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ABSTRACT

The purpose of this work is to gain knowledge on kinetics of biomass decomposition under oxidative
atmospheres, mainly examining effect of heating rate on different biomass species. Two sets of experi-
ments are carried out: the first set of experiments is thermal decomposition of four different wood par-
ticles, namely aspens, birch, oak and pine under an oxidative atmosphere and analysis with TGA; and the
second set is to use large size samples of wood under different heat fluxes in a purpose-built furnace,
where the temperature distribution, mass loss and ignition characteristics are recorded and analyzed

.Ilff]}é ‘;Vrggséecom osition by a data post-processing system. The experimental data is then used to develop a two-step reactions
Biomass P kinetic scheme with low and high temperature regions while the activation energy for the reactions of
Hemi-cellulose the species under different heating rates is calculated. It is found that the activation energy of the second
Cellulose stage reaction for the species with similar constituent fractions tends to converge to a similar value under
Kinetics the high heating rate.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Biomass is one of the major energy sources today, contributing
approximately 14% of the world annual energy consumption in
comparison to 12% from coal and 15% from gases [1]. As a renew-
able source of energy, biomass offers environmental benefits with
easy availability of feedstocks including agricultural and forestry
residues and wastes. There are growing interests of developing
efficient biomass thermal conversion technologies worldwide to
combat climate change and provide the solutions for current en-
ergy crisis. Biomass thermochemical conversion processes includ-
ing combustion, gasification and liquefaction are employed for
power generation [2] and production of liquid biofuels [3-5],
chemicals [6,7] and charcoal [1,8-11] which can be used as acti-
vated carbon [12] for absorbent as well as domestic fuels. A good
understanding of the decomposition of biomass during thermo-
chemical conversion is important for developing efficient process-
ing technology.

It is known that the biomass is mainly composed of hemi-cellu-
lose, cellulose and lignin, which decompose at the temperature
range of 225-325, 305-375 and 250-500 °C, respectively [11].
The variation of constituent fractions in biomass gives different
thermal behaviour and products are generally from three catego-
ries, namely non-condensible gases, heavy volatiles (called tar)
and char [22]. Most reported studies about the kinetics of biomass
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decomposition [1,6,10,11,14-21] focus on pyrolyzing cellulosic
materials under inert atmospheres using either experimental or
theoretical methods. Di Blasi C [23] and Varhegyi [24] have given
good reviews about the kinetic schemes for thermal decomposition
of biomass and its constituents under inert atmospheres. Most re-
cent research is to study biomass decomposition in oxidative envi-
ronments and some work has been reported [13,25-28]. The
oxidative process is claimed to have two steps: the first step is vol-
atilization of the main biomass constituents and production of char
residue at low temperature; the second step includes the decom-
position of lignin and the combustion of the charcoal generated
in the early stage [28], which has considerable difference from
the inert atmosphere as the presence of oxygen causes additional
complexities, such as the enhancement of the decomposition of
the materials at low temperature and promotions of the char res-
idue combustion [25].

It is believed [25] that the kinetics of decomposition of biomass
under inert and oxidative atmospheres are influenced by different
equipment, experimental conditions (temperature, pressure and
heating rate), the physical properties of materials (moisture con-
tent and particle size) and the chemical composition of the solid
(three main constituents and inorganic components). The effects
of the above factors on the behaviour of biomass decomposition
under inert atmospheres have been mostly investigated while
there is not sufficient information available for oxidative environ-
ments. The purpose of this study is to obtain a good knowledge on
kinetics of biomass decomposition under oxidative atmospheres,
mainly examining the effects of heating rate to different biomass


mailto:s.gu@soton.ac.uk
mailto:ds1t07@soton.ac.uk
http://www.sciencedirect.com/science/journal/00162361
http://www.elsevier.com/locate/fuel

D.K. Shen et al./Fuel 88 (2009) 1024-1030 1025

Nomenclature

T temperature (K)

t time (s)

M mass (kg)

A pre-exponential factor (s71)

E activation energy (] mol™')

