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Abstract

Oxyfuel combustion is currently one of the principal technological options being considered for
capturing carbon dioxide from pulverised coal power plants. In oxyfuel combustion, coal isburntina
mixture of recycled flue gases and added oxygen instead of in air. In principle thisyields a flue gas
containing only carbon dioxide, water vapour and small amounts other impurities. Oxyfuel combustion
issuperficially similar tocombustioninair, but thereareinevitabledifferences.

This paper describes ignition tests on pulverised coal suspensions using a suite of coals of different
rank and from different countries of origin and over a range of oxygen and coal concentrations of
interest for oxyfuel combustion. The ignition tests were carried out using the National Institute for
Occupational Safety and Health (NIOSH) 20-litre explosion chamber. The purpose wasto determine
how easily the various coasignite and burn in mixtures of Oz and CO2 compared to their combustion
in air. The residua char volatile and ash contents for the ignition residues were measured using a
thermogravimetricanalyser (TGA), allowing Q factors(i.e., enhancement in apparent volatileyield due
to higher heating rates and/or heterogeneous reactions) to be determined and compared.

Anignition index has been derived from the explosion and char data. Thisindex has been used to rank
low volatile coalsfor ignition propensity inair. The results show that to obtain ignition and combustion
comparabletothat inair, the oxyfuel O.-CO> gas mixture must contain over 30% O».
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INTRODUCTION

In oxyfuel combustion, coal isburnt in amixture of recycled flue gases and added oxygen instead of
inair, i.e., itisalmost totally absent of nitrogen. Inprinciplethisyieldsafluegascontainingonly
carbon dioxide, water vapour and smaller amountsof NO,, SO, and other impurities, which could
be sent directly to storage and subsequent sequestration in aquifers after the water vapour has been
condensed.

Disclaimer: "The findings and conclusions in this publication have not been formally disseminated by NIOSH
and should not be construed to represent any agency determination or policy."



Oxyfuel combustionissuperficially similartocombustioninair, but thereareinevitabledifferences.
The higher specific heat capacity of carbon dioxide compared to that of air isan important factor.
Because the CO, would absorb more heat, combustion of coalsin an O,-CO, mixture may lead to
lower flame temperatures and hence lower ignitability compared with combustionin air at the same
oxygen concentration (i.e. ~21% molar).

Thispaper reportstheresultsof joint experimental research by Imperial Collegeof London, England
and NIOSH of Pittsburgh, USA ontheignitability of variouscoal sdispersed in mixturesof oxygen
and carbon dioxide.

EXPERIMENTAL

Codl ignition studieswere carried out on six coal samples. The TGA microproximate analysisdata
aresummarized in Table 1. Microproximate analysis issimilar to standard proximate analysis but
only requires ~10 mg of coal compared to ~1 g for standard analysis (Ottaway, 1982). The coals
were selected based on rank, availability, and commercial importance. These included oneUS
bituminouscoal (from NIOSH) with volatilematter (VM) content of about 18 wt% dry basis and
five low volatile coas (VM roughly between 6 and 13 wt%db) supplied by Doosan Babcock
Energy Limited (formerly Mitsui Babcock Energy Ltd., MBEL ). Theignitiontest programincluded
thefollowing parameters:

- effect of coal type,

- effect of coal dust concentration from 100 to 600 g/m* , and

- effect of gasatmosphere (air and gas mixturesfrom 21-40% O, v/v , balance CQO,).

TABLE 1 TGA microproximate analysis of the coal samples (in VM order).

Coal Country of Moisture VM (% db)  Ash (% db) FC (% db) VM (% daf)
origin (% ad)

NIOSH coal

Pocahontas USA 0.33 18.6 6.2 75.2 19.9
MBEL coals

Qiyi China 0.45 135 16.1 704 16.1
Chang Chun China 0.44 131 154 715 155
Tower UK 0.90 104 5.7 83.9 11.0
WFD UK 0.43 85 6.7 84.8 9.1
Hongai Vietnam 0.88 6.4 235 70.1 8.3

Note: ad =air dried, db=dry basis, daf=dry ash free

Ignition tests were carried out in the NIOSH 20-litre explosion chamber (Figure 1). Details of the
apparatushave been described el sewhere (Cashdollar, 1996, 2000).

