N

N

3D-Modeling of thermal degradation of spruce wood
under inert atmosphere
Hassan Flity, Mariam Abdo, Lucas Terrei, Zoubir Acem, Rabah Mehaddi,
Paul Lardet, Gilles Parent

» To cite this version:

Hassan Flity, Mariam Abdo, Lucas Terrei, Zoubir Acem, Rabah Mehaddi, et al.. 3D-Modeling of ther-
mal degradation of spruce wood under inert atmosphere. Fire Safety Journal, 2023, 141, pp.103979.
10.1016/j.firesaf.2023.103979 . hal-04454738

HAL Id: hal-04454738
https://hal.science/hal-04454738v1
Submitted on 13 Feb 2024

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-04454738v1
https://hal.archives-ouvertes.fr

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

3D-Modeling of thermal degradation of spruce wood under inert atmosphere
Hassan Flity®P, Mariam Abdo®°, Lucas Terrei®, Zoubir Acem?®, Rabah Mehaddi?®, Paul
Lardet® Gilles Parent®"

aUniversité de Lorraine, CNRS, LEMTA, F-54000 Nancy, France.

bUniversité Paris-Est, CSTB, F-77447 Champs-sur-marne, France.

“Université de Lorraine, INRAE, LERMAB, ERBE, F-88000 Epinal, France.
*Corresponding author: gilles.parent@univ-lorraine.fr

Highlights:

o Thermogravimetric analysis of wood.
o Experiments at the cone calorimeter using thermally inert material.
o 3D-Modeling of wood thermal degradation at the cone calorimeter scale.

Abstract:

The aim of this work was to model the thermal degradation of wood in an inert atmo-
sphere at the cone calorimeter scale. First, the degradation of spruce wood was studied at
the matter scale by TGA and DSC in an inert atmosphere at different heating rates. The
kinetic parameters associated with a global multi-reaction mechanism were estimated by
fitting the mass loss and the mass loss rate obtained by the TGA. The heats of reaction
associated with the reaction scheme were estimated by fitting the heat flux measured by
DSC. Then, experiments with an inert material (calcium silicate) were performed at the
cone calorimeter scale under an inert atmosphere to characterize the boundary conditions
of the developed 3D heat transfer model. The boundary conditions were determined by
minimizing the difference between the measured in-depth temperatures and the predic-
tions of the model using a least squares method. The results showed good predictions in
agreement with experimental data and the convective heat transfer coefficients obtained
were realistic. Finally, a 3D pyrolysis model, taking into account the anisotropic nature
of wood, was developed by coupling the heat transfer with the kinetic model. The latter
model was validated by comparison with tests carried out on spruce wood in an inert
atmosphere using a cone heater.

Keywords: Wood; Thermal degradation; 3D-Pyrolysis model; Thermogravimetric anal-
ysis; Cone calorimeter

1. Introduction

Wood is a material with interesting thermal and mechanical properties and its carbon
footprint is one of the lowest among building materials [1, 2|. Unfortunately, the fire
behavior of wood limits its use in buildings [3]. A better understanding and control of
the fundamental processes of wood combustion, in particular the primary pyrolysis phase,
can help to reduce the constraints on the use of wood as a building material.

This topic is mainly studied at matter scale using TGA [4, 5, 6] under inert atmosphere.
At this scale, the sample mass is very small (4 to 50 mg) and the sample is thermally
thin, so heat transfer can be neglected and a 0D model can be used to predict the mass
loss. Several mechanisms have been proposed in the literature to predict the mass loss
and the mass loss rate obtained from TGA. These mechanisms can be divided into two
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main categories. Some studies consider the wood as a homogeneous material for which
thermal degradation occurs according to a single step [7], consecutive steps [8], parallel
reactions [9] or a combination of parallel and consecutive reactions [10]. Other authors
consider that this description is not sufficient to predict the thermal degradation of wood,
which should rather be considered as the sum of the degradation of its main components:
hemicellulose, cellulose, lignin [11, 12]. Models of these two categories have advantages
and drawbacks: more or less complex, more or less predictive. However, the results of all
of them are satisfactory in 0D.

