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Abstract

Owing to the serious natural ageing phenomenon of ancient wooden buildings, to better explore the effect of drying and wet
ageing degree on the exothermic behaviour of wood combustion, firstly, wood treated with different degrees of dry and wet
ageings was obtained by artificially accelerating the dry and wet ageing method. The pore characteristics, along with the
capacity of the heat transport of wood treated and wood combustion heat flow with different dry and wet ageing degrees,
were analysed by scanning electron microscopy, thermophysical property, and thermal analysis test. Finally, according to
Friedman’s differential equivalent conversion method, the reaction process of the distribution of apparent activation energy
of wood in various exothermic stages was computed and appraised, revealing the mechanism of the effect of the wood treated
with dry and wet ageings on thermal reaction process. In the accelerated exothermic stage, the initial dry and wet ageing
process (10 to 30 times) led to the opposite change in the trend of the apparent activation energy of wood and the fresh
wood as a whole. The effect of the dry and wet ageings on the energy demand of the oxidation reaction at the end of prompt

exothermic stage could decrease with the deepening of the ageing degree.

Keywords Ancient wooden buildings - Heat flow - Thermal analysis - Apparent activation energy - Exothermic

characteristic stages

Introduction

With economic development and social progress, the tour-
ism business related to ancient buildings has been over
developed, and the fire safety problem has become increas-
ingly prominent. Fire is not only one of the main forms
of ancient building disasters, but also the dominant factor
inducing the complete destruction of ancient buildings. In
recent years, thousands of such fire accidents have occurred
worldwide [1], causing irreparable heavy losses. Because of
the long existence of wooden ancient buildings, their wood
has a serious ageing problem due to the harmful influence of
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natural factors. Among these factors, the water in the atmos-
pheric environment has an intense influence on wood. The
long time ageing phenomenon leads to a change of wood
ignition and combustion mechanism. This can further affect
the fire spread process.

To date, numerous scholars have conducted relevant
research into the ageing characteristics of wood. Si et al.
[2] studied the basic mechanical properties of wood fibre
materials after the thermal oxidation ageing treatment was
artificially accelerated. Liu et al. [3, 4] looked into the age-
ing behaviour of the surface of the wax by means of simulat-
ing natural ageing experiments. Irmouli et al. [5] discussed
the interference of ultraviolet absorbents on the durability
of oak and spruce through artificial accelerated ageing test.
Boratynski et al. [6] simulated the natural climate to better
study the ageing behaviour. Based upon the results, the com-
pressive strength and density of wood decreased substan-
tially during the ageing process. Liu et al. [7] into the ageing
behaviour of wood through a variety of artificial accelerated
ageing methods indicated that its ageing process was greatly
affected by light and temperature. Liu et al. [8] probed the
effects of sunlight and artificial light on wood ageing. Bao

@ Springer


http://orcid.org/0000-0002-4318-8934
http://crossmark.crossref.org/dialog/?doi=10.1007/s10973-023-12828-4&domain=pdf

2218

J.Song et al.

et al. [9] and Garcia et al. [10] explored the surface col-
our, luster, roughness, and wettability of wood. To that end,
they accelerated the ageing conditions of the wood through
ultraviolet radiation heat treatment. Matsuo et al. [11] com-
pared the characteristics of colour of aged wood samples
obtained from historical buildings with those heat-treated
samples obtained from new wood at 90 to 180 “C. Lovaglio
et al. [12] delved into the hydrophobic effect and chemical
alter nation of wood surface properties under the action of
thermal treatment and alkyl ketene dimer before and after
the artificial accelerated ageing test. Besides, Pei et al. [13]
investigated the hygrothermal ageing behaviour of carbon
fibre/bismaleimide (BMI) composites. Kranitz et al. [14]
conducted different types of ageing experiments on wood.
According to their study, we can have a better understanding
of the alternations in properties after ageing. The conclusion
drawn is that long-term ageing can possibly affect the burn-
ing characteristics of wood.

Bach et al. [15] compared the impact of dry and wet car-
bonisation on wood combustion kinetics. Sand et al. [16]
experimented the pyrolysis process of dry and wet wood
logs in a cylindrical heating chamber. To establish a drying
simulation model, Salin et al., Cai et al. and Haberle et al.
[17-19] studied the process of water migration and diffu-
sion during the wood drying process. Thybring et al. [20]
analysed the influence of the first drying on the wood cell.
Osawa et al. [21] conducted water adsorption and drying
tests on wood and evaluated the profile moisture content dis-
tribution of samples. As revealed by Kumar. [22] under the
proper moisture content, the strain and moisture adsorption
shrinkage coefficient of wood after the drying process can
possibly reach a minimum. Brys et al. [23] studied the water
content change of pine during the holistic drying.

Giindiiz et al., Bhuiyan et al., Akguel et al., Yin et al.,
Jalaludin et al., and Ding et al. [24-29] analysed the various
effects of thermal treatment on wood. They appraised the
changes of physical parameters, such as dimensional stabil-
ity, crystallinity, moisture absorption and micro mechanical
properties. Also, to better scrutinise the interaction process
of wood and water through the combination of experi-
ment and theory, Zhang et al., Mantanis et al., Engelund
et al., Callum et al., and Miyoshi et al. [30—34] assessed the
adsorption behaviour, equilibrium moisture content, wood
type, and other main influencing factors. Tsyganova et al.
[35] looked into the clustering behaviour of moisture in
the process of water adsorption in wood. They found that
the cluster size could increase sharply with the increase of
temperature under near saturated humidity. As suggested
by Upadhyay [36], the equilibrium water content of soaked
wood was higher than that of ordinary wood in terms of
adsorption and desorption.

To date, the research on wood combustion characteris-
tics has also attracted the attention of numerous scholars. In
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the investigations of Kaiyuan et al. [37] and Xu et al. [38],
for example, they described and explained the phenomenon
and reason of wood burning in detail through cone calo-
rimetry test. Boiger [39] and Wadhwani et al. [40] probed
the combustion model of wood. They acquired the kinetic
mechanism function of wood pyrolysis. Jin [41] used a cone
calorimeter to test the combustion performance of hard pine
treated with phosphorus nitrogen mixed additives. Maake
et al. and Wang et al. [42, 43] experimentally investigated
the ageing degree, combustion dynamics and the alter rule
of combustion of ancient wood. Song et al. [44] explored
the high temperature and ignition behaviour of Hemlock
impregnated with carbon nanomaterials.