R universal gas constant (8.3145 ] mol~! K1)
Subscripts

s solid

i reaction or stage

0 initial
00 final or infinite
Greek letters

o mass fraction at time t
B heating rate (Ks™1)

species. The kinetics of this thermal decomposition is more related
to combustion process, therefore the work will contribute to the
development of efficient biomass combustion applications. Two
sets of experiments are carried out: the first set of experiments is
thermal decomposition of four different wood particles under an
oxidative atmosphere and analysis with thermogravimetric ana-
lyzer (TGA); and the second set is to use large size samples of wood
under different heat fluxes in a purpose-built furnace, where the
temperature distribution, mass loss and ignition characteristics
are recorded and analyzed by a data post-processing system. The
experimental data is then used to develop a two-step reaction ki-
netic scheme while the activation energy for the reactions of the
species under different heating rates is calculated.

2. Experimental setup

TGA experiment of solid fuel is performed using a Mettler
Toledo TGA/SDTA 8951E thermo analyzer under an oxidative
atmosphere. Four different wood samples, namely aspens, birch,
oak and pine tested in the experiment are tested and their proper-
ties are detailed in Table 1. It needs to be noted in Table 1 that the
sum of the element contents is not 100% since the sample of wood
is not pre-dried. The element content is obtained from a Mettroler
element and proximate analyzer. Through carefully sieving and
mortaring, the particles are reduced to less than 0.5 mm
(500 pm) to ensure the heat transfer rate within the kinetic regime
of the decomposition [22,24], and the initial mass of samples is

Table 1
Properties of the woods tested in the experiments.
Pine Aspens Birch Oak
Density (kg m—3) 509 514 796 844
Low heating value 16,805 18,793 15,475 18,872
(K kg ")
Proximate analysis (as received, %)
Moisture 12.9 8.19 11.39 8.78
Volatiles 71.49 80.37 74.36 76.82
Fixed carbon 15.31 11.03 13.49 14.16
Ash 0.3 0.41 0.76 0.24
Ultimate analysis (as received, %)
Carbon 41.89 45.84 44.41 45.37
Hydrogen 4.5 5.22 3.48 5.03
Nitrogen 0.22 0.36 0.27 0.28
Oxygen 40.19 39.97 36.65 41.29
Sulfur / 0.01 / 0.01
Ratio of C:H:O 1:1.29:0.72 1:1.37:0.65 1:0.94:0.62 1:1.33:0.68
(mol mol~)

Constituent analysis (%)

Hemi-cellulose 15.37 19.06 24.79 28.97
Cellulose 52.10 60.70 56.47 53.95
Lignin 27.45 14.80 12.17 9.43
Inorganic materials 5.08 5.44 6.57 7.65

kept less than 5 mg to avoid possible effect on mass and heat trans-
fer during the process of biomass decomposition [29]. The samples
are heated from 40 to 800 °C at heating rate of 10, 30, 60, 80 and
100 K min~!. During the experiment the reactor of TGA is flushed
with 60 ml min~"! air to maintain an oxidative atmosphere for ther-
mal decomposition of the particles.

The furnace experiment is carried out in a purpose-built pyroly-
sis and combustion system shown in Fig. 1. The wood samples are
made as flat panels with a surface area of 100 mm x 100 mm and
thickness of 15 mm. The sample is fixed horizontally with a sample
holder and heated by a cone-shaped calorimeter (supplying heat
flux from 0 to 80 kW m~2) under different atmospheric conditions
inside a 580 mm x 580 mm x 460 mm refractory steel furnace. As
shown in Fig. 1, only the top surface is subjected to uniform heat
flux from 20 to 60 kW m~2, while the other sides are insulated with
asbestos. Thermocouples are placed along the centreline with var-
ious depths below the surface such as 1, 7 and 14 mm. Two ther-
mocouples are placed in around the centre of solid surface at a
depth of 1 mm, where no significant reading difference is observed
between the two points during the experiment. Continuous mea-
surement of the mass loss of the solid is done by an electronic scale
connected to the sample holder. The temperature and the mass of
the solid including the sample holder are recorded every second.
Each wood is tested at least twice to reduce any possible error.

