UNIVERSITY OF LEEDS

This is a repository copy of Comparison of the explosion characteristics and flame speeds
of pulverised coals and biomass in the ISO standard 1 m3 dust explosion equipment.

White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/97723/

Version: Accepted Version

Article:

Huescar Medina, C, MacCaoitir, B, Sattar, H et al. (4 more authors) (2015) Comparison of
the explosion characteristics and flame speeds of pulverised coals and biomass in the 1ISO
standard 1 m3 dust explosion equipment. Fuel, 151. pp. 91-101. ISSN 0016-2361

https://doi.org/10.1016/}.fuel.2015.01.009

© 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/

FUEL, Volume 151, 1 July 2015, Pages 91-101

TITLE : Comparison of the explosion characteristics and flame speeds of pulveriseahcbal

biomass in the ISO standard fdnst explosion equipment

AUTHORS: Huescar Medina (2 surnames), Clara*; MacCoitir, Brian; Sattar, Hamed; Slatter, D.,

Phylaktou, Herodotos N.; Andrews, Gordon E.; Gibbs, Bernard M.

AFFILIATION : Energy Research Institute, School of Chemical and Process Engineering, University

of Leeds, Leeds, LS9 2JT, United Kingdom

*CORRESPONDING AUTHOR:

Tel. +44 (0)113 3432493

Emaillpm09chm@Ieeds.ac.uk or profgeandrews@hotmail.com

Address: Energy Research Institute, School of Chemical and Process Engineering University of

Leeds, Leeds, LS9 2JT, United Kingdom

Abstract

Pulverised coal has been known to pose explosion risks since"terit@ry, with the advent of
biomass use in coal fired power generation boilers the explosion risk may need revigion. Th
objective of the present work was to compare the explosibility of two samples of bituroogabus
used in UK power stations with two biomass fuels and to review available explosion data in the
literature for pulverised coal and biomass. The*13M explosion vessel was used to determine the
explosion characteristics: deflagration indexjKmaximum explosion pressure.£{B and minimum
explosible concentration (MEC). Flame speeds were also measured and these are relevant to
understanding the mechanism of turbulent flame propagation in power station burners, which is
related to the problem of flame flashback or blow-off. Despite the similarities in campasiboth

coals, the explosion reactivity of Colombian coal was much higher, with\akie of 129 bar-m/s
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compared to 78 bar-m/s for Kellingley coal. The main difference between the two fuels was the
surface area of particles which was higher for Colombian coal. It was shown that the char burn out
rate at 900C in air was higher for Colombian coal, due to the greater oxygen diffusion in the higher
porosity of the char. Results for two biomass fuels are also presented wittr gahiles for ks; and

the literature review shows that both coal and biomass have very variable flame resclitigire is

no general trend that coal is less reactive than biomass, although this could be the case for specifi

coals and biomass.
KEYWORDS: coal, dust explosion, combustion, flame propagation, biomass
1. Introduction

Coal is the major fuel used for generating electricity worldwide, generating 41% of the world's
electricity in 2012. In the UK, despite the introduction of renewable fuelsreerBouse Gas

(GHG) emission reduction, 29% of the electricity generd [2] is still producedcvahwithout

carbon capture, in 40+ year old power plants. Pulverised coal combustion is the most commonly used
method in coal-fired power plan [3]. It was back in th® déntury that coal dust clouds were first

ignited by sparks. Since then extensive research efforts have been devoted to understanding coal dust
explosibility and flame propagati[4]. Coal power plants present explosion risks in milling
processes, transport of fuel to the boiler and during operation, start up and shut down of tﬁ boiler [5]
As a result these plants must comply Wikppareils destinés a étre utilisésAfmosphéres

EXplosibles” (ATEX); and Dangerous Substances and Explosive Atmospheres Regulations 2002

(DSEAR) to prevent or limit the effects of explosions. With the advent of biomass usstingesoal

fired power stations, as a means of reducing fossil fugle@ssions, new explosion risks need
evaluating including those due to dust generated in the enclosed biomass storage areas and the feed
system to the stores and subsequent transport to the mills. This paper compares the arabssd bi
explosion reactivities by measuring the lEg. 1) and turbulent flame speeds at constant pressure.
These are compared with two biomass explosion characteristics and with literaturevabssand

biomass reactivities.
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K, = (‘;_f)m Vs (1)

The design of safety systems such as venting or suppression requires the knowledge of the explosion
characteristics of any hazardous dust, which include: the deflagration ingear(& the maximum
explosion pressure (B), together with the concentration at which these occur. The minimum

explosion concentration (MEC), limiting oxygen concentration (LOC), minimum ignitiomggne

(MIE) and surface ignition temperatures are also required to be known. The methods for
determinatiorof explosion characteristics are outlined in the standard EN BS 14034. For the
determination of K, Pn.xand MEC, which are considered in this study, explosion wests

performed in a 1 fhexplosion vessel within the flammable range. Pressure-time histories were
recorded, the deflagration indexd}was derived according to Eq. 1 and the concentrations at which

the maximum values of &and R,.x occurred were determined.

