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ABSTRACT

A current production torrefaction process was used and the explsibflame propagation properties
were determined at the particle size of the raw (spruce, pinéran8&®F) and torrefied biomass. The
biomass material as received was sieved to <1mm. Size isrgigsved that 10% by mass was <160
and the torrefied sample had 15% <100fhe CV for the torrefied biomass was 10% greater than that
for the raw biomass. The ISO 1®must explosion vessel was used, with a modified and calibrated
biomass dispersion system that could cope with very coarse paffictegxplosions did not burn all
the dust that was present at the start of the explosion and the Iresibluant dust was shown to be the
original dust. The equivalence rati@, of the propagating flame was based on the burnt dust
concentration@ournt Raw and torrefied samples were found to have minimum explosmmentrations,
MEC, of 2.3@wurmtand 1.4@urmt respectively and this shows that the torrefied sample was more reactive
as it had a leaner MEC. The deflagration ind&x was higher for the torrefied SPF with a peak at 35
bar m/s compared with 24 for the raw biomaBse peak turbulent flame speeds were similar for
torrefied and raw biomass at about 1.rmifee torrefied biomass was more reactive than the raw biomass
mainly due to the smaller particles size and 10% higher CV.ri&ehanism for coarse particle
combustion is considered to be due to the explosion induicetlblowing the finer fractions ahead of
the flame which burn first with the coarser fractions gasifying in thelicht gases behind the initial
flame. The rich MEC was caused by the requirement to have tHesfotien above the MEC when only
about 10% of the mixture was fine.

KEYWORDS: Flame propagation, torrefaction, biocoal, dust explosions

INTRODUCTION

With the advent of the use of pulverised biomass for electric power generatioal fired power
plants, which accounted for 5.7% of all electricity generated in the UKliA,2Bere is a need to
know the laminar burning velocity., of pulverised biomass flames for turbulent burner flame
modelling. If the biomass is thermally treated by a torrefaction psot® form what is often
referredto as a ‘biocoal’ then this chemically and physically changes the fuel properties and there
is no information on the propagation of flames through cloudsubferised torrefied biomass,
apart from that provided by Huescar-Medina ef al.][1-5] and Saeed gt @hginal pretreatment
such as torrefaction results in a more consistent product with a relouigedblume that is easier
to mill, as fibres of the biomass have been made bfitfg] [Particles of pulverised biomass pose
fire/explosibility hazards associated with their handling and there have d&esumber of
fire/explosion incidents in biomass processing plants. One soligidinermal processing and
pelletisationusng coarse wood as the feedstock so as to avoid grinding the bionmassdingh

to become very reactiie ][9] and this was the principle used in the presgntThe immediate
purpose of this work was to provide data on the biomass dust explisikoin a commercial
torrefaction plant and in the torrefied product handling. Howevermlalte is also relevant to the
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combustion of these fuels in a pulverised flame application, as the size distribub@mmass
particles in biomass/coal co-firing or only biomésimg is currently quite coarse in power stations.

For gas and dust flames there is no agreed methodology fandpuedocity, S, measurement and
hence no agreed values that can be used in explosion protection dasignleerised biomass
burner design. Andrews and BradIgf0] showed that there were systematic errors in most
methods of determining the laminar burning velocity of gases arsa thvere related to the finite
thickness of the flame and the assumption of an infinitely thin flameany of the measurement
methods. As the flame thickness of dust flames is greater than gaesflthe measurement
problems for Y for dusts are greater than for gas flames. Some recommendes ehhugning
velocity for gases using measurement methods with low errors essenmended by Andrews
and Bradley{10] and adopted by the NFPA in their gas explosion protection staf@#tcFpr
dusts no data base exists for laminar burning velocities, as few measunegtieods exist, due to
the need for turbulence to keep the dusts in suspension. The ladefeience standard for the
measurement of Ufor gases contrasts with the area of gas flammability limits, wheneastds

do exist.

In gas or dust explosion protection using venting or suppress@e has always been a legal
requirement to take into account, in the vent or suppression design ptbeessactivity of the
most reactive mixture that the vent is a protection agfli@t Ih the absence of agreed methods
to determine San alternative and less fundamental parameter has been used for mamygears
this is the deflagration parameter, K. This is determined in a clobedicg vessel explosion by
measuring the maximum rate of pressure rise (dBydimes the cube root of the volume, K/,
=dP/dtav*? (bar m/s). For gases this is usually referred to@ar¢ for dusts & It should be
noted that if the pressure rise is expressed relative to the initial pressutherP K/IR =
(dP/R)/dtmavVY® (m/s) and is thus clearly a rate of flame propagation parameter.

