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Abstract

This study validates numerical models for mixed polymer combustion in a B-707 aircraft
cargo compartment against Federal Aviation Administration test data. A simplified ap-
proach using a predefined mass loss rate was compared with a detailed model coupling
in-depth heat transfer and pyrolysis kinetics based on the assumption of negligible co-
pyrolysis effects. Both approaches reliably captured smoke dynamics and light transmission.
The detailed model predicted the mass loss rate with high accuracy, matching the experi-
mental value of 0.11 g/s at 200 s after the ignition. However, it significantly overpredicted
the heat release rate with a peak value of 8 kW versus 5 kW in the experiment. This discrep-
ancy was examined through a sensitivity analysis of key parameters: the radiative fraction,
heat of combustion, turbulence model, and pyrolysis kinetics. The Smagorinsky model
best captures the growth pattern of the heat release and mass loss rates, despite its larger
deviation from the experimental data compared to other models. The analysis revealed that
the radiative fraction and the activation energy of high heat-of-combustion materials like
high-density polyethylene are the most influential parameters. One possible solution to the
overestimation is the calibration of the activation energy and heat of combustion values
for high-energy materials like HDPE. The results confirm the detailed model’s physical
realism for fire spread modeling and highlight a path for improving its heat release rate
predictions. Further investigation is required across a wider range of computational cases
with varying sample mass fractions, compositions, geometries, and boundary conditions to
establish the broader applicability of this approach.

Keywords: fire dynamic simulator; thermal decomposition kinetics; fire modeling; plastic
mixture; cargo compartment; mass loss rate; heat release rate

1. Introduction

Fire safety in aviation remains a critical concern due to the potential for the rapid
spread of fire and the challenges associated with early detection and suppression. The
presence of combustible materials combined with limited fire suppression capabilities on-
board creates a high-risk environment where even a small ignition can lead to catastrophic
consequences. Among the key challenges in this field is the development of numerical
approaches for accurate modeling of fire dynamics, which involves understanding the
thermal decomposition of polymeric materials, the spread of smoke and flames, and the
performance of fire detection systems.
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Numerical simulations of fire propagation in enclosed compartments typically rely on
two distinct modeling methodologies. The first approach employs a predefined mass loss
rate per unit area (MLRPUA), adjusted according to experimental data, which assumes a
predefined fuel degradation rate [1]. This simplification drastically reduces computational
costs by eliminating the need for complex chemical kinetics and is commonly employed
for CFD code validation against heat and mass transfer data [2,3]. This method inherently
restricts the analysis to a single, predetermined fire development path, neglecting the
influence of other physical conditions. In contrast, the second approach incorporates real
pyrolysis kinetics, explicitly modeling the multistage decomposition of polymers through
Arrhenius-based reaction mechanisms [4,5]. This method captures the dynamic nature of
fire growth, accounting for temperature-dependent mass loss, evolving gas composition,
and heat release rates. While computationally intensive, kinetic modeling enables the
exploration of diverse fire scenarios, including variations in ignition sources, ventilation
effects, and material compositions critical for assessing real fire hazards.

For the second approach, a fundamental aspect of fire modeling lies in the thermal
decomposition rate of combustible materials, which governs the dynamics of real fire
scenarios [6]. Polymer-based materials, ubiquitous in aviation cargo (packaging and
protective films, storage containers, electronics, etc.), require particular attention due to
their complex pyrolysis behavior. Unlike simple fuels, polymers undergo multistage
decomposition involving numerous intermediate species and reactions. The detailed
kinetics for some polymers may include dozens of species and hundreds of reactions [7],
making a completely detailed kinetic model computationally prohibitive for practical
fire simulations.

As aresult, simplified approaches are often employed, focusing on dominant mass loss
processes while using averaged gas properties [8]. Although such methods cannot capture
fine-scale flame characteristics, they provide reasonable estimates of critical parameters
such as CO and soot yields, which are essential for fire hazard assessment [9].

The analysis of pyrolysis kinetics for polymeric materials has been extensively studied
in the literature, with numerous simplified reaction mechanisms proposed to describe ther-
mal decomposition processes [10-12]. However, a critical question remains regarding the
practical applicability of these mechanisms in numerical modeling—specifically, whether
they can be accurately implemented for a given real-world scenario, especially in the case
of a mixture polymer combustion. Thermogravimetric, kinetic, and product studies report
that in some conditions, the notable changes can be achieved in pyrolysis temperatures,
apparent activation energy, and altered oil or gas yields during the co-pyrolysis of polymers
compared to their expected weighted averages [13-15]. However, in the ground-breaking
work of Westernhout et al. [16], it was found that the pyrolysis kinetics of the polymers in
the mixture remains unaltered in comparison with the pyrolysis of the pure polymers at
temperatures below 450 °C. In this study, we not only examine the theoretical foundations
of pyrolysis kinetics but also evaluate their suitability for computational simulations.

The choice between simplified and detailed kinetic models often involves a compro-
mise between accuracy and computational efficiency. While single-step Arrhenius kinetics
may suffice for some thermoplastics (e.g., polyethylene or polystyrene [17,18]), more com-
plex materials like polyvinyl chloride or polyurethane [19,20] necessitate multistep models
to accurately reproduce mass loss and heat release rates. This challenge becomes even more
pronounced when dealing with multicomponent fuel mixtures, as commonly encountered
in real fire scenarios.

In this context, experimental data from controlled fire scenarios provide invaluable
benchmarks for validating numerical models. Of particular relevance are the Federal
Aviation Administration (FAA) tests conducted in a Boeing 707 cargo compartment, which
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examined the combustion behavior of a polymer mixture under realistic conditions [21,22].
These experiments recorded key parameters such as temperature profiles, gaseous product
concentrations, and light transmission dynamics, offering a comprehensive dataset for
model evaluation.

This work validates numerical approaches for modeling the thermal decomposition
and combustion of a plastic mixture in an aircraft cargo compartment against FAA experi-
mental data. Two primary methodologies are compared: a simplified predefined mass loss
rate per unit area (MLRPUA) approach and a more detailed kinetic scheme accounting for
real-time pyrolysis chemistry. This study evaluates their respective advantages and limita-
tions in predicting fire growth, smoke transport, and detection timelines, demonstrating
the applicability of such models for fire dynamics simulations in aviation.

