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Abstract 

Pulverised biomass is being used in electric power generation, either co-fired with 

coal or increasingly as 100% biomass. However, there is minimal information in the 

literature on the mechanism of flame propagation in pulverised biomass. In the 

present work the explosion technique was used to obtain fundamental information 

on the rate of flame propagation, the lean limits of flame propagation and related 

explosion characteristics of coarse biomass.  

A large part of this research involved the modification of the ISO 1m3 method to 

enable it to be used with coarse fibrous biomass powders. The technique that 

worked was to follow the Hartmann method and place the dust inside the vessel 

using a hemispherical bowl and then disperse this dust with a blast of air. This was 

demonstrated to work with coarse woody biomass and the calibration was 

established using cornflour and referenced to the standard method.  

The MEC and Kst for dusts were shown to have a dependence on the particle size. 

However, very coarse particles still propagated a flame, with no evidence that this 

was due to preferentially burning of the finer particles. Biomass particles of 300-

500µm were shown to be flammable, i.e. as large as kerosene mist and large than 

coal particles will propagate a flame. For coarse woody biomass the Kst values 

were very low <20 bar m/s in many cases, but the peak pressure was high and 

hence the explosion would destroy biomass handling plant. 

This work found that the unburnt material was compressed into a layer against the 

wall of the vessel ahead of the flame front, thus preventing it from interacting with 

the flame front. It was postulated that large particles lagged the main flame due to 

interaction with the explosion induced wind. This led to large particles being 

pyrolysed behind the flame front and then to arrive last at the wall and so appear as 

on outer pyrolysed layer on the material compressed against the wall. This 

explanation also enabled an explanation to be given for the very rich mixtures that 

could burn with dusts than could not burn if the material was a gas.  
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1 Introduction 

1.1 Biomass 

Eventually, fossil fuel reserves will decrease to the point that they become 

financially unviable. By this point, the world will have had to move towards more 

sustainable, non-environmentally toxic energy sources such as wind, solar and 

biomass. The combustion of sustainably produced biomass for electric power 

generation or thermal heat is one of the green technologies that have been 

developed in recent years, primarily for electric power generation in existing coal 

fired power plants. The use of biomass for thermal heat is also being encouraged in 

the UK where it has not been a significant source of industrial process heat for 

many years. 

Any use of biomass for power generation or heat has to be sustainable and criteria 

for this are set out in EU legislation. The key criterion is that new biomass must be 

planted to replace that harvested. For wood this means the whole of an existing 

forest cannot simply be felled for biomass. If the growing cycle for a mature tree is 

say 50 years then only 2% of an existing forest can be felled per year and that 2% 

has to be replaced. Agricultural wastes are a more obvious bio-energy source as 

they are based on annual crops and the waste is currently not fully utilised. 

However, here the energy source is distributed over a large area and the collection 

and transport costs are high. Currently most use of biomass for energy is forest 

trees and forest waste. Waste wood from the construction industry is also a 

significant source of biomass, but has more restrictions on its use due to the 

presence of contaminants. Additionally, any additional preparation and handling 

(particle milling, intermediate shipping or torrefaction) will consume energy, 

reducing the energy savings of biomass against fossil fuels. Therefore if a power 

station is built next to a forest and the fuel is sustainably harvested this biomass will 

have lower carbon footprint that biomass collected from scattered sources. Further, 

the finer the biomass is milled prior to combustion the higher the carbon footprint 

that biomass.  

Carbon dioxide is captured from the atmosphere through the biological processes 

of photosynthesis by plants; this is then burnt as bio-mass to produce energy. This 

method does not release any additional CO2 into the atmosphere as the biomass 



- 2 - 

 

has drawn its carbon content from the atmosphere through photosynthesis and so 

is only re-releasing what was drawn from the atmosphere when burnt. This differs 

from fossil fuels that re-introduce previously trapped C into the atmosphere in the 

form of CO2.  

Each year around the world, photosynthesis generates 6-7 times as much energy 

that is then stored as biomass, than we consume in the same time frame. Therefore 

biomass is the fourth largest energy source available after solar, wind and 

geothermal (A. Garcia-Maraver, 2015) and could in the foreseeable future become 

one of our main energy sources. 

Biomass also has the significant advantage over other green or renewable energy 

sources; it can be utilised as a solid, liquid or gas. Biomass can be gasified like coal 

to produce syngas that can be used in the Fischer-Tropsch process to produce 

diesel fuel while butanol is a fermentation product and fit for use in petrol engines. 

Wood dust/chips or torrefied material can replace coal in fluidised bed coal burners 

(or axial/rotary burners if the particles are small enough), while syngas can be burnt 

in gas turbines. So unlike any other energy source biomass has the ability to fit into 

our current energy infrastructure with relatively few modifications.      

However, problems exist in the processing of biomass for use as a fuel source. The 

first of these is the low energy density combined with the relatively high moisture 

content. This makes transport in bulk quantities expensive, for raw biomass such as 

logs or hay bales. The second is that woody biomass is very fibrous and tough, 

making the production of biomass particles ≤500 𝜇 m or 0.5mm a difficult and 

energy consuming process. This creates a problem in burning biomass as it is 

these large particles that are currently being fed to burners in coal boilers.  

Figure 1.1 compares pulverised coal with pulverised wood. The particle 

length/diameter ratio (L/D) is about 1 and relatively round. For pulverised wood 

particles small fibres are generated with a long cylindrical shape and large L/D of 

typical 10 or more. 
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Fig 1.1 Particle shape and size differences between coal dust and woody 

biomass (Laddha, Zink-Sharp, 1997). 

Woody biomass for power generation started with co-firing with coal in existing coal 

fire power station burners such as Drax near Leeds in the UK. Proportions of 

biomass started at 10% and were increased as more supplies became available to 

50%. However, due to changes in UK government support for biomass, the highest 

subsidy was restricted to 100% biomass plants and these are now in operation, 

such as at Drax. 

Co-firing biomass with coal can have a substantial impact on the emissions of 

sulphur compounds (SOx) and nitrogen oxides (NOx). SOx emissions are reduced 

when biomass is fired with coal, as most biomass fuels contain far less sulphur than 

coal. Similarly NOx emissions are reduced due to lower N content of biomass. 

Cellulosic materials are widely used in today’s manufacturing processes in dust 

form. Sawdust is used for chip board and all the wood processing industry’s 

produces sawdust, other materials are used in dust form to make animal feed 

pellets. In agriculture biomass type dusts occur in grain silos and in the 

manufacture of food products such as sugar and flour. All these materials have an 

explosion risk and more information is known about this type of products than is 

known about the hazards of sawdust. The main reason for this is that the 

experimental equipment for investigating dust explosions do not work adequately 

with fibrous sawdust. This will be discussed in more detail in the literature review. 

1.2 Green energy 

Over the last 13 years the growth in renewable energy in the UK has been 

significant (10TWh to 53.6TWh, a 536% increase in capacity) as is shown in Figure 
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1.2 (MacLeay, 2015). This shows that the growth in renewable energy is mainly due 

to growth in solar, wind and biomass. However, while solar and wind are weather 

dependent biomass is a continuous reliable source of renewable energy, making it 

more desirable from the point of view of a green supply of electricity when it is 

required rather than when the wind blows or sun shines. Landfill gas utilization 

prevents the release of methane, a far more damaging gas to the environment than 

CO2 and harvests an otherwise wasted energy source. The methane is collected by 

pipes into the landfill site and fed into a gas turbine for combustion, 1.45% of the 

UK’s electricity generation now comes from landfill gas combustion and is 

effectively a bioenergy source as the gas comes from biological microbe actions in 

the landfill waste once the site is capped off.  

 

Fig 1.2 Renewable electricity generation (MacLeay, 2015). 

A more detailed breakdown of the UK’s renewable energy generation is shown in 

Figure 1.3 (DUKES, 2014b). This shows that renewable electricity is the dominant 

use of green generation technology and that biomass for heat is significant but 

much lower than for electricity and biofuels for transport is smaller than biomass for 

heat. This is in spite of heat being the largest energy utilisation sector and transport 

the second largest. The EU target for renewables by 2020 is 20% of total energy 

NOT 20% of electricity, but it is only.in electricity that the target might be met. 

Figure 1.3 shows that biomass for electricity has nearly twice as much fuel 

imported as is grown in the UK and there is a significant contribution from animal 
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biomass and waste burning for electricity generation. Biomass based electricity with 

all sources included is just behind that of all wind energy in 2014. 

 

Fig 1.3 Green electricity, heat and transport fuels (DUKES, 2014b). 

1.3 Biomass energy generation  

Between 2010 – 2014 the energy derived from renewables in the UK increased by 

280%, Table 1.1. 

Table 1.1 Total % renewables (DUKES, 2014b). 

 

A breakdown of these figures is given in Table 1.2 from (DUKES, 2014a).  Using 

this and Table 1.3 (DUKES, 2014a) the total renewable electricity generation was 

64.65GWh (19%), and of this 13.1GWh came from woody “plant” biomass (20%). It 

may also be shown that 35.1% of all renewable electricity in the UK comes from 
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bioenergy, but only 6.54% of total energy production in the UK is from bioenergy. 

57.2% of total bioenergy production was from fibrous biomass and 3.9% of total 

energy production in the UK is from fibrous or “plant” biomass. This shows that the 

UK is well adrift from the 20% target for renewable energy, but that biomass plays a 

significant role in the renewable energy that has been generated. The equivalent 

figures for 2010 were 6.7% of total energy from renewables with 3.1% from 

bioenergy and 0.79% from fibrous or plant biomass.  

Table 1.2 Total Generation (DUKES, 2014b). 

 

The largest increase in biomass usage in the UK comes from plant biomass (Table 

1.3) and over the same time there is a large decrease in the use of co-firing 

biomass. This is due to the ROC credits (2009-2017) being set up as follows:  

 From 1 April 2009 until 31 March 2010 the ROC for fuel derived from energy 

crops was 0.25 ROC 

 From 1 April 2010 until 31 March 2011 this increases to 0.5 ROC 

 From 1 April 2011 until 31 March 2016 it increased further to 0.75 ROC 
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 From 2017 onwards co-firing will no longer be eligible for ROC’s and only 

100% biofuel firing will be eligible. However the ROC scheme has been 

phased out and contract for difference (CfD) introduced and only 100% 

biomass is eligible. 

In 2014 5.8% of the UK’s supplied electricity was generated from pulverised 

biomass mainly used in existing coal fired power stations. This was a 25.7% 

increase on 2013 and in 2014 was 19.69 MOTE (Million Tonnes of Oil Equivalent). 

It was the fastest growing renewable electricity source between 2013 and 2014 

(MacLeay, 2015). 

Renewable energy has been encouraged by the UK Government using various 

subsidies, paid for by the users of electricity through higher electricity costs. CfDs 

(contract for difference) will be available to new projects from some time in 2014, 

while the Renewables Obligation Certificate (ROC) scheme will remain until 31 

March 2017, as outlined above. Contract for difference will no longer be covering 

co-firing of biomass and will only be available for 100% biomass in the future. This 

aims to drastically increase the volume of biomass being burnt in the UK and to 

stimulate greater production of domestically produced energy crops and a more 

robust domestic biomass supply chain.  
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Table 1.3 Fuel used for renewable energy (DUKES, 2014a). 

 

Alongside these developments in the use of biomass has been the implementation 

of the EU Large Combustion Directive. This brought in regulations for drastic NOx 

and SO2 emissions. For existing coal fired power stations this would require very 

expensive selective catalytic reduction (SCR) of NOx using ammonia as the 

reducing agent. In addition flue gas desulphurisation using limestone reactions with 

SO2 to form gypsum would have to be installed. This is a major capital expenditure 

for 40 year old power stations. As a consequence the power station operators have 

chosen to close the coal fired power stations with only a few of the more efficient 



- 9 - 

 

stations remaining open. The coal fired power stations closure programme is 

summarised in Table 1.4 (DECC, 2014). This closure programme reduces the 

opportunities for biomass conversion and those stations that had opted to close 

were not subsequently allowed (i.e. they were not given contract for difference 

agreements for biomass) to convert to biomass and stay open. Ironbridge in Table 

1.4 has closed recently even though it was operating with 100% biomass but did 

not have a CfD contract.  

Also in Table 1.4 are the nuclear power stations due to close through old age and 

the CCGT natural gas fired power stations that have closed or are mothballed due 

to the high price of gas, in the 2011-14 period. All these closures with no 

replacement of the generating capacity makes the security of supply of electricity in 

the UK much more precarious. A growth in biomass use in the remaining coal fired 

power stations is one way of avoiding power cuts over the next few years. 

Table 1.4 Closure of power stations in the UK (DUKES, 2014a). 

 

There are 5 main types of biomass: 
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 Existing Resources:- Non-food or Waste: forest residue/debris, waste and 

co-products from the agriculture, however due to the scattered nature 

collection would increase the overall cost. Waste straw/slurry as well as 

wood wastes from commercial and industrial activities (rubber and plastic 

waste from rubbish as well as landfill methane). Waste from the lumber 

industry normally accounts for 50-75% of the tree’s volume. The paper 

industry already use waste from the process to power the plant by burning it 

in a generator on site.  

 Food crops used for biofuel:- different parts of the crop can be used to make 

energy, corn ears are used to make bioethanol and wheat straw and other 

husks are burnt, for electricity generation. 

 Dedicated Energy Crops:- elephant grass (miscanthus) and coppiced willow 

are exclusively grown for use as biomass fuels, generally on unused land. 

