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A B S T R A C T

Although originally designed for planar samples, cone calorimeter is frequently used for the flammability
assessment and pyrolysis modeling of non-planar objects, like electrical cables. Prescribing the boundary
conditions for the numerical models of such objects requires knowledge about the radiative and convective heat
fluxes along the sample circumference. In this work, we performed gasification and flaming experiments and
2D numerical simulations on birch cylinders. During the gasification of a single-rod, the char front propagated
faster vertically than horizontally, while similar rates were observed in the flaming condition. With five rods,
∪- and ∩-shaped char fronts were observed in gasification and flaming conditions, respectively. From the
simulations, we extracted detailed heat flux distributions, with main deviation from flat samples being the steep
reduction in incident radiation between the top and sides of the cylinders. Moreover, in five-rod configurations,
radiative flux to the sides of the central rod increases up to 10 (gasification) and 20 kW m−2 (flaming). On
the outermost rod, the descending flame induces downward-moving waves of heat fluxes with amplitudes 20
kW m−2 for convection and 15 kW m−2 for radiation. Simplified expressions for the heat transfer boundary
conditions were tabulated for practical engineering applications.

1. Introduction

In fire safety studies, the performance of materials is often evaluated
by means of bench-scale measurements, where a small specimen is
analyzed under a carefully controlled fire test environment. In these
methods, the sample is exposed to a well-defined radiative source, and
the measurements are performed under either aerobic or anaerobic
conditions. Such tests are applied to record the rate of mass loss and
energy release of the sample while being decomposed, thus providing
necessary information to experimentally assess the fire performance
of the specimen. Examples of such instruments are Fire Propagation
Apparatus–FPA–(ASTM E2058 [1]), Controlled Atmosphere Pyrolysis
Apparatus–CAPA– [2,3], and most commonly used, Cone Calorimeter
(ISO 5660 [4]). These instruments were originally designed to measure
the fire performance of planar slabs of construction materials, where
flat samples are cut from large sheets of the products. Nevertheless,
polymeric materials in a cylindrical shape are the primary fuel sources
in numerous household, industrial, and wildland fires. Thermoplastic
polymers used as the coverings of electrical cables and dead vegetation
are examples of such cylindrical fuel sources. Electrical wires and cables
form 5% of the first ignited materials in home structure fires [5].
In nuclear power plants, cable insulation ranks as the second most
frequently ignited component, after oil [6]. Twigs, shrubs, dead tree
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trunks, and pine needles are the primary cylindrical fuels in wildland
surface fires [7]. Although standard tests are commonly performed on
these non-planar materials, the implications of the non-planar geometry
on the applicability of the test data in large-scale fire scenarios have not
been comprehensively studied. Yet, the measurement data from stan-
dard tests are necessary for the calibration and validation of numerical
methods developed for material pyrolysis modeling.

Over the past few decades, numerous attempts have been made to
develop numerical models for simulating cables in the cone calorime-
ter, including works by Hostikka and Matala [8,9], Matala [10], and
Hehnen et al. [11]. However, these models relied on a series of simpli-
fying assumptions. For instance, they mapped the cylindrical geometry
of cables, which consists of jacket, insulation, and conductor layers,
onto a rectangular surrogate volume with corresponding layers of
materials. Moreover, the radiative exposure of the conical heater on
the cylindrical cable surface was modeled as a virtual external flux
on the flat surfaces of the surrogate rectangle. Such models fail to
capture the physical phenomena that arise from the curvature of the
samples. Specifically, the radiative and convective flux distributions
over the cylindrical bodies differ significantly from those over flat
plates [12]. These simplifications typically lead to significant uncer-
tainties, requiring the modeler to introduce additional compensation
factors and parameters to mitigate the possible inaccuracies.
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The flammability studies of wood cylinders can be compartmental-
ized to two primary categories. The first category encompasses research
that applies cylindrical wood rods as the resemblance of dead vegeta-
tion, to characterize the effects of fuel properties on wildland fires. For
instance, in 1950, Fons [13] studied the rapid heating of pine wood
cylinders to replicate forest fire scenarios. Effects of the specimens’
initial temperature (10.0–65.5 ◦C), size (dia 0.238–0.635 cm), and
moisture content (1.5–19.3%) on the ignition time were measured. In
2015, McAllister et al. [14] investigated the autoignition of red oak
rods with diameters ranging from 0.64 to 1.91 cm under a convective-
dominant heating scenario. The sample rods were heated with a hot
air stream inside a specifically designed apparatus. They employed an
infrared camera to measure the ignition time and location, as well
as the surface temperature of the rods at the ignition moment. In
2019, Lin et al. [7] measured the piloted ignition delay time and
ignition temperature of wood rods (dia 0.32–1.59 cm) in three fuel
layouts that are commonly found in wildland fires: a single rod in
vertical alignment, a single rod in horizontal alignment, and a rod bed
in horizontal alignment. Experiments on the vertical alignment were
conducted in a vertical Pyrex tube heated with halogen lamps, whereas
horizontal measurements were carried out in a cone calorimeter. They
argued that the traditional categorization of thermally thin and thick
for flat fuels may not be suitable for cylindrical wildland fuels due to
the intensified convection around curved surfaces.

Wood rods have also been used in experiments as surrogates for
electrical cables because they possess similar charring properties but
are physically more robust and well-behaving. Studies of Mangs [15]
and Mangs and Hostikka [16,17] measured the vertical flame spread
rate on 2.0 m long Birch rods in a custom flame spread apparatus.
This problem was also numerically modeled using Direct Numerical
Simulation (DNS) [17] and Large Eddy Simulation (LES) [18] methods.
The cylindrical sample modeling was treated as axisymmetric in both
approaches, which is in accordance with the physics of the problem.
However, cylindrical objects in cone calorimeter experiments, if placed
perpendicular to the radiative heat flux vector, as usual, cannot be
modeled axisymmetrically due to non-uniform heat flux exposure on
the sample. While the top side of the cylinder is exposed to radiation
from the heater, the curvature of the cylinder causes a variation of
incident surface heat flux from top to bottom. The bottom side of the
cylinder normally touches the insulation material serving as a substrate.
This non-uniformity of the heat flux exposure on the sample requires
more accurate geometrical modeling.

In our prior work [12], we introduced a novel numerical technique
for modeling the detailed radiative and convective heat fluxes and
sample deformation during a cone calorimeter experiment of cylin-
drical objects. This approach incorporates a realistic representation
of cylindrical samples and models the actual geometry of the conical
heater. The solid-phase solution relies on two-dimensional heat transfer
and pyrolysis methods. We validated this simulation framework using
Poly(methyl methacrylate) (PMMA) cylinders, which are representative
of non-charring materials, and provided the angular profiles of heat
fluxes in the early stages of the pyrolysis. Due to the sample defor-
mation (consumption), it was not possible to export sample surface
heat fluxes from times beyond the ignition. The current study inves-
tigates the ability of the modeling framework [12] to predict the fire
performance of charring cylindrical objects. We first construct a two-
dimensional pyrolysis model for Birch rods and validate it using both
gasification and flaming experiments. We determine and describe the
geometrically-induced non-uniformities that arise in cone calorimetry
measurements of charring polymers. We estimate incident and con-
vective heat flux angular distributions on the surface of the charring
cylindrical specimens for times before ignition and beyond. Finally, a
simplified expression of these heat flux distributions, intended for ease
of use in practical engineering modelings, is provided.

2. Experimental methods

2.1. Material selection

Birch wood (Betula pendula) in the form of cylindrical rods with
a measured diameter of 20.0 ± 0.1 mm were utilized in this study.
The rods were cut into 95.0 ± 0.2 mm long samples and conditioned
at 20 ◦C and 45% relative humidity. Moisture content of the material
was measured 8% wet basis, determined by weighing the mass loss
of rods after being dried completely in a 105 ◦C oven. Dry density of
the material was measured 534 ± 9 kg m−3 with a 95% confidence
interval, calculated by weighing 55 sample rods and assuming the
aforementioned moisture content.

