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Abstract

This article proposes an empirical expression to describe the pyrolysis and char-
ring of spruce wood in bench-scale experiments for a wide range of incident heat 
fluxes. Spruce wood samples were exposed to a cone radiant heater oriented ver-
tically with varying intensities, ranging from q̇cone = 22 to 93.5 kW m−2 over 53 
test samples. The mass loss rate (MLR), the position of the char front and a 
preliminary additional heat source from smoldering or flaming combustion were 
experimentally determined. The experimental data were processed to express the 
burning rate as a function of heat flux and char front position. A  grouping of the 
experimental curves was obtained, allowing to predict the MLR outcome over 
time regardless of the incident heat flux. A  l inear regression at the quasi-steady 
state regime allowed the determination of the fitting c oefficients of the  correla-
tion, which ultimately correspond to the mass of volatiles produced per unit of 
energy input into the material. A comparison was made with theoretical analysis 
of the pyrolysis of charring materials from the literature, and the discrepancies 
with the proposed approach and its limitations were finally discussed. The main 
advantage of this approach is that it provides a generalized expression, requiring 
minimal input of material properties, which predicts the MLR change over time 
for any heat flux within engineering accuracy.

Keywords: Wood degradation, Mass loss rate, Cone calorimeter, Spruce wood, 
Pyrolysis, Material flammability

1 Introduction
The use of engineered timber products has been steadily increasing in a variety of
multi-story residential and commercial buildings in recent years. Their environmental
and aesthetic features, as well as their favorable strength-to-weight ratio make them an
appealing solution in comparison to concrete or steel [1]. A common material applied
for these purposes in Europe is spruce wood. However, its flammability constitutes
a major drawback for these applications [2, 3]. In order to mitigate the fire risks
posed by these materials, it is necessary to be able to predict their pyrolysis behavior
when exposed to heat flux, which is directly related to their propensity to sustain and
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propagate flames [4–7]. Their thermal response could then be implemented in larger-
scale CFD engineering models, which are well suited for simulating flame spread and
fire growth.

With that purpose, numerous studies have been carried out over the last few
decades to model the pyrolysis of charring solids [8–10]. These range from analytical
expressions with many simplifying assumptions [11–13] to complex systems of cou-
pled partial differential equations describing heat and mass transfer through wood
and char, chemical decomposition, smoldering and flaming combustion, etc [14–16].
Simple theoretical models provide insight on the key parameters and material prop-
erties that influence the pyrolysis and charring processes. However, their simplifying
assumptions often result in inaccurate predictions of the solid mass loss rate, charring
rate and char depth under varying thermal exposures and experimental configurations
[9]. Comprehensive pyrolysis models, on the other hand, can effectively correlate the
material properties to their thermal decomposition behavior, through physics-based
descriptions of in-solid heat and mass transfer and simplified chemical processes. They
require however the development of a reaction model as well as a large amount of mate-
rial property input. These apparent properties include but are not limited to kinetics,
thermodynamics, heat and mass transport related parameters, char porosity and per-
meability. Due to the coupled nature of the processes involved, these parameters are
often not directly measurable and the range of validity of the model may be limited
to the conditions that were used during their calibration [17].

In order to circumvent these difficulties, a third family of pyrolysis models is often
used in fire safety engineering applications. These models are based on the empirically-
observed proportionality between the incident heat flux and the solid degradation,
predicting the MLR in a simple and cost-effective approach [18, 19]. A major limitation
of this group of studies is the often poor prediction of the MLR, especially in the
initial complex transient regime commonly found in charring solids degradation.

With the aim of improving the accuracy of wood degradation prediction in fire
safety engineering and modelling, this paper proposes a novel solution for calculat-
ing the burning rate of spruce wood. It consists on the development of an empirical
expression based on the treatment of experimental data from cone calorimeter tests.
It is shown how these complex phenomena can be empirically translated into a sim-
ple expression that correlates the solid burning rate to the char front position and the
incident heat flux. The novelty of this work relies on providing a novel point of view
on how to approach the material burning rate in real engineering situations.