 Conversion of Algal biomass to transport fuels:- here the algae is grown in 

tanks, allowing for higher growth rate than conventional crops, this is then 

harvested and fermented into ethanol for transport fuel. There are a number 

of companies around the world attempting to commercialise this sustainable 

energy technology. The Algenol system which is being commercialized by 

the company BioFields utilizes seawater, industrial exhaust and algae to 

produce ethanol. The algae release it naturally; there is no killing or 

harvesting of the algae.  

Now the 5 main types of biomass have been identified the various methods of 

converting biomass into electricity, fuels and heat, the methods currently in use or 

under review include: 

 Direct Combustion for Electricity:- using solid pulverised biomass  to 

generate steam to drive a steam turbine to drive an electricity generator. For 

this application pulverised biomass is used in a similarly way to the use of 

coal and using the same equipment. The biomass can be co-fired with coal 

or used as 100% biomass, as is currently being used at Drax power station 

in Yorkshire. This research project is directed at the 100% use of pulverised 

biomass as it relates to flame propagation in clouds of woody biomass 

dusts. 
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 Direct Combustion for Heat:- using solid fuel as logs or pellets. A bed of logs 

or pellets burns with air blown through the bed. Generally staged 

combustion is used with the bed operated fuel rich and secondary air or 

over fire air used to complete combustion. This application is not considered 

in the present work. 

 Gasification:- solid biomass converted by heating with steam and a small 

amount of oxygen into a combustible gas mixture of CO and hydrogen plus 

nitrogen if air is used for gasification. In the present work very rich mixtures 

of biomass are investigated for their explosion characteristics and these 

mixtures will produce CO and hydrogen in the combustion products.  

 Pyrolysis:- heating biomass without oxygen, to produce combustible gas, 

liquid and solid fuels. This is not relevant to the present work and very little 

biomass is actually used for these processes, as shown in the above review 

of biomass uses.  

 Fermentation process:- sugar/biomass is converted to bioethanol.  

 Esterification/Trans-esterification processes: vegetable oil conversion to 

biodiesel.  

 Anaerobic Digestion:- the bacterial breakdown of organic waste into CO2 

and methane, also known as biogas. Sewage and landfill biogas can also be 

burnt as an energy source; biogas is most commonly burnt in a gas turbine.   

In order to meet the renewable energy goals for the UK there is a requirement for a 

major increase in UK biomass production. The UK Biomass Strategy (DECC, 2012) 

states that this could be done by: 

 Sourcing an additional 1 million dry tonnes of wood per annum from forests 

and unused land. However the scattered nature of this resource presents a 

challenge for collection and transport while still remaining “green”. 

 Increasing the amounts of permanent energy crops in the UK to up to 17% 

of total UK arable land (1 million hectares).  
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 Increased supply from organic waste materials (manure). This may lead to 

an increase in man-made fertilizer production to compensate for lost 

circulation of nutrients in the land. 

However, the problem of sourcing biomass in the UK instead of importing it from 

abroad (hence reducing its carbon footprint) is far from solved. In 2005 a total of 1.4 

million tonnes of biomass was co-fired compared to a total of 52 million tonnes of 

coal for electricity generation (BEC, 2005). Of the biomass used for co-firing 81% 

was imported, 

 33% was imported palm products: co-products of the palm oil industry (palm 

kernels and residues such as empty fruit bunches and fibre)  

 21% was imported olive products: co-products of the olive oil industry (olive 

cake and pellets) 

 20% was wood products including sawdust, wood shavings, pellets and 

chips, predominantly imported 

 7% was straw and other co-products of cereal production.  

Figure 1.3 (DUKES, 2014b) shows that the percentage of solid biomass burnt in 

the UK that is sourced abroad was down to 64% in 2014. 

For biomass to be eligible for ROCs or CfD or for heating applications within the 

renewable heat incentive, the biomass must be shown by the supplier to be 

sustainable. For example forest based wood cannot simply be chopping down an 

existing forest leaving a bare hillside. If a tree takes say 50 years to reach maturity 

and it is then cut down then a sustainable forest will not cut more than 2% of the 

wood and new trees will be planted and this must be audited. Also land currently 

used for agriculture to produce food crops cannot be converted to biomass 

production. Both the USA and Europe have detailed procedures to ensure that 

biomass sources are sustainable and do not impact on food production. There is 

concern from some environmentalist that these procedures are not robust enough 

in their policing, but there is now clear intent that biomass and biofuels will be 

sustainable. 
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Burning raw biomass is known as a 1st generation fuel, it is using seed oils to 

produce biodiesel. It should be emphasised that these are the only biofuels 

currently in use. There is ongoing research into what is referred to as 2nd generation 

biofuels which normally involve the gasification of cellulosic biomass and use of the 

gas in a gas turbine or synthesis into a liquid fuel using a similar process to that 

Shell uses to convert natural gas into a pure n-alkane liquid fuel. Fuels derived from 

algae are often referred to as 3rd generation biofuels. However, these future 

processes to produce liquid fuels use the feedstock of farm waste and woody 

biomass that is currently used in burning to generate electricity and/or heat. Also 

none of these future biomass energy sources have any significant production base 

as the cost of implementation is in the billions of pounds. For the foreseeable future 

second generation biofuels will be used for electric power generation or heat 

production from solid biomass.  

1.4 Environmental legislation  

The UK Governments Biomass Strategy (DECC, 2012) states that the UK intends 

to push a major rise in the use of biomass for energy generation (up to 10 -12%) 

and policy goals, most significant of which are:   

• An EU target of 20% renewable energy (not just electricity) by 2020. (14.9% 

for electricity in 2013 and 19.1% in 2015 but only 7.2% renewables in terms 

of total energy (EU energy policy, 2010)). 

• The UK’s Climate Change Act - a legal obligation on future governments to 

cut carbon dioxide pollution by 80% or more by 2050. This has no funding to 

assist in meeting the target and sets up a Quango, (the Climate Change 

Committee) that has funding for its own expenses! This Act sets 

intermediate GHG reduction target on the way to 80% reductions by 2050 

(referenced to 1990). 

• The EU Large Combustion Plants Directive (LCPD) for existing power 

generation facilities mean that by 2016, all major pulverised coal fired power 

plants in the UK will have to install Flue-Gas Desulfurization (FGD) (for 

>90% removal of sulphur dioxide SO2) and Selective Catalytic Reduction 

(SCR) (for >85% nitric oxide(s) NOx removal). 
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This legislation combined with public pressure has led to the growth in green 

energy over the last 13 years as shown in Figure 1.2. 

The LCPD has had a massive effect on the landscape of UK power generation as 

50% of the power generation closed down in the UK in the last 4 years was coal 

fired power stations. This is due to the cost of the retrofits that the LCPD demanded 

being greater than the cost of the electricity generated. The main factor on the UK’s 

drive to reduce CO2 emissions is what the UK decides to build to replace the power 

stations that have closed. The only new power stations built in recent years (apart 

from wind farms) are natural gas fired Combined Cycle Gas Turbines (CCGT). 

However, due to the current high price of gas in the UK some of these have been 

mothballed and the ones that are less efficient that were installed in the 1990s have 

been closed. The existing CCGT are capable of burning biogas either directly or 

mixed into the mains gas and this route to bio-electricity is being progressed with 

CfD agreements. However, currently biogas generation is not very significant apart 

from landfill gas and sewage gas. The problem is that although there is plenty of 

food and farm waste that is the feedstock of biogas generation, the collection of this 

and transport to large scale biogas generation plants is expensive. This is 

potentially an area of future growth via the natural gas grid as the carrier for biogas. 

The replacement of the closed power stations is urgently required, but none are 

currently being built. No new coal plant even with carbon capture and storage 

(CCS) have been built or are planned to be built – this is because the government 

has stated that it will not approve any new coal fire power stations without CCS, but 

no CfD agreement on CCS has been reached which is the main reason why none 

have yet been built. Two have been approved to be built as demonstrators but the 

grants from the government (which came from an industrial energy efficiency 

scheme from which the government took the funds that should have been returned 

to industry as a payment for saving energy – the funds are not from government tax 

revenues) do not cover the costs and EU grants which they also have also do not 

cover the costs. Thus funds have to be borrowed from banks who will not lend until 

there is a guaranteed price for the higher cost of coal fired power plant electricity 

with CCS (roughly double the current price) (Hackett, 2015). One 3.5GW nuclear 

plant renewal has been approved, but the finance for this is still in doubt and no 

construction work is underway. This new nuclear has already been guaranteed 

twice the current price of electricity as a CfD. The capital cost of new nuclear is 
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roughly 10 times that of an equivalence CCGT power station and the interest on the 

commercial cost of borrowing this money is part of the higher cost of electricity.  

New coal with CCS and new nuclear power stations take about 10 years to build 

and so no reduction in CO2 from these initiatives can occur before 2025. Retrofitting 

new CCS to old coal is hardly sensible as the youngest coal fired power station at 

Drax is 30 years old. In contrast biomass burnt in existing coal fired power stations 

is achieving CO2 reductions today and the capital investment and plant alteration 

costs are much smaller than building CCS. It is thus likely that biomass for power 

generation in existing coal fired plants will continue to expand. The present UK 

Government has recently cut CfD funding for onshore wind power and only offshore 

wind power will be supported. This is likely to lead to a reduction in the growth of 

renewable electricity in this area in the future. Coupled with this feed in tariff support 

for solar power is being cut and renewable energy will essentially have to compete 

on costs with no subsidies in the future. Biomass is also having its subsidy removed 

by this government and will have to compete on costs. The future for renewable 

energy in the UK under the current Government is bleak (Arbon, 2015). 

1.5 Implementation concerns for biomass electricity  

The supply of biomass is a key area, which is not the subject of this thesis. 

However, it should be realised that the quantities of biomass involved are 

enormous. A 660 MWe boiler at Drax with a thermal efficiency of 40% requires 

1650 MWth of biomass and with a typical GCV of 18 MJ/kg this is 91.7 kg/s or for a 

typical 10 hour use per day is 3.3 kTonnes per day. For a typical bulk density of 300 

kg/m3 this is 11,000 m3 per day. A one week supply; which is the minimum fuel 

reserve; is thus 77,000 m3. At Drax power station pellet storage silos of 100,000 m3 

have been constructed. These are the world’s largest silo stores and they need to 

be filled every week. Drax intends to have three of their 660MW boilers operating 

on biomass by 2017 and this will be the UKs largest source of biomass electricity. 

Three boilers will remain on coal. 

The sourcing of these large quantities of biomass is on a very large scale and 

includes ships arriving fully loaded with pellets, some from the USA – but they are 

sourced from all over the world, a ship arrives every day and is unloaded onto trains 

that take the biomass to Drax. This uses the same system as for delivering 

imported coal to Drax. 
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For coal the bulk density is higher so the storage volume required is less. However, 

coal can be stored in the open as it does not absorb rain water excessively. 

Biomass cannot be stored in the open as pellets, as they absorb moisture and rot 

and hence there is the necessity to build large fuel storage silos. This storage 

creates auto-ignition hazards and dust explosion hazards during the filling of the 

store and during the extraction of the biomass for feeding to the mills, as this also 

creates a biomass power explosion hazard. The transport of the biomass to the 

mills and from the mills to the burners creates further explosion risks. Unfortunately, 

these risks are shown to be high as there have been several biomass power plant 

explosions. 

This is illustrated by the compilation of recent accidents, most of which occurred 

once changes to original system had been made or when working with biomass for 

the first time.   

 2005, Chetwynd mill, British Columbia, Canada. Work on a shutdown burner 

created a cloud of dust that was ignited by cutting torches. At least one 

worker was injured and taken to hospital. (Hoekstra, 2012 ) 

 2008, Pacific Bioenergy’s pellet plant, Prince George, Canada. An explosion 

in the pellet plant in March. (Hoekstra, 2012 ) 

 February 2008 , Imperial Sugar Company, Georgia. An overheated bearing 

on a conveyor initiated an explosion and fire lead to 14 fatalities. (CSHIB, 

2008)  

 June 2009, University of South Carolina’s wood-burning boiler, an explosion 

followed two previous smaller explosions and a series of mechanical 

breakdowns. (Wayne, 2011)  

 August 2009, Pinnacle Pellet in Armstrong, Canada. The company 

experienced an explosion at its Williams Lake plant. That explosion was 

caused by a combination of air, dust and a spark, said the company. 

(Hoekstra, 2012 ) 

 February, 2010, Brilon, Germany. A biomass plant exploded killing three 

workers and causing a subsequent fire. (Forum)  
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 December 2010, Pacific Bioenergy’s pellet plant in Prince George in 

Canada. An explosion caused extensive damage where dust was cited as a 

factor ignited by a spark (Hoekstra, 2012 ). 

 January 2011, Tolko’s Soda Creek sawmill, Williams Lake, Canada. An 

explosion was caused by dust in one of the mill’s motor control centres. 

(Hoekstra, 2012 ) 

 February 2011, Babine Forest Products, Canada. A small explosion took 

place  that was fed by unusually dry sawdust, according to a B.C. Safety 

Authority report. (Hoekstra, 2012 )  

 20 June, 2011, Georgia Biomass plant. A dust explosion was caused by an 

overheated roller/bearing assembly in a pelletizer that sparked causing the 

explosion at the factory that had been online for just over a month. 

