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Abstract

To apply pyrolysis-based fire modeling to fire risk assessment, problems associated with coarse grids,
such as inaccurate predictions of ignition and fire spread, must be addressed. Polyurethane foam (PUF)
is widely used as an insulating material, and its constituent components are well characterized, making
it suitable for pyrolysis-based fire modeling. In this study, a PUF fire model was developed using a
pyrolysis model incorporating a grid-independent modeling method. PUF was represented by three
components: virgin polyurethane foam, polyol beads, and a polyol layer. The combustion characteristics
were adjusted by varying the area exposed to gas-phase cells and validated against cone calorimeter
experiments. The proposed PUF fire model smoothly reproduced the two-stage combustion behavior,
although the peak heat release rate during the second stage was overpredicted, particularly at low
external radiative heat fluxes. Based on the validated PUF fire model, the grid-independent method was
applied to PUF slab fire simulations. The method adjusted thermal properties and reaction kinetic
parameters according to the cell temperature, which varied with grid size, while maintaining the one-
dimensional heat transfer solution. The proposed method successfully reproduced the HRR and fire

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

Pre-exponential factor for the solid phase reaction (s 1 (kg/m3)1™s)

A

Cp Specific heat (J/(kg-K))

D* Characteristic fire diameter (-)
E, Activation energy (J/mol)

g Gravitational acceleration (m/s?)
h, Heat of reaction (J/kg)

k Thermal conductivity (W/(m-K))
ng Reaction order

0 Heat release rate (kW)

R Universal gas constant (8.314 J/(mol-K))
T, Gas phase temperature (K)

T Solid phase temperature (K)

Tw Ambient temperature (K)

t Time (s)

x Depth (m)

Greek symbols
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o) Thickness (m)

p Solid density (kg/m?)

Poo Ambient air density (kg/m?)
ABBREVIATIONS

AF Area fraction

CFD Computation fluid dynamics
DNS Direct numerical simulation
HRR Heat release rate

HRRPUA Heat release rate per unit area

LES Large eddy simulation
MF Mass fraction

PUF Polyurethane foam

TC Thermocouple

vPUF Virgin polyurethane foam
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1. Introduction

Fire simulation is widely used in the field of fire safety for application such as fire risk assessment,
evacuation safety analysis, and performance-based design. The most common approach in these
applications is to use a design fire, which represents the fire growth and the maximum heat release rate
(HRR) using an artificial burner. When applied to appropriate cases, such as over-ventilated fires and
fires with constant products yields, this approach is useful despite its simplicity. However, to extend
the application of fire simulation to a wider range of scenarios, the underlying physics of fire

development should be considered.

One approach to incorporating the underlying physics is to use a pyrolysis model in fire simulations.
This approach enables the effects of heat feedback to the fuel surface to be calculated. Polyurethane
foam (PUF) is an effective material for applying pyrolysis models because its solid-phase components
are well characterized, allowing its thermal properties and reaction kinetics to be specified. PUF is
widely used as an insulating material in buildings [1] and furniture [2], but it is highly susceptible to

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

When the PUF catches on fire, it undergoes low-temperature pyrolysis, producing combustible gases
and solid polyol. As the solid temperature increases, the polyol undergoes pyrolysis at a higher
temperature, producing additional combustible gas. Based on this phenomenon, two approaches have
been adopted in previous studies: the layering approach and the mixture approach. The layering
approach was first proposed by Prasad et al. [3] to reproduce the two-stage combustion characteristics
of PUF. They considered two components: virgin polyurethane foam (vPUF) and polyol, with each
component represented as a separate layer. Two reactions were adopted for each component. However,
this approach could not reproduce a smooth transition from the first stage to the second stage. McKeen
and Liao [4] proposed a method in which the two components (VPUF and polyol) were mixed to modify
the thermal properties of the bottom layer and reduce the thermal inertia. Using this method, the two-
stage combustion was smoothly connected. Chen et al. [5] adopted five components: vPUF, polyol,

carbodiimide, polycarbodiimide, and residue. The first layer was composed of vPUF, which produces
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combustible gas. The second layer, initially composed of vPUF, produced combustion gas and solid
products that were subsequently converted to polyol and carbodiimide. The produced carbodiimide was
then converted into polycarbodiimide and residue, sequentially producing combustible gas. Most
previous studies have been based on the layering approach, whereas Pau [6] used the mixture approach.
Various methods were examined, and the final model adopted the mixture approach. In this approach,

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

Although the many researchers investigated PUF modeling methods using pyrolysis models, two
issues remain. First, previous pyrolysis-based PUF fire models did not account for physical phenomena
observed in experiments, such as bead formation on the vPUF surface [4, 7, 3]. Second, pyrolysis-based
fire modeling is highly dependent on grid size and is difficult to apply with coarse grids. This limitation

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

Prasad et al. [3] conducted PUF slab fire simulation using a pyrolysis-based fire model. However, a
grid size as small as 1 mm was used, while the simulation domain was 1.2 m X 1.2 m X 1.0 m. To
reduce the computational cost, an anisotropic grid was used, which is not appropriate for Large Eddy
Simulation (LES) because resolving large-scale turbulent vortices requires sufficient spatial resolution
in all direction. Mangs and Hostikka [8] used 0.5-mm grid to analyze vertical fire spread over a birch
rod using Direct Numerical Simulation (DNS). They found that the flame-spread characteristics
obtained using a 0.5-mm grid were practically identical to those obtained using a 1.0-mm grid. However,
this conclusion was limited to concurrent-flow flame spread, in which the flame is tilted in the direction
of flame spread and heat transfer ahead of the pyrolysis front relatively effective. In the case of opposed-
flow flame spread, a smaller grid size is expected to be required to obtain a grid-independent results.
Most studies that successfully analyzed fire using pyrolysis models without modifying the reaction
parameters employed grid sizes on the order of 1-10mm [9-11], depending on the heat feedback and

flow characteristics.