2. Numerical Methods and Details

For numerical modeling, the Fire Dynamic Simulator (FDS-6.10.1) open-source soft-
ware [23], developed by the National Institute of Standards and Technology (NIST, Gaithers-
burg, MD, USA), was utilized. The software was designed to model diverse fire scenarios
in indoor and outdoor environments. The choice was motivated by previous validation
studies of the smoke transport in the same experimental compartment, which showed good
agreement with the experiment.

The numerical approach employs a second-order finite difference scheme with a low
Mach number formulation to solve the Navier-Stokes equations. Combustion is modeled
using the mixture fraction concept under the assumption of infinitely fast chemistry. Turbu-
lence is simulated via large eddy simulation (LES), with the Deardorff model [24], which
is the same model used in the FDS validation guide for smoke transport modeling in the
B-707 cargo compartment [23]. The developers of the FDS software also recommend this
model as the most suitable for common fire scenarios. This recommendation is based on
comparisons of the wide variety of full-scale experiments. Nevertheless, in FDS, four other
turbulence models are available: constant and dynamic Smagorinsky [25-27], Vreman [28],
and Wall-Adapting local Eddy-viscosity (WALE) [29]. The radiative transfer equation
(RTE) is solved using the finite volume method (FVM), with a prescribed radiative fraction,
xr = 0.55[23,30], acting as a lower bound to mitigate uncertainties in radiation calculations
arising from temperature field inaccuracies.

2.1. Combustion

In the gaseous phase, combustion is specified by a single-step chemical reaction with
prescribed CO and soot yield controlled by mixing processes. Theeddy dissipation concept
(EDC) is used. The idea is to represent the cell as a well-stirred reactor, where the part of
the mixture is premixed while the rest is non-premixed. The premixed part can chemically
react, and it is controlled by the mixing time 7,,;,. The mass source term is solved in the
following form:

o dY, S o 0 dy,

e = p-g- = —P Tmix(Ya Vo) +(=¢) | (1)
dg __t
- = Tmix | 2
3 = Goe (2)

where ¢ is the unmixed fraction of the cell mass for every species in the cell, g = 1 is for
turbulent diffusion flames, and Y, is the mixed fraction value. If neither the fuel nor the
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oxidizer unmixed fraction equals 1, a portion of the mass in the cell can chemically react,
producing new components. The mixing time T, is represented by

Tmix = max(Tchen’l/ mi?’l(Td, Ty, Tg/ Tflumg) )/ (3)

where different time scale terms are as follows:

A? CuA D
T = H;Tu = é;fg = 20/ Tehem = ?; 4)
F (2/3)ksgs L

Here Dr denotes the molecular diffusivity of the fuel, Sy is the laminar flame speed,
A = {/AxAyAzis the linear cell size, ksgs is subgrid scale kinetic energy, J is the flame front
thickness, g= 9.81 m/s? is gravitational acceleration, and C, = 0.4 is the advective time
scale constant [31].

The change in fuel concentration is limited by the fraction of a reactant:

titp = pmln(YF/YA/S>I (5)
Timix

where s is a stoichiometric coefficient and Yr and Y4 are the cell mean mass fraction of fuel
and air, respectively.

The combustion of gaseous fuel is modeled using a single-step irreversible reaction
with the general formula Cy HyN; Oy Cly. The overall reaction can be expressed as follows:

CxHyNZOUClk + VOZOZ = VCOZCOZ 4+ vcoCO + VHonzo +vsC + VN2N2 + vy HCI, (6)

where the variables x y z v k are computed by the next system of equations:

vV VH,0 v
Vo, = Vco, + % + 22 ~ 5 )
Vco, = X —Vco — Vs, 8)
vycr =k, ©)
—k
vio = 15, (10)
W
Vco = 7WcFo Yco. (11)
W
vs = Vs (12)
z

2.2. Solid State

For solid heat transport, the 1D model was utilized due to the high ratio of the
sample linear size to its width (=10). This assumption works well when heat transport
is essentially along a single coordinate and material properties vary mildly (e.g., layered
conduction [32,33]). However, this model has limitations and breaks down in cases with
high local gradients and complex geometry [34-36]. FDS also supports the 3D heat transfer
model (Beta version) realized by Alternating Direction Implicit (ADI) scheme [37-39] with
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the specific limitations presented in the User Guide [23]. The 1D equation is solved in the
direction normal to the surface.

Pscs% = % (h%{f) +qs/ (14)
Nm
ks = Z Xaks,a/ (15)
a=1
an
PsCs = Z Ps,aCs,a, (16)
a=1

where Ny, is the number of material components, X, is the volume fraction of the compo-
nent, p; ; is the component density, and ks and pscs are component-averaged conductivity
and volumetric heat capacity, respectively.

The equation below describes the evolution in time of a mass per unit volume of the a
material component:

ap Nra
S,a }

where N, ; is the number of reactions for material a, tap is the rate of reaction 8, and S, is
the production of material from other reactions. The general view of the reaction rate in this
computational study is described by the following equation, according to the experimental
pyrolysis data:

5,4 E
rﬂ,ﬂ — p;l,é BAaﬁ eXp(—R;?), (18)
S

where 7, 4 is the partial reaction order, A4 is the pre-exponential factor of reaction § for
component 4, and E,g and activation energy.

3. Discretization of Experiments and Simulation

This section describes the initial conditions applied in the numerical study according
to the experimental data. As a fire source, six types of plastics, including high-density
polyethylene (HDPE), polyvinyl chloride (PVC), polyamide 66 (PA66), polystyrene (PS),
thermoplastic poly-urethane (TPU), and polybutylene terephthalate (PBT), were combined
in the sample. The sample was a 10 cm x 10 cm X 1 cm brick composed of small plas-
tic beads melted together and slightly fused in an oven at 180 °C. The nichrome wire,
connected to a variable voltage power supply, was embedded inside the sample. The
thermal decomposition process was initiated by applying a variable voltage and heating
the wire at a power of 483 W. A small amount of heptane was ignited on the top of the
sample to produce a flame. The duration of the experiment was 180 s. The mass loss rate,
heat release rate, and pyrolyzate gas composition were measured separately by TG-FTIR
calorimetry [40] in the same conditions in terms of sample size and embedded wire as the
heating source and air atmosphere. The sample geometry and ignition mechanism in the
FAA cargo compartment experiment were replicated from the TG-FTIR setup. An oxygen
consumption cone calorimeter (Atlas Electric Devices) was employed to quantify the heat
release rate, visible smoke production, and mass loss of the specimen [41]. The principle of
operation for determining the heat release rate is based on the oxygen depletion technique.
The gaseous combustion products are extracted into an exhaust duct, where the oxygen
concentration is measured. Concurrently, a laser beam system quantifies the obscuration
of visible light by the smoke to determine the smoke yield from the sample. The test
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methodology also entails continuous monitoring of carbon dioxide and carbon monoxide
generation, alongside specimen mass loss. The duration of the TG-FTIR experiment was
300 s.