2.2. Gram-scale experiments

An ISO 5660 standard cone calorimeter was utilized to assess the
flammability of the Birch rods under both gasification and flaming
conditions. To perform gasification tests, the chamber was purged
with Nitrogen to maintain an atmosphere with less than 1% Oxygen
concentration. Flaming measurements were fed with open air passing
through the chamber gills. Entire experiments were performed at a
radiation level of 50 kW m−2, calibrated with a fluxmeter 25 mm away
from the cone plate, where it corresponds to the top of the central rod
on the sample holder.

Measurements were conducted in two sets: (1) Only one wood rod
placed at the center of the sample holder, and (2) the whole 10 cm ×
10 cm-area of the holder covered with five rods next to one another.
Measurements were continued until all of the material was charred and
no obvious pyrolyzate gas was visible, after which slow smoldering
of the char was noted in flaming cases. This phase of the tests is
not reported in the mass loss rate (MLR) and heat release rate (HRR)
results. Three repetitions per configuration were performed. The MLR
and HRR curves are reported as an arithmetic mean of the repetitions
(smoothed by a 10-point moving average method for a more perceptive
data presentation) and 95% confidence interval, computed as double
the time-averaged standard deviation.

Videos were recorded from the cross-sectional pyrolysis of the rods
with a DSLR camera through the glass door of the test chamber, and
with a thermal camera (FLIR A655sc) through a small Calcium Fluride
Crystal window installed on the glass door. Snapshots of the DSLR-
camera recordings served as the reference for a qualitative comparison
against model predictions for char-front propagation. The thermal cam-
era recordings were used only to provide insights on the selection of
proper modeling boundary conditions for the wool substrate under the
samples.

3. Numerical methods

The simulations were carried out with the FDS software [19],
release version 6.7.9. It is a Computational Fluid Dynamics (CFD)
solver for fire-driven flows with necessary submodels for the gas-phase
flow, combustion and heat transfer, as well as the condense-phase
heat transfer and decomposition reactions. This section describes the
applied solid-phase algorithms in the current study. For details of each
algorithm, the reader is referred to [20].

3.1. Pyrolysis reaction model

The pyrolysis reaction model obeys the mass conservation between
the gaseous pyrolyzates and the condensed phase [20]. Multiple simul-
taneous reactions may occur in a material component, and each of these
reactions may produce other solid components (residues) and gaseous
species. The mass per unit volume of the component 𝛼, 𝜌s,𝛼 , is solved
by:
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𝜕𝜌s,𝛼
𝜕𝑡

= −
𝑁r,𝛼
∑

𝛽=1
𝑟𝛼𝛽 + 𝑆𝛼 (1)

where 𝑁r,𝛼 is the number of reactions for material 𝛼, 𝑟𝛼𝛽 is the rate of
reaction 𝛽, and 𝑆𝛼 is the production rate of component 𝛼 due to the
reactions of the other components. The reaction rate, 𝑟𝛼𝛽 , is based on
Arrhenius function:

𝑟𝛼𝛽 = 𝐴𝛼𝛽 𝜌s,𝛼
𝑛s,𝛼𝛽 exp

(

−
𝐸𝛼𝛽

𝑅𝑇s

)

(2)

where 𝐴𝛼𝛽 is the pre-exponent factor, 𝐸𝛼𝛽 is the activation energy, and
𝑛s,𝛼𝛽 is the reaction order of the reaction 𝛽 of the component 𝛼. 𝑅 and
𝑇s are the universal gas constant and solid temperature, respectively. It
should be noted that no gas transfer is assumed inside the solid phase,
meaning that gaseous productions are discharged instantaneously to
the gas phase.

Wood is a composite material made of Cellulose, hemicellulose
(Pentosans), lignin, and extractives, with different proportions [21,22].
As for modeling purposes, various reaction schemes are introduced in
the literature. For engineering applications, the primary components
are usually taken into account during pyrolysis modeling, meaning that
the extractives are often neglected. Broidio-Shafizade pyrolysis scheme
was originally introduced for modeling the decomposition of cellulosic
materials [23]. It assumes that the condensed phase first degrades into
an active solid with a reduced degree of polymerization. The active
material then decomposes with two competitive reactions, yielding, re-
spectively, (a) char and gaseous species in lower temperatures, and (b)
volatile tar in higher temperatures. Di Blasi [24] applied the Broidio-
Shafizade reaction scheme for modeling the lignocellulosic (lumped
Cellulose and hemicellulose species together) particles of wood since
it forms about 75% of the wood components. Koufopanos et al. [25]
suggested that each primary component of the wood can undergo a
Broidio-Shafizade reaction separately, and the wood degradation would
be a linear superposition of cellulose, hemicellulose, and lignin decom-
positions. Gronli et al. [26] discovered through their measurements that
it is sufficient to simulate the microscale pyrolysis of wood using a one-
step reaction for each primary component of the wood. The most simple
scheme for wood pyrolysis is a one-step reaction, known as the Antal
scheme [27], which is defined as the direct transformation of wood into
char and gaseous yields. The Antal scheme, or the modified version
of it where the evaporation of water content to water vapor is also
considered, has been applied to model various problems due to ease
of usage and adequate precision, for example, [17,28–35].

For modeling the pyrolysis of Birch, Hostikka and Matala [29]
applied the Broidio-shafizade, Gronli, and Antal schemes, while mod-
ifying each scheme to include the evaporation of moisture content
as well. They concluded that the predictive capability of the sim-
ple, single-step reaction mechanism for the reproduction of gram-scale
measurements is equally good as that of the more complex mecha-
nisms. Thus, the single-step pyrolysis model introduced by them is
utilized herein to avoid both introducing unnecessary complexities and
increasing computational cost.

Fig. 1 represents the adopted reaction path and the correspond-
ing kinetic parameters. Hostikka et al. [29] firstly used the built-
in analytical optimization method of FDS [19] to estimate model
kinetic parameters for each of their TGA experiments individually,
i.e. measurements with heating rates of 2, 5, 10, and 20 ◦C min−1.
Then they generalized the parameters for arbitrary heating rates by
averaging over the activation energies, and finding a corresponding
pre-exponential value. Here, we utilized the parameter set for the dry
Birch estimated in [29]. However, the moisture evaporation parameters
were estimated with the built-in TGA analysis solver of FDS with a
visual comparison of the numerical results against experiments. This
has been carried out to improve the fitting of the current model to
the reference measurements only for the water evaporation reaction.
Eventually, the used parameter set is 𝐴11 = 5.58⋅107 s−1, 𝐸11 = 1.23⋅102

kJ mol−1, 𝑛𝑠,11 = 1.0, 𝐴21 = 4.0 ⋅ 104 s−1, 𝐸21 = 4.79 ⋅ 101 kJ mol−1,

Fig. 1. Utilized degradation path of the Birch wood [29].

𝑛𝑠,21 = 1.0. 𝐵 is the initial percentile of the dry birch component in
TGA experiments. Hostikka and Matala reported 𝐵 values to be 97.3,
96.4, 97.4, and 98.4 for heating rates of 2, 5, 10, and 20 ◦C min−1,
respectively. They made use of an averaged percentile for the Char and
Fuel gas yields over the four TGA heating rates, thus we applied the
same values in the current study.

The performance of the adopted kinetic reaction is illustrated in
Fig. 2 by comparing the simulated TGA mass (Fig. a) and mass loss
rate (Fig. b) against measurements of Hostikka et al. [29] for different
heating rates. The model specifically focuses on predicting the MLR
peaks at the temperatures at which the peaks occur. Nevertheless, it
is not capable of reproducing the shoulder of the MLR curve starting
around 250 ◦C, as it was also observed in [29].

The current TGA modeling approach targets the occurrence temper-
ature at which the peak of the mass loss rate curve happens, which we
recall as the peak TGA approach.An alternative approach to the TGA
modeling can be developed to target the onset temperature of the shoul-
ders of the decomposition reaction rather than its peak’s occurrence
temperature. Such a scheme is referred to as the onset TGA approach,
detailed in Appendix A. In practice, the onset TGA approach shifts the
predictions towards lower temperature by 35 ◦C, i.e. advancing the
initiation of the main pyrolysis reaction. The influence of opting for
this TGA approach on the cone calorimetry prediction is detailed in
Appendix A, and briefly discussed in Section 4.3.