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

scenarios and requires substantial computational resources. For this reason, relatively coarse grids are
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generally used in practical fire simulations. In the field of pyrolysis-based fire modeling, grid sizes on
the order of 20-200 mm are commonly used. Dréan et al. [12] investigated fire spread over cladding
using 20-mm gird, while Cui et al. [13] investigated a timber building fire using a 200-mm grid. The
problem with pyrolysis-based fire simulation using coarse grids is that ignition and fire-spread
characteristics can be inaccurately predicted when the fire is not sufficiently large to provide adequate

heat feedback to the fuel surface [14].

In this study, a PUF fire model based on experimentally observed physical phenomena was proposed.
In addition, a grid-independent fire modeling method was developed to enable the application of the
PUF fire model to PUF slab fires using relatively coarse grid on the order of 20 to 50 mm. To compare
the simulation results with experimental data, the experimental data reported by Pau [6] were selected.
This study was selected because it provides the thermal properties and reaction kinetic parameters of
the test material. In addition, the experiments progressed from cone calorimeter tests to PUF slab fire
tests, which were sequentially required for the validation conducted in this study. However, the original
reference is a dissertation. Therefore, the corresponding journal publication was sought and cited
instead where available. Fire Dynamics Simulator (FDS) v6.9.1 was used for all the simulation results

in this study.
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2. Simulation Methodology

A polyurethane foam fire was reproduced using a pyrolysis model. To apply this model to large-scale
fire simulations, a method for reducing grid-dependent characteristics was proposed. For clarity, the
grid-independent fire modeling method used in this study is introduced first, followed by and

explanation of the polyurethane foam fire model based on pyrolysis.

2.1 Grid-Independent Fire Modeling Method

Maragkos and Merci [15] reported that the flame near the fuel surface becomes smeared when a
coarse grid is used. This can prevent accurate prediction of radiative emission. Furthermore, even if the
radiation emission is accurately predicted, the incident heat flux still be affected by the grid size. Fig. 1
illustrates an example of the incident radiative heat flux ahead of a flame. The incident heat flux at the
first cell in the fine-grid case is normalized to unity, and theoretical incident heat flux is assumed to
decrease in proportion to the inverse square of the distance from the burning cell. If the critical heat
flux for ignition is assumed to be 0.4, the cell adjacent to the burning cell can be ignited in the fine-grid
case. However, as the grid becomes coarser as in Fig. 1 (b), the incident radiative heat flux at the
adjacent to the burning cell falls below the critical heat flux, even when the theoretical heat-flux
distribution is predicted. This demonstrates the grid-dependent nature of fire spread predictions,

regardless of the accuracy of the radiation, combustion, or pyrolysis models. To mitigate this grid
dependency in predicting flame spread —which must be accurately modeled to predict the HRR—this

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

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

oT; 9%Ty E,
pep . = k- + ApTsexp (——) h,. (1)

RT
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Here, p is the solid density (kg/m?), Cp 1s the specific heat (J/(kg'K)), T is the temperature inside the
solid (K), k is the thermal conductivity (W/(m-K)), x is the depth (m), A is the pre-exponential factor
(s Y(kg/m3)17™s), ng is the reaction order, E, is the activation energy (J/mol), R is the universal gas
constant (8.314 J/(mol'K)), and h, is the heat of reaction (J/kg). The last term represents the heat
released or absorbed by the solid-phase reaction. Even at the same HRR, the incident heat flux received
by the adjacent cell differs depending on the mesh resolution, resulting in lower temperature for the
coarse mesh. To maintain the fire spread characteristics even on a coarse mesh, the pyrolysis reaction
must occur at an incident heat flux below the critical heat flux. The most common approach to overcome
this issue is to revise the kinetic constants (A and E,). In this study, a method for correcting the activation
energy based on the Arrhenius number is proposed. Currently, a common approach to reducing grid-
size dependency is to exploit well-established physical phenomena [16] or dimensionless numbers [17].
This modification directly affects internal solid heat transfer, as it alters the final term of Eq. (1).
Therefore, maintaining these heat transfer characteristics inside the solid is essential. Adjusting
activation energy (E.) depends on the grid size; more precisely, it is driven by how the temperature
predictions vary with grid resolution. It was assumed that if the Arrhenius number (E./Ts) is preserved
regardless of grid size, the flame spread rate will also be maintained. Since the solid phase temperature
is difficult to measure directly while modifying activation energy (E.), it was assumed that the solid
temperature variance across grid sizes is proportional to the gas-phase temperature (Tg). Consequently,
the maximum gas phase temperature was measured to determine the appropriate activation energy (E.)
for each grid size while keeping the Arrhenius number constant. To preserve the same heat transfer
characteristics within the solid-phase cell under Arrhenius similarity, Eq. (1) was reformulated by

introducing ® = T,/E,, yielding the following revised heat transfer equation:

90 9?0 | A 1
pep5- = km+E—ap"Sexp (—ﬁ) h,. (2)

To maintain the solid-phase heat transfer characteristics regardless of grid size, the three terms (pc,,

k,and (A/E,)p™s) in Eq. (2) and the Arrhenius number (T /E,) must remain invariant.

