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Abstract

Using a compartment with adjustable oxygen concentration and internal pressure, the shrinkage and
cracking of isotropic char layer during pyrolysis were studied by pyrolyzing the medium density fibreboard
(MDF) in inert atmosphere with different ambient pressures. The experimental results have shown that the
ambient pressure has insignificant effect on shrinkage although some trends have been identified. Therefore,
the reduction of tensile strength of material dominates the char cracking under low pressures, leading to no-
ticeable increase in the number of char fissures. The char shrinkage could expose the raw material beneath the
char layer and enhance the radiative heat transfer at the sample surface (by fissure width instead of number),
which is modeled using a modified thermal conductivity as the typical simplification. It is found that the mass
loss rate at the early pyrolysis stage increases up to 20% with increasing width of char fissures. However, the
external radiation can only affect a limited depth in the near surface zone which is found less than 3 mm in
the current experiments. The thermal conductivity under near regular pressure could be over 2 times higher
than its value under low pressure (30 kPa) and with which the differences in the first peaks of mass loss rate
under different pressures can be well predicted.

Keywords: Wood; Pyrolysis; Heat transfer; Pressure; Char

1. Introduction
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Char layer has been found as an important ther-
mal barrier blocking the external heat flux from
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pyrolyzing the raw material of burning wood and
other charring materials during combustion [1].
The “charring behaviors” including shrinkage and
cracking induced by combustion can significantly
affect the material pyrolysis, for instance, the char
fissures induced by cracking will become impor-
tant paths for heat transferred into the material and
flame flowing out. Li et al. [2-5] investigated the
charring behaviors of natural wood and wooden
materials under regular pressure. However, these
behaviors are still weakly implemented in the cur-
rent modeling techniques [6-8] as the related re-
search is not sufficient. Hence, to enhance the ac-
curacy of combustion modeling, in-depth study
should be carried out to reveal the effects of char-
ring behaviors on the combustion process of wood
and wooden materials, which make it possible to
consider the behaviors of char layer in combustion
and fire safety engineering.

In the past few decades, researchers have iden-
tified the charring behaviors of wood in regular
conditions and reported in several different works
[9-18]. Detail literature reviews have been con-
ducted in the previous researches [2,3] therefore it is
not repeated in this paper. As addressed previously,
in the combustion process, the raw wood turns into
porous media as part of the wood substance is
gasified by pyrolysis reactions. The porous media
usually has a lower inside pressure which causes
the pressure difference between the internal space
and surrounding environment, leading to char
shrinkage. Moreover, unbalanced shrinkage led by
different levels of pyrolysis across the sample depth
results in char cracking and fissures. The theory of
shrinkage cracking was first established from the
drying processes in food and concrete industries
[19,20]. The association between shrinkage and
cracking has been identified [2,3]. Based on the
hypothesis of shrinkage changing the ambient
pressure might affect the char cracking behaviors.
However, previous study [3] focused on the fracture
mechanics of cracking under regular pressure with-
out considering the effects of ambient pressure.
In the past, most of the studies on the pressure
effect have concentrated on the gas phase flame
behaviors [21,22] in the combustion and fire com-
munity. There is a lack of research on the pressure
effect on solid phase pyrolysis. Previous research
has shown that the ambient pressure has ignorable
effect on the chemical kinetics of pyrolysis [23].
Thus, the changes of thermo-physical properties
and geometric deformations induced by pressure
variations might strongly affect the charring be-
haviors. For instance, it has been found that as
the ambient pressure increased the material tensile
strength increased as the molecules become more
compacted [24,25]. The change of tensile strength
will significantly affect the char cracking. Besides,
it has been pinpointed that the heat transfer is
crucial to the pyrolysis of wood materials [26].
Therefore, the effects of charring behaviors on the
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Fig. 1. Experimental apparatus [2].

heat transfer process should be addressed for the
potential modification of numerical model.

To investigate the effects of ambient pressure on
charring behavior and heat transfer, a number of
MDF samples were pyrolyzed under different inci-
dent heat fluxes and ambient pressures. The MDF
has an isotropic surface which simplifies the fire
problem [27]. The mechanism of char cracking at
different ambient pressures is revealed theoretically
and moreover, the effects of charring behaviors on
the heat transfer to the solid phase are discussed.