3. Results and discussion
3.1. TGA results

The TG curves for the samples under different heating rates are
obtained using Gaussian function for the original experimental
data from the thermo analyzer, then the DTG curves are achieved
by differentiating TG curve by temperature. The TG and DTG curves
for the four species under the heating rate of 10 K min~! are shown
in Figs. 2 and 3. It is apparent that the DTG curves are separated
into two stages with the first one in the range of 200-370 °C and
the second stage in the range of 370-490 °C. Different explanations
for the curves are available today. Bilbao et al. [25] claim that the
first stage is attributed to the volatilization of three main constitu-
ents and the stage two is assigned to the combustion of char resi-
due formed previously, which is further agreed by Fang et al. [28]
and Liu [30], and we are more inclined to this explanation. Safi
et al. [13] and Orfao [16] explain the mass loss phenomena as
the first stage caused by the combination of the totally decomposi-
tion of hemi-cellulose and cellulose and partially decomposition of
lignin, and the second stage corresponding to the decomposition of
the remaining lignin and combustion of the char residues. Appar-
ently, the presence of oxygen has caused the complexity, however,
it is agreed that the decomposition of hemi-cellulose and cellulose
mainly contributing to the mass loss of the first stage (200-370 °C).
It is also observed in Fig. 3 that there is a “shoulder peak” in the
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Fig. 1. Pyrolysis and combustion experimental system.
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Fig. 2. The TG curves of several species of wood under heating rate of 10 K min~".

first stage of the DTG curve at around 280 °C for aspens, birch and
oak, which is attributed to the decomposition of hemi-cellulose as
concluded in most studies [13,16,25,30]. However, the “shoulder”
peak is not obviously noticed on the DTG curve of pines, due to
its lowest content of hemi-cellulose among the four species. It is
known that hemi-cellulose is formed by different compositions of
the polysaccharides. Since 80-90 wt% of hemi-cellulose is com-
posed of 4-O-methyl glucoronoxylan for the deciduous wood (such
as birch and oak) whereas 60-70 wt% of glucomannan and 15-
30 wt% of arabinogalactan are contained in the hemi-cellulose of
coniferous wood (pine) [11], it is found by Ramiah [31] that the
hemi-cellulose of deciduous woods reacts faster than the conifer-
ous woods. Another explanation for the “non-shoulder peak”
DTG curve for pine (coniferous wood) could be that its hemi-cellu-
lose contains too much glucomannan and arabinogalactan, which
postpone the process of thermal decomposition of hemi-cellulose.
In that case, the peak of hemi-cellulose decomposition is concealed
by that of cellulose, while the temperature demarcation for hemi-
cellulose decomposition is overlapped with that of cellulose which
dominates the first stage of thermal decomposition of biomass. As
a result, the “shoulder peak” of DTG curve of pine disappears

Heating rate: 10 K min™!

0.8 1

DTG (% °C™")

Temperature (°C)

Fig. 3. The DTG curves of several species of wood under heating rate of 10 K min~".

[13,21,24,32]. The second stages of DTG curves for the four species
is noticeably different from each other as seen in Fig. 3 and the nor-
malized DTG peak values are varied from 0.4 to 0.8% K~' at a tem-
perature range between 420 and 460 °C (Table 2). That is mainly
caused by the different constituent fractions among four species
as shown in Table 1, especially the content of lignin (the significant
contributor for the production of char residue), leading to different
processes of char formation which directly affects thermal decom-
position of biomass in the second stage under an oxidative
atmosphere.

The TG and DTG curves for the four species under the high heat-
ing rate of 100 K min~' are shown in Figs. 4 and 5. Two stages of
thermal decomposition are also visible in the DTG curves where
the stage one is from 220 to 410 °C and the stage two is from
410 to 590 °C, both are in higher temperature ranges than that
those under the low heating rate of 10 K min~". It is interpreted
as that thermal decomposition under the high heating rate is af-
fected by the heat transfer inside the particles as a result of the
sharp temperature gradient between the particle and the sur-
rounding, as well as the kinetic regime [24,25,30]. Thus, the pro-
cess of thermal decomposition of biomass is postponed and the
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Table 2
The characteristic values of the DTG curve for the different species under the low and
high heating rate.