The article is organized as follows. The experimental procedure and materials are
described in section. 2. The experimental results obtained with the cone calorimeter
are also reported. Section. 3 describes the treatment of the experimental data which
enables development of the empirical expression. The development of the correlation
and fitting of its coefficients are then performed in section. 4. A discussion of the
results is done in section. 5, as well as a comparison with theoretical work from the
literature. The final comments and remarks are drawn in section. 6.
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Cone heat flux (kW m−2)
Property 22 38.5 49.5 60.5 82.5 93.5
Replicated experiments (-) 3 2 7 3 3 3
Average density (kg m−3) 516.7 530.7 454.8 507.3 492.3 457.7
Average residual mass (g) 158.7 132.3 86.3 53 36 28.3
Residual char front position (mm) 26 33 39.6 47.5 49.8 50

Table 1 Properties of spruce wood samples.

2 Experimental methodology

The materials, test samples, experimental setup and methods are briefly described in
this section. A more extensive description of these subjects can be found in previous
works [20, 21].

2.1 Materials and methods

The material considered in this work is spruce wood in the form of Glue Laminated
Timber (Glulam). The samples were cut in 100 mm × 100 mm in size, with a thickness
of 50 mm. The thickness of the specimen and the position of the adhesive layer were
chosen so that it could be considered as a semi-infinite sample. Six sets of tests are
considered in this study, with a total of 21 used samples (for the complete experimental
test). The moisture content of the samples was measured between 9 and 11 %. It was
observed that, in this range, the moisture content did not have a significant effect on
the measured MLR values [20].

The experimental setup is illustrated in Fig. 1. The tests were performed with a
cone calorimeter oriented vertically [22]. The samples were wrapped with two layers
of aluminum foil, except their top side exposed to the radiative flux, and the distance
between the sample and the heater was 25 mm. Radiative heat fluxes emitted by
the cones were controlled before each test by using a Schmidt-Boelter fluxmeter (by
Medtherm). The heat flux was considered correct when the value was ±0.5 kW m−2

from the desired flux. In this study, the samples were exposed perpendicularly to
the wood grain, with a constant heat flux of q̇

′′

cone = 22, 38.5, 49.5, 60, 82.5 and
93.5 kW m−2. The cone data reported in this work are the average of replicated
experiments. The total number of experimental sets were 53 (21 for complete tests and
32 for measuring char layer depth in specific durations of the test). The individual and
unfiltered tests are shown in the appendix of the manuscript. The mean and filtered
value (smoothing was based on averaging experimental data over 30-second intervals.)
that is used for the rest of the manuscript is also shown as dashed, black lines. Good
repeatability is observed between the tests, notably in the time and magnitude of the
peak MLR.” Each sample property and details are presented in Table 1.

The cone calorimeter was used initially to determine the solid mass loss rate per
unit area (referred to as MLR hereafter) evolution with the time, with each test
lasting at least 60 min. The position of the char front e (or pyrolysis front) was
also measured at specific instants for each test setup. These additional tests were
interrupted at different durations and then rapidly cooled with liquid nitrogen in order
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Fig. 1 Experimental setup of the vertical cone calorimeter [21].

to stop pyrolysis reactions. The samples were cut in the middle of their cross-sections
and the char front was measured with a ruler.

The in-depth temperatures were also measured, by embedding twelve thin (0.1 mm
diameter) wire thermocouples inside the sample. The wires were thin and supple
enough so that mass loss and temperature in the solid can be simultaneously measured.
The base of the charring layer is widely accepted to be between 280 < T < 300 °C
[23, 24]. By tracking the isotherm T = 300 °C the position of the pyrolysis front (con-
sidered as the char front) could be determined. Details and discussions about these
processes, as well as comparisons with char front measurements using the two methods
can be found in ref. [21].

