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Abstract
Pyrolysis is an oxygen-free process for the thermal decomposition of raw materi-
als. The heat conduction and flow of pyrolysis products (i.e., the gas fraction and 
liquid vapour generated during pyrolysis) influence the process and products. In this 
work, the influence of the orientation of wooden particle fibres with respect to the 
direction of the heat source on the dynamics of the process was investigated, where 
there were two particle sizes oriented along or across the heat source. The novelty 
of this work lies in the use of a radiographic technique for analysing the influence 
of wooden fibres’ orientation on the degradation process. The research showed that 
during pyrolysis, the mass loss rate in the particles with fibres oriented across the 
heat source and along the heat source was different. A similar tendency was charac-
teristic for the drying process. The dynamics of pyrolysis of a single wood particle 
depends on many factors—particle size, process parameters, arrangement of fibres 
in wood, etc. The analysis of the dynamics presented in the publications is based 
on the analysis of the dynamics of mass loss, which is a very large simplification. 
The publication contains experimental analysis and mathematical calculations of 
the pyrolysis process for samples of various sizes and samples with different fibre 
arrangement. The result of the research is the determination of trends regarding the 
shape of the particle and the arrangement of fibres on the process, which provides 
knowledge that can be translated into industrial pyrolysis processes.
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Introduction

Nowadays, the amount of fossil fuels is limited, and efficient renewable energy 
sources are being sought after. One of the solutions is the use of biomass due to 
its advantage of being able to generate energy continuously, regardless of atmos-
pheric conditions or the time of day. The pyrolysis process is considered one of 
the keyways to produce, among others, charcoal or biochar (Kazimierski et  al. 
2022).

To generally characterize the process of biomass decomposition, we can dis-
tinguish three main stages. The preliminary stage is drying, where an isother-
mal process takes place at a temperature below 150 °C at atmospheric pressure. 
Evaporation of water is not a chemical process like pyrolysis, gasification or 
combustion; however, it is a crucial preliminary stage during degradation. Ligno-
cellulosic biomass, such as wood, is a heterogeneous material, and the structure 
and amount of water depend on various factors, e.g., the part of the plant (Yin 
et al. 2023), season, and species. Therefore, a particle with a high humidity (up to 
50 wt. %) requires a long time to heat due to evaporation, and the energy absorbed 
by this process may disturb the subsequent gasification, combustion or pyrolysis 
processes. However, the time for complete vaporization of biomass depends on 
many factors, such as the shape and size of the material and supplied heat flux. 
Extensive descriptions of the drying process of a single fuel particle is described 
based on both experiments and numerical modelling (Wardach-Święcicka et  al. 
2013). The experimental work for the water evaporation from a single fuel parti-
cle proceeds differently than for a whole bed (Ronewicz 2017). In a case of single 
particle, the moisture ‘moves’ from the inside to the outside of the particle due 
to a decrease in the moisture in the outer parts. The described process of dry-
ing takes place during steam heating and motion of gasses around the particle. 
The second stage of pyrolysis is conversion, where the volatiles are released as 
a result of the beginning of hemicellulose decomposition (Kardaś et  al. 2014a; 
2014b). The least stable chemical bonds in the hydrocarbons break down at the 
beginning during the conversion stage. The shorter chains of hydrocarbons are 
formed and are released as volatile components (Demirbas et  al. 2001). These 
compounds are reactive and undergo secondary reactions outside and inside the 
particle, as indicated by the various masses of volatile parts that depend on the 
size of the pyrolysed particle (Jesus et al. 2019). Finally, the third stage involves 
slow transformation. The physical properties of char (porosity, deformation in 
relation to the shape of the raw biomass, and density) depend on the conditions of 
its acquisition as well as the raw material used in the process (Kazimierski et al. 
2021). The activation process at high temperatures that influences the carbon sur-
face was investigated and is described elsewhere (Januszewicz et al. 2020).