Heating rate  Species  The peak values of the DTG curve
P

. T(O TEO X%3C) %ECTH X ®

10 Pine 329 443 1.13 0.55 0.58
Aspens 321 415 1.23 0.79 1.63
Birch 323 428 1.29 0.85 1.26
Oak 325 450 1.29 0.44 1.03

100 Pine 367 486 0.82 0.14 1.48
Aspens 343 -- 0.87 -- 0.98
Birch 350 -- 0.80 -- 2.26
Oak 350 -- 0.84 -- 4.08

T; - temperature of the first peak of the DTG curve; T, — temperature of the second
peak of the DTG curve; X; - mass loss rate of the first peak of the DTG curve; X, -
mass loss rate of the second peak of the DTG curve; X, - the residue content of the
solid at the final temperature and “--" - not apparent.

Heating rate: 100 K/min
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TG (%)
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200 300 400 500 600 700
Temperature (°C)

Fig. 4. The TG curves of several species of wood under heating rate of 100 K min~".

Heating rate: 100 K min’!

Temperature (°C)

Fig. 5. The DTG curves of several species of wood under heating rate of
100 K min~".

peaks of the DTG curves shift towards the higher temperatures (Ta-
ble 2). The resemblance among the DTG curves for aspens, birch
and oak is due to similar constituent fractions. On the other hand,
the high content of lignin in pine decomposes in a much wider
range of temperatures and produces more char residue for the sec-
ond stage combustion, which gives rises to the different thermal
decomposition of pine in the second stage. No “shoulder peak”

phenomenon is noticeable in the first stage of the DTG curves
among all four species in Fig. 5. A possible explanation could be
that thermal decomposition of hemi-cellulose is greatly delayed
under high heating rates and the first stage phenomenon is over-
whelmed by the more reactive cellulose. Such suggestion needs
to be verified by more experiment for the thermal decomposition
of three constituents under different heating rate and will be car-
ried out in our future research.

3.2. Kinetic model

A two-stage reaction kinetic scheme is proposed for the thermal
decomposition of biomass under an oxidative atmosphere, repre-
senting the DTG curves described above. The kinetic scheme is
illustrated as the following two separate reactions in reference to
the work by Liu [30]:

A (Solid) — B (Char) + C1 (Gas) (The first stage)

B (Char) — C2 (Gas) + D (Ash)

The kinetics of the decomposition reactions are largely de-
scribed by first-order Arrhenius law [33,34]. The study by Liu
[30] concluded that the best linear regression of the Arrhenius
function is achieved when the order of the reactions of oxidative
pyrolysis of biomass is equal to one. Based on the above theory,
the kinetic parameters are calculated from the linear regression
curve with the correlation factors (almost all above 0.99). In this
paper, the process of thermal decomposition is divided into
two separate reactions and each is also governed by first-order
Arrhenius law [28].

The mass loss fraction o for the stage is defined as:

(The second stage)

Mio — M;
o = —F——7— 1
Mip — Mi @
The kinetics of the reaction is described as:
dO(i o
4 = kf) @)
where
k = Aexp(—E/RT) (3a)
foy=1-u (3b)
Eq. (2) could be transformed to:
da Kk
——=—dT 4
Fo) "B @

And then the process of thermal decomposition of wood under
an oxidative atmosphere could be mathematically described as:
do | =G Mg < o < My

b 5)
Myp-My, d (
dr Vo i Mao <0 < Mo

where Mjq is the initial mass of solid at the beginning of reaction i,
M. is the residue mass at the end of reaction i, 8 is the heating rate,
k is the reaction rate and the kinetic parameter activation energy E
and pre-exponential factor A.

An integration function of Eq. (4) is shown as below:

o T
g~ [ S22 [ exp-p/RT)aT ®)

To

Eq. (6) is integrated by using Caots-Redfern method [35]:

oft2] o[-}
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where
g(o) =—In(1 - o) (7Db)

As the term of 2§ can be neglected since it is much less than
one, Eq. (7a) could be simplified as:

nf]-n()1

The term of In [%] varies linearly with 1 as slope of the line is

—Ewhich is plotted in Figs. 6 and 7. Meanwhile, the intercept of the
line with y-axis is related to the pre-exponential factor A. Both the
activation energy E and pre-exponential factor A can be deter-
mined by the slope and intercept of the line. However, each step
of thermal decomposition of wood under an oxidative atmosphere
is considered to be a single reaction in this analytical method. Thus,
the calculated value of activation energy is an averaged value and
may be a little smaller than other methods [36].

