UNIVERSITY OF LEEDS

This is a repository copy of Explosion characteristics of pulverised torrefied and raw
Norway spruce (Picea abies) and Southern pine (Pinus palustris) in comparison to
bituminous coal.

White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/95726/

Version: Accepted Version

Article:

Huéscar Medina, C, Phylaktou, HN, Andrews, GE et al. (1 more author) (2015) Explosion
characteristics of pulverised torrefied and raw Norway spruce (Picea abies) and Southern
pine (Pinus palustris) in comparison to bituminous coal. Biomass and Bioenergy, 79. pp.
116-127. ISSN 0961-9534

https://doi.org/10.1016/j.biombioe.2015.04.001

© 2015. This manuscript version is made available under the CC-BY-NC-ND 4.0 license
http://creativecommons.org/licenses/by-nc-nd/4.0/

Reuse

Unless indicated otherwise, fulltext items are protected by copyright with all rights reserved. The copyright
exception in section 29 of the Copyright, Designs and Patents Act 1988 allows the making of a single copy
solely for the purpose of non-commercial research or private study within the limits of fair dealing. The
publisher or other rights-holder may allow further reproduction and re-use of this version - refer to the White
Rose Research Online record for this item. Where records identify the publisher as the copyright holder,
users can verify any specific terms of use on the publisher’s website.

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/



mailto:eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

Please cite this article as: Huescar Medina C, et al., Explosion characteristics of gaibegrefied
and raw Norway spruce (Picea abies) and Southern pine (Pinus palustris) in comparison to bituminous
coal, Biomass and Bioenergy 79 (20[i}p://dx.doi.org/10.1016/j.biombioe.2015.04.001

Title: Explosion characteristics of pulverised torrefied and raw Norway spruce (picea abies) and

Southern pine (pinus palustris) in comparison to bituminous coal

Authors: C. Huéscar Medina*, H.N. Phylaktou, G.E. Andrews, B.M. Gibbs

Energy Research Institute, School of Chemical and Process Engineering University of Leeds, Leeds,

LS2 9JT

*Corresponding AuthojpmQO9chm@Ileeds.ac.pk

Other authors e-mail address$ksi.phylaktou@leeds.ac.lirofgeandrews@hotmail.cqm

b.m.gibbs@leeds.ac.pk

ABSTRACT

Pre-treatments, such as torrefaction, can improve biomass fuels properties. Dedicatedcand coal
firing plants, in which pulverised biomass and torrefied biomass can be used, are exposeditm explos
hazards during handling, storage and transport from the mills to the boilenribtaexplosion
characteristics of biomass and torrefied biomass are scarce. This study presents explosion
characteristics (maximum explosion pressure, deflagration index and minimum explosible
concentration) of two torrefied wood samples and compares their reactivity to that of their
corresponding untreated biomass materials and to a sample of Kellingley coal. Torrefiggsbiom
samples showed higher reactivity, overpressures were around 9 bar (0.9 MPa,*IParfot Gl
biomass samples irrespective of size or sample composition. Derived laminar burning velocities
ranged between 0.1-0.12 m snd were much higher than that of coal (0.04mEhese differences
influence the design of explosion protection measures and can be used to introduce suitable

modifications for safe operations with torrefied biomass.
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As a result of higher volatile, oxygen and hydrogen content, biomass begins to burn at lower
temperatures and at a faster rate than coal. The higher moisture content tends to resuinin differ
storage requirements whilst the biomass poor grindability, low bulk density and generally fibrous

non-spherical particle shape results in different transport requirements (pre and pasg)tdnthose

for coal ).

Torrefaction is a thermal pre-treatment process applied to biomass fuels iroanerave some of

the aforementioned properties. During the process, biomass is subjected to temperaturgs-of 200
300°C in an inert atmosphere for an optimised period of time; some moisture and volatilegeare dri
off and the main components of biomass (cellulose, hemicellulose and lignin) partially dectmpose
different pyrolysis products, depending on the torrefaction temperature and reside time (2). The
end target fuel is similar to low rank coals (hydrophobic, more brittle and more energyhdentest

parent material), and therefore it is an attractive product with lower trangpodat retrofitting

costs. Research into torrefaction has been intensified over the last few years (2-8), however

technologies are still not sufficiently scalable and there are a few techno-ecortmamieak to
overcome in order to obtain a homogeneous and viable product for the power generation industry.
There is an increasing interest in non-pulverised torrefied fuels for domestic heatiel asd it

appears that such smaller scale application is the most viable short term option for imtefdde

the technology develo(9).

