UNIVERSITY OF LEEDS

This is a repository copy of Biomass explosion testing: Accounting for the post-test residue
and implications on the results.

White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/97354/

Version: Accepted Version

Article:

Slatter, DJF, Sattar, H, Medina, CH et al. (3 more authors) (2015) Biomass explosion
testing: Accounting for the post-test residue and implications on the results. Journal of
Loss Prevention in the Process Industries, 36. pp. 318-325. ISSN 1873-3352

https://doi.org/10.1016/}.jlp.2015.02.015

© 2015, Elsevier. Licensed under the Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International
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/

Journal of Loss Prevention in the Process Industries 36 (2015) 318-325

Biomassexplosion testing: accounting for the post-
testresidueand implications on the results.

David J.F.Slatter,HamedSattar,ClaraHuéscar MedinaGordon E Andrews,Herodotos N.
Phylaktou & Bernard M. Gibbs.

Energy Research Institute, University of Leeds, Leeds, UK.

E-mail: pm0O6djfs@Ileeds.ac.uk

Abstract

This work uses the 1ISO 1%dust explosion equipment to study the explosion properties and
combustion characteristics pfilverized biomass dust closidAn unreportedeature of this
apparatuss thatin rich concentrations only about half the dust injected is burned in the
explosion while the overpressures remain highhis work was undertaken to try to
understandhe mechanisms of these phenomena, thraghaccountingf the debris at the
end of the explosion, some of which was found in the form of impacted “cake” tatfans
vessel wall One possible explanation is that the residue material was biomass dust blo
ahead of the flame by the explosion induced wintpacted on the walls where then the
flame sideunderwentflame impingement pyrolysis and the metaill) side material was
compacted but largely chemically unchangé&tle results also show th#te hea transfer
insulation provided by the powder wall layer contributes to the higher observed messure
The risk of explosion with significant overpressures remains at 100% in vdmy ric
environments (equivalence ratios of tg 6) although these environmentre leaner than
thought due to material sequestration within the “cakbérewaslittle indication that a rich
combustion limitwas approachedhis was determined in standard testing equipmenthmeat
been modified and calibrated to handle larger quantities of powder than normal..

Keywords:dust explosions, combustion residue, mass burnt

Nomenclature and abbreviations

%] equivalence ratio P pressure at the moment of ignitic

A/F  mass ratio of air to fuel MEC minimum explosible
concentration

H/C atomic ratio of hydrogen to carbon TGA thermogravimetric analysis

O/C atomic ratio of oxygen to carbon GCV gross calorific value (mj/kg)
VM  volatile matter (wt. %) SEM scanning electron microscopy
FC fixed carbon (wt %) q local heat flux density (w/f)
daf dry, ash free basis k thermal conductivity (w/m k)
Pmax Maximum explosion pressure (bar) VT temperature gradient(k/m)

Kst deflagration index (bar ni'$ SMD  surfaceweighted neandiameter

(microng




1. Introduction

All published data for dusts amullverizedbiomass show that the peak reactivity occurs
between powder concentrations 90 to 1500 g/m*> Wilen et al (1999). When this is
converted into an equivalence rati@, basedon the elemental compositiciormula of the
powder thenmostof thesepeak reactivitymixturesfall betweend of 3 to 5 as shown in