During the FAA experiments in the compartment, the following parameters were mon-
itored: temperature, light transmission, and concentrations of CO and CO; gas species [22].
To monitor the temperature dynamics, 40 thermocouples were installed under the cargo
ceiling. The thermocouples were 36 gauge, Type K Chromel/Alumel. Six optical detectors
were used to monitor light transmission inside the compartment, and three gas analyzers
were employed to measure the concentrations of CO and CO;. The smokemeters consisted
of a 670-nanometer diode laser and silicon photocoltaic detector. The detector was covered
with bandpass and infrared filters to prevent interference with other radiation sources.
The measuring properties of the smokemeters satisfied the UL 217 standard [42]. Figure 1
shows the geometric configuration of the compartment, the location of the fire source and
the monitoring devices, and the coordinate system in the computational domain. Smoke
detectors are presented as black beams, measuring the path transmission through the
compartment. The exact location of the fire source and the name of each measuring device
are available in Table A1.

B CO and CO2 detectors
- Smoke detectors
® Thermocouples

Fire source location

Fire source location

(@) (b)
Figure 1. Numerical domain view with the display of the reference point and coordinate system:
(a)—perspective view; (b)—front view.

The modeling focuses on the first FAA test, where the sample was located in the
middle of the compartment. In order to implement coupled modeling of the pyrolysis
of the sample and the combustion of volatile products, the assumption was made that
each component undergoes pyrolysis individually, and copyrolysis effects are negligible.
This assumption is supported by the work of Westerhout et al. [16] which demonstrated
that the pyrolysis kinetics for polymer mixtures remain unchanged from those of pure
polymers at temperatures below 450 °C. In the present numerical simulation, the sample
reaches 450 °C only at 217 s after ignition, with a maximum temperature of 510 °C at the
simulation endpoint (t = 300 s). This maximum is only marginally higher than the threshold
established by Westerhout et al. Thus, we operate under the assumption that this rule is
generally applicable for the scope of this study. In this study, three distinct simulation
approaches were employed to investigate the fire behavior of a mixed polymer sample,
each differing in boundary conditions and material representation.

3.1. Single-Component (SC) Approach

This case is the same as that described in the FDS Validation Guide. This approach
uses a specified mass loss rate derived from TG-FTIR experimental data [40]. The mixed
polymer sample is treated as a single pseudo-component material with averaged combus-



Fire 2025, 8,403 7 of 23

tion properties, simplifying the representation of the pyrolysis process. The properties,
which were utilized for the sample representation are shown in Table 1.

Table 1. SC model fire source properties.

Pseudospecie Heat of Radiative
Combustion COYield, g/lg  Soot Yield, g/g .
Name Fraction
kJ/kg
C1H1z5 21.000 0.125 0.065 0.55

This approach permits the use of any pseudo-species as a fuel, even chemically un-
realistic ones like C1Hjy5. The only requirement is specifying the correct mass yield of
combustion products. This simplified formulation demonstrated reasonable agreement
with the experimental measurements in terms of the heat release rate and fire dynamics, as
shown in the FDS Validation Guide [23] and the work of Blake et al. [21] on the smoke trans-
port code validation. However, since the fuel properties were not derived from the actual
sample composition but instead based on empirical approximations, their determination
remained somewhat arbitrary. Consequently, while the SC model provided a computa-
tionally efficient approximation, it did not completely capture the composition-dependent
combustion behavior of the mixed polymer system.

3.2. Multicomponent (MC) Approach

Similarly to SC, this method also applies a predefined MLR based on the experimental
measurements. However, instead of a single pseudo-component, it explicitly accounts
for all six individual polymers in the sample, incorporating their specific combustion
properties. These parameters were obtained from the SFPE Handbook of Fire Protection En-
gineering [43], with specific values and corresponding polymer masses detailed in Table 2.
Furthermore, the radiative fraction for all fuel components was set to 0.55, consistent with
the value applied in the FDS Validation Guide (SC model).

Table 2. Fire source components’ properties.

Plastic Name and Formula Mass, g COg\/{;eld, SOO;/Ygleld’ ﬁﬁfg’
HDPE, [CoHyn 9.1 0.024 0.060 40.0
PVC, [CoH3ClJn 227 0.063 0.172 16.4

PA66, [C12H6N2O4]n 9.1 0.038 0.075 30.8
PS, [CgHgln 9.1 0.06 0.166 39.2
TPU, [C3H;NO; ], 9.1 0.01 0.131 21.0
PBT, [C12H1204]n 9.1 0.03 0.100 19.5

3.3. Multicomponent with In-Depth Thermal Decomposition (MCTD) Approach

This is the most detailed approach, which incorporates coupled in-depth heat transfer
and pyrolysis processes. Unlike the predefined MLR methods (SC and MC), MCTD
simulates the decomposition process dynamically using simplified reaction kinetics of
decomposition for each of the six polymers in the mixture. The thermal decomposition
kinetics of PE, PS, PBT, and PA66 was modeled using a single-step, zero-residue reaction:

Solid = Gas (19)
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The thermal decomposition of PVC and PU was modeled in two steps, according to the
available experimental data [19,20]:

Solid = u1Gasy + (1 — p1)Residuey, (20)
Residue; = ppGasy + (1 — pp)Residue;. (21)

Since PU undergoes complete combustion without char formation, the coefficients 31 and
up were set at 0.35 and 1.0, respectively. Among all components, only PVC produced a
char residue during decomposition [19], with y; = 0.55 and pp = 0.47. In order to avoid
all discrepancies between numerical and experimental data, the complete set of kinetic
and thermophysical parameters for each polymer component, along with references to
the supporting literature, is explicitly specified in Table A2. Figure 2 shows a schematic
representation of the sample configuration for this case.

Flame

T

Heating thin
Three layers middle layer

ofplasticsN /
\\* 4
VNN

Figure 2. Fire source representation in the MCTD case.