Internal dynamics are crucial in the pyrolysis of solid fuels. One important 
mechanism is the volume shrinkage that occurs during char conversion. Failing 
to account for this can significantly impact predictions of char yield and pyroly-
sis rate. In addition, realistic microstructure models are also important for dif-
ferentiating the intraparticle transport for various feedstocks. However, there have 
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been limited amounts of experiments that report detailed measurements of these 
internal dynamics due to challenges such as limitations in optical access and high 
spatial and temporal resolution requirements. Radiographic (X-ray image anal-
ysis) testing is one of the research techniques that has been previously used to 
measure permeability and image pyrolysis formation in biomass (Boigne et  al. 
2022; Jones et. al. 2015; Kazimierski et al. 2020; Haboub et al. 2014). In another 
study, the focus was on the pyrolysis process from the perspective of wood bio-
mass, utilizing high-speed X-ray computer tomography (CT) for the investigation 
(Murai et al. 2021). The CT can produce high-resolution images with fine details, 
making possible to detect small defects or changes in material properties (Boigne 
et al. 2021). In addition, CT can be used to perform in situ measurements of the 
pyrolysis process, allowing researchers to study the process under real-world con-
ditions (Boigne et al. 2022). On the other hand, after reviewing the literature, it 
was noticed that there are few articles that describe the results of studies using 
X-ray analysis techniques to observe the pyrolysis process. (Mathews et al. 2017; 
Barr et al. 2021). To complement the existing results, it was decided to use this 
technique to observe the effect of the pyrolysis process on the sample, taking 
into account its structure. In this work, the authors showed the potential of using 
X-ray image analysis to capture internal thermal degradation dynamics in dense 
and optically inaccessible wood samples. X-ray image analysis is typically a more 
cost-effective method compared to high-speed X-ray CT, which requires special-
ized equipment and can be more expensive to perform. X-ray image analysis has 
been shown to be effective in capturing internal thermal degradation dynamics 
in dense and optically inaccessible wood samples, which is important for under-
standing the pyrolysis process. The advantage of CT is the ability to perform 3D 
measurements as opposed to 2D radiography, although CT requires a more com-
plex and longer acquisition process.

The novelty of this work is the use of this research technique in evaluating the 
kinetics of the pyrolysis process and the effect of the fibre arrangement of wood 
samples on the obtained char. The orientation of wood fibres has an important 
influence on the drying and pyrolysis process (Suleiman et al. 1999). In the homo-
geneous structure of a particle, the moisture distribution during drying is predict-
able and increases towards the centre of the particle. The complicated structure 
of the wood and arrangement of fibres along and across the particle cause differ-
ent vaporization process rates. The dependencies of the rate of removing water 
on the structure of wood have been described by Ronewicz (2017) and Kluska 
et  al. (2019). In both works, the evaporation as a function of the orientation of 
the fibres with respect to the heat source was investigated. Ronewicz (2017) per-
formed an experimental study using wooden cubical samples dried with a stream 
of hot air. He obtained lower final masses for samples with fibres oriented in the 
same direction as the air flow than for samples with fibres oriented perpendicular 
to the air stream. The evaporation of water reflects the degassing process of vola-
tile components as well since both water and volatiles leave the particle through 
the same elements of the wood structure. The thermal conductivity coefficient 
for wood varies from 0.17 to 0.56 W/(m K) (Guo et al. 2013), and these values 
are much lower than those for steel or ceramics. The fluctuation of the thermal 
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conductivity of wood results from its internal, anisotropic structure. Open chan-
nels in the wood structure are filled with air that provides a high thermal insula-
tion and influences the resultant heat conductivity of the sample (Kollmann et al. 
1968; Siau 1984; Forest Service 2020 F2).

