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Abstract: Biomass is a renewable energy source with great potential worldwide and in the European
Union. However, valorization is necessary to turn many types of waste biomass into a tradable
commodity that has the potential to replace coal in power plants without significant modifications
to firing systems. Mild pyrolysis, also known as torrefaction, is a thermal valorization process of
low-quality biomass that could be suitable for such a purpose. In this work, typical Spruce-Pine-Fir
residues from a sawmill were tested in terms of the explosion and flame propagation properties. The
ISO 1 m® dust explosion vessel was used, with a modified and calibrated dust dispersion system
that could cope with very coarse particles. The deflagration index, Kst, was higher for the torrefied
sample, with a peak at 36 bar m/s compared with 27 for the raw biomass. The peak flame speeds
were similar for both samples, reaching 1 m/s. The peak Pmnax/P; was between 7.3 and 7.4 bar for
both untreated and torrefied biomass. The mechanism for coarse particle combustion is considered to
be influenced by the explosion-induced wind blowing the finer fractions ahead of the flame, which
burns first, subsequently devolatilizing the coarser fractions.

Keywords: flame propagation; mild pyrolysis; bio-coal; dust explosions

1. Introduction

Extensive effort is needed to achieve the ambitious climate goals set by the Paris
agreement. Biomass is a considerable renewable energy source, which fulfilled approx.
19% of heating needs and almost 3% of electricity needs in 2019, in the EU [1]. However,
biomass processing generates particles, the accumulation of which could be considered an
important hazard at various stages of bio-based supply chains [2—4]. Due to the possible
loss of life and high cost due to such explosions, a cautious approach is adopted, and
significant emphasis is put on prevention aspects, focusing on the elimination of potential
explosion hazards both in biomass processing and utilization facilities [5,6].

With increasing interest in novel processes for the valorization of biomass [7,8], the
necessity of investigations focused on process safety, as well as on the characteristics of the
valorized biomass with respect to its subsequent utilization, is evident. Torrefaction, also
known as mild pyrolysis [9,10], is one of the processes that offer important benefits in using

Appl. Sci. 2022, 12, 12928. https:/ /doi.org/10.3390/app122412928

https://www.mdpi.com/journal/applsci


https://doi.org/10.3390/app122412928
https://doi.org/10.3390/app122412928
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0001-7045-0785
https://orcid.org/0000-0002-2081-0057
https://orcid.org/0000-0003-0538-7980
https://doi.org/10.3390/app122412928
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app122412928?type=check_update&version=1

Appl. Sci. 2022,12,12928

20f15

valorized biomass as a sustainable solid fuel [11,12]. It offers important advantages across
the whole bioenergy value, improving solid fuel properties [13-15] and offering advantages
for various energy conversion processes, such as combustion [16-18] or gasification [19-21].
The influence is multifaceted. Firstly, torrefaction has an enhancing influence on the reactiv-
ity of biomass, which has been confirmed by many studies [22-25]. Secondly, torrefaction
improves grindability and makes biomass more brittle [26-28]. This is important since
particle size distribution has an immense influence on the behavior of solid fuels during
combustion [29-31]. Moreover, torrefaction is capable of removing some part of chlorine
from biomass [32], followed by the formation of chloromethane [33]. This has a positive
influence in terms of the formation of deposits in boilers [34], and the diminishing influ-
ence of torrefaction on the formation of deposits has been confirmed empirically for the
combustion of torrefied Palm Kernel Shells in small-scale boilers [35].

A number of published works confirmed the feasibility of using torrefied biomass to
decrease the carbon footprint of thermal power plants by co-firing torrefied biomass with
coal at ratios much higher in comparison to untreated biomass [36,37]. However, not much
is known about the process safety of torrefied biomass, thus creating potential business
uncertainties for large-scale users, such as power plants, where explosions are related to sig-
nificant human and financial losses. Huescar-Medina et al. [38] investigated the influence
of torrefaction on selected parameters of dust explosivity of wheat and willow, reporting a
slight increase in (dp/dt)max and Kgrmax due to torrefaction. Huescar-Medina et al. [39]
also characterized the explosion reactivity of torrefied spruce. Abelha, Carbo, and Ciep-
lik [40] reported the explosivity properties of dusts from torrefied biomass pellets and
measured flame front velocity using an in-house developed method. Flame speeds have
been compared for coal and biomass by various sources [41-43].