The MCTD model accounted for air-filled voids in the sample, maintaining a total
solid mass of 68.2 g to match the experimental conditions. The plastic resin block was
divided into three layers with thicknesses of 0.495 cm (top), 0.01 cm (middle), and 0.495 cm
(bottom). This heating layer thickness was chosen as an assumption of the initial pyrolysis
zone and is a geometrically intermediate scale between the characteristic wire diameter
(0.1 cm) and the approximate ratio of the wire volume within the sample to the sample
surface (0.001 cm). All layers had identical plastic compositions and thermal properties.
An internal heat source of 483 W was applied specifically to the middle layer to simulate
wire heating as in the FAA experiment. Heat transfer inside the sample was modeled using
a one-dimensional approach due to the high ratio of the linear sample size (10 cm) to its
thickness (1 cm). The solid domain was discretized with a grid resolution of 2.5 x 107> m,
resulting in approximately 400 computational cells. For the surrounding compartment, a
base grid of 4 cm cubic cells was employed, with local refinement to 1 cm cells in the fire
source area.

4. Validation Results

This section presents the results of comparing different model approaches described
in the previous section. Computations for the simplified (SC/MC) and detailed (MCTD)
models required approximately 10 and 240 CPU hours, respectively, on EPYC7313 proces-
sors. This demonstrates a significant computational advantage for the simplified models.
The calculation error was considered as the deviation between the simulations and the
experimental data. Figure 3 shows the propagation of fire and smoke at 10 and 120 s
after ignition.
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Figure 3. Heat release rate dynamics.

Parameters tracked in simulations, according to the experiment:

¢  Light transmission (LT).

*  Gas species concentrations (CO and CO,).

e  Heat release rate.

e  Mass loss rate (in MCTD case).

¢  Temperature dynamics (via thermocouple measurements).

4.1. Heat Release Rate

Figure 3 compares the heat release rate (HRR) profiles in all computational cases with
experimental data (Exp). For cases with a specified mass loss rate (SC and MC), the simula-
tions show good agreement with the experimental results. However, the case incorporating
six polymers (MC) slightly overestimates HRR, with a peak deviation of approximately
0.5 kW (10% of the maximum experimental value) above both the experimental and the
FDS Validation Guide data (SC model). Despite this discrepancy, the overall trend remains
consistent with the observed behavior.

A significant deviation in the heat release rate is observed for the coupled thermal
decomposition (MCTD) case, where the predicted values substantially exceed the experi-
mental data. Att =50 s, HRR is twice as high as the experimental measurement. The peak
HRR value reaches 8.0 kW, representing approximately 60% overestimation compared to
the experiment, although the peak occurrence time (¢t = 78 s) closely matches the experi-
mental one (f = 82 s). Beyond 100 s, the simulated HRR remains consistently higher than
the experimental values. Nevertheless, the level of overestimation (60%) remains stable
regarding the experimental data, maintaining this overprediction trend until the end of
the simulation.

4.2. Mass Loss Rate

In contrast, the MLR for the coupled thermal decomposition (MCTD) simulation
shows rather good agreement with the experimental data (Figure 4a). The cumulative
mass loss at t = 180 s is 27.6 g in the simulation versus 23.1 g in the experiment, while
at t = 300 s, these values are 40.0 g and 36.4 g, respectively. From the time of 200 s after
ignition to the end of the simulation, the MLR curve in the MCTD case perfectly matches
the experimental one. Despite minor deviations, these results demonstrate that the MCTD
model predicts mass loss with reasonably high accuracy, capturing the overall degradation
behavior effectively.

Figure 4b presents the MLR of individual components in the coupled thermal de-
composition (MCTD) simulation. High-density polyethylene (HDPE) exhibits the most
intensive decomposition, followed by polystyrene (PS) and thermoplastic polyurethane
(TPU), all peaking at t = 78 s after ignition. Although these components follow similar
decomposition trends, the intensity of their mass loss rates varies slightly at the level of
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~0.02 g/s. In contrast, polyamide 66 (PA 66) shows a delayed peak at t = 160 s with the
value of 0.05 g/s.
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Figure 4. Mass loss rate dynamics: (a)—total; (b)—individual components.

The lowest decomposition rates are observed for polybutylene terephthalate (PBT)
and polyvinyl chloride (PVC). By t ~ 200 s, the MLR curves for most components stabilize
at a plateau of 0.025 g/s, except for PVC, which reaches a lower steady-state value of
0.015 g/s. These results demonstrate that the MCTD model captures varying decomposition
kinetics among components, unlike the MC model, which assumes uniform mass loss rates.
Notably, despite these component-specific variations, the total predicted mass loss aligns
closely with the experimental data.

4.3. Temperature Dynamics

Figure 5 presents the temperature dynamics for thermocouples 3 (TC3), 13 (TC13),
and 23 (TC23), which form a straight line from the location of the fire source (TC23) to the
planar side wall (TC3). For temperature, the difference between the obtained value and
the initial value is represented. The data for other thermocouples are not presented but
maintain the same trend as the ones mentioned above.

MCTD — Ex MCTD
SC

20
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H!
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(b) (c)
Figure 5. Temperature dynamics for thermocouples: (a)—TC3, (b)—TC13, (c)—TC23.

o
CrTTTT T

150

The best agreement with the experiment was achieved in the SC and MC cases. In
the SC case for TC3 and TC13 (Figure 5a,b), the temperature values at t = 180 s are 6.75 °C
and 9.2 °C, respectively, exceeding the experimental values by approximately 4 °C. For
the thermocouple located directly above the fire source (TC23, Figure 5c), the simulated
temperature closely matches the experimental data up to 60 s after the start of the simulation.
A relative deviation of 5.0 °C is observed in the time range of 60-100 s. However, beyond
100 s, the simulated data match the experimental results with high accuracy.

The MC case closely follows the temperature trend observed in the SC case but
exhibits slightly higher values. At t = 180 s, the obtained values for TC3, TC13 and TC23
are 7.70, 11.12 and 11.12, respectively. The MCTD simulation results show considerable
temperature overpredictions compared to the experimental data. For thermocouples 3 and
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13, the simulated temperatures are approximately double the experimental values, while
thermocouple 23 shows a smaller deviation of 1.5 times the experimental measurement.
These discrepancies correlate directly with the overpredicted HRR observed in the MC and
MCTD case, suggesting that excessive energy release in the simulation leads to elevated
temperature predictions throughout the compartment.