To sum up, the predecessors have conducted numerous
researches into the changes in wood properties and their
combustion characteristics, but little attention has been
given to the burning process of ageing wood. The same is
the case for the thermal phenomenon of ageing wood. With
this in mind, the focus of this study was on the exothermic
behaviour of ageing wood. First, wood treated with various
alternate dry and wet ageing (DAWA) degrees was obtained
by the artificial acceleration of the alternate DAWA method.
The assessment of the pore characteristics and heat transport
capacity of wood with various DAWA degrees was made by
scanning electron microscopy (SEM) and a thermophysical
property test. Furthermore, the investigation into the devel-
opment of wood combustion heat flow with the degree of
DAWA was made by means of thermal analysis, and the
effect of heating rate on the thermal energy release of ageing
wood was examined. The characteristic exothermic stages
of wood treated under various DAWA degrees were deter-
mined, and the effects of dry and wet ageing degrees on the
exothermic characteristics of wood were clarified. Moreover,
according to Friedman’s differential equivalent conversion
method, the distribution of apparent activation energy of
wood in various exothermic stages involved in the reaction
process was reckoned and assessed. Finally, the mechanism
of the effect of alternate DAWA on wood exothermic reac-
tion was revealed as well.

Experimental methods

The artificially accelerated experiment of alternate
DAWA

The method of alternate DAWA is a physical ageing pro-
cess in which polymer molecules gradually return to equi-
librium state under the alternate action of adsorption and
desorption of water in wood. Therefore, this study heavily
depends on the aforesaid standard to better carry out the
artificially accelerated ageing simulation of wood with
the consideration given to the two main aspects of water
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adsorption and desorption. Because the problem of the
use of the ancient building woods over a long time span,
the evolution degree of natural environmental behaviour
suffered is more intense. Therefore, based upon the similar
ageing process from which the existing ancient building
wood suffered, this study determined the test method for
the water adsorption and desorption of wood by refer-
ring to the criteria of extreme simulated environmental
behaviour. First, the wood was soaked in water for almost
10 h before, then was placed in a drying oven heated to
100 C for 6 h. This is commonly defined as an alternating
DAWA. In this paper, the degree of the alternating DAWA
was measured by the number of artificially accelerated
alternate DAWASs. Thus, the greater the number of dry
wet alternate ageings, the deeper the dry wet ageing. One
sample every 10 times was alternately taken as the experi-
mental sample in this study.

The proximate analysis results are recorded in Table 1.
All indicators do not show monotonicity with the deep-
ening of DAWA. In the early stage of DAWA, the mois-
ture content of wood varied greatly, and when the ageing
activity accelerated, the moisture content of wood varied
slightly. The hydrophilic groups of wood decreased with
the alternating DAWA, which resulted in complete loss of
free adsorbed water. On the other hand, in the process of
desorption, some polysaccharides of hemicellulose under-
went splitting reaction. This caused the water adsorption
point of wood to decrease, and so the permeability altered.

Test by field emission-scanning electron microscopy

In the course of this research, FEI Quanta 250 scanning
electron microscope was employed to record the apparent
morphology of the experimental samples. When compared
with tungsten filament SEM, this SEM can better avoid the
damage caused by radiation to the samples. Furthermore,
this microscope has higher resolution, so it is relatively
applicable to the observation of nanoscale pores. In this
experiment, the sample was examined and tested with
1000 times magnification.

Table 1 DAWA wood proximate analysis results

Type of wood DAWA degree M, /% A,/% V% FC,/%

Pine FW 9.09 0.17 79.60 11.14
10 times 4.63 0.27 8248 12.62
20 times 5.71 0.30 81.76  12.23
30 times 4.55 0.27 8291 12.27
40 times 4.54 0.22 8246 12.78
50 times 4.71 0.18 82.09 13.02
60 times 4.26 032 80.08 15.34

Thermal property experiments

Our test was mainly based upon the thermal diffusion
coefficient model proposed by Tanaka [45], Mendez et al.
[46], and Majka et al. [47]. The thermal conductivity was
tested with a laser flash device. The tableting device was
used to press the sample for its use, and the thickness of the
sample was 1 mm. As planned, the test temperature range
was 30-210 °C and a temperature collection point posed
set every 20 °C. The atmosphere was air, the flow rate was
kept constant at 100 mL min~!, and the heating rate was

1 °C min~".

Differential scanning calorimetry (DSC) experiment

DSC was employed to conduct the experiment. First, atmos-
pheric air was used in the experiment. The flow rate was
maintained at 100 mL min~'. The sample dosage was 10 mg,
and the temperature test range was 30-600 °C. Finally, the
heating rate was 10, 20, 30, and 40 C min~!, individually.

Results and discussion
Appearance features of ageing wood

Figures 1 and 2 depict the appearance of fresh wood (FW)
and wood under 10, 20, 30, 40, 50, and 60 times of DAWA.
The pore boundary of both the FW and the DAWA wood
was “messy”’. In addition, the pore distribution was irregular,
and the sizes were distinct. The pore structure was irregular,
as they were all shaped honeycomb shape. The local struc-
ture of the ageing wood collapsed to varying degrees. The
surface was torn to a large extent. Moreover, the thickness
of the secondary wall of the cell wall became prominently

Fig. 1 SEM view of FW
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Fig.2 Wood SEM view of
different DAWA degrees: a 10
times, b 20 times, ¢ 30 times, d
40 times, e 50 times, and f 60
times

40 times

thinner, and almost all of the intercellular layers were sepa-
rated from the secondary wall.

Under the influence of environmental temperature
changes, the wood expanded and shrank. The porous
microstructure of the DAWA wood was more obvious than
that of the FW. When the ageing degree of the dry and wet
alternation varied greatly, water adsorption and desorption
constantly occurred. Meanwhile, the mechanical absorp-
tion creep stress of wood cell walls continued to increase,
thereby leading to cracks in the surface of the cell wall. In
the process of water absorption, instantaneous water as
well as instantaneous hydrogen bonds were yielded in the
wood cell wall. This destroyed the equilibrium state of wood
polymer and so generated temporary local stress in the cell
wall. During desorption, some polymer molecules tended
to gather close together after the adsorption hydrolysis and
adsorption left the cell wall adsorption point. On the other
hand, as water molecules left the cell wall, they tended to
form holes in the cell wall. This not only enabled a certain
amount of free volume to be generated but also allowed the
structure of the cell wall layer a chance to relax. In addition,
pine is a type of softwood because it cracks and deforms
readily, so the mechanical adsorption creep stress can pos-
sibly have a substantial impact. Weak cracks appeared when
it was ageing 20 times, and they expanded laterally when it
was ageing 30 times. Moreover, the internal space increased
substantially for 40 times, and the crack depth increased sig-
nificantly when 60 times. This was accompanied by numer-
ous weak cracks.

