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ABSTRACT

The cone calorimeter is a standard test method for material behaviour in fires.nti@edf
the cone calorimeter is to use an electric radiant heater to raise the temperature obtisti@ozone
and ignite the fuel and 35 kWfwas used in the present work, as this has been previously shown to
be sufficient to establish fully developed combustion of biomass materials such as wood. As one of the
main fire loads is wood and wood is the dominant biomass for energy generagorgaisonable to
use the cone calorimeter to characterize the combustion of biomass on a small scale wad psed
in the present work. The cone calorimeter was used in the controlled atmoespigewith an
enclosure around the test biomass that enabled the air flow for biomass combusti@ontrolled at
19.2 g/nis, which corresponds to a combustion heat release rate HRR of 57, k#mming all the
oxygen in the air is consumed. This air flow will be shown to generate rich combustianedéred
equivalence ratio, @, of about 2, which is comparable with the first gasificstge of biomass two
stage burning in log burners and pellet burners, where air is added downstream asiftbatign
stage of biomass combustion. Soot emissions are generated in this ficlatg@sistage burning and
potentially oxidized in the oxidation second stage burning. The rich burning gasificaine
particulate emissions were analysed for number size distribution usin@athbustion DMS 500
particle size analyser. The exit from the controlled combustion zone was extendecbime
diameter chimney where a mean gas sample was taken. A heated Gasmet FTIR vas gesd
composition analysis, using a heated sample line, filter and pump from the sampléo pibiat
analyser. The particles emitted were sampled after the second stage combusteniraiorad air into

the chimney discharge gases into a dilution tunnel with a fixed gas flowfragel/s, which gave a
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dilution ratio of the primary combustion gases of 150/1 which is requiredhdno-particle size
analysis. A Cambustion DMS500 electrical mobility particle number and size instrumenisags
with size resolution from 5 to 1000 nm. The present results show that irchhigurning first stage
chimney sample there were very high levels of 20 nm nanoparticles,¥/ec1@nd an accumulation
mode peak at 200 nm. The presence of the 20 nm particles makes the partidstmemxtremely

toxic.

Keywords: biomass combustion, FTIR, particle size, gaseous emissions.

1INTRODUCTION

In the mid-1990s, epidemiological data in the USA and UK showed that 1% extra d=athved for
every 10 pg/mhof PMy in ambient air within days of the high particulafés3]. Epidemiologic
studies have linked fine particulates in air pollution with cardiopulmonastality [2]. The only
medical explanation of this effect is that particles <50 nm must be pijd$es they cause alveolar
inflammation and blood thickening [5], which reduces lung function and places a strai logatih
This epidemiological data is based on correlations ofofMthe atmosphere and hospital admissions
and asthma drug demand. The medical explanation [4] involves the presence of sopdntiates-in
the alveolar region of the lungs and the composition of these particles igmifitant [4]. However,
other evidence of health effects of fine particles include allergictioeac chronic obstruction
pulmonary disease (COPD), pulmonary fibrosis and lung cancer [6], indictehth chemicals

absorbed on the particles may also be part of the health effects of ultra-fine particles.

Altaher et al. [7] have shown that for biomass pellet heaters particulate mass emissions, pa@ditter
based particle mass emissions were in the range83mg/ni. Linda and Johansson [8] surveyed a
range of biomass combustion equipment and reported PM emissions for pellet burn&2 fra80
mg/m?. However, they did show that older biomass combustion systems were much wdbé for
emissions. In wood fires, in ventilation-controlled compartment fires thecleapiioduction is about
100 mg/m [9], which is similar to that found in biomass burners. A person breathes abwéipi@ir

per day which at 10 pghis a lung loading of 0.Ing. Breathing biomass smoke directly at 100
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mg/m? would give the 0.1 mg lung loading in 86 s. Even with dilution of biomass smoke bypadhct
10,000 in the atmosphere, the concentration would be 10°ug@nthat clearly biomass particulate

mass emissions are a health problem [6].

Altaher et al. [7] showed that the particle emissions from biomass paiustion had a particle size
distribution in the nano-particle range with a peak number at 30nm of &oc.1Migliavacci et al.
[10] found a peak number of 1.55 x8@r® at 150 nm. Nussbaumer and Lauber [11] also found a
peak number size of 160 nm but had a lower number of 8 xBioga et al. [12] found a peak
particle number of 5 x I@&m?® at 60 nm. Michel et al. [13] determined the particle size distribution for
a 50 kW pellet boiler for pellets made from poplar wood. Their results showhthatarticle size
where the peak number of particles occur was 65 nm for the raw pellets and theupdedt of
particles was 3.2 3.7 x 1G/cc. This evidence shows that particles from biomass combustion are in
the size range that gives a health problem with mass emissions that aligrafearst. Despite the
health hazards associated with biomass particulate emissions, very fevgatias have been done
on ultra-fine particulate emissions from biomass combustlanthe present work using rich
combustion (gasification conditions) results in ultra-fine particle emissighshigher numbers than

in the above works were obtained.

