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Abstract

The fire behaviour of five types of wood was studied on a microscale. Some
thermophysical parameters such as thermal conductivity, effusivity and diffu-
sivity were also evaluated. The microscale analysis is based on the analysis of
several parameters such as the assessment of heat released rates (HRR), peak
heat released rates (pHRR), total heat released (THR), enthalpy variation
(Ah) and residue rates with the combustion microcalorimeter (PCFC). The
PF2C device was used to measure the conductivity, effusivity and diffusivity
of wood, while the PCFC for the microscale study of wood behaviour in
combustive situations. In terms of thermal conductivity, wood conducts heat
with difficulty, while the other types, namely frake, bete, tek and red wood,
more easily conduct heat and therefore cannot be considered as thermal in-
sulators. For results, in terms of measuring effusivity, white wood has the
smallest value, which means that it exchanges less thermal energy with its en-
vironment. Red and tek woods exchange much more energy with the envi-
ronment compared to other types of wood. We observe that tek wood has the
highest diffusivity, which means that it is the wood that reacts as quickly as
possible to the change in temperature. White and frake woods have the same
value of thermal diffusivity as red and bete wood which have the lowest
thermal diffusivities. The fire behaviour of these materials is a very little vari-
able on the microscale and we can conclude that at this level there is no major
difference for our different types of wood. Hence, there is no influence of
density on the microscale. We can say that for the white and tek wood the
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complete combustion begins at 700°C. By this same method of analysis, we
come to the conclusion that the frake, bete and red woods tend towards a
complete combustion at 675°C. At 675°C the bete and frake woods have the
best combustive yields, to a lesser extent than the red and tek woods. The bete
wood has the highest activation energy and the white wood the lowest.
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Fire Behaviour, Material Scale, Thermophysical Parameters

1. Introduction

The mechanical properties of wood, its price and lightness make it a very attrac-
tive material for several uses. The first and best known around the world is its
use in the construction of furniture and tools of various sizes and properties in-
tended, among other things, to furnish domestic habitats. In addition, the ease of
transformation it offers makes it easy to format increasingly complex designs.
The morphology and chemical composition of material are responsible for ma-
croscopic properties such as conductivity, effusivity, diffusivity, etc... In terms of
fire safety in domestic habitats, it is important or even crucial to know the fire
behaviour of the furniture that is how long these materials have a strong influ-
ence on the speed of flames spread during fires. For our part, emphasis is placed
on the study of the fire behaviour of the five types of wood most used for furni-
ture in West Africa, namely red wood, bete wood, tek wood, frake wood and
white wood. The fire behaviour of materials depends on the chemical processes
that occur during their thermal degradation. However, the difficulties encoun-
tered concern the lack of data, which seriously hampers a better understanding
of the phenomena observed during fires in domestic habitats: non-existent, in-
complete or imprecise data [1] [2]. The tests for the standardization and classifi-
cation of materials used in Africa and Burkina Faso in particular, are in many
cases inadequate to determine with relevance the behavior of materials in the
event of fire. They must therefore evolve in the light of new scientific investiga-
tions. The description of the combustion of complex materials, such as those
commonly used in housing and furnishings, is based on a large number of sim-
plifications (assumptions) leading to inaccurate and inadequate results in nu-
merical modelling [3]. It is notable that in the field of transport, where the mate-
rials present are mastered, numerical simulations lead to results that are much
more faithful to reality [4]. Thus, using the experimental device of “Pyroly-
sis-Combustion Flow Calorimetry” (PCFC), we decided to make a comparative
study of thermophysical parameters of different wood types and the influence of
density on combustion parameters at the microscale. This study will enrich the
database of fire behaviour of five types of wood and check whether there is an
influence of the density of each type of wood on thermophysical parameters
such as the maximum heat flow (pHRR), the temperature of the maximum heat
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flow (TpHRR), the total heat released (THR), the residue rate after combustion
and the amount of heat involved in a thermomechanical transformation, 7e. en-
thalpy. In the study of wood degradation, different experimental techniques have
been described. They generally consist of monitoring the mass and/or emission
of volatile products of degradation as a function of temperature. In this case,
PCEFC is one of the techniques of choice in the study of biomass degradation be-
cause it makes it possible to assess the fire behaviour at the microscale of the
materials studied.