The aim of this study is to investigate the internal dynamics of biomass com-
bustion and provide detailed experimental measurements using radiographic testing 
(X-ray image analysis). The study has three main objectives. Firstly, it aims to pro-
vide fundamental insights and reference data by examining the volume shrinkage 
and reaction fronts of pyrolysis and oxidation inside the fuel for different arrange-
ment of the fibres of the wood sample. Secondly, the study investigates the impact 
of structure on kinetic parameters of pyrolysis process. Lastly, the study aims to 
advance the capabilities of X-ray image analysis as a method for providing reference 
measurements and guiding the development of heterogeneous pyrolysis models and 
the obtained results can be used in the construction of technological solutions on an 
industrial scale. The permeability of gas and steam in wood is an important param-
eter that influences the pyrolysis process. Two types of flow can be observed in a 
wood sample during pyrolysis: axial (along the fibres) and radial (across the fibres). 
Axial flow contributes much more to the discharge of pyrolysis volatile products 
during the process.

Materials and methods

Sample preparation

Two sample sizes and two wooden fibre orientations (along and across the heat 
source) in beech wood (Fagus sylvatica) samples were used in this investigation. 
The cuboid samples had dimensions of 20 × 20 × 5 mm and the cubic samples had 
dimensions of 32 × 30 × 30 mm. The cubic samples were insulated with foam rubber 
(for drying) or vermiculite (for pyrolysis). In this case, only one wall with wooden 
fibres along or across the heat source was subjected directly to the provided heat. 
The influence of the orientation of the fibres with respect to the heat source on the 
pyrolysis process was investigated (Figs. 1 and 2). The following abbreviations for 
the sample types are used in this manuscript:

• AC—non-insulated sample with dimensions of 20 × 20 × 5 mm, where the fibres 
were oriented across the heat source

• AL—non-insulated sample with dimensions of 20 × 20 × 5 mm, where the fibres 
were oriented along the heat source

• IAC—insulated sample with dimensions of 32 × 30 × 30  mm, where the fibres 
were oriented across the heat source

• IAL—insulated sample with dimensions of 32 × 30 × 30  mm, where the fibres 
were oriented along the heat source.
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Fig. 1  Experimental data of drying process dynamics for particles with fibres oriented across and along 
the heat source: A and B AC and AL samples with a size of 20 × 20 × 5 mm (not insulated) and C and D 
IAC and IAL samples with a size of 32 × 30 × 30 mm (insulated on 5 walls)

Fig. 2  Heat and flow distributions during the drying process for samples with fibres oriented across the 
heat source: A. AC and B. IAC. Heat and flow distributions for samples oriented along the heat source: 
C. AL and D. IAL (arrows pointing from top to bottom- heat distribution; arrows pointing from bottom 
to top- steam)
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Drying process

The drying process was conducted in the laboratory using a dryer and moisture ana-
lyser (dryer, moisture analyser RADWAG MAX 50/NH).

The samples (IAC and IAL) with a size of 32 × 30 × 30 mm were insulated on 5 
sides only, and one side of the sample was submitted to the high temperature. All 
samples were dried in the moisture analyser at 105  °C for 24  h, and the samples 
were weighed. In the next part of the experiment, the samples were moisturized with 
water again to the level of 50%. Samples prepared in this way were subjected to 
experiments. During the drying analysis, the wood samples were held at 105  °C, 
and the mass of samples was measured every 10 min using an analytical balance. 
Humidity 50% was the average humidity of samples prepared from fresh wood, so 
it was decided that the tests should be carried out on samples with such humidity. 
In the tests, care was taken to ensure that the prepared samples had such humidity, 
so that drying for different experiments could be compared in the entire range of 
humidity characteristic for wood. The target moisture content was achieved by soak-
ing the samples in water.

Similarly, samples of pieces of wood with smaller dimensions of 20 × 20 × 5 mm 
were prepared. During this experimental analysis, the mass loss of the samples was 
determined within two-minute time periods for the fibres oriented along and across 
the heat source.