A major difficulty in the determination of the total incident heat flux perceived by
the solid is the identification of smoldering and flaming ignition and their contributions
as an additional heat source [25] (q̇

′′

inc = q̇
′′

cone + q̇
′′

flame + q̇
′′

smoldering). The flaming heat

fluxes q̇
′′

flame in an horizontal orientation were previously found to be between 20 (peak
value) and 2 kW m−2 (steady-state value) in the Fire Propagation Apparatus [26]. In
the experimental device used in this work, one can expect smaller heat flux values,
due to the smaller size of the samples and the flames distribution over the samples.
For smoldering combustion, a preliminary attempt has been conducted to quantify the
resulting heat contribution to the solid degradation. This contribution was estimated
by conducting tests with a cone calorimeter using a controlled atmosphere chamber.
First, a sample of spruce wood was exposed vertically to 16.5 kW m−2 without an
igniter for 40 minutes. There was no ignition, and it was possible to observe the
transition between pyrolysis and pyrolysis coupled with smoldering. This resulted in
an initial plateau of MLR and surface temperature (pyrolysis), followed by an increase
in MLR and surface temperature (measured by an IR camera) until reaching a second
plateau when the entire wood surface was incandescent. Following this experiment,
the sample was placed in an inert atmosphere chamber where only pyrolysis could
occur, so no transition to a second plateau due to smoldering was observed. The heat
flux from the cone that allows reaching this second plateau observed in air tests was
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determined to be approximately q̇
′′

smoldering = 11 kW m−2. Further details about this
process may be found in ref. [20]. The resulting value is consistent but larger than the
result of previous work [26]. It is important to notice that this work was exploratory
and experiments for other heat fluxes need to be carried out. Only fine modeling of solid
combustion would make it possible to precisely explain the additional flux generated
for each heat flux, and how it is affected by flaming combustion and vice-versa.

Fig. 2 Comparison of MLR and surface temperatures based on experimental conditions for char-
acterizing the additional heat flux generated by smoldering combustion: Mass loss rate (left) and
surface temperature (right). Extracted from [20].

2.2 Experimental results

The experimental MLR obtained from cone calorimeter experiments at different heat
fluxes is shown in Fig. 3. As the cone radiative heat flux is increased, the time to
ignition and the burning duration decrease while the peak MLR increases. The sample
burning behavior is nevertheless similar for all six cases. Pyrolysis starts rapidly (a few
seconds after the start of the test) and is followed by a rapid increase (except for the
lowest heat fluxes) in the MLR up to a short peak (between 1 and 2 minutes). When
exposed to the lowest heat fluxes (22 kW m−2, 38.5 kW m−2 an to a lesser extent
49.5 kW m−2), flaming ignition may not occur, or it occurs after a long time (up to
50 min). In these cases, smoldering ignition occurs before the flames appeared (from
2 to 12 minutes). For this reason, a less pronounced MLR peak is observed in the
initial phase, as the thermal impact of flaming combustion on the virgin, uncharred
wood surface is less pronounced. For all cases, a char layer of significant thickness
starts to be formed after heat exposure begins, which inhibits the degradation of the
wood by slowing down heat and mass transfer between the gaseous and condensed
phases and thus protecting the substrate material [25]. The MLR then reaches a quasi-
steady-state behavior, with a steady decrease over the test. At the later phases of
the process (between 50 and 60 min, for the higher heat fluxes) the material burning
decreases rapidly until extinction. This phase corresponds to the instants when the
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Fig. 3 (a) Experimental MLR evolution of spruce-wood samples at different heat fluxes. (b) Detail
of the MLR at the initial transient stages with error bars.

wood is almost entirely carbonised. The thermally thick assumption is therefore no
longer valid, and these periods are excluded from the analyses of this study.

The experimentally determined char front position progression, measured from
the visual method, is given in Fig. 5. It suggests, as expected, that along with the
increased MLR, the char front advances quicker with the higher heat fluxes. This
behavior is qualitatively consistent with previous studies conducted for other wood
species [18]. The charring rate can also be inferred from the slopes of the char front
position progression with the time, although only approximately inferred due to the
lack of experimental points using the visual method. The charring rate was found to
reach a peak value around 2.0 mm min−1 in the transient parts, for the heat fluxes
of q̇

′′

cone = 60.5 and 93.5 kW m−2 and to decrease to a quasi steady state around
0.7 mm min−1 (see Fig. 4). For the lowest heat fluxes, the charring rate at 20 min
of test start (steady state regime) was found to be around 0.4 and 0.6 mm min−1

for the heat fluxes of q̇
′′

cone = 22 and 38.5 kW m−2, respectively. These values are in
accordance with measurements and empirical models in the literature [27].