(Stepzinski, 2011) 

 April 2011 Pinnacle Pellet in Armstrong, Canada. Explosion was caused a 

fire that quickly spread into the basement and into the attic. (Hoekstra, 2012 

)  

 30 October, 2011 Tyneside port biomass storage facility in South Shields 

stored biomass, which is used at Drax power station Yorkshire. 25 tonnes of 

which caught fire in storage. (BBC, 2011) 

 February, 2012 fire at Tilbury biomass power station burnt for days and 

needed 100+ firemen to control the fire, caused by run-away heating in a 

hopper. (Mail, 2012) 

 A very recent tragic incident of wood floor mill explosion in UK (17 July 

2015) was the Bosley Mill sawdust explosion in Macclesfield. There were 4 

deaths and the plant was almost completely destroyed. (BBC, 2014) 

When biomass power stations were first developed in the UK the operators 

intended to use biomass delivered as logs or bales of hay. However, it was found 

that the milling of the biomass on site was a key problem area and that different 

mills were required for wood and agricultural biomass. A problem with the use of 

whole logs was that of transport. Even dried logs would have around 5% moisture 
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and this would mean that for a ship the transport costs were paying for water to be 

moved to the power station. Thus it was realised that the wood should be dried. 

Also logs do not fill a closed volume easily and this led to the transport costs being 

too high as the mass of biomass moved per ship or lorry load was too low. 

The solution was to move the pulverisation and biomass drying operations to the 

source of the biomass – the forest or near a group of farms. This has been done for 

the large power stations such as Drax where large biomass pulverisation plants 

have been built on the forest sites in the USA used for sourcing the biomass. The 

pulverised biomass is then dried in a fired kiln and then compressed into pellets. 

The shipping of dried pellets reduces the transport of water and also the packing 

density of pellets is greater than that of logs, so a ship of the same volume carries 

greater biomass energy in pellet form. These pellets at the power station are fed 

directly to the coal mills where the pellets are broken up to yield the pulverised 

particles that the pellets were manufactured from. This process has been 

reproduced in the present work with biomass supplied as pellets broken up in a 

small mill at Leeds so that the particles investigated were typical of those being 

burnt in power stations. It will be shown that these particles are relatively large and 

this led to a theme of this research on the influence of particle size on biomass dust 

cloud flame propagation. 

1.6 Safety legislation 

There are two European Directives pieces of legislation that have been 

implemented in the UK in the explosion safety area: 

• Directive 99/92/EC (ATEX 137); Regulations on the Minimum Requirements 

for Improving the Safety and Health Protection of Workers Potentially at 

Risk from Explosive Atmospheres. The emphasis is on the owner to carry 

out adequate risk assessment and safety measures to protect his workers, 

to whom he has a duty of care. This covers plant operation, the equipment 

and personnel in each area and how these operate together with regard to 

explosions.  

 Directive 94/9/EC (ATEX 95); Directive on the Approximate of Laws of the 

Member States relating to Devices and Protection Systems for Use in 

Explosive Environments. It covers the standard to which any equipment 
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made for compliance within the 99/92/EC directive must be constructed, 

produced and marketed.  

The Dangerous Substances and Explosive Atmosphere Regulations (DSEAR) 

implement the above Directives in the UK. The HSE has also offered further 

guidance: precautions against explosions HSE HSG103 2nd Ed.2003. This provides 

practical advice on the prevention of dust explosions and fires, the publication 

outlines the relevant legislation, it also provides advice on how to prevent dust 

explosions. 

To comply with this legislation a number of details are needed, the Minimum 

Explosive Concentration, the maximum Kst and the maximum Pressure rise. The 

MEC is used for determining the risk of explosions in a given area (zoning areas). 

The Kst and P max is used to calculate the vent size needed to prevent building and 

personnel damage as well as being used to calculate building separation and the 

volume of inert material needed to prevent propagation of the explosion. 

Additionally Kst is used to classify dust into reactivity categories [St1 (<200 Bar m/s), 

St2 (201-300200 Bar m/s) and St3 (301+200 Bar m/s)]    

Additionally, premixed air/dust transfer ducts from the mills to the burner or the mill 

itself, may be at risk of explosion. Normally 20% of stoichiometric (Ø = 1) air is used 

to transport the mixture, meaning it is transferred at Ø = 5 or ƛ of .2 (ƛ = 1/Ø), which 

for some types of coal and biomass will be shown in this work to be flammable 

concentrations. The explosion risk is both in the biomass storage system, the 

transfer system to the hoppers that feed the mills, inside the mills or in the 

connecting pipes from the mills to the burner (an explosion here occurred at 

Ironbridge in 2012).  

1.7 Problems with existing data 

The literature (prior to the recent work of the Leeds group) has scant data for 

biomass dusts and their explosive profiles. This data refers to ‘wood’ with no 

composition given, the test method is often not given and the total amount of data is 

very small and more data is required, which was an objective of the present work.  

There are several reasons for this lack of information: 
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 There has been no widespread use of pulverised biomass for power 

generation until recently and the only other wood dust explosion hazard was 

in the wood working industry through the sawdust explosion risk and dust 

extractor systems. 

 The characteristics of laboratory tested materials:- moisture, particle size 

and size distribution may differ from those of the actual materials used by 

industry. These parameters have a significant influence on the explosion 

characteristics of the material when tested. Therefore where ever possible 

tests will be carried out on samples of materials currently in use by the 

industry in order to provide accurate and relevant data on explosion risk of 

the materials. 

 A large proportion of data doesn’t give the chemical composition of many 

agricultural materials tested. This is important as environment; soil 

composition and fertilizers used differ over the time and from one 

country/area to another. Hence crops cultivated in one area may be 

significantly different, even when dealing with plants of the same species. 

 Some of the apparatus and test methods used have become obsolete; an 

example would be data showing Maximum Explosion Pressure and 

Maximum Explosion Pressure rise rate values from the Hartmann device 

which has been proved to underestimate these values. 

 The dust found on industrial sites is frequently a mixture of several different 

dusts that had been stored/used previously. Therefore the composition, 

particle size distribution and ignition energy of this mixture depend on the 

amalgamation of its constituent parts. In addition, more and more new 

materials are being used which have not been used before and, therefore, 

their explosive properties have not yet been studied. 

Literature sources (Beck, 1997) provide a large volume of data showing a wide 

spread of data, the Kst values for maize dust vary from 7- 75 bar m/s, Pmax from 4.0 

- 9.4 and the Lower Explosive Limit (LEL) also referred to as the Minimum 

Explosive Concentration (MEC) for icing sugar from 60 - 500 g/m3.  

There may be data that isn’t publically available, it may exist in a company’s 

possession but they are unwilling to share it. Relevant data is needed that is 
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publically available. Power generators that are using pulverised biomass may have 

commissioned their own explosion safety measurements, but these are not in the 

public domain. The data may exist in a company’s possession but they are unwilling 

to share it as it would waste all the money spent on the research and development. 

In the UK Chilworth Technology has undertaken most of these tests using their 20 L 

sphere test equipment. There is very little data obtained on the ISO 1m3 test 

equipment and it is the purpose of the present research work to produce this data 

for a range of pulverised biomass. 

1.8 Aims 

The aim of the project is to investigate the characteristics of fibrous biomass (fine 

<63µm and as received with large particles) dust explosions – Maximum Kst, 

maximum pressure rise, lower flammability limit, upper flammability limit and flame 

speed. The influence of particle size on flame propagation is a specific theme of this 

research for woody biomass. As currently most pulverised biomass used for power 

generation is of relatively large size up to 1mm and sometimes greater. 

With the increase in interest in biomaterials in industry it is possible that the 

absence of data could leave people and processes at risk. The risks arise due to 

the fact that without data the ATEX guidance cannot be applied correctly and 

therefore will not function properly.   

 Vents may not be of the right size. 

 Maximum pressure produced is underestimated. 

 Both of which risk pressure vessel rupture. 

All published data for dusts and pulverised biomass shows that the peak reactivity 

occurs at around 500-1000g/m3. When this is converted into an equivalence ratio 

for dusts, then these most reactive mixtures are all at least an equivalence ratio of 

4. No gas behaves like this, as shown in Figure 1.4 (Cashdollar, 2000), and this 

research investigates why this occurs.  
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Fig 1.4 Pressure rise and flammability limits of methane gas compared to coal 

and polyethylene dust (Cashdollar, 2000). 

The present work also enables the flame speeds to be determined and this is 

required for pulverised biomass burner designs. The turbulent flame speed has the 

same combustion physics as in flames in power station boilers with 100% biomass. 

Thus the information is of relevance to the design of burners and the understanding 

of flame propagation in biomass flames as well as being required for explosion 

hazard evaluation. 

Therefore to find out what is happening, part of the intended focus of the research 

is on the residue of the (fibrous biomass) explosions to find out what is actually 

taking place in the combustion process. While; at the same time comparing the 

explosion itself to others from various materials therefore creating a more 

expansive base of biomass data. 
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2 Literature review 

2.1 Woody biomass 

There are two main sources of biomass: wood (including waste wood) and 

agricultural biomass (including waste agricultural products such as palm oil nut 

shells and Olive Stones). The combustion properties are related, but this research 

is concentrated on woody biomass. Biomass has a structure made from different 

proportions of cellulose, hemicellulose and lignin, as shown in Figure 2.5. These 

three structures have been the main focus for most studies aimed at the 

understanding of the thermal decomposition mechanisms in biomass. Most of this 

work was carried out on studies of torrefaction and pyrolysis of biomass. However, 

it should be applicable to biomass combustion if the higher rate of heating is 

allowed for (Ubhayakar et al., 1977, Cetin, 2004, Kobayashi et al., 1977).   

In biomass cellulose is the largest single group on a mass basis. Its purpose within 

the cell is to support the cell structure of the plant as it forms the main load bearing 

component of the cell walls. It provides mechanical strength and toughness to a 

plant’s structure therefore providing the opportunity for the plant to grow in height to 

achieve optimal light exposure and therefore photosynthesis. Lignin is the more 

rigid structure that along with cellulose gives the cell wall its strength and 

Hemicellulos provides cross linking between cellulosic fibrils. 

The chemical structure of these three biomass constituents is – 

 

Fig 2.1 Chemical structure of cellulose polymer  (Lentini, 2006). 

CH1.5O0.833  A/F = 5.12 
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Fig 2.2 Chemical structure of hemicellulose monomers (Huiling, 2015). 

CH1.167O, CH2O, CH1.67O1.1167  A/F = 3.15 – 4.6 

 

Fig 2.3 Chemical structure of lignin polymer (Lentini, 2006). 

CH1.11 O0.22, CH1.2O0.3, CH1.27O0.364  A/F = 8.2 – 11.1 

Woody biomass, excluding straw type, falls into two categories, softwood (larch) 

and hardwood (beech, willow). In general, hardwood comes from a deciduous tree  

and softwood comes from evergreen. Hardwoods tend to be slower growing, and 

are therefore usually denser. Along with these groups are herbaceous species, 

agricultural wastes or straw type of biomass.  

The three groups of biomass are related by their Lignin, Cellulose and 

hemicellulose content as shown in Table 2.1 (Bergman, 2011, Couhert et al., 2009, 

Tillman, 1978). This is determined by wet chemistry with a series of hot solvent 

mixtures which remove lipids, proteins, lignin, and hemicelluloses (Updegraff, 

1969). 
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Table 2.1 Biomass Lignin, Cellulose and hemicellulose composition 

(Bergman, 2011, Couhert et al., 2009, Tillman, 1978). 

Polymer Lignin (wt%) Cellulose (wt%) Hemicelluloses (wt%) 

hardwood 18-25 40-44 15-35 

softwood 25-35 40-45 20-32 

straw 14 34 27 

beach 22.1 45.2 32.7 

white spruce 27.1 48.5 21.4 

eastern 
white cedar 

30.7 48.9 20.4 

grass 3 69 38 

bark 44 25 30 

rice husk 23 42 35 

beach wood 22 46 32 

spruce and 
fir 

28 47 23 

As can be seen in Figure 2.4, softwood biomass generally has a higher lignin 

content compared to hardwood biomass and especially when compared to 

herbaceous or straw species of biomass. The most relevant difference between 

hardwood and softwood however is not in the amount of lignin but the composition 

of their hemicelluloses fractions. Hardwood hemicellulose is made up 

predominantly of 4-O methyl glucuronoarabinoxylan hemicelluloses, softwood 

predominantly consists of Glucomannan hemicellulose (Bergman, 2011).   
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Table 2.2 Polymer and hemicelluloses composition of the hardwood against 

softwood (Bergman, 2011). 

Composition hemicelluloses hardwood softwood 

4-O methyl glucuronoxylan (wt%) 80-90 5-15 

4-O methyl glucuronoarabinoxylan 

(wt%) 

<1 15-30 

Glucomannan (wt%) 1-5 60-70 

Galactoglucomannan (wt%) <1 1-5 

Arabinogalactan (wt%) <1 15-30 

Other galactose polysaccharides 

(wt%) 

<1 <1 

Pectin (wt%) 1-5 1-5 

It should be noted that these differences occur through different structural 

arrangements and bonds of the atoms present in these materials rather than 

different compositions as shown in Table. 2.3 (Bergman, 2011). The difference 

between “hardwood” and “softwood” comes more from the speed at which they 

grow, leading to hardwood being denser than softwood. However, these differences 

appear to lead to no marked difference in devolatilization behaviour at significantly 

high heating rates as found in explosions (Couhert et al., 2009).  
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Table 2.3 The chemical composition of four biomass of biomass (Bergman, 

2011) 

 

Short rotation woody biomass is generally sourced from fast growing softwood 

trees, although hardwood willow is also used that are harvested within five to eight 

years of planting. Woody biomass also includes poplar, willow, silver maple, 

cottonwood, green ash, black walnut, sweet gum, and sycamore.  