The preferred method for generation of power from biomass fuels is through combustion, most likely

with pulverised fuels. Fine powders can also be created when handling these fuels, during pelletising

or unloading (1W, 1§1). Powders can pose an explosion hazard and the ATEX and DSEAR regulations

12ff 13) are in place to reduce the risk of loss of property and personnel due to hazardous materials.

However, the number of fire and explosion incidents involving dry biomass materials is increasing.
More than a dozen incidents were reported in the first trimester of 2014, including pellet
manufacturing plants, power plants, storage silos, etc. This indicates inadequacy of the safety system

and procedures and lack of data and knowledge about the explosibility of biomass riahe(ll). T



reason behind the lack of data is that the standard technique for the explosion chai@tiefidasts

is inadequate due to the biomass characteristics. The standard method for the explosion
characterisation of a powder uses the ISO’ Y@ssel which consists of a £ explosion chamber

attached to a 5 L dust holder where dust is initially placed. This holder is pressurised to 20 bar
allowing dust to flow into the explosion chamber through a 19 mm delivery pipe where the dust cloud
is ignited. The low bulk density of biomass impedes testing high dust loadings where the most
reactive mixtures usually occur; additionally the fibrous nature of some biomass produtismes

poor ability to flow through the dust dispersion system, creating blockages or delivering less powder
than intended. In order to overcome these issues the dust holder volume needs to be increased and the
delivery system modified in such way that the turbulence levels inside the vessel match these of t
standard system. The Leeds group has calibrated a new delivery em (14) aadvaloigie dust
holder (10 L) that can be used to characterise the explosibility of fibrous bissk(ﬂ:ﬁ)hws

enabled the authors to obtain the first available data in the literature for tohiefieass.

Other authors have also found the same challenges regarding the method for explosion
characterisation with fibrous dugts [16), and conceived different systems in order to overcome the
delivery and dust holder challenges, however results showed a big variance and suggested that

turbulence levels inside the vessel could be dissimilar.

Explosion characteristics of non fibrous biomass powders have been investigated by other researchers

and by the Leeds group, where the residues found after explosion have been analysed (17-20). Other

studies on the explosibility of fibrous biomass are avail (21), bstked the Hartmann tube

method which was criticised due to poor dispersion of the dust and abandoned in favour of the current
standard methods using the $and 20 L sphere vessels. Table 1 shows a summary of explosion
characteristics found in the more recent literature for biomass. No results for torrefiegsdicould

be found in the open literature.

Table 1: Literature explosion characteristics of various biomassfuels



Fuel K (barms) Prax (bar) MEC (gni®) Reference

Cork 179 7.2 40
Walnut shells dust 105 9.4 70
Pine nut shells dust 61 8.9 -
Pistachio shells dust 82 9.3 90
Wood 115 8.6 30
Bark 132 9.0 30
Forest residue 87 8.6 60
Spanish pine 44 7.7 90
Barley straw 72 7.9 90
Miscanthus 53 7.8 120
Sorghum 41 7.3 120
Rape seed straw 23 6.7 210
Wood dust (beech and oak mi 136 7.7 - 21
Forest residue (bark and wood 92 9.1 20 22
Wood dust, chipboard 102 8.7 60 23
British Columbia wood pellets 146 8.1 70
Nova Scotia wood pellets 162 8.4 70

Southern yellow pine wood

pellets (USA) 98 [ 25

According to the literature, biomass dusts are St-1 dusts (moderately explosible) with maximum
pressures around 7-10 bar. Minimum explosible concentrations range from as low as 8021éng

m. These characteristics strongly depend on particle size, moisture content or dust composition.

The objective of the present study was to assess the effect of torrefaction on thigyrebtomass

by comparing the explosion characteristics of torrefied fuels with that of the correspondingsbiomas
material prior to torrefaction and also to Kellingley coal. Properties such adepaite, moisture

content or surface area have also been monitored before and after explosions to understand how
reactivity changes due to dust properties and how particles burn during an explosion. Fundamental
combustion properties such as turbulent flame speeds and burning velocities have also been derived

and can be used for the design of burners and safety systems and for modelling purposes.

