m2 considering that the sides of the specimen were covered with aluminum foil during 348 

the test. In PUF modeling method 1, each material (vPUF1, vPUF2, and vPUF3) were directly exposed 349 

to the gas-phase cells. An 18-mm-thick calcium silicate board layer was placed beneath each of vPUF1, 350 

vPUF2, and vPUF3 layers. In PUF modeling method 2, vPUF1 and vPUF2 were initially exposed to 351 

the gas-phase cells. As these materials burned, vPUF3, which constituted the final cell layer, was 352 

subsequently exposed to the gas-phase. Therefore, an 18- mm-thick calcium silicate board layer was 353 

placed beneath the vPUF3 layer. In both methods, the original PUF thickness was set to 50 mm. The 354 

thermal boundary condition at the backside of the specimen was set to ‘VOID’, meaning that the 355 

backside was exposed to the fictitious air region in the FDS.  356 

The cone heater geometry was reproduced for each grid size to minimize the geometrical discrepancy 357 

between the simulation model and the actual experimental configuration. The coil surface temperature 358 

was adjusted to achieve the target heat flux at the specimen surface. The target heat flux ranged from 359 
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30 to 60 kW/m2 in increments of 10 kW/m2. The target heat fluxes and corresponding coil temperatures 360 

are summarized in Table 4.  361 

 362 

Table 4. Base thermal properties and kinetic constants of vPUF and polyol. 363 

Coil temperature (℃) 
Target heat flux (kW/m2) 

30 40 50 60 

Grid Size (mm) 

5 656 729 784 834 

6.25 663 733 791 839 

8.33 671 742 801 852 

 364 

 365 

In this study, three grid sizes (5, 6.25, and 8.33 mm) were considered. The Plume Resolution Index 366 

(PRI) [29] was calculated as a characteristic fire diameter (Q*) [30] divided by the grid size (Δx). A 367 

characteristic fire diameter was calculated by 368 

ܳ∗ = ( ொ̇ఘ∞௖೛,ೌ೔ೝ ∞்√௚)0.4
.                     (6) 369 

Here, ܳ̇ is the heat release rate of the fire (kW), ߩ∞  is the ambient density (kg/m3), ܿ௣,௔௜௥  is the 370 

specific heat of the ambient air (J/(kg∙K)), ∞ܶ is the ambient temperature (K), and ݃ is the gravitational 371 

acceleration (m/s2). The PRI values corresponding to the grid sizes of 5, 6.25, and 8.33 mm used in this 372 

study were 30.3, 24.3, and 18.2, respectively. The simulation domain for the cone calorimeter fire 373 

simulation is depicted in Fig. 3. The horizontal domain size varies from 24 to 30 cm, while the vertical 374 

distance from the PUF surface to the top of the domain varies from 73.5 to 80 cm, depending on the 375 

grid size. The vertical distance from the bottom of the domain to the top surface of the PUF was fixed 376 

to 7.5 cm. The bottom of the domain was left open to minimize flow interference and allow unobstructed 377 

air entrainment into the domain.  378 

 379 
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 380 

Fig. 3 Simulation domain for cone calorimeter fire simulation  381 

 382 

3.2 Polyurethane Foam Slab Fire Simulation Conditions 383 

The PUF slab fire simulation was carried out using the same setup as that reported by Pau [6] and 384 

presented in Fig. 4. A 1 m × 2 m PUF slab with a thickness of 120 mm was placed on a calcium silicate 385 

board, and the sides of the slab were surrounded by support bracing. The detailed dimension of the 386 

support structure were not reported in the previous work by Pau [6]. Therefore, the dimensions and 387 

properties of the supporting materials were assumed in this study. The support structure had an 388 

estimated thickness of 0.24 m, although its actual thickness varied depending on the grid size. The 389 

support consisted of a 12-mm-thick calcium silicate board and 100-mm-thick timber. The thermocouple 390 