3 Results analysis

From the analysis of Figs. 3 and 4, a similar behaviour can be observed between
the MLR and the char front positions in terms of their imposed cone heat fluxes.
By assuming that the pyrolysis process occurs in an infinitesimally thin sheet, and
that it happens much faster than other heat and mass transport phenomena [28], the
correlation between the MLR, ṁ

′′
, and the derived char front e can be expressed as:

ṁ
′′
= ė · ρv = ė · ρ0 · (1− τc), (1)

where ρv is the density of pyrolysable material in the wood, ρ0 is the density of the
initial, virgin wood sample and τc is the char fraction. Under the aforementioned
assumptions, quantifying the pyrolysis rate is equivalent to quantifying the rate of
advance of the char front.

The char fraction is defined as the char density divided by the initial, virgin wood
density. At the end of a cone calorimeter test (t = 60 min), the remainder of the
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Fig. 4 Experimentally measured char front position using the visual method at different cone heat
fluxes [21].

sample was weighted and its dimensions recorded (see Table. 1). Assuming that the
density and height of the post-test virgin wood remain constant during the test [13],
the char fraction is obtained as a geometric correlation between initial and final sample
properties:

τc =
1

ρ0

(
mf − ρ0A0(η0 − ηc,f )

A0ηc,f

)
, (2)

where A0 is the sample surface area,mf is the final sample mass and η0 and ηc,f are the
initial sample thickness and final char layer depth, respectively. The average sample
char fraction was not found to be constant for different heat fluxes. Indeed, it seemed
to increase as the incident heat flux decreased, and a local char fraction also appeared
to decrease with time throughout the cone calorimeter test. It has been suggested by
Lyon et al. [29] that it can be a function of temperature. The moisture content of
the sample could also affect the resulting calculation of the char fraction [30]. Further
investigation of the char fraction was not a subject of this article. For the rest of this
study, the largest calculated char fraction, i.e., the average char fraction obtained for
the smallest cone heat flux sample of τc = 0.26 will be used as a safety factor.

By using Equations 1 and 2, the charring rate is calculated for each set of exper-
iments. For the cone heat fluxes of q̇

′′

cone = 60.5 and 93.5 kW m−2, the calculated
charring rate is depicted in Fig. 5. Only average values of the experimental sets are
shown. Reasonably good agreement with both experimental data methods is observed
in the transient phase. At later stages (t > 10 min) the calculated charring rate exceeds
the experimentally measured values, especially for the higher cone heat fluxes. This
may be due to the thermally thick assumption being no longer valid for those cases, as
well as the safety margin given in the calculation of the mean char fraction, deducted
from the cone heat flux of q̇

′′

cone = 22 kW m−2.
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Fig. 5 Experimentally measured [21] and calculated charring rates (a) q̇
′′
cone = 60.5 kW m−2. (b)

q̇
′′
cone = 93.5 kW m−2.

Time (min)

C
h
ar

 l
ay

er
 t

h
ic

k
n
es

s 
(m

m
)

0 10 20 30 40 50 60 70
0

10

20

30

40

50

60
Measured

Calculated22 kW m
2

Time (min)

C
h
ar

 l
ay

er
 t

h
ic

k
n
es

s 
(m

m
)

0 10 20 30 40 50 60 70
0

10

20

30

40

50

60
Measured

Calculated38.5 kW m
2

Time (min)

C
h
ar

 l
ay

er
 t

h
ic

k
n
es

s 
(m

m
)

0 10 20 30 40 50 60 70
0

10

20

30

40

50

60
Measured

Calculated49.5 kW m
2

Time (min)

C
h
ar

 l
ay

er
 t

h
ic

k
n
es

s 
(m

m
)

0 10 20 30 40 50 60 70
0

10

20

30

40

50

60

Measured

Calculated

60.5 kW m
2

Time (min)

C
h
ar

 l
ay

er
 t

h
ic

k
n
es

s 
(m

m
)

0 10 20 30 40 50 60 70
0

10

20

30

40

50

60

Measured

Calculated

82.5 kW m
2

Time (min)

C
h
ar

 l
ay

er
 t

h
ic

k
n
es

s 
(m

m
)

0 10 20 30 40 50 60 70
0

10

20

30

40

50

60

Measured

Calculated

93.5 kW m
2

Fig. 6 Experimental and calculated char front position at different radiant heat fluxes.