Particle sizes are generally of the order of 1 pm from spherical drapletaouldering fires while
those of irregular soot particulates found at the stage of flaming combustion kapgeaand difficult
to determine and basically depend on the measuring technique and sampliog pb4jtiHertzberg
et al. [15] used the controlled atmosphere cone calorimeter to determinetittie pares of carboin
wood fires, but did not investigate the under ventilated conditions whichagertibe rich combustion

that leads to the rapid carbon formation demonstrated in the present work.

2MATERIALSAND METHODS

2.1 TheFue Properties
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89 Construction pine wood was the biomass used in the present work, with thiedeadteristics shown
90 in Table 1. A Parr 6200 oxygen bomb calorimeter was used to determine the grofis valag of

91 the pine. The Ultimate Analysis in Table 1 was carried out using the Thermo Fla20@A
92 Elemental Analyser to determine the CHONS compounds in the pine wood. The praalsiss in

93 Table 1 used thermal gravimetric analysis, the Shimadzu TGA-50 with a TA60WS samdes
94 determine the water, volatiles, fixed carbon and ash content. The TGAsianafythe volatile
95 (excluding water) is shown in Fig. 1 as normalised volatile mass loss as a functioperfaeme. The
96 present pine biomass is shown to be typical of a wide range of other biom#ssns of the

97 temperature at which volatiles are released.

98 Table 1: Fuel Properties
Parameter Pine Wood Sticks

Proximate Analysis (Wt. %) (daf)
Volatile Matter 86.54%
Fixed Carbon 13.46%
Ultimate Analysis (Wt. %) (daf)
Carbon 53.95%
Hydrogen 6.79%
Nitrogen 0.11%
Sulphur 0.0%
Oxygen 39.15%
Stoichiometric Air to Fuel Ratid A/F by 5.89
carbon balance
Gross Calorific value 18.9 MJ/kg
Moisture (as received) 6.18%
Ash (as received) 2.27%

99 2.2TheControlled Atmosphere Cone Calorimeter
100 The controlled atmosphere cone calorimeter that was used is shown in Fig. 2 and iscatiooddi

101 the standard cone calorimeter detailed in ISO 5660 [16], to create a rich combustion (oxygen reduced
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113 environment). The introduction of the enclosure makes the controlled atmosphereatmmmeter
114 capable of creating the combustion conditions of gasified stage 1 combustion of a two staged biomass

115
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117

118 Fig. 3. Equilibrium concentrations and adiabatic flame temperature of gaseous products asm functi
119 of equivalence ratio (&) for pine wood gasification using CEA software.

120

121 burner. The CEA (Chemical Equilibrium and Applications) software by NASA wsasl to perform
122 the thermodynamic equilibrium calculations of the gasification of biomageethict the composition
123 of gases as a function of equivalence ratio @. Equilibrium computationshéomproducts of
124  combustion of pine wood of the composition in Table 1 is shown in Fig. 3. This showisetiaak
125 CO and H composition of the gaseous products of adiabatic equilibrium combustion of pine occurs at
126 @=3. There are no equilibrium hydrocarbons, apart from very low levels of methasiebe shown
127 in the results that the rich non-adiabatic combustion of pine has considerable talrooamtent
128 indicating that the test conditions are not adiabatic due to heat lossesiér@ontbustion zone. As a
129 result, measured CO are lower than in Fig. 3.

130

131 The cone calorimeter was operated with a controlled air supply design to échatmmbustion
132 conditions that occur in air starved compartment fires. The steel box enclosed the/smiaplee
133 holder and the cone heater and had a metered air supply through the two accesshgobtstiom of
134 the air tight box. The airtight box was 38 cm long, 30 cm wide and 33 cm high, a vaiuh@376
135 md In developing this experimental method, it was found that the metal box hadiezdeeat losses
136 that influenced the temperature of the test specimen and hence influenced teéchsatrate, HRR.
137 To improve the design the airtight box was insulated from the inside arttbdindrom the outside

138 using an insulation board to avoid heat loss as a result of heatingathiesst steel. The cone
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139 calorimeter enclosure also had a glass window for the observation of the combudtiinis amas
140 insulated when not being used for viewing the flame. The test specimeriseassulated underneath
141 to prevent heat losses to the supporting metal cylinder leading to the load sellsthprotected the
142 load cell from overheating.

143

144  The airflow to the combustion chamber was measured using a variable andtawand the air flow
145  could be varied from 6 28 I/min from a compressed air supply, which is 0:1256 g/s air mass
146 flow. This is a range of about 1050 air changes per hour (ACH), but although this is useful in terms
147 of compartment ventilation it is rather arbitrary in the present \asrkhe volume of the enclosure
148 could in principle be any size. A more fundamental parameter is considdsedte air mass flow per
149 exposed surface area of the test specimen (O?0ITtre air flow range in these terms is-136 g/sm.