2. Experiments
2.1. Experiment facility

Figure 1 shows the configuration of the experi-
ment facility [2]. A gas supply system with 2 pipes
was used supplying both highly purified nitrogen
and ambient air to a low-pressure compartment.
A valve on each pipe controls the gas flowrate and
thus the internal pressure and gas concentration in
the compartment. The size of low-pressure com-
partment is 1.0 m (length) x 1.0 m (height) x 0.6 m
(width). There is a 0.3 m square panel radiator in-
side the compartment pyrolyzing the samples with
near uniform radiative heat fluxes. Digital camera
was used to record the experiment processes. Apart
from the regular experiments, a set of shrinkage ex-
periments with two rulers as the holder were also
conducted (refer to supplemental materials). In the
shrinkage experiments, the real time vertical and
horizontal shrinkages as well as the charring rate
were measured. The experiments were controlled
by a control system and more details can be found
elsewhere [2,3].

2.2. Materials

The MDF samples were made of pine from
mid-China. The bulk density of MDF panel is
730417 kg/m? and the panel thickness is 15 mm.
For general charring experiments, the sample size
was 100 mm square while for those shrinkage exper-
iments the sample size was 50 mm square (to reduce
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the smoke in the compartment). It should be noted
that the moisture was removed from the MDF sam-
ples before the experiments.

2.3. Experimental condition and procedure

The MDF samples were pyrolyzed under 3 am-
bient pressures (inside the compartment) of 95, 60,
30kPa and 4 heat fluxes of 20, 30, 40, 50 kW/m?.
The nonuniformity of incident (radiative) heat flux
was found less than 2.7% of the nominal value at
the sample center for the 100 mm square area.

To simplify the problem, an inert atmosphere
with pure nitrogen was created inside the low-
pressure compartment by replacing the air with
proper ventilation process, to avoid flaming and
also the effects of flame on the samples during py-
rolysis. The ambient pressure inside the compart-
ment was adjusted by varying the amount of ni-
trogen in the compartment using simultaneously
the gas supply system and vacuum pump shown in
Fig. 1. Figure 2 presents the pressure records during
the experiments. The experiment times are 2000s,
1300s, 1000s and 850 s for respective 20, 30, 40 and
50 kW/m?. Each experiment will be repeated for 3
times to ensure the repeatability. The experimental
error is found less than 10% for all measured vari-
ables and more details regarding the experimental
procedure can be referred to Ref. [3].

3. Results and discussion

3.1. Shrinkages, char densities and fissures at
different ambient pressures

The sample began to char and produced pyrol-
ysis gas when the panel radiator was turned on.
There was no flame due to the lack of oxygen. The
sample surface started turning into black in a few
seconds with noticeable deformation and shrinkage
observed. After a certain period of time, the sam-
ple cracked generating a lot of smoky gas. The char
fissures then took place owing to cracking and in
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Fig. 3. Measured char layer volume, char yield and den-
sity.

the current set of experiments it was found that the
number of char fissures remained mostly the same
during the whole process.

Figure 3 shows the char residue volume, mass
and densities under different experimental con-
ditions. We define the shrinkage ratio as shrunk
length over original length. As reported previously
[3], the shrinkage ratio at the vertical direction
was measured as 30+2%, which is much higher
than the one at the horizontal direction of 1141%.
In the literature, the longitudinal and tangential
shrinkages of wood fibers are respective 3—8% and
12-15% [16]. As shown in the scanning electron
microscope results in our previous work [3], the
MDF is in fact made of layers of wood fibers ran-
domly orientated in various directions. Therefore,
the average value of longitudinal and tangential
shrinkages of 7.5-11.5% can be expected for the
horizontal shrinkage of MDF while the current
measurement falls into this range. The vertical
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shrinkage of MDF is caused by the interaction
between wood fiber layers and there is no data to
compare in the literature. However, in the current
research we did both horizontally and vertically
(supplemental materials) orientated experiment to
confirm the shrinkage ratio. From the experiment,
it is difficult to identify the pressure effect based on
the shrinkage ratio. Although Fig. 3a shows that
the char volume will drop with increasing heat flux
and ambient pressure, it is seen that the variation
is not able to fully overcome the uncertainty of
measurement. Therefore, the char volume could
be regarded as constant in the current study.
Nevertheless, the differences in the measured mass
of char residue under difference experimental
conditions can be easily identified, as shown in
Fig. 3b. From Fig. 3b, the char yield decreases with
decreasing ambient pressure and increasing heat
flux. Therefore, the same trend can be expected for
the char density. It is understandable that when the
heat flux increases more substance will be decom-
posed under higher temperature and heating rate
[28,29], resulting in less residue. This is in line with
the findings in the literature [28,29]. Meanwhile,
it was found that increasing pressure increases the
yields of char due to the increases of secondary
reactions for microscale samples [30,31]. Therefore,
the current finding is consistent with the previous
researches, however, more bench-scale experiments
are demanded for engineering applications.