In the context of building fires, wood materials are thermally thick, requiring the study
of pyrolysis at larger scales. Today, the cone calorimeter is the largest scale at which
the thermal degradation is studied in an inert atmosphere [8, 13]. At this scale, heat
transfer controls the pyrolysis phenomena and must be taken into account. The multi-
scale approach is used to model the degradation at this scale i.e. the kinetic parameters
are estimated at 0D and used in a 1D or 3D model coupled with heat transfer. Several tools
can be used to model the thermal degradation of materials e.g. Fire Dynamic Simulator
(FDS), GPYRO [14], THERMAKIN [15]. Bustamante [16] showed the inadequacy of
FDS to simulate cone calorimeter tests with kinetic parameters calculated from TGA.
THERMAKIN cannot simulate 3D problems. Meanwhile, several studies have shown
the ability of GPYRO to simulate materials degradation at a large scale. However, in
GPYRO, thermal properties vary according to power laws and material properties are
calculated according to mixture laws. The latter assumption is true for some properties
such as the heat capacity, but it is not appropriate for the thermal conductivity. These
features are two significant weaknesses of GPYRO. It is worth mentioning the studies
conducted by Richter and Rein [17], as well as the study by Lautenberger and Fernandez-
Pello [18], who utilized the GPYRO model to simulate the pyrolysis and oxidation of
wood under three different oxygen concentrations: 0 %, 10.5 %, and 21 %. The models
were validated on the basis of the experimental results obtained by Kashiwagi et. al [13]
on samples of white pine, considering constant thermal properties. The results were quite
good and the remaining discrepancies were attributed to the uncertainty in the boundary
conditions, the material properties and their variation with temperature (in particular
the thermal diffusivity of wood and char) and the kinetic parameters of char oxidation.
It should be noted that Kashiwagi et al’s experiments [13] were performed on 3.8 cm side
cubic samples, so the heat transfer can hardly be considered 1D in this case, especially
for the in-depth temperature at locations far from the surface of the sample (temperature
was measured up to 15 mm deep).

The aim of this study was to simulate the thermal degradation of spruce wood at the
cone calorimeter scale in an inert atmosphere, following the work of Terrei et al. [8],
but now using measured wood thermal properties and an improved modeling including
in particular a 3D heat transfer (instead of 1D). First, wood was characterized at the
matter scale thanks to TGA tests as it is commonly done. These tests were carried out
at different heating rates. The kinetic parameters involved in a global multi-reaction
mechanism were estimated by fitting the mass loss and the mass loss rate obtained by
the TGA. More originally, DSC measurements were performed to determine the heats
of reaction corresponding to the different reactions taking place in the material during
its degradation. In a second step, tests were carried out at the material scale in inert
atmosphere using the cone calorimeter. At this scale, particular attention was paid to the
determination of the thermal boundary conditions. For this purpose, tests with an inert
material were carried out with the same experimental conditions as the wood tests. An
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inverse method using a 3D heat transfer model was applied to these tests to determine
the boundary conditions. Finally, a 3D pyrolysis model was developed in PYTHON
to simulate wood degradation at the cone scale. The model accounts for the anisotropic
nature of wood. The kinetic parameters obtained from TGA and the boundary conditions
obtained from the inert material tests were used in the 3D pyrolysis model. In addition,
all properties of the model were measured experimentally except the thermal conductivity
above 200 °C. The latter property was varied until the best agreement between numerical
and experimental results was obtained. Since the model used is complex and most of its

parameters have been measured experimentally, the thermal conductivity obtained should
be reliable.

2. Matter scale

The aim of this section is to present the thermal degradation of spruce wood at the matter
scale. For this purpose, the degradation of spruce wood in an inert atmosphere has been
studied by TGA and DSC. At this scale, the spatial temperature gradients within the
wood sample are negligible, thus only the kinetics of the chemical reactions occurring
during pyrolysis is involved.

2.1 Thermogravimetric analysis

Dry solid wood samples with an initial mass varying between 4.5 and 5 mg were subjected
to a temperature ramp from room temperature to 1000 °C at different heating rates of 5,
10 and 20 °C - min~!. The tests were carried out under inert atmosphere using nitrogen
with a flow rate of 80 mL-min~" to avoid oxidation of the char and thus concentrate on the
sole pyrolysis. The evolution of the sample mass as a function of the sample temperature,
was continuously recorded. Fig. 1 shows the mean normalized mass loss and the mean
normalized mass loss rate as a function of temperature for the different heating rates. For
each heating rate, three repeatability tests were performed with a relative difference of
approximately 1.3 %.

10/ S 0.0035 A

—— 5°C.mint ' —— 5°C.min?
. — 10°C.min~! | 7 0.00301 —— 10 °C.min" !
sy —— 20°C.min"t o —— 20°C.min"!
n O < 0.0025
© a
€ 2 0.0020 1
8 0.6 1 &
N © 0.0015
5 €
€ 0.4 $ 0.0010
_
S N
z T 0.0005
0.2 1 g
T T T T T T = 0.00001 T T T T T T
0 200 400 600 800 1000 0 200 400 600 800 1000
Temperature (°C) Temperature (°C)
(a) Normalized mass loss (b) Normalized mass loss rate

Fig. 1. Mean normalized mass loss and mean normalized mass loss rate as a function of

temperature for the different heating rates: 5, 10 and 20 °C - min~*.