The charring rates are next integrated over time in order to obtain the position of
the char front for each replicated experiment and heat flux. The average calculated
values of the char front positions are shown in Fig. 6. Experimentally measured data
using the visual method are also displayed, showing good agreement with the pro-
posed methodology for a wide range of heat fluxes. At the end of the experiment, the
calculated values slightly exceed the measured ones as the external heat flux increases.
This shows the difficulty of accurately defining a single char fraction value, as well as
in interpreting the MLR once the sample is almost entirely carbonised and the ther-
mally thick assumption is no longer valid. A similar analysis of the calculation of char
layer thickness from the MLR has been presented in refs.([31, 32]).

The objective is to predict the mass loss behavior of the sample regardless of the
incident heat flux and char front position. With that purpose, the MLR is normal-
ized by the incident heat flux corrected by considering a complementary heat source
including smoldering and flaming combustion contribution, q̇

′′

tot = q̇
′′

cone + q̇
′′

combustion.
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Fig. 7 Mean MLR∗ for each incident heat flux as a function of the char front position.

As a simplifying assumption, the present work chooses a unique value of q̇
′′

combustion =
10 kW m−2 as a combined smoldering and flaming combustion contribution. A pre-
cise detection and quantification of these processes as a function of the incident heat
flux is numerically and experimentally difficult, and is largely dependent on each indi-
vidual sample, as well as many other factors. In order to stay faithful to a robust and
reliable engineering approach, this simplifying assumption must be used at this stage.
This value is consistent with the one calculated in [26]. The resulting curves with the
normalized MLR∗ = MLR

q̇
′′
tot

are shown in Fig. 7. This proposed treatment enables a

grouping on the x and y axis of the MLR∗, for a wide range of incident cone heat
fluxes.

4 Correlation

The proposed experimental treatment approach seems to confirm the possibility to
express the MLR as a function of the heat flux and charring front position. The
methodology to formulate a correlation is presented in this section in the form of:

MLR = q̇
′′

tot ×MLR∗(e). (3)

This approach is equivalent to an x and y axis correction of the mass loss rate or
heat release rate versus time given a reference experimental set of cone calorimeter
data. This kind of approach has been recently implemented in the latest version of
the fire modelling package Fire Dynamics Simulator (FDS version 6.8.0, ”scaling the
burning rate by the heat flux”) [33, 34]. Validation works using a large amount of
materials available in public datasets seemed to support the robustness of this method.
However, to the knowledge of the authors, this solution is purely mathematically based.
The present work seeks to give thermal analysis and interpretation that supports
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this scaling factor by correlating the burning rate to the charring rate and char front
position.

A mean value of MLR∗ only depending on char layer depth for all heat fluxes is
used to build this correlation, shown in Fig. 8. Two regimes can be distinguished: an
early, low char thickness, regime with a strongly transient behavior, and a late, high
char thickness, regime with a quasi-steady state behavior. The standard deviation is
also displayed, showing that with the proposed treatment the curves become very close
to each other for various heat fluxes, even for those with non-flaming combustion. The
empirical correlation can therefore be formulated in an uncoupled way, i.e., regardless
of the imposed heat flux value.

Where char layer depth e > 5 mm (quasi-steady state regime), this work proposes
a formulation of Eq. 3 in the form of:

MLR∗ =
a

e
+ b. (4)

As an engineering method, this work supposes that the coefficients to be determined
a and b are independent of the imposed heat flux. This approach is chosen based on
empirical observation, with the intention of providing a determination of the MLR in
a robust model whatever the imposed heat flux. In the analytical analysis of wood
combustion, it has been reported that these coefficients may not be independent of
the incident heat flux in a thermal analysis perspective [13]. A physical interpretation
of these coefficients will be discussed in section 5.1.