3.2. 2D heat transfer and pyrolysis algorithms

Solid heat transfer
Eq. (3) describes the governing physics of heat transfer within the

condensed phase. On the left-hand side, 𝑇s denotes the temperature,
while 𝜌s and 𝑐s are density and specific heat of the solid, respectively.
The right-hand side includes the divergence of the heat flux vector, �̇�′′,
and the rate of change of the volumetric heat source due to pyrolysis
reactions, �̇�′′′s .

𝜌s𝑐s
𝜕𝑇s
𝜕𝑡

= −𝛁 ⋅ �̇�′′ + �̇�′′′s (3)

The equation is discretized by a Finite Volume Method. The mean
temperature and pyrolysis heat source are assigned to the center of a
solid cell, whereas the heat flux vector, �̇�′′, is computed at the center
of a cell face, using the first-order discretization of Fourier’s law. For
instance, at time level 𝑛 in 𝑥 direction:

�̇�′′
𝑥,𝑖+ 1

2
= −𝑘s,𝑖

𝑇 𝑛
s,𝑖+ 1

2

− 𝑇 𝑛
s,𝑖

1
2 𝛿𝑥𝑖

= −𝑘s,𝑖+1

𝑇 𝑛
s,𝑖+1 − 𝑇 𝑛

s,𝑖+ 1
2

1
2 𝛿𝑥𝑖+1

(4)

where 𝑖 + 1
2 is the face center for cell indices 𝑖 and 𝑖 + 1, and 𝑘s is the

thermal conductivity. Thermal properties at face centers are calculated
by linear averaging. For example, the cell interface temperature 𝑇 𝑛

s,𝑖+ 1
2

=

(𝑇 𝑛
s,𝑖 + 𝑇 𝑛

s,𝑖+1)∕2.

Boundary treatments of solid heat transfer model
The boundary condition on the surface of the solid material follows

the continuity of heat flux:

−𝑘𝑠
𝜕𝑇s
𝜕𝑥

= �̇�′′r,𝑖𝑛 − �̇�′′r,𝑜𝑢𝑡 + �̇�′′c (5)
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Fig. 2. Comparison of experimental (solid lines) [29] and current simulation (dashed lines) of thermogravimetric analysis of the birch sample for various heating rates. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

where �̇�′′r,𝑖𝑛 and �̇�′′r,𝑜𝑢𝑡 are the absorbed and emitted radiative fluxes at
the solid surface, and �̇�′′c is the convective flux. Note that in the current
study, we do not consider in-depth radiation.

�̇�′′r,𝑖𝑛 is calculated by the gas phase radiation solver. Thermal ra-
diation in the gas phase is solved by a finite volume method, as-
suming a gray, non-scattering gas. To initiate each simulation, the
RadCal narrow-band model generates look-up tables for temperature-
dependent gray absorption coefficients for all involved gases, i.e. fuel,
water vapor, carbon dioxide, and soot. Throughout the simulation,
these tables are used to retrieve absorption coefficients, which are then
added up based on the instantaneous volume fractions within each
cell. A path length of 0.1 m is used in the computation of absorption
coefficients. The CFD griding is utilized for the spatial discretization
of the radiation transport equation, and the solid angle is divided
into 60 control angles [20]. In computing the emission source terms,
it is assumed that the temperature and concentration fields are well
resolved by the 1 mm mesh size. Thus, the emission power is predicted
through the instantaneous absorption coefficient and temperature.

�̇�′′r,𝑜𝑢𝑡 is calculated from the predicted wall temperature, 𝑇𝑤:

�̇�′′r,out = 𝜖 𝜎 𝑇 4
w (6)

where 𝜎 is the Stefan–Boltzmann constant for black bodies.
The convective flux is applied to the horizontal and vertical surfaces

of the surrogate Birch cylinder(s) that come into contact with the gas
phase. The convective flux is modeled with Newton’s law of cooling,
�̇�′′c = ℎ(𝑇𝑔 − 𝑇𝑤), where 𝑇𝑔 represents the gas temperature at the center
of the first off-wall gas-phase cell. The heat transfer coefficient, ℎ, is
derived from a blend of empirical correlations for both natural and free
convection [20,36]:

ℎ = 𝑘
𝐿
𝑚𝑎𝑥 (Nuf ree,Nuforced) W∕(m2 K) (7)

where 𝐿 represents a characteristic length scale 𝐿 = 0.02 m, taken
as the cylinder’s diameter. The Nusselt number, Nu, is dependent on
the geometric and flow characteristics. Free convection is a function of
Rayleigh number, Ra:

𝑁𝑢f ree =

⎧

⎪

⎨

⎪

⎩

(

0.825 + 0.324Ra1∕6
)2

Vertical faces
0.54Ra1∕4 Horizontal faces, Ra ≤ 107

0.15Ra1∕3 Horizontal faces, Ra > 107
(8)

and forced convection is a function of Reynolds, Re, and Prnadtl, Pr,
numbers:

𝑁𝑢forced = (0.037Re0.8 − 871) Pr1∕3 (9)

The Prandtl number is assumed to be Pr = 0.7. Reynolds number is
calculated as Re = 𝜌|𝐮|L∕𝜇, where 𝐮 is the fist off-wall flow velocity
and 𝜇 is dynamic viscosity.

In the authors’ earlier study [12], it became evident that the model
is insensitive to varying the 𝐿 from 2 cm to 10 cm, or assigning both
vertical and horizontal surfaces the same heat transfer coefficient of
ℎ = 10 W∕(m2 K). Moreover, the pyrolyzate gas that blows out of the
solid boundaries may influence the convective fluxes (blowing), which
is not directly considered in this study.

Pyrolysis algorithm
In each computational cell, the sample wood is a mixture of three

solid material components: moisture, dry Birch, and char. The time
evolution of the bulk density of each component is computed by Eq. (1).
The total density of the solid cell in each time step is the sum of the
densities of those three components, 𝜌s ≡

∑

𝛼 𝜌s,𝛼 .
The movement of the pyrolyzate gas through the material is as-

sumed to be instantaneous, ignoring the finite diffusivity, flow resis-
tance, and material anisotropy. The pyrolysis volatiles appear at the
nearest wall cell as a mass flux boundary condition to the gas phase.
Pyrolyzed gas produced by more than one solid cells below the surface
may eject from a particular wall cell. For a row of cells in the 𝑥
direction tied to the wall cell 𝑤, the mass flux generation of pyrolysis
gas component 𝛾 is computed by:

�̇�′′
𝛾,𝑤 =

∑

𝑖∈𝑤
�̇�′′
𝛾,𝑖,𝑘 𝛿𝑥𝑖 (10)

where 𝛿𝑥𝑖 represents cell width, and �̇�′′
𝛾,𝑖,𝑘 is the rate of mass generation

per unit area for the pyrolyzate component 𝛾.

3.3. Cone calorimetry model setup

The calorimeter chamber modeling is based on the 2D setup utilized
in our earlier study [12]. It was shown that this 2D model not only can
provide equally good results as its 3D counterpart but also is at least
10 times computationally less demanding. For the sake of brevity, a
summary of the setup is explained hereunder.

The Birch cylindrical cross sections were numerically approximated
with attaching multiple 1 × 1 mm2 solid obstructions. The same thermo-
physical and optical properties of the mineral wool substrate as in [12]
was utilized in here too, i.e. 𝜌 = 128 kg m−3, 𝑘𝑠 = 0.1 W m−1 K−1, 𝑐𝑠 =
1 kJ kg−1 K−1, and 𝜖 = 0.9. The substrate temperature was predicted
with a one-dimensional heat conduction model in flaming simulations,
whereas in non-flaming cases, fixed surface temperatures of 450 ◦C and
200 ◦C were applied for single and five rods simulations, respectively.
The latter boundary conditions were indicated experimentally with the
thermal camera while performing O2-free measurements. The exteriors
were set to an open boundary condition, feeding the domain with air
or pure Nitrogen in the flaming or non-flaming cases, respectively.
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Fig. 3. 2D Solution domain along with the presence of five Birch rods.