One of the main problems with woody biomass is the difficulty in reducing the 

particles to sizes that can be used in pulverised biomass burners. Woody biomass 

has a fibrous structure that does not pulverise easily as the fibres do not shatter by 

brittle fracture in the way that coal does. Woody biomass produces relatively long 

thin particles when milled, as shown in Figure 2.4 (Bergman, 2011).      
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Fig. 2.4 Fresh willow milled in the cutting mill with bottom sieve of 250μm 
(Bergman, 2011). 

To try to understand why this occurs a typical cell structure for biomass is shown in 

Figure 2.5 (Bergman, 2011). The consistency of the tubular make up throughout 

the material is shown. All the fibrous cells are orientated in the same direction, 

making this structure very hard to break up in the direction transverse to the fibres. 

While the woody biomass fibres can be cut in rotating blade cutting mills, this is 

very energy intensive when compared to friable materials such as coal which break 

up easily in ball mills.    
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Fig. 2.5 The structure of a woody biomass cell wall. (a) part of the cell wall 
and middle lamella, primary wall and secondary cell wall, (b) macro fibril 

mutual structure, (c) micro fibril structure, (d) individual cellulose 
polymers including micelles (Bergman, 2011). 

The fibrous nature of woody biomass creates a problem in its use as a pulverised 

fuel as, even with rotating blade cutting mills, achieving fine particle sizes is difficult 

and current power stations are burning a relatively coarse biomass size distribution 

compared with pulverised coal. This thesis investigates the influence of woody 

biomass particle size on the rate of flame propagation. However, for a standard 

characterisation of any pulverised material or dust the ISO standard (BSI, 1991) 

requires that it is milled and sieved to <63µm and this is very difficult to do for 

woody biomass. Also such fine biomass is not what is being burned in power 

stations and hence there is a need to determine flame propagation rates in practical 

particle size distributions, where fibres may be up to 1mm in length (Livingston, 

2013 ). 

In order to study pulverised coal and biomass combustion the powder has to be 

dispersed in air and standard equipment has been developed to do this using the 

closed vessel explosion technique. There are three common experimental 

techniques: Hartmann explosion tube (used in this work); 20 litre sphere (not used 

in this work) and the ISO 1m3 vessel. These three experimental techniques are 

outlined here and their development and problems discussed in more detail later 

(sections 3.4 and 3.5). Other methods of investigating flame propagation in 

powders are in an open vertical tube with the powder shaken from the top and 

falling under gravity and ignited at the bottom (Proust, 2006, Han et al., 2000). 

However, this type of method has not been adopted as a standard test due to the 

influence of buoyancy on the results. 
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The Hartman vessel is a Perspex tube (L=300mm, D=80) fitted with a 10J spark 

ignition source located 1/3rd of the way up the tube, it has a tin foil vent at the top 

and dispersion of the dust at the bottom using compressed air. 

The 20L sphere is a closed spherical explosion vessel fitted with either the rebound 

or C-ring injection system; the dust is ignited in the centre of the vessel using a 

10kJ pyrotechnic igniter. 

The 1m3 vessel is a closed explosion vessel fitted either with the rebound or C-ring 

injection system; it is a cylinder with rounded ends and a length to diameter ratio of 

1. Ignition is in the centre of the vessel using a 10kJ pyrotechnic igniter. 

An explosion is deemed to have taken place in each piece of equipment if:  

 1m3 vessel: Overpressure relative to the initial pressure Pi is ≥ 0.3 bar (Pi is 

the pressure of the vessel before the ignition) (BSEN, 2011) 

 20L sphere: Overpressure relative to the initial pressure Pi is ≥0.5 bar 

(BSEN14034-3, 2006).  

 Hartmann vessel: Overpressure relative to the initial pressure Pi is ≥0.1 bar 

or activation of 2nd thermocouple, this was compiled as an amalgamation of 

the two definitions of an explosion taking place given in the European gas 

flammability criteria, method T and B. 

(BSi, 2012) also establishes two methods for defining if an explosion has taken 

place in a tube and bomb apparatus similar to the Hartman and 20L sphere 

respectively:  

 Method T (tube): the upward movement of the flame from the spark gap for 

at least 100 mm. Dimensions of tube very similar to Hartmann’s tube.  

 Method B (bomb): measured explosion overpressure is equal to or greater 

than the overpressure created by the ignition source alone in air, plus (5 ± 

0,1) % of the initial pressure (0.5 bar overpressure).  

All the above three standard dust flame propagation methods used the closed 

vessel explosion technique and measure the rate of reactivity of the dust from the 

rate of pressure rise in the vessel. In the present work in addition to this, 



- 31 - 

 

methodology has been developed to determine the flame propagation speed as 

well as the rate of pressure rise. However, the standards that accompany the use of 

the above equipment all specify that <63µm powders are used. The 20L sphere and  

1m3 test vessels have powder injection systems that do not work on fibrous 

biomass – even when milled to <63µm. However, the Hartmann equipment places 

the powder inside the vessel and this dispersion method does work with coarse 

woody biomass powders, which is why it was extensively used in the present work. 

Woody biomass cannot be properly tested in the 1m3 ISO vessel (Wilén and 

Rautalin, 1996) due to the fibrous particle shape causing blockage of the C ring (the 

standard disperser). A major part of this research project was the development of 

modifications to the dust injection system of the ISO 1 m3 equipment that will enable 

it to operate with coarse fibrous woody biomass.  

Currently computer models are being developed to predict the influence of particle 

size distribution/concentration on pulverised woody biomass explosions (Callé et 

al., 2005).  However in order to produce reliable predictions these programs must 

be validated against experimental explosions and this work aims to provide this 

data.  

2.2 Dust explosions  

The three requirements for combustion are fuel, oxidising agent (usually air) and an 

ignition source that is equal to or above the fuel’s minimum ignition energy (MIE). 

This is often called the “fire triangle”. The fuel source can be any material that 

reacts rapidly and exothermically with an oxidising agent. For a dust or gas 

explosion to take place the dust or gas must be dispersed in the air, at a 

concentration between its lean and rich flammability limits while an ignition source 

is present. The dust flame propagation in the fuel-air mixture in a closed volume 

leads to an increase in the vessel pressure. The reaction rate of a dust explosion is 

determined by the rate of pressure rise in the closed vessel and in the present work 

by direct measurement of the flame speed.  

2.2.1 Definition 

Current data on and understanding of dust combustion is based primarily on work 

by (Bartknecht, 1989, Bartknecht, 1981 , Field, 1982 , Verakis, 1983, Cashdollar, 
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1987 , Eckhoff, 2003). There are two distinct mechanisms for dust combustion 

(Hertzberg, 1992): heterogeneous and homogeneous. The difference centres on 

the physical state of the fuel at the moment, leading up to and of combustion.  

 In the heterogeneous combustion mechanism, the reaction with the fuel 

takes place at the particles surface in a solid/gas reaction. However 

according to (Proust, 2006) “the contribution of heterogeneous type 

combustion in the flame propagation process (for non-metals) should be 

discarded”. This mechanism is only viable for metals and other high melting 

point materials where the reaction of the oxygen and the reactant takes 

place at the particle surface.  

 In homogeneous combustion there are three processes:  

heating and devolatilization (Cashdollar, 2000, Lewis, 1987 ) of the dust 

particles ahead of the flame front; mixing of those volatiles with the air 

surrounding the particle and gas phase combustion of the volatile air mixture 

by the flame front.  

In homogeneous dust combustion an insensitivity of the lean limit to particle size 

(for fine dusts), this shows that flame propagation is restrained by sufficient fuel 

being present. A particle size dependence of the minimum explosion concentration 

(MEC) or lean flammability has been found to be a function of the particle size 

(Pilão et al., 2004, Pilão et al., 2006) and (Hertzberg, 1982). The reason for this is 

that the propagation control is shifting from the total fuel (for fine particles sizes) 

available for combustion to the fuel that can be devolatilised in time from large 

particle sizes. 

It will be shown in this work that conventional modelling of dust explosions may not 

apply to biomass and other CHO dusts as results will be shown that clearly show 

that flame propagation lean limits cannot be explained by a model based on flame 

propagation in hydrocarbon volatiles released from the dust. A model of double 

flame structure combustion of the devolatilised material at the leading flame front 

followed by an oxygen controlled diffusion flame around the particle may be 

necessary for large particles (Han, 2001, Gao, 2015). 

Tomographic techniques (Proust, 2006) were used to investigate this using laser 

sheet analysis starch particle combustion as shown in Figure 2.6. This shows that 
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the particle can be seen to disappear well ahead of the flame front where 

combustion takes place. For fine particles it isn’t only the volatile material that can 

participate in a dust explosion propagation as there is adequate time for the fixed 

carbon to participate in the combustion which is contrary to the conclusion of 

Cashdollar (2000) as shown by the complete disappearance of particles ahead of 

the flame front. 

 

Fig 2.6 Image of flame front (in pink) propagation in dust cloud showing 
disappearance of dust particles ahead of flame front (Proust, 2006). 

The conventional view of dust flame front propagation is that conduction and 

radiation from the flame front heats the particles and releases volatiles that then 

ignite and the flame propagates as a gas flame. However, it is easy to see that the 

volatiles for biomass and agricultural dusts cannot be methane, as is usually 

modelled for coal dust flame propagation, as there is insufficient hydrogen in the 

fuel to account for the very large proportion of volatiles released from biomass 

fuels. Other gases must be involved principally carbon monoxide and hydrogen      

(Corella, 1988, Commandré, 2011) are thought to be released. It will be shown in 

the present work that for fine particles there is little evidence of the production of 

char that remains after the explosion. This indicates that all the biomass powders 

are vaporised under the rapid heating of the flame front. This is different to coal 

where there is always a char (fixed carbon +ash) remaining after flame propagation. 

Biomass dusts and coal have an inert ash content and this is left as a residue after 

flame propagation.  

The volatile content of biomass is usually determined using thermal gravimetric 

analysis, TGA, (see Chapter 3) which involves relatively slow heating of the 

biomass compared with that in flames. Some results for biomass using this method 
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are shown in Table 2.4 (Wilen, 1999). This method shows that the volatile gases 

can contribute up to about 70-80% of the total mass of biomass powders and 30-

50% for coal (depending on the type). Table 2.4 shows that typical values for 

woody biomass are: 

Wood: volatile matter (80%), fixed carbon (19.4%) and ash (0.4%) 

Bark: volatile matter (74.7%), fixed carbon (24%) and ash (1.3%)  

Table 2.4 Proximate composition of coal and biomass (Wilén, 1999). 

 

In the flame propagation the fixed carbon of the biomass particles may be pyrolysed 

and so contribute to the combustion process. However, rather than direct 

combustion of carbon or char (at the particle surface) it is possible that under rapid 

heating the fixed carbon is converted to CO (Lewellen, 1977) and so would react in 

the gas phase. 

There is relatively little work on the composition of the volatiles released from 

biomass under the relative low temperature heating that releases the volatiles (300 

– 400oC). Most work on the pyrolysis of biomass used high temperature heating 

with pyrolysis of the fuel into tar, gases and char. The degree to which the solid 

particles are pyrolysed will depend on the temperature of the flame front and the 

residence time (dictated by the flame speed and flame thickness) of the particles 

within it. And could lead to real term volatile yields of  90 - 100% from biomass 

powder and 60 - 70% for coal (Commandré, 2011).     
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Table 2.5 taken from Ramírez (2009) lists the factors that affect an explosion and 

will be reviewed in more detail later in this paper.  

Table 2.5 Typical explosion values per material and the factors that affect 
them (Ramírez, 2009). 

factors that affect reactivity 

factor  the maximum value of dP/dt corresponds with 

particle size the finest  

dust concentration much higher than LEL 

energy of ignition source strong sources 

location of ignition source central position 

initial temperature high 

initial pressure  high 

turbulence  high 

presence of gasses flammable gasses 

There are two loss mechanisms that can quench flame propagation in dust 

combustion (Hertzberg, 1982). 

(1) Natural convection/buoyancy, that occurs in lean mixtures.  

(2) Heat loss to dust particles/objects (Dastidar, 2001) that aren’t completely 

devolatilised as occurs in rich mixture situations or don’t take part in combustion 

(vessel walls). 

The steps taken to allow for and minimise these losses are discussed later in this 

work.  

2.2.2 Types of flame propagation  

Deflagration is the term used to describe a subsonic combustion that propagates 

through a mixture of fuel and oxidant (usually air) by thermal convection and 

gaseous species diffusion heat transfer to the mixture ahead of the flame. The rate 

of flame propagation relative to the unburnt gas is the burning velocity which may 

be laminar or turbulent depending on the flow conditions in the oxidant. For dust 

flame propagation it has to be turbulent in order to keep the dust in suspension. The 

magnitude of the burning velocity is a measure of the mixture reactivity and if a 

turbulent test rig is used, as for all the dust flame propagation test equipment 

discussed earlier, then the turbulence must be held constant as the dust 
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composition is varied. This is the principle of operation of the three dust explosion 

test methods discussed earlier. For a stable flame at the end of a burner pipe the 

mixture must be fed along the burner tube at a flow rate that balances the burning 

velocity so that a stationary flame occurs.  

The flame speed is another measure of mixture reactivity and this is the speed at 

which a flame propagates relative to a stationary observer. Thus in a burner with a 

stable flame the flame speed is zero. If the fuel/air mixture is in a closed volume 

and is stationary, then a central ignitor will produce a spherical flame that 

propagates through the mixture at the flame speed which is measured in the 

present work on dust explosions.  