The treated MLR∗ is represented as a function of 1/e in Fig. 9 where e > 5 mm.
Only values of char front position greater than 5 mm are represented, which corre-
spond to the quasi steady-state regime. A linear tendency between the terms is indeed
observed, and linear regression allows the determination of the sought parameters,
given in Fig. 8. An expression for Eq. 4 during the quasi-steady state regime can be
formulated:
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Fig. 9 Linear regression of MLR∗ as a function of 1/e.

MLR∗ =
0.16

[
g mm
kJ

]
e

+ 0.060
[ g

kJ

]
. (5)

Finally, Eq. 3 is used to reproduce the MLR for different heat fluxes in Fig. 10.
MLR∗ is tabulated from mean grouped experimental data where e < 5 mm and
calculated from Eq. 5 where e > 5 mm.

The final correlation is shown to accurately represent the experimental data for
a wide range of incident heat fluxes. The correlation is found to slightly over-predict
the values for the highest cone heat flux. This was indeed expected, as the results
for q̇

′′

cone = 82.5 and 93.5 kW m−2 were nearly identical, and a plateau of the result-
ing MLR seemed to be reached for these experimental settings, independently of the
increased incident heat flux beyond this point. The transient peak regime was not well
predicted for the two lowest heat fluxes. The initial peak in these cases is less promi-
nent than in the highest heat flux cases cases, which could suggest that the flame heat
flux is not constant in the initial phase, and it could play a major role in the result-
ing MLR. A detailed understanding of the heat flux contributions to this initial phase
would require more experimental data and modeling.

The Eq. 1 and Eq. 3 and the curve from Fig. 8 are finally used to compute the
MLR as a function of the time.

ė · ρ0 · (1− τc) = q̇
′′

inc × f(e). (6)

Eq. 6 is solved using a forward Euler scheme. This was done for verification pur-
poses. The correlation could be implemented in a simulation software using more
sophisticated schemes.

1. At the instant t0, the char front position is initialized with e0 = 0. t0 is the time
when the pyrolysis process starts.

2. At any instant tn, the MLR is calculated from Eq. 3 with en and q̇
′′
.

3. Then the charring rate ėn is determined from Eq. 1.
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Fig. 10 Mean experimental and calculated MLR as a function of the char front position (a) Heat
fluxes with flaming combustion; (b) Heat fluxes with smoldering combustion.

4. The char front position at the next time step tn+1 is obtained from integrating ėn
between tn and tn+1, i.e., en+1 = en +

∫ n+1

n
ėn dt.

5. The MLR at instant n+ 1 is again calculated as in step 2.

This process is schematized in Fig. 12.
Results are presented in Fig. 11. Again, the overall agreement with the experimen-

tal results is remarkable. It is also shown from Fig. 10(b) that this approach successfully
predicts the temporal shift in time of the MLR peak at the transient regime, caused
by the increase or decrease of q̇

′′

cone. This is a major enhancement compared to the
results obtained with a simple model of MLR only proportional to the heat flux [19].

The given correlation can be easily implemented in a flame spread and fire growth
model. An overall summary of the development of the correlation is schematized in
Fig. 12. The experimental MLR data is used to compute the char fraction and the
charring rate from Eqs. 2 and 1. An integration with the time allows for determination
of the char front position at each instant t. The MLR is divided by the experimental
heat flux input becoming MLR∗, which can be now plotted a function of e. The
correlation appears from the grouping of the experimental treated curves. For the
quasi steady-state regime, linear regression of the curve allows for the description of
the coefficients presented in Eq. 5.

5 Discussion

5.1 Analytical formulation and thermal analysis

While the correlation presented in the last section is entirely empirical, the resulting
coefficients a/e and b correspond, from a thermal perspective, to the inverse of the
enthalpy of pyrolysis. This means that these parameters, expressed in

[
g
kJ

]
, can be

interpreted as the mass of pyrolysis gases produced per unit of energy input.
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Fig. 11 (a) Mean experimental and calculated MLR as a function of the time; (b) Detail at the
initial transient stages.