10
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2.2 Polyurethane Foam Fire Modeling

2.2.1 Solid Phase Modeling

The most common and simple approach for modeling polyurethane foam pyrolysis is a two-step
pyrolysis model [18-21]. Based on observations from previous studies, these two stages progress as
shown in Fig. 2 (a). Initially, vPUF decomposes into a higher-density polyol while releasing pyrolysis
gas. The generated polyol forms small beads on the surface of virgin polyurethane foam [22, 7, 3, 5].
In the first stage, the pyrolysis gases are generated from both vVPUF and the resulting polyol. As the
thermal degradation proceeds into the second stage, this polyol forms a layer and produce pyrolysis gas
[23]. Current fire simulation tools cannot explicitly model this physical transformation (i.e, polyol bead
generation and polyol layer formation). Therefore, three seperate vPUF obstructions were defined: one
producing pyrolysis gas (VPUF1), another generating polyol beads (vPUF2), and the last creating the
polyol layer (vPUF3). Their ratios were adjusted using the ‘AREA MULTIPLIER’ parameter,
decoupled from the geometrical area exposed to the gas-phase cells. Since the area supplying pyrolysis
gas into the gas-phase cells changes with the ‘AREA MULTIPLIER’, the density of the vPUF
obstruction was adjusted to conserve fuel mass. Based on this approach, two modeling methods were
evaluated: one without the ‘BURN_AWAY" option and the other with it. When the ‘BURN_AWAY’
option is not used, the obstruction retains its original geometry. Consequently, the vPUF generating the
polyol layer must be present at the start of simulation. To prevent heat transfer and combustion during
the first stage, a thin incombustible obstruction was placed over the layer composed of vPUF3, which
transforms into polyol layer. This thermal barrier was set to disappear when the mass of vPUF1 in
adjacent cell decreased to 5% of its initial mass. This approach was used to analyze the combustion
characteristics of PUF in a cone calorimeter test. When ‘BURN_AWAY” option is used, the vPUF
obstructions generating pyrolysis gas and polyol beads (vPUF1 and vPUF2, respectively) were placed
on top of vPUF3, which transforms into the polyol layer. To align its surface with the height of the
burning polyol layer, vPUF3 was positioned one cell layer below the physical thickness of the actual

PUF. Since the second method utilizes ‘BURN_AWAY" option, it can capture changes in the burning
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area—and consequently the variation in heat absorption and fuel release—as the fire develops. In
Method 2, grid-independent model discussed in the previous section was also adopted. This approach
was used to analyze the fire behavior of a PUF slab. Regardless of the methods, solid phase reaction

kinetics are as follows:

vPUF1 — Pyrolysis gasl 3)
vPUF2 — Polyol bead — 0.973Pyrolysis gas2 + 0.027residue 4)
vPUF3 — Polyol layer — 0.973Pyrolysis gas2 + 0.027residue (5)

Since vPUF2 and vPUF3 have different ‘AREA_MULTIPLIER’ values—and consequently different
densities—the solid vPUF had to be defined separately. However, their gaseous phase transformations
were set identically because they consist of the same material. In addition, the residue was configured
with properties identical to polyol, with its quantity set to match the remaining mass observed in the
TGA results by Pau [6]. The concepts of the PUF fire model for two methods are illustrated in Fig. 2

(b) and (c)

) Pyrolysis gas
Pyrolysis gas by polyol beads
(15tstage)
see
Polyol
VPUF beads
., —» Pyrolysis gas
by polyol layer
vPUF I Polyol layer
1
1¢t stage 2" stage
(a)
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(1%tstage) Barrier
Polyol
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—>
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13! stage

(b)

Pyrolysis gas
by polyol beads

Pyrolysis gas
(1'stage)
Polyol
beads
—>
vPUF1 vPUF2
vPUF3
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(c)

vPUF1

Pyrolysis gas
by polyal layer

residue Polyol
layer

vPUF2 vPUF3

2 stage

Pyrolysis gas
by polyol layer

Polyol layer

vPUF3
2 stage

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

the polyurethane foam, (b) First method (‘BURN_ AWAY=F"), and (c) Second method

(‘BURN_AWAY=T" and with grid-independent model)

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

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

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

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

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

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

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

generates a different pyrolysate, the heat of reaction was defined on the basis of the corresponding
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gaseous pyrolysis products. The values used in this study were obtained from the previous TGA
experiment by Pau [6, 25]. Additionally, for the same reason, the kinetic constants for the pyrolysis

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

Table 1. Base thermal properties and kinetic constants of vVPUF and polyol [6, 25, 24] (Kinetic
constants were recalculated according to the definitions used in this study).

vPUF Polyol
Density (kg/m?) 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 (s (kg/m3)t ™) 4.02x10' 7.38x1013
Ea (kJ/mol) 179 231
ns 1.35 1.25

As illustrated in Fig. 2, the PUF was composed of three obstructions (vPUF1, vPUF2, and vPUF3).
For this purpose, four cells were chosen as a unit obstruction representing the PUF. When using Method
1, all component obstructions (vVPUF1, vPUF2, and vPUF3) are exposed to the gas cell. Since the
adjustment of the geometric area fraction exposed to the gas cell is restricted, ‘AREA MULTIPLIER’
was adopted and its value was adjusted by comparing the HRR with experimental data. In Method 2,
vPUF3, which transforms into a polyol layer, is located under vPUF1 and vPUF2; thus, its geometric
area fraction is 1.0. To maintain the same area in both methods, ‘AREA MULTIPLIER’ was set
accordingly. The polyol bead burns in the first stage, and its exposed area is reduced as bead form.
Therefore, the area fraction of vVPUF2 was set relatively lower than that of vPUF3. In addition to the
area fraction, the mass fraction of each component was adjusted. Since vPUF1 represents the pyrolysis
gas produced from the low-temperature pyrolysis reaction and its amount is fixed, its area fraction and
the mass fraction were fixed to the ratio observed in the TGA experiment (26 %). By adjusting the mass
fractions of vPUF2 and vPUF3, the amount of heat released during the first and the second stage

combustion can be adjusted. Similar to ‘AREA MULTIPLIER’, the mass fraction was also adjusted by