4.4. CO and CO, Concentration

Figure 6 compares the predicted CO concentrations in different simulation cases. The
results for every simulation case underestimate the experiment. For the MC and MCTD
cases, the CO concentration trends show close agreement with each other. Att =180s, the
CO volume fractions at the positions of the AFT, MID, and TC36 gas analyzers reach values
0f 9.0 x 1072 mol/mol, 9.6 x 10~° mol/mol, and 8.7 x 10~> mol/mol, respectively. For the
AFT and MID detectors, these values are approximately twice as low as the experimental
ones (Figure 6a,b). Notable deviations are observed for the AFT and MID positions of
the gas analyzer in the time range from 60 s to 100 s. For the gas analyzer located near
the thermocouple 36 (TC36) this difference is smaller and amounts to 70% of the Exp
value of 1.2 x 10~* mol/mol. The best agreement was achieved for the SC model. The
deviations from the experiment for the AFT and MID gas analyzers are 5.5 x 10~° mol/mol
and 5.2 x 10~° mol/mol. For the TC36 position, simulated CO dynamics perfectly match
the experiment.

Among all scenarios, the SC case, which models the sample as a single-component
material with averaged properties, demonstrates the closest agreement with experimental
measurements of CO, concentration (Figure 7). This model repeats the experiment with
excellent precision for gas analyzers with the AFT and TC36 positions. A noticeable
difference is observed for the MID position, where the simulation results are lower than the
experimental one by 5.5 x 10~* mol/mol (27.5%) at t = 180 s.

In the MC case, a sudden spike is observed in the 60 to 100 s range for the gas
analyzer positioned above the flame source (Figure 6b), similarly to that observed in the
CO concentration. This case generally replicates the trends observed in the SC case, but
with relatively higher values by approximately 2.0 x 10~* mol/mol.

The MCTD simulation predicts significantly higher CO; levels than the other compu-
tational cases and the experimental data. The maximum deviations from the experiment
for the AFT and TC36 positions are approximately 1.0 x 10~3 mol/mol, which represents
the 70% overestimation of the experiment data (Figure 7a,c). For the gas analyzer located
closely above the flame, the maximum computational variance from the experiment is
lower, measuring 4.9 x 10~3 mol/mol.

While all cases capture the general CO, concentration trends, the best quantitative
alignment is achieved in the SC approach, suggesting that simplified single-component
modeling may be more effective for CO, prediction in this configuration.
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Figure 6. CO concentration dynamics for gas analyzers: (a)}—AFT; (b)—MID; (c)—TC36.
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Figure 7. CO; concentration dynamics for gas analyzers: (a)—AFT; (b)—MID; (c)—TC36.

4.5. Light Transmission

A key requirement in aviation safety is the detection of fire within the first 60 s after
ignition, as required by stringent safety protocols. Accurate smoke transport modeling
and precise light transmission measurements are essential to ensure reliable early fire
detection [44]. Light transmission is mainly affected by the concentration of soot particles
in the air [45,46]. In FDS, it is calculated in the following form:

L N
LT = exp (—KmLO Y. ps,l-Axl-> x 100%/m, (22)
i

where Kj, is the mass extinction coefficient, Ly = 1 m, Ax; is the length of the beam path
through cell i, and p; ; is soot density in cell i.

Figure 8 presents the light transmission data measured by a vertical array of optical
detectors positioned above the fire source. The transmission values for the LOW and HIGH
optical detector positions show close agreement between all cases. However, significant
deviations from the experimental data occur for the MED (medium) position detector,
which is located directly above the flame. At t =180 s, the cases MCTD and SC predict
transmission values of 44.0 %/m and 39.0 %/m, respectively, compared to the experimental
measurement of 68.0 %/m. The SC case yields an intermediate value of 54 %/m. These
results demonstrate that, while the simulations show reasonable agreement for the optical
detectors located under the ceiling, the largest prediction errors occur for the detector
located directly above the flame. This fact suggests particular challenges in modeling
smoke obscuration in the region above the flame, where soot concentration and thermal
gradients are typically highest.

Figure 9 compares the simulated and experimental light transmission measurements
obtained from ceiling-mounted optical detectors. The computational results are in strong
agreement with the experimental data in all test cases, with absolute deviations consistently
below 12%. This close alignment suggests that the models reliably predict soot concen-
tration distributions in the upper compartment region. The observed consistency among
simulations further indicates a robust representation of buoyancy-driven smoke transport
dynamics near the ceiling. In the case of the MCTD model, this accuracy primarily stems
from the precise prediction of the sample mass loss rate, which governs smoke production.
This result is important for fire safety modeling, as fire detectors are usually located under
the ceiling in different compartments and react precisely to the absorption of light by
soot particles.
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Figure 9. LT dynamics for horizontal array of smokemeters: (a)—AFT; (b)—MID; (¢)—FWD.

5. Sensitivity Analysis

The MCTD model demonstrated high accuracy in predicting MLR, temperature, and
CO/CO; concentration dynamics in comparison with simplified models. However, a
consistent overestimation of the HRR was observed. To investigate the potential causes of
this discrepancy, a sensitivity analysis was performed on key model parameters. Based on
their potential influence on the energy balance, the parameters selected for investigation
were the heat of combustion, the radiative fraction, kinetic parameters, and the turbulence
model. The analysis focuses on the HRR, MLR, temperature at thermocouple TC23, light
transmission from the HIGH smokemeter, and CO concentration from the MID gas analyzer.
For gas analyzers, only the CO concentration is presented as it totally correlates with COs.
These specific measurement locations were chosen due to their proximity to the fire source
and because their data trends are representative of the all set of detectors.

5.1. Turbulence Model

The selection of a turbulence model is critical in fire modeling as it directly affects the
simulation of turbulent mixing, which governs the transport of pyrolyzates and the removal
of heat from the fuel surface. This process has a direct influence on the predicted fire spread
rate. Five turbulence models available in FDS were investigated: Deardorff (D) [24],
constant (Sc) and dynamic Smagorinsky (Sd) [25-27], Vreman (V) [28], and WALE (W) [29].
The impact on the HRR and MLR is presented in Figure 10. The results indicate that four of
the five models (D, Sc, V, W) produced very similar predictions for both HRR and MLR.
A notable exception was the Sd model, which demonstrated a substantial deviation from
the other models during the period from 50 s to 70 s. However, it demonstrated smoother
growth of the MLR and HRR curves without substantial oscillations, which reflects a closer
agreement with the experimental trend of these parameters.
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Figure 10. Heat release rate (a) and mass loss rate (b) under different turbulence models.
D—Deardorff; Sc—Smagorinsky constant, Sd—dynamic Smagorinsky; V—Vreman; W—WALE.