150 Another way of looking at the ventilation conditions is to use the fact that for all HCON fuelsrinere a
151 3.05 MJ of heat release per kg of air and this converts the air mass flavimemére HRR in kW as
152 0.37- 1.71 kW fires and in terms of the exposed surface area of the wood 57a7kW/n%. In the

153 present work a single air flow was used of 19 §/enb8 kW/ni, as the aim was to demonstrate that
154 the equipment could be used to investigate biomass combustion characteristicstinleeddurning

155 zone equivalence ratio, @.

156

157 The air flow to the combustion zone dominated the gas mass flow in the exhaust chimichy,
158 without combustion was 0.19 g/s. The cone calorimeter total gas flow wa®lleshtat 24 I/s,
159 measured by a standard orifice plate flow meter. This, at ambient condisansyass flow of 28.8
160 g/s. This is an air dilution of the gasification zone flow of 150.6/1. Withbemtion the products of
161 combustion add to the compartment chimney discharge flow and this decreases the dilotion rati
162 slightly. It will be shown that the operating equivalence ratio at the aboveotaditions was about 2
163 and this gives for pine an A/F of 2.95/1. This increases the exhaust mass fla@b4og/s, which
164 gives a dilution ratio of 146. Sampling for particle number analysis using the Cambustion DMS500
165 particle size analyser has to be undertaken in diluted flow and as the commetalodilutes the

166 products of the initial combustion zone, to prevent water condensation, the dilutdd saiagal for
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particle size analysis and was used in the present work. The measured particlewasnbamrected
using the above dilution ratio to determine the concentration of particlescghitheey. This assumes
that there was no post oxidation of particles, which is a reasonable assuwasptanbon does not burn

in air below 600C and the chimney temperature was well below this.

The entrainment of ambient air downstream of the chimney can give oxidation of thike \galaés
from the rich combustion zone and this represents the second stage combustion of two stage biomas
burners. This second stage burning was not the main purpose of the present vatrkowbéntrated
on the rich first stage gasification combustion. However, oxygen consumption caloritigtryas
used to determine the overall heat release from a paramagnetic oxygen anagsiloted gases in
the cone calorimeter. In addition, the rich zone heat release was determined by pararorgmeni
analysis of the chimney raw gas analysis at the exit from the heateddaffEiRseparation of the water
in an ice trap. The water content of the hot sample gases was determimedHAIR and this was
used to correct the dry oxygen analysis to a wet based analysis. This enabled thegmihwssrall
heat release to be determined and by difference the heat release in the seeasid atialifion could
be determined. In this work these two heat release stages will be refeaigethéoprimary and overall
heat release, with the dilution stage post fire heat release refereedthe secondary heat release

zone.

2.3 Experimental Procedures

The conical radiant heater in the cone calorimeter is used for two purfictfs:to determine the
minimum radiant ignition energy of the test material; and secondly, toespatribustion of a small

test specimen of material to be undertaken in the presence of radiationl&ngaracombustion zone

and it is this use of the cone calorimeter that is most important in thenpresrk. Obviously, the
choice of the radiant heat intensity is significant and higher radiant heati@bssimulates a hotter

fire. In the present work the pine wood was exposed to the conical heater cdrie calorimeter
radiating at 35 kw/mwith a constant air mass flow for each test. This is the recommended standard

heat flux recommended by British Standards [16] for use in material evaluation flomyzarce in
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fires using the standard cone calorimeter [16]. Also, 35 KkMas recommended by Flecknoe-Brown
et al. [18]. Herzberg and Blomqyvist, [15] noted that 35 k¥\ras a "trade-off between a lower value,
which possibly would have caused materials to pg@bnly, and a higher value which might have

provoked an unrealistically clean burning behaviour".

Five 100 x 2x 20 mm (L x W x H) rectangular shaped pine sticks were arranged in the 100 x 100mm
square sample holder of the cone calorimeter and tested in a horizontaltiomantth the top surface
exposed to the applied radiant heat flux. The initial weight of the wood was oetdrby the load

cell as 128 g. The load cell was checked with reference weights at the start of each test progdamme a
was very stable. The 35 kW#madiant heat flux caused the thermal decomposition of the samples
leading to autoignition of the evolved gases and the autoignition delay time was determineésits the t
at 29 s, so it was a very small part of the much longer burn time. The fii@wsd until flaming
combustion ceased and there was only char burning. It will be shown thaatisisidn from flaming
combustion to char smouldering combustion was associated with a signifieagiecim the particle

size distribution.

2.4 The Gas Sampling System

The controlled atmosphere cone calorimeter was modified to enable a raw gastsdrepbbtained
from the exit from the chambef 40-hole X sample probe was mounted on top of the exit plane of
the cone heater for the sampling of the mean composition of the raw gasespiidie Xvas mounted
in a 76 mm diameter duct with flanges to join the cone heater exit to tinaeahi This gas sample
probe duct was 40 mm long. An 80 mm diameter chimney, the same diametecasetivaitlet, and
210 mm long was mounted on top of the sample probe in the 76 mm internal ditubetand the
total chimney length was 250 mm. It was found that when the fire wasuiding at low air flow
rates, oxygen was detected in the sample probe, which should not occur. It was concluaed/ésat
back flowing down the chimney. Part of the problem was the 3 Ipm sample ftevofrahe gas
analyser that was significant relative to the air flow to the tetibsed o stop this air backflow, a grid

plate was placed at the chimney exit to increase the exhaust flow pressuvéhich then prevented
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back flow of air down to the sample probe. This orifice plate on the chimneyivea®.3 mm

diameter holes.