Carbonaceous dusts explosibility was originally investigated using the Hartmaﬁ)ev[ﬂch is

still used br MIE determinations and is allowed to be used for MEC measurements as it gives similar
results to spherical explosion vessel methods. Current measurements of explosion peak pressure and
deflagration index use spherical vessels with central ignition of a turbulent dust air mixthire jsas

closer to adiabatic conditions, whereas the tube method suffers from flame contact with the vessel

walls which reduces the peak pressure and the rate of pressu r<ﬂ rlse [5, 6]. Although thé ISO 1 m

spherical vessel is the reference standard fpakd R, measurements, the 20 L sphere is also

recognised in the standards as it can be calibrated to give the same result. The 20 L sphere is in more
common use than the mue to the use of 1/50 of the mass of the dust to be tested and the lower

cost of the equipment. The range of results in the literaturesf@nid R, for coalis shown in Table

1 and for biomass in Table 2. Biomass data is scarce as the standard equipment dust injection systems
camot operate for fibrous biomass as the dust delivery tubes block. Alternative biothasy de

systems are required and these then have to be calibrated with a reference dust to show agreement

with the standard injector designs. The ignition delay between the start of injectigmgiod is the
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variable in the calibration. Details of the calibration used for biomass dust explosiorearsatft

specified in the open literature.

Table 1. Explosion characteristics of different coals in the literature

Nominal | Particle Vessel
Coal sample Kst Prax MEC size Reference
volume
(g/n) (1m)
Morwell coal 220 7.6 - Ds=22 20 L
Brown coal 151 10.0 - Ds=32 1nt
Yallourn dark 91 6.7 - Ds=36 20 L
Prince mine coal 44 6.5 70 <125 20 L
Phalen mine coal 30 6.0 120 <125 20 L
Lingan mine coal 44 7.0 90 <125 20 L
Russian anthracite 68 5.0 - 53 20 L
Sulcis lignite 162 6.8 - 53 20 L
South African coal 81 6.0 - 53 20 L (9]
Polish coal 135 6.8 - 53 20L
Snibston coal 149 6.5 - 53 20 L
Spanish lignite 107 8.8 90 Ds=40 1nt
German lignite 105 8.7 60 Ds=58 1nt
Pittsburgh coal 41 6.7 65 <75 20 L
Pocahontas coal 31 6.5 80 <75 20 L
Sebuku coal 114 6.6 63 Ds=15 20 L
Kellingley coal 80 8.2 120 Dy=85 1nt Present
Colombian coal 129 8.5 75 Do=65 1nt work

Table 1 shows that for a diverse range of coal samples containing fine particles <n&unhy, the

explosion characteristics of coals can vary widelyMdlues range from 30 bar-m/s to 220 bar-m/s,

Prax from 5 bar to 10 bar and MECs from 60 dtm 120 g/m. This variability is due to the diverse
composition and physical characterisation of the different coals. Table 1 shows that even though all

the coals were milled to a small size, there were differences in the mean size and some correlation of
this with Kg. For example Morwell coal with 22 um mean size has the highest B20, but Sebuku

coal with 15 pm size only has a0f 114 bar-fs. The largest particle size results were <125 pm and

the three coals of this size had the lowesgtKTable 1 in the range 30-44. Comparison of coal

reactivity as a function of coal composition has to be done at the same mean size and no such data has

been published, as can be seen in Table 1.
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A feature of the results in Table 1 that is difficult to explain is the variation of ttkeppessure R

In spherical flame propagation the ratig#P, is the ratio of the peak flame temperature to initial

temperature, assuming that the product to reactant mole ratio is close to 1. For gahflames t

reactivity in the form of a burning velocity is directly related to flame temperature

Table 2.Explosion characteristics of different biomass in the literature

Particle

Fuel Kst Pmax MEC?,: size Method | Ref.

(bar-ms) | (bara)| (g/m?) (um)
Cork 179 7.2 40 Dgo=280 20 L
Walnut shells dust 105 9.4 70 Dg=311
Pine nut shells dust 61 8.9 - Do=439 | 1nt
Pistachio shells dust 82 9.3 90 Dy=240
Wood 87 8.8 30 Dgo=700
Bark 98 9.7 30 Dgo=700
Forest residue 84 9.1 60 Dyo=500
Spanish pine 23 8.2 90 Dy=500
Barley straw 58 9.3 90 Dy=500 1nt
Miscanthus 31 8.1 120 Dy=350
Sorghum 28 8.2 120 Dg=650
Rape seed straw 32 8.2 210 Dg=500
Wood dust (beech and oak mix) 136 7.7 - Do=125 20 L 15
Forest residue (bark and wood) 92 9.1 20 D5=275 20 L 16
Wood dst 87 7.8 - - 20 L 17
Wood dust, chipboard 102 8.7 60 Dg=43
Wheat grain dust 112 9.3 60 <500 20 L/1
Olive pellets 74 10.4 | 125 - m’
Cellulose 66 9.3 60 125
British Columbia wood pellets 146 8.1 70 <63
Nova Scotia wood pellets 162 8.4 70 <63 ASTM
Southern yellow pine wood pellet 98 77 o5 <63 E1226
(USA) '
Wood dust 208 9.4 - - 1nt 19
Fibrous wood 149 8.2 20 <75 20 L 20
Sawdust 115 9.0 - - 1n? 21
Dry Douglas Fir & Western Red 43 85 ) 250 20L
Cedar
Eir%/eMountam Pine & Lodgepole 40 3.8 ) 200 20L
Dry Spruce & Pine & Fir 51 8.2 - Dy=200 20L
Southern Pine 105 9.0 - Do=739 1nt Present
Norway Spruce 95 9.2 - De=603 | 1nT work