15



285  comparing it with the experiment HRR data. The parameters determined based on experimental

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

287
288 Table 2. Geometrical parameters used for the PUF fire model.
vPUF1 vPUF2 (Polyol bead) vPUF3 (Polyol layer)
Area Multiplier 1.04* 0.4 1.0
Method 1
Geometric Area Fraction 0.25 0.25 0.5
Area Multiplier 0.52" 0.2 0.5
Method 2
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
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Based on the thermal properties and kinetic constants summarized in Table 1, the parameters of the
grid-independent PUF fire model were calculated using the method described in Section 2.1, as
summarized in Table 3. The mass fraction and the area fraction of each component were set as in Table
2; therefore, the modeled thickness (8;,,04¢;) in Table 3 can be caclulated. In this study, the maximum
temerapture (Typgxax) Was predicted by extrapolating the cone calorimeter simulation results, while

the reference temperature (Ty.r) was set to the adiabatic flame temperature.

The heat transfer within the solid phase is calculated using a one-dimensional heat transfer equation.
This calculation is performed using one-dimensional cells in the solid phase, extending from the solid
surface toward the backside of the solid. The solid phase cell size was calulated as \/m and
uniformly distributed throughout the pyrolyzing solid. For non-pyrolyzing solids, the solid-phase cells
were generated by successively doubling the cel size from the surface toward the center of the solid,
followed by successively halving the cell size from the center toward the backside. This follows the

default solid-phase cell distribution in FDS.

17



305

306

Table 3. Thermal properties and kinetic constants used for the PUF fire model.

vPUF1 vPUF2 Polyol bead vPUF3 Polyol layer
Density (kg/m3) p p MF é‘actual p p MF ‘Sactual p
—_ Lol — lyol
vPUF vPUF AF 6model polyo vPUF AF 6model polyo
. PvpPur PvPUF
SpeClﬁC heat (J/kgK) Cp,uPUF Cp,vPUF — Cp,polyal Cp,vPUF — Cp,polyol
Pvpur2 PvPUF3
Conductivity (W/m'K) kyvpur kvpur kpotyot kvpur kpotyor
Eqvpur Eavpurz Popur™ Eapotyol bead Eavpurs Popur™ Eapolyol bead
A (57 (kg /m)'T) Aupyp 220 e N el IR W S
a,vPUF Eqvpur Popur2™ a,polyol Eqvpur Pvpurs™ a,polyol
Tref Tref Tref Tref Tref
Ea (J/mol) Eavpur T Eqvpur T Ea,polyol T— Eqvpur T Ea,polyol T—
max,Ax max,Ax max,Ax max,Ax max,Ax
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2.2.2 Gas Phase Modeling

The gas phase of the PUF was modeled using the method proposed by Chen et al. [5]. In this model,
the gas produced by the low-temperature pyrolysis reaction, designated as ‘Pyrolysis gas1’ in this study,
was represented by CoHegN»O», while the gas produced by the high-temperature pyrolysis reaction,
designated as ‘Pyrolysis gas2’, was represented by CsHi40;. Air was modeled as a lumped species
consisting of nitrogen, oxygen, carbon dioxide, and water vapor, while the combustion products were
modeled as a lumped species consisting of nitrogen, carbon monoxide, carbon dioxide, water vapor,
and soot. The heat of combustion for ‘Pyrolysis gasl’ and ‘Pyrolysis gas2’ were set to 24 and 28 kl/kg
respectively [21]. The Eddy Dissipation Concept combustion model was used for predicting change in
species concentration. Gas phase suppression (‘SUPPRESSION’) was turned off because the cell size
used in this study was relatively coarse, making it difficult to accurately predict the extinction

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

By defaults, FDS calculates radiative heat transfer by assuming that the gas phase behaves as a gray
gas and using a single absorption coefficient in the radiative heat transfer equation (RTE). FDS also
supports improved absorption coefficient model that accounts for the dependence of gas radiation on
the wavelength and the participating species. Ahmed and Trouvé [27] investigated thermal feedback in
a medium-scale methanol pool fire and reported that the Weighted Sum of Gray Gases (WSGG) model
predicted higher radiative heat feedback to the fuel surface near the flame boundary. This effect is
particularly important in fire simulations involving pyrolysis reactions, as the results are highly sensitive
to the surface temperature. For this reason, WSGG model was used in this study. The grid size used in
the fire simulation is usually much larger than the length scale of the flame structure. In addition, the
production and oxidation of soot, which plays a dominant role in radiative heat transfer, are not
explicitly resolved in the fire simulation. As a result, the radiative emission by the flame cannot be
accurately predicted. For this reason, FDS employs prescribed radiative fraction. For common
combustible materials that produce sooting flames, the radiative fraction typically ranges from 0.3 to

0.4. In this study, a value of 0.35 was used. To achieve this radiative fraction, the calculated radiation
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emission source term is corrected by a factor of up to 100 times its original value. However, in FDS
v6.9.1, which was used in this study, the correction factor is not allowed to fall below unity. In this
study, the minimum correction factor ‘C_MIN’ was reduced from the default value of 1.0 to 0.1. This

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

The methods described in Section 2 were used for the simulation-experiment comparison. The first
case was based on a cone calorimeter experiment following ISO 5660, while the second case involved
a PUF slab fire. The experimental conditions and corresponding data for both cases were adopted from
the study by Pau [6]. This study was selected because it employed a sequential approach, progressing
from a small-scale fire experiment to a large-scale fire test using the same material, for which the

thermal properties were also provided.