Figure 4a presents the photos of char fissure.
From Fig. 4a, as the ambient pressure decreases
and heat flux increases the number of fissures in-
creases, indicating the enhanced extent of cracking.
It should also be noted that there is boundary ef-
fect on cracking. As seen in Fig. 4a, the char blis-
ters close to the sample edges are generally larger
than those at the sample center, especially for high
ambient pressures. For low ambient pressures, the
sizes of char blisters are more even, such as the case
under 30kPa and 50 kW/m?, indicating an early
cracking time with weak shrinkage. The bound-
ary effect is not involved in the current model.
Figure 4b shows the number and average area of
char blisters. From Fig. 4b, it is found that the num-
ber of char blisters increases while its average area
decreases with decreasing ambient pressure and in-
creasing heat flux. If the shape of the char blister is
assumed as a square, the number of fissures at one
direction on the surface can be approximated as

Nokpa — 3 &~ Neokpa — 1 & Nosip, 1)

where N is the number of char fissures, which can
be determined using the square root of number of
char blisters minus 1. Equation (1) is an empirical
correlation from the experimental results and in the
following section we will prove its validity through
theoretical analysis.

.
! 50 KW/m?
60kPa
15mm
106.95 106.19g 10880 g
4

1003 ¢ 108.04 ¢ 11066 ¢ 40

.
;i . - . E e
(i a .
. 4 v
110.00 110.10g k 10.16¢
=T T

30

Heat flux (kW/m*)

60 95
Pressure (kPa)

(a) Char fissures

25 = 8000
|[+———————Average char blister area Number of char blisters per m*———s
30 kPa -[O- 30kPa ~
O 60kPa - 7000
"V 95kPa %'
Total area of char layer surface: 81+5 crv.n B 16000

= N

E S]

T T
—q—

/4..
o D

i a o

==
3%
o0

O+

Average char blister area percentage (%)
=]
T
Pressure increase
@
'
Re |
O
Pressure increase
L |

gt met <

45000

4000

3000

P Tm——

- 2000

o
Number of char blisters per m

1000

0
55

-
o
N
o
N
o

30 35 40 45
Heat flux (kW/m?)

(b) Number and average area of char blisters
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3.2. Theoretical analysis on the number of char
blisters

In our previous research under regular pressure
[3], the mechanism of cracking initiation has been
partly investigated, which could be caused by the
thermal shock effect induced by pyrolysis shrink-
age. In Ref. [3], the surface tensile stress of each
char blister induced by unbalance shrinkage is cal-
culated. This tensile stress should not exceed the
surface tensile strength according to fracture me-
chanics. Otherwise, new crack takes place reduc-
ing the size of char blister. The detail derivation
of cracking initiation equations can be found in
[3]. The current paper uses the same mechanism as
the one in Ref. [3]. However, as both size of char
blister and surface tensile strength change under
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low pressures, the surface tensile stress should be
re-calculated. For isotropic shrinkage at the sam-
ple surface, the shrinkages at the two directions on
the surface plane are identical therefore the surface
stress is

Es;
1—v

()

where o, is the surface tensile stress, &, denotes
the surface strain, v is the Poisson ratio, E is the
Young’s modulus. The surface strain is a function
of the angle of relative shrinkage, « [3]. As shown
in Fig. 5, when « is near 7/2, the surface strain is 0
(surface and lower materials have the same shrink-
age) regardless of the deformation compared to raw
material, whereas when it is close to 0, the surface
strain is close to A Ly/Ly. The surface strain can be
expressed as

ALy 2AD,,
,=C )= 3
& < LsO ) LsO crew ( )

where C is the constant related to relative shrink-
age, « is the angle led by relative shrinkage of char
layer, D,, is the pyrolysis depth (m) which is defined
as the distance from the sample surface to the loca-
tion where raw material starts pyrolyzing, AL, is
the length of shrinkage at the sample surface (m),
Ly is the original length of sample or char blister
(m). Therefore,

oy =

oy X ctgo 4

Assuming the same shrinkage under different
ambient pressures, as discussed above, the surface
stress decreases when the number of char fissures
increases, as the « increases. Then,