Analysis of the thermal transport characteristics
of DAWA wood

Thermal conductivity was used to characterise the effect of
DAWA on the transport of wood heat. In general, the change
in the trend of the thermal conductivity of DAWA wood was
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60 times

50 times

similar to that of the FW, because it showed a downward
trend, as illustrated in Fig. 3. Clearly, there is a critical point
for both the FW and the DAWA wood. This was utterly due
to the continuous emissions of water vapour and volatile
gases from wood tissue after the critical point is exceeded
because the transfer of its energy mainly takes place in the
gas phase.

As presented in Figs. 4 and 5, with the continuous
increase in the cycle times of water adsorption and desorp-
tion in the wood, the cell pores mostly depended on the joint
action of the elastic stress and creep stress, and the thermal
transport capacity of the wood presents an “S” type change
law when ageing was accelerated. At 40 times, the mechani-
cal creep adsorption stress of wood reaches the ultimate and
could be the strength under experimental conditions. The
connection between the thermal conductivity of the wood
and the degree of the DAWA at several temperatures was
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Fig.5 Relationship between the thermal conductivity and the DAWA
degree of wood under various temperature conditions

described by the sine damping function. Meanwhile, the
coefficient of the fitting function is provided in Table 2.

As depicted in Fig. 5, the damping of the heat transport
gradually increases with the degree of ageing. This was
because the cell wall had a certain degree of toughness.

On the other hand, the creep strain during the mechani-
cal adsorption was a type of permanent strain. This type
of strain existed in the wood during the alternation of dry
and wet, and so it tended to become stable after reaching
the maximum value with the deepening of ageing. The pore
deformation under the influence of two types of stress dem-
onstrated periodicity and damping, respectively. This is sim-
ilar to mechanical vibration. The vibration system is subject
to medium resistance, and which can make the amplitude
gradually attenuate with time, and so a damped vibration
can be observed [48, 49]. Because both the cell wall and the
pore of wood were deformed by the damping stress during
the alternation of DAWA, and the molecular diffusion pro-
cess was directly affected by the pore shape; the heat trans-
port process was also changed with the pore deformation.
Although the wood cell wall underwent the stress limit and
irreversible plastic deformation during 40 ageing cycles, its
damaged cell wall slowly returned to the equilibrium state
with a certain mechanical energy. Accordingly, the wood cell
experienced local stress and creep effect again in the further
adsorption—desorption cycle. Therefore, with the deepening
of DAWA, the overall thermal conductivity illustrated an
upward trend at 50 and 60 times.

Analysis of heat flow evolution characteristics

The wood heat flow curve with various DAWA degrees
is exhibited in Fig. 6. This section mainly dealt with the
investigate of the effect law of the evolution of wood heat
flow through the two aspects of the heat flow characteristic
peak as well as the continuous temperature range of differ-
ent stages.

By referring to the division of wood ignition and com-
bustion stages by predecessors, this study divided the DSC
curve change in the trend of wood combustion process into
four stages: dehydration, volatile precipitation, volatile com-
bustion, and carbon oxidation [50, 51].

Effect of heating rate
During the data analysis process, it was found that there was

a decreasing stage in the heat flow curve under the condition
of 40 °C min~!, as shown in Fig. 7. Therefore, the derivative

Table 2 Coefficients of the

fitting function Temperature /°C y, w ty A R?
30 0.111 32.61 25.84 20.65 0.114 0.848
50 0.108 30.20 23.62 23.54 0.085 0.895
90 0.107 29.93 23.81 21.89 0.094 0.858
130 0.105 27.80 21.20 25.44 0.088 0.994
150 0.098 28.88 24.25 32.32 0.055 0.947
170 0.094 28.44 23.25 28.55 0.056 0.994

@ Springer



2222

J.Song et al.

[’}
1

= 0.2

Fig.6 Heat flow was separated
along with the temperature
- 0.02
change stage tested by DSC 10 .
n
=) - 0.01
g 3 0.0
=
§ -~ 0.00
g ¢ 0.1
= _
=
< 4=
gy —02 7] 001
Q
9%}
|, -03 - —0.02
0F Stage 1 Stage 2 Stage 3 Stage 4 - -04 4 -0.03
L 1 1 L 1 L 1 L 1
0 100 200 300 400 500 600
Temperature/°C

of the curve was obtained, and the temperature range of the
wood heat flow curve under various ageing degrees that
continued to decline is shown in Table 3. It can be found
that the initial temperature drop point was basically after
the complete evaporation of water, indicating that the reduc-
tion in heat flow was mainly caused by the process of wood
pyrolysis and volatilisation analysis. The DAWA process had
a significant influence on the volatilisation process of wood
pyrolysis gas. In addition, the temperature point at which
the heat flux of dry- and wet-aged wood begins to decrease
was smaller than that of new pine wood, while the tempera-
ture point at which the heat flux of dry- and wet-aged wood
decreased became relatively small, indicating that the effect
of DAWA on the thermal reaction process of wood was lim-
ited and continuous at 40 °C min~".

From the perspective of sustained temperature, the initial
DAWA process narrowed the temperature range of heat flow
decrease, while at 40 and 50 cycles, its temperature range
increased, indicating that although the effect of DAWA was
irreversible. As the degree of DAWA deepens, the range
of temperature fluctuations that continued to decrease in
heat flow was fixed. Based upon experimental data, it was
speculated that the cycle of fluctuations was between 20 and
30 cycles, raising questions. Why were there reciprocating
fluctuations? The authors believe that this is related to the
pore size and thermal reaction process inside the wood. The
DAWA process promoted the expansion of wood pores,
enhancing energy transport. Secondly, the impact of the
thermal reaction process was mainly the consumption and
generation of the internal micro-structure of wood.

It can be seen that the reason for the short duration
of temperature in the early stages of DAWA was due to
the small loss of tissue structure inside the wood, which
would not affect the progress of the thermal reaction pro-
cess of wood. When the degree of DAWA was deep, the
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continuous drying and moisture absorption process led to
the continuous consumption of active tissues that could
participate in the reaction inside the wood, resulting in the
absence of functional groups that could participate in the
reaction during the thermal reaction process, thus increas-
ing the continuous temperature range. As a result, there
was a reciprocating phenomenon where the continuous
temperature range decreased and then increased.