Pyrolysis process

Pyrolysis processes were conducted in a high-temperature batch reactor with an 
inert gas. The wooden samples were placed inside a hot furnace (the temperature of 
the process reached 500 °C) that was purged with an inert gas for the same time and 
temperature for each sample through the pyrolysis process. The simple construction 
of the pyrolysis reactor and the high thermal inertia allowed a partial pyrolysis of 
the sample to occur. The sample was removed from the furnace and cooled in a her-
metic aluminium autoclave to stop the decomposition processes.

The samples with a size of 20 × 20 × 5 mm (AC and AL) were placed directly in 
the middle of the furnace, where convection was forced by conduction between one 
side of the sample and the furnace. The samples were heated in a furnace for 30, 60, 
90, 120 and 150 s and weighed to determine the mass loss and degree of decomposi-
tion. This method has disadvantages, such as direct heating from the base of furnace 
or convection heating from the different sides. Five walls are heated in the furnace, 
the side walls and the top. To eliminate these problems, larger samples and vermicu-
lite insulation were used in the other experiments. The non-insulated side (wall) of 
the samples with a size of 32 × 30 × 30 mm was subjected to the heat directly for 
5, 10, 15, 20, 25 and 30 min. This forced convection in the non-insulated direction 
depended on the arrangement of the fibres (IAC and IAL) in the analysed samples.

The mass loss measurements were taken every 30 s, and the dynamics of the pro-
cesses were presented as a per cent of the mass loss in 1-min intervals to unify all 
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experiments in this work. The samples after pyrolysis were analysed using the radio-
graphic method.

Radiographic testing (X‑ray image analysis)

Radiographic testing (RT) was conducted using a low-power X-ray tube at a volt-
age of 44 kV and current of 10 mA. The analysis relies on irradiating a sample with 
a radiation source using an X-ray tube or a radioactive isotope, and the irradiated 
object emits ionizing radiation. The emitted radiation is applied to a radiographic 
film or an image plate (in the case of digital radiography). In this study, phosphor 
imaging plates were used during computed radiography (CR) to obtain a digital 
image. This type of radiography has many advantages compared to traditional radi-
ography, such as the ability to display sharp images and enlarge specific areas.

Mathematical model of pyrolysis process

Simultaneously with the experimental work, a mathematical model of the pyrolysis 
of a single wooden particle was developed, and calculations using mass loss and 
temperature distribution were performed. The calculations were performed for the 
smaller, non-insulated sample (Fig. 1A, C) in order to put an emphasis on the influ-
ence on fibre orientation on the heat transfer processes and as a result on the pyroly-
sis process.

The effect of wooden fibre orientation was previously studied by Gronli (1996). 
The author conducted a thorough study, distinguishing three alternately arranged 
layers of wooden matter: substance/fibres, bound/liquid water, and gas. Gronli calcu-
lated the value of thermal conduction coefficient for parallel and perpendicular fibre 
orientation (in this work: along and across, respectively) for various moisture con-
tent. Based on these results, values of thermal conductivity for two fibre orientations 
of dry wood were implemented in this model (Table 1).

Table 1  Physico-chemical parameters of the wooden sample implemented in the computational model

Material Parameter Value Reference

Wood �w,
kg

m3

660 Own analysis

Char �c,
kg

m3

204 Own analysis

Wood cp,w,
J

kgK
1500 + T Gronli (1996)

Char cp,c,
J

kgK
420 + 2.09T-6.85·10−4T2 Gronli (1996)

Wood, along �w,
W

mK
0.38 Gronli (1996)

Wood, across 0.15
Char �c,

W

mK
0.0002T-0.0183 Park et al. (2016)

Wood, char k,
1

s 2.45 ⋅ 10
5
⋅ exp

(

−
95.4

RT

)

Gronli (1996)
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The prepared model is one-dimensional, transient. To simplify the model it 
was assumed that the heat was being provided through the top and bottom wall 
only. Thermal parameters and mass loss were calculated with the direction of heat 
input (Fig. 3). The simulated sample was implemented to be 5 mm long in total, 
divided into 200 cells. Initial temperature of the whole sample was set to 20 °C. 
Similarly to the experimental work, the sample was subjected to the immediate 
temperature of the surroundings; therefore, the boundary condition was set to 
500 °C for walls of the sample.