Raw Sample
Cone FTIR for 51
X Via Heated Filter & Pump Species
calorimeter line 180°C
Heated line lce cooled to about 2°C

55°C X
Dilute Sample

Moisture
absorbed by
silica gel

Compressed air
" DMS 500

Paramagnetic
Spectrometer
(O, analyser)

Fig. 4. Schematic of the gas analysis heated sample flow system

The sample gas transport system to the gas analysers is shown schematically in Frgatdd AST
sample line was used to transport the gases from the exhaust fCah&8ted pump (3 Ipm) and filter
and then there was another heated line to transport the gases to°tddfd@d Gasmet FTIR. The
raw gas sample prevented any post oxidation of species by dilution of the gisambient airas
the gases were entrained into the cone calorimeter diluted flow meseigtign. Also, it prevented
any losses of condensable gases that would occur if the exhaust was simplyytloewled [19]. The
gas sample from the FTIR outlet was transported via a PTFE tube togerafdn cooler of about
2°C and a silica gel column for the removal of water vapour before entering a paetimaxygen

analyser and then was discharged through the cone calorimeter discharge duct.

For particle size analysis a diluted sample is required for two reasonky, Eirstdilution lowers the
dew point by cooling and reducing the concentration and this prevents water vegouthé
combustion products appearing as droplets and being counted as particles. Howevemdieghear
weight unburned hydrocarbons from the fire can form liquid aerosols gilth®n process and these
are part of the particles that may be a health hazard. The cancer forming PAH fraction ofrbgdsoca
are likely to be generated as liquid aerosols from wood combustion [#3. fife forms acidic gases

then with the water vapour present acid droplets can form, for example awdtidroplets may be
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245 possible in the present work. In the present work it is not known wheth@lgsaih any size range
246 are liquid or solid or a mixture of both. Andrews et al. [9] have used graiénfitier papers to
247 determine the particle mass in fires and they showed that for pine wesdHe particle mass was
248 80% volatile. Thus, a high proportion of liquid aerosol particle emissions are aiicipahe present
249 work on particles from fires. Particles are defined in other areas, such asdiessbns as anything
250 that is collected on a defined filter paper from an exhaust cooled byodikatibelow 47C +/- 3C.
251 This temperature is set to avoid condensing water on the filter paper. AndrawfOgtollected the
252 particulates from fires with the filter paper heated ®C but used thermal cooling rather than dilution
253 cooling. This is acceptable for mass particulate collection but not for numdssurement due to
254  thermophoretic particle losses to the cooled wall.

255

256 The second reason for particle number size distribution needing to be measudddtadasample is
257 that for low dilution particles agglomerate in the sampling system and thalisizibution changes
258 and the number of particles is reduced. Usually a dilution ratio of around 10@¥dreris advocated
259 [21, 22]. The cone calorimeter dilutes the products of combustion from the cone bhetéer
260 (chimney outlet in the present case) with ambient air. TAulluted gas sample for particle size
261 analysis taken from the cone calorimeter dilution tunnel is the obviouseobbgas sample location.
262 The sample point was close to where the smoke production was measureaonehealorimeter
263 using the standard obscuration meter, so that particle number and smoke obscuration egtiybe dir
264 compared. It was shown above that at the present test conditions the datitowas 146/1 and
265 hence meets Kitson’s [22] recommended dilution ratio of >100/1.

266

267 The sample for particle number analysis was taken from the cone calordibetion tunnel via a
268 55°C heated line to the Cambustion DMS500 particle size analyser [23]. The ddtifiom products
269 in the cone calorimeter from the chimney used ambient laboratory air. A prisblesimg ambient air
270 for dilution in the cone calorimeter is that this air also has ultragiargcles in it and for low particle
271 number concentrations the dilution air would be HEPA filtered. However, litb@ishown that the

272 particulate numbers were orders of magnitude higher than for diesel engines anthbegrcor from
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273 particles in the dilution air would not be significant. ThéG%eated line was to allow dilution of the
274 sample gas which serves to lower the dew point of the air so that catidermoes not take place in
275 the instrument. The DMS500 particle size analyser has an internal 10¢dr dihd the particle
276 concentration provided by the instrument includes this dilution.

277

278 2.5 Toxic Gas Measurement using the Gasmet FTIR

279 The Gasmet heated FTIR gas analyser was calibrated by the manufacturers f60 @aseous
280 species of importance in biomass combustion and has been used by the authorsrébr saske
281 toxicity for many years [9, 24-28]. The FTIR was zeroed on nitrogen each day, butther f
282 calibration was necessary. The Gasmet FTIR is fully heated in the measusatiom and this
283 enables gases from the fire to be transported via the heated samplesdin@snps shown in Fig.4,
284  with no oxidation or condensation losses occurring. Heated FTIR is the essestitighent for fire
285 gas toxicity measurements and the Gasmet FTIR has an Environment Agency MCerts dpproval
286 legislated flue gas measurements.