3.1 Cone Calorimeter Fire Simulation Conditions

Based on the cone calorimeter test method [28], the cone heater and PUF specimen were reproduced
in the simulation domain. In the simulation, only the top surface was modeled as a PUF surface of which
size is 0.1 X 0.1 m? considering that the sides of the specimen were covered with aluminum foil during
the test. In PUF modeling method 1, each material (VPUF1, vPUF2, and vPUF3) were directly exposed
to the gas-phase cells. An 18-mm-thick calcium silicate board layer was placed beneath each of vPUF1,
vPUF2, and vPUF3 layers. In PUF modeling method 2, vPUF1 and vPUF2 were initially exposed to
the gas-phase cells. As these materials burned, vPUF3, which constituted the final cell layer, was
subsequently exposed to the gas-phase. Therefore, an 18- mm-thick calcium silicate board layer was
placed beneath the vPUF3 layer. In both methods, the original PUF thickness was set to 50 mm. The
thermal boundary condition at the backside of the specimen was set to ‘VOID’, meaning that the

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

The cone heater geometry was reproduced for each grid size to minimize the geometrical discrepancy
between the simulation model and the actual experimental configuration. The coil surface temperature

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

are summarized in Table 4.

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

Target heat flux (kW/m?)
Coil temperature (°C)
30 40 50 60
5 656 729 784 834
Grid Size (mm) 6.25 663 733 791 839
8.33 671 742 801 852

In this study, three grid sizes (5, 6.25, and 8.33 mm) were considered. The Plume Resolution Index
(PRI) [29] was calculated as a characteristic fire diameter (Q") [30] divided by the grid size (Ax). A
characteristic fire diameter was calculated by

0 — ( g )0.4' 6)

Poo Cp,airToo\/g

Here, Q is the heat release rate of the fire (kW), p is the ambient density (kg/m?), Cp,air 18 the
specific heat of the ambient air (J/(kg'K)), Te, is the ambient temperature (K), and g is the gravitational
acceleration (m/s?). The PRI values corresponding to the grid sizes of 5, 6.25, and 8.33 mm used in this
study were 30.3, 24.3, and 18.2, respectively. The simulation domain for the cone calorimeter fire
simulation is depicted in Fig. 3. The horizontal domain size varies from 24 to 30 cm, while the vertical
distance from the PUF surface to the top of the domain varies from 73.5 to 80 cm, depending on the
grid size. The vertical distance from the bottom of the domain to the top surface of the PUF was fixed
to 7.5 cm. The bottom of the domain was left open to minimize flow interference and allow unobstructed

air entrainment into the domain.
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Fig. 3 Simulation domain for cone calorimeter fire simulation

3.2 Polyurethane Foam Slab Fire Simulation Conditions

The PUF slab fire simulation was carried out using the same setup as that reported by Pau [6] and
presented in Fig. 4. A 1 m X 2 m PUF slab with a thickness of 120 mm was placed on a calcium silicate
board, and the sides of the slab were surrounded by support bracing. The detailed dimension of the
support structure were not reported in the previous work by Pau [6]. Therefore, the dimensions and
properties of the supporting materials were assumed in this study. The support structure had an
estimated thickness of 0.24 m, although its actual thickness varied depending on the grid size. The
support consisted of a 12-mm-thick calcium silicate board and 100-mm-thick timber. The thermocouple

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

The PUF slab, support structure, and calcium silicate board were placed on a frame to reproduce the
ambient gas flow conditions of the experiment. The burner used in the experiment consisted of regularly

23



394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

spaced apertures. However, the aperture size was too small to be resolved in the simulation. Therefore,
the burner was modeled with a height of one cell along one side of the PUF slab. Although the detailed
flame structure may not be accurately reproduced, it was assumed that the effect of the burner would
be negligible if the same HRR and momentum were supplied. To match the momentum of the
experimental burner, fresh air was supplied through the burner. Propane was used as the burner fuel
because it is a major component of LPG, which was used as the fuel in the experiment. The burner was
operated at a constant rate for 120 s, with and additional 10 s of ramp-up before and 10 s of ramp-down
after the constant-rate period. Grid sizes of 20, 31.25, 40, and 50 mm were considered. Based on the
maximum HRR measured in the experiment, the corresponding PRI values were calculated as 9.7, 6.2,

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

~024m o°m ~0.1m

ry
% Polyurethane Foam Slab 0.2 m
A - . . L] - . .

. 4
0.2@
Be o o & . . . 1m

Cl L] L] L] L] L L *>—0

v
Burner Surpport
"""""""""" SR
~0.24 m CaSi Board ~01m
(a)
0.12m

| Burner (thickness = Ax)

(b)

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

study: (a) Top view and (b) Side view
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412 Table 5. PUF slab fire simulation conditions.

Variables Value
PUF Size (m?) 1x2 [6]
PUF Thickness (mm) 120 [6]
Burner HRR (kW) 25 [6]
Burner operating duration (s) 120
Burner Size (m?) 1 mXx Ax
Fuel Propane [6]
Grid Size (mm) 20, 31.25, 40, 50
413
414
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4. Results and Discussion

In the first section of the Results and Discussion, the results of the cone calorimeter fire simulations
are discussed. First, the accuracy of the cone heater was evaluated, and the basic heat release
characteristics of the proposed model were examined. Based on the maximum gas temperatures
obtained from the cone calorimeter fire simulations for different grid sizes, the temperatures
corresponding to the grid sizes used in the PUF slab fire simulations were extrapolated. These
extrapolated temperatures were then used in the grid-independent fire model to determine the thermal
properties and a kinetic parameter presented in Table 3. In the second section of the Results and
Discussion, the PUF slab fire simulation results are compared with the experimental data for model

validation.