Coal dusts data in Table 1 do not show this relationship and the highestikhas a rather modest

Pmax Of 7.6 bar. However, all the highest.Pin Table 1 are for explosions in the ISO jvessel and
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all the low R, are for the 20L sphere. These vessels appear to be too small to achieve complete
combustion and no contact of the flame with the wall until all the coal has been burned. In the authors
experience the 10 kJ igniters in the 20L sphere andiglvma line ignition source and not a central
ignition. In the 20 L sphere the ignitor jet impinges on the wall and the combustion proceeds in
contact with the wall which reduces the peak pressure. This effect is reduced in*tHritLisn

avoided in the present work by making the ignitor jet impinge on a hemispherical gridregitts in

a central ball of hot ignition gas. The flame speed records in three directions shephtratal flame

propagation was achieved.

The present results for experiments in the ISO ¢assel, as detailed later, are summarised in Table

1 for the two coals studied. The present results show highgthn for all the 20 L results in the
literature and in good agreement with the other fiesults in Table 1. Thedresults are within the

data spread for other coals in Table 1. There are less reactive coals than Kellingley and thene are m
reactive coals than the present Colombian coal, but they are representative of low and ik react
coals in the literature. These two coals with significantly differeptdfe shown below to have a very
similar composition. The reason for the reactivity difference will be shown to be physical coal

structure differences and not chemical differences.

Table 2 shows that the literature data for biomass explosions shows a wide raggandf&high

sensitivity to particle size. Comparison with Table 1 shows that peak pressures are oftewittigher
biomass, indicating higher flame temperatures in spite of the lower calorific values. liHaky/i®

be due to the lower ash content of biomass compared with coal. The ash acts as a heat sirk that cool
the flame. The MEC are also significantly leaner for biomass fuels compared with coal and this
indicates a higher reactivity. However, the range f9&imilar to coal and it cannot be concluded

that biomass is more reactive than coal, although there are individual biomass that are mare react
than some coals. Most of the biomass samples contain larger particles than coal as biomass is mor
difficult to mill to the size coal can be milled. The presence of larger particles foassaeduces

their reactivity and K, but does not reduce the peak temperature of the flame and hence the pressure
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rise. The variability of i in Table 2 is partially due to size variability and partially due to

composition differences, but most of the references do not have a detailed fuel analysis. In the present
work the two biomass fuels are analysed in detail and the results summarised in Table 2 show that the
present biomass fuels are typical of the range of biomass in the literature, with some biomass havi

higher Ks; and others having much lowegKoften because of the large particle sizes used.

Coal dust flame propagation mechanismgetizeen the object of research for many years. It is
generally accepted that the combustion process of coal particles consists of deviolatiimht
subsequent reaction of volatile components, heterogeneous char surface reactions as well as other
physiochemical changes to the parti [23]. These processes are not only affected byyipe, coal
dust concentration and particle size distribution but by the heating rate, final temperature,aesidenc
time and quench procef&. The heating rate in turbulent propagating pulverised coal flistegh

in dust explosion equipment and in boiler flames. The flame temperature in spherical vessel
explosions with central ignition is close to the adiabatic temperature as the only hedtdnsske

flame are radiation to the wall or dust ahead of the flame and heat loss to the ignitoswdich i

. For a turbulent coal dust cloud propagating at between 1 m/s and 5 m/s, which the present work
will show is a realistic range, the residence time in a 10 mm thick preheat zone and a 209 K flam
temperature is between 0.2 and 1 XK. Laboratory techniques for studying coal or biomass

particle oxidation, such as TGA or drop tube reactors have heating rates orders of magnitude below
those in practical turbulent flame propagation. Typically TGA heating rates arel K2s, a factor of

10° below reality and drop tube furnaces heating rates are typically of order 5000 K/s which are a
factor of between 40 and 200 below real flame heating rates. It is known that high heating rates
increase the yield of volatiles from coal and bio . [26] and hence the ability in the present work to
investigate pulverised coal and biomass at practical heating rates is crucial to the profluseful o

flame heat release data.

Hertzberg et alE?] suggested that the char oxidation rate is too slow t@sigkdicant

contribution to flame propagation and therefore considered that char acted as a heat sink. ithe prese
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work will show that this cannot explain the fast propagation of coal and biomass flames,eskthe p
pressure rise is close to equilibrium, indicating that there has been little heat loss taedace

the peak temperature.