2. EXPERIMENTAL METHODOLOGY

2.1.Fuels and sample preparation

Two pre-treated (torrefied) biomass and their corresponding untreated biomasdsnwadeeaised in
the present study. Southern pine harvested in Mississippi and Norway spruce from Sweden and the

corresponding torrefied samples were supplied by New Biomass Energy LLC and Sea2Sky Energy



UK Ltd respectively. Substrates were of unknown provenance and the chain of custody is not known.
The species and the cultivars cannot be specified, nor can the specific process conditions in the
preparation of the terrified samples, and while the authors BELIEVE that this work exempdifies th
difference between samples and processes - there is a reasonable concern that there may be substrate
factors that influence the results obtained. Full characterisation was therefore perforatled for

samples and is provided in section 3. Torrefied biomass samples were supplied in quantitieslof arou
20 kg whereas smaller quantities of raw samples were available (ca. 5 kg). Due to this, raw biomas
materials were not available for full explosion characterisation and could only be used to establish a
trend for comparison. All samples were supplied in chips or pellets. Following the standards
requirement to characterise the explosibility of dusts with powders not exceedgi , samples

were pulverized in stages using a Retsch Cutting Mill SM100 to <500um and a Retsch Ultra

Centrifugal Grinding Mill ZM200 using a 60um sieve. All samples were stored in sealed containers.

Residues found inside the explosion chamber after explosion tests were collected usiragia Num
MFQ-372 vacuum cleaner fitted with NVM-1CH dust bags and kept in closed sample bottles.
Although residues of all explosions were collected and quantified, which allowed for correztiens t
applied to the concentration, only the residue from the most reactive concentration wasridetacte
The weight of dust collected from the dust holder remained undispersed and did not partidiygate in t
combustion reaction. Its weight could be subtracted to the initial weight placed in the dustdolder t
express the concentration as the “injected concentration” rather than the nominal concentration,

according to the following equation:

Injected concentration(g m™3)

_ Mass into dust holder(g) — Dust holder residue mass(g)

1)

Vessel volume (m3)

2.2.Fuel characterisation

All fuels, before and after explosion were analysed for their composition through element@nd T

proximate analysis using a Flash 2000 Thermoscientific C/H/N/S analyser (oxygen content was



calculated by subtraction), and a TGA-50 Shimadzu analyser respectively. The elemental composition
was used to derive the stoichiometric fuel to air ratio according to the method descﬁdlm

addition, in order to compare fuels with different composition, the concentration of dust clouds was
expressed as an equivalence ratio (ratio of actual to stoichiometric concentratieng)oss calorific

value (GCV) of all samples was determined in a Parr 6200 bomb calorimeter to the apmusficf

BS ISO 1928:2008). Bulk densities of all pulverized fuels were determined weighing increasing
amounts of fuels in a known volume. The results were expressed as the average of 10 measurements.
Furthermore, the density of particles (true density) was measured using an AccuPyc 1330

Pycnometer.

The morphology of particles before and after explosion was assessed through Scanning Electron
Microscopy SEM) images of sputtered gold coated samples using a Carl Zeiss EVO MA15
instrument and the particle size distributions were determined using a Malvern Mastersizer 2000

instrument.

The surface area and porosity of fuels were also determined tHBoughuerEmmett-Teller (BET)

analysis in a Micrometrics Tristar 3000 analyser.
2.3.Explosion characterisation: 1ISO T wessel

The I1SO 1 mvessel was modified and calibrated to be used with fibrous biomass materials. Further

details are presented elsewh (115“29 . The set-up consisted of a i volume explosion chamber

connected through a 19 mm internal diameter pipe to an external 10 L dust holder (Fig.1).



Figure 1: Leeds SO 1 m®vessd

Initially the dust sample was loaded into the external dust holder and pressurized to 10 bar. A fast
acting valve separated both the dust holder and explosion chamber. On activation of the valve the dust
was pushed through the delivery system and dispersed inside the explosion chamber through the
especially design perforated wall-mounted, spherical nozzle (Fig.2). After a calibrated dsd@y of

ms after the start of dust dispersion into the vessel, ignition of the dust took place by neans of

kJ chemical igniters placed in the geometric center of the explosion chamber, firing éntoratpd

hemispherical cup to ensure central ignition and spherical propagation, as far as possible.