(TC) array was placed on the PUF slab at 0.2 m intervals, following the arrangement used by Pau [6].  391 

The PUF slab, support structure, and calcium silicate board were placed on a frame to reproduce the 392 

ambient gas flow conditions of the experiment. The burner used in the experiment consisted of regularly 393 
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spaced apertures. However, the aperture size was too small to be resolved in the simulation. Therefore, 394 

the burner was modeled with a height of one cell along one side of the PUF slab. Although the detailed 395 

flame structure may not be accurately reproduced, it was assumed that the effect of the burner would 396 

be negligible if the same HRR and momentum were supplied. To match the momentum of the 397 

experimental burner, fresh air was supplied through the burner. Propane was used as the burner fuel 398 

because it is a major component of LPG, which was used as the fuel in the experiment. The burner was 399 

operated at a constant rate for 120 s, with and additional 10 s of ramp-up before and 10 s of ramp-down 400 

after the constant-rate period. Grid sizes of 20, 31.25, 40, and 50 mm were considered. Based on the 401 

maximum HRR measured in the experiment, the corresponding PRI values were calculated as 9.7, 6.2, 402 

4.8, and 3.9, respectively. The PUF slab fire simulation conditions were summarized in Table 5.  403 

 404 

 405 

(a) 406 

  407 

(b) 408 

Fig. 4 Dimensions of the PUF slab, based on Pau [6], with unspecified dimensions assumed in this 409 

study: (a) Top view and (b) Side view  410 

 411 
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Table 5. PUF slab fire simulation conditions. 412 

Variables Value 

PUF Size (m2) 1×2 [6] 

PUF Thickness (mm) 120 [6] 

Burner HRR (kW) 25 [6] 

Burner operating duration (s) 120 

Burner Size (m2) 1 m × Δx 

Fuel Propane [6] 

Grid Size (mm) 20, 31.25, 40, 50 

 413 

 414 
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4. Results and Discussion  415 

In the first section of the Results and Discussion, the results of the cone calorimeter fire simulations 416 

are discussed. First, the accuracy of the cone heater was evaluated, and the basic heat release 417 

characteristics of the proposed model were examined. Based on the maximum gas temperatures 418 

obtained from the cone calorimeter fire simulations for different grid sizes, the temperatures 419 

corresponding to the grid sizes used in the PUF slab fire simulations were extrapolated. These 420 

extrapolated temperatures were then used in the grid-independent fire model to determine the thermal 421 

properties and a kinetic parameter presented in Table 3. In the second section of the Results and 422 

Discussion, the PUF slab fire simulation results are compared with the experimental data for model 423 

validation.  424 

 425 

4.1 Cone Calorimeter Fire Simulation 426 

Prior to analyzing the cone calorimeter fire simulation results, the coil temperature setting used to 427 

achieve the target radiative heat flux was validated. The incident radiative heat flux was measured at 1 428 

cm intervals from the center to 5 cm toward the corner of the specimen. The measured values were 429 

averaged for each target heat flux and the grid size, and are presented in Fig. 5. The maximum and 430 

minimum incident heat fluxes measured at different locations are presented as error bars. The difference 431 

remained below 3% for all measurement conditions, with a maximum difference of 2.7 %.  432 

 433 
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  434 

Fig. 5 Measured average radiative heat flux on the specimen  435 

 436 

The heat release rate per unit area (HRRPUA) curves for various grid sizes and external radiative 437 

heat fluxes are presented in Fig. 6. The two-stage combustion process was captured by the proposed 438 

model. The peak HRR was predicted reasonably well at relatively high external radiative heat fluxes. 439 