For a given heating rate, the observed stages of decomposition of the spruce wood are as
follows:
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- Below 210 °C: the mass of the samples remains constant.

- At 210 °C: the degradation of spruce begins and the mass of spruce starts to
decrease.

- Between 300 °C and 350 °C: there is a peak in the mass loss rate. This peak
corresponds mainly to the degradation of hemicellulose as reported in several studies
6, 8, 11].

- Between 350 °C and 420 °C: the main step of degradation occurs and a signif-
icant peak in mass loss rate is observed. During this stage, the wood looses more
than 70 % of its initial mass. This step corresponds mainly to the degradation of
cellulose [6, 8, 11].

- After 420 °C: the mass loss rate decreases slightly until a plateau is reached. This
is due to the degradation of a part of the lignin. In fact, lignin degradation occurs
over a wide temperature range, from 200 °C to 900 °C [19, 20].

Overall, the experimental results show that wood degradation follows the same trend
regardless of the heating rate. However, Fig. 1 (b) shows a strong influence of the heating
rate on the intensities of the mass loss rate peaks. Thus, the higher the heating rate,
the higher the maximum mass loss rate. Fig. 1 (b) also shows that as the heating rate
increases, the different mass loss rate peaks occur at higher temperatures. This behavior
has also been observed in several studies [10, 11]. Indeed, when the heating rate is low,
the temperature within the sample increases uniformly. On the other hand, when the
heating rate is high, the temperature within the sample is no longer uniform and the
temperature in the core of the wood is not exactly that of the reactor [12].

2.2 Kinetic model

Based on the experimental results, the model used to predict the wood degradation is
a global multi-reaction model. In this model, dry wood is considered to be composed
of three pseudo-solids A;, Ay and Aj, with initial mass fractions equal to a;, as and
ag respectively. These pseudo-components degrade simultaneously and independently
according to first-order kinetic laws. A; degradation only leads to a gaseous constituent
G, the decomposition of A, leads to a gaseous constituent Gy and a char constituent C,.
The decomposition of As leads to a gaseous constituent Gs and a char constituent Cs.
Further details of this model and the theory behind it will be published in a future paper
which is currently under review. The reaction scheme adopted is therefore as follows:

A, % G,(Gaz)

A, 25 G,(Gaz) + 7,.Cy(Solid)

Ay =5 Gy(Gaz) + 74.C4(Solid)

Where: v, and 3 are the stoichiometric coefficients. K;, K, and K3 are the rate coefhi-
cients of the reactions which follow an Arrhenius law (K;=Ky;.exp(-E;/RT)). Ko; and E;
are the pre-exponential factor and the activation energy of the reaction i, respectively, T

4
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is the temperature and R is the ideal gas constant. The mass balance of Ay, Ay, As, Cy
and Cs are respectively:

d’gfl — —Kyma, (1)
d’gf = Ky, 2)
L 3)
dZtC2 = vo.K3.ma, (4)
drgf — . Kama, (5)

Where ma,, ma,, ma,, mc, and me, are respectively the mass of the components Aj,
Ay, Az, Cy and Cs. Egs. 1, 2, 3, 4 and 5 were solved numerically to determine the mass
of each component at the time t. Then, the total mass of the sample M(t) is calculated
by:

M(t) = may (t) + may () + 1mag () + me, (t) + mey (1) (6)

The kinetic parameters of the model i.e. pre-exponential factors (Koi, Koz and Kos),
activation energies (E1, Fs and FE3) and stoichiometric coefficients (a1, aa, as, 72 and 73)
were estimated by simultaneously fitting the mass loss and the mass loss rate curves ob-
tained by TGA. Levenberg-Marquardt algorithm [21] was used to minimize the following
objective function:

al _dM
ex mod
5= 3" Mooy () — M +52[ 2 ()~ Pt ) g

=1

Where: N is the number of experimental points; Me.p(t;) and Mﬁ%(t,-) are the mea-
sured mass and mass loss rate, respectively; M,,,q(t;) and de"d (t;) are the corresponding
numerical quantities. As the magnitude of the mass loss 1s extremely higher than the
mass loss rate, the sum of the mass loss rate is multiplied by a factor () to increase the
weight of the mass loss rate in the optimization. Several constraints were applied on the
parameters during the optimization. Firstly, as there is a compensation effect between
the pre-exponential factor and the activation energy [22], the algorithm could converge
toward different sets of parameters. Thus, the activation energy was constrained to vary
between 60 and 200 kJ - mol~" which is the order of magnitude of this parameter in the
literature. Table 1 shows the values of the kinetic parameters obtained by optimization.
Fig. 2 shows that the model generally well predicts the normalized mass loss and the
normalized mass loss rate obtained by TGA. A slight discrepancy is observed above 400
°C. This can be attributed to a delayed degradation of the third component As. In addi-
tion, this kinetic mechanism, with only three first order reactions, can be considered too
simple to account for all the reactions that occur at high temperature.