How dP/dkaxis measured is detailed in a European Standards famﬁ dus@ explosions.

Also required to be measured is the peak explosion pressure and ¢hstiandards on how to do
this . These reactivity parameters are embedded in the European standeg“ais and

dust ventind1g], but are not used in the wider area of combustion modelling. Basurement
procedures for the dust reactivitys,Kequires the 1SO standatd?® spherical explosion vessel to

be used to determinanR and dp/dtaxand this is the experimental equipment used in the present

work .

The standard dust explosion techniques are based on a turbulent dust inpectiess, as
turbulence is required to keep the dust dispersed. The average turtmdenie calibrated by
undertaking laminar gas explosions and then operating the air injegtitem into a premixed gas
air mixture to generate the same turbulence as occurs in dust exp[@§if@d and this method
was used in the present work to calibrate the turbulence in the new injegsim for coarse
fibrous biomass. The reference turbulence factor for the standard &ffbinjvas determined to

be ~4.7 using laminar and turbulent methane/air explo .

For gases Kis measured in a laminar explosion in a 5L spherical vessel and &:rtfa2 has
published K for a wide range of gases in a 5L sphere and these values are qtiogeckint design
standard$17]. Up to 2012 the Kreactivity parameter for gases and Bartknecht’s list of values of

K was part of the gas venting design standards in the[@gAbut have been replaced by a more
fundamental gas venting design procedure based as tBe reactivity parametfil]. However,
they have not chosen to regulate hawisSmeasured, but have specified a reference value for
propane, 0.46 m/s, that the measurement method must be corredikréyt@lso continue to use
Kst as the reactivity parameter for dust, due to the lack of reliable dadagbot). The problem
with the Ks approach to gas reactivity is that it is dependent on the vessel v[i4a§| [ which
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is a reflection of the dependence of laminar flame propagation on the distandbe sparf25],
due to self-acceleration of the flame caused by the formation of celluteedlarhe procedures of
Chippett[R5] are used to increase due to this effect in the USA gas venting stand§tdk put
there is no procedure to take this into account in the European g':m)\ﬂiandard@.

Andrews and Phylakto[2F] showed that for gases the/R; and U gas reactivity parameters are
linearly related by Eq. 1. They also showed that for reasonable vdluksamd adiabatic &P
the predicted values ofddvere in reasonable agreement with experimentahKasurements.

Ks P
—= 316(--DU E Q)

P 6 P U E;
where E is the constant pressure expansion ratio which is the unburmb ggasnt gas density
ratio.

For dusts Cashdolld2§] proposed that Ecould be determined as the ratio of peak pressure to
initial pressure in a closed vessel dust explosion, as it is quite difficcdticalate k& for dust, as
it is influenced by the water and ash content as well as the elementalsitionpaf the dust. This
approach was used in the present work. The key assumption in itfegiderof Eq. 1 is that the
explosion flame speed is constant across the vessel diameter with not agkenrof the rise in
pressure, P, and temperature, T, in the later stages of the expldsochange in Uwith T and

P was computed by Bradley and Mitche [and the results show that the final value @f U
would only be 20% higher than the initial value which is a relatively small.e(umar@ has
derived an equation similar to Eq. 1 that includes the P and T dependdhcbutfgives similar
values to those from Eq. 1. Sattar e [showed, for the first time experimentally, that &nd
UL were linearly related as Eq. 1 predicts, but only if both reactivity paressneéee measured in
the same explosion vessel. Sattar ef2d] howed that the 1ISO Fhexplosion vessel could be
used for gas explosions to measure the constant pressure explosian feemie speedJ,, using
arrays of exposed junction thermocouples to determine the flame arriealTtive infinitely thin
flame front assumption then enables the laminar burning velocity ble determined by Eq. 2.

U= 2 )

Sattar et aI used this approach to determine the maximum burning velocity diametair to

be 0.42 m/s, which they showed to be in good agreemenawittie range of other measurements
using reliable techniqud&(]. This approach was adapted in the present work for determiréng th
laminar burning velocity of dust air mixtur@.