Due to the reported increase in the biomass explosion parameters caused by torrefac-
tion, it seems sensible to determine if coarse particles, typically not considered hazardous
in the case of raw biomass, should be treated as a potential risk for torrefied materials.
Moreover, a good understanding of combustion behaviour and knowledge of laminar
burning velocity is critical in terms of the design of burners, as well as assessment of
consequences of fuel change for existing burners, whether that be a transition from coal to
torrefied biomass (also known as biocoal) or transition from untreated biomass to biocoal.
Therefore, the aim of this paper is to perform a comparative analysis, investigating both
explosion properties as well as laminar burning velocities for both torrefied and untreated
biomass—i.e., SPF (Spruce-Pine-Fir) residue from a typical, small-scale sawmill.

2. Materials and Methods
2.1. Mild Pyrolysis Process

Bulk samples of the woody mixture and its torrefied sample comprising spruce, pine,
and fir were received from RFT, Liverpool. A sample of valorized material was produced
using patented torrefaction technology, as shown in Figure 1, developed by the company.
The technology is based on the indirect delivery of the process heat through phase change
of the heat transfer medium (Thermal fluid). The pilot unit can process approximately
20 kg /h of biomass. Processing capacity is determined mostly by the moisture content of
a feedstock and requirements for the parameters of the obtained torrefied product. The
torrefaction process used in this work heats biomass by direct contact with hot, hollow, flat
surfaces (trays). The temperature was measured by K-type thermocouples for each tray
individually, with the tip of the thermocouple being in proximity to the bottom side of the
top plate. 3 K-type thermocouples measure temperature in proximity to the bottom side
of the bottom plate for Trays 1, 3, and 4. Due to rotating elements (paddles), it was not
possible to measure the temperature inside the bed or on the top side of the (top) plate.

Material delivered for the test performed for this work (test in the 1 m® vessel) was a
subject of mild pyrolysis. The average temperature for all the trays of the reactor, measured
in proximity to the bottom side of the top plate, was 302.9 °C. An important novelty of
this particular reactor, in comparison to other modern torrefaction reactors [44—46], is the
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ability to achieve very low residence times due to enhanced mixing of the bed. The mean
residence time of biomass particles inside the reactor was 7 min. Typically, the residence
time for mild pyrolysis of biomass ranges between 30 and 90 min [47-49]. However, shorter
residence times of 5-12 min have been proposed [50,51]. Shorter residence times could
be considered beneficial, as the productivity of a reactor of a certain size depends on its
residence time in a linear manner. However, heat exchange limitations within the bed
should always be carefully considered, with mixing being especially important.
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Figure 1. Diagram of the Pilot Torrefaction Installation.

2.2. Characterization of Feedstock and Product

Torrefied coarse wood particles (less than 3 mm) were the fuel used in this work.
Biomass came from wood processing, originating from three different kinds of wood:
Spruce (S), Pine (P), and Fir (F). These three wood species were mixed in roughly equal
proportions during wood processing, and it was not possible to separate each species. The
untreated sample is a typical example of residues from wood processing in the UK. Two
samples were investigated: the raw coarse ground biomass, marked as Spruce-Pine-Fir
Raw (SPFR), and the torrefied biomass, marked as Spruce-Pine-Fir torrefied (SPFT), across
the manuscript. Their properties are summarized in Table 1 for their elemental composition
and their volatile, fixed carbon, and ash content.

The elemental analysis, performed using Perkin Elmer 2400 analyzer, was used to
determine the stoichiometric air-to-fuel ratio, A/F [52-54]. TGA analysis was used to
determine the volatile, fixed carbon, ash, and moisture content of the biomass [55-57]. The
Shimadzu TGA-50 was used, with alumina crucibles, with sample size of approx. 10 mg.
Volatile matter content and ash content were determined in separate runs. The program
for determination of volatile matter content consisted of heating the biomass up to 105°C
with the heating rate of 10 °C/min, followed by a hold period of 30 min. Subsequently, the
sample was heated up to 900 °C with the heating rate of 10 °C/min, in N, atmosphere,
followed by a holding time of 2 h. For determination of ash content, the same step was
used for drying. Subsequently, the sample was heated up to 550 °C with the heating rate
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of 10 °C/min, in the air atmosphere, followed by a holding time of 2 h. Such temperature
ensured that no inorganics could be removed from the biomass [34]. Higher heating value
was determined using IKA C2000 bomb calorimeter.