2.3 Differential scanning calorimetry

The differential scanning calorimeter used in this study is the SETARAM DSC 111.
This instrument has been modified and equipped with an original fixed-bed setup to
ensure better control of sample scanning. Prior to performing the tests, the instrument
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Table 1. The kinetic parameters obtained by optimisation.
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Fig. 2. Comparison between the numerical and experimental results for different heating
rates. A1, Ao, and As are the pseudo-components of wood, while Cy and C5 are two char
constituents.

o was calibrated (temperature and sensitivity) using the melting temperature and enthalpy
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of the following standard materials: indium, tin, lead and zinc. The calibration was
performed under the same experimental conditions as the wood tests, i.e., the same heating
rate, argon flow rate, and temperature program. Prior to each wood test, an empty tube
test was performed to establish the baseline of the apparatus. The tests were performed
at a heating rate of 10 K - min~!, ranging from room temperature to 600 °C, under an
inert atmosphere using nitrogen at a flow rate of 20 mL - min~!. The samples tested were
cylindrical with a diameter of 3.4 mm and a height of 6.5 mm. These samples were oven
dried at 105°C for 24 hours prior to testing. Note that Q5. is the heat flux measured
by the DSC, corrected by the instrument baseline and normalized by the initial mass of
the sample and the heating rate. Q5. , was assumed to be the sum of an effective heat
capacity (sensible heat flux ()s) and the heat of reaction @,. The effective heat capacity
is assumed to be as follows [23]:

Cp(T) = (1 = X(T))-Cpuwood(T) + X(T)-Cp,ehar(T)-(v2 +73) (8)

Where: (724 3) is the final char yield, Cy w004(T) is the heat capacity of wood, C char(T)
is the heat capacity of char and X(T') is the mass conversion defined by:

mo —m(T)
mo — (72 + 73)

X(T) = (9)

Where mo and m(7) are the initial mass and the mass of the sample at the temperature
T calculated from the kinetic model, respectively. Therefore, the normalized heat flux
measured by DSC can be modeled as:

Heat of reactions (Qr)

Effective heat capacity (Cp(T))
7\

i(T) = (1= X D) G 1) + X(T)Cratar (D)2 70) + 5 (Z " (DH;

B\S i

(10)
Where: H; is the heat of reaction ¢, and [ is the heating rate. Finally, the heats of
reactions Hy, Ho, and Hjs were estimated by minimizing the sum of the quadratic error
between Q4™ and Q5. ;. Fig. 3 (a) shows that the three reactions used to predict the
mass loss at the macro scale were unable to predict the heat flux measured by DSC.
Therefore, a fourth reaction was added, and the reaction scheme became as follows:

Ay LN G,(Gaz) + H,
A, 2 Gy (Gaz) + 7,.Cy(Solid) + H,
A, 5 G, (Gaz) + v4.C4(Solid) + H,

C,(Solid) & C,(Solid) + H,

Where Hy, Hs, Hs, and H, are the respective heats of reaction 1, 2, 3, and 4. Note that in
the fourth reaction, there is only heat production and no mass loss. In this reaction, the
char C is converted into another char C'y with the same mass but a different morphology.
In this case, the heat of reactions (), in Eq. 10 becomes:

3 dmAi dmc
T 2 H4>

_ 1 i
QT—B<Z i

=1

(11)
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Fig. 3 (b) shows that the kinetic scheme with 4 reactions predicts the experimental
data very well. The following heats of reaction were obtained: H; = —37.5kJ - kg™*,
Hy = 124.6kJ - kg_l, H; =0, and Hy = —88kJ - kg_l. The kinetic parameters for the
fourth reaction are: Ko; = 1.1 x 10°s~! and E; = 100kJ - mol™!. The kinetic parameters
of reactions (1), (2), and (3) remain the same as the parameters presented in Table 1.

5000 A 5000
—— Experimental

2000 1 ---Numerical

—— Experimental
2000 4 ---Numerical

3000 1 3000

2000 2000 -

1000 A 1000

—1000

—1000

Normalized heat flux (J. Kg=1. K1)
Normalized heat flux (J. Kg=1. K1)

200 300 400 500 600 200 300 400 500 600
Temperature (°C) Temperature (°C)

(a) 3 reactions (b) 4 reactions

Fig. 3. Comparison between the normalized heat flux measured by DSC and the
numerical heat flux predicted with the model using (a) 3 reactions and (b) 4 reactions.
The experimental data is the average of three repeatability tests.