The modified 2D cone heater geometry of [12] was used in the
current work, presented for the five rods flaming scenario in Fig. 3.
The geometrical modification refers to a reduction of 12 mm of the
width of the heater elements in each direction, shown in blue color,
to ensure a correct incident radiative flux distribution despite the 2D
approximation. Validation of a truthful radiative flux distribution on
the top point of the rods was performed in [12]. Three separate cell
sizes were used for different locations of the solution domain: 𝛥𝑥 =
𝛥𝑧 = 1 mm in the vicinity of the rods; 𝛥𝑥 = 1 mm and 𝛥𝑧 = 1.875 mm in
the vicinity of the heater; and 𝛥𝑥 = 2 mm and 𝛥𝑧 = 1.875 mm far above
the heater. The latter region was only necessary for five rods flaming
case, partly visible on top of Fig. 3, where long flames were obtained.
The computational time was reduced by dividing the domain into 7, 11,
and 13 grids in gasification, single rod flaming, and five rods flaming
simulations, and sending each grid to a separate MPI (Message Passing
Interface) process.

Due to the high geometrical complexity and the associated com-
putational cost of the model, it was not possible to optimize the
thermophysical parameters using the current measured data. Instead, a
carefully selected set of parameters was drawn from the existing litera-
ture on Birch or hardwood slabs, ensuring the attainment of reasonable
predictions. Table 1 represents a summary of modeling parameters,
along with their corresponding references of data. Moisture properties
were taken from [29], owing to the similar inclusion of moisture
evaporation reaction in TGA modeling between the present work and
the aforementioned reference. The Dry Birch and Char thermal pa-
rameters were taken from Chaos [32] who estimated these parameters
through inverse modeling of the pyrolysis of hardwood pallets in an
inert environment of the Fire Propagation Apparatus. The material
properties obtained from their particular estimation approach can be
applicable to other scenarios with spectrally different radiation sources
than the FPA. Ding et al. [28] adopted these material properties of [32]

Table 1
Condensed phase thermophysical parameters used for Birch rod cone calorimetry
simulations.

Parameter Value Ref.

Thermal conductivity (W m−1 K−1)
𝑘𝐵𝑖𝑟𝑐ℎ = 0.26 [28,32]
𝑘𝑀𝑜𝑖𝑠𝑡𝑢𝑟𝑒 = 0.3 [29]
𝑘𝐶ℎ𝑎𝑟 = 0.36 [28,32]

Specific heat (kJ kg−1 K−1)
𝑐𝐵𝑖𝑟𝑐ℎ = 2.533 [28,32]
𝑐𝑀𝑜𝑖𝑠𝑡𝑢𝑟𝑒 = 4.3 [29]
𝑐𝐶ℎ𝑎𝑟 = 1.45 [28,32]

Emissivity (−)
𝜖𝐵𝑖𝑟𝑐ℎ = 0.9 [32]
𝜖𝑀𝑜𝑖𝑠𝑡𝑢𝑟𝑒 = 1.0 [29]
𝜖𝐶ℎ𝑎𝑟 = 0.85 [28,32]

Heat of Reaction (kJ kg−1)
𝐻𝑟,𝐵𝑖𝑟𝑐ℎ = 300 [29]
𝐻𝑟,𝑀𝑜𝑖𝑠𝑡𝑢𝑟𝑒 = 2260 [29]

Heat of Combustion (kJ kg−1) 𝐻𝑐 = 14350 [18,29]

Density (kg m−3)
𝜌𝐵𝑖𝑟𝑐ℎ = 534 Measured
𝜌𝑀𝑜𝑖𝑠𝑡𝑢𝑟𝑒 = 1000 [29]
𝜌𝐶ℎ𝑎𝑟 = 120 [29]

to simulate the pyrolysis of wet Birch under cone calorimetry in air
atmosphere and demonstrated the validity of the parameters. Moreover,
the reaction scheme, illustrated in Fig. 1, closely resembles that of [29].
Consequently, the heats of reactions are sourced from [29]. Model
sensitivity to thermophysical parameters is detailed in Appendix A and
briefly explained in Section 4.3.

3.4. Combustion and turbulence models

The pyrolyzate gas is assumed to be C3.4H6.2O2.5, as it was suggested
by Ritchie et al. [37] for the decomposition of Birch. The fuel combusts
in the air with a global one-step reaction Fuel + Air → Products,
producing 1% soot and 14.35 MJ kg−1 heat. Assuming infinitely-fast
chemistry, the Eddy Dissipation Concept [38] is used for modeling
the mass combustion rate within a cell with initial fuel and air mass
fractions 𝑌F and 𝑌A, respectively:

�̇�′′′
F = −𝜌

𝑚𝑖𝑛(𝑌F, 𝑌A∕𝑠)
𝜏mix

(11)

where 𝜌 is the cell mass density, and 𝑠 is the mass stoichiometric
coefficient of air. The characteristic mixing time, 𝜏mix, relies on the local
state of the flow field and considers the time scales associated with
chemical reactions, molecular diffusion, subgrid-scale advection, and
buoyant acceleration [20]. Then the local heat release rate is calculated
by multiplying the �̇�′′′

F and the heat of combustion, 𝐻𝑐 .
For turbulence modeling, the LES mode of the FDS is used, as

against the Very Large Eddy Simulation (VLES) mode, since detailed
information of the CFD solution is targetted in this study. The Deardorff
turbulent viscosity model [39] is applied everywhere except near walls.
The WALE model of Nicoud and Ducros [40] is utilized for the eddy
viscosity calculations in the first off-wall grid cells, to correctly apply
the no-slip condition on the solid walls. The reader is referred to [20]
for details of these models.

4. Results and discussion

4.1. Gasification cone calorimetry

The current section evaluates the accuracy of the model in pre-
dicting the mass loss rate of the gasification measurements using the
peak TGA scheme and thermal properties shown in Table 1. Fig. 4
compares the simulation results for single- and five-rod setups against
the experimental data, where the shaded area represents the 95% confi-
dence interval of the experimental data. In the single-rod case, the time
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Fig. 4. Comparison of mass loss rates between experimental and model prediction for single and five-rod gasification test cases.

Fig. 5. Comparison of mass loss and heat release rates between experimental and model prediction for single rod flaming test case.

series shows only one pyrolysis peak, which appears close to the end
of the test, whereas the five-rod case shows a classic two-peak shape.
The model predicts the main pyrolysis peak of the one-rod case about
130 s earlier than the measurements, while for the five-rod case, the
MLR peaks are predicted in a more accurate temporal alignment to the
experimental data. Potential reason can be the geometrical similarity
between the tight, five rods sample alignment and the slab samples used
for obtaining the thermophysical parameters (Table 1), in contrast to
the single-rod case where the non-rectangular effect has a greater role.

4.2. Flaming cone calorimetry

Here we assess the ability of the 2D model to reproduce MLR
and HRR of the single-rod and five-rod flaming measurements. Fig. 5
presents the results for the single rod case. Experimental data show a
main peak for both MLR and HRR right after ignition, at about 55 s,
followed by a decaying trend until a slightly intensified decomposition
rate between 200–240 s occurs. The model captures the main peak and
the decaying trend after that, but fails to reproduce the second peak.
The MLR prediction in Fig. 5(a) shows a 15 s delay in the numerical
prediction of the first peak, however, the difference of the area under
the numerical and experimental mean curves is within 1% accuracy.
The main peak of the HRR prediction in Fig. 5(b) denotes a 22 s
delay compared to the peak occurrence time of the measurements. The
area under the simulated HRR curve is underpredicted by 13.8% in
comparison to that of the experimental mean curve.

Fig. 6 presents the results for the five-rod flaming case. Experimen-
tal measurements show a single peak, followed by a decaying trend.
The model predicts the time of the first peak very well but generates
another peak at the simulation time of about 500 s. The areas under
the simulated MLR and HRR curves are underpredicted by 11.1% and
25.5%, respectively. Such a relatively large HRR underprediction was
also observed in our previous work with PMMA rods [12].