From the analysis of basic physical properties, the
alternation of DAWA could ameliorate the change in the
strength of the pore thermal conduction of the wood. Fur-
thermore, plastic creep could occur in the cell pores at the
initial stage of wood absorption—desorption cycle, and the
free volume tended to increase. This could promote energy
transport. The creep deformation reached the limit after
the stress in the pores reached the limit, and internal crack-
ing occurred. This further caused not only the molecular
movement to be blocked, but also the heat flow transmis-
sion to be slowed. Therefore, we can see that the tempera-
ture range of the heat flow decrease during the initial dry
and wet alternate ageing (10-30 times) was diminished,
while the temperature range is increased again after 40
and 50 times. Second, the influence of the thermal reaction
was also related to the consumption of the group struc-
ture on the wood in the adsorption—desorption cycle. It
can be observed that the loss of the tissue structure in the
wood at the initial stage was small, which would not affect
the advancement of the wood thermal reaction. However,
when the DAWA degree was deep, the continuous adsorp-
tion—desorption process could lead to the continuous con-
sumption of active tissue. This causes a reduction in the
participation of the groups in the reaction to occur, and
so the continuous temperature range was increased. Thus,
after the continuous temperature range decreases first, it
can possibly increase, so reciprocation can appear.



Study on the evolution of thermal behaviour of dry and wet ageing wood with ageing degrees

2223

Heat flow/mW mg '

Heat flow/mW mg'

Heat flow/mW mg !

=
S

=y
S

o
S

=
=3

w
=3

)
S

o
<

%3
=

IS
o

[
=N

&)
3

o

N
S

v
S

IS
S

w
=]

)
S

=5

56 |-
—=— 10°Cmin"  JEgxo ? (b)
48 [ |—e— 20°Cmin’'
—a— 30°Cmin’'
— 40 L
o +— 40 °C min
= 32
z
E
z 24 |
5}
&
S 6|
jas)
8
0F
_8 1 1 1 1
0 100 200 300 400 500 600
Temperature/°C
60
= 10°C min’' (d)
50 L . Exo ?
—e— 20 °C min
4 30°Cmin’'
Ten 40 40°C min’
g
% 30 -
E
)
=
s 20
3
jesi
10 -
0+
1 1 1 1
0 100 200 300 400 500 600
Temperature/°C
50 (—=— 10°C min"' A
L Exo ? (f)
—e— 20 °C min
40 L 30 °C min'
- —v— 40 °C min’'
=l
g
= 30
£
z
5]
= 20 |
5]
3
jesi
10 -
0+
1 1 1 1

0 100

600

Temperature/°C

Exo ?

(€]

[ 10 °C min™'
L |—e—20°C min™ Exo ? (a)
—a— 30°Cmin"
M |—v—40°Cmin"
1 1 1 1 1
0 100 200 300 400 500 600
Temperature/°C
—*— 10°C min"' Exo ? X (c)
- [—*— 20°Cmin"
—a— 30°Cmin’’
B — v 40°C min”
1 1 1 1 1
0 100 200 300 400 500 600
Temperature/°C
| |—=— 10°Cmin" (e)
—e— 20°Cmin" Exo ?
I |—a— 30°Cmin’'
v 40°C min”'
1 1 1 1 1
0 100 200 300 400 500 600
Temperature/°C
00 e 10°C min"
—e— 20°Cmin’
50 -
—a— 30°Cmin’
o 40 °C min™'
'on
g
= 30 [
£
Z
2 20
5]
L
T o0
0F
~10 1 1
0 100 200

300

400 500

Temperature/°C

600

Fig. 7 Heat flow curve of different DAWA degrees woods: a FW, b 10 times, ¢ 20 times, d 30 times, e 40 times, f 50 times, and g 60 times, tested by DSC

@ Springer



2224

J.Song et al.

Table 3 Continuous temperature range during the decreasing phase
of heat flow value for various DAWA degrees under 40 °C min~!

DAWA degree Temperature range/°C ~ Continuous
temperature/°C
FW 167-244 77
10 times 159-220 61
20 times 158-221 63
30 times 161-219 60
40 times 155-243 88
50 times 157-244 87
60 times 156-224 68
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Fig.8 Peak temperature of volatile combustion varied with DAWA
degree tested by DSC

Evolution of heat flow characteristic peak
with the degree of DAWA

The first peak of the heat flow curve represents the volatile
combustion stage, which is mastered by the thermal decom-
position of hemicellulose, cellulose, and some lignins. As
depicted in Fig. 8, governed by the influence of the pore
thermal diffusion property, with the deepening of DAWA,
the change of the peak temperature in the trend of the test
wood at different heating rates was basically consistent.
The maximum temperature is observed at 20 times because
the wood undergoes dehydration. At 20 times, the thermal
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transport capacity of pine was in a low state, and the reac-
tion process lasts for a long time. Meanwhile, the tempera-
ture also increased. The second extreme value appears at 50
times because after the creep limit of the cell wall, internal
cracking occurs and the thermal conduction capacity of the
wood is curtailed.

Because of the change in the pore thermal transfer char-
acteristics caused by the alternate of DAWA, the sensitivity
of the wood to the thermal environment was altered. As the
heating rate increased, the peak temperature of the wood
with various DAWA degrees gradually changed. Thus, this
peak temperature changed from the temperature less than
that of the FW to the temperature O more than that of the
FW. At the low heating rate, the peak temperature of both
DAWA wood is weaker than that of the FW, and the peak
temperature is advanced. When the heating rate is too fast,
the DAWA effect acted as a factor through which the occur-
rence of the peak temperature could be forestalled. Simply
stated, the sensitivity of the DAWA effect was lessened, and
the tardy phenomenon occurred. Therefore this increased
the time required for burnout. Clearly, the aforementioned
can be mainly due to the influence of DAWA on volatile gas
of wood pyrolysis. On the one hand, when the heating rate
became low, the entire thermal reaction process can last for
a long time. However, ageing could enhance the strength
of the thermal transport, so the reaction rate increased.
Moreover, the generated pyrolysis gas was faster, and the
peak heat flow was reached earlier. Meanwhile, because
of the continuous loss and consumption of the chemical
structure, it was easy to participate in the reaction during
the dry wet alternate ageing, and the threshold value of the
pyrolysis gas generated in the thermal reaction was large.
But this requires more energy and cannot fully reacted in a
short time. Accordingly, this causes its peak temperature to
become higher than that of FW when the temperature rise
rate was fast.

As can be seen from Fig. 9, under diversified heating
rates, the characteristics of volatile combustion peaks are
inconsistent with the deepening of DAWA. Only observed
at 30 °C min~!, the peak value of different DAWA wood
was higher than that of the FW. Because of the hysteresis
of the pore thermal transfer, 10 and 20 °C min~! were simi-
lar, and both increased or decreased monotonically with
the deepening of ageing degree. The test result derived
from 30 “C min~! was consistent with that obtained from
40 °C min™", and it basically fluctuated horizontally with the
deepening of the DAWA. Therefore, the fluctuation ampli-
tude of the peak strength could alter wood porosity, which
would slowly weaken.