2. Materials and Methods

Five types of wood commonly called white wood, red wood, frake wood, tek
wood and bete wood are considered in our study. They are all commonly used in
furniture and the construction of domestic habitats in West Africa. The woods
were obtained on the market in Burkina Faso and do not contain flame retar-
dants (Figure 1).

The physical and some mechanical characteristics of the woods studied are
presented in Table 1 [5].

Table 1. Physical and mechanical characteristics of the five types of wood studied.

Physical characteristics

Mechanical characteristics

Types of

Specific

Transversal

Hardness . Retractibility . Axial cohesion
woods weights cohesion
Compression Static bendin:
Total Average P &
I st to 12% at 12% Shock
° N inear resistance
i < humidity humidity
Z n 8 2 8B
() “— =
= g +7° 3§ =B ¥
bt a [=1 3 jn = = X L‘a M
= - =25 g B 8 o 8 s 8 DR
S % g% & 5 ~ ¥ g E  « b= = g = E g
2 o S<& 2 %8 0y Lo 2 8 g g0 14+ gm Z 0 =X
g $ 8 5 > & o o 0® » I Zy ££8 2% 2R OZE
S 5 52 5 E E £ 5 w 5 2 83 g5 88 £ £3
F0< 3 3 F E % % OE £ § Y TE OB fEp B
= = = ~ = 3 < =g L« =g = © =g
= > E s & 2 27 85 E 8% 27
< ox <« os <
— < ©
White
d 2.1 0.50 0.0030 37 144 0.40 11.3 5.0 16.0 20.2 82 368 7.1 1108 101000 0.30
woo
Frake
2.4 0.51 0.0031 36 11.1 0.32 6.7 4.4 13.1 233 - 462 6.3 1255 109000 0.21
wood
Bete
5.6 0.70 0.0042 30 11.3 0.38 84 54 165 26.6 96 697 3.7 1802 117000 0.61
wood
Tek
4.3 0.63 0.0050 26 6.6 0.26 3.4 2.6 204 28.7 62 452 2.8 1214 87000 0.23
wood
Red
d 8.1 0.88 0.0040 22 119 0.56 7.2 4.6 195 256 94 763 4.9 1780 140000 0.48
woo

DOI: 10.4236/0jsst.2022.121001

3 Open Journal of Safety Science and Technology


https://doi.org/10.4236/ojsst.2022.121001

A. F. Baguian et al.

White wood Frake wood Bete wood

- .

Tek wood Red wood

—ray

Figure 1. The five (5) types of wood studied.

The FP2C is a device consisting of a hot wire conductivimeter, a hot plane ef-
fusivimeter and a hot ring diffusivimeter. It has been used to measure the con-
ductivity, effusivity and diffusivity of wood. This test was performed according
to ASTM D5930-97 and RILEM AAC 11-3. For all types of wood, the samples
are in square form 10 cm side and 5 cm thick. The hot wire technique is the clas-
sical transient method of measuring the thermal conductivity (Conductivity
from 0.02 to 5 W-m™".K™") of moderately conductive insulating materials. The
device consists of a thermal shock probe, to be placed between two samples of
the material to be characterized (symmetrical mounting) by an electronic acqui-
sition box and software of graphical interface type to control the tests and
process the results. The principle of the impact probe is to locally produce a low
heating of the material (a few degrees above room temperature) and to measure
this temperature rise over time (duration of a few minutes). By a mathematical
processing of this signal integrated into the software provided, the identification
of the thermal conductivity is carried out. This principle of probe and device was
developed by the CSTB (Scientific and Technical Center of the Building). The
hot wire conductivimeter can be supplemented with a hot plane probe for esti-
mating thermal effusivity from 20 to 10,000 J-m >K"-s"? and a hot ring probe
for estimating thermal diffusivity from 0.1 to 4 mm*K™". Depending on the spe-
cifics of the materials to be characterized or the thermal properties to be
searched, it is enough to connect the retained probe to the FP2C power supply
and use the associated software (Figure 2).