The approach focuses on a solution of a two-equation system involving mass 
loss and heat transfer equation in the following form:

where: t is time, � is a mass ratio of current mass (solid) to initial mass of the sample 
 (ms/m0) and � is ratio of mass loss function obtained for pyrolysis process with a 
very slow heating rate to the initial mass of the sample ( m/m0).

The reason of including the additional parameter � is described thoroughly in 
previous works (Kardaś et al. 2019; Postrzednik 1994). In the above equation k is 
a chemical reaction rate coefficient.

The heat transfer equation is considered in the following form:

��

�t
= −k

(

� − �
)

,

0 20 40 60 80 100 120 140 160
0.0

0.2

0.4

0.6

0.8

1.0

0 20 40 60 80 100 120 140 160
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200
0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.10

M
as

s 
lo

ss
 [w

t. 
%

  m
in

-1
]

Time [s]

 Along
 Across

Th
e 

de
riv

at
iv

e 
of

 m
as

s 
lo

ss
 [w

t.%
 m

in
-1
]

Time [s]

 Along
Across

C D

M
as

s 
lo

ss
 [w

t. 
%

 s
-1
]

Time [s]

A B

Th
e 

de
riv

at
iv

e 
of

 m
as

s 
lo

ss
/ %

 s
-1

Time [s]

Fig. 3  The pyrolysis process dynamic for particles with fibres oriented across and along the heat source: 
A and B. 20 × 20 × 5 mm samples (not insulated) and C and D. 32 × 30 × 30 mm samples (insulated on 5 
walls)
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where T is temperature, t is time, � is density of the sample, cp is a specific heat 
capacity, and � is thermal conductivity.

The physical parameters are functions of temperature and/or the pyrolysis process 
stage (α). All the implemented values are gathered in Table  1. The values of the 
parameters of the sample at a given temperature were based on the pyrolysis stage, 
as follows:

for thermal conductivity,

for specific heat capacity, and

for density.

Results and discussion

Drying results

Figure 1 presents the rate of water mass loss (%) as a function of time (s) for the 
20 × 20 × 5 mm (not insulated) and 32 × 30 × 30 mm samples, and the dynamics of 
the processes are expressed as weight loss in % (related to initial mass) in 1-min 
intervals.

The highest dynamic of the drying process for all the samples was observed at 
the beginning (first 300 s) of the process. This resulted from the removal of water on 
the surface of the tested material. In the subsequent stages of the drying process, the 
van der Waals-bound water in the pores of the biomass was removed. In comparison 
with the AC and AL samples, the IAC and IAL samples were characterized with 
a greater process dynamics variability that was influenced by the insulation of the 
walls and limitation of the heat exchange surface.

Despite the different physical properties, such as the thermal conductivity along 
a specific wall of the samples, the time of drying process was similar. Samples with 
fibres along the heat source (AL and IAL) were better heat conductors in terms of 
providing heat inside the sample. In this case, the direction of vapour flow (out-
flow) was away from the heat source. Therefore, the heat penetration was partially 
counterbalanced by the oppositely directed fluid flow (heat removal). In the case of 
samples with fibres oriented across the heat source (AC and IAC), the heat penetra-
tion was more difficult because of the alternatively arranged layers of high and low 
thermal conductivity materials (Fig. 2).