However, when the external radiative heat flux was low, the peak HRR in the second stage was 440 

substantially higher than the experimental result. In this simulation, the surface area exposed to the 441 

flame was kept constant for different external radiative heat fluxes. However, the exposed surface area 442 

may vary with the external radiative heat flux because of the liquid nature of the polyol [31]. The 443 

viscosity of the polyol generally decreases with increasing temperature, allowing the liquid polyol to 444 

spread over a wider area. This behavior may be one of the reasons for the variation in the second-stage 445 

peak HRR observed in the experiments. In addition, regression of the PUF surface was not reproduced 446 

in the simulation, whereas it reduced external radiative heat flux in the experiment. This may have 447 

contributed to the higher HRRPUA during the second-stage combustion. As the grid size was reduced, 448 

the peak HRRPUA, particularly during the second stage, increased because greater heat feedback to the 449 

solid cell adjacent to the flame was predicted with a finer grid. When the grid size was relatively large 450 

and the external radiative heat flux was low, the second-stage combustion was not predicted smoothly, 451 

resulting in two peaks. This indicates that the sufficient radiative heat flux was not fed back to the 452 
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specimen surface to sustain the flame. This is inherent limitation of fire simulations using field model 453 

(CFD).  454 

 455 

   

(a) (b) (c) 

   

(d) (e) (f) 

   

(g) (h) (i) 

   

(j) (k) (l) 

Fig. 6 HRRPUA for various external radiative heat fluxes and grid sizes (solid line with symbols: 456 

experiment [6]; dotted line: simulation): (a) Grid size: 5 mm, ̇ݍ௥௔ௗ,௘௫′′: 30 kW/m2, (b) Grid size: 6.25 457 

mm, ̇ݍ௥௔ௗ,௘௫′′: 30 kW/m2, (c) Grid size: 8.33 mm, ̇ݍ௥௔ௗ,௘௫′′: 30 kW/m2, (d) Grid size: 5 mm, ̇ݍ௥௔ௗ,௘௫′′: 458 

40 kW/m2, (e) Grid size: 6.25 mm, ̇ݍ௥௔ௗ,௘௫′′: 40 kW/m2, (f) Grid size: 8.33 mm, ̇ݍ௥௔ௗ,௘௫′′: 40 kW/m2, 459 

(g) Grid size: 5 mm, ̇ݍ௥௔ௗ,௘௫′′: 50 kW/m2, (h) Grid size: 6.25 mm, ̇ݍ௥௔ௗ,௘௫′′: 50 kW/m2, (i) Grid size: 460 

8.33 mm, ̇ݍ௥௔ௗ,௘௫′′: 50 kW/m2, (j) Grid size: 5 mm, ̇ݍ௥௔ௗ,௘௫′′: 60 kW/m2, (k) Grid size: 6.25 mm,  461 ̇ݍ௥௔ௗ,௘௫′′: 60 kW/m2, and (l) Grid size: 8.33 mm, ̇ݍ௥௔ௗ,௘௫′′: 60 kW/m2 462 

 463 

The proposed model consists of three model components to represent the previously observed vPUF 464 

burning process. The mass loss rate of the three components are presented in Fig. 7. As intended, vPUF1, 465 
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representing the vPUF that produces low-temperature pyrolysis gases, and vPUF2, representing polyol 466 

beads on the vPUF, were pyrolyzed during the first stage of combustion. In contrast, vPUF3, 467 

representing the polyol layer formed after the vPUF was exhausted, was pyrolyzed during the second 468 

stage of combustion. Although the thermal properties of the polyol beads and the polyol layer are the 469 

same, their mass loss rate curves exhibited different characteristics because the used of the ‘AREA 470 

MULTIPLIER’ resulted in different ‘THICKNESS’ values. This behavior is consistent with the 471 

phenomena observed in previous experiments [21, 5, 7, 3].   472 

 473 

  474 

Fig. 7 Mass loss rate of the model components in vPUF (Δx = 5 mm, ̇ݍ௥௔ௗ,௘௫௧′′ = 60 kW/m2)  475 