The combustion microcalorimeter, also known as the Pyrolysis-Combustion
Flow Calorimeter (PCFC), is a device developed to evaluate certain important
parameters of the flammability of solid fuels by flameless combustion [6]. Its
principle (in Figure 3) is based on the original concept of Susott and al. which
relates to the separation in a fire of the processes taking place in the solid state
and in the gaseous state, by the increasing heating of a few milligrams of product
under an inert atmosphere [7]. The device we used is of the Fire Testing Tech-

nology (FTT) brand. Combustion microcalorimeter tests require only a few
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Figure 2. Hot wire conductivimeter—Hot plane probe—Hot ring diffusivimeter.

—[Filers}—{Fruxmeted {256y Bxhaust

2
—@—
Combustion

chamber

Pyrolysis chamber Pyrolyser h—{ N,

’
Solid
ot Sample —I

Figure 3. Illustration of the microcalorimeter experimental device (DAQ stands for data
aquisition).

milligrams of samples, so they do not represent real fires. These tests provide a
better understanding of the fire behaviour of solid materials. Other fire analysis
devices such as the radiant cone and the calorimeter cone allow for more repre-
sentative results on a real scale. The PCFC, on the other hand, makes it possible
to evaluate samples at conditions of complete combustion. This allows the con-
ditions (oxygen levels and temperature) in the PCFC combustion chamber to
reduce the number of accidents (thermal stability problem) [8]. In this article,
the combustion temperature in the PCFC has been varied in order to study the
combustion efficiency (X), the activation energy (Ea) and the influence of the
density of the samples on the combustion for the different woods that we en-
counter in the furnishings of the domestic habitat in West Africa. This work is
done to better classify the fire behaviour of different materials in terms of fire
safety.

3. Results and Discussion

During fires in domestic habitats furniture is one of the means by which the fire
spreads more or less at high speed. It is therefore, necessary to know a certain
number of characteristics concerning their behaviour in fire in order to antic-
ipate in the means of preventing fires through numerical simulations.
In the fire behaviour of a solid material, the following are generally moni-
tored:
- The diffusion of heat in an environment without macroscopic movement of
matter. In other words, the surface thermal power transmitted per unit
length of the material is subjected to a temperature difference;

- The ability of a material to exchange heat with its environment. Specifically,
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the sensitivity of the surface temperature of a material to a variation in the
heat flow received by that surface;

- The thermal behaviour of a transient material which characterises its ability
to transmit heat more or less quickly.

This is why we have been interested, for this work, in determining the thermal
conductivity, effusivity and diffusivity of wood.

Indeed, the higher the thermal conductivity of a material, the more heat the
material conducts, and the less insulating it is. Also, a very conductive and very
capacitive material will have a surface temperature insensitive to variations in
flow and will therefore be very effusive. And finally, the lower the thermal diffu-
sivity, the longer it takes for the heat to pass through the material [9].

3.1. Determination of Conductivity-Effusivity-Diffusivity
Parameters

3.1.1. Thermal Conductivity

The thermal conductivity values of the five wood types are shown in Figure 4.

It is observed that frake and bete woods have almost the same thermal con-
ductivities, followed by red and tek woods which also have almost the same val-
ues. White wood has the lowest conductivity. The latter will hardly conduct the
heat after [10]. On the other hand, the other types, namely frake, bete, tek and
red wood, will conduct heat more easily and cannot therefore be considered as

thermal insulators according to [11].