�T

�t
=

�

�cp

�2T

�z2
,

�(T , �) = �(T) ⋅ �w + (1 − �) ⋅ �c(T)

cp(T , �) = �(T) ⋅ cp,w(T) + (1 − �) ⋅ cp,c(T)

�(T , �) = �(T) ⋅ �w + (1 − �) ⋅ �c
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Pyrolysis results

In Fig. 3, the pyrolysis processes, mass loss of the samples in time and the dynamics 
of the processes expressed in per cent of the mass loss in time for the 20 × 20 × 5 mm 
samples (not insulated) and 32 × 30 × 30 mm samples (insulated on 5 walls) are pre-
sented. The orientation of the wood fibres in the first type of samples (not insulated) 
did not influence the mass loss for the first 30 s of the pyrolysis process (20% of the 
overall process time). In the second step after 40 s, the intensity of the decomposi-
tion was higher for the sample with fibres oriented along the heat source (AL). The 
maximum dynamics of the mass loss for the AL samples was in the 90th second of 
the process, and there was 70 wt. % of mass loss per minute. Degradation of the AC 
samples was slower than that for the AL samples, especially in the initial stage of 
the process. The dynamics increased at the final stage of the process and achieved 
a maximum of 90 wt. % of mass loss per minute, which significantly exceeded the 
maximum of that for the other samples. The end of the process was reached after 
120 s and was the same for both types of fibre orientation (AC and AL). Despite the 
differences in the rate of the process, the decomposition took place at a similar time 
with similar final values.

The pyrolysis process of the insulated 30 × 30 × 32 mm samples is presented in 
Fig. 3C-D. During the first 15 min of the process, the mass loss for both sample sizes 
was similar and the dynamics of process was low. The IAC samples had a slightly 
higher mass loss during the degradation process. In the next steps, the IAL samples 
rapidly decomposed, with a final mass that was 24  wt.% of the initial mass after 
30 min of the process. The intensity of the volatilization increased from the begin-
ning of the process up to 20 min, where it reached a maximum of 5.22 wt. % mass 
loss per minute. Volatilization of the IAC sample occurred with a different dynamic 
(like that for the smaller samples AC and AL). After 20  min of degradation, the 
process was slower than that for the IAL samples. Between the 10th and 20th min-
ute, the pyrolysis slightly decreased and then the dynamic of the process increased 
again and reached its maximum at the 25th minute, with 5.39 wt.% of mass loss per 
minute. The pyrolysis of the IAC and IAL samples was slower than that for the AC 
and AL samples for most steps of the process. The dynamic increased at the end of 
the process, and for both fibre orientations, a similar final mass of 23.5 wt.% of the 
initial mass after 30  min resulted. Similar to the case of the uninsulated samples 
(AC and AL), the rate of the process was different, but the final effect was very simi-
lar (24 wt.% of the initial mass for IAL and 23.5 wt.% of the initial mass for IAC 
samples).

Volume change analysis

Volume change analysis was carried out in a simple manner. Measurements of 
each of the three dimensions of the cube (length, width, height) were made for 
two places, i.e., for the point at the corner and in the middle of the segment. After 
taking the average, this value was used to calculate the volume. Measurements 
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were taken with a caliper. This measurement, although simple, shows the direc-
tion of changes quite well.

The changes in the sample volumes were analysed in both series of experi-
ments (two size samples and two types of fibre orientation), and the changes in 
volume are compared in Fig. 4.

The cuboid shape of the 20 × 20 × 5  mm AL samples after pyrolysis curved 
into an arch. During decomposition, the volume of the AL and IAL samples 
changed significantly, which was the consequence of the generation of gases and 
deformation of the samples. The volume for the AL sample was 63% of the initial 
volume, while for the AC sample, the decrease was not noticeable (95% of the 
initial volume). A similar tendency was observed for the large samples (IAC and 
IAL), where a higher volume loss was obtained for the IAL samples (48% of the 
initial volume) than for the IAC samples (66% of the initial volume). It is worth 
noting that for samples welded along the fibres, the sample increases in volume 
at some point. The observed effect is the result of stress caused by deformation.
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Fig. 4  Change in volume of the samples during the pyrolysis process: A. 20 × 20 × 5 mm samples (not 
insulated) (AC and AL) and B. 32 × 30 × 30 mm samples (insulated on 5 walls) (IAC and IAL)
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X‑ray image analysis