4.1 Cone Calorimeter Fire Simulation

Prior to analyzing the cone calorimeter fire simulation results, the coil temperature setting used to
achieve the target radiative heat flux was validated. The incident radiative heat flux was measured at 1
cm intervals from the center to 5 cm toward the corner of the specimen. The measured values were
averaged for each target heat flux and the grid size, and are presented in Fig. 5. The maximum and
minimum incident heat fluxes measured at different locations are presented as error bars. The difference

remained below 3% for all measurement conditions, with a maximum difference of 2.7 %.
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Fig. 5 Measured average radiative heat flux on the specimen

The heat release rate per unit area (HRRPUA) curves for various grid sizes and external radiative
heat fluxes are presented in Fig. 6. The two-stage combustion process was captured by the proposed
model. The peak HRR was predicted reasonably well at relatively high external radiative heat fluxes.
However, when the external radiative heat flux was low, the peak HRR in the second stage was
substantially higher than the experimental result. In this simulation, the surface area exposed to the
flame was kept constant for different external radiative heat fluxes. However, the exposed surface area
may vary with the external radiative heat flux because of the liquid nature of the polyol [31]. The
viscosity of the polyol generally decreases with increasing temperature, allowing the liquid polyol to
spread over a wider area. This behavior may be one of the reasons for the variation in the second-stage
peak HRR observed in the experiments. In addition, regression of the PUF surface was not reproduced
in the simulation, whereas it reduced external radiative heat flux in the experiment. This may have
contributed to the higher HRRPUA during the second-stage combustion. As the grid size was reduced,
the peak HRRPUA, particularly during the second stage, increased because greater heat feedback to the
solid cell adjacent to the flame was predicted with a finer grid. When the grid size was relatively large
and the external radiative heat flux was low, the second-stage combustion was not predicted smoothly,

resulting in two peaks. This indicates that the sufficient radiative heat flux was not fed back to the
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specimen surface to sustain the flame. This is inherent limitation of fire simulations using field model
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Fig. 6 HRRPUA for various external radiative heat fluxes and grid sizes (solid line with symbols:
experiment [6]; dotted line: simulation): (a) Grid size: 5 mm, §yqq ey : 30 kW/m?, (b) Grid size: 6.25
mm, Graqex : 30 kW/m?, (c) Grid size: 8.33 mm, Grqqex : 30 kW/m?, (d) Grid size: 5 mm, §rqqex
40 kW/m?, (e) Grid size: 6.25 mm, Grqqex : 40 kW/m?, (f) Grid size: 8.33 mm, §rqgex : 40 KW/m?,
(g) Grid size: 5 mm, §rqgex - 50 kW/m?, (h) Grid size: 6.25 mm, §rqq ey : 50 kW/m?, (i) Grid size:
8.33 mm, ¢rqqex - 50 kW/m?, (j) Grid size: 5 mm, Grqq ey - 60 kW/m?, (k) Grid size: 6.25 mm,
Gradex 60 kW/m?, and (1) Grid size: 8.33 mm, §rqqex : 60 kW/m?

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

burning process. The mass loss rate of the three components are presented in Fig. 7. As intended, vPUF1,
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representing the vPUF that produces low-temperature pyrolysis gases, and vPUF2, representing polyol
beads on the vPUF, were pyrolyzed during the first stage of combustion. In contrast, vPUF3,
representing the polyol layer formed after the vPUF was exhausted, was pyrolyzed during the second
stage of combustion. Although the thermal properties of the polyol beads and the polyol layer are the
same, their mass loss rate curves exhibited different characteristics because the used of the ‘AREA
MULTIPLIER’ resulted in different “THICKNESS’ values. This behavior is consistent with the

phenomena observed in previous experiments [21, 5, 7, 3].
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Fig. 7 Mass loss rate of the model components in VPUF (Ax =5 mm, ¢,qqext = 60 KW/m?)

The combustion process of VPUF using the proposed model is illustrated in Fig. 8. The top view of
the specimen is shown at the bottom of the figure. The red surface represents the thermal barrier that
prevents VPUF3 from being pyrolyzed during the first stage of combustion. A unit vPUF cell consists
of one VPUF1 cell (blue), one vPUF2 cell (gray), and two vPUF3 cells (green) to maintain the number
of burning cell within a unit vPUF cell during the first and the second stages of combustion. As shown
in the figure, the thermal barrier (red) began to disappear from the high temperature region due to higher
pyrolysis rate of vVPUF1. Because the unit vPUF cell is not symmetric about its center, the arrangement

of the model components across the specimen is also asymmetric. Consequently, the disappearance of
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485  the thermal barrier was also asymmetric. Despite the discretization of each vPUF cell into four sub-
486  cells, the fire boundary remained at the specimen boundary. This indicates that the discretization of

487  vPUF had little effect on the predicted fire behavior when a sufficiently fine grid was used.
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497 Fig. 8 Combustion process of vPUF for various external radiative heat flux (Ax =5 mm): External
498 radiative heat fluxes of (a) 30, (b) 40, (¢) 50, and (d) 60 kW/m?
499

500 3.2 Polyurethane Foam Slab Fire Simulation

501 The results of the PUF slab fire simulations using Method 1 are shown in Fig. 9. The initial HRR,
502  which remained constant for 120 s, resulted from the burner being maintained at 25 kW for 120 s. No
503  increase in HRR was observed, indicating that the PUF slabs were not ignited regardless of the grid