The activation energy (E) for the two-step reactions of thermal
decomposition of different species under different heating rates is
calculated and compared in this study. The activation energy of the
first reaction for different species in the low temperature stage is
presented in Fig. 8. It could be found that the activation energy
of the first reaction for the species is not too much different from
each other and varied slightly (from 104 to 125 k] mol™!) as the
heating rate increased. Comparably, the activation energies for

pine: Low temperature stage
20+ O
18 1
=
=
3 16 o
—
E
= 144
12
10 —— T T 71—
1.5 1.6 1.7 1.8 1.9 2.0 2.1

T*10°

Fig. 6. The linear regression curve of In[In(1 — «)/T?] vs 1/T for the low temperature
stage.

Pine: High temperature stage

-In[In(1-0))/T’]

1.30 1.35 1.40 1.45 1.50 1.55
T *10°

Fig. 7. The linear regression curve of In[In(1 — «)/T?] vs 1/T for the high temper-
ature stage.

150 4 —0— Oak
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140 —2— Pine
—vw— Birch
~ 130 1
°
=)
— 1204
<
m
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100 4
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Fig. 8. Comparison of activation energy for the first stage reaction of the four
species under different heating rates.

2204
2004
1804
1604

1404
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100+

80 T
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Fig. 9. Comparison of activation energy for the second stage reaction of the four
species under different heating rates.

the second stage reaction among the species are observed more dif-
ferently under the lower heating rate (from 89 to 220 kj mol '),
and vary more narrowly when the heating rate increases (Fig. 9).
It may be interpreted that the heat transfer inside the particle is
enhanced as the heating rate increases, thus the reactivity of the
wood and its constituents is reduced in comparison to that under
lower heating rate at the same temperature. It needs to be noted
that the high heating rate will not give sufficient time for heat
transferred to the centre of the particle and leave high temperature
gradient within the particle. For the same surface temperature for
the particle, the low heating rate shows better reactivity of the
wood as the temperature gradient with the particle is more uni-
form. It is also found in Fig. 9 that the activation energies of the
second stage reaction for the species, except for pine, arrive to
about the same value (110 k] mol~!) as the heating rate increases.
This implies that the species with the similar constituent fractions
would undergo the similar process of thermal decomposition un-
der the high heating rate, as confirmed by the experimental analy-
sis before.

3.3. Furnace experiment

Thermal decomposition for large wood samples is studied un-
der an air atmosphere in the purpose-built pyrolysis and combus-
tion experimental system (Fig. 1). The effects of heat fluxes on the
behaviour of thermal decomposition (especially the temperature
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distribution and mass loss rate) of the biomass species are investi-
gated in this section.

The temperature distribution and mass loss rate of birch under
heat flux of 20 kW m~2 is shown in Fig. 10. It is found that the
wood sample begins to lose its water as the temperature exceeded
80 °C. Up to 240 °C, the solid has a slow weight loss in glassy tran-
sition, while the evolved gases are not ignitable. From 240 to
320 °C, the pyrolysis is thought to be endothermic, resulting in
evolution of mixtures primarily composed of carbon dioxide and
water vapor. From 320 to 450 °C, the wood specimen pyrolyzes
rapidly and the rate of release of flammable volatiles greatly in-
creases at around 500 s; in the mean meanwhile, more charcoal
is produced on the top surface layer and building up the resistance
to the heat transfer into the inner layers of solid. The structural
change is represented by the shrinkage and cracking in the char
layer at about 800 s [37,38], the pyrolysis of the solid inside accel-
erates and the bottom temperature starts to rise quickly, and then
the mass loss rate increases to reach the second peak at about
970 s.