Analysis of the mass and volume changes of the AC, AL, IAC, and IAL wood sam-
ples during pyrolysis using traditional thermogravimetric analysis (TGA) provided 
similar results, and the differences were slight. A similar result is due to the low 
mass and volume of the samples used in the TGA. The parameter limiting the rate 
of pyrolysis is primarily the rate of heat supply to the samples. The aim of this study 
was to prove that the proposed innovative method, namely, radiography, enables 
the observation and analysis of sample conversion during the process. This method 
complements TGA and allows a better understanding of heat transfer processes dur-
ing thermal degradation of samples.

The novelty of using X-ray images is that it allows one to observe the inside of 
the samples during the degradation process. The mass loss rate during pyrolysis was 
comparable during the first 15 min for both fibre orientations. One should be aware 
that regardless of whether the wood sample is pyrolysed or not, the photographs 
taken along the fibres will be characterized by greater contrasts in individual parts of 
the photograph. Trees grow by one annual ring each year. The annual ring is a layer 
consisting of early and late wood. Early wood formed in the spring is characterized 
by greater porosity and lower density. Wood formed in this period is used to trans-
port water in the tree. Late wood performs mainly mechanical functions and has a 
high density and low porosity.

The deformation of samples AC and AL (not insulated) involved a shape change 
and volume decrease as the time of the process increased, as presented in the X-ray 
images in Fig. 5. The lower colour contrast represents a lower density; therefore, the 
density decreased as the process progressed.

The IAL samples were determined to have a weaker heat transfer to the inside of 
the particle compared with that for the IAC samples (Figs. 6 and 7). This resulted 
in strong carbonization of the outer layer of the sample with a low decomposition 
degree in the deeper layers of the wood. The X-ray images show a greater colour 
contrast for the IAC samples that involve a higher density differences and a strong 
distinction between the decomposed and undecomposed zones in the sample. The 

Fig. 5  X-ray images of flat 20 × 20 × 5 cm samples: a AC and b AL
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faster heat transfer deeper into the particle for a larger volume of the IAL sample 
influenced the slightly carbonized region during the initial phase of the process. 
However, these were decomposition processes characteristic for lower tempera-
tures (CO and  CO2 release occurred as well as evaporation of water). After 15 min, 
the dynamic changed for the AL and IAL samples because they decomposed more 

Fig. 6  X-ray and standard images of the wooden samples with fibres oriented along to the direction of 
the heat source

Fig. 7  X-ray and standard images of wooden samples with fibres oriented across with respect to heat 
source
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dynamically due to several factors, such as more intensive gas conduction and heat 
transfer along the fibres and the appearance of cracks. Characteristic cracks in the 
wooden core appeared for both samples (AL and IAL) after 5 min of the process. 
The cracks were located with a 90 degrees angle with respect to the wood fibres 
(Fig. 6). In Fig. 6, the cracks for the samples at 10th, 15th and 20th minute were vis-
ible. The two last samples in Fig. 6 (IAL at the 25th and 30th minutes) did not have 
cracks, but the X-ray photographs indicated that the cracks were present. The cracks 
formed for all the samples from 10th minute and above, which could be observed 
without special equipment due to a change in the shapes of the samples (volume 
decrease).

The cracks in the AC and IAC samples were almost non-existent, and the regular-
ity of their formation cannot be demonstrated. In this case, the dynamics of the pro-
cess are presented in Fig. 4 and compared with the X-ray images. The AL and IAL 
samples were darker than the AC and IAC samples, which indicates a lower density. 
The sample decomposed dynamically only at the final stages of pyrolysis; this can 
be seen in the X-ray images, where there is a large difference in colour when com-
paring the two last samples in Fig. 7 (25th and 30th minutes). Due the low thermal 
conductivity for the samples with this fibre orientation, the flattening of the mass 
loss curve can be observed between the 15th and 20th minutes.