504  size. One possible reason for this phenomenon is that the grid sizes used in the PUF slab fire simulations
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were not sufficiently fine to resolve the flame produced by 25 kW burner, resulting in insufficient heat
transfer to the flame-attached solid cells, as explained in Section 2.1. This is a common problem in fire
simulations using pyrolysis models, in which the combustible material may fail to ignite or may not
burn sufficiently compared with experimental results [14, 6, 3]. To address this problem, the grid-

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

B0
- —— Experiment
=3 3000 - —— simulation (Ax = 20 mm) 1
< 5500 | Simulation (Ax = 31.25 mm) |
T | —— Simulation (Ax = 40 mm) -
% 2000 L —— Simulation (Ax = 50 mm) 1
0 L
1500 ]
@
x L
w 1000 L ]
@
L I
500 - 1
0

Il 4 " 1 1 |
0 60 120 180 240 300 360 420

Time (s)

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

To adopt grid-independent method, the dependence of temperature on the grid size must first be
determined. In this study, the maximum gas-phase temperature was obtained from the cone-calorimeter
simulations (Fig. 10) and extrapolated to determine the revised activation energy, as presented in Table
3. To predict the maximum temperature in the outer region, the equation in the form of Tre(A-x+1)" was
used for fitting. This functional form starts from T, which corresponds to the adiabatic flame
temperature in this study, and approaches zero as the grid size approaches infinity. This behavior is
considered reasonable for extrapolating the temperature in the field model (CFD). Using this equation,
the maximum temperatures at the grid sizes of 20, 31.25, 40, and 50 mm were predicted to be 2164,

2059, 2002, and 1952 K, respectively.
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Fig. 10 Maximum measured gas temperature in cone calorimeter simulation

The PUF fire simulation results for various grid sizes, with the thermal properties and reaction kinetic
parameters corrected based on the extrapolated temperature, are shown in Fig. 11 (a). As the grid size
increased, the corrected activation energy decreased, facilitating fire spread even under low radiative
heat flux. As a result, the case with the 50-mm grid exhibited the fastest ignition, whereas the case with
the 20-mm grid exhibited the slowest ignition. Ignition is a complex phenomenon, making it difficult
to analyze fire experiment results. Therefore, the results are sometimes normalized by accounting for
the time delay and thereby minimizing the effects of ignition [32]. To quantitatively compare the
experimental and simulated HRR, the Pearson correlation coefficient, normalized root mean square
error (NRMSE), R? values were calculated and are presented in Table 6. These values were calculated
using the data after accounting for the time delay. The delay was determined by shifting the simulation
results in time and identifying the time shift corresponding to the maximum cross-correlation coefficient.
As observed in Fig. 11 (a), the delay was shortest for the 50 mm grid and longest for the 20 mm grid.
Since the burner HRR was kept constant and the activation energy was reduced most at 50-mm grid,
the PUF ignited more readily and exhibited the shortest ignition time. The HRR curves after accounting
for the delay are redrawn in Fig. 11 (b). After accounting the delay, the effect of grid size on the HRR
was substantially reduced, and the differences between the simulation and experimental results were

also reduced. The Pearson correlation coefficients were above 0.9 for all grid sizes, the NRMSE values
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and experimental HRR values at individual time points.

remained below 0.13, and R? values were above 0.6. These results indicate that the simulations captured

the overall growth and decay trends well, although slight differences remained between the simulated
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Fig. 11 HRR of the PUF slab fire simulation using Method 2 (Experimental data from Pau [6]): (a)

HRR comparison without adjusting time delay and (b) HRR comparison with adjusting time delay
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Table 6. Quantitative comparison of PUF slab fire simulation with experimental data.

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

The experimental fire images obtained by Pau [6] and the corresponding simulation fire images,
defined by regions with HRRPUV values above 200 kW/m?, are compared in Fig. 12 accounting for
the time delays described in Table 6. The scale of the simulation images was adjusted to match that of
experimental images. Some simulation images showed different flame lengths compared with the
experimental images. For example, the flame length predicted using the 50 mm grid at 161 s was much
longer than that observed in the experiment. The flame length varies due to the inherently turbulent
nature of flames; therefore, the flame length obtained from the simulation cannot be directly compared
with the experimental data. However, the burning area predicted by the simulation showed very similar
results to those observed in the experiment. For example, the burning area of the PUF slab at 120 s in
experiment was approximately half of the total slab area, which was also observed in the simulation at
the corresponding time. After 160 s, the burning area spread over entire PUF slab, and the same behavior
was observed in the simulation results. The grid-independent model using PUF fire modeling Method

2 showed consistent results when the ignition-induced delay was accounted for.
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572
573 Fig. 12 Fire growth and decay comparison between simulation and experiment (Experimental data
574 from Pau [6])
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The quantitative data predicted by the simulation are compared with the experimental results in Table
7. The quantities used for this comparison were based on the data presented by Pau [6], and the same
definition were used. The average mass loss rate (m,,,) was calculated over the period during which
the burned mass ranged from 10 % to 90 % of the total burned mass. The total heat release (q;,;) was
calculated by including the heat release from the burner. The effective heat of combustion (Ahcrr)
was calculated over the entire experimental period. However, Pau [6] did not specify whether the heat
release from the propane burner was included in the calculation of the total heat release. Therefore, the
burner heat release was considered in Ah ¢ calculation, consistent with the calculation of the total
heat release. The peak heat release rate (qp,) was determined as the maximum value during the
combustion period. The average heat release rate (q,,,.) Was calculated over the period during which
the HRR exceeded 10 % of its maximum value. The maximum error was observed for g,y at the 50-
mm grid size, reaching 53.9 %. This was attributed to the relatively high g, and short burning period
in this case. Except for this case, all the errors remained below 30 %. The errors for Ah, . ¢ ¢ were the
lowest among the evaluated quantities because it was directly specified as an input parameter in the
simulation. In contrast, the error for q,,, was the highest because it depends on the other quantities
presented above. Since the grid-independent fire modeling method was used, no clear trend in the errors

with respect to grid size was observed.