BIOMASS PROPERTIES AND TORREFACTION PROCESS

The raw biomass sample was a proportionate mixture of three vibmahass Spruce (S), Pine
(P) and Fir (F) that is referred to as the SPF sample with R referring taw sample and T to the
torrefied sample. The torrefied biomass was manufactured in a pilot plarg Qifhtonne per day
production capacity of torrefied pulverised biomass, which was testbé jpresent work. This
material was normally passed to a pellitizer process and sold into the thermaj hemtiet as
‘biocoal’.

The torrefaction process that was used in this |@fkHeats biomass by direct contact with hollow
hot flat surfaces (trays), which at steady state operated & 308the top surface and 2@0on
the bottom surface. The biomass was injected cold into the torrefieeahwés transferred from
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the trays by conduction. On the top side of the trays biomassvsdrthrough the reactor by
paddles, that are attached to a rotating shaft and this process gives gpifitaat of the particles
with the hot surface and a uniform torrefaction of each particle. Téwn mesidence time of
biomass particles inside the reactor was 7 minutes, which is typicdlesftotrefaction processes
[32). Biomass moving through the reactor is traveling down the refiotorone tray to another,
being slowly torrefied until it reaches the output chidtegaseous by-product, torgas, is formed
during the torrefaction process, which surrounds the biomasprandnts oxidation and this
prevents explosion and self-ignition had=IThe torgass removed from the torrefier, burnt with
air and the hot exhaust gases flow through the hollow plates to deliveeaheehuired by the
torrefaction process. Heat is recovered from the plate outlet gases iangercarrent heat
exchanger which preheats the combustion aiis fbinrefaction process requires no external energy
input, apart from during start up.

The raw and torrefied biomass samples were of coarse particle siteutiatrof < 3 mm that
were sieved to <1 mm for the present work. The sample particle size wgsednay a Malvern
Mastersizer. The elemental analysis was used to determine the stoichiometriceirabduA/F
[27). TGA analysis was used to determine the volatile, fixed carbon, dsivater content of the
biomass[83][34]. The biomass composition analysis is shown in Tdblevhich shows tha
torrefaction produced an increase of elemental carbonawigduction in the % oxygen due to
torrefaction. TheCV on a dry basis was increased as shown in Table 1. Torrefaction@dsc e

a 10% increase in the stoichiometric A/F, due to the reduced oxygen content.

A feature of dust explosions in the ISO % eguipment is that a large proportion of the injected
dust does not burn in the explosion and thus a mixture concentpated on the injected dust
mass is not the concentration that the flame propagated thfol[@H[R]. Analysis of the post
explosion residues for the most reactive concentation is shown in Tablé&h,shbws that they
have almost same compositon as that of their parent saeﬂ[ne weight of the residue was
deducted from the weight of the original biomass and after corrdotirafided ash due to burnt
mass, used to compute the burnt equivalence ragigy. &

Table 1. Properties of the raw and torrefied SPF samples and the explosiaresesid

Biomass| C H N (0] HO W FC  Ash CcVv Ccv Stoich  Stoich.
daf. daf daf daf dry. Actual AF actual
% % % % % % % %  Mlkg Mlkg alg g/m?
SPFR 504 69 12 414 78 734 162 26 19.9 17.8 6.4 187
SPFR 511 63 12 414 6.8 722 175 35 19.8 17.8 6.3 212
residue
SPFT 547 69 11 374 4 746 181 3.2 21.7 20.1 7.05 183
SPFT 579 6.2 14 345 42 65.2 227 7.8 21.3 18.7 7.3 187
residue
Table 2. Size distributiorin pm of the raw and torrefied biomass
Biomass Do Dso Dgo Dsmdor Ds2 % <100um
SPFR 91 451 866 184 11
SPFR residue 69 288 747 124 15
SPFT 73 347 785 151 15
SPFT residue 78 343 781 164 15
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The particle size distributions are summarised in Table 2 and this showaritbtction reduced
the particle size by 20% on adbasis and 18% on an SMD (Surface mean diameter) or equal
surface area basis and increased the proportion of fines (<10Dpgrgnalysis of the residue after
the explosion showed that for the torrefied material it was almost identical doigheal dust in
terms of the size distribution in Table 2 and the composition in Tableelin€rease in the ash in
the residue was due to the ash of the burnt biomass as well as the unlbuoassbieor raw biomass
there was a decrease in the particle size in the residue. The origin of thistunbmass was first
shown by Sattar et a21][35] and Slatter et a[3f] to be caused by the action of the explosion
induced wind ahead of the flame front in blowing particles away fronflahe and eventually
onto the vessel wall, where they fell onto the floor of the vessel at thef &mel explosion. While
on the wall they acted as an insulating layer that reduced the rate of vessel, @soshgwn by
the reduction in the rate of pressure I@.[