Table 1

Table 1: Mbst reactive concentrations fdifferentfuels

Concentration @ for
. _ (g/m°) for Pmax  Pmax Pmax
. Chemical Q_]é_ —daf —daf Equipment
Material Formula g/m - d References
CH.O daf Concszentratlon @ for Use
y=z (g/n°) for Kst- Kst— Kst
daf daf
Cellulose 500 2.13 9.4 3 (Bartknecht,
(22um) (CeHsOeha 235 500 213 204 1M Vessel jggq)
. 427 3.62 5.5 (Amyotte et
Lycopodium  CHi507 118 427 362 46 20Lsphere 5 '1g00)
CH, 0100.50 339 1.60 6.0 103n’? (Kumar et al.,
ComFlour  hisstudy) 212 339 160 155  vessel  1992)
CH, 0100.50 635 2.99 9.0 (Sk]O|d et
ComFlour  Thisstudy) 212 635 209 160 20LsPhere o 5005)
CH5 0100 580 635 2.99 8.4 (Tamanini and
ComFlour  (7his study) 212 635 2.00 158  20Lsphere ;. "1992)
Forest 683 3.25 10.8 , (Garcia
Residue (275  CH;s600.71 210 1367 6.51 267 1m’vessel Torrent et al.,
pm) 1998)
Cork Dust 378 1.86 7.5 (Pilao et al,
(71.4 um) CHieoro 204 426 200 60 22 7Lvessel 5444
Cork Dust 426 2.09 6.0 (Pilao et al,
(212 pm) ChieOoro 204 473 232 23 227Lvessel 5n0y
500 6.17 6.47 (Cashdollar,
Polyethylene (CoHpn 81 200 617 =9 20L sphere 1996)
Bituminous 253 2.48 7.7 3 (Wiemann,
Coal CHosOoss 102 368 361 95  1Mmvessel jqg7)
Graphite 250 2.40 6.6 (Denkevits
C 104 20L sphere and Dorofeev,
(4pm) 25 2.40 70 2005)
. 200 1.92 5.9 Denkevits and
Graphite (25
C 104 20L sphere Dorofeey
32um) 250 2.40 24 2005)
. 250 2.40 6.1 Denkevits and
Graphite (40
C 104 20L sphere Dorofeev,
45um) 500 4.81 21 2005)
74 1.06 7.1 (NFPAG8,
Methane CH, 70 72 106 55 5L vessel 2007)
86 1.13 7.9 (NFPAG8,
Propane CsHg 77 86 113 100 5L vessel 2007)
106 1.30 8.0 (NFPAG8,
Ethylene CH. 81 106 130 543 5L vessel 2007)
55 1.60 6.8 (NFPAG8,
Hydrogen H, 34 t5 160 550 5L vessel 2007)

This is true for most other dgstlso shown in Table.1The Tablealso illustrates the strong
difference between dusts and gases over the equivalence ratio at which theapeakyre
occurs.This work was undertaken to investigate why this occlings is most relevant to
pulverized biomass and coal as the mills operate with air transport dfisteeto the burners



using rich mixtures that are assumed not to be flammable. The experinasottd from this
work (and that of othersihdicate insteathat these mixttes are very flammable.

One of the issues that we highlight in this work is toktrge proportion of the mass of dust
injectedinto the standard 1 SO vessel was found as residue in the vessel after the test.
This residue consisteaf light and dark particlesuggesting that ®vas nota homogeneous
mixture possibly made up of both burnt and unburnt material.

In dustexplosionsit is also known that the maximum pressdes nofall significantly as
moredustis added. Thisuggestshat the additional fuehaynot be acting as a heat sinks
would be expected if it is inthe dust cloudout not burned. It was considered that one
explaration was that the expanding flanmethe centre of the vessg¢énerates a wind ahead of
the flame that would entrathe outer dust particlesnd move thenonto the wallahead of the
flame This would then form a layeon the internal surface of theessel Thus the
concentration of the mixture that the flame propagated through would be much lower than the
injected mixture concentration. Depending on the thickness of thethayeould result in the
outside of the compressed particle layer being scorched by the advanciedgriiamwnhile

the particles closer tine wall would be less burned. Also this wall layer of dust would act as
insulation which would reduce the rate of cooling after the explosion anpasssbility was
investigated in the present work.

2. Experimental Techniques
2.1 Materials

Cornflour and Kellingley Coal were used as reference materials. The kialmsisused as
pine wood dust supplied in pulverised form Byax power station. Residues from the
standard 1rhISO dust explosion vessel for the most reactive concentrations (highareke
also sampled and analyseda follow up paper Theelemental, proximate and size analysis
are included for the samples testedTables 2 and 3.