This approach has been considered for the modelling of coal dust explosions more rec”enty [25, 28],

but fails to take into account known MEC data for coal and other HCO dusts (i.e. organic dusts). The
MEC data shows that the equivalence ratio for the MEC of many HCO dusts is leaner tharathat for
gaseous hydrocarb9]. As a model that presumes the volatiles are hydrocarbons and the flame is a
hydrocarbon flame, this cannot explain why a dust that has volatiles <100% of the mass can have a

lean limit leaner than 100% hydrocarbon gas. Other researchers pointed out that the Heretberg

model fails to consider the possible effects of particle structure on explog ﬂf"lﬁg].

Woskoboenkq [[F] suggested that for certain coals surface area could greatly affectdsierexpl
reactivity as the rates of devolatilisation and char burnout are faster and the astnsupport

this conclusion.

The objectives of the present work were to measure the explosion characteristics @B, Kof
pulverised Colombian coal and Kellingley coal and compare with two pulverised biomass explosions
The laminar and turbulent flame speeds and burning velocities were determined. This isitfed esse
data required in burner design to avoid flame flashback and blow-off. In addition residues collected
after explosion tests were analysed in order to understaydoughly half of the coal or biomass

injected did not participate in the flame propagation. This unburned coal or biomass imah&ot

flame zone and did not act as a heat sink; otherwise the adiabatic pressure rise could notdae achiev
The work also examines the reason that coal and biomass reactivity are so variable, even when the

chemical composition is similar.

2. Experimental methods

2.1. Fuels and their characterisation
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Samples of Colombian and Kellingley coal were supplied in pulverised form by Moneypoemd)rel

and Drax (England) power stations respectively. The original fuels and some samples of residue
collected after the explosion tests were analysed for their composition through elememtalhand
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. Assuming the fuel formulg &% where

y, z, w and k are the atomic ratios to carbon of hydrogen, oxygen, nitrogen, and sulphur respectively,

and assuming the combustion reaction was:

CHy0,N,, Sy, + a0, = bCO, + cH,0 + dNO, + S0,

The stoichiometric fuel to air mass ratio is given by:

Stoichiometric (F/ ) = (12 +y+ 16z + 1Z4W + 32k) @)
1373[(1+%) -5+ w +]

The stoichiometric (F/A) ratio can be expressed as grams of fuel per cubic meter of airifyingult

the stoichiometric fuel to air mass ratio by the density of air (1208).gmaddition, the

concentration of dust clouds was expressed as an equivalence ratio (ratio of actual to stimichiom
concentrations). The gross calorific value (GCV) of all samples was determined in a Pdro®200
calorimeter to the specifications of BS ISO 1928:2 [31]. Bulk densities of all pulvareled

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 Pychometer.

The morphology of particles before and after explosion was assessed through Scanning Electron
Microscopy (SEM) images using a Carl Zeiss EVO MA15 instrument and the particle size

distributions were determined using a Malvern Mastersizer 2000 instrument. The surface area and
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porosity of fuels were also determined through BrundtiamettTeller (BET) analysis in a

Micrometrics Tristar 3000 analyser.

2.3. Explosion characterisation: 1ISO 1 mvessel

Explosion tests were performed using the ISO* Vessel according to the methods recommended by
the European standard EN BS 14034. The set-up consisted of @lume explosion chamber

connected through a 19 mm internal diameter pipe to an external 5 L dust holder (Fig.1).

Figure 1: Leeds ISO 1 mvessel

Initially the dust sample was loaded into the external dust holder and pressurised to 20 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
standard multi-hole C-tube. After an ignition delaydd s from the start of dust dispersion into the

vessel, ignition of the dust took place by means of two 5 kJ chemical igniters placedeortetri

centre of the explosion chamber, firing into a perforated hemispherical cup to ensure cental igniti

and spherical propagation. Prior to dispersion of the dust from the dust holder, the exploshmr cham
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was evacuated so that on addition of the dust from the dust holder, the initial pressure atdhe tim

ignition was 1.013 bar.

It was found that the standard ‘C’ ring dust disperser did not allow fibrous biomass milled to €¥63p

to pass and compressed it as a pellet in the ‘C’ ring. The only type of biomass that would pass through

the conventional injection system was nut shells and the results for walnut, pine nut and pistachio
shell dusts milled and sieved to <63 pm were presented by Satt fdr p nominal dust
concentration of 750 gfinFor fibrous biomass milled and seived to <63pm a new injector was
developed and calibrated with a 10 L external dust container for low bulk density blﬂass [32] and a
spherical nozzle dust disperser as shown in Fig. 2. This was calibrated for its igndipnsieg

cornflour to give the samegkwith the standard ‘C’ ring disperser and the 10 L external dust store and

spherical nozzle disperser.