EXPERIMENTAL METHODOLOGY

The ISO 1 mivessel, shown in Fig. 1 (b) for the version used in the presehkt with the standard
“C” ring particle injector, does not work for pulverised coarse woody biomaseagatiicles are
compressed in the delivery tube and do not emerge from the injécties. This occurs even
where the woody biomass is sieved to <63 um, as size and SEM anatisiseoparticles shows
that cylinders of diameter <63pum occur with lengths much greater and these block in the “C” ring.
Several modifications were investigated, but for particles with sieved sizes >63 usgdam
power stations and as occur in pellet store dusts, no externally located elutgtringystem could
be made to work. The principle of externally based dust driven in prassed air had to be
abondoned and the Hartmann method of dust dispersion was used, wherdogt was placed
inside the vessel in a chamber and dispersed with a blast of air. idphenical container was
placed on the floor of the vessel, as shown in Fig. 1 (a), that . dasdlameter with a volume of
17L and could contain 3.5 kg of biomass particles with bulk densi06fkg/n?. This was
dispersed with compressed air from a 10L external volume at 20dssupe. 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, so thkatthe total hole area as for the “C” ring injector
was used. Calibration of the injection system showed that an ignitionaféays was required to
give the same Kfor cornflour as the standard 1ISO £ design. This method of dispersion of the
dust also gave a spherical flame for cornflour.

Two dimensional arrays of thermocouples were placed horizontally and vegritictie vessel for
detecting the time of flame arrival. The sets of thermocouples recordedhtheftilame arrival
that was used to determine the average flame speeds. It wadliatitide average flame speed
was the same showing that the propagation of flame was unifiotwo directions and this was
taken as proof that a spherical flame had been achiéiezse average flame speeds were
measured in the constant pressure region in between 0.2 to Otﬁmmf[sse.

DEFLAGRATION INDEX, K«

Kst as a function of @ are shown in Fig. 2 for SPFR and SPFT. The peawas 24 and 36 bar
m/s for raw and torrified wood mixture respectively. Althoughpbek K: occurred at a similar
@ournt Of 3.0 the torrefied SPF had higheg & all @ and was much more reactive fongdof 2.5.

No lean mixture flame propagation for either raw or torrefied biomass wenel f Thus biomass
with coarse particle size, whether raw or torrefied, will only burn if theeadv@ of the mixture is
rich and the highest reactivity sKis for rich mixtures. This does not occur for gaseous mixtures
and is unique to coarse dusts, particularly biomass dusts.
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Extended 5L pot

Std. 5L duspot

Electro-pneumatic
valve

Hemispherical Drilled

Figure 1. (@) Drilled pipe hemispherical disperg@) 1ISO 1 n? vessel

A mechanism for coarse biomass powders to burn in a propagatimg igproposed to explain
these results, which is an extension of that used to explain why aboaf tiafintial dust does
not burn in the explosiof2[l][34][36][37]. The action of the wind, induced by the expanding
spherical flame, on particles ahead of the flame with a variable size distributmibl®w the
smallest particles close to the gas velocity with the larger particles laggingahag teffects. The
flame front is driven by the finer particles and the larger particles then lagdkeeid are heated
to ignition by the hot burnt gases from the flame front. The mixtaseto be very rich for the finer
particles ahead of the flame to burn with only <20% of the total masstafles in the size fraction
that will burn easily, as shown in Table 2. A flammable mixture of 20 fiarticles with ¢c
of 0.4 needs @ Of at least 2.0 for the overall mixture to burn. This is close to the ras#iig.3
for SPFR. With this model the larger particles are gasified in the rich mixture bbt burnt gases
from the flame burning in the finer fraction. This releases[@&4nd H which has insufficient
oxygen to burn, but the volume release keeps the explosion pressuferhigh mixtures.