Figure 11 presents the light transmission, temperature at thermocouple TC23, and
CO concentration from the MID analyzer for each turbulence model. Consistent with the
deviation observed in the HRR and MLR (Figure 10), the dynamic Smagorinsky (Sd) model
also deviates significantly from the common trend of the other models in predicting light
transmission and temperature (Figure 11a,b). Specifically, the Sd model predicts lower light
transmission between 70 s and 140 s and a lower temperature between 90 s and 180 s. In
contrast, its prediction of CO concentration aligns closely with the other models, showing

no significant deviation.
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Figure 11. Light transmission for HIGH smokemeter (a), temperature for TC23 (b) and CO concentra-

tion for MID analyzer (c) for different turbulence models: D—Deardorff; Sc—Smagorinsky constant;
Sd—dynamic Smagorinsky; V—Vreman; W—WALE.
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The Deardorff turbulence model [24] is a classical model implemented in FDS for
the large eddy simulation (LES) approach. The FDS developers recommend this model
for fire simulations, as it covers a wide range of fire scenarios with notable accuracy [47].
Consequently, it is widely employed in scientific investigations of fire dynamics [48-50].

The model’s performance relative to other turbulence closures has been examined in
several studies. Nilsson et al. [51] state that the Deardorff model can handle both fine and
coarse grid sizes, whereas the constant Smagorinsky model requires higher grid resolution
due to greater dissipation rate. Similarly, Sarwar [52] compared different FDS turbulence
models for fluid flow over a backward-facing step. That study found that while the constant
Smagorinsky model performed best on a fine grid, the dynamic Smagorinsky and Deardorff
models yielded superior results on coarse grids. However, Vreman model demonstrated
the lowest accuracy.

In a different application, Beshir et al. [53] used the WALE model by Nicoud and
Ducros [29] to model the effects of boundary walls on fire dynamics in informal settlement
dwellings. Their modeling results demonstrated an accuracy within £10% of empiri-
cal data.
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5.2. Radiative Fraction

The sensitivity of the model to the radiative fraction was investigated due to its critical
role in fire dynamics. This parameter governs the fraction of energy radiated from the
flame back to the fuel surface, preheating it and intensifying the combustion process. The
influence of varying the radiative fraction on the predicted HRR and MLR is shown in
Figure 12. The radiative fraction demonstrates a pronounced influence on the simulated
mass loss rate and heat release rate, underscoring the critical role of radiative heating.
Higher RF values (0.65, 0.75) resulted in significantly more intense combustion, with peak
HRR and MLR values of 9.7 kW and 2.4 g/s, respectively. In contrast, a lower RF of 0.35
produced an attenuated response, characterized by a smooth HRR curve that reached a
maximum of 5 kW at t = 100 s, with a corresponding peak MLR of only 0.17 g/s.

This strong correlation confirms that internal radiative heating is the dominant mech-
anism controlling pyrolysis at the beginning of the simulation. The high peak values
observed under elevated RF conditions are attributed to more intensive heating of the fuel
surface, leading to accelerated pyrolysis and combustion, primarily of the HDPE and PS
materials (Figure 4b). Following this initial peak, the MLR stabilizes to a constant value as
the rates of heat transfer and pyrolysis equilibrate. Under low RF conditions, the pyrolysis
process is governed predominantly by internal heat conduction within the fuel sample.
These results indicate that in a long-time fire scenario under the investigated conditions,
the internal heating becomes the dominant process.
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Figure 12. Heat release rate (a) and mass loss rate (b) under different values of the radiative fraction.

The radiative fraction significantly influences not only the HRR and MLR but also
secondary parameters (Figure 13). Simulations show that lower RF values result in higher
LT values, which is attributed to a lower MLR and a corresponding reduction in soot
production. The case with RF = 0.75 exhibits the greatest deviation from the experimental
LT data, with an error of approximately 20% at t = 80 s. In contrast, an RF of 0.45 provides the
best fit to the experimental curve from t = 100 s onwards. Temperature dynamics within the
compartment are also strongly dependent on the RF. Simulations with a lower RF predict a
higher compartment temperature. This result is logical from an energy balance perspective:
a lower radiative fraction implies a greater proportion of the total energy is transferred
via convection, directly heating the surrounding gases rather than being radiated back to
the fuel surface or lost. All simulated cases except those with RF = 0.35 predict the peak
temperature at approximately t = 75-80 s, but the values diverge significantly by t = 180 s.
At this time point for RF = 0.35, the maximum temperature value of 36 °C is reached. As
expected, the simulated CO concentration closely follows the MLR curves, with a higher
MLR producing greater quantities of combustion products, including CO. At t =180 s, the
model predicts CO concentrations between 6-10~% and 9-10~* mol/mol. However, these
predicted values are approximately half of those measured experimentally, indicating a
consistent underprediction of CO yield in the later stages of the fire.
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Figure 13. Light transmission for the HIGH smokemeter (a), temperature for TC23 (b), and CO
concentration for MID analyzer (c) for different values of the radiative fraction.
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According to the results below, adjusting the radiative fraction is not a viable solution
to the overprediction of the HRR, as the relationship is unambiguous: an increase in the
radiative fraction elevates both the HRR and MLR. Therefore, any reduction in HRR to align
with experimental data would concurrently lower the MLR, diverging from its measured
values. Furthermore, accurately defining precise spectral bands for radiation transport,
instead of a constant radiative fraction value, for a given polymer is profoundly complex.
The pyrolyzate, which evolves as a combustible gas, is not a uniform species but rather a
complex mixture of polymer fragments with diverse chain lengths and chemical structures,
generated by random bond cleavage [7]. Consequently, computing the absorption spectra
for this mixture presents a formidable challenge, in contrast to the case of conventional
gaseous fuels like methane or ethylene [54].