Figure 2. New spherical nozzle disperser for fibrous biomass <63um

After an explosion in the 1 hvessel, dust residues were found both in the dust holder (not ijjected
and in the explosion chamb. 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
the explosion chamber (injected concentration). However, the dust that remained in the explosion

chamber was a mixture of burnt, partially burnt and unburnt material. All residues wereedadliedt
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weighed using a vacuum cleaner with the filter bag new for each sample and weighed before and after
collecting the dust. Only the residue found for the most reactive concentration waedmalorder

to understand its role during the explosion test. The mass of the residue was deducted from the mass
injected to give the mass burned and this was converted into a burned gas flame front equivalence
ratio. The authormB] have shown for biomass that the mechanism for the unburnedh&iehes t
explosion induced wind ahead of the flame entrains particles and carries them to the wall without
them participating in the flame front flame propagation. On the wall they form a thin compressed

layer that insulates the flame from the vessel wall and thus reduces the heat loss and the pressure
decay. The layer of the deposit that the flame impinges on undergoes some pyrolysis. In this work it is

shown that the same mechanism applies in coal dust explosions.

The vessel was fitted with Keller PA11 piezoresistive pressure transducers formgadrpiessure-
time histories and also with arrays of exposed junction type-K thermocouples in the horizantal (lef

and right) and vertical (downwards) directions.

CDADY ICI2TCILTCL 3
SPARK TCY

Figure 3. Thermocouple arrangement in the 1rivessel

These thermocouples allowed determination of times of flame arrival to each thermocoupa positi
and derivation of flame speeds in all directi [34]. The overall radial turbulent flante(Speéor

a given test was the average of the flame speed in each direction. The maximum pressure and the
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maximum rate of pressure rise for a given mixture were derived from the pressure-tirds.r€he
maximum pressure (bara) for a given mixture of dust was normalised to the initial p(basayet

the time of ignition (B.

Turbulent flame speeds can be used for the design of safety systems and for modelling of explosions

but also for burner design. Turbulé®t)r and laminar (§ flame speeds are related as foII [35],

(Sp)r =B S 3)

wherep is the turbulence factor ofdlvessel.  is a parameter used in venting correlations to account
for the turbulence created by obstacles in the path of the flame. Here is used to account for the
turbulence induced due to the dispersion of dustas found to be 4.03 for the Leeds 1180 vessel

by performing laminar and turbulent gas explosions. Adding pressurised air from the dust pot
provided an analogous turbulence to that present in dust explfﬁnﬁd. 3 was used to determine
the laminar flame speed and by dividing this by the adiabatic expansion ratio the laminag burnin

velocity could be determin 4].

The MW per unit area of the flame front (heat release rate or HRR) was calculatedh@sing t

following expression:

(S¢) Gcv
HRR (MW ;) = (iaz) SCET YA
P:

L

Wherep,was taken as the unburnt air density 1.2 Rgind A/F was the corresponding flame front

air to fuel ratio (i.e. “as fired” or “as received” A/F ratios).
3. Results and discussion

3.1. Fuel characterisation
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Characteristics of the two coal fuels and two biomass fuels used for comparison are shae

The main difference between both bituminous coal samples was found in the particles surface area.
The surface area of Colombian coal particles was 4.3 times higher than that of &eliiogl. The

pore volume for Colombian coal was also more than two times higher than that of Kellingley coal.
Table 3 shows that the difference in fuel properties and composition between the twaoasoals w
relatively small compared with the large difference in surface area. The biomass composition showed
the well known much higher volatile content compared with coal and much lower ash content. The
stoichiometric air to fuel (A/F) ratios are significantly lower for thentéss fuels as are the calorific
values. It is significant that the biomass particle surface areas are well bete¥dhooal and also

have much lower pore volume. The different reactivities of the two coal samples in Table ittlevith |
difference in fuel properties, are thought to be due to the large difference in surfacélavesver,

both biomass fuels are more reactive than Kellingley coal and yet have a lower surface area. This

indicates a different mechanism of flame propagation for biomass than for coal.