 476 

The combustion process of vPUF using the proposed model is illustrated in Fig. 8. The top view of 477 

the specimen is shown at the bottom of the figure. The red surface represents the thermal barrier that 478 

prevents vPUF3 from being pyrolyzed during the first stage of combustion. A unit vPUF cell consists 479 

of one vPUF1 cell (blue), one vPUF2 cell (gray), and two vPUF3 cells (green) to maintain the number 480 

of burning cell within a unit vPUF cell during the first and the second stages of combustion. As shown 481 

in the figure, the thermal barrier (red) began to disappear from the high temperature region due to higher 482 

pyrolysis rate of vPUF1. Because the unit vPUF cell is not symmetric about its center, the arrangement 483 

of the model components across the specimen is also asymmetric. Consequently, the disappearance of 484 
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the thermal barrier was also asymmetric. Despite the discretization of each vPUF cell into four sub-485 

cells, the fire boundary remained at the specimen boundary. This indicates that the discretization of 486 

vPUF had little effect on the predicted fire behavior when a sufficiently fine grid was used.  487 

 488 

 489 

(a) 490 

 491 

(b) 492 
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 493 

(c) 494 

 495 

(d) 496 

Fig. 8 Combustion process of vPUF for various external radiative heat flux (Δx = 5 mm): External 497 

radiative heat fluxes of (a) 30, (b) 40, (c) 50, and (d) 60 kW/m2 498 

 499 

3.2 Polyurethane Foam Slab Fire Simulation 500 

The results of the PUF slab fire simulations using Method 1 are shown in Fig. 9. The initial HRR, 501 

which remained constant for 120 s, resulted from the burner being maintained at 25 kW for 120 s. No 502 

increase in HRR was observed, indicating that the PUF slabs were not ignited regardless of the grid 503 

size. One possible reason for this phenomenon is that the grid sizes used in the PUF slab fire simulations 504 
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were not sufficiently fine to resolve the flame produced by 25 kW burner, resulting in insufficient heat 505 

transfer to the flame-attached solid cells, as explained in Section 2.1. This is a common problem in fire 506 

simulations using pyrolysis models, in which the combustible material may fail to ignite or may not 507 

burn sufficiently compared with experimental results [14, 6, 3]. To address this problem, the grid-508 

independent fire modeling method described in Section 2.1 was used with method 2 in this study.  509 

 510 

  511 

Fig. 9 HRR of the PUF slab fire simulation using Method 1 (Experimental data from Pau [6]) 512 

 513 

To adopt grid-independent method, the dependence of temperature on the grid size must first be 514 

determined. In this study, the maximum gas-phase temperature was obtained from the cone-calorimeter 515 

simulations (Fig. 10) and extrapolated to determine the revised activation energy, as presented in Table 516 

3. To predict the maximum temperature in the outer region, the equation in the form of Tref(A∙x+1)b was 517 

used for fitting. This functional form starts from Tref, which corresponds to the adiabatic flame 518 

temperature in this study, and approaches zero as the grid size approaches infinity. This behavior is 519 

considered reasonable for extrapolating the temperature in the field model (CFD). Using this equation, 520 

the maximum temperatures at the grid sizes of 20, 31.25, 40, and 50 mm were predicted to be 2164, 521 

2059, 2002, and 1952 K, respectively.   522 

 523 
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  524 

Fig. 10 Maximum measured gas temperature in cone calorimeter simulation  525 

 526 

The PUF fire simulation results for various grid sizes, with the thermal properties and reaction kinetic 527 

parameters corrected based on the extrapolated temperature, are shown in Fig. 11 (a). As the grid size 528 

increased, the corrected activation energy decreased, facilitating fire spread even under low radiative 529 

heat flux. As a result, the case with the 50-mm grid exhibited the fastest ignition, whereas the case with 530 

the 20-mm grid exhibited the slowest ignition. Ignition is a complex phenomenon, making it difficult 531 

to analyze fire experiment results. Therefore, the results are  sometimes normalized by accounting for 532 

the time delay and thereby minimizing the effects of ignition [32]. To quantitatively compare the 533 

experimental and simulated HRR, the Pearson correlation coefficient, normalized root mean square 534 

error (NRMSE), R2 values were calculated and are presented in  Table 6.  These values were calculated 535 

using the data after accounting for the time delay. The delay was determined by shifting the simulation 536 

results in time and identifying the time shift corresponding to the maximum cross-correlation coefficient. 537 