Prior to dispersion of the dust from the dust holder, the explosion chamber was evacuated so that on

addition of the dust from the dust holder, the initial pressure at the time of ignition was 1.013 bar



Figure 2: Spherical nozzleinjector

After an explosion in the 1 hvessel, dust residues were found both in the dust holder (not dispersed)
and in the explosion chamber. The dust found in the dust holder did not participate in the combustion
reaction and therefore it was accounted for to correct the amount of dust present inside tlwexplosi
chamber (injected concentration). However, the dust that remained in the explosion chamber was a
mixture of burnt, partially burnt and unburnt material. This residue was analysed in order to

understand the combustion mechanism during the explosion.

The vessel was fitted with Keller PA11 piezoresistive pressure transducers formgadnoiessure-

time histories and also with arrays of exposed junction type-K thermocouples in the horizfintal (le
and right) and vertical (downwards) directions. These thermocouples allowed determination of times
of flame arrival to each thermocouple position and derivation of flame speeds in all directions. The
overall radial turbulent flame speed-}Sor a given test was the average of the flame speed in each

direction.

Ks Was computed from the maximum rate of pressure rise obtained by combustion ir® thelunme

closed vessel according to:

K= (5) -(v'h) @



The maximum pressure and the maximum rate of pressure rise for a given mixture were denived fr
the pressure-time histories (Fig.3). The maximum pressure for a given mixture of dust wasadrmali

for the initial pressure at the time of ignition)(P

Pressure (bar)
W th Oy =1 G0 O

[ 3]

0.64 0.69 0.74 0.79 0.84 0.89 0.94 0.99 1.04
Time (s)

Figure 3: Pressure-time history and derivation of K4 and P for 500 g m™ of torrefied Norway

spruce

Ks and Ry for a particular dust are usually determined as a function of concentration, as shown in
Fig.4, and the maximum values over the investigated range are used in the design of safety systems

(as they represent the worst case scenario).
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Figure 4: Explosion characteristics of Pinewood mixture

In dust explosions the maximum rate of pressure rise and the maximum explosion pressure can be
found at different dust concentrations. Unlike dusts, flammable gases have a narrow flaranggble r
and both the pressure and the deflagration index decrease at rich mixtures until a mixture of gas and
air is found for which a flame cannot propagate. However, for dusts there is a limitati@ntesting
methods that prevents the determination of the rich flammability limits. In the spesHisisawn in

Fig.4, it was possible to test a nominal concentration of 2008 whith corresponds to a mixture 11
times richer than the stoichiometric. Very few researchers have reported measurements of the upper
flammability limits: Deguingant et 0) measured the upper flammability limé faval dust at a
mixture 30 times richer than stoichiometric. If a similar upper flammability lirag assumed for a
biomass with a bulk density of aroupd200 kg it then a dust dispersion volume larger than 30 L
would be needed. It is common practice to run mills at very high concentrations to avoid explosions
, however there is no evidence at present that the same practice is safe for biomass fuels.
Fundamental combustion properties such as turbulent flame speeds and burning velocity could be
measured and derived from the tests. All of those parameters can be used for the design of safety

systems and for modeling of explosions but also for burner design.

Turbulent flame speed$x)+ and turbulent burning velocities; @&re related as follows,

Sp)r = Ep St (3)

where E is the adiabatic expansion ratio at constant pressure. The relationship between(&jninar

and turbulent burning velocities is given by the following equation,

Sr=B"5 (4)

where P is the turbulence factor of the vessel. p was found to be 4.03 for the Leeds 1 fSO vessel by
performing laminar and turbulent gas explosions by adding pressurized air from the dust pot, which

provided an analogous turbulence to that present in dust explosions. Therefore combining the



previous equations, it was possible to calculate the laminar burning velocity from the measured

turbulent flame speeds using the following relation (31):

_ Spr (5)

SL_—Ep-ﬁ

This method has proved to give comparable laminar burning velocity results to those awailable f

gases in the Iiteratul).

The calibrated, modified 1 hsystem allows testing fibrous biomass and torrefied biomass qfra60
However, for samples containing bigger particles, at high dust loadings, the system becomes
inadequate as increasing mass of dust remained undelivered in the dust holder. Although the system
allows determining the “legal” values for K and R« using samples of <dm, this particle size is
uncharacteristic of the powders actually handled in the industry. Coal mean particle size estounter
in power generation is typically around 20 um as opposed to biomass particles which can reach the
order of a few millimeters long For successful testing of such powders it would be desirable to design
a dispersion system where the dust is placed directly inside the vessel. The Leeds group is currently

working on such design.