The second exothermic peak mainly resulted from the
exothermic reaction of carbon oxidation. As clearly alterna-
tion in Fig. 10, under the multifarious heating rates, with the
deepening of the DAWA, the change in the trend of the wood
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charcoal combustion peak temperature was basically consist-
ent, but the fluctuation amplitude was quite different. Appar-
ently, except for the heating condition of 20 ‘C min~!, the
peak temperature of the wood under various DAWA degrees
was lower than that of the FW under other heating rates.
The peak temperature of DAWA wood is lower than that of
the FW at the early stage of ageing due to the substantial
reduction in the moisture content. In spite of this, with the
deepening of the DAWA, the peak temperature gradually
reaches that of the FW. At various heating rates, the peak
value of the wood curve appears at 50 times of the DAWA.
The DAWA could enhance the thermal transport capacity
of the wood in the carbon oxygen thermal reaction stage,
as shown in Fig. 11. Although the change in the trend of
the wood at various heating rates was inconsistent, the dif-
ference between the peak value of wood and FW gradually
increases with the deepening of DAWA. In addition, it was
consistent with the change in the trend of peak temperature;
that is, the change trend of heat flow peak at multifarious
heating rates is consistent at 40—-60 times.

Influence of DAWA degree on continuous
temperature range in different stages

A further comparative analysis of the continuous tempera-
ture range in different reaction stages was made (Fig. 12).
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Fig. 10 Peak temperature of carbon combustion changed with the
DAWA degree tested by DSC
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It should be noted here that although affected by the heat-
ing rate, the stage division under the conditions of 10 and
20 °C min~! was divided according to the previous analy-
sis. The temperature point at the end of water evaporation
at 30 and 40 °C min~! was selected, while the temperature
point with the growth rate of heat flow of 0. Meanwhile,
the selection principle of other stages was consistent with
10 °C min~'. Under the condition of 10 °C min~!, the end
temperature points of the volatile matter in the separated
stage of the DAWA wood were relatively close. At the same
heating rate, the temperature of the end thermal energy
release of the DAWA wood was lower than that of the FW.
From a macroperspective, this helped not only shorten the
burning time but also increased the thermal reaction rate.

It can be observed from Fig. 12 that, under the effect of
water evaporation and porosity, the continuous temperature
changed law of the water evaporation stage was different
when the deepening of DAWA degrees changed under dif-
ferent heating rates. Under the same heating rate, the range
of the continuous temperature of the DAWA wood during the
volatile precipitation is smaller than that of the FW. At the
beginning of the DAWA process, the continuous tempera-
ture of 10 and 30 “C min~! decreased rather expeditiously.
Specifically speaking, this basically took place for 30 times
before the temperature range changes started rebound. Under
different heating rates, with the deepening of the DAWA
process, the overall change in the trend of the temperature
duration during the volatile combustion stage of wood was
consistent, and the temperature duration was the minimum
at 30 times. Except for the condition of 40 °C min~', at other
heating rates, the continuous temperature range of volatile
combustion stage reached the maximum value at the 50th
time.

In the early stage of ageing, the continuous temperature
range of the volatile combustion stage changes slightly.
Noticeably, at the 40 C min~!, the continuous temperature
range of the volatile combustion stage hardly changed under
the 40th—60th times of DAWA. This suggests that when the
heating rate was large enough, the impact of DAWA on
the continuous temperature range of this stage gradually
decreased. As shown in Fig. 11, the DAWA narrowed the
continuous temperature range of wood in the carbon burning
stage. Undoubtedly, at 30 and 40 °C min~!, with the deep-
ening of the DAWA process, the stage duration basically
changed horizontally, and at 40 °C min~!, it started from the
10th time. While at 30 °C min~!, it commenced from the
30th time. With the increase of the heating rate, the fluctua-
tion of the temperature duration of the carbon combustion
stage in the dry and wet alternate ageing was gradually less-
ened. In general, the effect of heating rate on the evolution
of DAWA wood in various heat flow stages was consistent.
With the consideration given to the continuous temperature
range of each stage of the reaction, the principle influence

stage that caused the reaction of DAWA wood to advance
was the second stage. This was mainly due to the less vola-
tile gas released from the pyrolysis of DAWA wood in the
second stage. Also, the increasing difficulty of thermal reac-
tion resulted in the increased continuous temperature range
of volatile combustion reaction in the third stage.

Analysis of DAWA degree on wood thermal energy
release

The influence of the various DAWA degree on the character-
istics of thermal energy release from the wood was mainly
analysed from four aspects: The thermal energy release
curve, the stage characteristics, the total thermal energy
release, and the thermal energy release ratio of different
thermal energy release stages.

Analysis of thermal energy release change
with temperature

Converting the horizontal coordinate of the heat flow curve
to time and integrating the curve yielded the change in the
release of the thermal energy during combustion of DAWA
wood, as rendered in Fig. 13. The exothermic process of
both the wood with different degrees of wet and dry ageing
and the FW shared similar patterns. At the initial stage of
the experiment, the amount of thermal energy release was
extremely small, and the amount of thermal energy increases
slowly with the increased in temperature. Obviously, there
was an excessive period of thermal energy release growth
pattern between 330 and 360 ‘C. When the temperature was
less than 330 °C, the amount of thermal energy released all
increased exponentially with the increased of temperature,
and the difference between the release of the thermal energy
of the FW and the DAWA wood gradually became larger.
When the temperature was greater than 360 °C, the differ-
ence between the release of the thermal energy of various
wet and dry ageing wood maintained a certain range. When
the temperature was greater than 360 ‘C, the release of the
thermal energy increased linearly. In addition, the difference
between the release of the thermal energy of the DAWA
wood remained within a certain range.

Under the heating rate of 10 C min~!, the thermal
energy of the different DAWA woods cross each other
as the temperature rose. This showed different growth
characteristics within different temperature stages. At the
temperature lower than 200 °C, the release of the ther-
mal energy of DAWA wood is lower than that of the FW.
When the temperature transitions started from 340 to
360 °C, the release of the thermal energy from the wood
treated with the DAWA method for 60 times was gradually
greater than that of the FW. Also, the wood treated with
the DAWA process for 40 times showed the lowest thermal
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energy release. As can be seen from the previous section,
the thermal diffusion capacity of the wood was gradually
weakened when treated with the alternate DAWA for 50
times; the release of the thermal energy from the wood
treated with the DAWA process for 50 times is always
smaller than that of the other types of woods treated with
the DAWA process after the change in the patterns of the
release of the thermal energy. This was influenced by the
significant reduction of moisture at the beginning of the
alternate DAWA, and the release of the thermal energy
from the word treated with the DAWA process for 20 times
was always larger than that of the other types of woods
treated with the DAWA process. It was therefore clear that
the change in the release of the thermal energy for the
wood treated with the DAWA process between 20 and 50
times could be obvious. In addition, the amount of the
variation in the release of the thermal energy from the
wood treated with the DAWA can be possibly determined
as the threshold value for the amount of the release of the
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thermal energy through which the wood treated with the
DAWA process could be affected. In addition, the amount
of the release of the thermal energy from the FW is mainly
found not only in the middle of all the multifarious degrees
of DAWA but also in the middle of the range.