As observed in Fig. 11 (a), the delay was shortest for the 50 mm grid and longest for the 20 mm grid. 538 

Since the burner HRR was kept constant and the activation energy was reduced most at 50-mm grid, 539 

the PUF ignited more readily and exhibited the shortest ignition time. The HRR curves after accounting 540 

for the delay are redrawn in Fig. 11 (b). After accounting the delay, the effect of grid size on the HRR 541 

was substantially reduced, and the differences between the simulation and experimental results were 542 

also reduced. The Pearson correlation coefficients were above 0.9 for all grid sizes, the NRMSE values 543 
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remained below 0.13, and R2 values were above 0.6. These results indicate that the simulations captured 544 

the overall growth and decay trends well, although slight differences remained between the simulated 545 

and experimental HRR values at individual time points.  546 

 547 

 548 

(a)  549 

 550 

(b)  551 

Fig. 11 HRR of the PUF slab fire simulation using Method 2 (Experimental data from Pau [6]): (a) 552 

HRR comparison without adjusting time delay and (b) HRR comparison with adjusting time delay   553 

 554 

 555 
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Table 6. Quantitative comparison of PUF slab fire simulation with experimental data. 556 

 
Grid size (mm) 

20 31.25 40 50 

Delay (s) 101 82 82 41 

Pearson correlation coefficient 0.9491 0.9599 0.9342 0.9296 

NRMSE 0.0823 0.0866 0.1053 0.1289 

R-square 0.8441 0.8276 0.7448 0.6177 

 557 

The experimental fire images obtained by Pau [6] and the corresponding simulation fire images, 558 

defined by regions with HRRPUV values above 200 kW/m3, are compared in Fig. 12 accounting for 559 

the time delays described in Table 6. The scale of the simulation images was adjusted to match that of 560 

experimental images. Some simulation images showed different flame lengths compared with the 561 

experimental images. For example, the flame length predicted using the 50 mm grid at 161 s was much 562 

longer than that observed in the experiment. The flame length varies due to the inherently turbulent 563 

nature of flames; therefore, the flame length obtained from the simulation cannot be directly compared 564 

with the experimental data. However, the burning area predicted by the simulation showed very similar 565 

results to those observed in the experiment. For example, the burning area of the PUF slab at 120 s in 566 

experiment was approximately half of the total slab area, which was also observed in the simulation at 567 

the corresponding time. After 160 s, the burning area spread over entire PUF slab, and the same behavior 568 

was observed in the simulation results. The grid-independent model using PUF fire modeling Method 569 

2 showed consistent results when the ignition-induced delay was accounted for.  570 

 571 
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  572 

Fig. 12 Fire growth and decay comparison between simulation and experiment (Experimental data 573 

from Pau [6])  574 
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 575 

The quantitative data predicted by the simulation are compared with the experimental results in Table 576 

7. The quantities used for this comparison were based on the data presented by Pau [6], and the same 577 

definition were used. The average mass loss rate (݉̇௔௩௘) was calculated over the period during which 578 

the burned mass ranged from 10 % to 90 % of the total burned mass. The total heat release (ݍ௧௢௧) was 579 

calculated by including the heat release from the burner. The effective heat of combustion (∆ℎ௖,௘௙௙) 580 

was calculated over the entire experimental period. However, Pau [6] did not specify whether the heat 581 

release from the propane burner was included in the calculation of the total heat release. Therefore, the 582 

burner heat release was considered in ∆ℎ௖,௘௙௙ calculation, consistent with the calculation of the total 583 

heat release. The peak heat release rate ( ௣௞ݍ̇ ) was determined as the maximum value during the 584 