3. RESULTS AND DISCUSSION

3.1.Fuel characterisation

All fuels characteristics are summarized in Tabl€e composition of the biomass and torrefied

biomass samples is similar to typical values in the literg tur“a (32, 33).

Table 2: Fud characterization

Norway Torrefied Southern  Torrefied Kellingley
Spruce Norway spruce pine Southern pine Coal

Elemental Composition (wt%, as received)

Carbon 48.1 54.8 48.4 54.0 65.0
Hydrogen 5.6 5.2 5.4 5.2 4.1
Oxygen 36.3 30.7 38.1 32.5 5.5



Nitrogen 0.0 0.7 0.6 0.7 2.4

Sulfur 0.0 0.0 0.0 0.0 2.2
TGA-Proximate (wt%, as received)

Moisture 5.8 2.7 5.0 3.3 1.7
Volatile Matter 79.0 69.4 78.5 70.3 29.2
Ash 4.1 5.8 2.5 4.3 19.1
Fixed Carbon 111 22.1 14.0 22.1 50.0
Stoich. Concentration 184 163 193 168 111
GCV (MJ/kg) 19.2 20.6 194 21.6 27.2
Bulk Density (kgn) 175.6 236.2 268.4 415.4 443.0
True Density (gm®) 1.55 1.49 1.49 1.45 1.48
Energy density (GJ) 3.4 4.9 5.2 9.0 12.0
Particle Size B (um) 148.5 38.5 53.2 36.6 25.51
Surface area (fg*) 0.65 2.10 1.71 1.47 3.69

Results show the effect of mild pyrolysis (torrefaction) on the elemental and proxongtesition,

where carbon and fixed carbon contents are increased and hydrogen, oxygen, volatiles and moisture
contents are decreased. In comparison to Kellingley coal, biomass and torrefied biomass samples have
lower energy density, although the energy density improves significantly after tbomefacreasing

by 44% and 73% for Norway spruce and Southern pine respectively. Biomass and torrefied biomass
samples have more than twice as much volatile masiawal. Torrefied biomass samples and coal
contained larger fraction of fine particles. Surface area is variable for all saalfiiesgh it is higher

for the coal sample. Bulk density is increased during torrefaction; in the case aédo8edithern

pine is almost as high as for Kellingley coal.

3.2.Explosion characterisation.

Figures 5 and 6, show the reactivity plots for the torrefied samples and their raw biomass ctainterpar
in terms of Ky and maximum explosion pressure for a range of concentrations within the flammable

range.



140

120 |

=

K, (har m »')
=
b3

LR

20 4

Torrelied Southern pine

’ Southern pine

1 4 3 |

Injected equivalence ratio (O)

Torrefied Southern pine

ot SUSRTTrT (T S

pree Southern pine

0 | 2 3 4 5 6

Injected equivalence ratio (0,,)

Figure5: K¢ (Ieft) and Pna/P; (right) asafunction of dust equivalenceratio for torrefied and

raw Southern pine

140 4 10 4 Torrefied Norway spruce Norway sprice
Torrefied Norway spruce 9 \ o Y A
204 X T e -“ :".—:4... e Sl T A
PUOTS e 8 4 ‘_,‘
104 4 e D) > ;
= Rt R o s
= 80 4 A Norway spruce =, !
= g = ’
& . 5 ’
& 60 A 5 ‘,
3\ ¢
5 / ) '
zZ 10 | / ‘
/. Kellingley coal 34 !
! '
20 ; 2 | ;
A h
0 -, o # _ ) )
] 1 2 3 i A 6 0 i 2 3 4 5 6

Injected cquivalence ratio @, Injected equivalence ratio O

Figure 6: K4 (left) and Pna/P; (right) asa function of dust equivalenceratio for torrefied and

raw Norway spruce

Greater difference is observed in the reactivity in termsspiereas the maximum explosion

pressure remains very similar for both torrefied and raw biomass. k§ually more affected by dust
properties that can affect the rate of combustion, such as particle size or surface aeaas, wher

maximum pressure is affected by parameters that can concern flame temperature, such as the chemical
composition. Therefore the difference in reactivity between the samples used for the prdgent st

must be due to the higher fraction of fines present in the torrefied samples.