In a side-by-side comparison, although the release of the
thermal energy at 10 ‘C min~' was not the greatest at the
low temperature stage, the release of its thermal energy was
always progressively greater than all of the other heating
rates when the temperature was increased. No consistent
changes were found in the patterns at the other heating rates
for the wood with treated different degrees of wet and dry
ageing; the release of the thermal energy at 40 ‘C min~" for
the wood treated with the DAWA process between 20 and 60
times gradually became lower than that obtained at the other
heating rates as the temperature increased. The release of
the thermal energy at 30 C min~! for the wood treated with
the DAWA process between 30 and 60 times was always
progressively greater than that released at 20 ‘C min™".
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Thermal energy release stage evolution

According to the change in the trend of heat release, the
release of the thermal energy curve was mainly divided into
different stages by the tangent method, as in Fig. 14. The
thermal energy release progression was divided into the slow
exothermic stage, the accelerated exothermic stage and the
rapid exothermic stage. According to the exothermic process
and the comparison made with previous studies [52, 53], in
this study, 7, and T}, are defined as the end temperature of
dehydration and the ignition temperature.

The change in the boundary temperature dehydration and
the temperature, along with the ignition temperature of wood
with various degrees of DAWA, was acquired (Fig. 15). The
trend of the change in dehydration and temperature at low
heating rates was opposite to that of other heating rates. This
was mainly because initial DAWA caused greater change in
the wood moisture, and when the temperature was low, the
time needed for the thermal reaction in the wood is long
enough, so that the final dehydration temperature was lower.
As the DAWA progressed, the changes in the wetness and
swelling of the micro-cracks tended to equalise, and the end
of dehydration temperature also changed less. It was worth
noting that the first point of the decrease in the end-of-dehy-
dration temperature gradually progressed to depth with the
initial ageing. The curves can be successfully fitted by the
sinusoidal damping functions at 20, 30, and 40 ‘C min™!,
with a better fit at 30 ‘C min~! and an average fit at 20 and
40 °C min~'. This indicated that the final temperature of
the dehydration was also cyclical and was damped with the
increased ageing due to the creeping plastic deformation
in the walls of the wood cells during the cycle of suction-
desorption. The final temperature of the dehydration was
also cyclical and damped with the increase in the ageing
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Fig. 15 End temperature of dehydration varied with the degree of
DAWA

activity. As shown in Fig. 16, the overall temperature for
ignition increased when the strength in the DAWA activity
increased. This was because the fitted curves showed a linear
increase at 10 and 30 °C min~! and an exponential increase
at 20 and 40 °C min~!. The deeper the ageing, the smaller
the change in the temperature of ignition at the same rate of
warming. This meant that the change in ignition stabilised
when the thermal transport capacity of the wood reached
its maximum.

Total thermal energy release

As can be observed from Fig. 17, the overall trend of wood
changed with the deepening of the degree of the DAWA at
various heating rates was basically the same. This exhibited
a fluctuating form. At 20, 30, and 40 °C min~', the release of
the total thermal energy from the wood decreases with the
intensifying of the extent of the DAWA. From the compari-
son of the amount of the total release of the thermal energy,
the total release of the thermal energy from the wood treated
with the DAWA was basically smaller than that of FW. In
terms of the magnitude of the curve fluctuation, the total
release of the thermal energy from the wood was smaller
than that of the FW. As observed from the fluctuation of the
curve, the greatest fluctuation was found in the wood treated
with DAWA between 10 and 20 times due to the substantial
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changed with the degree of DAWA tested by DSC

reduction of moisture at the beginning of the alternating
dry and wet cycle. As the DAWA progresses, the fluctua-
tion tended to become smaller and smaller. It was worth
noting that the total release of the thermal energy from the
wood neither increased nor decreased monotonically with
the increase of the rate of warming. This was because during
the high temperature stage all structures of the wood were
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subject to intense oxidation reactions and so their thermal
energy production was more dictated by the internal con-
trol of the wood and less affected by changes in external
conditions.

Percentage of thermal energy release in different
exothermic stages

As revealed in the previous section, in this study, there were
segmental boundary temperatures in the exothermic com-
bustion of the wood treated with DAWA. To further appraise
the effect of the changes in the degree of the wood treated
with ageings on the different exothermic stages involved
in the combustion, the amount of thermal energy released
from the initial exothermic temperature to the segmental
boundary temperature was reckoned for the different types
of woods treated with DAWASs and the fresh types of woods,
and the percentage of the total release of the thermal energy
accounted for by each stage. As showcased in Table 4, there
were some differences in the percentage of the release of the
thermal energy at each stage for the wood treated with the
DAWA and the FW at the same rate of warming. Overall, the
percentage of wood involved in the slow exothermic stage
was around 1-8%, within the accelerated exothermic stage
around 12-18% and in the rapid exothermic stage between
73 and 84%.

Within the slow exothermic stage, the percentage of the
release of the thermal energy gradually increased as the
rate of warming increases. To have the 20 times excluded
from this aspect, the percentage of the release of the thermal
energy in the slow stage of the exothermic of wood treated
with the DAWA basically decreased as the degree of ageing
increases. In addition, the thermal effect of desorption dur-
ing the ageing induced the shedding of volatile substances
from the surface of the cell walls. In addition, the proportion
of the release of the thermal energy at 10 ‘C min~! for dif-
ferent types of woods treated with DAWA was less than 2%.
Moreover, the percentage of DAWA was closer for 10-30
times and closer for 40-60 times, depending on the wood’s
thermal transport capacity. During the accelerated exo-
thermic stage, the percentage of the release of the thermal
energy at 10 and 40 “C min~! increased as the wood treated
with the DAWA increased. Overall, the proportion of wood
in the rapid exothermic stage decreases as the rate of warm-
ing increased. At 10 °C min~!, the proportion of wood in the
rapid exothermic stage decreases as the degree of DAWA
deepens. However, at 20 ‘C min~' it gradually increases.
At 40 °C min~!, the proportion of thermal energy release in
DAWA wood at 10-50 times varied almost horizontally. In
terms of the volatility, as the degree of DAWA deepened,
the proportion at 30 ‘C min~' fluctuated more strongly, and
so the percentage of pine fluctuated above and below that
of the FW.
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Table 4 Proportion of thermal energy release in different exothermic stages