Ctga X N+ 1 X Oy =< Ocritical (5)
where o .icq 18 the surface tensile strength for
cracking. Detailed analysis on the angle of rela-
tive shrinkage can be referred to Ref. [3]. However,
it should be noted that Eq. (5) cannot be used to
compare the stresses at different incident heat fluxes
as the pyrolysis processes are different. Very little
research has focused on the mechanical properties

40 .
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Fig. 6. Peak surface tensile stresses at different pressures
(0 5 peak 1s determined using the measured data in Fig. 4).

of wooden materials under different pressures. Wu
et al. [32] conducted a set of measurements under
different pressures for corn straw bio-board which
has a lower tensile strength than MDF. It was found
that the tensile strength of engineering board has a
linear correlation with the pressure, which is

Ocritical X P (6)

where P is the ambient pressure, while the Young’s
modulus maintains nearly constant although at
high pressures it might slightly decrease. One pos-
sible explanation for the trends of tensile strength
and Young’s modulus is that under high pressure
the cross-linked structure of wood fibers is more
compacted, enhancing its strength and stiffness.
Using the numerical results in Ref. [3] and Eq. (5),
the peak surface tensile stresses of char blister
against the number of fissures under different heat
fluxes are plotted in Fig. 6. From Fig. 6, it is seen
that increasing the number of fissures reduces the
surface tensile stress. According to the mechanism
of shrinkage cracking, the number of fissures is
mainly determined by the shrinkage during pyrol-
ysis and the tensile strength of material. As the
shrinkage under different pressures are similar, the
tensile strength dominates the cracking and as it
drops with decreasing pressure the peak surface
tensile stress should also decrease. The decrease of
stress can be seen in Fig. 6, as a result of tensile
strength variation. However, although the peak sur-
face tensile stresses are similar with different heat
fluxes, the one of 20 kW/m? is generally lower than
the others, which is mainly caused by the longer
cracking time [3], leading to the failure of elastic as-
sumption of MDF. Meanwhile, it is found that the
calculated values, o e, are systematically higher
than the theoretical tensile strengths, o ciice;. This
discrepancy could be a result of the uncertainties
of Eq. (6), boundary effect and 2D model of stress.
Therefore, future works with more accurate numer-
ical simulations are demanded.
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3.3. Effects of char fissures on pyrolysis modeling

3.3.1. Mass loss rate

It has been long debated on the effect of fis-
sure on the heat transfer during solid combustion
in the community [33]. In theory, shrinkage and
cracking will expose the raw material to the exter-
nal heat fluxes in conduction, convection and ra-
diation modes, therefore, enhance the heat transfer
into the material. However, so far there is not any
quantitative assessment on the effects of shrinkage
cracking on heat transfer in the literature, perhaps
due to the experimental difficulties. The current ex-
periments lead to some new findings in this regard.
Figure 7a shows the measured mass loss rates under
50 kW/m?. As shown in Fig. 7a, it has been found
that overall the mass loss rates at different pres-

sures are similar, however, the first peak of mass
loss rate increases with increasing pressure. The dif-
ference of the first peaks at 30 and 95 kPa cases is
approximately 20% which is much over the uncer-
tainty of repeated experiments. Therefore, we can
confirm that the first peaks of mass loss rate are
different under different heat fluxes. Similar trends
have been identified in other heat fluxes (supple-
mental materials). It should be noted that the ma-
jor difference takes place at the early stage of mass
loss rate curve while weak difference is identified in
the curvatures and the second peaks. This implies
that the heat transfer enhancement mainly affects
the materials near the surface while the influences
on the center and back zones are weak, as high-
lighted in Fig. 7a. The measured surface temper-
atures (refer to the Supplemental material) are an-
other evidence proving the effects of char fissures
on heat transfer, which are higher under lower pres-
sures. This is reasonable as the radiation dominates
the current pyrolysis process therefore it can be ex-
pected that both the radiative heat flux and view
factor decrease as goes deep into the fissure, which
reduces the effects of radiation enhancement. It
should also be noted that due to the higher aver-
age sample temperature and the reduction of sec-
ondary reactions [30,31], the mass loss lasted longer
at the late stage of experiment under low pressure
(material pyrolyzes more completely), leading to
low char residue mass as shown in Fig. 4b. For the
near surface zone, the mass loss rate is determined
by the radiative heat flux Q% and the heat trans-
fer process affected by the fissures. Under the same
shrinkage, the amount of radiative heat flux pene-
trating the fissure is determined by the area of fis-
sure which increases with increasing cfga and de-
creasing N, which is

1
A_/l.\x\'ure X C[gOl X N + 1 (7)

In the current paper, we proposed a simple way
for correlating the first peak of mass loss rate with
the radiative heat flux Q4 and number of fissures
N. Figure 7b summarizes the measured first peaks
and fitting result which is