The NIOSH 20-litreignition chamber is near-spherical in shape and made of stainless steel witha
pressurerating of 21 bar (g). Thetop of the chamber ishinged and opensacrossthewhole chamber
diameter thusall owing easy accesstotheinterior for sampleloading and cleaning after eachtest (as
shown in Figure 1). The hinged top is attached to the main body with six bolts. A strain gauge
pressure transducer is used to measure the explosion pressure and rate of pressure rise. Asthis



transducer measures absolute pressures, it can also be used to monitor the evacuation of the
chamber prior to the addition and dispersion of the test gas. Three sapphirewindowsserve as
viewports. Pressure datawere sampled at arate of 2 kHz using adesktop computer. Anin-house
computer program allowsthe datato be processed, printed and stored.

Thecoal dusts, previously dried overnight in adesiccator, wereignited with Sobbe™ (Dortmund,
Germany) chemical igniters. Thesegeneratealargenumber of hot particlesbut withlittle or no gas.
Theigniters were activated electrically with aninternal fusewire. Attemptswere madeto igniteeach
of the coal samples using asmall 500 Jigniter whenever possible. However, if it did not ignite, then a
larger 1000 J igniter was used and, if necessary, a 2500 Jigniter. After each successful ignition, the
resultant char residues were recovered for analysis and weighed to establish mass loss during
ignition. Weight lossor devolatilisationfromtheignition processcan becal culated intwoways. One
isby ‘ashtracer’, which assumesthe ash material from the coal to beinert (Equation 1).

Ash tracer weight loss: wit%db = 100 x ( 1 —coal ash/ char ash) [1]

However, thismethod isoften unreliable — especially for coalswith low ash contentswhere the error
bars can be very wide. Theash also containsigniter residue material — such as barium oxide and
zirconium oxide. Therefore, it was decided to use direct weighing to derivetheweight lossvalues,
i.e.,, smply weighing how much char is produced. This method must correct for the presence of
igniter residues. In addition, sinceit isnot possible to collect 100% of the material, a correction
factor or collection efficiency hasto be determined. Thiswasestablished by carrying out * blank’
runs where coal samples were dispersed in the 20-litre chamber but not ignited at 100, 200, 400
and 600 g/m?® loadings. A good correl ationwasobtained and alinear correction equation derived
(Equation 2). Thecollectionefficiency wastypically about 85%. Theamount of igniter residue was
calcul ated by simplechemical stoichiometry giventhefact that a500 Jigniter contains 120 mg of
reactants. Larger igniters were scaled up pro rata.

Corrected char mass = mass char collected x 1.029 + 0.458 — igniter residue [2]
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FIGURE 1. Drawing and photograph of NIOSH 20-L explosion chamber.



From this, the weight loss from theignition and combustion in the 20-L chamber can easily be
calculated by Equation 3.

Weight loss, wt% ad = 100 x (1 — corrected char recovered / coal loaded ) [3]

Finally, thisvalue can be converted to adry-ash-free basis by Equation 4.

Weight loss, wt% daf = 100 x weight loss (wt% ad) - %omoisture [4]
100 - ( %coal ash + %moaisture)

Char samples from the ignition tests were analysed in a Mettler-Toledo TGA/SDTA851e
thermogravimetric analyser to give micro-proximate data (Ottaway, 1982). Samples (typically 10
mg) were heated in a75 pL aluminacrucibleinsideaTGA furnacewith aflow of high purity nitrogen
to 105°C then to 900°C (at 30°C/min), which givesrespective valuesfor moisture and volatile
matter content. Finally, introduction of air resultedin 100% burn-off, allowing the fixed carbon and
ashvaluesal soto becalculated. Thisprocedureissimilar to microproximateanalysis of the original
coal samples.