DAWA degree pI'C min~! Slow exothermic stage Accelerated exothermic stage Rapid exothermic stage
Thermal energy ~ Proportion /% Thermal energy ~ Proportion /% Thermal energy ~ Proportion/%
release/] g7! release/J g™ release/J g™

FW 10 4.4 221 25.15 12.64 169.48 85.15

20 9.3 4.30 35.57 16.46 171.16 79.23
30 13.2 6.80 34.24 17.65 146.59 75.55
40 12.4 8.45 36.81 14.48 123 77.07
10 times 10 1.0 0.57 25.69 14.59 149.4 84.84
20 6 3.97 24.81 16.43 120.23 79.60
30 9.1 5.35 28.05 16.49 132.88 78.15
40 13.2 8.25 29.14 18.21 117.66 73.54
20 times 10 0.8 0.39 34.82 17.32 165.4 82.28
20 7.9 3.85 33.32 16.25 163.8 79.89
30 15.8 7.63 33.17 16.02 158.06 76.35
40 17.1 9.34 32.39 17.69 133.59 72.97
30 times 10 0.9 0.48 29.68 15.79 157.43 83.73
20 4.6 2.99 26.88 17.45 122.52 79.56
30 11.1 6.38 32.07 18.42 130.9 75.19
40 11.3 7.43 30.38 19.97 110.44 72.60
40 times 10 2.5 1.37 27.44 14.99 153.07 83.64
20 4.7 2.73 29.22 16.98 138.16 80.29
30 10.5 5.61 33.61 17.97 142.91 76.41
40 14.5 8.43 32.04 18.62 125.51 72.95
50 times 10 3 1.49 30.63 15.24 167.4 83.27
20 4.8 3.14 24.32 15.89 123.89 80.97
30 9.2 54 32.34 19.13 127.48 75.42
40 10.9 7.73 25.68 18.21 104.43 74.05
60 times 10 33 1.56 33.14 15.63 175.57 82.81
20 52 3.13 26.19 15.77 134.67 81.09
30 9.7 5.21 33.79 18.16 142.54 76.62
40 9.8 6.24 24.58 15.65 122.71 78.11

Apparent activation energy distribution of wood
thermal energy release in various DAWA degrees

Through a kinetic sense, the apparent activation energy
refers to the minimum amount of energy required to convert
an inactive molecule into an active molecule, and the ampli-
tude of the apparent activation energy is nearly related to the
rate of the chemical reaction and the ease of the reaction. To
better understand the effect of the DAWA on the distribu-
tion of apparent activation energy in the various stages of
the thermal energy release from the wood, both the acceler-
ated stage of the exothermic of wood and the rapid stage
of the exothermic of wood are determined as a complete
reaction, respectively. That is, the reaction order of the exo-
thermic stage of wood from dehydration temperature to igni-
tion temperature was 1, and the reaction order involved in
the exothermic stage from ignition temperature to the end
of combustion was 1. According to Friedman differential

equivalent conversion method [54, 55], the distribution of
apparent activation energy of the wood treated with DAWA
in the reaction to the various exothermic stages is calculated.
Figures 18 and 19 represent the linear regression diagram
of pine wood treated with different degrees of DAWA under
different conversion degrees at accelerated exothermic stage
and the rapid exothermic stage, correspondings. The two
exothermic stages were analysed as follows.

Accelerated exothermic stage

As illustrated in Fig. 20, the energy needed for the apparent
activation of the wood treated, respectively, with the DAWA
for 10, 20, 30, and 60 times, and the FW in the acceler-
ated exothermic stage showed an overall opposite trend.
The apparent activation of energy of the wood treated with
the DAWA increased gradually with the advance of reac-
tion, while that of FW decreased gradually. Because of the
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«Fig. 18 Accelerated exothermic stage, In[f#(da/dT),;] alternations
in linear regression with 1/7,;: a FW, b 10 times, ¢ 20 times, d 30
times, e 40 times, f 50 times, and g 60 times tested by DSC

DAWA process, the thermal transport capacity of the wood
was ameliorated, and so the energy required for reaction is
reduced. With the increase of the conversion degrees, the
volatile matter gradually burned completely, and the energy
demand increased. However, FW required an immense
amount of energy during the initial volatile combustion in
the accelerated exothermic stage. With the progress of the
reaction, wood pores were deformed due to the factors of the
temperature and gas volatilisation.

The reaction conditions were strengthened, and the
energy required for the reaction is gradually reduced, which
was shown as the apparent activation energy was gradu-
ally ameliorated. The change in the trend of the apparent
activation energy of the wood treated with the DAWA for
50 times was consistent with that of the FW. However, we
found that the apparent activation energy of the FW in the
accelerated exothermic stage was 73.23-139.21 kJ mol~!,
while that of the wood treated with the DAWA wood for
50 times was 38.78-51.88 kJ mol~', which belonged to the
wood with the lowest apparent activation energy distribution
among the wood with various DAWA degrees. Compara-
tively, the apparent activation energy of the wood treated
with the DAWA for 50 times was less than twice that of the
FW. It was worth noting that with the rise of conversion
degree, the apparent activation energy distribution of the
wood treated with the DAWA for 40 times first increased
and then decreased. This finally reached the maximum at
the conversion degree of 0.4.

The authors believed that the continuous process of the
DAWA could have a comprehensive impact on the macro-
and micro-aspects of wood. From the above analysis, we
could know that, from the macrostructure to the micro pore
development, no matter how many cycles of DAWAS, the
essential properties of wood composition would damp this
change, and then this performance would occur for the wood
treated with ageings for 40 times, which corresponded to the
evolution of the characteristics of the heat transfer for the
wood treated with the DAWA in the previous experiment
process. Moreover, clearly, except for the wood treated with
the DAWA for 40 times, the apparent activation energy dis-
tribution of other ageing wood was smaller than that of the
FW. On the other hand, although the energy required for the
reaction increased when the conversion degree increased, the
apparent activation energy distribution of wood with vari-
ous DAWA degrees at the initial reaction (¢ =0.1-0.2) was
smaller than that of the FW. According to the calculation,
with the deepening of the DAWA degree, they were cur-
tailed by 77%, 69%, 75%, 36%, 62%, and 59%. The DAWA
process had doubled the difficulty of the thermal reaction

to the wood, and so this allowed the minimum demand of
the energy for the exothermic reaction. The effect of initial
DAWA (0-20 times) was more obvious. At the end of reac-
tion (@ =0.9), the average apparent activation energy of the
wood treated with the DAWA was 87.86 kJ mol~!, which is
greater than that of the FW. Since the accelerated exother-
mic stage corresponded to the volatile combustion stage, the
volatile combustion is chiefly a gas stage reaction, and the
thermal reaction was more vigorous in the initial reaction.
Therefore, the apparent activation energy at the conversion
degree of 0.1-0.3 in the accelerated exothermic stage was
altered greatly.