Possible causes for the HRR under-prediction include the approxi-
mations in the combustion and radiation modeling, such as the single-
step, mixing-controlled reaction scheme and the lack of detailed soot
model, and the use of literature values for the thermophysical param-
eters. These potential causes warrant further investigation in future
research. However, the favorable prediction of the temporal decompo-
sition of the material inside the cross-section of the condensed phase,
demonstrated in the upcoming Section 4.4, indicates a reasonably
modeled thermal environment at the fuel surface. Therefore, we can
conclude that despite the observed uncertainties in MLR and HRR pre-
dictions, the model captures most of the key features of the gasification
and flaming pyrolysis that are important for this study. Hence, we rely
on the current model as a source of thermal environment characteristics
at the sample surface, discussed later in Section 4.5.

4.3. Summary of model sensitivity

Before exploiting the model for the thermal environment characteri-
zation, it is good to understand the influence of the input and modeling
uncertainties on model predictions. A brief deduction on the model
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Fig. 6. Comparison of mass loss and heat release rates between experimental and model prediction for five rods flaming test case.

sensitivity analysis against the choice of TGA modeling, numerical reso-
lution, and thermophysical parameters is described hereunder, whereas
a detailed analysis is expanded upon in Appendix A. The sensitivity
study is only performed on the single rod flaming simulation.

As mentioned in Section 3.1 the choice of the onset TGA versus
peak TGA scheme may influence the initiation of the birch degradation
process. Simulation with the onset TGA scheme leads to a slight time
advancement and amplitude increment of the MLR peak prediction.
However, both TGA models seem to be viable methods to apply.

Performing a simulation with 0.5-mm grid resolution in the vicinity
of the condensed phase showed insignificant changes in the MLR pre-
diction compared to that of the original 1-mm resolution, but a fourfold
increase of the simulation time. Moreover, as described in Section 3.3,
a coarser mesh resolution has been used in the areas farther away
from the condensed phase. To investigate the sensitivity of the HRR
prediction to the grid spacing in these areas, another simulation was
performed with a uniformly distributed 1-mm grinding everywhere in
the domain. Although the computation time increased almost threefold,
no substantial alteration was noted in either MLR or HRR predictions.
Thus, it is concluded that the original grid generation described in
Section 3.3 satisfies the mesh independency target.

To assess the model’s sensitivity to the thermophysical parameters
tabulated in Table 1, simulations were conducted by varying the values
of these parameters by ±20%. Results demonstrated that increasing
birch conductivity delays ignition and accelerates burnout, while an
increase in char conductivity leads to faster burnout. The findings
underscore the importance of considering both birch and char conduc-
tivities in predictive pyrolysis models for charring cylinders. Varying
birch’s specific heat by 20% has a more pronounced effect on the
model prediction than similar changes in conductivity. Increasing 𝑐𝐵𝑖𝑟𝑐ℎ
results in delayed and reduced amplitude of the MLR peak prediction,
while a 20% reduction of 𝑐𝐵𝑖𝑟𝑐ℎ improves peak timing and amplitude
but causes an unfavorably advanced burnout prediction. The model is
insensitive to changes in 𝑐𝐶ℎ𝑎𝑟. Increasing the emissivity of virgin birch
slightly advances ignition and the MLR peak predictions, and vice versa.
Alteration of the char emissivity has no impact on the MLR prediction.
An elevation of 20% in 𝐻𝑟 leads to a prediction with a slight decline in
the amplitude of the main MLR peak and a modest delay in the burnout
time, whereas the results with a 20%-reduced heat of reaction manifests
an opposing trend.

4.4. Char front propagation

In this section, a qualitative evaluation of the precision of the 2D
model is conducted through a comparison of the char front’s evolution

in experimental and simulated scenarios. Selected snapshots from the
experimental video recordings, chosen to aptly depict the propagation
pattern of the char front, are compared with corresponding simulation
slices of char density.

Fig. 7 shows a sequence of snapshots that depict the measurements
of single rod gasification for t = 50 s to 400 s. The process initiates
from the top surface, with the charred wood becoming visible at the
end of the rod. The images indicate that the char front tends to move
from top to bottom at a faster pace than from the sides to the center.
This phenomenon occurs due to the fact that the radiation view factors
between the heater and the points located on the top surface are higher
than to the points on the lower rod surface. A similar observation has
also been made in [12] in the same measurement setup but with a non-
charring rod, where the top-to-bottom material shrinkage was more
pronounced than the side-to-center shrinkage. The simulation slices
presented on the right-hand side of Fig. 7 display a similar pattern; the
model can predict the shape and area of the remaining virgin wood
(non-red cells) relatively well.

Apart from the char front propagation, Fig. 7 shows that, with the
passage of time, pyrolysis leads to a reduction in the rod’s thickness
by altering the curvature of the top surfaces, eventually leading to a
slightly flatter shape. The current model is not able to reproduce such a
deformation because the birch-to-char conversion ratio is constant, and
because the possible char oxidation and burn-away are not modeled.

Fig. 8 presents a comparison between measurement snapshots and
FDS char density slices at various times for the single rod flaming
case. The flame originates at the top of the rod, which is apparent in
the snapshot captured at t = 30 s. The flame edge progressively tilts
towards the lower sections of the rod surface and reaches the wool
substrate in a few tens of seconds, as evidenced by the snapshot for
t = 55 s. The char front penetrates into the rod from both top-to-bottom
and sides-to-center directions at comparable rates, consistent with the
observations reported in [12] for the shrinkage of a non-charring rod.
The more rapid decomposition of the sides compared to the gasification
case in Fig. 7 is attributed to the increased heat transfer resulting from
the presence of the flame on the rod’s sides. The simulation slices
displayed on the right-hand side of Fig. 8 affirm the model’s capability
to accurately replicate this degradation pattern in a timely manner.

In Fig. 9, the char front propagation of the five-rod gasification case
is illustrated. The measurement snapshots on the left-hand side indicate
that the initial decomposing regions mainly include the top surface of
the three central rods and the inner surfaces of the two outermost rods,
as observed at 𝑡 = 90 and 250 s. The experiment reveals a ∪-shaped
trend of char front penetration over time, again consistent with the
findings reported in [12]. This trend is partly attributed to the reduction
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Fig. 7. Comparison of experimental (left) and numerical (right) char front propagation on the sample cross-section at different times of the single rod gasification experiment.
Color bar represents the cell density of the char component. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)

in the heater-produced incident flux when moving from the center of
the sample holder to its sides. However, the principal cause of this ∪-
shaped trend is the varying view angles at which the two outermost
rods perceive the heater radiation, in contrast to the other rods. For
instance, the local heater-to-sample view factor is larger for the western
half of the rightmost rod than for its eastern half, thereby enhancing
the heating of the western half. At t = 800 s, the three central rods are
nearly fully charred, while virgin wood is still visible in the outer areas

of the outermost rods. During the last few minutes of the measurements,
the rods began to bend upward and crack due to thermal expansion, as
observed at t = 1100 s. The numerical results displayed on the right-
hand side of Fig. 9 demonstrate that the model accurately reproduces
the ∪-shaped trend of the char front propagation.

A sequence of recorded and predicted cross-section images from the
five rods flaming case is illustrated in Fig. 10. In the measurements,
the ignition of the flame occurs at the top of the rods, as demonstrated
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Fig. 8. Comparison of experimental (left) and numerical (right) char front propagation on the sample cross-section at different times of the single rod flaming experiment. Color
bar represents the cell density of the char component. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

by the snapshot at t = 70 s, and subsequently propagates downwards
along the lower surface of the outermost rods until it reaches the
wool substrate, as indicated by the snapshot at t = 200 s. Taking the
rightmost rod as an example, the existence of the flame on the eastern
circumference intensifies the local heat transfer compared to its western
half. This uneven distribution leads to a ∩-shaped char front profile
on the top of the samples. This phenomenon is consistent with the

previous findings reported in [12], where a similar trend was observed
for the shrinkage of non-charring rods under the same experimental
conditions. The snapshot at t = 550 s indicates that the outermost rods
experience a faster degradation rate compared to the three central rods
due to the uneven heating profile, leading to the early depletion of
virgin material in the outermost rods. The remaining virgin material
in the central rods continues to decompose, maintaining flames in this
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Fig. 9. Comparison of experimental (left) and numerical (right) char front propagation on the sample cross-section at different times of the five rods gasification experiment. Color
bar represents the cell density of the char component. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

region. The FDS slices of char density on the right-hand side of Fig. 10
demonstrate that the 2D model predicts the ∩-shaped profile of the char
front propagation accurately in terms of timing and the remaining area
of the virgin material.