Table 2:elemental, proximate and stoichiometritry of thels.
ELEMENTAL ANALYSIS (% by mass)

C H N S (@]
Corn flour 37.8 6.3 0.1 0.0 40.4
Drax biomassdust 43.9 6.2 0.6 0.0 37.6
Coal 51.6 4.4 2.0 2.0 15.0

PROXIMATE ANALYSIS (% by mass)

VM FC Ash Moisture
Corn flour 77.8 6.8 3.8 11.6
Drax biomassdust 79.5 8.7 8.2 3.5
Coal 33.2 41.8 22.6 2.4

STOICHIOMETRY
A/F (daf) g/’ (daf) g/ (as receivey
Drax biomassdust 5.7 212.3 251.0
Coal 6.3 189.2 214.2
Corn flour 9.6 125.3 167.0



Table 3: Size distribution for different fuédased on surface weightegamdiameter SMD).

Drax biomasslust coal cornflour
D [3, 2] -SMD 26.1 12 7.4
d (0.1) 18.7 5 7.9
d (0.5) 64.4 25.5 14.1
d (0.9) 196.2 65.3 21.7

Each d value is the diameter of tharticle size at the corresponding sample volume. So a d
(0.1) of 18.7 is the diameter (18.7 microns) at which 10% (by volume) of the sample has been
reached An important observation to make from this is that the d (0.1) of Drax Biomass is
only slightly smaller than the d (0.9) of cornflour.

2.2 Dust explosions

Dustair mixtures were exploded in a 1.138 ciosed cylindrical steel vessel, with a length to
diameter ratio of unity Sattar et g012) The vessel was constructed to the specifications of
the 1SO6184/1 (1985) standard for the determination of explosion indices of dusts. Two types
of dust injectors were used in the ISO 1 emplosions, the standard 1 @-ring and a new
disperser developed by the authors for biomass injection. This sphejecédr replaced the

C ring and was a simple spherical ball 110mm diameter with an array of gridyplateales

in the outer hemisphere. The spherical injector was used as fibrous biomass could not pass
through the @ing. Coal dust was placed in a 4iter external chamber, connected to the
perforated @ing inside the vessel via a fast acting pneuntaitvalve. The “dust pot” was
pressurised with air to 20 bar (g). For biomass an additionaxfnsion was added to the
dustpot toaccommodatéiomass of low bulk densit@attar et al.Z012a,b) The main vessel
pressure was reduced to 933 mbar(a) using a vacuum [Aurapelease of the pressurised
contents of the dust pot into the main vesssllted in an increase in vessel pressure by 80
mbar, giving a total nominal pressure prior to ignition of 1013 mbara (1 atm). The ignition
delay was set to thstandard value of 0.6s with tretandard 5L dust holder andring
injector system, whereas the ignition delay when the system was set ugnfes§{10L dust
holder and spherical injector) was found to give the same turbulence levels at 0.6a igniti
delay. The inlet air valve was closed just prior to ignition. Ignition was effdoyetwo 5kJ
Sobbe igniters firing into a small perforated hemisphkdap in thecenterof the vessel (in
order to limit the problems of directional ignition effects, as shown to be negdsgar
Phylaktouet al (201Q. Explosion pressure histories were monitored usirgezoresistive
pressure transducer mounted in the wall of the vessel. The rate of presswas calculated

by differentiation of a section of the pressure signal after eliminatiorectfrehic noise, by a
degree of smoothing.

2.3 Rate of pressure loss

The rate of pressure loss was calculaiedhe basis of the time taken for 10% reduction of
pressure from the peak pressure achieved during théséestig. 8 10% was chosen as it
was deemedhortenough to showdifferences in the pressure decay rate under the different
test conditions.

2.4 Flametemperatures

The theoretical adiabatic flame temperatuaegonstant pressureiere calculated using-n
house FLAME software This software calculates equilibrium flame composition and
adiabatidemperatures for a range of fuels and combustion conditions using the C, H, N, S, O
ash, and moisture compositions as well as the GCV obtained as mentioned in section 2.2.



2.5 Other equipment

The elemental composition of all materials was measured usingasih 2000 Thermo
Scientific Analyzer with single reactor for the determination of CHNS elenoethyswhereas
the percentage of oxygen was found by difference.

Moisture, volatile matter and fixed carbon contents were measured usnmad3u TGA-50
thermo gavimetric analyser. The ash content was calculated by subtraction.