The maximum explosion pressurey, Bo the intial pressure,i,As shown in Fig. 3 as a function of
Dourne. This shows that at the @ at which the maximugogcurred the peak pressure ratio was 7.4
for SPFT and 7.3 for SPFR. These are large pressure rises indicating that all $kenuzture
had burned and also shows that inspite of the low reactivity of theseresixas shown by their
low Ks;, the overpressure was high and would destroy any process plargueadised in the
processing of this material. These pressure rises were lower thanefqrafticles of biomass,
where for similar biomass compositiop/P; was about 8..
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FLAME SPEED AND BURNING VELOCITY MEASUREMENTS

The measured turbulent spherical flame speeddpSSPFR and SPFT are shown in Fig.4 as a
function of @un. These measurements of the mixture reactivity are very similar in their
dependance onddn: as for the I results in Fig. 2. However, the two peakf& the raw and
torrefied biomass were very similar at close to 1.0 m/s compared withificaighdifference in

Kst in Fig. 2. This difference may be due tolf®ing measured in the constant pressure period of
the explosion and is measured just before the peak pressure. Fig. 4 also showsrthah fo
mixtures the flame speed remains high as the fuel concentratr@ases. This is considered to be
explained by the model of the coarse biomass flame front with the flamendriv the finer
particles in the mixture and the coarse particles gasified behind the flamieXs more fuel is
added the @ of the fine fraction flame increases and the tempeoétilis initial combustion
increases this then results in more efficient gasification of the coacdmh and the gas volume
release in the gasification reactions increases which causes the pressure thigéneaien though

for gases the pressure would fall for richer mixtures.

Figure 5 compares as a function of the mass mean particle sizahd® present peakr Svith
previous[[4[5][34][35] mesurements of:Sor fine pulverised raw biomass and thermally treated
biomass. The previous data was all for biomass sieved to <63um fanchtorrefied biomass
(different torrefaction processes) and then analysed for the size distritidi@s high as 200um
was found compared with 350450um in the present work where the particles were sieved to
<1mm. Fig. 6 presents the same data in terms of¢h&He terminology for each biomass in Figs.
5-7 has been used in previous publications, but they are all wood basediéig. 5 and 6 show
that the present results for coarse based biomass are consistenewihgresults with a prime
dependence of the mixture reactivity on the particle size. When compared satntle &, the
difference in mixture reactivity between the raw and torrefied biomassmadf with the torrefied
biomass having a slightly greater dependence on size, mainlgsislieof the present resul®&he
laminar burning velocity, U of a dust/air mixture was determined from the measuréd 8g. 7

by dividing by the calibrated tubulence factor for the ISO3luang the calibrated turbulence
factor of 4.7and then using Eq. 2. The results are shown i Bigd show very low values of U
for the coarse particles in the present work.
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MINIMUM EXPLOSION CONCENTRATION, MEC

The MEC of the coarse SPF raw and torrified biomasses were determinefidsra-4 to be 2.3
and 1.4 @ respectively These lean flammability limits were much higher than other biomass
for finer sieved fractions, where mixtures as lean as 0.2@ were flamf@f21][34][35. The
explanation for the richer MEC with coarse biomass is that given abovelaifegropagated in
the fine fractions blown ahead of the flame by the explosion induastiamd the coarse particle
drag leads to these particles burning behind the initial fine particle flame frobearglgasified

in the burnt gases. For the raw SPF particles Table 2 shows that the fin@ iatié6 of the total
mass and the overall MEC is then 1.89, which is close to the measuredRdE®e torrefied
coarse SPF biomass the fine fraction is 15% and if the fine onlyiBI&2J then the overall MEC

is 1.39, which is in good agreement with the measured MEC.

CONCLUSIONS

Raw and commercially torrefied SPF biomass samples were investigatedyfooaese fractions
<lmm, using an ISO 1 hexplosion vessel modified and calibrated to enable coarse woody
biomass samples to be dispers&tie size distributions of the sieved samples show that the
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torrefaction process produced finer fractions than in the ramdss and this led to the torrefied
samples having a leaner MEC and higher reactivity at leaner mixtures thrawfsamples. Both
biomass exhibited explosions, but only for rich mixtures. The peatlPi were 7.4 bar for both
biomass. Post explosion residues showed almost the same compatitisizea distribution as
their parent samples, indicating that they were the parent material. The equivateme the
flame front was taken as the initial mass of dust minus the residug, £ model was proposed
for coarse biomass flame propagation whereby the flame propagatedfimetfraction and the
coarse particles were gasified in the burnt gases behind the fine particle flame&Hiexplained
the MEC results and the most reactive mixture being very rich.
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