4.5. Predicted surface quantities

The preceding section provided a qualitative discussion of the fac-
tors underlying the various observed degradation patterns in each
scenario. In this section, these factors are quantitatively analyzed on
the sample surfaces. The boundary heat fluxes are reported exclusively
for the surfaces of the central and rightmost rods in this investigation.
To facilitate clarity of presentation, the data is plotted only for the
rightmost halves of the rods under examination. The fluxes are obtained
at distinct simulation times for both the gasification and flaming scenar-
ios, with an emphasis on selecting times that exhibit common or similar
features in both environments. This approach enables the elucidation
of the reasons behind the differences in char front patterns observed
between the different cases.

Fig. 11 compares the surface fluxes for the single rod gasification
and flaming cases. The incident radiative heat flux and convective heat
flux distributions are represented by solid and dashed lines, respec-
tively. The gasification case is presented in Fig. 11(a), where the t = 2 s
curves display the initial distribution of fluxes on the rod. The nominal
50 kW m−2 incident heat flux is observed on the top of the rod, while
it decreases to 0 kW m−2 on the bottom point of the rod. As time pro-
gresses, the incident heat flux distribution remains almost unchanged.
The initial convective heat flux distribution at t = 2 s indicates negli-
gible convection, except for a small convective heating region between
140◦ to 180◦ angles, which is due to the Nitrogen stream flowing over
the wool substrate and being heated by the hot wool surface before
reaching the sample rod. At later simulation times (i.e., t = 30–100 s),
the upper half of the rod experiences slight convective cooling due
to the flow of surrounding Nitrogen. However, the small convective
heating region on the lower surfaces remains active with the same
magnitude as at the beginning of the simulation. The gradual reduc-
tion of the incident heat flux along the rod circumference, while the
convection remains relatively negligible, explains the relatively higher
top-to-bottom char propagation described in Section 4.4.
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Fig. 10. Comparison of experimental (left) and numerical (right) char front propagation on the sample cross-section at different times of the five rods flaming experiment. Color
bar represents the cell density of the char component. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

In Fig. 11(b), the flux predictions for the single rod flaming case
are presented. The initial incident heat flux distribution is comparable
to that observed during gasification at 𝑡 = 2 s. Upon ignition of the
flame at the top of the rod at 𝑡 = 30 s, the incident flux predominantly
increases in the middle portions of the circumference, with an augmen-
tation of about 10 kW m−2. At 𝑡 = 50 s, the same augmentation in the
incident flux affects the upper part of the circumference. Comparison
between the incident flux distribution at 𝑡 = 100 s and 𝑡 = 2 s reveals
that the incident flux at the top of the rod remains approximately
10 kW m−2 greater than its initial value. However, the existence of
the flame on the rod’s sides leads to an increase of approximately 15
kW m−2 for most of the circumference’s other locations. The initial
convective fluxes are very small, similar to the gasification case. With
the ignition at the rod’s top at 𝑡 = 30 s, a local sudden increase of
the convection is observed. As revealed by the curve at 𝑡 = 50 s,
the convection wave moves along the rod surface as the flame edge
descends. At 𝑡 = 100 s, the flame’s location has become steady with no
further movement of the flame edge. The convective flux distribution
exhibits a bell curve with a maximum value of +15 kW m−2 located
at the midpoint of the circumference. These flame-induced increases
in both incident and convective fluxes on the side of the rod explain
the intensified side-to-center char propagation in comparison to the
gasification case.

Fig. 12 compares the heat flux distributions for the five-rod gasifi-
cation and flaming cases. The solid lines in the figure depict the heat
flux data for the central rod, whereas the dashed lines represent the
heat flux distributions for the rightmost rod.

Considering the incident heat flux results for the gasification case
shown in Fig. 12(a), the top of the central rod is consistently exposed
to the calibrated incident flux of 50 kW m−2, while it decreases to
zero moving from the top towards the lateral position (Angle = 90◦).
Comparison of the flux distribution with that of the single rod case in
Fig. 11(a) reveals a steeper slope of the decrease, which is attributed to
the shadowing effect of the adjacent rods on the central rod. Over the
simulation time interval of 𝑡 = 2 s to 100 s, the increased temperature
of the neighboring rods results in an increased incident heat flux,
primarily on the upper half of the central rod’s circumference. At 𝑡 =
400 s, about 10 kW m−2 increase of incident flux, compared to the
initial state, can be seen on the entire upper circumference. The overall
heating of the rods increases the incident heat flux also at 100◦ to
180◦ circumferential angles, although the charring has only progressed
to about halfway through the rod thickness at 𝑡 = 400 s. When comes
to the rightmost rod, the incident heat fluxes on its eastern half remain
relatively constant throughout the simulation period. The flux values
for this rod are generally lower than those of the central rod, owing to
the lower heater-to-sample view factors.
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Fig. 11. Simulated heat fluxes at the sample surface for the single rod gasification and flaming cases. Solid lines represent incident heat flux distribution, whereas dashed lines
show the distribution of convective heat flux. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

The convective heat fluxes from the five-rod gasification scenario
are depicted in Fig. 12(b). The central rod displays a negligible amount
of convective heating, whereas the upper perimeter of the eastern
half of the rightmost rod experiences convective cooling throughout
the entire simulation. This cooling phenomenon is attributed to the
Nitrogen flow in the vicinity of the outermost samples. However, the
magnitude of the convective heat flux remains considerably lower than
that of the radiative incident flux. The observed ∪-shaped trend earlier
is attributed (mostly) to the gradual increase of the radiative heating in
central regions and (to some extent) the convective cooling experienced
by the outer rods.

The results from Fig. 12(c) reveal that, in the flaming case, the
incident radiative flux distributions at pre-ignition times (i.e., 𝑡 = 2 and
30 s) are similar to those observed in the gasification case. However,
post-ignition, the flame considerably enhances the magnitude of the
incident flux for the upper half of the circumference of the central
rod, with the top point experiencing an increase of about 10 kW m−2.
As in the five-rod gasification case, the elevated temperature of the
adjacent rods promotes a re-radiation effect towards the surface of
the central rod, leading to an augmented incident flux around the
circumference over time, as evidenced by the distribution at 𝑡 = 400
s. This phenomenon, in conjunction with the flame-induced radiation,
leads to an increase of nearly 20 kW m−2 in incident flux at angles
ranging from 10◦ to 100◦ along the circumference of the central rod. At
later time, 𝑡 = 400 s, the observed incident heat flux at 100◦ < Angle <
180◦, i.e. within the cavity between rods and the substrate, is about 6
kW m−2, which corresponds to about 300 ◦C surface temperatures.

For the rightmost rod, the flame-induced increase in the incident
flux of about 10 kW m−2 is evident on its upper half post-ignition, i.e. at
t = 50, 100, and 400 s. As discussed in Section 4.4, the flame edge tilts
towards the lower circumference of the eastern half of the rod with the
passage of time. Furthermore, the virgin material present on the upper
half of the rod undergoes complete decomposition over a period. Thus,
the active pyrolysis and combustion region shifts gradually towards
the lower parts of the rod during the simulation. The descent of
the flame edge produces a wave of flame-induced incident flux that
moves downwards towards the corresponding active pyrolysis area.
This phenomenon is reflected in the dashed line for 𝑡 = 400 s.

The convective flux distribution along the central rod in Fig. 12(d)
is found to be nearly negligible throughout the simulation, except for
a brief moment around the ignition time at 𝑡 = 30 s, during which the
convective flux on top of the rod reaches +20 kW m−2. This increase is
short-lived and dissipates after ignition. In contrast, the rightmost rod
displays a noticeable rise in convective flux on its top surface at 𝑡 = 30
s with the initiation of the flame. As the simulation progresses, the
flame grows stronger and propagates towards the lower circumference

of the rod, resulting in a distinct wave-like pattern in the convective
flux distribution at 𝑡 = 50 s. The flame-induced convective flux moves
with the flame towards the lower circumference of the rod, where
an active pyrolysis region is present, as evident from the convective
flux distribution at 𝑡 = 100 and 400 s. The maximum value of the
flame-induced convective flux on the eastern half of the rightmost rod
(after the flame stabilizes) is approximately 30 kW m−2, three times
greater than the flame-induced incident flux. However, their regions of
effectiveness are different. The flame-induced convection is influential
at 0◦ < Angle < 150◦ range, while flame-induced radiation is more
effective in the 100◦ < Angle < 180◦ range (compare dashed lines for
𝑡 = 400 s in Fig. 12(c) and (d)). The enhanced convective heating and
radiation on the outermost rods result in the ∩-shaped charring profile
observed in Section 4.4.