The atomic ratios to carbon of hydrogen (H/C) and oxygen (O/C) were useldulateathe
air to fuel ratios (A/F) and the stoichiometric fuel to air ratio of all samples @aiead in
Huescar Medina et al. (2013).

The particle size analysis was done on a Malvern Mastersizer 2000, using tlugfiasdion
technique by assuming the shape of the particle as spherical. The sample is ithixeatey
into a paste and then added to a water pump that flows the particles through the’ arcaly
suspended in the water. The particles in a cell are passed through a focused lagdritieam
scatters the light at an angle that is inversely proportional to the size dickepdhis angular
intensity of the scattered light is measured by a series of photosedsiiators. The map of
scattering intensity versus angle is used to calculate the particle sizesUre #mat this is
accurate the refractive index of each material must be mavgktedhat of a similar material
within the database. However as fibrous biomass particles are not sphericahisand t
instrument measures the light diffracted from the actual particle and thentghivesize of a
spherical particle that would diffract that light. This is not the sphericéicigaof the same
mass, volume or surface area as the actual particle. Nevertheless, the metrothbligethe
size distribution of materials to be compared roughly.

Each result of particle size distribution isarerage of 10 measurements, where there was no
fall out or clumping of the particles in suspension.

3. Results
3.1 Burned mass as a proportion of timgeictedmass

A key feature of explosions in the ISO f vessel is that a large fraction of the mass of dust
injected does not burn andleft as a residue in the vessel at the end of the exploBian.
burned concentration was the mass of dust injected (wlaskhe mass placed in the external
pot minus the mass of dust remaininghe pot after the explosipabout 510%) minus the
mass of dust collected from thestvessel at the end of the explosion. Full details of these
procedures are given by Sattar et al. (2012a,b). Most of the literature on dusibespiioes

not mention that a large fraction of tHast injected into the ISO 1°wessel does not burn
(nor do they report the mass fraction remainingthe holding pot) and hence the
concentrationseportedare not the dust concentrations that the flame propagates throwgh but
nominal “intended” conadration Pilao et al. (2004)in a wide ranging work on cork dust
explosion hazards also detailed the large proportion of the cork dustablaft as debris at
the end of the explosion.

For some dusts, such as milk powder, the residue was left adivetee vessel walls.
Photographs of the wall “cake” from milk powder explosions are shown in Figad 2
They clearly show that the side against the metal wall was not burned oyspgobut the
side exposed to the flame was pyrolysed by the flame. Very few dusts we hadehtdt
formed a cakeesidue and in albtherdust explosionpresented here, the residue was left as a
powder on the bottom of the 1ISO £ dust explosion vessel.



In the 1ISO 1Im® explosion tests, two tygef dust injectors were usdds described earlier)
the standard @ing andthe gpherical disperserIn the graphs that follow, theesults are
labeledto indicate the type of dust followed b-ting” or “sphericdl, to identify which dust
disperser wasused Both dispersers have previously been tested and calibtd the
procedure is the same as that giveSattar(2013) for the 10L pot.

Figure 1 Milk powder “cake”, walttouching Figure 2 Milk powder “cake”flametouching
side side

This work presentsthe results for cornflour dust, pine wood biomass from Drax power
station, and comparisas made with pulverized Kellingley coal anehere relevantwith
turbulent methane explosions. This analysis was used to determine the stolhiomet
concentration on a dry ash free basis (daf) and on this basis the concentration that was
injected or burned in the explosion was expressed as an equivalenceeffaitively
assuming the direct oxidation of the species identified by the chemicaulé@nof the
powders.
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Figure 3 Mass of powder burned asfunction of masmjected

Figure 3 shows that the mass of material burned had alinear relationship with the mass
injected and that coal behaved differently than biomass. 14 fig.unburned mass fraction is



also expressed in terms of the injected equivalence ratio and the actual burnectrecpiival
ratio.
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Figure 4 Fraction of nass buredas a function of (a) injected and (b) burned equivalence ratio