Rapid exothermic stage

As exhibited in Fig. 21, regarding the rapid exothermic
stage, the apparent activation energy of different types of
woods treated with DAWAs had the same overall change
trend with the deepening of the ageing degree, and both of
them continue to increase with the advancement of the reac-
tion. As can be perceived from Fig. 21, in the early reaction
stage of the rapid exothermic stage, the apparent distribu-
tion of the apparent activation energy of the wood treated
with the DAWA demonstrated a small difference with that
of the FW, indicating that the energy initially required for
the wood to enter the stage of the carbon oxygen exothermic
reaction would not change considerably with the deepen-
ing of the DAWA. It was believed that the modification of
thermal transfer characteristics of cell wall pores caused by
the DAWA would not be the main cause, contradictory to
the chemical reaction, but this was ascribed to the immense
amount of the release of gas and thermal energy from the
wood in the late burning period. At the end of the rapid exo-
thermic stage, the distribution of apparent activation energy
of wood with different degrees of DAWAS is greater than
that of the FW. This was mainly because the continuous
DAWASs caused the surface of the wood to harden, the rela-
tive density to increase, and the macromolecules to fall off.
However, this causes difficulty for the oxidation to increase.
The apparent activation energy of 10, 30, 40, 50, and 60
times was 6.11, 3.56, 1.74, 2.51, and 2.30 times of that of
FW, respectively. With the deepening of ageing, the effect
of the DAWA on the energy demand at the end of the rapid
exothermic stage was gradually lessened.

The distribution of the apparent activation energy of
the wood treated with the DAWAs for 20 times decreased
first and then increased with the advancement of the reac-
tion, but the overall apparent activation energy was the
closest to that of the FW. The apparent activation energy
of the wood treated with the DAWA for 40 times began to
increase promptly when the conversion degree was low, but
it increased slowly at the end of the stage. Therefore, it is
worth mentioning that at the end of the rapid exothermic
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«Fig. 19 Rapid exothermic stage, In[#(da/dT),;] alternations in lin-
ear regression with 1/7,,;: a fresh wood, b 10 times, ¢ 20 times, d 30
times, e 40 times, f 50 times, and g 60 times tested by DSC

stage (@=0.8-0.9), the apparent activation energy distri-
bution of FW could had a decreasing trend, while that of
the wood treated with the DAWA was not the case. It was
mainly related to the difficulty of carbon black participating
in the reaction of the oxidation in the late burning stage of
wood. The ageing of wood was affected by the early rapid
exothermic stage because its energy demand increased with
the progress of the reaction in the rapid exothermic stage.

Average apparent activation energy analysis

The average apparent activation energy of different exother-
mic stages was estimated to change with the degree of the
DAWA (Fig. 22). It was found that the effect of DAWA on
the reaction to the energy requirement of wood at differ-
ent exothermic stages is characterised by the degree of the
DAWA. In the stage of the exothermic acceleration, the aver-
age apparent activation energy fluctuated with the deepening
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of DAWA. The apparent activation energy from the wood
treated with the DAWA for 40 times was the largest. Accord-
ing to the basic physical properties mentioned above, it was
believed that the stage of the exothermic acceleration can be
dominated by volatile precipitation and combustion, while
the gas release and diffusion can be directly affected by the
changes of wood cell wall pores. Besides, as revealed earlier
in this study, the thermal diffusivity of wood reached the
extreme value when the wood was treated with the DAWASs
for 40 times; that is, the volatiles emitted and diffused the
most, resulting in an increased energy demand for combus-
tion reaction.

Within the rapid exothermic stage, the average apparent
activation energy gradually decreased with the deepening
of the DAWA. The average apparent activation energy of
wood was the largest when treated with ageings for 10 times
alternately. This was mainly related to the difficulty of oxida-
tion reaction of wood macromolecular surface groups. When
compared with the fluctuation amplitude of the curve, the
interference of the DAWA on the average apparent activation
energy in the rapid exothermic stage was smaller than that in
the accelerated exothermic stage. According to the change in
the curve trend, the authors presumably associated that with
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Fig. 20 Distribution tendency of apparent activation energy with conversion degree of experimental woods within accelerated exothermic stage

tested by DSC
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Fig.22 Average activation energy in various exothermic stages
changed with the DAWA degree tested by DSC

the deepening of the DAWA, and the difference between the
average apparent activation energy of the rapid exothermic
stage and that of FW would tend to a smaller fluctuation
range. Thus, after the wood was treated with the DAWA
process more than 40 times, the overall DAWA no longer

@ Springer

interfered with the demand for the reaction to the carbon and
oxygen energy in the rapid exothermic stage of the wood.

Conclusions

In this study, four conclusions were drawn:

e Asrevealed by both the SEM and the thermal property

experiments, the walls of the wood cells were influ-
enced by the elastic stress and mechanical adsorption
creep stress in the process of the suction and desorp-
tion cycle, so the external pore deformation process of
wood was damping and periodic. This led to the ther-
mal transport characteristics of wood and showed that
the sinusoidal damping characteristics changed with
the degree of ageing.

Because of the evolution of the heat transfer charac-
teristics, the thermal transport process of the wood
treated with the ageing method changed slowly to vary-
ing degrees, resulting in a low heating rate. The peak
temperature of the wood treated with the DAWA pro-
cess was less than that of the FW. This helped shorten
the time required to reach the peak temperature, and
strengthened the burning intensity. When the heat-
ing rate was too fast, the dry and wet alternate ageing
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played a vital factor hindering the occurrence of peak
temperature.

¢ In the stage of the acceleration of the exothermic process,
with the influence of the evolution of the wood cell wall
pore on the thermal transport characteristics, the initial
process of the DAWA (10-30 times) led to the opposite
trend of the apparent activation energy of the wood and
the FW as a whole, and the apparent activation energy
gradually increased with the promotion of the reaction.
With the deepening of ageing, the influence of the DAWA
on the energy demand of oxidation reaction at the end of
the rapid exothermic stage gradually decreased.

e The average apparent activation energy analysis showed
that the influence of the DAWA on the reaction to energy
demand of the exothermic behaviour in various stages of
the wood was periodic. The initial stage of the DAWA
showed a great impact on the acceleration of the exother-
mic stage, while the middle of the DAWA had a great
impact on the rapid exothermic stage.
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