0.5_ s
. . .
’”°‘<W1> ] ®)

where 1 is the first peak of mass loss rate.
Equation (8) is empirical and it should be noted
that both kinetics and heat transfer determine 1,
however, since MDF is identical the heat transfer
dominates the change of 71 in this work. The first
peak takes place when the char layer effect is weak
therefore it is related to the depth of char layer
[2,3] which increases with thermal conductivity and
heating time using semi-infinite solid hypothesis as
[2,34]

1 o< 8, o</ kgt (&)
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where k; is the solid thermal conductivity and ¢ is
the time to first peak of mass loss rate which has a
correlation with the radiative heat flux as [35]

1
o — (10)
O'r
Therefore, combining Egs. (8)—(10) gives

| kg A
Q'HRCX N+1QR

As kg is a material property, in Eq. (11) it only
relates to the number of fissures, which gives

1
o —
N+1

From Eq. (12), under the same incident heat
flux, the thermal conductivity has a linear trend
with 1/(N+ 1) (refer to supplemental material for
the limitation of Eq. (12)). With this principle, the
thermal conductivities of both raw material and
char are simultaneously modified in the near sur-
face zone and numerical simulations are carried out
to view the effect of thermal conductivity modifica-
tion.

(11)

(12)

s

3.3.2. Solid phase pyrolysis model

The current work uses a pyrolysis model that
solves the pyrolysis process of material using a set
of 1D mesh taking into account the chemical kinet-
ics and physical heat transfer simultaneously. The
transport process of pyrolysis gas within the solid
was neglected. A general pyrolysis gas was gener-
ated at the same temperature as the local solid,
and was assumed to leave the solid phase instan-
taneously.

3.3.3. Kinetics and thermo-physical properties

In the previous works, a set of thermogravimet-
ric (TG) experiments were conducted under multi-
ple heating rates, based on which a non-first-order
(n#1) kinetic model with 4 parallel reactions of
four components (resin, hemicellulose, cellulose,
and lignin) was proposed for MDF [3]. The ki-
netics properties, initial mass fractions and char
yields were determined using genetic algorithm pre-
viously [3]. In the pyrolysis model, the average ther-
mal conductivity of solid phase was calculated in
the volumetric basis as

N
()
i=1 !

and it changes with the local density. The average
specific heat capacity of solid phase was estimated
based on the masses of components as

N
Cy = E ZiC,'
i=1

(13)
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Fig. 8. Modeling results with modified thermal conduc-
tivities in the near surface zone.

3.3.4. Modeling results

Using Eq. (12), the modified thermal conduc-
tivity was assigned to near surface zone and the
typical modeling results are shown in Fig. 8. It
can be seen that with the modified thermal con-
ductivities the first peak of mass loss rate notice-
ably drops as the ambient pressure decreases from
95 to 30kPa, while the rest mass loss rates main-
tain nearly identical between different pressures.
The modeled results match the experiments bet-
ter at 30 kW/m? while the model over-predicts the
mass loss peaks and under-predicts the curvature
at 50 kW/m?. From the trial and error process, it is
found that the depth of the modified thermal con-
ductivity zone should be within 1 to 3 mm. It should
also be noted that from the current set of experi-
ments the thermal conductivity under 95 kPa could
be over 2 times higher than its value under 30 kPa
(20 kW/m? case).
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4. Conclusions

Char shrinkage and cracking and their effects
on the heat transfer during pyrolysis are investi-
gated using isotropic wooden surface under var-
ied ambient pressures. It is found that the pressure
has some effect on the char shrinkage however it
is insignificant compared to the decrease of tensile
strength with decreasing pressure. As a result, the
char layer shrinkage creates more fissures under low
pressures compared to regular pressure. It also in-
dicates that the pressure difference between interior
space of char layer and ambient environment may
not be the main mechanism leading to shrinkage.
The experimental result shows that as the number
of char fissures increases the peak mass loss rate de-
creases. The increase of char fissures reduces the fis-
sure width (area) induced by horizontal shrinkage,
which could weaken the radiation heat transfer into
the sample. By modifying the thermal conductivity
of near surface zone, the numerical model can re-
produce the different first peaks of mass loss rates
at the early pyrolysis stage. However, the modeling
results show that the zone affected by cracking is
less than 3 mm in the current experiments and the
thermal conductivity under near regular pressure
could be 2 times higher than its value under low
pressure.
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