For coal ancdbiomass up to an injected quantity of 400 3% of the injected dust did not
burn. This is roughly the condition for burning with sufficient air to oxidise the fuel that w
burned. However, for larger injected quantities an increasing fraction of pavddeot burn
and this is the area of richer than stoichiometric combudtoncoal there was a very sharp
increase in the unburned proportion after 400jected as at 600 g only 250kmrned and at
800 g injected this was increased to 30Daj buned. Thus, 63% was not burning for high
injected concentrations. For biomass at 1000° gfjected 700 g/fwas bured and this is
only 30% not burning. Figre 3 shows that there & considerable data scatter around the
above numbers, but it is clear that rich burning mixtures coal and biomass behaved quite
differently in terms of the proportion of the injected dust that burAsdshown in Fig4
when the data is changed from mass to an equivalence ratio (based on either theanjected
burned fuel) the different behaviour of coal to biomass remains clearly evident.

This is important in pulverising milland pneumatic conveyor systeasdust concentrations
are maintained in the rich zone by design in the anticipation that combufstnatrated, will

be weak. In the present results the directly comparable concentration to theidhdus
applications is the injected powder concentration or equivalence ratio. In thedliestde the
present results clearly show that biomass will burn more readily at a much fregtteon
than coal. In the next section we will show that the highest overpressures eityaates
were also encountered in the rich mixtures.

3.2 Kstand Fmaxfor biomass and coal dusts

The maximum pressure aftfte K reactivity paraneter results are shown as a function of the
injected burnt equivalenceratio in Figs. 5 and 6 Cornflour dust was tested on the C ring
standard injectoand on the new design for biomass, the spherical injector, which had been
calibrated on propane to achieve the same turbulence level as for the C injeetasdits in
Figs.5 and 6show that there was good agreement g Bt 9barand good agreement in the
Kstof 120 bam/sfor the same burned equivalence ratio. Figurasd® show that Kellingley

coal and pine wood dust had very similar peak pressures andaldes, which were
significantly lower tharthatfor cornflour.
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Figure 6 K as a function of the (a) injected and (b) burned equivalence ratio.

A significant feature of Fig$ and 6 for bothcoal and biomass is that although the reactivity
and Pmax increasavith burned mass @ in the lean regimmnd continusto increase in the
rich region with thepeak reactivity and Pmax occung for @ of 2 or richer. There was no
significantdecrease in Kst or Pmax up tarnedd of 3-4. In terms of injected @which is
more practically relevant parameteér)is evident that combustion still takes plaamed that
strong and significant pressures are geneffateoloth coal and biomadsr equivalence ratios

of 6 and beyond, with the reactivity of biomass being higher than coal for the two types of
biomass investigated. This clearly shows that the risk of explosion withficagri
overpressures remains #00%in very rich environments with little indication that a rich
combustion limit is “near” and this was determined in standard testing equipmehidhat
been modified andcalibrated to handle larger quantities of powder than norifiails
challenges the general industry assumption that operating in very ridhi@os is safe and
demonstrates that if there is indeed a rich limit for dusts the present standarg tes
equipment ee not capable of measuring it.



This behaviour of rich dust/air mixturesdgferentto that ofgagair mixtures which have a
rich limit at much lower equivalence ratios than tested in this weokne potentiaieasos
for thisare:
¢ As shown byadiabatic flame temperature calculagomch mixtures continue to have
high flame temperatures over a wide range of rich @.
¢ In a closed vessel explosion there is a fixed mass of air and the dust idimgcte
this and does not displace aaly. There is a fixed heat release of 3MJ kegrof air
(Drysdale, 1992) irrespective of the fuel. For gases, rich mixtures have higheevolum
concentration and more air is displaced as the gas concentration is incBzaged.
fixed volume system forich dust/air mixtures the energy available to be released is
greater than the equivalent rich gas/air mixture becaustheofelative mass of
available air (which is the controlling reactant in rich mixtures).
¢ Another possible contribution to these phepomis thatlthough the initial mixture
pressure is 1 atm, before the powder can burn it has to turn into pyrolysis gases and
when these gases are added to the fixed system volume the initial mixtwergres
effectively goes up. So as the hot flame kernel develops from the ignition point
progressively more volatiles are driven off the dust cloud ahead of the flame @nd thi
would have the effect that each combustion step would take place in comparatively
higher pressures than the equivalent gas/air mixture. This will have a comppundi
effect on the final explosion pressure Pmax for dusts resulting in rogbgsressures
than equivalent gas air mixtureshis effect could be partially or totally counter
balanced by the excess dust particles acting astainka
e It is more difficult to explain why the mixture reactivity,sKis so high for rich
mixtures and why the maximum reactivity is not close to @ = 1 as it is for gases. P
of the reason is that reactivity is related to flame temperature, bubthisscback to
the reason why the flame temperature does not peak until about @Arother
possible explanation is that the definition of the equivalence ratio for dusts is based on
the chemical composition of the solid particle rather than the actualustiorp
chemistry which is defined by the composition of the pyrolysis gasesHhvidinot
known).