Table 1. Proximate and ultimate analysis of the samples.

Biomass %  %H %N %0  %H;0 %VM %FC %Ash 1\}4111}1:; ﬁﬁfg, s“’i;gA/ F St°£;f’ A
Dry Ash-Free (daf) As Received (ar) Dry ar daf Actual
SPFR 50.4 6.9 1.2 414 7.8 73.4 16.2 2.6 19.9 17.8 6.4 187
SPFR residue 51.1 6.3 1.2 414 6.8 72.2 17.5 3.5 19.8 17.8 6.3 212
SPFT 54.7 6.9 1.1 37.4 4 74.6 18.1 3.2 21.7 20.1 7.05 183
SPFT residue 57.9 6.2 14 34.5 42 65.2 22.7 7.8 21.3 18.7 7.3 187

SPFR—Spruce-Pine-Fir raw; SPFT—Spruce-Pine-Fir Torrefied; HHV—Higher Heating Value; LHV—Lower
Heating Value.

Table 1 shows that torrefaction produced an increase of elemental carbon with a
reduction in the % oxygen. This produced a 10% increase in the stoichiometric A/F. The
calorific value on a dry basis was increased by 9%, as shown in Table 1.

2.3. Particle Size Distribution

The raw and torrefied biomass samples were of the coarse particle size distribution
of less than 3 mm that were sieved to less than 1 mm for the present work. The sample
particle size was analyzed by a Malvern Mastersizer. The particle size distributions for the
raw and torrefied samples are summarised in Table 2. This shows that torrefaction resulted
in the reduction of the particle size by 20% on a djg basis and 18% on an SMD (Surface
mean diameter) or equal surface area basis. This could be attributed to mechanical attrition
in the reactor and, to some extent, to the shrinking effect during drying (the first stage
of the torrefaction process). However, the proportion of fines (d < 100 um) was reduced
slightly by the torrefaction process. This was probably caused by the entrainment of the
fine particles, with torgas to the thermal oxidizer.

Table 2. Size distribution in pm of the raw and torrefied biomass (SPFR—Spruce-Pine-Fir Raw
biomass; SPFR—Spruce-Pine-Fir after torrefaction).

Biomass dq9, pm dso, um dgg, pm dgmg or d3p, pm Fines (Particles < 100 um), %
SPFR 91 451 866 184 154
Post-explosion SPFR residue 69 288 747 124 17
SPFT 73 347 785 151 14.5
Post-explosion SPFT residue 78 343 781 164 14

2.4. The Modified ISO 1 m> Dust Explosion Vessel for Coarse Biomass Powders

The modified ISO 1 m? vessel, shown in Figure 2, was used for the determination of
the flammability and explosion characteristics of biomass samples. The standard C-ring
particle injector was found to be incapable of dispersing the pulverized coarse woody
biomass, as the particles were compressed and blocked the flow in the delivery C ring. This
occurred even when the woody biomass was sieved to less than 63 um. SEM analysis of
the particles sieved to <63 um shows that cylinders of diameter less than 63 um occur with
lengths much greater than 63 pm, and these block in the C-ring [41]. Several modifications
were investigated, but for particles used in the power station burner and pellet store clouds
of dust, no externally located dust injection system could be made to work. Thus, the
principle of placing dust in an external pot and injecting it with 20-bar compressed air,
developed by Bartknecht [58], had to be abandoned.
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Figure 2. Modified ISO 1 m? vessel ((A)—a picture of the vessel; (B)—a diagram of the experimental rig).

The Hartmann method [52] of dust dispersion was developed for the 1 m? explosion
vessel, whereby the dust was placed inside the vessel in a chamber and dispersed with
a blast of air. A hemispherical container was placed on the floor of the 1 m? vessel, as
shown in Figure 3. This was 0.4 m in diameter with a volume of 17 L and could contain
3.5 kg of biomass particles with a bulk density of 200 kg/m3. This was dispersed with
compressed air from a 10 L external volume at 20 bar pressure. The air was fed via a pipe
the same size as the “C” ring to the bottom of the hemisphere and injected through a series
of holes around and along the tube end, with the same total hole area as for the C-ring
injector. Calibration of the drilled pipe hemispherical cup injection system showed that an
ignition delay of 0.5 s was required to give the same Kg; for corn flour as the standard ISO
1 m? design.

v,

Hemispherical cup

x

Dri]le(-i.le. & :
-

Figure 3. Drilled pipe hemispherical disperser.