3. Cone calorimeter scale

This section is dedicated to the study of spruce wood degradation under inert atmosphere
at the cone calorimeter scale. At this scale, heat transfer cannot be neglected.

3.1 Materials and methods

The aim of this work was to model the thermal degradation of spruce wood in an inert
atmosphere at the cone calorimeter scale, following the work of Terrei et al. [8]. These
authors carried out cone calorimeter experiments with spruce wood samples (0.1 x 0.1
x 0.05 m?) oriented vertically. During the tests, the samples were placed in a stainless-
steel chamber. Continuous argon injection at a low flow rate maintained an oxygen
concentration less than 3 % inside the chamber to prevent char oxidation. The sides and
rear of the chamber were cooled down by water heat exchangers. The heat flux coming
from the cone passes through a sapphire window placed on the front face of the chamber.
Wood samples were placed in a calcium silicate sample holder (3 cm thick) to reduce
lateral convection losses. The mass loss of the samples was measured by a weighing scale
with 0.01 g accuracy. Twelve K-type 0.1 mm diameter thermocouples were embedded in
the samples at different depths (2, 4, 6, 8, 10, 12, 14, 16, 18, 20, 30 and 40 mm), along
the centerline of the samples, following the technique developed in Terrei et al.’s study
[24]. Tests were performed at 35 and 45 kW -m 2. Further details about the experimental
protocol can be found in [8].

Since several physical and chemical phenomena occur during wood experiments, it is
difficult to characterize the thermal boundary conditions for the sample inside a chamber,
in particular considering that the sapphire window is heated up during the experiment.
Therefore, tests with an inert material were performed inside the chamber under the same
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conditions as the wood tests i.e. same heat fluxes, argon flow rate and sample holder. In
this case, only heat transfer occurs and it is easier to characterize the boundary conditions
such as convection and radiative heat losses. The chosen inert material was low density
calcium silicate (Silcal 1100®) since its thermal properties are close to those of spruce wood:
the specific heat is around 1000 J-kg ™' -K~! and the thermal conductivity varies between
0.08 and 0.2 W - m~! - K~! depending on the temperature [25]. Twelve thermocouples
were also embedded along the centerline of the calcium silicate sample at the same depths
as the wood samples. Moreover, an additional thermocouple was fixed at the rear face of
the sample.

3.2 3D heat transfer model and estimation of the boundary conditions

A 3D heat transfer model was developed in PYTHON environment. The heat transfer
balance described by eq. 12 was numerically solved using a finite volume method. For
temporal discretization, an explicit scheme was used.

pCp(T)% =V (A()VT) (12)

)TC is the thermal conductivity tensor. For calcium silicate, it reduces to a scalar because
it is isotropic, but this will not be the case for wood. The boundary conditions are
given in Fig. 4. Where: hgont and hpateral are the convective heat transfer coefficients for

hlateral (Ts,lateral - Ta)

Radiative losses

a(T). Flux

Ts,rear =T,

hfront (Ts,f:r'ont - Ta )

hlateral (Ts,lateral - Ta)

Fig. 4. Boundary conditions of a sample exposed to the cone calorimeter.

respectively the front and the lateral faces. 75 front, 78 rear and 75 jateral are the surface
temperature for respectively the front, the rear and the four lateral faces. «(T) is the
absorptivity. T, is the temperature of the atmosphere inside the steel chamber, assumed
to be equal to the temperature measured at the back of the sample. Radiative losses
depend on the radiative heat flux exchanged between the front of the sample and the
sapphire window. Sapphire is a non grey and semi transparent material. Its spectral
reflectivity R(A) (A being the wavelength) and transmissivity (Tr()\)) were measured using

9
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a Fourier Transform Infrared (FTIR) Spectrometer. Calcium silicate is considered to be
a non grey and opaque material. Its spectral reflectivity was also measured using FTIR
spectroscopy. Absorptivity and emissivity were obtained from the radiative energy balance
i.e. a(A) =1—"Tr(A\) — R()\) and Kirchhoff law (e(\) = a())). The sample radiative

losses are thus modelled as

o=n ] le+28§€i(2)u>@u> (B0(0) = BT) = Tn(Nea(DIX(T) | dX (13

subscript 1 refers to the sapphire and subscript 2 to the sample (here the calcium silicate).
I%(T) is the blackbody intensity (Planck function). The first term corresponds to the
radiative heat exchange between the sapphire surface and the sample (if sapphire is hotter
than the sample, this term is positive and corresponds to an energy gain, otherwise it is
negative and it is an energy loss). The second term corresponds to the radiative heat flux
emitted by the sample and transmitted through the sapphire window. The integral has
been approximated by the rectangular method with a A\ = 0.2 pm interval.