It can be observed that the most reactive concentrations are found for very rich mixéwcesdf
@=3. It should be noted that the calculation of the equivalence ratio is based on the staizhiomet

resulting from the chemical composition of the solid sample. In reality the solidesdeggmposes



before burning and therefore the combustion stoichiometry should be based on the gas phase pyrolysis
products. As these are not available and difficult to determine theoretically or measunmaexiadi

the solid sample stoichiometry is used instead.

An additional consequence of the combustion reaction occurring in the gas phase is that as the
combustion reaction did not occur in the surface of the solid, surface area did not have an effect on

K St»

The standard requirement for explosion characterisation of dusts is to find a maximum ¥alue of
and two concentrations either side of it with lower reactivity. It can be observedhifaKs,
decreases in every case for richer mixtures than the most reactive concentration, themmaximu

explosion pressure does not decrease from around 9 bar.

Figure 7 illustrates the difficulty of biomass dusts to flow into the explosion chamber. Thetagece
of mass left in the dust holder increases as the mass placed in the dust holder increasemfiasall bi
and torrefied biomass samples, however, for Kellingley coal, a fairly constant residue oftiz2o of

initial mass remained in the dust holder.
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Figure 7: Percentage of initial massleft in dust holder after dispersion



Flame speeds were measured for each mixture tested. Fig.8 shows a plot with thermocouple position
against the time of flame arrival to each thermocouple in three directions for a singlghtest

Southern pine. The slope of a linear fit to the points for each direction is the flame speed in each
direction. The overall flame speed for a given test is the average flame speed in horgiuraaldi

left and vertical downwards directions. Parallel linear fits to the points in all dineafienote

spherical propagation. The turbulent flame speed of a given dust is the maximum flame speed found

for the flammable range.
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Figure 8: Example of flame speed determination for a single test of Southern pine

Equivalent graphs were built for every test. Fig.9 shows the relationship betweeil khe average
turbulent flame speed, although there is not enough data to derive an accurate correlation the

relationship is linear, therefore either or both parameters can be used as a measure ©f reactivi
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Table 3 summarises the explosion and combustion properties measured for all the samples. All
biomass and torrefied biomass samples tested are St-1 dusts, as well as Kellingley coal. thewev

K for biomass samples are betweefo3hd 50% higher, which affects design parameters such as
the area of a vent needed to protect an enclosure from an explosion. Maximum explosion pressures
were found around 9 bar for all biomass samples irrespective of their composition or whedlser it w
torrefied or not which suggests that size properties are the cause of the differegcatireKthan
composition. Laminar burning velocities ranged between 04ams 0.12 nié for biomass samples.

In comparison with Kellingley coal all biomass and torrefied biomass showed higher tgaktso

less dust was needed for biomass to support flame propagation. Typically, for hydrocarbon gases and
dusts, the MEC is found for mixtures of @=0.5, results found in this work with tHesthaw that

torrefied biomass burnt at leaner mixtures than coal. However, residue consisting on burty, partial
burnt and unburnt particles is found in the vessel after the explosion even in lean tests, making

accurate quantification of MEC difficult. The authors have developed a new technique using a

modified Hartmann technique that can measure (27).

Table 3: Explosion and combustion properties



Fuel Ks(barms) Pro/P (S)r(ms?) S (ms?) MEC (gm®) Byec

Norway spruce 96 9.0 3.8 0.1 - -
Torrefied Norway spruct 110 9.1 4.6 0.12 54 0.33
Southern pine 105 9.0 4.5 0.12 - -
Torrefied Southern pine 115 8.8 4.4 0.12 55 0.33
Kellingley coal 73 7.7 1.2 0.04 91 0.82

3.3.Residue analysis

Residues collected from the explosion chamber for the most reactive concentration weezlanaly

The results for elemental and proximate analysis are summarized in Table 4.