The 1 m? vessel was modified for the testing of a wide range of particle size distribution
of biomass. Different dispersers were designed and calibrated for testing the fibrous
biomass samples that were not passing through standard C-ring disperser and were choking
the holes with a significant amount left over in the pot. Out of different designs of the
dispersers, the drilled pipe hemispherical disperser was calibrated using standard fine corn
flour and Colombian coal samples based on the same explosibility results by varying the
ignition delay as compared to a standard C-ring disperser. In the drilled pipe hemispherical
disperser, the weighed dust was placed in the hemispherical cup inside, at the bottom
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centre part of the vessel. Compressed air lifted the dust particles by transverse motion
and dispersed the sample in the vessel. The dispersed dust was ignited after calibrated
optimum ignition delays of these dispersers. Post-explosion residues were corrected for
the unburnt dust and the ash contents for the actual burnt concentrations.

2.5. The Measurement of Spherical Flame Speed and Burning Velocity

Sets of thermocouples were placed horizontally and vertically in the vessel to detect
the rate of flame arrival. Twelve thermocouples were placed in the horizontal direction
on both sides of the ignition source to measure the flame propagation right and left to the
igniter. Another eight thermocouples were installed vertically downward. So, the three sets
of thermocouples recorded the time of flame arrival and helped to measure the average
flame speeds in three directions. The sets of thermocouples recorded the time of flame
arrival that was used to plot the time of arrival of the flame as a function of the position of
the thermocouple, and the slope of the linear line determined the average flame speeds.
It was found that the average flame speed was the same, with a minor deviation of 2%,
showing the uniform propagation of flame. Moreover, these average flame speeds were
measured in the constant pressure region in between 0.2 to 0.7 of the vessel radius as in
the initial 20%, there was igniter affecting the flame, and after 70% of the vessel radius,
pressure rise starts to change significantly. Windmill Wavecap software (12.70) was used
for capturing the data, and IMC FAMOS (Fast acting and monitoring of signals) was used
for the analysis of the experimental results. The rate of pressure rise was determined
from the pressure rise signal after some degree of smoothing. Pressure transducers had
factory-calibrated accuracy of 99% in pressure measurements. The errors in thermocouples
due to response time were ignored as the relative distances were considered for flame speed
measurements. The flame speed should be converted to a burning velocity by dividing it
by the adiabatic expansion ratio at constant pressure. However, the calculation of adiabatic
flame temperatures of biomass is difficult due to the compositional differences and the
ash and water content. Instead, the procedure of Cashdollar [59] was used that takes the
measured maximum to initial pressure as the expansion ratio.

2.6. The Explosion Residue and Implications for the Flame Front Equivalence Ratio, &

After each test, significant unburnt material was found inside the 1m? vessel and in the
hemispherical cup. This residue was collected, its mass was measured, and its composition
was analyzed and compared to the pre-test material in Table 1. The size distribution of the
residue was also determined, and these are given in Table 2.

In this work, we report the explosion mixture concentration in terms of the
Equivalence Ratio [59]:

Stoichiometric Air to Fuel by mass
Actual Air to Fuel by mass

Equivalence ratio, & = @

For the very coarse-size mixtures used in the present work, it is proposed that fine
particles play an important role in flame propagation. The propagation of a flame in dust
clouds consisting of very coarse particles was postulated as being due to the initial flame
front burning only the fine particles. Due to the burnt gas expansion, the explosion-induced
wind ahead of the flame front would separate the fine and coarse particles due to particle
drag. The particle drag was greater for large particles, and these would lag behind the
flame, which would burn in the fine fraction. For the flame to propagate in the fines their
concentration has to be flammable, and hence there is a need to express the equivalence
ratio of the fines (<100 um) separate from the overall equivalence ratio. The equivalence
ratio based on fine particles smaller than 100 um is given by (2).