This situation occurs in explosion hazards following a gas or liquid aerosol leak or 

dust dispersion in a closed volume. For closed volumes the flame propagation will 

be accompanied by a pressure rise. Explosions can occur if there is a gas leak or 

dust dispersion in the open with no confinement and then a flash fire occurs that is 

only dangerous if people are engulfed in the flash fire, there is normally no 

significant pressure rise. This scenario can become dangerous if there are 

turbulence creating obstacles ahead of the flash explosion, which interact with the 

propagating flame to create turbulence and accelerated the flame. In large scale 

spillages on chemical plants this can result in what is known as an Unconfined 

Vapor Cloud Explosion (UVCE), but these are not the subject of this research. 

The flame speed, Ss, is related to the burning velocity, Su, by Eq. 1. 

Ss = Su ρu/ρf = SuEp  for constant pressure flame propagation – (1) 

Where ρ is the gas density with subscript u for the unburnt gas and f for the burnt 

gases. This density ratio is known as the expansion coefficient E which has two 

values, one for combustion at constant pressure Ep and one for combustion at 

constant volume, Ev. Ev is greater than Ep as the adiabatic flame temperature in 

constant volume combustion is greater than that at constant pressure, due to 

differences in specific heat at constant volume and constant pressure. For constant 

pressure the temperature is lower than the constant volume temperature because 

some of the energy is utilized to change the volume of the system. The difference is 

of the order of 10%, but is mixture specific. This is important if the measurement of 

the mixture reactivity is made in a constant volume explosion, as it is in dust tests. 

In this case the expansion of the gas is confined and the pressure increases so that 
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the peak pressure, Pm, as a ratio of the initial pressure, Pi, which is normally 

atmospheric pressure, is given by Eq. 2.  

Pm/Pi = Ev                      (2) 

For dusts of variable composition the computation of the adiabatic flame 

temperature is not easy and often Ev is measured in constant volume spherical 

vessel explosions, normally the 20L or 1m3 dust explosion vessels. Cashdollar 

(1987 ) has provided measurements of Ev for a wide range of dusts. For gases Ev 

and Ep can be calculated. It is the confinement of flammable mixtures that give rise 

to pressure rise that causes damage in accidental explosions.  

A further feature of flame propagation in initially stationary oxidants is that the 

expansion of the burnt gases behind the flame front produces a wind in the unburnt 

mixture ahead of the flame, which is predicted by Eq. 3. 

Ss – Su = Sg                  (3) 

Where Sg is the wind ahead of the flame front. This was first measured in a gas/air 

explosions by Andrews and Bradley (1973) as a means of measuring Su by the 

measurement of Ss and Sg. Eq. 2 and 3 by be combined to give Eq. 4 for Sg: 

Sg = [1-(1/ Ep)] Ss         (4) 

In UCVCE the acceleration of Ss by turbulence increases Sg and this causes more 

turbulence to be generated by interaction with obstacles. In the present work Sg is 

important as it is postulated that this wind entrains large particles of dust from 

ahead of the flame front during propagation and blows them onto the vessel walls 

just before the flame contacts the wall. This results in the concentration at the 

propagating flame front being leaner than the overall initial dust/air mixture 

concentration. 

In a closed vessel explosion the flame initially starts off at constant pressure as the 

explosion pressure does not increase until there has been significant burning of the 

initial mass of dust and air. For a flame in a spherical vessel the flame is halfway 

across the vessel and the pressure rise is only 1.5% of the maximum pressure rise 

as only 1.5% of the initial mass has been burnt, as shown in Eq. 5. 
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Flame diameter Df, vessel diameter D. If Df = 0.5 D then, assuming that the 

pressure rise is proportional to the mass burnt (Lewis, 1987 ) then: 

P/Pm = (Df/D)3 / Ep =(0.5/1)3/8= 1/(8 x 8) = 1.5%       (5)  

Where Ep has been taken as 8 which is typical of hydrocarbon flames at 

stoichiometric concentration. In the present work flame speeds in the 1m3 are 

measured in the constant pressure period of flame propagation, hence the flame 

speeds and the burning velocity derived from them are at constant pressure. 

For an explosion in a closed vessel there is another parameter that is used to 

characterize the mixture reactivity and that is the deflagration parameter, KG for 

gases or Kst for dusts (the German word for dust is Staub, which is where the St 

suffix comes from, as this method of characterization of mixture reactivity in 

explosions originates with Bartknecht [1989, 1993] in Germany. The definition of KG 

or Kst is given by Eq. 6. 

KG or Kst = (dP/dt)maxV1/3       (6) 

However, the maximum rate of pressure rise in a closed vessel explosion occurs 

just before the flame touches the vessel walls and is clearly a reactivity parameter 

measured under flame temperature conditions of constant volume with expansion 

ratio Ev. Thus the present measurements of flame speed are at constant pressure 

and Kst is at constant volume. Andrews (2010) showed that the burning velocity and 

KG are directly related by Eq. 7 

KG = V1/3[0.98 Pm/Pi - 1] / ((D/4) / Su Ep)  = 3.16(Pm/Pi – 1)SuEp   m/s       (7) 

Eq. 7 results from an assumption that the flame speed is constant across the 

diameter of flame travel; which is not quite true, but the variation is only about 20%. 

Eq. 7 also shows how a burning velocity can be derived from a Kst measurement 

and a measurement of Pm/Pi. 

There is one further combustion parameter that occasionally occurs in accidental 

release of gases and this is detonation. Detonation is a supersonic propagation 

accelerating through a medium that results in a supersonic shock wave radiating 

from it. The shock wave generates sufficient temperature rise to ignite the mixture 

and the expansion of the reaction pushes the shock wave into a detonation at 

speeds in excess of the original shock wave. Detonations are normally formed by 
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explosives (military explosives and demolition), but can also happen in reactive 

gases. Gaseous detonations normally occur in confined systems but are 

occasionally observed in large gas/vapor clouds (Buncefield). The most common 

method for generating a detonation is in long pipes where the explosion induced 

wind creates pipe flow turbulence ahead of the flame and this causes the flame to 

accelerate, which generates more turbulence. Eventually the wind ahead of the 

flame in the pipe reaches sonic speed and causes a detonation. Detonations rarely 

occur outside of confined pipes, but can occur in accidently leaks in VCE (Vapour 

Cloud Explosions) and are considered to have occurred at Buncefield. In this work 

only deflagrations were investigated and detonations will not be considered further. 

2.2.3 Safety regulations  

In the US regulation/legislation to control explosion hazards is largely achieved by 

following National Fire Protection Association (NFPA) standards: 

• NFPA 51B - Standard for Fire Prevention During Welding, Cutting, and other Hot 

Work. 

• NFPA 61 – Standard for the Prevention of Fires and Dust Explosions in 

Agricultural and Food Processing Facilities. 

• NFPA 68 – Standard on Explosion Protection by Deflagration Venting. 

• NFPA 69 – Standard on Explosion Prevention Systems. 

• NFPA 499 - Recommended Practice for the Classification of Combustible Dusts 

and of Hazardous (Classified) Locations for Electrical Installations in Chemical 

Process Areas. 

• NFPA 654 – Standard for the Prevention of Fires and Dust Explosions from the 

Manufacturing, Processing, and Handling of Combustible Particulate Solids. 

• NFPA 664 – Standard for the Prevention of Fires and Dust Explosions in Wood 

Processing and Woodworking Facilities 

NFPA 664 identifies “deflagrable wood dust” as “wood particulate with a mass 

median particle size of 500 microns or smaller”. Although as will be shown later 
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(Table 2.11) wood dust with an average particle size up to 1250µm has been found 

to propagate an explosion.   

The use of mass median particle size is a poor method as mass median particle 

size can be drastically altered by the volume contribution of the largest particles. A 

mixture of equal parts 1000µm and 10µm by mass will give an average particle size 

of 505µm. This was demonstrated with a 50/50 mixture of fine and coarse (too 

coarse for combustion) oak particles in chapter 5.  

In Europe the ATEX Directive’s guide the development of explosion protection. 

ATEX Directive 94/9/EC, is concerned with the manufacturers of equipment 

intended to be used in potentially explosive atmospheres of various types and 

severity’s. In the UK, the requirements of this Directive were put into effect through 

BIS Equipment and Protective Systems Intended for Use in Potentially Explosive 

Atmospheres Regulations 1996 (SI 1996/192). Incidentally it also allows easy trade 

of such passive protection systems within member states due to the uniform 

requirements. Products that fall within this Directive are divided into two sectors by 

use:  

 Group I, equipment intended for use in mines.  

 Group II, equipment intended for use in other locations. 

Within these categories there is further division based on the level of 

duration/protection required. 

Group I 

Category 1 - Equipment in this category is required to remain functional with an 

explosive atmosphere present. 

Category 2 - This equipment is intended to be de-energised in the event of an 

explosive atmosphere forming. 

Group II 

Category 1 - Equipment in this category is intended for use in areas in which 

explosive atmospheres are present continuously or for long periods. 

Category 2 - Equipment in this category is intended for use in areas in which 

explosive atmospheres are likely to occur. 

Category 3 - Equipment in this category is intended for use in areas in which 
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explosive atmospheres are unlikely to occur and if so, it’s only infrequently and 

minor.  

This covers such things as inability to propagate an explosion from within the 

casing, minimum energy of device discharge below minimum ignition energy of risk 

gas and ability to shut down in presence of gas without risk.   

The other ATEX Directive (1999/92/EC) is concerned with safety in the workplace 

following the principles: prevention of the formation of explosive atmospheres or 

where the nature of the activity does not allow that, avoidance of ignition while 

constantly working on the mitigation of the effects of any explosion that should take 

place to ensure the health and safety of workers at all time. This ATEX Directive 

stipulates that measures must be based on a risk assessment carried out by the 

responsible person. This is enacted into UK law by regulations 7 and 11 of the 

Dangerous Substances and Explosive Atmospheres Regulations 2002 (DSEAR). 

Requirements in this directive are that wherever an explosive environment could 

develop the area must be classified into hazardous and non-hazardous areas. 

Hazardous areas are then classified in terms of “Zones” (EPRA, 2011) on the basis 

of the frequency and duration of the occurrence of an explosive atmosphere, as 

follows: 

 Zone 20 A place in which an explosive atmosphere in the form of a 

cloud of combustible dust in air is present continuously, or for long 

periods or frequently. 

 Zone 21 A place in which an explosive atmosphere in the form of a 

cloud of combustible dust in air is likely to occur in normal operation 

occasionally. 

 Zone 22 A place in which an explosive atmosphere in the form of a 

cloud of combustible dust in air is not likely to occur in normal operation 

but, if it does occur, will persist for a short period only.  

In addition to this all dusts are categorised into one of three categories based on 

the maximum pressure rise and the deflagration index, Kst (Table 2.6) (Foulke, 

2007). 
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Table 2.6 Categorisation of dusts based on Kst and Pmax (Foulke, 2007).  

   
     
     
     
  

The higher a dusts’ classification the more stringent the safety procedures and 

restrictions put upon its use/storage. As will be shown later, biomass/coal materials 

always fall into the St 1 area while St 3 materials are almost exclusively made up of 

metal dusts.  

2.2.4 Protection systems 

These consist of two categories, passive and active- 

 Passive protection are devices whose construction is defined by ATEX 

Directive 94/9/EC. These operate by preventing ignition from 

themselves, that is to say passive fire/explosion protection systems are 

operated in combustible environments but cannot ignite them. 

 Active fire/explosion protection systems actively fight the propagation of 

a flame front or the pressure build up; there are two main methods of 

active explosion protection, venting and inerting. 

Venting - Venting is a protection method by which the explosion overpressure is 

allowed to escape the enclosed volume of the building/vessel it is in. This normally 

takes the form of a vent with a burst pressure (normally 100mBar) to protect the 

building/vessel that will normally have a threshold of sustaining damage at 

approximately 300mBar. Therefore the vent has to be able to vent the pressure rise 

to below 300mBar from 100mBar. The mixture reactivity determines the value of Sg 

which determines the flow through the vent and in vent design the deflagration 

index, KG or Kst, is used as the reactivity parameter when sizing vents. 

Consequently any differences in the Kst, or burning velocities of the likely fuel affects 

the venting performance. The present work aims to provide Kst data for woody 

biomass dusts of practical biomass size so that explosion protection vents can be 

adequately designed, this data was not available at the start of this research. 
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Inerting – Inerting of the atmosphere using nitrogen, carbon dioxide or argon has 

been used for many years to prevent explosions in gas or vapour explosions and 

can be used in dust explosion prevention. The principle is that the inert gas acts as 

a heat sink and reduces the flame temperature. The effect is determined on a lean 

flammability equipment such as the Hartmann for MEC determinations with an inert 

gas present (Eckhoff, 2003). The LEL of a HC gas occurs at a flame temperature of 

about 1400K and inerting is used to reduce the stoichiometric flame temperature to 

below 1400K by adding nitrogen or CO2. CO2 is the most effective gas as it has the 

highest specific heat capacity. 25% CO2 will inert most hydrocarbon gas/air 

explosions, in comparison 30% of water and 40% of N2 are required to do the 

same. As the Pm/Pi measured in dust explosions is a measure of the flame 

temperature to initial temperature the higher the maximum Pm/Pi the more inert gas 

is required in dust explosion prevention. 

Suppression – Suppression of explosions using inert powders as a heat sink, 

limestone dust is commonly used for this in coal mines. However, it has been found 

that solids that endothermically decompose when heated give greater cooling and 

less mass of suppressant is required to extinguish a dust explosion. Sodium 

bicarbonate and MAP are typical of such solid powder inerts with endothermic 

decomposition and their superiority to limestone dust as a purely heat sink inert is 

shown in Figure 2.7 (Dastidar, 2002). 

 

 

 



- 44 - 

 

Fig 2.7 Different inerting agents and their effect on the flammability limits of 
coal (Dastidar, 2002). 