combustion period. The average heat release rate (̇ݍ௔௩௘) was calculated over the period during which 585 

the HRR exceeded 10 % of its maximum value. The maximum error was observed for ̇ݍ௔௩௘ at the 50-586 

mm grid size, reaching 53.9 %. This was attributed to the relatively high ̇ݍ௣௞ and short burning period 587 

in this case. Except for this case, all the errors remained below 30 %. The errors for ∆ℎ௖,௘௙௙ were the 588 

lowest among the evaluated quantities because it was directly specified as an input parameter in the 589 

simulation.  In contrast, the error for ̇ݍ௔௩௘ was the highest because it depends on the other quantities 590 

presented above. Since the grid-independent fire modeling method was used, no clear trend in the errors 591 

with respect to grid size was observed.  592 

 593 

Table 7. Errors in major quantitative results of PUF slab fire simulation (Experimental data from Pau 594 

[6]). 595 

ࢍ)ࢋ࢜ࢇ̇࢓  ࢙⁄ ࡶࡹ)ࢌࢌࢋ,ࢉࢎ∆ (ࡶࡹ)࢚࢕࢚ࢗ ( ⁄ࢍ࢑  (ࢃ࢑)ࢋ࢜ࢇ̇ࢗ (ࢃ࢑)࢑࢖̇ࢗ (

Exp. [6] 39.2 166.5 25.3 1834 712 

Sim. 

(Δx=20mm) 

38.5 

(-1.8 %) 

196.6 

(18.1 %) 

27.3 

(7.9 %) 

1604  

(-12.5 %) 

821 

(15.3 %) 

Sim. 

(Δx=31.25mm) 

40.1 

(2.3 %) 

196.5 

(18.0 %) 

27.3 

(7.9 %) 

1638  

(-10.7 %) 

870 

(22.2 %) 
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Sim. 

(Δx=40mm) 

42.3 

(7.9 %) 

201.0 

(20.7 %) 

27.3 

(7.9 %) 

1884 

(2.7 %) 

903 

(26.8 %) 

Sim. 

(Δx=50mm) 

50.7 

(29.3 %) 

200.7 

(20.5 %) 

27.3 

(7.9 %) 

2166 

(18.1 %) 

1096 

(53.9 %) 

 596 

The total mass burned in the simulation is summarized in Table 8. Approximately 96-99 % of the 597 

total mass was burned in the simulations. The unburned cells were mainly located near the support 598 

bracing. Although the grid-independent fire modeling method was used, the size of the turbulent 599 

vortices that can be directly resolved is limited by the grid size, which can affect convective heat transfer 600 

near the wall. In addition, heat loss to adjacent solid cells can contribute to cessation of burning.  601 

 602 

Table 8. Total mass burned for various grid sizes. 603 

Grid size (mm) Total mass burned (kg) 

20 7.2 (96.8 %) 

31.25 7.2 (96.8 %) 

40 7.37 (99.1 %) 

50 7.36 (98.9 %) 

 604 

Lastly, fire spread characteristics over the slab was analyzed. In the experiment, the pyrolysis front 605 

was identified based on a temperature of 222 ℃, which was determined to be the onset temperature of 606 

pyrolysis. In the grid-independent fire modeling method, the gas-phase temperature assumed to 607 

decrease as the grid size increased. Based on this assumption, the activation energy was corrected 608 

accordingly. Therefore, using 495 K (222 ℃) as the reference temperature, the temperature for 609 

identifying the pyrolysis front, the corresponding temperature for different grid sizes were determined 610 

in proportion to the temperatures predicted by the equation in Fig. 10. Using these temperatures, the 611 

distance traveled by the pyrolysis front and the fire spread rate, defined as the derivative of the pyrolysis 612 

front travel distance, were calculated and are presented in Fig. 13. As a representative case, the 613 

simulation results for the 50-mm grid were selected because it is the largest grid size considered in this 614 

study. This case demonstrates that the grid-independent fire modeling method can also be applied to 615 