Stoichiometric Air to Fuel by mass
Actual Air to Fuel by mass < 100 pm ’

@

Fines (100 um) Equivalence ratio =
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The stoichiometric air to fuel ratio was determined using Equation (3):

8

—-c+8h— 0) ’ kgair/kgfuel (3)

Stoichiometric Air to Fuel by mass = 0232 <3

where ¢, I, and o indicate mass fractions of carbon, hydrogen and oxygen.

The nominal equivalence ratio (1) is the actual air to fuel by mass, as the total mass of
injected and initial air in the 1 m3 divided by the mass of biomass placed in the hemisphere
(including fine and coarse size particles). The fines equivalence ratio (2) is based on the
same air mass but divided by the mass of particles <100 um.

Both of these definitions assume that all coarse and fine dusts burn in the explosion.
However, some of the fine and coarse particles were found in the post-explosion residues,
as was found in previous biomass dust explosion work for particle size <63 um. This was
because the explosion-induced wind would result in the particles ahead of the flame hitting
the wall and then not burning. Thus, a mixture concentration based on the dust mass
placed in the hemisphere is not the concentration that the flame propagated through [58,59].
There are two possible definitions for the two equivalence ratio equations in (1) and (2). The
first uses the nominal mass of the biomass and associated fines placed in the hemisphere,
referred to as the nominal equivalence ratio. The second definition uses the difference in
the nominal mass of dust and the residual mass of dust to give the actual mass of dust
that was burned in the explosion. This is the flame front equivalence ratio or corrected
equivalence ratio.

3. Results and Discussion
3.1. Fraction of Original Mass That Burns in the Explosion

Table 1 shows that the explosion residues have almost the same composition as
that of their parent sample, apart from the higher ash content of the deposits due to the
accumulation of burnt biomass ash. Table 2 shows that their size distributions were very
similar for the torrefied biomass but were smaller for the raw biomass. This could be
due to a reduction in size during the flame propagation and wall impact of the unburned
biomass. However, it would be expected that similar effects would occur with the torrefied
biomass. The data in Tables 1 and 2 indicate that the unburned biomass residues are the
original injected material, not partially burnt products. There was no evidence that only
the fines burned, leaving all the coarse biomass unburned. Thus, an equivalence ratio for
the explosion based on all the dust injected taking part in the explosion, referred to as
the nominal equivalence ratio, is not the equivalence ratio at the flame front. The mass of
biomass that burnt in the explosion (nominal mass—residual mass) is the basis of the flame
front equivalence ratio, which will be referred to as a corrected equivalence ratio. As the
quantity of biomass fuel burned in each explosion is less than the nominal amount, the
flame front equivalence ratio must be leaner than the nominal.

The origin of this unburnt biomass was postulated by Sattar et al. [58] for biomass
and other dusts, to be caused by the action of the explosion-induced wind ahead of the
flame front in blowing particles away from the flame and eventually onto the vessel wall,
where they fell onto the floor of the vessel at the end of the explosion. While in contact
with the wall, they acted as an insulating layer that reduced the rate of vessel cooling, as
shown by the reduction in the rate of pressure loss. As the finer particles will move with
the wind and the coarser will lag, this is the origin of the explanation in the present work
of the coarse particles burning in the products of an initial fine particle flame.

3.2. Deflagration Index

The Deflagration Index, K, as a function of the Equivalence Ratio, &, is shown in
Figure 4. The peak Kg; was measured to be 27 and 36 bar-m/s for raw and torrefied wood
mixture, respectively. The peak Ks; for the torrefied wood mixture occurred at a nominal &
of 6.8 (Fines & ~ 1). For the raw wood mixture, the maximum Kg; occurred at @ = 9.6 (Fines
@ ~ 1.6). Figure 5 shows that the torrefied sample had higher Kst at all & and was much
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more reactive (1/3rd more) at the most reactive concentration. For & > 6, based on the
nominal concentration, there were some fluctuations in Kg; due to the excess mass of fuel
affecting the flame propagation. For higher fuel concentration, the additional mass of fuel
absorbs the heat from the burnt gases, and this reduces Ky slowly as fuel mass is increased.
Biomass with coarse particle size, whether raw or torrefied, showed their most reactive
concentration at overall &, giving the & for the fines near stoichiometric. This indicates
that the flame propagated in the fines.