Figure 3 shows that roughly 50% of the injected mass of dustndidparticipate in the
explosions. It was argued I8attaret al (2012 a,b) that if the peak pressure was close to that
expected for adiabatic explosions, as shown in%;ithen the dust that does not burn cannot

be in suspension when the flame passes over it as it would then cool the flame and prevent the

peak adiabatic pregse and peak reactivity from being achievieg@¢ould be argued that this is
what in fact does happen for near stoichiometric mixtures, that is vehexpected peak
pressure is low and the reactivity is lower than expected

It could also beexpected thaf there weredust particles that did not burn thiéresewould be
the larger particles and it would then be expected that the debris would haver asilegge
distribution than the original biomass. HoweV@attaret al. (2012a, b) showed that this was
not the case for biomass dusts, showirgsame size distribution for the original material and
the debris.

Furtherto the effect of increasing system pressure due to the progressive rdleasee o
volatiles as the flame grows and the potential codmdatancing effect of the heat sifrgued
above);there isevidencefrom the present workhat theunburned dusahead of the flamis
compressed against the waill a constant volume explosion 90% of the fuel burns in the last
10% of flame travel and ihresults in dust being compressed against theamalevenin the



cases where it does not stick on the wateiporarilyforms an insulative layer having an
effect on the heat loss from the system. As the explosion wind subside®$hgdwder
particles fallto the vessel floor.

Evidence that this deposit layrmsis presented below in terms of it acting as an insulating
layer that reduces the rate of cooling of the vessel and hence chtregmate of pressure loss
after the peak pressure hasurted.

3.3 Pressure decay in the 1ISO dexplosion vessel: comparison of gas and dust explosions

The rate of pressure decéipm the 1n7 vessel followingthe explosions was recordeabs
shownin Fig. 7. The pressure decay was due to heat; loss leakage as the vessel is
hermetically sealed. The decay rate was meadoretthe period immediately aftr the peak
explosion pressure, until the pressure was reduced to 90% of its peak value, as shown in
Fig.8 A faster decay indicatkegreater heat losses andyR8 shows that for a gas explosion

the heat loss was much faster than for a dust explosion for similar peak pressurecand hen
similar peak temperatures. It is considered that the rate of pressure letsted to the
thickness of dudiyerthat isformedtransiently on the wall ahe end of the explosion. The

dug acts as an insulaty layer at the moment the flame hits the wall. The rate of pressure loss
should then be a function of the thickness of the dust on the wall.

The residue recovered from the vesse$ wabtracted from the mass loaded into the dust pot
(minus any dusleft in pot) to give thémass burnt” value (the mass injectedhs weighed
massinto the externapot minus themass left in thgoot). The measured rate of pressure loss

is plotted as a function of the calculated compressed dust wall Esgmmg uniform
thicknessjn Fig. 8. There are two trends in the pressure loss rate: firstly, there is a maximum
pressure loss rate which corresponds with the peak flame temperature;\sebentiickness
increases as more dust is used in the explasioibhe mass of unburned dust increases. This
increasedhicknessreduces the rate of pressure loss even though for rich mixtures the peak
pressure anthereforetemperature remain high.

The differences in the rate of pressure decay and hence heat loss witlietteatdfowders
probably reflects their different capability to form a stable layer wherpmeseed and also to
differences in the thermal conductivity of the different species.

The pressure decay rate was a function of the peak temperature of thepthsbexlame
and thus peak adiabatic flame temperature predictions are required to understargsthie pre
loss rate data.