building-scale fire simulations using relatively coarse grids. The distance traveled by the pyrolysis front 616 
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predicted by the simulation showed a similar trend to that observed in the experiment, except for a time 617 

delay. The fire spread rate, defined as the derivative of the distance traveled by the pyrolysis front, also 618 

exhibited a similar trend: it was relatively low during the initial period and increased as the fuel 619 

consumed. During the middle period, the fire spread rate showed similar values, remaining 620 

approximately 15 mm/s at 110 s in the experiment and 170 s in the simulation. In addition, a sudden 621 

increase in the fire spread rate near the end of the burning period was captured at 140 s in the experiment 622 

and 210 s in the simulation. However, the fire spread rate predicted by the simulation was approximately 623 

1.6 times higher than that measured in the experiment.  624 

  625 

 626 

(a)  627 

 628 

(b)  629 
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Fig. 13 Comparison of fire spread characteristics between simulation (Δx=0.05 m) and experiment 630 

(Experimental data from Pau [6]): (a) Distance traveled by the pyrolysis front and (b) Fire spread rate 631 

 632 

The distance traveled by the pyrolysis front and the corresponding fire spread rate measured by TC 633 

array B (at the center of the PUF slab) are shown in Fig. 14. The pyrolysis front distance and average 634 

slope showed similar trends for various grid sizes, except for a time delay. The fire spread rate fluctuated 635 

during the burning period; however, it generally increased as the fuel was consumed. The variation with 636 

respect to grid size was much smaller than the fluctuation in the fire spread rate. These results indicate 637 

that the grid-independent fire modeling method combined with the pyrolysis-based fire modeling can 638 

be applied using a coarse grid, provided that the time delay is appropriately corrected.  639 

 640 

 641 

(a)  642 
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 643 

(b)  644 

Fig. 14 Comparison of fire spread characteristics depending on the grid sizes (Array B): (a) 645 

Distance traveled by the pyrolysis front and (b) Fire spread rate  646 
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5. Conclusions  647 

In this study, a PUF fire modeling method was proposed in combination with a grid-independent fire 648 

modeling method to enable fire simulations using coarse grid. The proposed PUF fire model was 649 

validated against cone calorimeter experiments, and a PUF slab fire was simulated using the grid-650 

independent fire modeling method. The major findings of this study are summarized as follows: 651 

(1) A proposed PUF fire model reproduced the two-stage combustion behavior of PUF observed in 652 

the cone calorimeter experiments. At higher external radiative heat fluxes, the peak HRRPUA 653 

values in both the first and second stages were well captured. At lower external radiative heat 654 

fluxes, however, the peak HRRPUA in the second stage was higher than that observed in the 655 

experiment.  656 

(2) The proposed PUF fire model predicted the pyrolysis of each modeling component selected 657 

based on the observations of PUF fire behavior and showed a smooth transition from the first 658 

to the second combustion stage. However, asymmetric disappearance of the thermal barrier, 659 

particularly near the edge of the specimen, was observed due to the asymmetric arrangement of 660 

the unit PUF cells.  661 

(3) The maximum temperature obtained from the cone calorimeter simulations was used to derive 662 

an equation for estimating the gas-phase temperature as a function of grid size. The temperature 663 

for the coarse grid was extrapolated using the derived equation and applied to the grid-664 

independent fire modeling method.  The grid-independent fire model successfully ignited and 665 

simulated the spread the PUF slab fire in all grid sizes considered in this study, whereas the 666 

PUF fire model alone was unable to ignite the PUF slab.  667 

(4) The HRR showed similar characteristics across the different grid sizes, except for a time delay. 668 

In addition, the pyrolysis front distance and its derivative, i.e., the fire spread rate, showed 669 

similar trends to the experimental results and exhibited little variation with grid size. These 670 

results indicate the proposed grid-independent fire modeling method can be applied using coarse 671 

grids, provided that the time delay is appropriately corrected.  672 
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