Fig. 12 Top: Flowchart describing the development of the correlation from the experimental data.
Bottom: Flowchart describing the application of the correlation for obtaining the calculated MLR.

In a qualitative thermal analysis conducted by Spearpoint and colleagues on the
burning rate of solid materials [13, 28] it has been suggested that this quantity, denoted
as the steady state heat of gasification, should reduce to zero when the char front
position increases. This suggests, from a thermal analysis perspective, that the b term
from Eq. 4 should be equal to zero and the MLR should therefore approach zero when
time increases. This tendency is however not observed on the experiments performed
on spruce wood in this work, as well as for other wood species reported in the literature
[35]. In the work of Spearpoint et al. (2000) [13], cone calorimeter experiments reported
that this effect is also not experimentally observed. For example, Fig. 13 shows results
for Douglas fir samples. As a consequence, a theoretical prediction based on simplified
thermal analysis leads to an under-prediction of the burning rate. The b term from
Eq. 4 could be then interpreted as a permanent regime term. Many factors could
explain the origin of this compensatory factor, such as other heat transfer mechanisms
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Fig. 13 MLR∗ as a function of the char front position: theory and experimental data for Douglas

fir sample at q̇
′′
cone = 75 kW m−2 from Spearpoint et al. [13].

of a convective or radiative nature across the char after surface regression and cracking
during the burning process [23, 36].

Furthermore, in the thermal analysis conducted by Spearpoint et al. [13] the a
term could be represented as:

MLR e

q̇
′′
inc

≈ a ≈ (1− τc) kc (Ts − Tv)

∆Hv q̇
′′
inc

, (7)

where kc is the char conductivity, Ts and Tv are the surface and pyrolysis temperature,
respectively, and ∆Hv is the heat of vaporization. Considering approximate values
proposed by ref. [13] of kc =0.06 W m−1 K−1, Ts−Tv =500 K and ∆Hv =0.94 kJ g−1

this coefficient would in the order of a ≈ 0.33 g mm kJ−1, which is coherent in order of
magnitude to the coefficients fitted in Eq. 5. The expression proposed by Spearpoint
also suggests that this term MLR×e

q̇
′′
inc

is not independent on the incident heat flux, which

was not observed experimentally, as illustrated in Fig. 13. It is important to notice
that all values are highly approximate, and the objective of this comparative analysis
is to identity some key parameters that control the MLR of a given incident flux.

It seems nevertheless reasonable to assume that MLR is directly proportional to
q̇
′′

inc for a given char front position, as suggested in this work (Eq. 4). The formulation
expressed in ref. [13] suggests that, for a given char front position, MLR should be
constant and independent of the heat flux. This latter formulation, constructed for
qualitative analysis purposes, might not be accurate enough in order to quantify the
relationships between MLR and char front position.
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5.2 Limitations

This work proposes an engineering approach for the development of an expression for
the mass loss rate under a cone calorimeter. This expression is entirely empirical and,
as such, some limitations must be mentioned:

1. As of now, the model’s validity in the range of 90-150 kW m−2, which can occur
in some fire scenarios, has not been tested.

2. As discussed in section. 5.1, no direct explanation is yet provided for the discrepan-
cies between the measured MLR∗ values and the theoretical solution shown in Eq.
7, taken from [13]. The dependence of the incident heat flux on MLR∗ and negligi-
ble permanent regime term were factors that diverged from the data observation by
our experimental team. Their possible origins were briefly discussed in section. 5.1.

3. The real burning behavior in the transient peak regime is far more complex than
in the steady state regime. Many heat and mass transfer mechanisms seem to
influence the outcome of material mass loss. The correlation is purely empirical and,
particularly for the low values of the char front position, may be inaccurate. For
fire safety engineering applications, this limitation could be overcome by majoring
the correlation law with respect to the observed standard deviation over the whole
experimental setup.