The temperature difference between the flame and #tewould drive the convective heat
transfer and any dust layer would act as an insulating layer which would réeéucsed of

heat loss to the metal wallShe flame temperatures were calculated usingouseFLAME
software, for the equivalence ratio, @ased on the mass berh (injected mass residual

mass) The flame temperatures were computed at constant pressure and are not strictly valid
for the constant volume conditions of the closed vessel explosion. However, the two
temperatures are relateddathis work was concerned with understanding the trends in the
explosionsThe differential form of Fourier's Law of thermal conduction shows that the local

heat flux density,?‘ , is equal to the product of thermal conductity, , and the negative loca
temperature gradient—V1 . The heat flux density is the amount of energy that flows
through a unit area per unit time.



T = —kVT )

Therefore if the temperature difference is constant it is only the theonductivity of the
gas/vessel boundary that dictates the rate of pressure loss. Also charigepaakt flame
temperature due to the dust composition will influence the pressure decay.
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Figure 8 Pressure loss rateafter the peak pressure as a function of the calculated dust wall layer
thickness.

Figure 9 shows the rate of pressure decay after the peak pressure in the explosion as a
function of the flame temperature. This shows as expected the fastest decayhioremr
explosions with no deposits on the wall. Comparison with coal and cornflour at the same
temperaturgave oveb0% lower pressure decay rate, indicating the presence of an insulating
deposit. he peak pressure decay rate for dusts was 30% lowefaharethaneThis shows



that the deposit thicknesses (up to 0.02 mm) in &igvere sufficient to reduce the heat
losses.

Figure D shows the rate of pressure decay as a function of the burned dust equivalence ratio.
This shows unexpected results when compared withOFithe peak pressure decay does not
occur at the peak flame temperatlfeAME predicts that the peak temperaturewdd occur

just richer than @=1, as for gases. It is not known why in dust explosions the higisssirer

and the peak reactivity occur for rich mixtures, but this is a feature of HC@osiion dust
explosion generally and is not specific to biomdssis the reason the peak pressure decay
occurs for rich mixtures in FidlLO is that experimentally this is where the peak temperature
occurs, which gives the peak pressure. At this mixture FLAME predicts tefoperature, as

would occur for a gas mixture, which accounts for the peak in the rate of pressure igss in F

9 at 1500K, which is the predicted adiabatic temperature for @~2.
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4. Conclusions

A key feature of explosions in the ISO f vessel is that a large fraction of the mass of dust
injected does not burn and is left as a residue in the bottom of the vessel at the end of the
expdosion. Most of the literature on dust explosions does not mention that a large fraction of
the dust injected into the 1ISO wessel does not burn and hence the concentrations recorded
are not the dust concentrations that the flame propagates through.

The results support the model of dust explosions where the expanding flame generatks a
ahead of the flame that entrains dust aheatlasfd reduces the concentratioihdustthat the

flame burndgnto. As the flame approaches the wall and the pressure rises, this wind is reduced
to zero and té& inertia in the particles carries them to the walhere the pressure rise
compresses them. At no stage do these patpdeticipate in the heat releasd the
explosion. As the flame impinges on the wall witk tesidue layethe outer surface is heated

and undergoes pyrolysis. It should be noted that if there is no significant heae retea

these deposits then it is expected that overall the deposits left as a dust akplogierewill

not to be greatly different from the raw biomass dust, as shown by Sattar (201Pae b).
deposits on the wall act as thermal insulation and this reduces the rate of haatllbssice

the rate of pressure decay from the explosion vessel after the peak pressupresshre

decay was shown to be slower with biomass dust explosions than for gaseous explosions
where no insulative layer is formed.

The results also show that the risk of explosion with significant overpressmesns at
100% in very rich environments witlitle indication that a rich combustion limit is “near”
and this was determined in standard testing equipment that have been modifidibeatecta

to handle larger quantities of powder than normal. This challenges the gemkrsiry
assumption that operating in very rich conditions (for example in mills and pneumati
conveying ducts) is safe and demonstrates that if there is indeed a rich limitstsr the
present standard testing equipment are not capable of measuring it.
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