Theoretical and experimental mass loss curve for along and across wood sample

The results of calculation can be observed in Fig. 8. Results of mass loss presented 
in Fig. 8 are mostly used for the validation of the model. It can be seen that the mass 
loss (pyrolysis stage) progress is consistent with the experimental data. Intensity of 
the devolatilization processes is similar for the given temperature ranges. The final 
mass ratio of the simulated sample is of a similar value to the experimental samples. 
The total time of decomposition of the simulated process is in compliance with the 
measured values. This confirms that the calculation results are a valid representation 
of the experimental work.

Fig. 8  Calculation results. A: Mass loss function in time (calculation results compared with experimental 
data); B: Temperature distribution along the samples
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Figure 8B presents temperature distributions in time of the process for four points 
across the half of the sample (see schematic Fig. 9). In general, it can be observed 
that the further the point is from the edge of the sample, the lower the temperature in 
a given time. Moreover, it takes more time to reach the final temperature of 500 °C 
for locations further from the wall. This is a natural consequence of heat transfer 
process. However, the most important observation is during the comparison of the 
two sets of data in Fig. 8B: temperature distribution for sample with fibres oriented 
along (black dataset) and across (red dataset) the heat source. Thereby for a certain 
time the temperatures for sample with fibres across the heat source are lower. This 
means that the AC sample heats up slower than the AL sample. This effect is caused 
by the fibres oriented in a way that provides either higher (AL) or lower (AC) heat 
transfer rate. This in turn implies the decomposition process dynamics. Lower tem-
peratures of the AC sample cause lower mass loss rate, and it takes more time to 
decompose the sample with fibres oriented across the heat source (Fig. 8A).

Conclusion

During the drying of the 20 × 20 × 5  mm samples, the mass loss at the beginning 
of the process was much faster and dynamic for the fibres oriented along the direc-
tion of the heat source. After 50 s of pyrolysis, the mass difference between the not 
insulated samples (20 × 20 × 5 mm) was approximately 25 wt.%, and after 90 s, the 
difference increased to over 30 wt.%. Although the pyrolysis rate of both samples 
differed, the final mass was similar and amounted to approximately 18  wt. % of 
the initial mass. Despite these apparently similar results for samples AC and AL, 
the structure of the woody biomass had a significant impact on the mechanism and 
dynamics of pyrolysis process. Traditional TG provided similar results. However, a 
detailed analysis using the novel radiographic method allows one to observe differ-
ent aspects of the process in addition to the deformation and change in the shape of 
the wood sample. The dynamics are closely related to the structure of the analysed 
samples and may have a significant impact on the properties of the obtained carbon 
material.

The obtained radiographic images were different depending on the degree 
of decomposition. During the decomposition process, the density of the sample 
decreased, which was observed through differences in the colour intensity and con-
trast on the image. The process did not take place with the same speed over the 
entire volume of the sample, which resulted in a reduction in the decomposition 
degree during slow heat transfer into the sample.

Fig. 9  Temperature points measured in Fig. 9. The value of l is half of the sample width, l = 2,5 mm
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The presented numerical calculations allowed to demonstrate that the heat con-
duction is of fundamental role in the pyrolysis process. It was a proposal of a very 
simple model, consisting of two partial differential equations, and an attempt to 
check whether it can be successfully used for pyrolysis modelling in the case of 
larger samples. It seems that the answer is positive.

The presented research shows the wide possibilities of the radiographic technique 
in the study of pyrolysis. In addition to the analysis of pyrolysis dynamics, this tech-
nique gives the opportunity to observe sample defects resulting from stresses caused 
by temperature deformation of samples.
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