Table 3. Fuel characterisation

Kellingley coal| Colombian coal Norway sprucg Southern pine
Bulk density (kgri?) 443 407 176 268
True density (kgrf) 1480 1450 1409 1491
Surface area (fg) 3.7 15.8 0.7 1.7
Pore volume mrg™* 14 32 2.4 7.3
GCV (MIKG ) gai 33.8 335 21.2 20.8
Elemental Composition (w/w, daf)
C 82.1 81.8 53.4 52.4
H 5.2 5.3 6.2 5.8
N 3.0 2.5 0.0 0.7
S 2.8 0.9 0.0 0.0
0] 7.0 9.5 40.4 41.2
Proximate analysis (w/w, as received)
Moisture 1.7 3.2 5.8 5.0
VM 29.2 33.7 79.0 78.5
FC 50 47.8 11.1 14.0
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Ash 19.1 15.3 4.1 2.5
Stoichiometric (A/F) 11.3 11.1 6.5 6.3
Stoichiometric F/A (gr) 106 108 184 190
100 -
90 - — Norway spruce
~~~~~~ Torrefied Norway spruce
80 1 —XKellingley coal
% 70 - —— Colombian coal
Z 60 -
S 5
S 40 -
(=]
- i
® 30
20
10 S, -
0 . . =
100 300 500 700 900

Temperature (°C)

Figure 4. Volatiles mass loss of Kellingley and Colombian coal
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Figure 5. Fixed carbon oxidation rate in air at 906C of Kellingley and Colombian coal
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The TGA normalised volatile mass loss in a nitrogen atmosphere between 100 &Dds9§ltown as

a function of temperature in Fig. 3. The nitrogen was changed to air &0 the normalised

carbon mass is shown as a function of time in Fig.4. Both coals had very similar rates of volatile mass
loss. However, the carbon oxidation mass loss rate was 1.8 times faster for Colombi@inecoal.

higher surface area of Colombian coal clearly enhanced the rate at which the char was busht and thi
is likely to be due to the greater access of oxygen into the char pores, which would be higher for

Colombian coal due to the initial higher porosity of the coal.

Fig. 5 shows that the two coals had very similar size distribution and Table 4 shows that the various
mean sizes were slightly smaller for Kellingley coal. Fig. 5 also shows the size distriloutioo f
biomass fuels and this shows that they had a much wider size distribution. Table 4 shows that the

mean sizes were also much higher than for coal.

—Kellingley coal —Colombian coal —Norway spruce —Southern pine
100

80 -

40

Cumulative Volume
Distribution (%)

20

0

T

0.1 1 10 100 1000 10000

Particle Size (um)

Figure 6. Cumulative volume distribution of Kellingley and Colombian coal, Norway spruce

and Southern pine

Table 4. Particle size analysis parameters

Surface weighted meal Volume weighted mear
diameter D?3,2] itm) diameter D%4,3] 1tm) D10 (kM) | Dso (um) | Daopim)
Kellingley Coal 12 31 5.0 25.5 65.3
Colombian coal 15 40 6.8 28.1 85.2
Norway spruce 71 239 28.4 148.5 602.7
Southern pine 72 294 25.4 189.8 739.4
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SEM images were used to assess the morphology of coal particles of both samples. Coal particles

typically present angular and sharp edgeﬁ [3p, 37]. Fig.6 present SEM images of Kellingley and

Colombian coal were the characteristic features of coal panigesconfirmed.

Colombian coal (x500)

v, r

I €

Figure 7. SEM images of Kellingley (left) and Colombian (right) coal

3.2. Explosion characterisation

Ksiand pressure ratios are presentedgn/Fas a function of the corrected (burnt) equivalence ratio.
Colombian coal had a maximumykalue 1.7 times higher than that of Kellingley coal, which is very
close to the carbon oxidation ratio. This indicated a faster rate of combustion. The maximum
explosion pressure for Colombian coal at 8.5 baramgs4% higher than for Kellingley coal. In

comparison to literature Kvalues for other coal types, Colombian coal was comparable to the more

reactive coals reported in Table 1 and Kellingley coal to the least.
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Figure 8. Kg; and pressure ratio as a function of injected equivalence ratio
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Despite the similarities in composition the reactivity of Colombian coal was fouvel gignificantly

higher than that of Kellingley coal. The maximum pressure is dependent on the energy content of the
fuel/air mix and the heat losses. Since both samples had similar calorific valuesettendéfin

maximum pressure was not large. The greater difference, indicates that the rate of mass burning

was markedly different for each of the samples. The rate of mass burning in this casdikeiyost
affected by surface area. It was pointed out in section 3.1 that the surface area of Colombiaa coal
distinctly higher than that of Kellingley coal. It is generally accepted that whemdeates are high

the amount of volatiles released is increased in comparison to that detected undert@emadtyais
techniques. The increase of volatiles due to high heating rates should be sinbitdh feamples.

However, the rate of volatile release and combustion could be enhanced due to the higher surface area
of Colombian coal. The rate of char burnout could also have been increased due to the greater surfac

area.

The minimum explosive concentration (corrected) for Colombian coal was 43@#®.4) and 50

g/t (@=0.5) for Kellingley coal. Colombian coal was more reactive in its MEC as well ag.its K

These coal MECs are richer than those usually found for biomass dusish . In the present

work with biomass particle sizes >> 63 um the MEC were richer than for finer particleesnd w

similar to the coal particles at a burned mass equivalence ratio of 0.5. All these MEC equivalence
ratios are close to that for pure hydrocarbon gases. This shows that coal and biomass MEC cannot be
explained by the volatiles being hydrocarbons as this would require 100% of the particle mass to be
hydrocarbons and this is impossible as there is insufficient hydrogen or volatiles in the coal and

insufficient hydrogen in biomass.

Flame speeds were measured using the thermocouple arrays fitted to’teeplosion vessel. An
example of a flame position against time plot obtained for Colombian coal is shown in F&.8. Th
position of the flame over time was mapped out in three directions: horizontal right and left and
vertical downwards. The slope of a linear fit to the positions in each direction corresponded to th