The Q-factor (Equation 5) represents the enhancement in volatile release under actual heating
conditions compared to the release under proximate analysis heating (and volatiles transport)
conditions.

Q-factor = weight loss from volatil e rel ease (%daf coal) [5]
Coa VM (%daf) — Char VM (%daf of original coal)

This should not be confused with the R-factor (Equation 6), which issimply the quotient of the
measured weight loss and the coal volatile matter (Kimber, 1967).

R-factor = weight loss from devolatilisation (%odaf coal) [6]
Coal VM (%daf)

RESULTS

Theresults showed it was possible to ignite all the coalsin air with the exception of onelow volatile
coal, Hongai. Thiscoal could not beignited even with the 2500 Jigniter. Thiscoal had the lowest
volatile matter content (6.4%db) and highest ash content (23.5 wt% db) of all the coalstested and
this probably had an effect onitsignition propensity. The higher rank (lower volatility) coals were
significantly moredifficult toignite, asone might expect, but most ignited in air using the higher
energy pyrotechnic chemical igniters (2500J) whereasthe lower rank coals could beignited with the
smaller igniterseven at low coal dust concentrations. Notethat for simplicity reasons, successful
ignitionsusing only the smallest igniters have been shown.



Datafor two of the coals tested, Pocahontasand Tower, have been summarisedin Figures2 and 3,
respectively. Peak pressureratio (PR) issimply theratio of the peak absolute pressure devel oped
during combustion divided by initial (atmospheric) absolute pressure. A PR >2 was taken to
indicateapositiveignition test (Cashdollar, 1996). Figures 2a and 3a show the peak explosion
pressureratios from the 20-litre chamber. The Q-factors (Figures 2b and 3b) were derived using
Equation 5, and the corrected weight losses (Figures 2c and 3c) were calculated using Equation 4.
Note that 21%0,-CO, in the key refersto an O, and CO, gas mixture containing 21% O,. Note

also that the shape of the data points refers to the igniter energy used, with triangles for 500 J,
diamondsfor 1000 J, and squares for 2500 J.
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FIGURE 2: Effect of coal concentration and atmosphere type on Pocahontas coal ignition for @) pressure ratio, b)
Q-factor and c) weight loss. (Q-factors shown only for those runs that achieved ignition, i.e. PR>2)
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FIGURE 3: Effect of coa concentration and atmosphere type on Tower coa ignition for a) pressure ratio, b) Q-
factor and c) weight loss. (Q-factors shown only for those runs that achieved ignition, i.e. PR>2)
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FIGURE 4: Comparison of coal ignition in air for 5 low volatile coals looking at the effect of coal concentration

on a) pressure ratio, b) Q-factor and c¢) weight loss. (Q-factors shown only for those runs that achieved ignition,
i.e. PR>2)

Theignitability of thevariouscoalsin air isshown in Figure 4. The Hongai coal has the lowest
volatility and can not beignited with the higher energy 2500 Jigniter at any of the concentrations
tested. The next higher volatile coal, WFD, can beignited with 2500 J but not with 1000 J. The
three highest volatile coalsin Figure 4 could be ignited with the 1000 Jigniter.

All of the coalsweretested in the various O,-CO, oxyfuel gas mixtures, producing datain asimilar
form asthose in Figures 2 and 3. None of the coalslisted in Table 1 ignited at 21% O, in the
oxyfuel mixture. At an O, level of 30 or 35% inthe oxyfuel mixture, the Pocahontas, Qiyi, Chang
Chun, and Tower coasignited with either the 1000 or 2500 Jigniter. The WFD coal only ignitedin
the 30%0, oxyfuel mixture at 600 g/m> with a 2500 Jigniter. |t was possibletoignitethe WFD
coal in 35 and 40% O, oxyfuel gas mixtures using the 1000 Jigniters at 300-600 g/m°. The Hongai
coal could not beignited even with the 2500 Jigniters at 40% O, in the oxyfuel mixture.