In biomass dust there is a natural solid and liquid inert: the ash and water content. 

Thus variabilities in these reduce the reactivity of the biomass and affect the MEC. 

The fixed carbon in biomass may also act as an inert as the reactivity of carbon or 

char is very low compared to that of the volatiles. The effect of this would be to 

expect that the MEC of a biomass dust would be richer than the equivalent MEC of 

a pure hydrocarbon dust that had no inerts that would reduce its reactivity. It will be 

shown that the evidence for this is weak and only where the biomass dust is high in 

ash and moisture is the MEC less than that for a pure hydrocarbon gas. As the 

volatile component of coal or biomass dust is trapped within a particle together with 

fixed carbon and solid ash and liquid water, Dastidar et al. (1997) postulated that 

there was a critical level of volatiles below which a flame cannot propagate, as 

shown in Figure 2.8 (Dastidar, 2002). 

 

Fig 2.8 Volatile concentration in a solid fuel needed to produce combustion in 
fly ash, with varied concentration (Dastidar, 2002). 

Dastidar (2002) carried out experiments on the amount of volatile material required 

to create a combustible mixture as shown in Figure 2.8, which was approximately 

10% (21% added coal dust by mass). The results also showed that as the inert 

materials particle size was decreases, less of it is required to inert a set explosion. 

The mass of inert material was concentration (Fig. 2.7) and particle size dependent. 

Dastidar (2002) also found that the amount of inert required reduced as the dust 

concentration was increased beyond that for the maximum Kst. The maximum Kst 

was assumed to occur when the volatile/air mixture was at stoichiometric ratio. 
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Therefore a link can be drawn between the concentration of fuel and the amount of 

inert required, as shown in Figure 2.7. The reason for this could be that for rich 

dust/air mixtures, beyond the mixture for maximum Kst and Pm/Pi, the addition of 

more dust could be acting as a heat sink and this would then require more volatiles 

to overcome the effect, as shown in Figure 2.8. 

An effect of biomass particle size is that large particles in a dispersion of various 

particle sizes may act as an inert or heat sink and reduce the flame reactivity. Thus 

the presence of fines in the mixture may propagate the flame but the coarse 

particles act as a heat sink that reduces the reactivity and the MEC and enhances 

the proportion of coarse particles in the residue after the explosion.     

2.2.5 Dust combustion compared to gas combustion  

The most obvious difference between dust and gas combustion is that the dust has 

first to release volatiles following heating by the propagating flame front, whereas 

the gas is already present in a gas explosion. The energy required to release the 

volatiles from the solid dust has to come from a the CV of the fuel and hence results 

in a lower flame temperature than for an equivalent gas explosion. However, a 

simple interpretation of dust explosions as dust heating to release hydrocarbon 

volatiles does not explain the results in Figure 2.15, where very high, rich 

concentrations of dust do not have a reduced peak pressure in explosions, whereas 

for gases rich concentrations have reduced peak pressure and reduced flame 

temperature. Gaseous fuels have narrow flammability limits from a stoichiometric 

value of 0.5 to 1.5-2.5 for most gasses, as shown in Figure 1.4, while as will be 

elaborated on in Section 2.3.2, this is not the case with dust explosions that show 

no rich limit. Even if the particles are very fine and at very rich concentrations 

(Deguingand and Galant, 1981) there is still no rich limit and little reduction in peak 

pressure for rich mixtures.  

Due to the physical differences between them it is impossible to have dust 

explosions in a laminar environment as can be done with gas explosions. Dust 

explosions are initiated using chemical igniters, creating a centralised hot ball of 

gases from the chemical ignitor heat release, the temperature of this zone is well 

above the temperature necessary to heat the dust and release volatiles and ignite 

them. For the flame to propagate from this central ignition zone the flame front has 

to transfer heat by conduction and radiation (Yao B. Yang and Jenny M. Jones, 
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2008) to the dust ahead of the flame so that it is rapidly heated and releases 

volatiles that propagate the flame. The burnt gases behind the flame front expand 

due to their high temperature and this increase in volume and lowers the density of 

the burnt gases pushing the spherical flame outward. This creates an explosion 

induced ‘wind’ ahead of the flame (Andrews and Bradley, 1972) and in a dust 

explosion this wind may act more on large particles than the small particles. Small 

particles <10µm would behave like a gas and move with the flow, but larger 

particles would have inertia and would lag behind and thus be heated by the burnt 

gases of the flame propagating in the fine particles. This could be a mechanism that 

enables biomass dust with coarse particles to propagate a flame and this was a 

major aspect of the present research, to show that coarse particles were an 

explosion risk and to decide if this explanation was supported by the evidence.  

This influence of the explosion wind on particle size distribution ahead of the flame 

and behind the flame front, has not been recognised in dust explosion literature 

prior to this. The effect may be to make the hot gases behind the flame front locally 

richer when large particles are present. For rich mixtures the large particles behind 

the flame front are burnt in a mixture with low gas phase oxygen and the oxygen 

that is contained in the biomass. In the Hartman high speed video the initial flame 

front appears leaner (for large particles) by virtue of the flames being less luminous 

due to less soot formation. This means there will be oxygen left in the air behind the 

flame front. If large particles lag the flame front and are then heated in the burnt 

gases then there is an equivalence ratio distribution at the flame front with the initial 

combustion lean and a rich combustion zone in the burnt gases. This could be the 

mechanism of very rich mixtures propagating flames in dust explosions. The rich 

mixtures in the hot gases behind a lean initial flame (for rich overall mixtures with 

large particles) would undergo gasification reactions where the equilibrium products 

are hydrogen and CO (Commandré, 2011). After these burn in the remaining 

oxygen the remaining particle mass will continue to devolatilise but there is now no 

oxygen to burn these gases, therefore the volume increase of these gases would 

increase the peak pressure as they are released into a constant volume. 

Eventually, as the mass of particles increase the physical cooling of the gas due to 

their heating would reduce the temperature behind the flame front and eventually 

the peak pressure would start to fall. This explains the results in Figure 1.4 and 

similar results found in this research. 
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This explanation fits with previous experimental data for coarse biomass mixtures 

that have been shown to be capable of producing strong explosions (Wilén, 1999, 

Wong, 2013). The above model of biomass dust combustion explains the observed 

results of very rich combustion for the most reactive mixture.  

2.2.6 Mode of dust flame propagation.  

There is a general similarity between dust particle combustion and that of premixed 

gas flames; they all propagate on gaseous products (excluding metal dusts). For 

dusts the propagation derives from thermal convection (Proust, 2006, Essenhigh 

and Csaba, 1963, Bidabadi and Rahbari, 2009, Gao, 2015, Han, 2001) ahead of 

the flame, producing gasification/pyrolysis of the particles. Then upon flame arrival 

the heat release takes place in the gaseous phase. (Gao, 2015, Han et al., 2000) 

observed a double flame structure in biomass and liquid mist combustion where the 

initial flame front propagated on the devolatilised material while the remaining 

droplets/particles burn in an envelope diffusion flame around the droplets/particles 

behind the flame front.    

There appear to be two distinct methods of flame propagation in dust clouds, one is 

continuous the other discontinuous. However (Han, 2001, Gao, 2015, Han et al., 

2000) observes lycopodium combustion to be discontinuous. This is therefore 

probably true for all dusts with particle size smaller than this and of the same 

relative composition and so covers all materials tested here. This is not the case 

with metal dusts, these propagate in a continuous manner (Proust, 2006) and due 

to extremely high reported luminosity may have radiative heat transfer involved in 

their propagation mechanism (Proust, 2006).  

For small flame thickness’s radiation is not significant but it is for thick flames, 

Proust (2006) proved with starch dust that this was not happening, but for larger 

particles and richer mixtures this may change. Han et al. (2000) puts the thickness 

of lycopodium flames at 20mm and Proust (2006) comments on the observation of 

turbulent flames “thickening”. So it is possible that radiation could be playing a role 

in rich, large particle dust explosions as was suggested by Yao B. Yang and Jenny 

M. Jones (2008). It is also likely that the flame thickness in large particle dust 

explosions is thicker than was found for lycopodium due to large particles lagging 

the flame front. Glinka (1996 ) have reported about 5–16 mm for the preheated 
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zone in lycopodium particles and in the order of a few centimetres for wheat dust 

particles. 

Discontinuous propagation (Bidabadi and Rahbari, 2009, Han et al., 2000, Han, 

2001, Gao, 2015) is characterised by a flame front composed of 3 regions – the 

preheat zone where the solid particles are devolatilised to gaseous material. The 

reaction zone where the gasses burn and then a convection zone where the last of 

the heat release takes place in an oxygen controlled environment.    

Tomographic techniques have been used by Proust (2006) to investigate and verify 

this. Starch particles (28µm), illuminated by the laser sheet, disappear abruptly well 

ahead of the combustion zone, where combustion is taking place (shown in 

red/pink) Figure 2.6.   

The temperature rises as soon as the reaction zone (Fig. 2.6) (shown in pink) of the 

flame arrives although the luminous (radiation) signal begins to grow ahead of this. 

However, there is no sign of the dust particles ahead of the flame heating up due to 

radiation from the flame front. The likely explanation is that particles are being 

pyrolysed by heat convected from the flame front, prior to the combustion that then 

proceeds in the gas phase. This implies that the concentration of the gaseous, 

devolatilised material ahead of the flame front will depend on the particle size; 

particles that fully devolatilise ahead of the flame front will produce gaseous 

concentrations as that for the dust. However large particles will only devolatilise part 

of their mass, therefore the flame front will be initially lean with a rich secondary 

stage when the large particles burn in the products of the first flame front with the 

remaining air hence the double flame structure in biomass that has been observed 

(Gao, 2015, Han et al., 2000).  
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Fig 2.9  Time frame for pyrolosis in relation to temperature (Proust, 2006). 

The pyrolysis plot (Fig. 2.9) (Proust, 2006) crosses the heat transfer curve at about 

750Co suggesting that the particles (of this material and size) should disappear as 

soon as 750Co is reached which is exactly what the flame propagation image 

shows. This occurs at a residence time of about 5ms from (Fig. 2.9).  

The same phenomenon has been seen for sulphur dust flames, Proust (1993) and 

other fuels Gao (2015). For small droplets of tetralin, diameter ≤10μm, Burgoyne 

and Cohen (1954) showed that droplets vaporize completely before the flame front 

reaches them. The flame then propagates into and upon a vapour-air mixture. The 

flammable limits were found to be the same as the corresponding vapour-air 

system for tetralin (at the slightly elevated temperature necessary to vaporise the 

droplets). While after a droplet size of >40μm the flame becomes individually 

burning droplets and the flame propagation becomes discontinuous.  

This indicates that there is no significant difference between the combustion of a 

gas and a liquid vapour other than its surface area and more significantly the 

percentage of its mass that can be liberated to the gas phase to burn in the time 

available. If this is applied to dusts it would indicate that the most significant 

difference between a CH or CHO gas and its solid equivalent is the density and 

heat of vaporisation. When a solid or liquid is vaporised it creates a locally rich 

zone, allowing for the material that is not vaporised, this could explain why dust 

combustion appears to have no upper flammability limit. Therefore general flame 
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propagation in fine dust flames, with particles able to gasify at low temperature is 

similar to that in premixed gases (Proust, 2006, Gao, 2015). 

Explosibility of hydrogen–graphite dust hybrid mixtures, carried out by Denkevits 

(2007) could be used as a representation of the different constituents of dust 

combustion, volatile and solid as biomass particles tend to be much bigger than 

28µm so likely don’t all devolatilise ahead of the flame as was found by Proust 

(2006). This kind of additive experiment has also been performed with methane and 

coal dust (Tominaga, 1987, Foniok, 1985 ) which increased the explosibility of the 

solid coal. This effect is most pronounced for dusts with low volatile content. 

Depending on the mixtures make up the explosion proceeds as one or two stages.  

 

Fig 2.10 Low concentration Hydrogen and graphite 2 stage explosion 

(Denkevits, 2007). 

In two-stage explosions (Fig. 2.10) Denkevits (2007) (occurring at low hydrogen 

and dust concentrations), the reaction creates first a fast hydrogen explosion 

followed by a slower dust explosion. With increasing dust concentration, the dust 

reacts faster and can catch up to the hydrogen-explosion stage. Graphite dust is 

very difficult to get to react and it has no volatile content, the reaction is initiated by 

the hydrogen flames leaving plenty of oxygen to react with the graphite.  

At higher hydrogen concentrations with higher flame temperatures, the hybrid 

mixtures react more rapidly as shown in Figure 2.11 (Denkevits, 2007).  
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Fig 2.11 High hydrogen medium graphite dust single stage explosion. 

(Denkevits, 2007) 

This demonstrates that with sufficient energy (hydrogen) it is possible to burn 

graphite rapidly. The maximum overpressure in all the tests with the dust involved 

in the explosion is substantially higher than that without dust as the 14% hydrogen 

does not burn all the O2 in the mixture. Maximum rates of pressure rise are lower in 

two-phase explosions and higher in one-stage explosions as all the energy is 

released at once from both the gas and dust. The rate of pressure rise in Figure 

2.11 is slightly higher for 100g/m3 of graphite dust with hydrogen than for hydrogen 

alone and appears to react as a single propagation, suggesting a synergistic 

relationship at this concentration. For all other tests the rate of pressure rise is 

lower with the addition of graphite and the explosion propagates as two stages 

while the total pressure rise increases for all tests with the addition of graphite.    