Table 4. Elemental and proximate analysis of samples before and after explosion

Norway Torrefied Southern Torrefied Kellingley
spruce Norway spruce pine Southern pine Coal

BEFORE EXPLOSION (wt%, as received)

Carbon 48.1 54.8 48.4 54.0 65.0
Hydrogen 5.6 5.2 5.4 5.2 4.1
Oxygen 36.3 30.7 38.1 32.5 5.5
Nitrogen 0.0 0.7 0.6 0.7 2.4
Sulfur 0.0 0.0 0.0 0.0 2.2
Moisture 5.8 2.7 5.0 3.3 1.7
VM 79.0 69.4 78.5 70.3 29.2
Ash 4.1 5.8 2.5 4.3 19.1
Fixed Carbon 11.1 22.1 14.0 22.1 50.0
AFTER EXPLOSION (wt%, as received)

Carbon 48.4 60.6 50.9 58.3 64.3
Hydrogen 5.4 4.1 5.4 4.9 35
Oxygen 26.6 21.7 36.5 24.0 7.1
Nitrogen 0.0 1.2 0.6 1.3 1.4
Sulfur 0.0 0.0 0.0 0.0 2.2
Moisture 3.1 2.9 3.7 2.4 1.6
VM 66.5 48.8 72.9 54.8 25.0
Ash 16.6 9.5 2.9 8.9 19.9
Fixed Carbon 13.8 38.8 20.5 33.8 53.5

In regards to the elemental composition the major change occurred in the oxygen content. The residue

found after explosion contained less oxygen for the biomass samples, whereas it increasefslightly



coal. The increase for coal was 29%, whereas both torrefied samples saw a decrease of oxygen
content of 29% and 26%. Oxygen in coal is present in very stable bonds, nitrogen and hydrogen
contents in the residue were reduced which resulted in the relative increase of oxygen corttent. On t
other hand oxygen in biomass forms fragile bonds and therefore oxygen will be readily released
during devolatilisation. Changes in other elements were small and similar to the experimental

variability of the instrument.

The volatile matter content in the residue decreased in all cases. The thermograaimstsis of

the samples showed that biomass and torrefied biomass samples lost most of their volatiles at a
temperature where Kellingley coal had only started devolatilising (Fig.10). Therefareld have

been expected that the post explosion residues of biomass and torrefied biomass samples would show

very high devolatilisation.
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Figure 10: TGA normalised for volatile weight lost

However, the residue of raw biomass samples was found to contain only between 7% and 16% less
volatiles than the original sample. Similarly, coal lost 14% of its volatiles, wherebeth the

torrefied samples the residue contained between 20% and 30% less volatiles. It should be noted that



heating rates in an explosion are much faster than the heating rates using in a thermoigravimet

analysis and studies in the literature for fast pyrolysis of coal have found that rapid hdetitsglaé

amount of volatiles produced even above the proximate volatile mat"sr 34, 35). In the case of

biomass this has also been found as well as little or no char formation|(36-40).

There is a slight increase of the ash content in the residue which is more prominent for Norway
spruce. The fixed carbon content in the residues also increased in every case. The increase was
significantly smaller for coal, and noticeably higher for the torrefied samples. In viéssaf tesults

it could be concluded that the dust found in the explosion chamber after an explosion had been
slightly pyrolysed. Loss of volatiles and increase in fixed carbon and ash are typical chacaobérist
high temperatures in the absence of air (as it occurs during torrefaction, but inside the explosion

chamber, at higher temperatures and heating rates).

Evidence presented elsewh (20) suggests that the bulk of the residue had not taken part in the
explosion but was instead thrown against the vessel wall where only the top layer was partially
pyrolysed and the rest remained unreacted. This detail is masked in the bulk residue analysis carried
out here, as opposed to the layer analys (20). An evaluation of the morphology of partickes befor
and after explosion (Fig. 11) using SEM images shows that for the raw Southern pine sample the
structure of most particles remathsimilar to the original sample before explosion. However,
occasionally char structures could be found. Conversely, the residue of torrefied Southerepine aft
explosion test presented predominantly char structures mixed with unaffected wood. Thisrbehavi
was similar to that of coal, where also the presence of char structures prevditedhirttire with

original particles.



BEFORE EXPLOSION AFTER EXPLOSION

Figure11: SEM images of raw Southern pine, torrefied Southern pine and Kellingley coal

The same behavior as for Southern pine (raw and torrefied) was found for raw and torrefiag Nor
spruce. The char structures skaaltollow structures with signs of devolatilisation such as blow out
holes; in addition, these structures appeared to fuse together forming clusters of ldggesiae

than the original particles.