To reduce the subjectivity in assessing the coalsintermsof ignition, anumerical ‘ ease of ignition’
index (Equation 7) is proposed in order to rank the low volatile coals (which are known to be
difficult toignite) for their ability toignitein air. In Equation 7, the“maximumweight loss” is
maximum of thewei ght losscal culated from Equation 4 over therangeof dust concentrationstested.
The “maximum pressureratio” is the highest explosion pressure ratio in air over the range of
concentrationstested.

Ignitionindex = max. weight loss (wt% daf) x max. pressureratio [7]

The ordering of the coals using thisindex for the two igniter energiesis shown in Table 2, with
highest ignition index at thetop. Some of the variations, such asthe difference between the 1000



and 2500 Jdatafor the Tower coal, were dueto the limited number of tests. The ease of ignition
index order roughly correlates with coal rank order, but with one or two important exceptions.
From the mean values, Qiyi and WFD coal s appear to be comparableinignitability (inair) fromthis
eval uation method despitehaving quitedifferent volatilematter contents. Thistrend matches some
industrial experienceof firinglow volatile coasinwall-fired burners (Cameron, 2005).

TABLE 2 Coal ranking by ignition index

Coal ignitability TGA Proximate  Ignitionindex for twoigniter energies

VM %daf 1000J 25007 Mean
Chang Chun 155 243 306 274
Tower 11.0 300 243 271
Qiyi 16.1 211 232 221
WFD 9.1 176 245 210
Hongai 8.3 0 0 0

CONCLUSIONS

A number of low volatile coals have been tested and ranked for ease of ignitioninair and in an
oxyfuel mixture of O, in CO, at various concentrationsranging from 21to0 40% O,. Theignition
orderinair generally followed coal rank but an alternativeindex issuggested based on the product
of maximum weight loss and explosion pressure.  Thisappearsto correspond better with observed
ignition behaviour inactual burner trials. Therewererelatively small differencesbetween the various
coalsat the 40% O, level. Thelow volatile coals showed higher than expected weight |osses
probably due to some heterogeneous combustion occurring in the test chamber. Thereforethe
weight loss values shown are not exclusively from devolatilisation processes.

Apart from Hongai, which did not ignite, all the coalsignited in O, in CO, at some point. The
concentration of O, in CO,, which gaveignition comparableto that in air, was established to be
between 30 to 35% v/v. Thisis consistent with data reported by Tan (2006), who concluded that
the heat flux from oxyfuel experiments between 28 and 35% v/v O, in CO, was comparable to that
carried out inair. Few coasignited in 21% v/v O, in CO, even with the large 2500J igniter.

Acknowledgements

CKM and JRG would like to thank the British Coal Utilisation Research Association and the UK Department of
Trade andIndustry for funding this research project. The authors would also like to thank Doosan Babcock
Energy Limited (formerly Mitsui Babcock Energy Limited) for supplying some of the coal samples.

References
Cameron, S., 2005, Personal communication.

Cashdollar, K.L. (1996), Coal dust explosibility, Journal of Loss Prevention in the Process Industries,
9, 65-76.

Cashdollar, K.L. (2000), Overview of dust explosibility characteristics, Journal of Loss Prevention in the
Process Industries, 13, 183-199.

Kimber, G.M., and Gray, M.D. (1967), Rapid devolatilization of small coal particles, Combustion and Flame,
11, [4], 360-362.



Ottaway, M. (1982), Use of thermogravimetry for proximate analysis of coals and cokes, Fuel, 61, [8], 713-716.
Tan, Y., Croiset, E., Douglas, M.A. and Thambimuthu, K.V. (2006), Combustion characteristics of coal ina
mixture of oxygen and recycled flue gas, Fuel, 85, [4], 507-512.