5.3. Heat of Combustion

A sensitivity analysis was also performed on the heat of combustion (HOC) to evaluate
its influence on the total energy released. The HOC value was varied uniformly for all fuel
species, including the polymer residues modeled with multi-step kinetics (PVC and PU).
Figure 14 presents the resulting MLR and HRR curves. The labels on the graphs indicate the
relative shift in HOC (in MJ/kg) from the initial MCTD simulation case for every polymer
component. The results confirm a direct, positive correlation between the HOC and the
peak HRR. A reduction of 2 MJ/kg for each component decreased the maximum HRR
from 8 kW (baseline) to 6.5 kW. Although this change lowered the fire intensity, the overall
temporal progression of the HRR remained consistent. In contrast, the MLR demonstrated
negligible sensitivity to variations in HOC. The maximum divergence between the MLR
curves was only 0.04 g/s (15% of the peak value), and this minor discrepancy was confined
to a single time point at t =93 s.
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Figure 14. Heat release rate (a) and mass loss rate (b) for different values of heat of combustion.
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Figure 15 presents the simulated temperature, light transmission (LT), and CO con-

centration dynamics. The results demonstrate that these parameters are largely insensitive
to the investigated changes in the heat of combustion. As evidenced by Figure 15a,c, the
variations in both LT and CO concentration are negligible. Similarly, the temperature
profiles show minimal divergence, with a maximum inter-case deviation of less than 5 K.
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Figure 15. Light transmission for HIGH smokemeter (a), temperature for TC23 (b), and CO concen-
tration for mid gas analyzer (c) for different values of heat of combustion.

o

150

o
CO Volume fraction

5.4. Pyrolysis Kinetics

This section investigates the influence of the activation energy (AE) and pre-
exponential factor for both single-step and multi-step pyrolysis kinetics. Given that the
dynamics of light transmission (LT), temperature, and CO concentration consistently corre-
late with the heat and mass release rates (as established in previous sections), the analysis
focuses solely on the HRR and MLR. The sensitivity is demonstrated by the variation of the
activation energy and pre-exponential factor of the HDPE and PVC material components
as representative examples of single-step and multi-step kinetics, respectively.

Figure 16 shows the MLR and HRR curves for variations in the AE of HDPE and
PVC’s first kinetic step. An increase in the HDPE activation energy reduces the combustion
intensity and delays the peak MLR and HRR from 75 s to 125 s. Conversely, a decrease in
activation energy intensifies the process and shifts the peaks to an earlier time of t = 60 s.
Despite these temporal shifts, the peak HRR value changes only marginally, from 8 kW to
8.5 kW. For PVC, the same relative change in AE resulted in only minor deviations from
the baseline MCTD curves. A negative change in AE advanced the peaks of HRR and MLR
slightly, from 75 s to 72 s, without altering their intensity. An increase in AE had no observ-
able effect. Changes in the pre-exponential factor demonstrated low sensitivity. Variations
of over £50% did not lead to significant changes in the HRR or MLR values (Figure 17).
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Figure 16. Heat release rate (a) and mass loss rate (b) for different values of activation energy (HDPE
and PVC first step) changed relative to the initial value in the MCTD case (Table A2).
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Figure 17. Heat release rate (a) and mass loss rate (b) for different values of the pre-exponential factor
(HDPE and PVC first step) changed relative to the initial value in the MCTD case (Table A2).

The sensitivity analysis indicates that the consistent overestimation of the heat release
rate in the MCTD case may be resolved by adjusting the HOC values and activation energy
parameters for materials with high HOC values, primarily HDPE and PS. For instance,
simultaneously decreasing the HOC of HDPE and slightly reducing its activation energy
can reproduce the same mass loss rate dynamics while yielding lower HRR values that
align more closely with experimental data. This approach represents the most promising
solution to the problem. The rationale is rooted in the following argument: data from
the literature may differ from that of real-world samples because different manufacturers,
despite producing polymers under the same generic name, can employ different production
technologies and additives [55]. These differences can influence the pyrolysis rate and the
total heat released.

6. Conclusions

Two approaches for fire spread modeling were numerically analyzed: a simplified
model using a predefined mass loss rate and a detailed model incorporating coupled
in-depth thermal decomposition and pyrolysis kinetics. All investigated cases demon-
strated reasonable agreement with the experimental data for temperature distributions,
gas concentrations (CO/CO,), and light transmission measurements. The predicted light
transmission values during the initial 60 s showed strong agreement with experimental
measurements. This consistency is critical for ensuring reliable fire detection in cargo avia-
tion applications. Numerical simulations of multicomponent systems demonstrate close
agreement with experimental data. The results indicate the correctness of the assumption
that the copyrolysis is statistically insignificant under the investigated conditions.

The coupled thermal decomposition model demonstrated high accuracy in predicting
mass loss rates, with deviations of only 16% from experimental data at 180 s and 8% at 300 s.
However, the heat release rate was significantly overestimated. A sensitivity analysis was
conducted to identify the cause of this discrepancy, investigating the radiative fraction, heat
of combustion, turbulence models, and pyrolysis kinetics. The results demonstrate that
the radiative fraction has a strong influence on the entire combustion process. Increasing
the radiative fraction reduced both the heat release and mass loss rates. Consequently,
this increased light transmission and reduced the concentration of combustion products.
Simultaneously, the temperature within the compartment rose due to a greater proportion
of heat being transferred via convection. Changing the turbulence model had no significant
effect, except for the dynamic Smagorinsky model, which overestimates the MLR and HRR
between 50 and 70 s after ignition, but best captures the growth pattern of mass loss and
heat release rates. Variations in the heat of combustion only affected the HRR, with no
significant change observed in the MLR. Finally, changes in the activation energy of the
pyrolysis kinetics had a substantial effect for high heat-of-combustion materials like HDPE
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but only a minor effect for low heat-of-combustion materials like the first kinetic step of
PVC. Changes in the values of pre-exponential factors demonstrated low sensitivity.

According to the sensitivity analysis data, it was suggested that this discrepancy could
be resolved by calibrating the kinetic parameters (activation energy) and heat of combustion
values, as data from the literature may differ from the actual properties of the tested samples.
Despite this need for calibration, the coupled approach represents good results with a more
physically realistic modeling strategy by eliminating the reliance on a predefined mass loss
rate. These results strongly support the feasibility of implementing coupled heat transfer
and pyrolysis models for multicomponent materials, under the key assumption that each
constituent material undergoes thermal decomposition independently.