3.1.2. Thermal Effusivity
The results obtained for the determination of the thermal effusivity of the wood
are presented in Figure 5.

We find that red and tek woods, fraké and bete woods have the same values.
White wood has the smallest value, which means that it exchanges less thermal
energy with its environment. Red and tek woods exchange much more energy

with the environment compared to other types of wood.

Conductivity (W/m/K)

02
0.18
0.16
0.14
0.12

0.1
0.08
0.06
0.04
0.02

White wood Red wood Bete wood Frake wood Tek wood

Figure 4. Test results for thermal conductivity of wood.
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Figure 5. Test results for thermal effusivity of wood.

3.1.3. Thermal Diffusivity
The lower the thermal diffusivity value, the longer it will take for the heat front
to cross. The order of magnitude of the thermal diffusivity given in the literature
is 1 x 1077 to 3 x 1077 m*s [12]. Our tests for the determination of the thermal
diffusivity of wood allowed us to obtain the results in Figure 6.

We observe that tek wood has the highest diffusivity, which means that it is
wood that reacts as quickly as possible to the change in temperature. White and
fresh wood have the same values of thermal diffusivity as red and bete wood

which have the lowest thermal diffusivities.

3.2. Influence of Density on Combustion Parameters

At the material scale, the PCFC (Pyrolysis Combustion Flow Calorimetry) makes
it possible to quantify the heat flow rate (HRR) of the material (as a function of
the pyrolysis temperature and the combustion temperature) with only a few mil-
ligrams of material. This data is an important parameter in the understanding of
the development of a fire. Friederich assumes that at CCFCs, only gas-phase
mechanisms are observed, [13]. Two other combustion parameters are also fol-
lowed in this paragraph, namely the residue after combustion and the enthalpy
which expresses the amount of heat involved in a thermomechanical transfor-
mation.

Thus, the microcalorimeter combustion analysis of the different types of wood
allowed us to obtain the results recorded in Table 2.

Following these results, we also analyzed the influence of the density of each
wood on the measured parameters and the results are presented in Figures 7-11.

The results show that tek and bete woods have the same charcoal content
(20%), frake and white woods (about 18%) with different densities. Also, there is
not a significant difference in terms of coal except red wood which has a low
content (14%).

We find that red wood has a low coaling this may explain the fact that it has a

heat flow, a maximum heat flow as well as a complete combustion energy which
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Diffusivity (m?%s)
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Figure 6. Test results for thermal diffusivity of wood.

Influence of density on maximum heat flow
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Figure 7. Influence of density on maximum heat flow.

Influence of density on maximum heat flow temperature
800
700
600
500
400
300
200
100

White Frake Bete Tek Red

s Density (kg/m?) TpHRR (°C)

Figure 8. Influence of density on maximum heat flow temperature.

is a little higher than other types of wood. Low coal mining is correlated with
greater energy released.

The maximum heat flow rates and maximum flow temperature of our woods
follow the same order of magnitude. These values obtained are consistent with
those obtained by Sonnier and al., who, in their research work, have established
a database of the fire behaviour of several woods [14]. Their results teach us that

all the woods are in the same range in terms of microscale fire behaviour.
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Influence of density on total heat released
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Figure 9. Influence of density on total heat released.

Influence of density on residue after combustion

25
20
15 \
10
s nnn
, 1

White Frake Bete

s Density (100*kg/m®) Residue (wt%)

Figure 10. Influence of density on residue after combustion.

Influence of density on enthalpy
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Figure 11. Influence of density on enthalpy.

Table 2. Main experimental data of wood studied at PCFC.

Types Density pHRR TpHRR THR Residue Ah

woods  (kg/m?) (Wi  (Q)  Wip  (wk%) (kg

White 362 128 382 10.3 18 12.5

Frake 463 120 368 9.3 18.4 114
Bete 671 129 350 9.3 20 11.6
Tek 698 108 377 8 20 10
Red 727 154 381 11.2 14 13
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We note that, despite the difference in the densities of different types of wood
studied, the values obtained are almost similar from the point of view of heat re-
lease except for red wood whose values are a bit higher than the other 4 types of
wood. The fire behaviour of these materials is very little variable on a material
scale. We can conclude that at this level there is no major difference for our dif-
ferent types of wood so no influence of density on the material scale.