Equivalence ratio based on fines<100um Equivalence ratio based on fines<100um
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30 ' 1 1 1 40 1 ' 1
o e
—_ ~35 018,
225 Q
s Y
o o
<20 <
v o 25
3 x
S 15 S 20
£ £
5 SPFR § 15
£ 10 | Z SPFT
5 ¢ Nominal ,;Do 10 o Nominal
a s a
| o Fines 5 o Fines
0 codd 0 L4
0.0 2.5 5.0 7.5 10.0 12.5 15.0 0.0 2.5 5.0 7.5 10.0 12.5
Nominal equivalence ratio Nominal equivalence ratio
Figure 4. Deflagration Index (Kst) vs. Equivalence ratio (&) for raw SPF (SPFR) and torrefied SPF
(SPFT) wood mixture.
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Figure 5. Normalized maximum explosion pressure (Pmax/Pi) vs. Equivalence ratio (&) for raw SPF
and torrefied SPF wood mixture.

A mechanism for coarse biomass powders to burn in a propagating flame is proposed
to explain these results, which is an extension of that used to explain why about half of the
initial dust does not burn in the explosion [59,60]. The action of the wind, induced by the
expanding spherical flame, on particles ahead of the flame with a variable size distribution
is to blow the smallest particles close to the gas velocity, with the larger particles lagging
due to drag effects. The flame front is then driven by the finer particles, and the larger
particles lag and are heated to ignition by the hot burnt gases from the flame front. The
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mixture has to be very rich (nominal concentration) for the finer particles ahead of the flame
to burn close to @ =1, as <20% of the total mass of particles was in the size fraction that
will burn easily, as shown in Table 2. A flammable mixture of 20% fine particles with Gyc
of 0.2 needs D;nes Of at least 1.0 for the overall mixture to burn. This is close to the results
in Figure 5 for SPF raw and torrefied samples. With this mechanism, the larger particles
are gasified in the rich mixture of the hot burnt gases from the flame burning in the finer
fraction. This releases CO and Hj, which have insufficient oxygen to burn, but the volume
release keeps the explosion pressure high for rich mixtures.

The maximum explosion pressure, Pnmay, to the initial pressure, P;, is shown in Figure 5
as a function of the nominal equivalence ratio, . This shows that the normalized peak
explosion pressure rise was 7.4 bar for SPFT and 7.3 bar for SPFR, which shows that the two
materials burnt with a similar flame temperature. These are large pressure rises indicating
that a high proportion of the coarse mixture had burnt as well as the fines burning. In
spite of the low reactivity of these mixtures, as shown by their low K¢, the overpressure
was high and would destroy any process plant enclosure used in processing this material.
These pressure rises were lower than those of purely fine particles of biomass, whereas, for
similar biomass composition, Pmax/P; was about 8.5 bar [58,59].

3.3. Flame Speed and Burning Velocity Measurements

The measured turbulent spherical flame speeds, ST, for SPFR and SPFT are shown
in Figure 6 as a function of the equivalence ratio, . These measurements of the mixture
reactivity are very similar in their dependency on the equivalence ratio, &, as for the K
results in Figure 4. However, the two peak ST for the raw and torrefied biomass were very
similar at close to 1.0 m/s compared with a significant difference in K; in Figure 4. This
difference may be due to the turbulent flame speed, ST being measured in the constant
pressure period of the explosion and Kg; is measured just before the peak pressure. Figure 6
also shows that for rich mixtures, the flame speed remains high as the fuel concentration
increases. This is considered to be explained by the mechanism of the coarse biomass
flame front with the flame driven by the finer particles in the mixture and the coarse
particles gasified behind the flame front. As more fuel is added, the & of the fine fraction
flame increases and the temperature of this initial combustion increases, which results in
more efficient devolatilization of the coarse fraction and the gas volume released in the
gasification reactions increases which cause the pressure to remain high even though for
gases the pressure would fall for richer mixtures.
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Figure 6. Turbulent flame speed (ST) vs. Equivalence ratio (&) for raw SPF and torrefied SPF
wood mixture.
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Figure 7 compares as a function of the mass mean particle size, dsg, the present peak
ST with previous measurements [30,39,42,58,59] of ST for fine pulverized raw biomass
and thermally treated biomass. The previous data was all for biomass sieved to <63 um
for raw and torrefied biomass (different torrefaction processes) and then analyzed for the
size distribution. The ds( as high as 200 um was found compared with 350-450 pm in the
present work where the particles were sieved to <1 mm. Figure 8 presents the same data in
terms of the K. Figures 7 and 9 show that the present results for coarse-based biomass
are consistent with previous results with a prime dependence of the mixture reactivity
on the particle size. When compared at the same ds, the difference in mixture reactivity
between the raw and torrefied biomass was small, with the torrefied biomass having a
slightly greater dependence on size, mainly as a result of the present results.
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Figure 7. Maximum turbulent flame speed (ST, max) vs. average size for 50% fraction (d50) for present
samples in comparison to other results of raw (R) and thermally treated samples (T) [30,39,42,58,59].
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Figure 8. Peak deflagration Index (Kst, max) vs. average size for 50% fraction (d50) for present
samples in comparison to other results of raw (R) and thermally treated samples (T) [30,39,42,58,59].
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Figure 9. Peak laminar burning velocity (UL, max) as a function of average size for 50% frac-
tion (d50) for present samples in comparison to other results of raw (R) and thermally treated
samples (T) [30,39,42,58,59].

