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wood chips,

was 0.973 and was almost complete. The calculations were made for
the areas of deviations (Sp) and the area of scattering planes (Dps).
Particular flow irregularities were determined for deviations ranges of
individual groups of fractions and were (>1.0)=3.04; (1.1-4.0)=4.08;
(4.1-8.0)=6.33 and (8.1-16.0)=7.33 cm’, and for scattering planes they
were accordingly e (>1.0)=0.32; (1.1-4.0)=0.72; (4.1-8.0)=0.97 and
(8.1-16.0)=1.29 cm’.

biomass flow,
X-ray radiation

Introduction

X-ray radiation is an electromagnetic field that is generated during the electron relaxa-
tion. The wave latitude measures 10 pm to 10 nm and is placed between the ultraviolet
(UV) and gamma radiation (L'Annunziata and Baradei, 2003). Techniques involving the
X-ray radiation are popular mainly in medicine to diagnose internal structure of objects
(Ajaj and Ghassal, 2003). However, they are also used in defectoscopy (Matuchova et al.,
2009) or structural studies and spectral analysis.

The X-ray diagnosis method is based on absorption of wave radiation by various par-
ticle matters. In softer matters X-ray waves with higher radiation intensity pass easier
through the structure, making blackout spots on the photographic paper (Kastengren and
Powell, 2014; Liu and Qiao, 2010). This process is caused by two electrodes (cathode and
anode) sunk in a vacuum or in the compressed air in a glass bulb. A cathode when reaching
the voltage of incandescence U, causes that electrons are emitted, that is accelerated by the
anode voltage U,. Electrons reaching the anode are detained by the matter (L'Annunziata
and Baradei, 2003).

X-ray images of wood briquette were characterized. In special cases bulk material (Ro-
man, 2015) is similar to the liquid medium, by the properties of the plastic flow (Horabik

147



Kamil Krzysztof Roman, Adam Swietochowski

and Grochowicz, 2000). Hypothetically, when the speed of the piston displacement is sig-
nificantly low, briquetting material can be determined by the polytropic equation (Skalweit,
1938). Interpretation of bulk material plastic flow can predict internal stuck or dead zones
during the transport procedure, supporting the bioenergy generation for example in devel-
oping countries (Raslavicius et al., 2011).

The research aims to describe patterns that appeared after the briquetting process. Pat-
terns were different for every individual group of briquetted fractions.

Material and methods

The research raw material was shredded by the RTB13 chopper. The chopper was
equipped with a beater disc and a chopping unit. A shredder was equipped with a circular
mesh screen with a diameter of 10 mm.

Studies were carried out individually for Scots pine wood briquettes made of separated
fraction groups that were divided on a sieve separator according to the standard PN-EN
15149-1:2011 and PN-EN 15149-2:2011. The research material was separated into
4 classes fraction lengths as >1.0, 1.1-4.0, 4.1-8.0 and 8.1-16.0 mm.

The described method assumes the studies of compacting the wood material (Grzybek,
2004) in a specially prepared prototype tube. All calculations were made on the two dimen-
sions. In the one-side closed tube of 45 mm diameter and 300 mm height, bulk materials
were compacted under the pressure that reached 62 MPa. The movement speed of
a punch was 2.5 mm-s” in a die that was heated to the temperature of 80°C. The pressure
needed for compression could deform a pore affecting the density change of bulk material
(Lisowski et al., 2014, Nurek and Roman, 2014).

The size of a fraction was purposefully selected (Skonecki and Laskowski, 2010) to in-
itiate and observe the laminar and turbulent behaviour of the matter flow. It was noticed
that the fraction size also effect the durability of the compressed structure (Lisowski and
Swietochowski, 2014; Swigtochowski, 2013). The studies include verification of the valid
tests numbers, arithmetic mean, minimum, maximum and standard deviations. The statis-
tical analysis also included the correlations of the material flow with the scattering plane.
Statistica 10 software was used for statistical analysis.