flame speed in each direction. The average flame speed for a single test is the average of the flame
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speeds in each direction and is represented in Fig.8 by the average radial flame position line. All three
lines in Fig. 8 are reasonably parallel and this shows that a spherical flame had been achieved. Similar

results were found for biomass explosions.

450 ~
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Figure 9. Example flame position graph and derivation of flame speeds

The maximum flame speed for Kellingley coal was 3.7 m/s, whereas it was 5.2 m/s fobi@alom

coal (the ratio of maximum flame speeds was 1.4, also close to the carbon burnout ratio of 1.8). Using
the turbulence factor obtained for this explosion vessel (4.03) the correspondimay Ikamhe speeds

were 0.9 m/s and 1.3 m/s. These values are comparable to values quoted in the literature for other
coalsﬁ. If the ratio of the peak to initial pressuiiesised for the expansion ratio then the laminar
burning velocities are 0.12 m/s and 0.16 m/s, which are considerably below the laminar burning

velocity of hydrocarbons which are about 0.4 m/s.

The variation of flame speeds, burning velocities and global heat release rates with burreregpuival
ratio is shown in Fig.9. At typical coal burner operation (20% excess air) the globetlkast rates

were 3 MW/mi and SMW/n’ for Kellingley coal and Colombian coal respectively. These values are

comparable to coal burner measurements quoted in the Iiterat"re [39, 40]. Therefore the combustion
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data produced through the £ explosion vessel method is relevant to understanding the mechanism
of turbulent flame propagation in power station burners, which is related to the problem of fieme fla
back of blow-off. Fig. 9 also shows that global heat release rates are lower for the lsamples,

mainly due to the lower calorific values, as the flame speeds are similar to Kelliogley
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Figure 10. Turbulent and laminar flame speeds, burning velocity and heat release rates as a

function of burnt equivalence ratio

The biomass fuels have a l@urface area and porosity, as shown in Table 3, which is lower than but
similar to Kellingley coal. The similarity of the biomass flame speeds and bwmsliogjties with

Kellingley coal was surprising as the biomass have very high volatiles and Kellingldyasoadry

low volatiles, as shown in Table 3. Kellingley coal also has much higher ash content than leth of t
biomass and this would normally act as a heat sink to lower flame temperatures and this would lower
the burning velocity. The implication of these results is that it is not just thélgslin the fuel that
propagate the flame, the carbon or char must also burn to give the high temperatures that are

responsible for the high peak pressures. This is not the conventional model of pulverised coal and
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biomass flame, where volatile release and hydrocarbon combustidimusost CFD furnace

models.
3.3. Analysis of residues

Residues collected after explosion taxftthe most reactive concentrations were weighed and

analysed following the same procedures as with the original samples and the results aressesdmmar

in Table 5. In explosion tests with coal it was not possible to distinguish visually whethaepart

were burnt or unburnt, but for biomass the debris after the explosion had black particles snattered i
the original biomass that had not burned completely. In previous work carried out with woody

biomass samples by the authprs|[33] it was found that the residues folaged on the wall of the

vessel where the particles closest to the wall appeared unreacted and particles exposed to the
impinging flame consisted of black particles due to pyrolysis by the quenching flame. The mechanism
is that the explosion induced wind ahead of the expanding flames entrains some particles ahead of the
flame and carries them to the wall region, so that they do not participate in the flame propagation. The
pressure rise compresses the particles in the wall region and the flame impinges and quenches on the

outer surface of the depos 33].

Assuming that the layer of residue was homogeneously distributed in the vessel walls and considering
the vessel spherical, a theoretical layer thickness was calculated. The predicted thidkeelsy ef
increased as more dust was present in the vessdti¢s10). The rate of pressure loss could also be

derived using the pressure-time histories. The rate of pressure loss was defined as:

Pmax - 0-9Pmax (4)
At

Rate of pressure loss =

Rates of pressure loss and layer thicknesses for Kellingley and Colombian coal are also shown in
Fig.10. The rate of pressure loss increased for lean mixtures as the flame temperaasednc
However, after the maximum flame temperatures were achieved for mixtures slightly ragher th

stoichiometric the pressure loss started decreasing. It is known from the maximum explosioa pressur
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plot (Fig. 7, right) that pressure remained fairly constant for rich mixtures widdated that flame

temperatures also remaihconstant.
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Figure 11. Rates of pressure loss and layer thickness as a function of corrected (burnt)

equivalence ratio

Therefore, for rich mixtures the decrease in rate of pressure loss should havedemastant.

However, because the thickness of the layer created was increased as more dust was injeeted the rat

of pressure loss decreased. This phenomenon did not take place when methane gas explosions were
performed in the same 1%raxplosion vess. Figure 11 shows a comparison of the rate of

pressure loss between gas propane and the two coal dusts used in this study. The rates of pressure loss
with gases were much higher since no insulating layer was formed and heat was lost dasfie!tler

vessel walls.
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Figure 12. Comparison of rates of pressure loss of gas propane and coal dusts

Previous work by Slatter et ﬂ%] used a density separation method to isolate burned, partially