287

288 2.6 Particle Measurement Equipment (DM S 500)

289 The Cambustion DMS 500 (Differential Mobility Spectrometer) [23] particle sieasnrement
290 equipment was used to measure real time particle sizes in the size rad®®nm. The DMS 500
291 size separates particles based on their electrical mobility and thenaizebe different from an
292 aerodynamic mobility analyser. Electrical mobility is the dominant mode otlgasize measurement
293 for nano-particles. The DMS 500 responds to both liquid aerosols, which may odber present
294  work from the volatile release from wood, and solid aerosols of soot and ash pattislestransient
295 instrument and can take several size distributions per second. In the presetitensize distribution
296 as a function of the fire time duration was measured.

297

298 The particle number p/chsize distribution was converted into a mass size distributior?, dpyn
299 assuming the particles were spherical in shape with a density of 1000 kbare are two common

300 assumptions in this conversion, both of which are not valid. The nanopaiis®em) are generally
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spherical, but the agglomeration mode particles (50-1000 nm) will form complex €lasgarticles
having larger overall size and a non-spherical shape. The density of 1608 g/aommon assumed
density for carbon and yet the particles are not all carbon. For dieselijgéetemissions Andrews et
al. [29] used gravimetric measurements with aerodynamic size separation mirtetdre effective
density of particles as a function of size, using the assumption that the particles were s@imeriaal
work is required for particulate emissions from fires, but for thiskwthe common assumption of

spherical particles of constant density will be used.

2.7 Heat Release Rate Calculations

The overall heat release rate HRR was calculated using the standard oxygenptiomscalorimetry

of the cone calorimeter methodology [17, 30]. Oxygen consumption calorimetry is daske
stoichiometric A/F ratio and calorific value which shows that for wld there is 3.05 MJ/kgheat

release per mass of air consumed, which is 13.1 MJkd17, 30]. The cone calorimeter measures

the oxygen in the diluted gases and from this and the measured mass flow ratedfgdises the

cone calorimeter calculates the HRR. The HRR may also be calculated from the miasioad

mass loss rate times the calorific value, this is less reliable as it assumes that all the nsassrioed i

and consumes oxygen. However, in the air starved fires investigated in the presesamlmuktion is
incomplete and the HRR needs correcting for the combustion efficieneyprithary HRR in the
present work are from the oxygen mass consumption method using the oxygen measured in the
chimney gas sample. This is measured on a dry gas basis after extraction diyveataling the gas

sample in an ice cooler. The oxygen concentration has then to be converted to a wés gawsl s

water measurement by the FTIR is used for this correction. The oxygen mass ctianeistithen
combined with the chimney mass flow rate (air inlet plus fuel mass lossa@i®e the mass flowfo

oxygen in the chimney, which enables the oxygen mass consumption and HRR to be determined as the
inlet oxygen mass flow is known from the metered air inlet flow. Thermdiffce of the primary HRR

from the overall HRR gives the secondary HRR in the discharge from theehias the air is

entrained into the hot gases and combustion of CO and unburnt hydrocarbons is completed.
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329 3 RESULTSAND DISCUSSION

330 3.1MassLossRate

331 The mass loss of the pine wood during the fire is showrignSas a function of time. The result
332 showsa near constant mass loss rate from 200000 s. There was then from 1000 to 1200 s an
333 increased mass loss rate. Finally, there was a reduced mass loss rate froon WD &, with the
334 visible flame going out in the middle of this period, as marked on Fig. 5. Aéidtaime went out the

335 char was burning as smouldering combustion at a low mass loss rate.
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337 Fig. 5. Mass loss as a function of time
338

339 From 200 to 1000 s the mass loss rate was roughly constant at about 0.07 g/s. If thalgyifiss
340 value GCV of the raw wood is used at 18.9 MJ/kg then this is a steady state HRR ldfV1082.32
341  kwW/m?. It will be shown below that this is higher than the primary oxygen consamigRR due to
342 the combustion inefficiency of rich combustion. The high CO and hydrocarbons fronchhiere
343 complete combustion as air is entrained into the discharge jet from theeghifthe secondary HRR
344 is determined from the difference in the overall HRR and the prim&RR tldnd is shown to be
345  significant.