The research focuses on the evaluation of the internal tube bulk material transport prop-
erties with the use of X-ray. To perform the X-ray image, Siemens Axiom Artis FC equip-
ment was applied. Before briquetting, the bulk material was separated into four groups of
fraction. According to the hypothesis, the flow of the briquetting material was closely re-
lated to the plane, individually for the four groups of fractions. X-ray images of wood bio-
mass briquette were shown in the figure 1.

The X-ray image was analysed in the specially prepared computer graphical program
that was written in Delphi 7. The written program allows placing the lines and points on the
X-ray image mapping the movement of the material layers in the die during thickening,
storing them in vectors to identify mutual positions. The image delivered information on
characteristic patterns separately for each group of fraction. An individual pattern reflects
the flow with internal and external friction. The studies were conducted in the cylindrical
tube to keep the same coefficient of friction for each sample.
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Figure 1. X-ray image of wood briquettes made of groups of fractions: a) >1.0 b)1.1-4.0
¢)4.1-8.0d) 8.1-16.0

Results

Characteristics of area deviations during the flow for an individual fraction were deter-
mined. The X-ray image captured the post-briquetting fractions flow in the briquette struc-
ture. Characterized the patterns in which the borders were set by the vertical and horizontal
axis. Tests were taken in a few spots and delivered as arithmetic means. The scattering
plane distances from the vertical and horizontal axis for the fraction flow were determined
during the analyses. Characteristics of the pattern distance arithmetic mean for an individu-
al fraction were shown in table 1.

Table 1.
Characteristic of distance mean from axis and scattering plane in briquette for individual
fraction group

Fraction Distance from Distance from Plane scattering
(mm) vertical axis (cm) horizontal axis (cm) (cm)
>1.0 0.85 2.25 0.09
1.1-4.0 1.14 2.25 0.20
4.1-8.0 1.77 2.25 0.27
8.1-16.0 2.05 2.25 0.36

The obtained data were subjected to the statistical analysis. The basic statistical analysis
of the flow pattern mean for the individual group of fraction was shown in table 2.
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Table 2.

The basic statistical studies of distance from vertical axis and plane scattering factors

Factor Valid tests Mean Min Max Sp
numbers N (cm) (cm) (cm) (cm)

Distance from vertical axis (cm) 4 1.45 0.85 2.05 0.55

Plane scattering (cm) 4 0.23 0.09 0.36 0.11

The correlation coefficient between the vertical axis and plane scattering factors was
equal to 0.973, which according to the scale adopted by Stanisz (2006), made the correla-
tion almost complete. Coefficient was estimated for the arithmetic mean results that were in
the confidence interval equal to 0.95. The correlation of distance from the vertical axis and
scattering plane factors were characterized in figure 2.
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Figure 2. Correlation of vertical axis and scattering plane factors

During the material movement in the die, friction took place. It was reported, that the
distance from the horizontal axis has a characteristic pattern of an elliptical shape. The
length of the elliptical bow can be calculated by equation of elliptic integrals that has been
shown in equation 1.

2 2
L. )
L
where:
x,y —coordinates of the point on the circumference of the ellipse,
7y — radius of the horizontal axis OX,
7 — radius of the vertical axis OY.

y
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To determine the visual surface of changes, the equation should be transformed to the
form 2.

@

During the calculations of the function the scattering plane for every group of fraction
was also assumed. The function shows the occurring dependence between distances from
the vertical to horizontal axis. The summary characterized every individual group of frac-
tions. Figure 3 presents the diagram of distances from the vertical and horizontal axis.
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Figure 3. The distances from vertical and horizontal axis

Bends were individual for every group of fraction. The area of changes was placed be-
low the functions. Internal deviations could be determined by an integral equation, taking
into account the length of the horizontal diameter and the distance from the vertical axis.
Calculation determines the area of deviations (Sp) that was shown in equation 3.

3)

The calculations of area where the deviations are made (Sp) were bordered by the func-
tion and the horizontal axis. The deviations areas for individual groups of fractions were
(>1.0) = 3.04; (1.1-4.0) = 4.08; (4.1-8.0) = 6.33 and (8.1-16.0) = 7.33 cm’.