The top surface temperature and mass loss rate of the sample
for four species under low heat flux of 20 kW m~2 are compared
in Figs. 11 and 12. It is found in Fig. 11 that the top surface temper-

Heat flux: 20 kW m™ 1
eat flux: 20 loe
600 T
| H0.14
—O— Mass loss rate |
500 =
6 — Top —0.12 o
s 1------Bottom 1 IS
o 400 40.10 ;/
— ~—
2 ] g
< -
g 300 ] 0.08 é
g H0.06 'z
E 200 . <
—0.04
100905 e d0.02
0 T T T T T T T T T T T — 0.00
0 200 400 600 800 1000 1200
Time (s)

Fig. 10. The temperature distribution and mass loss rate of birch under the heat
flux of 20 kW m~2.
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Fig. 11. The surface temperature of several species of woods under the heat flux of
20kWm2
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Fig. 12. The mass loss rate of several species of woods under the heat flux of
20 kW m2,
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Fig. 13. The surface temperature of several species of woods under the heat flux of
60 kW m—2.

atures increase at different rate as the thermal conductivities of
species vary [39,40]. For example, the top surface temperature is
290 °C for oak, 330 °C for aspens and birch, and 390 °C for pine at
the time of 300 s. The degree of thermal decomposition of the sam-
ples is very different as a result of variation of heat conduction in-
side the samples, which is shown by the mass loss curves for the
solid phase in Fig. 12. The different mass loss rate among the spe-
cies is contributed by two main factors: the first is the different
heat conduction process and temperature evolution history be-
tween the species; and the second is the different constituent frac-
tions. The process of thermal decomposition of the large size wood
samples under the low heat flux is influenced by the heat conduc-
tion as well as chemical kinetics [37], therefore, various species
have different results.

The top surface temperatures of the samples under high heat
flux of 60 kW m~2 are compared in Fig. 13 and the mass loss rates
are shown in Fig. 14. It is noted that the profiles for the top surface
temperatures and the mass loss rates among the species show very
similar trend. It could be explained that the thermal decomposition
of the solid under the high heating flux progresses rapidly within a
thin layer of solid surface, and combustible volatiles release
quickly and then generated a flaming ignition. The process is too
fast to be controlled by the heat conduction, possibly by abla-
tion-controlled mechanism as described by Martin [41]. In general,
the process of thermal decomposition for different species under
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Fig. 14. The mass loss rate of several species of woods under the heat flux of
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the high heat flux shares a similar trend while the difference
caused by constituent fractions is much less pronounced.

4. Conclusions

The thermal decomposition of different species of wood under
an oxidative atmosphere was studied both experimentally and the-
oretically. A summary of findings are as follows:

(1) The TGA experiment confirms the previous report that the
process of thermal decomposition of wood under an oxida-
tive atmosphere is divided into two stages: the first stage
is considered to be volatilization of the constituents and
the second stage is contributed to combustion of char
formed in the initial stage.

The “shoulder peak” in the first stage of DTG curves is
noticeable for the three species of deciduous wood under
the low heating rate, but disappears as the heating rate
increases. The “shoulder peak” of the DTG curves cannot
be found for coniferous wood such as pine, due to its low
content of hemi-cellulose and the composition of its hemi-
cellulose not as reactive as that of the deciduous woods.
Under the high heating rate, the process of thermal decom-
position of the species with similar constituent fractions
shows good resemblance in both the first and second stages.
It is further confirmed by the two-stage reactions kinetic
scheme proposed for the process. The activation energy of
the first stage reaction for different species varies slightly
at high heating rate, while the activation energy of the sec-
ond stage reaction for the species ranges from 89 to
220 k] mol~! at the low heating rate. The activation energy
for the deciduous wood species tends to converge to a sim-
ilar value (110 k] mol~!) during the second stage as the heat-
ing rate increases.

In furnace experiment, the process of thermal decomposi-
tion of large size wood is found to be different from each
other under the low heat flux, while the process is influ-

—~
N
—

(3

~—

(4

~—

enced by both heat conduction and kinetic regime. Under
the high heat flux, the process of different species with the
similar constituent fractions shows a good resemblance as
the process may be ablation-controlled.
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