346

347 Fig. 5 shows that the char phase of combustion was relatively slow and at the endecbited
348 period the char was 20 % of the initial mass. This is higher than theurs.df fixed carbon and ash
349 inthe pine wood in Table 1 and this indicates that it is not just carbon and will also contain some HCO

350 compounds of highemolecular weightMW and high boiling point. However, char has a higher
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calorific value CV than for the initial wood and thus the energy content of the char isagegr
proportion of the initial energy. Taking the clascarbon with a GCV®32.8 MJ/kg with the GCV of

the pine wood as 18.9 MJ/kg, the energy in 20 % of the char at the end of thage®t.7 % of the

total pine energy. This reduces the GCV of the gases burnt in the flaommgustion phase to 12.3
MJ/kg on average or 64.3 less than the GCV for all the wood burning. Thieéashown in related

work of the authors to agree with the measurements of all the energy contenga$és produced by

the heating of wood in nitrogen on the same equipment as in the present workallimasst flow of

gases in the chimney flow agreed with the rate of mass loss of the wotdsaimdiicates that all the

major species in theaghad been identified by the FTIR. Hydrogen is a product of rich combustion, as
shown in Fig. 3, and this is not measured by the FTIR. Hydrogen was calculated from the measured

CO using the water gas shift reaction [19].

3.2 Heat Release Rate

The oxygen consumption overall or total heat releases rate (HRR) resutisoavn as a function of
time in Fg. 6, together with the primary HRR by oxygen consumption and the HRR derivechizom t
mass loss rate times the GCV of pine. The ignition delay at a radiant heating offB5wa&lg 29 s. At

a heat flux of 35 kW/mthe total HRR was about 50 kWAttroughout the flaming combustion phase
from 200 to 1000.s The difference between the total and primary HRR was very smalandnly
significant between 1000 s and 1500 s just before flameout. This small difesfeows that there was
little secondary combustion as the entrained cold air cooled the dischargeh&ochiinney and
stopped CO and HC oxidation.

The HRR by mass loss rate was about 130 KWirhe reason for this difference, from the lower
values in Fig. 6 for the primary HRR by oxygen consumption, is that thefaime primary zone is to
burn the fuel rich and pass rich product gases to the secondary zone. The differencetentia¢ po

HRR in a properly designed second stage burner.
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Fig. 6. Primary and Overall Heat Release Rates

These results do show that HRR in solid material fires should not be detefnoimethe mass loss

rate and the GCV for the original solid material. This is why the cone calorimeter oxygen consumption

HRR measurement method was develogdw primary HRR is equal to the theoretical HRR of 58

kw/m? for 1100 — 1300 s, based on the constant air flow to the ventilation-controlled fire

compartment. The lower values are due to the combustion efficiency and tieijsrésented by

increases in oxygen in the periods where hydrocarbons are high as shown in Fig. 7.
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Fig. 7. Oxygen as a function of time for confined burning of pine
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395 3.3 EquivalenceRatio

396 The fire equivalence ratio in the ventilation-controlled compartment is shown in &ga 8unction of
397 time. This is the equivalence ratio based on the ratio of the stoichioméfrisyAmass to that of the
398 measured A/F mass ratio of the metered air flow and the mass loss ratedahwiee fire. This shows
399 that the combustion was rich, or ventilation controlled throughout the flaming caearbpbise, but
400 was lean or fuel controlled in the char burning phase. Fig. 8 shows that there wereritbds with
401 mixtures richer than the mean and this was the first phase of flamirtgustom up to 200 s and the
402 1000- 1250 s period towards the last phase. It is possible that this lastgbliedecombustion was
403 due to oxidation of char. Fig. 8 also shows the measured mass loss rate andrdatothevas held
404  constant the variation in equieace ratio was due to the variation in the rate of fuel mass loss.
405

406 The assumption inherently made in Fig. 8 is that there is a constant@stettic A/F through the
407 combustion time. This is not valid as the composition of the gases and sdlidethdurning varied
408 with time through the fire. The combustion of mainly carbon in the smouldering combustion phase had
409 a stoichiometric A/F of 11.4/1 instead of ~6/1 for the wood. However, it i€dhgention in fire
410 research to treat the fuel as a fixed composition throughout the fire, so that the fiedesgei ratio in
411 Fig. 8 should be comparable with any other fire equivalence ratio in tretdite. The key feature is

412 that the flaming combustion is very rich, as it is in ventilation-controlled compartmen2idres].
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414 Fig. 8. Fire wood mass consumption rate and metered equivalence ratio as a function of time.

415
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417 Fig. 9. Equivalence ratio by carbon balance of the raw primary gas composition

ﬂg The equivalence ratio by carbon balance of the raw primary combustion hot exdsasstsgshown in
420 Fig. 9 and this is much leaner at all times than in Fig. 8 by metered wood masstdo$towever,
421 although the measured A/F is based on carbon balance, the equivalence ratiooraktillaassumes
422 that the stoichiometric A/F is that of the original wood composition andheamaterial burning at a
423 particular time. The oxygen readings in Fig. 7 indicate that the burniktgmmin the 250- 900 s was
424  lean, as the combustion efficiency was high in this period. The CQgiedistussed below, show two
425 peaks at the times that Fig. 9 shows rich mixtures occurring, which is what would be expectdatl. Thus,
426 s likely that Fig. 9 is a realistic equivalence ratio.