4.6. Summary of heat fluxes on cylindrical objects in gasification and cone
calorimetry

The gas phase domain serves two primary functions: a) it transports
radiation from the heater elements to the solid surface, and b) it
provides the heat feedback from the gas surrounding the samples to the
solid surfaces. By eliminating the necessity of solving the CFD domain
and focusing only on the solid phase domain, simulation costs and
complexities could be significantly reduced for an engineering model.

In Section 4.5, surface quantities across the cylindrical samples’
circumference were examined, presenting detailed heat flux distribu-
tions. However, implementing such intricate flux distributions, which
vary both temporally and angularly, can be laborious in engineering
modeling practices. To enhance practical usability, these distributions
are summarized herein to offer a more straightforward approach. The
simplified heat flux distributions are elaborated upon in the subsequent
discussion and presented explicitly in Tables 2–4 for the single rod
cases, central rod within the five rods configuration, and the rightmost
rod of the five rods cases, respectively.

With a reasonable approximation, the radiation received at the
surface solely due to the cone’s emission remains constant through-
out the tests, independent of time. To simplify the analysis, one can
exclude the conical heater and its radiation transfer within the gas
and only consider their overall effect, i.e. ‘‘Initial incident radiative flux
distribution’’. These distributions are depicted as polar plots for the
right halves of the central cylinders in the first columns of tables.
Note that, for the convenience of the modeler, the initial incident flux
distribution on the rightmost rod, Table 4, is presented exactly the same
as that of the central rod in Table 3, even though they differ in reality.
This discrepancy is compensated by introducing a corrective feedback
radiative flux, as elaborated below.
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Fig. 12. Simulated heat fluxes at the sample surface for the five rods gasification and flaming cases. Solid lines represent data for the central rod, whereas dashed lines show the
distributions on the rightmost rod. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Similarly, the heat feedback from the gas phase to the samples’
surface can be replaced with the combined effects of convective and
radiative feedback along the circumference. However, these feedback
mechanisms are time-dependent. By synthesizing the insights derived
from the MLR analyses in Sections 4.1 and 4.2, the char penetra-
tion paths discussed in Section 4.4, and the alterations in heat flux
outlined in Section 4.5, distinct time frames emerge, each playing a
determinative role in the degradation process.

The MLR evolution of the single rod gasification case indicates a
‘‘Growth’’ stage when the degradation begins to escalate rapidly (for
example, the time interval when 1 × 10−5 < MLR < 3.5 × 10−5 kg s−1).
This Growth time frame in the single rod flaming case occurs only after
an ‘‘Ignition’’ interval. Subsequently, both single rod cases experience a
‘‘Peaking’’ region. However, the analysis of the char front transforma-
tion indicates that there are no significant changes in the penetration
path for both cases after the ‘‘Peaking ’’ period. Consequently, the heat
flux distributions likely remain relatively stable post-peaking. In sum-
mary, for the single rod cases, we delineate three distinct chronological
time frames presented in Table 2: ‘‘Ignition’’, ‘‘Growth’’, and ‘‘Peaking’’.
Nonetheless, the situation for the five rods cases is slightly different.

Analysis of the MLR evolutions in the five rods gasification and
flaming cases shows that the time to reach the first peak is very short
in both environments. Specifically in the flaming case, the transition
from the Ignition to Growth periods occurs so quickly that it led us
to merge both intervals into a single ‘‘Growth’’ interval. On the other
hand, the char front analysis for both cases revealed slow and extended
periods with slow charring, denoted here as ‘‘Plateau’’. To summarize,
we define the chronological time frames for the five rods cases as

‘‘Growth’’, ‘‘Peaking’’, and ‘‘Plateau’’, shown in Tables 3 and 4. Notably,
in Table 4, there is an additional column for the ‘‘Initial’’ time frame.
This column specifies the required modification for the ‘‘Initial incident
radiative flux distribution’’ used for the central rod (first column) to
match the correct initial distribution for the current rightmost rod. This
approach avoids the need for the introduction of a separate angular
incident distribution specifically tailored for the rightmost rod, as the
provided central rod distribution suffices. The correction is denoted in
the row related to the radiative augmentation, which is valid across all
time frames.

The changes of the radiative and convective heat fluxes from their
initial angular distributions (Section 4.5) are extracted for each time
frame and presented in the tables below. In specific cases, denoted by
asterisks, the original, wave-like distribution has been approximated by
a piecewise constant function. The combined effect of these convective
and radiative augmentations is denoted as ‘‘Total’’ heat feedback from
the gas phase to the sample surface.

Using the provided heat flux results, one can model the two-
dimensional pyrolysis of charring cylinders without explicitly solving
for the gas phase processes. This involves introducing cylindrical solid
objects, applying the ‘‘Initial incident radiative flux distribution’’ as
a continuous angular profile of external radiation, and then adding
the ‘‘Total’’ gas phase feedback, corresponding to the specific angular
position and simulation time frame. It is possible to interpolate or apply
some smoothing to the piecewise constant distributions to remove
artificial discontinuities.
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Table 2
Heat flux augmentations for the single rod cases at three different time frames.

∗ Original wave-like distribution has been approximated by piecewise constant function.

Table 3
Heat flux augmentations for the central rod of a five-rod case at three different time frames.

∗ Original wave-like distribution has been approximated by piecewise constant function.

Table 4
Heat flux augmentations for the rightmost rod of a five-rod case at four different time frames.

∗ Original wave-like distribution has been approximated by piecewise constant function.

5. Conclusions

Despite the ISO 5660 cone calorimeter being originally designed for
the flammability assessment of rectangular, flat samples of construction
materials, it has been increasingly applied to cylindrical polymeric
fuels like electrical cables and wooden rods. Using the obtained ex-
perimental data for pyrolysis modeling has been problematic due to
limited information regarding the heat exposure experienced by the
cylindrical samples. Researchers conventionally simplify the analysis

by modeling rectangular volume replicas of cylindrical samples with
1D pyrolysis and heat transfer algorithms, neglecting surface heat flux
heterogeneity, thus leading to increased modeling uncertainties. In our
prior work [12], we introduced a novel 2D framework for modeling
cylindrical non-charring objects in a cone calorimeter. The current
research applied the same framework for a charring polymer.

Gasification and flaming measurements under (nominally) 50 kW m−2

irradiation level were performed using single-rod and five-rod layouts
of Birch wood cylinders, representative of a charring polymer. The
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experimental results indicate a faster pace of top-to-bottom char pen-
etration, compared to side-to-center, on the cross-section of the single
rod gasification case. For the single rod flaming case, the charring pace
in both directions was comparable. A ∪-shaped char front profile was
observed in the five-rod gasification test, whereas the five-rod flaming
case showed a ∩-shaped trend. All of these observations were similar to
the patterns witnessed in [12] for the shrinkage of non-charring rods
under the same experimental conditions.

The proposed computational framework was utilized to simulate
the experiments. The MLR and HRR predictions were validated against
the measurements, demonstrating the capability to reproduce the ob-
served trends and shapes of the experimental time series with relative
uncertainties of 13.8% (under-prediction) for the total heat release
from a single flaming rod, 11.1% and 25.5% (under-predictions) for
the total mass loss and heat release from five flaming rods. The high
error in HRR is associated with the solution inaccuracy of the gas phase
combustion [12]. Moreover, the numerical predictions of the char-front
propagation qualitatively reproduced the experimental observations.