3.3. Complete Combustion Temperatures from Combustion
Efficiency “X”
The combustion efficiency is the ratio of the total heat rate released at a temper-
ature 7'to the total heat rate released at 900°C. The combustion efficiency is ob-
tained from the following equation:
THR (T )

__THRU) M
THR (900 C)

where T'is the combustion temperature considered.

Figure 12(a) and Figure 12(b) and Table 3 show the evolution of the com-
bustion efficiency as a function of the combustion temperature for the different
woods.

At the level of the table, the results obtained allow us to note that the frake and
tek woods show the same trend from 600°C to 900°C with almost similar com-
bustion efficiencies. With regard to bete wood, its combustion efficiency at
600°C (0.48) seems to be the lowest, so we find that from 625°C it has the high-
est efficiency (0.71). Red and white woods have the same combustion efficiencies
from 600°C to 625°C, from 650°C to 725°C that of red wood seems to be much
higher. Considering that from combustion efficiency X greater than or equal to
0.9 we begin the complete combustion phase then we can affirm that for white
and tek wood and the complete combustion begins at 700°C. By this same me-
thod of analysis, we come to the conclusion that the frake, bete and red woods
tend towards a complete combustion at 675°C.

However, the combustion efficiency curve (Figure 12(a)) is flat at 725°C for
wood, and therefore close to 1. It is therefore possible to conclude that overall
combustion is complete at this temperature for the types of wood analyzed.

Finally, Figure 12(b) allows us to observe that at 675°C the bete and frake
woods have the best combustion yields, to a lesser extent than the red and tek

woods.

3.4. Comparison of the Activation Energies of the Different Types
of Wood

This is the amount of energy that must be brought to a system to initiate a
chemical reaction from the moment when one wants to start a process. One of-
ten has to face an energy barrier (ie. bring a minimum of energy for the
start-up). In the case of fire safety this parameter also remains crucial to under-
standing and explaining what happens during fires in habitats and also to simu-
lating the spread/evolution of fires during a fire condition in a dwelling house.
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Table 3. Combustion efficiency of the different types of wood studied.

White wood

(THR) T (THR) 900 X Temperature (°C)
6 10.3 0.5 600
6.3 10.3 0.6 625
8.1 10.3 0.7 650
8.9 10.3 0.8 675
9.3 10.3 0.9 700
9.7 10.3 0.9 725
10.3 10.3 1 900

Tek wood

(THR) T (THR) 900 X Temperature (°C)
4.2 8 0.5 600
5.3 8 0.6 625
7 8 0.8 650
7.15 8 0.8 675
7.3 8 0.9 700
7.9 8 0.9 725
8 8 1 900

Frake wood

(THR) T (THR) 900 X Temperature (°C)
4.9 9.3 0.5 600
6.2 9.3 0.6 625
7.2 9.3 0.7 650
8.9 9.3 0.9 675
9 9.3 0.9 700
9.2 9.3 0.9 725
9.3 9.3 1 900

Bete wood

(THR) T (THR) 900 X Temperature (°C)
4.5 9.3 0.4 600
6.7 9.3 0.7 625
7.6 9.3 0.8 650
9 9.3 0.9 675
9.1 9.3 0.9 700
9.2 9.3 0.9 725

9.3 9.3 1 900
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Continued
Red wood
(THR) T (THR) 900 X Temperature (°C)
6.6 11.2 0.5 600
7.1 11.2 0.6 625
9.8 11.2 0.8 650
10.1 11.2 0.9 675
10.7 11.2 0.9 700
11.1 11.2 0.9 725
11.2 11.2 1 900
Combustion efficiency as function as combustion temperature
1.2
1
0.8 /
/.
A
0.4
0.2
0