The temperature of the sapphire window was measured as a function of the exposure
time (the sapphire window is heated up during the experiment) by an infrared camera
(FLIR SC7300 LW) equipped with a 7.9 pum optical bandpass filter. At this wavelength
sapphire is opaque and almost black (0.98 emissivity). The radiation emitted by the cone
and reflected by the sapphire surface was subtracted from the measured radiation to only
measure the radiation emitted by the sapphire window, following the procedure described
in [26].

The heat capacity of the calcium silicate was measured as a function of temperature in
[25] and was found to be equal to: Cp(T)) = 439+ 83log,((T"+ 273) where T is the tem-
perature in °C. The density of calcium silicate was measured and found to be 240 kg-m 3.
The thermal conductivity (A.) was assumed to vary with the temperature according to a
second degree polynomial:

Ae(T) = XaT? + AaT + A3 (14)

Where Ac1, A2 and A3 are three constants to be estimated. An inverse method was applied
on the temperature measurements obtained from the inert atmosphere calcium silicate
tests at 35 and 45 kW - m~2 using this model to characterize the boundary conditions.
The objective function described by eq. 15 was minimized using the Levenberg-Marquardt
algorithm.
N
S = [Tewp (1) = Trnoa ()] (15)
i=1
Where: N is the number of experimental points, Tesp () and Thnoeq (¢;) are respectively the
measured temperature and the temperature calculated by the 3D heat transfer model. The
minimization was performed using the two heat fluxes simultaneously to estimate A front
and the thermal conductivity of the calcium silicate. Although the thermal conductivity
of the calcium silicate was measured as function of temperature in Jannot et al.’s study
[25], this property was kept as unknown in order to check the reliability of the parameters
obtained by optimisation. Thus, an estimated thermal conductivity by inverse method
close to the thermal conductivity measured experimentally by the hot wire technique [25]
indicates that the convective heat transfer coefficient obtained by optimisation is reliable.
Rlateral Was supposed to be equal to 10 W-m~2-K~!. In fact, a sensitivity analysis showed
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that the measured temperatures are not sensitive to Ajateral, which makes sens because of
the insulating role of the calcium silicate sample holder. It is therefore not possible to
estimate this parameter by inverse method.

3.3 3D pyrolysis model and thermo-physical properties of wood

The 3D heat transfer model was coupled with the kinetic model in order to predict the
thermal degradation of spruce wood in an inert atmosphere at the cone calorimeter scale.
The following assumptions were made for the 3D pyrolysis model:

- Heat and mass transfer in the gas phase were not considered in the model.
- Effect of shrinking, cracking and swelling were neglected.

The degradation of wood occurs following the kinetic scheme presented in the matter scale
section. The heat capacity of spruce wood was measured between 30 and 100 °C in 10 °C
increments using a DSC SETARAM microdSc3 instrument. The heat capacity obtained
is Cpuwood(T) = 11314 4.67T where T is in °C. The latter correlation was extrapolated for
the higher temperatures. The heat capacity of char was also measured between 30 and
600 °C and the heat capacity obtained is Cp char (1) = 693 + 3.44T. The effective heat
capacity was calculated as in equation 8. More details on the measurement technique of
the heat capacity will be published in a future paper. Therefore, the energy conservation
equation is as follow:

% (,OCPT) =V <>\C<T)VT> + ]{31.,01.]‘[1 + kQ.pQ.HQ —+ k3.p3.H3 -+ k4.p02.H4 (16)
Where: p is the bulk density calculated by p = p1 + p2 + p3s + pc, + pcs + pcu; p1, P2,
p3, Pcy, Pcs and pe, are the mass of respectively the constituents A;, As, As, Cy, Cs
and Cy per unit volume. The thermal boundary conditions are given in Fig. 4 and the
convective heat transfer coefficients are those estimated from the calcium silicate tests.
The emissivity of the sample surface was measured as a function of the exposure time to
the cone heater [8]. In the present model, the mean of the latter measurements was used
i.e. 0.9 and the absorptivity was considered equal to the emissivity, since wood is almost
grey and the surface chars quite rapidly, and char is even greyer than wood. The thermal
conductivity of spruce wood was measured between 30 and 160 °C in the two directions
parallel and perpendicular to the fiber direction [27] using the anisotropic parallel hot wire
technique [28]. The latter measurements show that the transverse thermal conductivity
increase from 0.096 W-m~' - K~! at 20 °C to 0.110 W -m~! - K~! at 160 °C. Meanwhile,
the longitudinal thermal conductivity was found to be almost independent of temperature
and equal to 0.345 W-m~! - K~!. It is worth noting that several studies have shown that
the radial and tangential thermal conductivity of wood are similar [29, 30, 31, 32, 33].
Therefore, the thermal conductivities used in the model below the onset of pyrolysis were
Aer = 0.102 W-m™" - K~! in the transverse direction (radial and tangential) and A
= 0.345 W-m™! . K7! in the longitudinal direction. Above 200 °C, the model assumes
that the longitudinal thermal conductivity remains constant and the transverse thermal
conductivity depends only on temperature according to the following law:

At = 0.102 + Ay (T — 200) + Xo.(T — 200)? (17)

Where T is the temperature in °C, A\; and Ay were chosen in order to give a calculated
mass loss, a calculated mass loss rate and calculated in-depth temperatures similar to
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those obtained from the cone calorimeter tests on spruce under inert atmosphere. The
thermal conductivity tensor is therefore

i A 00
=] 0 XL 0 (18)
0 0 Ay

x-axis is horizontal parallel to the exposed surface, y-axis is parallel to the cone heat flux
and z-axis is vertical (thus wood fibers are oriented vertically), as shown in Fig. 4.
Finally, a perfect thermal contact was considered between the wood sample and the
calcium silicate sample holder and the thermal properties of the latter material were
taken from the work of Jannot et al. [25].

4. Results and discussion

4.1 Calcium silicate tests for estimation of boundary conditions

Fig. 5 shows the experimental in-depth temperatures at 35 and 45 kW - m~2 and their
comparison with the numerical temperatures.

B 700 4 )
6001 —— Experimental —— Experimental —_
-=-=Numerical 6004 ——= Numerical _—
— 5001 —
O o
o 9500
q:_” 400 A 8
> 3 400
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% 2001 CIEJ 200 -
S S

T T T T T T T
0 100 200 300 400 500 600

Time (s)
(b) 45 kW - m~—2

Fig. 5. Comparison between numerical and experimental in-depth temperature within
the calcium silicate sample at two different heat fluxes.

The temperature measured at the rear face of the sample (50 mm) is higher than the
temperature at 40 mm depth at the beginning of the test, indicating that the atmosphere
inside the chamber is heated during the tests. The numerical and the experimental tem-
peratures are in good agreement. The root-mean-square error obtained simultaneously
for the two tests is 7 °C and the normalized root-mean-square error (NRMSE) is approx-
imately 1.2 %. Fig. 6 shows the comparison between the estimated thermal conductivity
and the thermal conductivity measured by the hot wire technique [25]. The two con-
ductivies look very similar, almost linear with temperature, same slope, there is only a
slight shift between them. The mean deviation between the estimated and the measured
thermal conductivity is approximately 11.6 %. This is satisfactory considering i) the tem-
perature measurement uncertainties (thermocouple accuracy and thermocouple position
uncertainty), ii) that the inherent uncertainty of the hot wire technique used to measure
the thermal conductivity is about 10 % [25] and iii) that the heat flux applied to the front
of the sample was assumed to be homogeneous (which is not exactly the case!). This is

Lconsideration of a non-uniform heat flux will be investigated in the near future
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srs  very reassuring for the reliability of the results. The convective heat transfer coefficient
w77 obtained is Nprope = 31 W-m™2 - K1,

o
A
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Fig. 6. Comparison between the estimated and the measured thermal conductivity of
the calcium silicate [25].
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Fig. 7. Comparison between numerical and experimental mass loss and MLRPUA for
wood tests at different heat fluxes.
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4.2

As shown in the section 4.1, all properties of wood and calcium silicate were measured
except thermal conductivity of wood/char above 200 °C. In addition, the boundary con-
ditions were estimated from experiments with an inert material. Probably the convective

Wood degradation at the cone calorimeter scale
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Fig. 8. Comparison between numerical and experimental in-depth temperature within
the wood samples at different heat fluxes.

heat transfer coefficient could vary between calcium silicate and wood experiments, es-
pecially for the face exposed to the cone calorimeter. However, at least the order of
magnitude of the convection losses was obtained. Several simulations were carried out by
varying the thermal conductivity of wood above 200 °C. The thermal conductivity that
gave the better agreement with the experimental mass loss and the mass loss per unit
area (MLRPUA) is as follows:

Aer = 0.102 4 8.1 x 107 7.(T — 200)? (19)

Where T is in °C. Fig. 7 shows the comparison between experimental and numerical
MLRPUA at heat fluxes 35 and 45 kW - m~—2. Concerning mass loss, the normalized root
mean squared error (NRMSE) obtained between numerical and experimental results is
respectively 3.2 and 4.2 %. Meanwhile, the NRMSE obtained between numerical and ex-
perimental MLRPUA is 6 and 5.6 % at respectively 35 and 45 kW -m~2. All these results
show the robustness of the numerical model to evaluate the mass loss and the MLRPUA
at different heat fluxes.