427

428 3.4 Gaseous Emissions M easurements

429 The toxic gasswere measured from the raw sampling point of the cone calorimeter usingates
430 FTIR, with the gas sampling system described above. The main purpose of thisagdie particle

431 size analysis and sufficient toxic gas results are presented to idéwmtifstages of the fire where

432 gaseous toxic gases are high, so that the stages of high particle number emissions could be compared.
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The FTIR results for CO, THC, benzene and formaldehyde are shown in Figs. 1@-1itthason of

time. The LG toxic limits for CO and formaldehyde are marked. There is ng li@it for benzene,

but the COSHH 15 min. limit for impairment of escape is 3 ppm and Fig. 8 shows caticestover

100 times this level. Fig. 10 shows that there were two peaks in CO: mtthkflaming combustion

period up to 200 s and from 8601200 s, the first peak was 3 % and the seco¥d Both peaks in

CO occur at the same time the peaks in equivalence ratio in Fig. 9 and thisgeoalate higher CO

from equilibrium chemistry. In the same two-time periods Fig. 11 shows that thesnvigisal 4%

peak in THC with the second% peak in THC at the same time as the second CO peak. These are
very high levels of CO and unburned hydrocarbons with a very large energy conténtdlaased in

the second stage combustion external to the chimney. Each individual hydrocarboroalss thte

same two peaks in emissions as illustrated by the results for benzene in Fig. 12, where the first flaming
combustion peak was 1000 ppm and the second peak was 1300 ppm. Formaldehyde emissions are
shown as a function of time in Fig. 13 and this shows three peaks, thesdiraligned with those for

THC and the third peak was at 1700-1900 s in the char combustion period.
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The CO vyield as a function of the metered equivalence ratio is shown. ibdrighis shows that the

equivalence ratio alone is insufficient to determine t

CO emissions were different for the same equivalen

he CO yield as attharstl end of the fire the

ce ratio. This phenomenon hagal&und by

the authors in pine wood crib compartment fires, using the same pine materidhapiasent work

[27]. In this case the fire ceiling temperature was the other variable forrtieeespiivalence ratio. In

the present work there was no measurement of the

fire zone temperature, likelit thdt this was

the other variable in the present work. Fig. 14 shows there was a high CO phizsdiref for lean

combustion at the start and end of the fire. At the end of the fire the C&omashar combustion

with lower burning rates and at the start of combustion the lean region wa® dloe start of

volatilisation of the wood in the wood heating phase.
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3.5 Particle Sze Number Distribution

Fig. 15 shows the particle number concentration an

d size distributionsHeostart of the test to the

end of sampling. Fig. 16 shows some individual size distribution at defined time$, iwlgasier to

read the particle number. The initial particle size distributigrng the ignition delay period showed

only nano particles with a peak at 20 nm. These are likely to be liquid hylbocaerosols and the

high peak in THC in this period supports this. Once flaming combustion staeiedvtas a bimodal

size distribution of nuclei particles centered on 20

nm and accumulation moaéeparéintered on

200 nm. The number-based size distribution was reasonably consistent from 100 to 1560 & whi
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476 the main flaming combustion period. There were differences in size distributibe ithar burning

477 phase of the fire, with a reduction in the number of accumulation mode particles.

478
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494  There have been relatively few previous measurements of particle size d@tributres and none to
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495 our knowledge in simulated or real compartment fires. Hertzberg et al [16s8&@]theDekati ELPI
496 aerodynamic particle size analylser to measure the particle number from 40 to 10um feraf fimeg
497  materials for the cone calorimetét 200 nm the particle number varied fron? 201G p/cn¥, with
498 the highest value for an unspecified wood. In the present work for pine wood ratn2b@re were 20
499 pl/cn? and the higher value is likely to be due to the simulation of a compartmentsiing the
500 modified cone calorimeter. Goo [33] has also used the ELPI aerodynamic sizeaf@ywood fires
501 with the Purser steady state furnace method and reported particle numbép/i#@t 200 nm, but
502 the equivalence ratio of the tests were not given. These measurements are wethbstom the
503 present work. However, the Purser tube furnace method has a variable dilitipwhath depends
504 on the fire equivalence ratio that is simulated and varies between 5 /dndf #5%¢ measured particle
505 number are corrected back to the concentration at the tube exit then theyneoeddé by a factor of
506 about ten and then be in better agreement with the present work. No measurersefs gaiticle
507 number emissions from fires, to our knowledge, in the 5-40 nm size range, wiasponsible for
508 the greatest health risks as it is this size of particles that accumulate in the alveolar regmhsgbt
509 and for the finest particles penetrate into the blood stream.

510

511 Fig.16 also compares the particle number distribution at different times duringtthéthe®sts from
512 biomeass pellets in a heater [7] for boilers and Euro 2 Diesel [31]. This showshihairésent pine
513 wood cone calorimeter compartment fire tests produced very high ultrafinggsacompared to the
514 diesel and the biomass pellets. The 20 nm size was about 100 times higher thatitad from the
515 diesel or the biomass pellet. The accumulative mode was also at least affa€tdigher in number.
516 This means that fine particles are produced in fires in much greater @sathiith the more controlled
517 combustion of diesel engines and biomass pellet heaters.