To establish the broader applicability of this approach, further investigation is required
across a wider range of computational cases with varying sample mass fractions, com-
positions, geometries, and boundary conditions. Future work should therefore focus on
such parametric studies to thoroughly assess the model’s robustness and generalizability.
The primary objective should be to validate this approach for the same sample geometry
but different compositions to confirm its applicability to other polymers. The next step
should be to test different geometries to evaluate the limitations of the one-dimensional
heat transfer model.
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Abbreviations

The following abbreviations are used in this manuscript:

TGa Thermogravimetric analysis
FTIR Furier Transform Infra Red
MLR Mass loss rate

HRR Heat release rate

HDPE High density polyethylene
PVC Polyvinyl chloride

PA66  polyamide 66

PS Polystyrene

TPU Thermoplastic polyurethane
PBT Polybutylene terephthalate
NIST  National Institute of Standards and Technology
LT Light transmission

Exp Experimental data

HOC  Heat of combustion
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Appendix A

This section represents all plastic components” parameters and measuring devices’
labels with precise location used in simulations. An asterisk (*) in Table A2 indicates param-
eter values that are assumptions, as their exact values were unavailable in the literature.

Table Al. Table of the experimental devices and precise location of the fire source in the cargo
compartment test. TC—thermocouple; smk—smokemeters.

Device Name X Y Z Device Name X Y Z Device Name X Y 4
TC1 -137 133 0.17 TC17 —046 1.33 291 TC34 0.46 1.33 5.65
TC2 —-046 133 0.17 TC18 0.0 133 291 TC35 1.37 133 5.65
TC3 0.0 133 0.17 TC19 046 133 291 TC36 —-1.37 1.33  6.57
TC4 046 133 0.17 TC20 1.10 133 291 TC37 —0.46 133 6.57
TC5 1.37 133 0.17 TC21 —-137 133 3.82 TC38 0.0 133 6.57
TCé6 —-1.37 133 1.08 TC22 —046 133 3.82 TC39 0.46 133 6.57
TC7 —046 133 1.08 TC23 0.0 133 3.82 TC40 1.37 133 6.57
TC8 0.0 133 1.08 TC24 046 133 3.82 Ceil smk FWD —1.58 to 1.58 1.3 1.73
TC9 046 133 1.08 TC25 1.10 133 3.82 Ceil smk MID —1.58 to 1.58 1.3 2.95
TC10 1.37 133 1.08 TC26 —137 133 4.74 Ceil smk AFT —1.58 t0 1.58 1.3 5.31
TC11 —-1.37 133 1.99 TC27 —046 133 474 VertsmkHIGH —151to151 1.02 49
TC12 —046 133 1.99 TC28 0.0 133 4.74 Vert smk MID —139t01.39 074 49
TC13 0.0 133 1.99 TC29 046 133 474  Vert smk LOW —1.04t01.04 0.33 49
TC14 046 133 199 TC30 137 133 4.74 Gas MID 0.0 142 3.23
TC15 1.10 133 1.99 TC31 —1.37 133 5.65 Gas AFT 0.0 142 475
TC16 —-1.37 133 291 TC32 —046 133 5.65 Gas TC 36 —-1.32 135 6.52

TC33 0.0 133 5.65 Fire source 0.08 0.005 3.73

Table A2. Table of the plastic components’ properties and parameters.

Property PE PA PS PBT TPU PVC
Kinetic steps 1[56] 1[57] 1[56] 1[58] 2 [20] 2 [19]
Density, kg/m? 950 [43] 1150 [43] 1200 [43] 1350 [43] 1270 [43] 1430 [43]
Specific heat, k] / (kg - K) 1.5 [43] 2.5[43] 1.1 [43] 2.23 [43] 1.67 [43] 1.55 [43]
Conductivity, W/(m - K) 0.4 [43] 0.34 [43] 0.14 [43] 0.29 [43] 0.21 [43] 0.17 [43]
Emissivity 0.92 [59] 0.95 [57] 0.86 [59] 0.88 [57] 0.9* 0.9*
Absorption coef., 1/m 1300 [60] 3920 [57] 2700 [60] 2561 [61] 3500 [62] 2145 [60]
Reac 1, Pre-Exp factor, 1/s 109 126 107 371 101 261 101 (361 101 0] 10° o]
Reac 1, Activation energy, 1 5[52] & %5?] 100 2[52] o 2[5?3] 1%)534[127)] 10 (191
J/mol

Reac 1, Heat of reaction, 920 [63] 1390 [57] 1000 [63] 2000 * 1960 [64] 170 [19]
kJ/kg

Reac 1, reaction order 1.7 [56] 1.0 [57] 0.9 [56] 1.0 [58] 0.805 [20] 1.0 [19]
Reac 1, Heat of combustion, 43.0 [43] 30.8 [43] 39.2 [43] 19.5 [58] 9.6 [64] 2.7 [19]
MJ/kg

Reac 1, Gas phase product CoHy C1oHogN>Oy CgHg C12H150, C3HyNO, HCl
Residue; yield (1 — ji7) 0.0 0.0 0.0 0.0 0.65 0.44[19]
Residue; Density, kg/ m3 - - - - 1200 * 629 [19]
Residue; Specific heat, - - - - 1.67 % 1.55[19]

K]/ (kg - K)
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Table A2. Cont.

Property PE PA PS PBT TPU PVC

Residue; Conductivity, - - - - 0.21 [43] 0.17 [19]

W/(m - K)

Residue; Emissivity - - - - 0.9* 0.9 [19]

Char; Absorption coef., 1/m - - - - 3500 * 2453 [19]

3.240 x 3.50 x

Reac 2, Pre-Exp factor, 1/s - - - - 1077 [20] 1012 [19]
. 2.17 x 2.07 x

Reac 2, Activation energy, - - - - 10° [20] 10° [19]

J/mol

Reac 2, Heat of reaction, - - - - 1960 [64] 170 [19]

kJ/kg

Reac 2, reaction order - - - - 1.246 [20] 1.0[19]

Reac 2, Heat of combustion, - - - - 17.5 [64] 36.5[19]

MJ/kg

Reac 2, Gas phase product - - - - [C3H7NO,n [C,H3Cl]n

Residue; yield (1 — 1) - - - - 0.0 047 [19]

Residue, Density, kg/ m3 - - - - - 296 [19]

Residue, Specific heat, - - - - - 1.70 [19]

kJ/(kg - K)

Residue; Conductivity, - - - - - 0.26 [19]

W/(m - K)

Residue; Emissivity - - - - - 0.85[19]

*—Assumption due to lack of information.
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