The laminar burning velocity, UL, of a dust/air mixture was determined from the
measured ST in Figure 9 by dividing by the calibrated turbulence factor for the ISO 1 m?
using the calibrated turbulence factor and then using Equation (1). The results are shown
in Figure 9 and show very low values of UL for the coarse particles in the present work.

A very good linear correlation was found between the peak turbulent flame speeds
and peak deflagration index of the raw and thermally treated wood samples, as shown in
Figure 10. It showed a reduction in the explosibility characteristics with increasing particle
size. A similar linear correlation was also observed for the raw and thermally treated wood
samples’ peak laminar burning velocity and peak deflagration index.
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Figure 10. Correlation of peak turbulent flame speed (ST, max) with peak deflagration in-
dex (Kst) for present samples in comparison to other results of raw (R) and thermally treated
samples (T) [30,39,42,58,59].
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3.4. Minimum Explosible Concentration, MEC

The MEC of the coarse SPF raw and torrefied biomasses were determined from
Figures 5-7 to be 4.2(J and 3.3, respectively based on nominal concentration. Based
on fuel concentration for mass smaller than 100 um, these are roughly 1/6th of their
nominal concentration. Lean flammability limits based on fines (<100 pm) equivalence
ratio (assuming 100% consumption of fines) were 0.65fes and 0.5Fes for raw and
torrefied SPF wood mixtures, respectively. These concentration of flammability limits
are for 0% ignition probability to avoid the risk of marginalized ignited concentrations.
Moreover, there are no specific criteria defined for the resolution of lean flammability limits
as for gas lean flammability limits. According to European dust explosion standards, a
50% reduction of dust concentration for the testing of dust explosibility characteristics was
employed, which is a poor resolution for MEC. So, it is better to use the concentration of 0%
ignition probability for the MEC of dusts. The MEC based on the fines’ equivalence ratio is
realistic and higher than the 100% fine size dusts mixture due to less proportion of fines
with the inerting effect of coarse size particles affecting the efficient propagation of flame.

4. Conclusions

Raw and commercially torrefied SPF biomass samples were investigated for very
coarse fractions, <1 mm, using an ISO 1 m3 explosion vessel modified and calibrated
to enable coarse woody biomass samples to be dispersed. The size distributions of the
sieved samples show that the torrefaction process produced finer fractions than in the raw
biomass, and this led to the torrefied samples having a leaner MEC and higher reactivity
in leaner mixtures than for raw samples. Both unprocessed and torrefied SPF exhibited
explosions, but only for rich mixtures. The peak Pmax/P; was between 7.3 and 7.4 bar for
both unprocessed and torrefied SPF. The deflagration index, K, was higher for the torrefied
sample, with a peak at 36 bar m/s compared with 27 for the raw biomass. The peak flame
speeds were similar for both samples, reaching 1 m/s. Post-explosion residues showed
almost the same composition and size distribution as their parent samples, indicating
that they were the parent material. The equivalence ratio at the flame front was taken
as the initial mass of dust minus the residue, . A mechanism was proposed for coarse
biomass flame propagation whereby the flame propagated in the fine fraction, and the
coarse particles were devolatilized in the burnt gases behind the fine particle flame front.
This explained the MEC results and the most reactive mixture being very rich.
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