Fig. 8 shows the comparison between numerical and experimental in-depth temperatures
for the two heat fluxes. Below 400 °C, numerical and experimental temperatures comply
very well. However, above 400 °C the pyrolysis model underestimates the temperature.
It is interesting to note that the TGA analysis showed that spruce wood loses more than
75 % of its initial weight between 200 and 400 °C i.e more than 89 % of the degradation
was already occured below this temperature. Therefore, although there is a bias between
experimental and numerical in-depth temperature at high temperatures, the model pre-
dicts the mass loss and MLRPUA well at the different heating fluxes. The discrepancy
between numerical and experimental temperatures at high temperatures could be caused
by several reasons. Firstly, at high temperatures the wood turns to char, its porosity
becomes very high and consequently the thermocouple is no longer in good contact with
the material. The second reason is that the model considers a homogeneous medium,
whereas when wood chars, cracks appear and the model no longer applies. Finally, the
main reason is that although the atmosphere was inerted, smoldering combustion, i.e.
char oxidation, can occur at a low rate because the oxygen content was not exactly zero.
However, temperature and MLR predictions obtained with the model proposed in this
paper have been significantly improved compared to our previous work [8].
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5. Conclusion

In this work, a 3D heat transfer and pyrolysis model for spruce wood was developed at the
cone calorimeter scale under inert atmosphere. First, the thermal degradation of spruce
wood was studied by TGA under inert atmosphere between ambient temperature and
1000 °C at different heating rates (5, 10 and 20 K-min~'). A global three-reaction mech-
anism was used to predict the mass loss and the mass loss rate. The kinetic parameters
were estimated by fitting TGA data. The numerical and experimental results were in
good agreement at this scale, where the wood sample is thermally thin and temperature
gradients are negligible. Moreover, DSC measurements were carried out under an inert
atmosphere at a heating rate of 10 K - min!. It was found that the kinetic scheme with
three reactions is unable to predict the heat flux measured by DSC. A fourth reaction
was therefore added. Based on the DSC and ATG measurements, as well as previous
measurements of the heat capacity of wood and char, the heat of pyrolysis of spruce wood
was modeled as a function of temperature. At a larger scale, cone calorimeter tests were
then carried out with an inert material in an inert atmosphere at 35 and 45 kW - m~2.
The aim was to characterize the heat transfer boundary conditions for tests performed
on wood samples under the same conditions. An inverse method was applied to the in-
depth temperatures within a low density calcium silicate sample using a 3D heat transfer
model to estimate the convective heat coefficients and thermal conductivity of that sam-
ple. The results showed that the thermal conductivity of calcium silicate obtained by
optimization was in good agreement with the thermal conductivity measured by the hot
wire technique. Therefore, the other parameters obtained from optimization, such as the
convective heat transfer coefficient, can be considered reliable. Finally, a 3D pyrolysis
model was developed by coupling the kinetic model, whose parameters were obtained
from TGA, with a 3D heat transfer model. The boundary conditions estimated from the
calcium silicate tests were fixed. All properties of wood were measured experimentally
such as emissivity, absorptivity, heat capacity of wood until 100 °C, heat capacity of char
until 600 °C, thermal conductivity in transverse and longitudinal direction until 160 °C.
The heats of reaction were also determined using the DSC technique. The only property
that remained unknown was the thermal conductivity above 200 °C. This latter property
was varied until a good fit was obtained between the numerical mass loss, mass loss rate
and in-depth temperatures and their experimental counterparts. The results obtained
with the 3D pyrolysis model developed and presented in this work comply very satisfac-
torily with the experimental results and the thermal conductivity obtained above 200 °C
sounds physical.
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Figure captions

Fig.1: Mean normalized mass loss and mean normalized mass loss rate as a
function of temperature for the different heating rates: 5, 10 and 20
°C-min™t. L. 3

Fig.2: Comparison between the numerical and experimental results for dif-

ferent heating rates. A;, As, and As are the pseudo-components of
wood, while Cy and C5 are two char constituents. . . . . .. ... .. 6
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Fig.8:

Comparison between the normalized heat flux measured by DSC and
the numerical heat flux predicted with the model using (a) 3 reactions
and (b) 4 reactions. The experimental data is the average of three

repeatability tests. . . . . ..o
Boundary conditions of a sample exposed to the cone calorimeter. . .

Comparison between numerical and experimental in-depth tempera-
ture within the calcium silicate sample at two different heat fluxes.
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ductivity of the calcium silicate [25]. . . . . .. ... .0

Comparison between numerical and experimental mass loss and ML-

RPUA for wood tests at different heat fluxes. . . . . . . . .. . ...

Comparison between numerical and experimental in-depth tempera-
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