Lower hydrogen concentrations resulted in the hydrogen burning out first and then 

the dust starts to react with the remaining oxygen. With 12% H2 and greater, the 

energy released at the start of the hydrogen combustion, is enough to ignite the 

graphite. The hybrid explosions proceed in 2 stages one fast stage (the gas 

explosion) the other slower; the time delay between these stages is reduced with 

increasing H2 concentration.  

The single stage explosion (Fig. 2.11) may represent a high volatile dust and its 

fixed carbon content, where the volatile hydrogen in the flame front is energetic 

enough to burn the solid (graphite) particle at the same rate as the gasses. 

However this would not allow for the Oxygen contained within the elemental 
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composition of the biomass that is lacking here. This could lead to a thicker flame 

front as the oxygen contained in the fuel will slow the time taken to reduce the 

oxidant concentration to 0, the governing factor in this part of the reaction.      

 

Fig 2.12 Dust/gas hybrid MEC with varied volatile and gas concentration 

(Eckhoff, 2003). 

Figure 2.12 from (Eckhoff, 2003) indicates that volatile concentration in a dust 

affects the MEC a dust , this was also observed by Gao (2015) who noted that low 

volatile dusts produce more “blue spots”, thought to be caused by lean combustion 

of devolatilised material from large particles at the leading edge of the flame front. 

The richer the fuel mixture is the more solid particles will be in the flame front, 

theoretically increasing the radiation; this may also be true if the particle size is 

increased.  

There is currently no data to indicate how thick a HC flame front has to become to 

make radiation a viable mode of flame propagation. 

2.3 Explosibility 

In discontinuous propagation the volatile fraction of the material will be the first part 

to take part in the combustion, therefore the percentage of volatiles in a material is 
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important to understanding its combustion behaviour (Fig. 2.12 and 2.14). However 

the mass of volatiles released by a material will depend heavily on the rate of 

heating it is subject to.   

Comparing the total volatile yield for different heating rates Kobayashi et al. (1977) 

shows that altering this affects the species and amount of volatiles released from a 

given mass of solid material. Un-like coal however this percentage is less variable. 

“The amount of volatiles produced by burning woody biomass is high and usually 

varies between 76% and 86% of dry weight, depending on the raw material 

composition ” (Van Loo, 2002 ). However this is the volatile yield from a TGA 

analysis at exceptionally low heating rates referenced to those found in explosions.  

However in the literature (Ubhayakar et al., 1977, Cetin, 2004, Kobayashi et al., 

1977) the “volatile” yield is highly dependent on the rate of heating used. The mass 

lost for lignite (Kobayashi et al., 1977) was recorded as 36% in the standard 

proximate analysis but yielded 65% mass loss in the highest heating rate tests. 

Thus it is likely that the volatile yields of biomass on a Dry Ash Free (DAF) basis 

(Table 2.4) are more likely to be around 95-100% for all biomasses given the TGA 

yield is 76- 86% (Van Loo, 2002 ).   

A propagating flame front in an explosion is the highest heating rate that a dust 

particle can encounter. At a preheat zone thickness of 6-7mm (Han et al., 2000) 

and a turbulent burning velocity is around 0.44m/s the residence time is 13.6ms 

(0.006/0.44 = 0.0136), the temperature rise is then of the order of 2000K which 

produces a heating rate of 147,000k/s. Turbulent burning velocity of 0.625m/s were 

reported by (Sattar, 2012) and this gave a residence time of 9.6ms and a particle 

heating rate of 208,000 K/s, which is very hard to reproduce in any laboratory test. 

Cetin (2004) did some work at heating rates of 1×105 k/s which is the highest rate 

found (1.47- 2.1 times lower than predicted for real combustion here) but this is the 

only work to use this. The TGA analyser used in the present work for example has 

heating rates of 25K/min or 0.4K/s compared with 147000-208000K/s in a flame 

front. Thus the decomposition of a solid biomass particle in a flame front is likely to 

be quite different from that produced in the TGA.  

Heating rate affects the volatile species released, producing more hydrogen and 

fewer hydrocarbons (as shown for tyres (Williams et al., 1990) and biomass 

(Corella, 1988, Commandré, 2011) when preformed in inert environments). 

Hydrogen has a much lower MEC equivalence ratio of 0.14Ø, as it has a critical 
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flame temperature that is lower than that of hydrocarbons (700K v 1500K). This 

may explain how biomass produces such low MEC results (Table 2.7). It is 

postulated that under the high heating rates in flame fronts, gasification reactions 

can take place inside biomass particles even though the particle is in an oxidizing 

atmosphere. This then results in the release of hydrogen and this controls the 

biomass flammability. The influence of particle size is then related to the much 

slower heating rates of larger particles as the thermal inertia is linked to the particle 

mass, which scales with the radius cubed. This could give a factor of 1000 

reduction in the heating rates for a factor of 10 change in particle size. This could 

result in large particles releasing hydrocarbons under relatively slow heating and 

the fine particles releasing hydrogen under much faster heating rates. This type of 

behaviour would be very difficult to verify, but it does give a qualitative explanation 

of the present results. It is possible that for biomass particles the rapid heating in 

the flame front results in particle internal gasification and the release of hydrogen 

and CO, which gives the measured very lean and rich flammability limits seen for 

biomass. 

2.3.0.1 Stoichiometric air to fuel and equivalence ratio for H 

and CH type gases   

One of the core principles behind an explosion is the molar ratio of fuel to air which 

can also be described as the mass of fuel available to the mass of air. This 

relationship dictates the flame temperature, maximum pressure and the rate of 

pressure rise. 

Consider the following reaction for hydrogen;  

2 H2 + O2 = 2 H2O  

1 mole of hydrogen requires 1/2 mole of oxygen  

1 mole of hydrogen requires 0.5 / .21 = 2.4 moles of air as Oxygen is only 21% of 

the volume of air. Therefore due to the universal gas law that dictates that all 

gaseous atoms occupy the same area per mole of material. 

Stoichiometric A/F = 2.4/1 = 2.4 

To turn this from a mole ratio to a volume percentage  
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Percent of hydrogen = [number of moles of fuel (hydrogen) / number of moles of 

reactant (air + fuel)] x 100 

Percent hydrogen = [1/3.4] x 100 = 29.4% 

The equivalence ratio is defined as what percentage of the Stoichiometric A/F is 

present in the mixture currently being described. 

So let’s say for 50% extra hydrogen,  

=(A/Fstoich)/( A/Factual) = 2.4/(2.4/1.5) = 1.5 

Therefore any value of ≥1 is a rich mixture and all ≤1 are lean. 

If we move on to the next (simple) hydrocarbon up, methane with oxygen then it 

goes like this;  

CH4 +2O2 = CO2 +2H2O 

1 mole of methane requires 2 moles of oxygen  

1 mole of methane requires 2/.21 = 9.52 moles of air  

Stoichiometric A/F = 9.52/1 = 9.52 

Percent of methane = (1/10.52) x 100 

Percent of methane = 9.5% 

Say for 20% extra methane,  

Equivalence ratio =(A/Fstoich)/( A/Factual) =9.52/(9.52/1.2)= 9.52/7.93 = 1.2 

Similarly, the equivalence ratios can be found at the other concentrations and for 

other hydrocarbon gases, e.g. 

C2H2 +1.5 O2 = CO2 + H2O 

C2H6 +3.5 O2 = 2CO2 + 3H2O 

C3H8 +5 O2 = 3CO2 + 4H2O 
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2.3.0.2 Stoichiometric fuel to air and equivalence ratio for 

CHO type dust  

However there is a further factor, in biomass there is oxygen bound into the 

material that will take part in the combustion. This oxygen then will not have to be 

sourced from the air, allowing the air to fuel ratio to be reduced below that of pure 

CH materials.  

Consider a general formula CHO type dust = CαHβOγ.  

This would normally be expressed in terms of H/C and O/C ratios. So, let  

So, let the fraction of hydrogen in fuel = H/C = y  

and the fraction of oxygen in fuel = O/C = z  

The general combustion reaction can be written as;  

CHyOz + aO2 → bCO2 +cH2O 

Applying  

carbon balance; 1 = b  

hydrogen balance; y = 2c  

oxygen balance; z + 2a = 2b + c  

a = [(2 + y/2) – z]/2  

Thus, Oxygen/fuel by volume = [[2+y/2]-z]/2 

Oxygen/fuel by mass = ([[2+y/2]-z]/2) x ([2 x 16]/[12 + y + 16z]) 

Air/fuel by mass = ([[2+y/2]-z]/2) x ([2 x 16]/[12 + y + 16z]) x 4.31 

Air/fuel by mass = ([[2+y/4]-z/2] x 137.94) / ]/[12 + y + 16z] 

Dry ash free air/fuel by mass = ([[2+y/4]-z/2] x 137.94) / ]/[12 + y + 16z] x [1/ (100 – 

(%Ash + % H2O)) 
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Stoichiometric fuel/air in g/m3 =1200/(Air/fuel by mass). The 1200 is the actual 

density of air at a standard atmosphere and 21oC).  

Stoichiometric concentrations calculated from fuel compositions given in Table 2.4 

and Table 2.7 (Wilén, 1999). An example as to how to calculate the theoretical A/F 

ratio and MEC is carried out below-   

Table 2.7 Elemental composition of coal and biomass (Wilén, 1999). 

dust sample S %  C % H % N % 

Wood 0.01 47.31 6.25 0.18 

Bark 0.03 50.87 5.96 0.26 

Forest Residue 0.05 49 6.24 0.81 

Spanish Pine 0.01 47.35 6.43 0.1 

Barley Straw 0.08 43.65 6.11 1.21 

Miscanthus 0 46.01 6.21 0.43 

Soghum  0.06 49.39 6.05 1.3 

Rapeseed Straw 0.38 40.01 6.27 0.7 

German Lignite 0.3 58.5 5.3 0.83 

Spanish Lignite 2.3 43.71 5.16 0.7 

For “wood” the air to fuel ratio is calculated by first normalising the chemical 

composition to carbon. To do this the elemental balance must be done first, so the 

O2 % = (100 – (47.31+6.25+1.65+0.35+moisture+ash) = 44.4% (Harker, 1981). So 

47.31% C, 6.25% H and 44.4% O becomes 0.4731/12 = 0.0394 C, 0.4625/16 = 

0.02775 O and 0.0625/1 = 0.0625 H. Normalising to C gives C = 1 H = 1.59  O = 

0.704 or CH1.59O0.704.   

The air to fuel ratio is now calculated using A/F = [(1+ y/4)-z/2]137.94/(12+y+16z) 

where y and z are the ratios of hydrogen and oxygen to carbon respectively. So for 

“wood” A/F = [(1+ 1.59/4)- 0.704 /2]137.94/(12+1.59+16x0.704) = 142.147/25.34 = 

5.61.  
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This is translated in to g/m3 by 1200/(A/F) so for “wood” 1200/ 5.61 = 214 g/m3. This 

has been done for all the materials in Table 2.7 (Wilén, 1999) as well as adding in 

the MEC data. The measured MEC (g/m3) was then compared to the calculated 

stoichiometric A/F then an (experimentally confirmed) value of MEC in 

stoichiometric equivalence ratio was found.  

Table 2.8 MEC equivalence ratios for various materials, calculated from 

elemental and proximate analysis (Wilén, 1999). 

Biomass 

MEC 0/C H/C Stoich Stoich MEC 
Mean 
Particle 

daf 
1m3 

z y A/F g/m3 Ø Size 

          daf μm 

Wood 29.4 0.734 1.59 5.61 214 0.138 95 

Bark 27.8 0.637 1.42 6.03 199 0.14 57 

Forest 
Residue 

55.3 0.672 1.53 4.78 251 0.22 102 

Spanish 
Pine 

83.1 0.729 1.63 5.69 211 0.394 247 

Barley 
Straw 

72.5 0.705 1.68 5.91 201 0.357 253 

Miscanthus 110.4 0.771 1.62 5.42 221 0.498 143 

Soghum  105.8 0.647 1.45 6.02 199 0.531 178 

Rapeseed 
Straw 

174.5 0.986 1.88 4.54 264 0.661 318 

German 
Lignite 

51.8 0.45 1.09 7.12 169 0.307 58 

Spanish 
Lignite 

59.6 0.826 1.42 4.88 246 0.242 40 

The elemental composition gave a mean chemical composition of the biomass, this 

gave a stoichiometric air/fuel ratio by mass and this converts at ambient air 

conditions (density 1200 g/m3) to a concentration. This concentration was used to 

determine the equivalence ratio by dividing the measured dust concentration at 

MEC by this stoichiometric concentration in g/m3 units. This is the conventional 

definition of equivalence ratio for CH and HCO materials such as coal and it is not 

the equivalence ratio of the volatile fraction. The use of equivalence ratio is rare in 

dust explosion literature, so that the dust concentrations at the lean limit or the most 
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reactive mixture has never been given in equivalence ratio terms and hence it has 

not been appreciated how lean the MEC was for many HCO dusts was and how 

rich the most reactive mixture was (Andrews, 2010). 

2.3.1 Minimum explosive concentration  

Often called the Lower Explosive Limit (LEL), or Minimum Explosible Concentration 

(MEC) it is a measure of the minimum amount of a set material that will explode 

when dispersed in a set amount of air and ignited. 

It is directly related to how easily a fuel particle releases its gaseous components 

(Eckhoff, 2003) as this is what determines the maximum distance between particles 

before the fuel is too scarce too propagate a flame. Without explosion protection 

operating at 25% of the MEC is quite a common requirement in the UK HSE 

guidance (Andrews, 2010), therefore the MEC must be accurately defined to abide 

by this.    