575 600 625 650 675 700 725 750 775 800 825 850 875 900 925

Combustion temperature (°C)

—o— White wood -—e—Tek wood —e— Frake wood —e— Bete wood =——e=— Red wood
(a)

Efficiency of combustion

12
=0.9877 R*=0.9571 R?=0.9521 R?=0.9306 R?*=0.95
spsiiteiteteeene

0.8 :
0.6
04
0.2

0

600 625 650 675

Temperature of combustion ("C)
m White wood mTek wood m Frake wood = Bete wood = Red wood
(b)

Figure 12. (a) Combustion efficiency as a function of wood combustion temperature; (b)
Combustion efficiency as a function of wood combustion temperature.
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Generally, its value is between 20 and 200 kJ-mol ™" for combustion activation. To
obtain the activation energy “Fa” of combustion we used the following equation:
Ea
In[—ln(l—X(T))]:In(ﬁ"r)—R—_l_C [14] 2)

Eais the activation energy;

Xis the combustion efficiency;

p is the pre-exponential factor or frequency factor taking into account the
frequency of collisions and steric effects, T is the burning time;

Ris the constant of perfect gases;

T= Tcis the combustion temperature (isothermal system).
The activation energy FEa is calculated from the slope of the curve of

In(B- r)—E as a function of 1/7¢ [6]. Figures 13-17 show the slopes obtained
RTc

for the types of wood analyzed. Figure 18, on the other hand, gives us an over-

view of the summary of the activation energies obtained.

12 White
: y = -8845.8x +9.9464
1 R2=0.9675
0.8
< 06
g 0.4
E 02
0

02.00095 0.001 0.00105 0.0011 Q0115 0.0012

0.4
UT. (K)

Figure 13. White wood activation energy.

1.8 Red

1.6
1.4 S
12 RN

0.6 RN y=-11789x + 13.32

04 .. R2=0.9606
02 ~.

~

0 o
500098 0,001 0.00102 000104 0.001060.00108 0.0011 0.00112 0.36414 0.00116

04 1T, (K)

Figure 14. Red wood activation energy.
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Frake
2 y=-13156x + 14.775
R2=0.9669
1.5
=<
=
E 0.5
0 >

0.00095 0.001 0.00105 0.0011 0115 0.0012

0.5
T (K)

Figure 15. Frake wood activation energy.

Bete
2 =-13679x + 15.394
R2=0.9536
1.5
) 1
Ex 0.5
= 0
0.00095 0.001 0.00105 0.0011 090115 0.0012
-0.5

-1
T, (K)

Figure 16. Bete wood activation energy.

Tek
1.6 =-11351x + 12.775
1.4 R?=0.9364

1.2.
0.8
0.6
0.4
02

0
00200095 0.001 0.00105 0.0011 00115 0.0012

In[-In(1 - X)]

0.4
T, (K)

Figure 17. Tek wood activation energy.

From these results, we note that these values are relatively dispersed from one
wood to another. Bete wood has the highest activation energy and white wood
the lowest. Yet, the activation energies of the red, frake and tek woods are very

close to one another.
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Figure 18. Summary of wood activation energies.

4. Conclusion

The objective of this work was to characterize the thermophysical parameters of
the wood that we find within the habitat in order to better understand their be-
haviour in fires and to strengthen the database of materials involved in fires in
domestic habitats. Our study shows that the mechanical and physical properties
of wood are dependent on a large number of factors that can be more or less in-
fluential and more or less easy to quantify. Bete, frake red, white and tek woods,
respectively, show better results in terms of resistance and in terms of conduc-
tivity, effusivity and diffusivity. The microcalorimeter tests allowed us to obtain
results that show that there is not a major difference in the elemental composi-
tion but morphologically, white wood seems to be less rigid, less dense and pro-

duces the least heat when it burns.
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