The patrticle size distribution of both residues and original samples is compared in Figuréd.12 t

For both raw Norway spruce and Southern pine samples the particle size distribution ofitiee res

was virtually the same as for the original sample. On the other hand, residues from expldsions wi

torrefied samples and Kellingley coal showed a noticeable difference in the paréaléssibution

where the residue presents bigger particles. This could be a reflection of the presencpasficles

fusing together, forming big clusters.
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Figure 12: Particle size distribution of raw (left) and torrefied (right) Norway spruce before and

after explosion
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Figure 13: Particle size distribution of raw (left) and Torrefied (right) Southern pine before and

after explosion
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Figure 14: Particle size distribution of Kellingley coal before and after explosion

The particle density was also assessed for residues and original samples, the resultsaareesbimm
Table 5. It can again be noted that the particle density changes considerably for torrgfled aath

for coal, whereas there is little change in particle density for the raw biomass samples.

Table5: Truedensity of samples before and after explosion

TRUE DENSITY (kg/m)

Pre-explosion Post-explosion
Norway spruce 1546 1543
Torrefied Norway spruce 1494 1570
Southern pine 1491 1503
Torrefied Southern pine 1454 1503
Kellingley coal 1484 1641

Slatter et aI postulated that when the flame front reaches the wall it impinges over the outer layer
of dust, therefore subjecting it to high temperatures. At this time all available oXyoydd kave

been consumed and pyrolysis conditions are met, however complete combustion is not achieved due
to lack of oxygen and the loss of heat through the walls. The extent to which samples are affected (in
terms of their composition) is greater for biomass and torrefied biomass as accordéeg to t
thermogravimetric analysis these samples have shown to fully devolatilise when coal has edly start

losing volatiles.



There are a number of studies in the literature where the fast devolatilisation of coal and hasnas
been revised. Di Nola et 1) summarized some of these works. It was generally found that volatil
yields increased significantly with temperature. Zanzi . (42) found that the heatirffedte a

much more the pyrolysis of biomass than coal. Char formation is promoted when secondary reactions
occur between volatiles and char. The lesser formation of char has been previouslgdtiikuz

higher cellulose content of biomass. At low temperatures and low heating rate, cellulose delydrates t
anhydrocellulose (which promotes char yields). These reactions are dominant &.<30@igh

heating rates the time at which the biomass remains in that temperature range is loneaadther
enough time for cellulose to dehydrate, which leads to little char formation. Torrefied biomass
contains less cellulose as it decomposes during the torrefaction treatment in more orédess degr
depending on the temperature and residence time, therefore, this could explain the higher presence of

char structures in torrefied biomass residues.
4. CONCLUSIONS

The modified and calibrated system for testing fibrous biomass materials in the Leeds 1$€ssah
permitted conducting the present study on the explosion characteristid3.{K MEC) of two

torrefied biomass samples (Norway spruce and Southern pine) and their comparison to the untreated
biomass and a standard UK coal (Kellingley coal). The torrefied samples improved djtindabi

allowedfor finer particles to be created when pulverised in comparisonitautiteeated counterparts.

The maximum explosion pressure has been found to be about 9 bar for all biomass samples regardless
of being torrefied or raw biomass, their composition or particle size. In comparison to lEgllagil,

biomass samples present higher maximum explosion pressure. All samples were classiled as St

dusts according to theirgvalue (weak to moderate explosibility). Howeveg, Wlues for all

biomass samples were higher than that for Kellingley coal. Both torrefied Norway spruce and

Southern pine had higherhan their corresponding raw materials. Asi&typically affected by

particle size it is believed that the difference between raw and torrefied biomass is duedseheepr

of finer particles in the torrefied samples.



Residues collected after the explosion tests were analysed and presented a veslaingidal

composition to the pre-explosion sample and the proximate analysis indicated that the residues had
undergone only limited devolatilisation. The residues however showed typical signs of having
undergone pyrolysis as a result of flame impingement at the walls. An assessment on particle
morphology showed that more char structures appeared in coal and torrefied biomass residue samples.
These structures fused together forming bigger particles which resulted in particlstsizetitins

with a larger fraction of big particles in comparison to the original samples. Lower fonnadichar

structures was found for raw biomass residue samples; this resulted in particle sizéidistrfiou

the residues almost identical to the original sample. The low char quantities in the posbexplosi
untreated biomass were attributed to the higher content of cellulose in the raw samples in comparison

to torrefied biomass and coal. Further work is underway to corroborate and understand these findings.

The explosion reactivity of torrefied biomass was found to be higher than that of coal andeherefo

suitable modifications should be devised for safety systems where torrefied biomass is used.
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