518

519 Fig. 17 shows, as a function of time, the 20 nm and 200 nm sizes particle number, dsridtarat
520 the nuclei and accumulative mode particles. The 20 nm nuclei particle number indreasé@/cc
521 to a peak at Z&cc for the first 700 s. There was then a reduction by 30 % from 7000 s and then

522 anincrease to 1.3 x 1xc just before the flame out. High 20 nm particles continued to be produced in
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523 the char burning phase, but there was a much-reduced accumulative mode particle number.

524

525 The 200 nm accumulation mode particles were produced at ¥oc 2roughout the flaming phas
526 and then reduced to <1 x®€x in the smoldering phase of the combustion. Particles 30 100 nm
527 had lower concentrations than the 20 nm particles. The small size found in the prekastof/great
528 concern as that is where the greatest health hazard occurs. Particle number concentrations were highest
529 when the heat release was at its peak and gradually decreased after the flameout.

530

531 The toxic gas emissions showed a peak in the initial flaming combustion developrakatial 00s

532 and at 1000- 1400 s. These were associated with peaks in the mean equivalence ratiorefehe f
533 with peaksin the HRR at about 100 and 1300 s in Fig. 8. The second peak in the toxic gasnsmissi
534 did coincide with the peak in 20 nm particle number, but there was no initialrp@&knm particles
535 with flaming combustion. It will be shown below that the mass of accumulative maa#gsanas the
536 best correlation with the toxic gas peak emission times.

537

538 Fig. 18 shows the particle number for 20 nm and 200 nm particles as a functiomafsthef wood
539 burnt. This shows that for both particle sizes the particle number has a fairly coelstioniship with
540 the fuel mass burn rate. In the present work the air mass floenstant so that the variation of
541 equivalence ratio and mass burn rate in Fig. 8 is responsible for the trgpaisiagte number. Only in
542 the smoldering combustion phase of the fire were the trends in particle number dftfer2htand
543 200 nm, with an increase in yield of 20 nm particles and a decrease with 200 nm particles.

544

545 3.6 ParticleMassDistribution

546 The equivalent mass distributions are shown in F@s.22. Figs. 20 and 21 show that there was less
547 mass in the ultrafine particle region as compared to particles >100 nm, as exgheetedthe particle
548 volume and mass scaling with the cube of the particle diameter. Fig. 22 shows gtantheparticle
549 size had a mass of about O/in§and that the 200 nm mode had a mass of 10 duming the flaming

550 phase of the combustion. It is also clear in Fig. 21 that there is more particlabnaeshe 1000 nm
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551 upper measurement range of the Cambustion DMS500. In air quality legislatigrarfaulate

552 emissions the European 24 hour limit for BNk 50 pg/mand the annual limit is 40 pgmThe 24

553  hour limit is a total particulate loading, for an average human breathing d® air per day, of 0.5

554  mg/day. Exposure to the present pine wood fires would give a lung loading pérlday of 20 nm

555 particles and 100 g per day of 200 nm particles. For 20 nm particles thistim@8dhe mass loading

556 per day of PMvand for 200 nm particles it is 2000 times the fine particulate mass loading of a poor air
557 quality day in terms of PM air quality. This represents a major health risk to people who breathe
558 wood based particulates in fires. The situation will be worse for hydrocaaseuwl building products,

559 as smoke yields are known to be about six times those for wood [34].
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569 3.7 Smoke Obscuration and Particle Mass Comparison

570 The cone calorimeter measures the smoke optical obscuration in the dilldedrgasthe simulated
571 compartment fire, using visible light with a typical wavelength of 0.55 um. Thefismxtinction
572 coefficient is about 2 g at 0.55 pum wavelength for 1 um particles siaed 7 /g at 0.2 um, for
573 particles of carbon with 50 % by weight of hydrocarbons [35]. Fig. 23 sHoatsfdr most of the
574  present work the mass of particulates per volume of gas flow in the@hfom0.2 um particles had
575 similar trends to the smokemeter. However, from a health hazard point of viewhé& number of
576 particles <50 nm that matters and particles of this size have negligible atlmsTar light scattering
577 [35] and hence do not correlate with the smoke number, as shown in Fig. 24. Thistima¢ahe
578 ranking of toxic products of materials in fires, using the smokemeter readihg aorie calorimeter,
579 s not valid for the toxiciy of fine particles.

580
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CONCLUSIONS

The real - time particle size, number and mass distribution from pine wood combussi@btained

showing a bimodal distribution representing a nucleation mode and an agglomeration/acaamulati
mode. The particle size distribution on a number basis showed a peak of 20 nm in tpartialeo

size range and a peak of 200 nm in the agglomeration rangeUiltila particles generated in wood
combustion was higher than those generated by diesel engines or biomass pellet combustion. These
nano particles (20 nm) will penetrate the lungs in the event of fire leadingairment of escape and
eventually death due to the effects that fine particles have on the lungs theréty itrknajor toxic

hazard in firesThere’s need for a review of the legislation on fire tests to include particle production

tests considering the threat it poses. The modified cone calorimeter proved to beechoigie for

realistic determination of particle size distributions in fires when used with thedatdhe DMS 500
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