The range of the plane scattering could be also determined by the integral equation. The
calculations necessary for determination of the area of the scattering planes (Dps) were
presented in equation 4.
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b J (t, +h,)’r; -1.x7) . (t, +h,)’r, - rsz)dx @
PS I (rx + hn )2 (rx - hn )2
where:
h, — scattering plane for individual fraction.

The X-ray photography also determined the turbulent and laminar behaviour of the
wood fraction. The scattering plane for individual groups of fractions was 0.09; 0.20; 0.27;
0.36 mm of tolerance. The range of deviations could be determined by the integral equation
which calculates the area of planes (Dpg). The areas of scattering planes for every group of
fractions were 1 (>1.0) = 0.32; (1.1-4.0) = 0.72; (4.1-8.0) = 0.97 and (8.1-16.0) = 1.29 cm”.

Conclusions

1. In the literature there is no verification of works devoted to the flow of wood biomass
briquetting process using X-ray analysis. We can find only the characteristics of solid
wood as a way of non-destructive evaluation (Tomazello et al., 2008). Some studies
contain measurements of wood density (Hervé et al., 2014).

2. The flow of the bulk material in special cases could be determined by polytropic equa-
tion which obeys the relation of the thermodynamic process (Skalweit 1938). According
to the theory, the solid biomass flow can be determined by the formula pv"=constans.
The band for individual groups of fractions (>1.0, 1.1-4.0, 4.1-8.0 and 8.1-16.0 mm)
were 0.85; 1.14; 1.77; 2.05 mm of tolerance.

3. Calculations of deviations areas (Sp) were (>1.0) = 3.04; (1.1-4.0) = 4.08; (4.1-8.0) =
6.33 and (8.1-16.0) = 7.33 cm?, for areas of scattering planes (Dps) was (>1.0) = 0.32;
(1.1-4.0) = 0.72; (4.1-8.0) = 0.97 and (8.1-16.0) = 1.29 cm”.

4. The statistical analysis determines the strongest correlation between the distance from
the vertical axis and the scattering plane. The correlation coefficient was significantly
high and it was r = 0.973 for the studied arithmetic mean. During the basic statistical
analysis 4 valid tests were carried out, where standard deviation for the distance from
the vertical axis was equal to 0.55 cm and for the scattering plane - 0.11 cm.
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ANALIZA STRUKTURY BRYKIETOW DRZEWNYCH
PRZY UZYCIU PROMIENI RENTGENOWSKICH

Streszczenie. Badania mialy na celu okreslenie przeptywu frakcji zrgbkow drzewnych w trakcie
brykietowania wykorzystujac analiz¢ obrazu zarejestrowang przy uzyciu promieni rentgenowskich.
Uzytym materialem byla sosna zwyczajna, ktdra uprzednio przygotowano w formie zrebkow i sklasy-
fikowano wedlug normy na czerech grupy frakeji (>1.0, 1.1-4.0, 4.1-8.0 i 8.1-16.0 mm). Analiza
obrazu rentgenowskiego pozwolita na charakterystyke ruchu frakcji surowca w trakcie procesu bry-
kietowania. Zarejestrowany wspotczynnik korelacji pomi¢dzy osia pionowa i ptaszczyzng rozprasza-
nia byt prawie pelen i wynosit 0.973.Wykonane obliczenia zostaly przeprowadzone dla obszarow
rozproszenia przeptywu biomasy, na ktorych wystepowaty nieregularnosci przeptywu (Sp) i plasz-
czyzn charakteryzujacych powierzchnie rozpraszania (Dpg). Okres$lone nieregularnosci przeptywu
oszacowano dla poszczegdlnych grup frakcji na poziomie (>1.0)=3,04; (1.1-4.0)=4,08; (4.1-8.0)=6,33
i (8.1-16.0)=7,33 cm?, za$ dla ptaszczyzn rozproszenia wynosity kolejno (>1.0)=0,32; (1.1-4.0)=0,72;
(4.1-8.0)=0,97 i (8.1-16.0)=1,29 cm’.

Stowa kluczowe: brykietowanie, zrebki drzewne, przeplyw biomasy, promieniowanie rentgenowskie
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