The angular distributions of the radiative and convective heat fluxes
over the surface of the cylindrical samples were extracted from the
simulations. The primary deviation from the conditions obtained by
flat samples is obviously the steep reduction of the incident radiation
between the top and sides of the samples. Apart from this general trend,
a significant increase in the incident heat flux was observed in the five-
rod configuration on the sides of the central rod due to the adjacency of
the neighboring rods with increasing surface temperatures. This local
increase reached up to 10 and 20 kW m−2 in gasification and flaming
conditions, respectively. In the five rods flaming scenario, as the flame
edge descended on the outermost rods, a downward-moving wave of
convective and incident heat fluxes, with amplitudes of approximately
20 and 15 kW m−2, was observed.

The detailed, time- and angle-dependent flux distribution results
were simplified and tabulated for practical engineering modeling. The
tabulated data comprises (a) an invariant angular distribution of ini-
tial incident radiative flux on the cylindrical objects’ circumference
and (b) a piecewise continuous angular augmentation of the total
(radiative+convective) gas phase heat feedback to the cylinder surface.
By utilizing these simplified heat exposures, one can model the 2D
pyrolysis of charring cylinders without the need to solve the gas phase.

Future research should apply the numerical framework to model
electrical cables, addressing their intricate multi-layer, multi-component
geometry. Additionally, utilizing the simplified version of the flux dis-
tributions in conventional cone calorimetry modeling methods requires
more investigation.
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Appendix A. Model sensitivity

This appendix examines the influence of the input and modeling
uncertainties on cone calorimetry model predictions. The model’s sensi-
tivity to TGA modeling, numerical resolution, decomposition heat, and
thermal parameters are evaluated. This sensitivity study is performed
solely on the single-rod flaming scenario.

For the analysis of the sensitivity to the TGA modeling, here we
introduce an alternative TGA scheme in contrast to the peak TGA
approach used in Section 3.1. This model, referred as the onset TGA
scheme, facilitates an earlier start of the main reaction, thereby ap-
proaching the onset temperatures of the shoulders of the experimental
MLRs, while maintaining the MLR peak values as that of the peak
TGA approach. The 𝐴11 and 𝐸11 parameters of Fig. 1 are re-estimated
for the 10 ◦C min−1 heating rate such that the model’s main pyrolysis
reaction initiates at the onset of the MLR shoulder at about 216 ◦C.
The estimation was performed by applying the internal TGA estimation
routine of the FDS, leading to 𝐴11 = 2.44 ⋅ 107 s−1 and 𝐸11 = 1.12 ⋅ 105

kJ mol−1. The same kinetic parameters, without any change, are also
employed for modeling the other 2, 5, and 20 ◦C min−1 heating rates
The results of the onset TGA model are illustrated in Fig. A.1. The
peak’s occurrence temperature has reduced by approximately 35◦C for
all heating rates compared to the peak TGA approach. The purpose
of introducing this model is to explore the extent to which earlier
initiation of the reaction in the TGA modeling can affect the gram-scale
predictions, discussed as what follows.

The consequence of the chosen reaction target on the cone calorime-
try simulation is demonstrated in Fig. A.2(a). The application of the
onset TGA scheme leads to a primary MLR peak that is 9.6×10−6 kg s−1

higher and occurs 13 s earlier than when using the original, i.e. peak
TGA scheme. As the MLR between 100 and 200 s is also slightly
higher, the burnout occurs earlier than in the experiment. Overall,
both schemes seem to be viable options for bench-scale, i.e. cone
calorimetry, modeling.

To assess the impact of the mesh resolution, a simulation was
performed utilizing a spatial discretization of 0.5 mm, alongside a
regeneration of the rod geometry with solid cells of dimension 0.5 ×
0.5 mm2. Consequently, an almost fourfold increase in the simulation
time was observed. Fig. A.2(b) compares the MLR of the simulation
with 0.5-mm resolution against that of the simulation with 1-mm
grid spacing. With the 0.5-mm resolution, the ignition time remains
unchanged, the main peak is smoothed slightly, and the fuel burnout
is delayed by 7 s. These observations are consistent with our earlier
study on non-charring rods [12]. The 1-mm resolution seems to provide
convergent solutions for modeling both non-charring and charring
materials in cone calorimeter.

Fig. A.3 illustrates the model sensitivity to the main thermal pa-
rameters. 𝑘 and 𝑐 were varied ±20% from the values in Table 1. The 𝜖
values were varied by increasing to unity and decreasing by 20%. The
variation of these parameters was performed for both the birch and
char components of the model.
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Fig. A.1. Modified Birch pyrolysis model for initiation of the main decomposition reaction at the onset of the peak. Solid lines present experimental results of [29]; dashed lines
show the current model results. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. A.2. Sensitivity of the single rod flaming MLR to the TGA model selection and mesh resolution.

The results in Fig. A.3(a) and A.3(b) demonstrate a clear influence
of birch and char conductivities on the pyrolysis process. An increase
in 𝑘𝐵𝑖𝑟𝑐ℎ results in a delayed ignition, higher burning rate during the
semi-steady state phase, and earlier burnout. This is in line with our
previous study on non-charring rods [12]. Likewise, a 20% increase in
𝑘𝐶ℎ𝑎𝑟 (Fig. A.3(b)) leads to faster burnout. Reversely, decreasing the
birch conductivity to 0.8𝑘𝐵𝑖𝑟𝑐ℎ shifts the MLR peak to the left, while
reducing the 𝑘𝐶ℎ𝑎𝑟 by 20% slightly decreases the amplitude of the MLR
peak but does not change the peak’s time of occurrence. These findings
highlight the importance of considering the effects of both birch and
char conductivities when developing predictive pyrolysis models for
charring cylinders.

The model sensitivity to a 20% variation of the birch’s specific
heat is more prominent than that of the conductivity, which aligns
well with a similar observation made in [12]. Fig. A.3(c) shows that
while the model’s result with the original 𝑐𝐵𝑖𝑟𝑐ℎ mostly falls within
the experimental uncertainty bounds, increasing the specific heat to
1.2𝑐𝐵𝑖𝑟𝑐ℎ results in both delay and amplitude reduction of the MLR peak.
Conversely, reducing 𝑐𝐵𝑖𝑟𝑐ℎ by 20% leads to an improvement in the
timing and amplitude of the main MLR peak, but the material burnout
occurs 30 s earlier. Given these observations, the original value of 𝑐𝐵𝑖𝑟𝑐ℎ

appears to be a reasonable choice, as it results in the model being
mostly within the uncertainty bounds. Furthermore, Fig. A.3(d) indi-
cates that the model is insensitive to changes in 𝑐𝐶ℎ𝑎𝑟. This observation
can be attributed to the high conductivity of char, which facilitates heat
transfer from the char layers on the outer layer of the rod to the virgin
birch existing underneath the char layer. Additionally, as the density
of char is much lower than that of birch, modest changes in char heat
capacity do not significantly change its thermal inertia.

Increasing the emissivity of the virgin Birch to unity (Fig. A.3(e))
advances the ignition and the MLR peak by 7 s, whereas the MLR
peak in the simulation with 0.8𝜖𝐵𝑖𝑟𝑐ℎ = 0.72 is delayed by 10 s. These
trends are in line with the findings of [12]. As a consequence of the
delayed ignition, the last stages of the MLR curve with 𝜖𝐵𝑖𝑟𝑐ℎ = 0.72
seem to fall outside of the experimental uncertainty bounds. Fig. A.3(f)
shows that increasing the char emissivity to unity or decreasing it to
0.8𝜖𝐶ℎ𝑎𝑟 = 0.68 does not impact the MLR prediction. This is caused
by the close-to-equilibrium state at the char surface where emissivity
variations influence both absorbed (gained) and emitted (lost) radiation
equivalently.

The sensitivity to the Birch heat of reaction was investigated as
well (not shown for conciseness). A 20% increase of the 𝐻𝑟 causes a
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Fig. A.3. Sensitivity of the single rod flaming MLR to the thermal parameters. The model results with the original value (solid lines) are compared against the results with a
20% increase of the corresponding parameter (dash-dotted lines) and a 20% decrease of that (dotted lines). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

slight reduction in the amplitude of the main peak and a small delay in
the burnout time, while the MLR result for 0.8𝐻𝑟 shows the other way
around. The current deduction is in line with [12].
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