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

[6]).
mave (g/S) qtot(M]) Ahf'eff(M]/kg) qpk (kW) qave (kW)
Exp. [6] 39.2 166.5 253 1834 712
Sim. 38.5 196.6 27.3 1604 821
(Ax=20mm) (-1.8 %) (18.1 %) (7.9 %) (-12.5 %) (15.3 %)
Sim. 40.1 196.5 27.3 1638 870
(Ax=31.25mm) (2.3 %) (18.0 %) (7.9 %) (-10.7 %) (22.2 %)
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Sim. 423 201.0 273 1884 903
(Ax=40mm) (7.9 %) (20.7 %) (7.9 %) (2.7 %) (26.8 %)

Sim. 50.7 200.7 273 2166 1096
(Ax=50mm) (29.3 %) (20.5 %) (7.9 %) (18.1 %) (53.9 %)

The total mass burned in the simulation is summarized in Table 8. Approximately 96-99 % of the
total mass was burned in the simulations. The unburned cells were mainly located near the support
bracing. Although the grid-independent fire modeling method was used, the size of the turbulent
vortices that can be directly resolved is limited by the grid size, which can affect convective heat transfer

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

Table 8. Total mass burned for various grid sizes.

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 %)

Lastly, fire spread characteristics over the slab was analyzed. In the experiment, the pyrolysis front
was identified based on a temperature of 222 °C, which was determined to be the onset temperature of
pyrolysis. In the grid-independent fire modeling method, the gas-phase temperature assumed to
decrease as the grid size increased. Based on this assumption, the activation energy was corrected
accordingly. Therefore, using 495 K (222 °C) as the reference temperature, the temperature for
identifying the pyrolysis front, the corresponding temperature for different grid sizes were determined
in proportion to the temperatures predicted by the equation in Fig. 10. Using these temperatures, the
distance traveled by the pyrolysis front and the fire spread rate, defined as the derivative of the pyrolysis
front travel distance, were calculated and are presented in Fig. 13. As a representative case, the
simulation results for the 50-mm grid were selected because it is the largest grid size considered in this
study. This case demonstrates that the grid-independent fire modeling method can also be applied to

building-scale fire simulations using relatively coarse grids. The distance traveled by the pyrolysis front
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predicted by the simulation showed a similar trend to that observed in the experiment, except for a time
delay. The fire spread rate, defined as the derivative of the distance traveled by the pyrolysis front, also
exhibited a similar trend: it was relatively low during the initial period and increased as the fuel
consumed. During the middle period, the fire spread rate showed similar values, remaining
approximately 15 mm/s at 110 s in the experiment and 170 s in the simulation. In addition, a sudden
increase in the fire spread rate near the end of the burning period was captured at 140 s in the experiment
and 210 s in the simulation. However, the fire spread rate predicted by the simulation was approximately

1.6 times higher than that measured in the experiment.
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Fig. 13 Comparison of fire spread characteristics between simulation (Ax=0.05 m) and experiment

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

The distance traveled by the pyrolysis front and the corresponding fire spread rate measured by TC
array B (at the center of the PUF slab) are shown in Fig. 14. The pyrolysis front distance and average
slope showed similar trends for various grid sizes, except for a time delay. The fire spread rate fluctuated
during the burning period; however, it generally increased as the fuel was consumed. The variation with
respect to grid size was much smaller than the fluctuation in the fire spread rate. These results indicate
that the grid-independent fire modeling method combined with the pyrolysis-based fire modeling can

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

In this study, a PUF fire modeling method was proposed in combination with a grid-independent fire
modeling method to enable fire simulations using coarse grid. The proposed PUF fire model was
validated against cone calorimeter experiments, and a PUF slab fire was simulated using the grid-

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

(1) A proposed PUF fire model reproduced the two-stage combustion behavior of PUF observed in
the cone calorimeter experiments. At higher external radiative heat fluxes, the peak HRRPUA
values in both the first and second stages were well captured. At lower external radiative heat
fluxes, however, the peak HRRPUA in the second stage was higher than that observed in the
experiment.

(2) The proposed PUF fire model predicted the pyrolysis of each modeling component selected
based on the observations of PUF fire behavior and showed a smooth transition from the first
to the second combustion stage. However, asymmetric disappearance of the thermal barrier,
particularly near the edge of the specimen, was observed due to the asymmetric arrangement of
the unit PUF cells.

(3) The maximum temperature obtained from the cone calorimeter simulations was used to derive
an equation for estimating the gas-phase temperature as a function of grid size. The temperature
for the coarse grid was extrapolated using the derived equation and applied to the grid-
independent fire modeling method. The grid-independent fire model successfully ignited and
simulated the spread the PUF slab fire in all grid sizes considered in this study, whereas the
PUF fire model alone was unable to ignite the PUF slab.

(4) The HRR showed similar characteristics across the different grid sizes, except for a time delay.
In addition, the pyrolysis front distance and its derivative, i.e., the fire spread rate, showed
similar trends to the experimental results and exhibited little variation with grid size. These
results indicate the proposed grid-independent fire modeling method can be applied using coarse

grids, provided that the time delay is appropriately corrected.
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