4. The correction of the incident heat flux by a complementary heat source con-
tribution was promising but exploratory, especially for smoldering combustion.
Understanding this phenomenon for other heat fluxes and oxygen content conditions
is a major perspective of this work. A difficulty in implementing this expression in
a flame spread model is the detection of flaming or smoldering combustion, and the
calculation of the resulting heat sources. [26]. The transient peak regime also shows
a significant discrepancy with experimental data for the lowest heat fluxes, where
no visible flame was detected [20]. It seems that the flame heat flux in contact with
the virgin wood plays an important role in this phase. This is evidenced by com-
parison with the experimental curves at q̇

′′

cone = 38.5 and 49.5 kW m−2 shown in
Fig. 3.

5. As shown in Fig. 11(a) for the cases of q̇
′′

cone = 82.5 and 93.5 kW m−2 the correlation
over-predicts the MLR as the thermally thick assumption is no longer valid, i.e.,
when the wood is almost entirely carbonized. The opposite effect has also been
reported to occur, i.e., the burning rate increases at the end of the test when
the pyrolysis zone reaches the rear side of the sample [37]. As a consequence, the
approach proposed in this work could also lead to an under-prediction of the MLR
in these cases. This effect is not considered by the proposed correlation and further
investigation is required.

6. Finally, this expression has been tested so far under relatively simple conditions:
bench-scale gasification tests, vertical orientation and constant heat fluxes. Another
perspective of this work is the implementation of this expression in larger-scale
calorimetry experiments, different charring materials and other ambient conditions.
In particular, non-constant incident heat flux should be considered in order to
extend the validity of the correlation.
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6 Conclusion

This article presents the development of an empirical expression that describes the
degradation of spruce wood in bench-scale gasification experiments for a wide range of
incident heat fluxes. The presented correlation allows prediction of the material mass
loss rate as a function of the heat flux with minimal input of material properties and
calibration. The experimental procedure was first presented. Then, a treatment of the
cone calorimeter data that allowed the development of the correlation was described. A
comparison with theoretical thermal analysis of wood degradation from the literature
was drawn, and the limitations of this approach were finally discussed.

Samples of spruce wood in the form of glue-laminated timber were exposed to
a cone radiant heater providing a constant heat flux ranging from q̇

′′

cone = 22 to
93.5 kW m−2. The mass loss rate per unit area (MLR), char front position and a
preliminary smoldering combustion heat source were experimentally determined.

An experimental treatment of the MLR was proposed, consisting of normalizing
the MLR by the heat flux and depicting it as a function of the char front position.
This procedure resulted in a grouping of the experimental curves in the x and y axis,
thus allowing the development of a generalized expression that predicts the MLR for
whatever constant heat flux within engineering accuracy. This generalized expression
could be ultimately used as a constitutive relation for wood degradation prediction.

A comparison with a theoretical thermal analysis of wood burning from the liter-
ature was then performed. The MLR normalized by the heat flux was not dependent
on the heat flux as the theoretical analysis suggested. A permanent regime was also
added to the empirical correlation to account for continuous material pyrolysis as the
char front position increases, which was experimentally observed. The factors that
could contribute to this discrepancy were briefly discussed.

This pyrolysis modeling approach has been recently implemented in the CFD fire
modeling package Fire Dynamics Simulator (FDS) [33, 34]. The robustness of this
approach, named S-pyro, was evaluated using bench-scale data for 149 different mate-
rials, from 6 distinct public datasets [38]. Only a mathematical model is proposed in
it, however. It consists of the scaling of the burning rate in X and Y axis, extrapo-
lating the HRR outcome over time from a single reference heat flux. This manuscript
complements the mathematical model by providing a novel physical interpretation to
this formulation, relating the behavior of the burning rate to the char layer depth.

The same approach as used in this work could be implemented with a focus on
the determination of the charring rate of timber. It could be particularly useful for
the study of structural analysis under heat exposure. These applications will be also
explored in a future work. This work is however entirely empirical and thus the limi-
tations of this expression were identified. The elements that correlate the heat flux to
the mass loss rate are still not well understood in a thermal analysis point of view.
More physically-based discussions and the investigation of this behavior for other tests
and materials are considered as perspectives for future works.
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Fig. 14 Unfiltered individual MLR data for each full experimental test.
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