burned and unreacted particles. However, in this study the residue samples were analysed as a bulk
mass. Table 5 presents the elemental and proximate analysis of the original cosd sauthpésidue
samples. The percentage change with respect to the original sample is pliedematelikets. The

elemental composition of the residues was different from that of the original saimpEGA

analysis showed thablatiles were lost. The variations in elemental composition were therefore due

to the loss of volatiles.

Another feature of the residues was that both the ash and fixed carbon increassdoias

expected as the coal that burns in the flame front must leave the coal ash in the deposits. The results
show that the increase in ash and carbon in the debris wasidoral{ellingley coal than for

Colombian coal. This was due to Colombian coal being more reactive than Kellingley coal.

Kellingley coal ash in the deposits would ascend to 13% of the mass of residue. Overall, the mass of

residue contained 19.9% of ash, therefore the reminder 7% of the ash contained in the residue was
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formed as a result of pyrolysis in the wall. Similarly, Colombian coal ash depositd acadunt for
15.6% of the residual mass, the reminder 13% of ash resulted from pyrolysis at the wallr&herefo
due to the action of the cooling flame front on the layer of Colombian coal at the wall, 41g of ash
were formed compared to 29 g with Kellingley coal. The ratio, 1.4, is also close to the 1.8 ratio

between char burnout rates of Colombian and Kellingley coal.

Table 5. Analysis of most reactive mixture explosion residue of Kellingley coal and Colombian

coal

\ Pre-Explosion \ Post-Explosion
Fuel Sample Kellingley coal Kellingley coal (Change %)
Elemental analysis (% by mags)
C 65.0 64.3 (-1)
H 4.1 3.5 (-15)
o] 5.5 7.1 (+29)
N 2.4 1.4 (-42)
S 2.2 2.2
TGA-Proximate (% by mass)
Moisture 1.7 1.6 (-6)
Ash 19.1 19.9 (+4)
Volatile Matter 29.2 25.0 (-14)
Fixed Carbon 50.0 53.5 (+7)

Fuel Sample Colombian coal Colombian coal (Change %)
Elemental analysis (% by mags)

C 66.6 61.8 (-7)
H 4.3 2.1 (-51)
O 7.8 2.7 (-65)
N 2.1 1.7 (-19)
S 0.7 0.9 (+29)
TGA-Proximate (% by mass)

Moisture 3.2 2.2 (-31)
Ash 15.3 28.5 (+86)
Volatile Matter 33.7 14.4 (-57)
Fixed Carbon 47.8 54.9 (+15)

Further proof of the proposed residue formation mechanism is given by the SEksimiathe
samples after explosion tests in Figure 12. SEM images of the residues riragjgs) show that
original particles were mixed with bigger and structurally differeat @articles. This confirms that a

layer of particles likely to be closest to the wall when the flame fropinged remained unchanged.
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Char patrticles (closest to the flame front) became molten and formed largeschfstound surfaces
with blow out holes, as has been previously reported in the Iiter@ﬂ'his resulted in
residues having different size distribution compared to the original samplelFanfirms thathe
deposits had larger particles than the original samipleras shown that for biomass the presence of
char particles in the residue was much less or almost inexistent and thdrefsizetdistribution of
the residues was very similar to the original sam [41]. It can dherbE ruled out that the
difference in size distribution between original samples and deposits was due tenpisdfburning

of fine particles or agglomeration due to compression of particles in the wall.
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b o Mo b
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Figure 13. SEM images of original and residual samples of Kellingley coal and Colombian coal
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Figure 14. Particle size distribution of original and residual samples of Kellingley coal and

Colombian coal
4. Conclusions

Despite having very similar composition Colombian coal and Kellingley coal presented very tlifferen

reactivity: Colombian coal had highegKflame speeds and heat release, M¥V/m

The main differences between the fuels were:
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1. Surface area of Colombian coal particles was 4 times higher than for Kellingley coal

2. The rate at which the fixed carbon was burnt was faster for Colombian coal

The rate of reaction (and thereforg)kappeared to be affected by the large surface area of Colombian
coal particles. This could be due to the greater surface area for volatile rele@eagasmore surface
area for oxygen-carbon oxidation. This proves that particle structure can influenatetbithe

combustion reaction and therefore the explosion reactivity of coal.

Residue analysis showed that for Kellingley coal, being less reactive, residues wer theser

original fuel composition than for Colombian coal. In explosion flame propagation the action of the
expansion induced wind ahead of the flame is to entrain dust and impact it on the wall, where it does
not take part in the explosion. About 50% of the initial mass injected did not participate in th

explosion. The actual concentration of flame propagation is then NOT that of the injected
concentration. This unburned mass was measured and enabled the actual equivalence ratio of the dust

propagating flame front to be determined.

Explosion characteristics of both samples fell within the somewhat wide range of values available i
the literature. Maximum pressures, MECs and flame speeds measured also reflected the dlifference

reactivity.

Two pulverised woody biomass were characterised and compared with the coal results. Thgse had K
and flame speeds close to that of Kellingley coal, in spite of differences in their chom@sih and

particle size distributions. A literature search of other measurementgarikR,.x showed that there

was a wide range of reactivities in the literature for both biomass and coal. It is not generdhat
biomass is more reactive than coal. Biomass can be more reactive than some coals and less reactive
than other coals. The present results show that biomass and coal have a similar range adseactivat

and peak pressures.
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