The MEC for dusts should be measured to the same accuracy with the same 

definition of the lean limit as for gas/air explosions (Standard, 2003) and currently 

this is not the case. For gases the LEL has historically been defined as the lowest 

concentration at which an explosion can occur (Zabetakis, 1965., Lewis, 1938) and 

the same criteria has not been applied to dust MEC determination (Eckhoff, 2003). 

Here it was (till 2011) defined (in BSEN 14034-3:2006- Determination of explosion 

characteristics of dust clouds — Part 3: Determination of the lower explosion limit 

LEL of dust clouds) as the maximum concentration at which an explosion CANNOT 

occur (BSEN, 2011), in 2013 this was changed to the minimum concentration at 

which an explosion CAN occur (NFPA, 2013). If for example there is an explosion 

with >0.3 pressure rise at 60 g/m3 and there is no explosion with >0.3 bar pressure 

rise at 30 g/m3, then the MEC is 30 g/m3 (BSEN, 2011) and there is no requirement 

to test intermediate concentrations and hence determine the actual MEC. While if 

there is an explosion with >0.3 pressure rise at 60 g/m3 and there is no explosion 

with >0.3 bar pressure rise at 30 g/m3, then the MEC is 60 g/m3 (NFPA, 2013, BSi, 

2012). In this work the MEC was defined as - the minimum concentration at which 

an explosion CAN occur. The reason for this decision is that NFPA 68 2013 and 

gas explosion data are done in the minimum concentration at which an explosion 

CAN occur so this way they can be related to each other.    
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Some of the MEC data in the literature was measured as the leanest mixture that 

DID propagate a flame (Wilén, 1999, Wong, 2013). Indeed the reference MEC data 

in the European standard (BSi, 2012) is for this definition of MEC, the leanest 

mixture that did propagate a flame (BSi, 2012). The major issue is that the definition 

differs depending on the standard used and very few literature sources reference 

this.   

The value for the last ignition should be reported and the concentration gap that 

was tested with no ignition should be within 10% of the last flammable 

concentration. In equivalence ratio, Ø, terms hydrocarbon–air mixtures have a lean 

limit that is about Ø=0.5 and so the resolution of this limit should be to Ø<0.05. 

Most reported LEL for gases resolve the lean limit better than this and normally 

report to 0.01Ø. In dust concentration terms the <0.05Ø resolution for a pure 

hydrocarbon dust such as polyethylene is <4g/m3 and for a cellulose or biomass 

type dust with a stoichiometric A/F ratio of 6/1 by mass (200 g/m3) it would be a 

resolution of the MEC to <10 g/m3. 

The resolution for the determination of the MEC for dust is very coarse in the 

European dust explosion MEC standard (BSEN, 2011). The requirement is to test 

the dust air mixture with the following concentrations of dust: for <500 g/m3 each 

successive concentration tested is 50% of the previous one and above 500 g/m3 the 

concentration is increased in 250 g/m3 increments. This means that for most dusts 

the only concentration tested in the near limit mixture region are 1000, 750, 500, 

250, 125, 60 and 30g/m3. This is why in tabulations of dust MEC there are so many 

dusts with MEC of 15, 30, 60 or 125 g/m3, (Eckhoff, 2003).  

This data can be used to tailor prevention methods (housekeeping, operating below 

MEC, etc.) to the combustible dust that is likely to be involved in the explosion. 

Table 2.8 shows that for finely ground wood, bark and forest residue, where the 

mean average particle size was 57 – 102μm the MEC was Ø = 0.14 – 0.22, this is 

much leaner than for any hydrocarbon/air mixture (excluding H2). 

Coarser particles produced deterioration in the lean limit but even Spanish Pine and 

Barley straw with mean particle sizes of 250μm have MEC’s leaner than for 

gaseous hydrocarbons of  0.394Ø and 0.357Ø respectively (Table 2.8). 
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More results from various sources were collected and have been added to support 

the previous calculations from Table 2.8 and display the same sub 0.5Ø MEC 

values for CHO vs CH materials (Table 2.9).  

Table 2.9 Collection of CHO, CH and coal dust MEC data. 

Material   CH
y
O

z
 y=H/C z=O/C Ø=1 

A/F 
Ø=1 

g/m
3

 

MEC 

g/m
3

 

MEC 
Ref. 

Ø
MEC

 

Cellulose 1.67 0.833 5.12 234 55  
60 

Maisey 
Eckhoff 

0.235 
0.256 

Poly-Methyl 
Acrylate (PMA) 

1.50 0.50 7.27 165 30 Eckhoff 0.182 

Poly-Methyl-
Meth-
Acrylate  PMMA 

1.60 0.40 8.28 145 30 Maisey 0.207 

polyethylene 2.0 0 14.8   81 30  Maisey 
Eckhoff 

0.37 

polypropylene 2.0 0 14.8   81 35 Maisey 0.43 

Polyethylene 
terephthalate 
(PET) 

0.8 0.4 7.18 167 40 Maisey 0.24 

Polyvinyl acetate 1.5 0.5 7.22 166 40 Maisey 0.24 

Pine Pitch 
(Tillman)  

1.46 0.416 8.09 148 30-
60  

Eckhoff ~0.3 

Spruce (Tillman) 3.58 1.55 3.83 313 20-
70 

Field ~0.14 

Carbon 0 0 11.5 104 60  NFPA 
Eckhoff 

0.55 

Bituminous Coal  0.78 0.073 12.7daf 94.5daf 55  Maisey 0.58 
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MEC data from Wong (2013) shows MEC for large particle mixtures as high as 

>5000 g/m3, if approximately 200 g/m3 is assumed to be stoichiometric then this is 

>25 Ø which is ridiculously high. 

This MEC data was sorted by moisture content and then plotted against average 

particle size (Fig. 2.13). To see how well the MEC correlated with average particle 

size. 

 

Fig 2.13 MEC against average particle size for a large number of biomass 

samples (Wong, 2013). 

However these calculations are ideal, all the combustible material burns, vaporises 

and disperses perfectly. However as mentioned for dusts most materials appear to 

produce experimental data with massive variation as shown in Table 2.9. 

This wide variation of data is due the MEC being a function of particle size (Fig. 

2.13, Table 2.10) and other factors including (as shown later in section 2.3.11) the 

apparatus used and volatile component of the fuel.  

It has been proposed that the volatile content of a material, being the most easily 

liberated part should be the only part considered when evaluating a likely MEC for a 

material (Eckhoff, 2003).  
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Table 2.10 MEC shown to be dependent on the particle size for coal 

(Cashdollar, 1996). 

 

Taking the average volatile content of ”wood” as 70-80% (Wilén, 1999) (from the 

TGA) this means that the MEC stated should actually be 0.138 *.7 = 0.094Ø or 

20.7g/m3 using the volatile theory (and this value of MEC). This value is far leaner 

than all gasses including Hydrogen burn. This suggests that more than just the TGA 

volatile yield are burning, supporting the work of (Ubhayakar et al., 1977, Cetin, 

2004, Kobayashi et al., 1977) that TGA volatile yields are unsuitable for use in 

explosion/combustion situations. However even assuming a 100% volatile yield, 

MEC values of 0.138Ø suggest that unless this is pure H2 volatiles this value 

appears ridiculously low and needs more consideration (vessel used, comparison to 

other data, etc.).   

For coal the volatile model does work qualitatively and quantitatively. If only the HC 

volatiles (mass from TGA) burn, (30% by mass) then the lean limit should be about 

200 - 280g/m3 ((120/2)/0.3) to ((170/2)/0.3), which is not the case for the standard 

Pittsburgh pulverized coal where the MEC’s are about 80-90 g/m3 (Cashdollar, 

1996, Jensen, 1994, Chawla et al., 1996). However Cashdollar (1996) (Table 2.10) 

indicated that the MEC of coal is linked to its fine particle concentration (possibly 

excluding mass in large particles) and (Kobayashi et al., 1977) demonstrated that at 

real heating rates coal has a volatile content of 60-65% not 30% as the TGA 

suggests. This was supported by Lewellen (1977) work on cellulose which predicts 

nearly 100% devolatilization in a flame front.   

Lignite is 60% volatiles (Kobayashi et al., 1977) so if elemental Ø = 246 and 169 

then the mass needed to create Ø with only volatiles would be (German Lignite) 
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169/0.6 = 281 g/m3 and (Spanish Lignite) 246/.6 = 415 g/m3 which is approximately 

the concentration where the maximum reactivity is found for coal (Sattar, 2012, 

Huescar et al., 2012b) indicating that this is correct. As stated the measured MEC’s 

are about 80-90 g/m3 (MEC = 0.645 - 0.72) (80/120 to 90/120) which is what it 

should be if only volatiles were combusting (0.72*0.65= 0.468Ø, very near the MEC 

of methane). This indicates that the MEC appears to be controlled by the volatile 

material percentage, which is not that given by the TGA.  

Figure 2.14 is taken from (Eckhoff, 2003) to prove the volatile model for coal, which 

is supported by (Jensen, 1994) “Research has shown that volatile content is the 

most significant variable in determining coal dust explosibility.” However if only the 

coal points (Fig. 2.14) are viewed there is not a great fit, as the line seems to more 

closely follow the polyethylene-graphite points than any other. This may be as the 

volatile mass is directly from the TGA and therefore is lower (additionally at higher 

heating rates some coals may release more volatiles from char reactions meaning 

this would not be a uniform loss across the samples). 

 

Fig 2.14 Volatile content against MEC (Eckhoff, 2003). 

Using the European Standard (2003) method (method T) methane and n-hexane 

have a lean limit of 0.47Ø (0.53Ø method B), for propane it is 0.43Ø (0.55Ø method 

B) and for ethylene it is 0.38Ø (0.48Ø method B). Polypropylene has a lean limit of 

0.43Ø (0.54Ø method B) which is the same as that for gaseous propane, indicating 

possible pyrolysis of the dust in the flame front to yield propane. Similarly, 
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polyethylene dust has a lean limit of 0.37Ø (0.43Ø method B) which is very close to 

the value for gaseous ethylene of 0.38Ø. Thus for pure hydrocarbon dusts the 

model that the flame propagates as a gaseous hydrocarbon (with 100% volatile 

content) appears to be valid.  

For CHO materials however CO, and H2 are the main gas species produced 

(Commandré, 2011) with higher heating rates promoting the production of H2 over 

CO. At pyrolysis temperatures of 950oC the molar ratio of H2/CO is close to 0.4 

therefore H2 + 4CO  = A/F = 2.5 and calculated MEC = 0.258Ø. In this research 

Commandré (2011) also noted that the ratio H2/CO increased markedly with 

temperature, (also noted by Corella (1988)) suggesting that this could be even 

higher in actual flame fronts, resulting in a gaseous mixture at the flame front with 

an MEC <0. 258Ø. Values in this range are found repeatedly in the literature (Table 

2.9). 

Observations have been made (for certain dusts) that for extremely fine particles 

the MEC appears to increase, this may be caused by the fineness of the particles 

increasing the absorbed energy below the critical flame temperature or particle 

agglomeration due to static.  

2.3.2 Maximum explosive concentration 

Often called the Upper Explosive Limit (UEL) is a measure of the maximum amount 

of a set material that will explode when dispersed in a given amount of air and 

ignited. It is thought to be directly related to how much of and how easily a fuel 

particle releases its gaseous components as this is what determines the minimum 

distance between particles before oxygen is too scarce to propagate a flame. This 

is of interest as industry often assumes that dust has the same flammability limits 

as gaseous fuel. A good example of this is in burners, where the fuel is 

pneumatically moved to the burner with 1/5 of the combustion air, this concentration 

isn’t flammable in gaseous fuel mixtures but appears to be for dusts.   

Here oxygen availability and the rate of volatile release are the limiting factors. 

However in practice the rich limit only appears to apply to gasses as dust mixtures 

burn even at equivalence ratios of 25+ (Wong, 2013) as was calculated earlier. 

Deguingand and Galant (1981) reported encountering no rich limit for coal at a 

stoichiometric concentration of 30 for 2 samples with particle sizes 13μm and 
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50μm. While Cashdollar (1996) reported encountering no rich limit for coal or 

polyethylene dust up to 4500g/m3 (equivalence ratio 15 - 22).    

The flammability limits for gasses with varying length C chains (only the alkanes) 

were plotted (Fig. 2.15) (Jechura, 1987) as ((UFL (volume concentration) 

/stoichiometric (volume concentration)) x 100), to show the widening in the rich 

limits with increasing chain length. At this point the reason for this is currently 

unknown. However it is thought that the long chain hydrocarbons result in localised 

rich burning around these molecules therefore producing high soot yields trapping a 

large amount of the combustible carbon in the solid phase, effectively lowering the 

fuel concentration.   

It is possible that due to the increasing chain length some of the added carbon 

content is not fully combusting (insufficient oxygen therefore soot formation or char 

formation), that would give the impression of an extended rich limit while keeping 

the LFL constant as is seen for these fuels. The only exception to this is hydrogen, 

carbon monoxide and methanol which have wider UFL and LFL than other 

hydrocarbon materials tested.  

 

Fig 2.15 UFL and LFL for gasses as a function of carbon number, gasses -

blue, liquids - red, solids - green (Jechura, 1987). 

As has been mentioned for dust there is no evidence of any UFL. This could be due 

to some unknown mechanism of flame propagation, however it appears more likely 

that a portion of the fuel (Carbon backbone) is unable to mix with sufficient oxygen 
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to fully combust therefore, allowing the oxygen to be utilised by other fuel 

molecules, stretching the rich limit.  

This combined with the step change seen in the MEC in Figure 2.13 at an average 

particle size of 400µm may indicate that the dust is undergoing a change from 

thermally thin to thermally thick at this point, hence the massive increase in MEC. 

This would combine with the fact that as the particles get bigger the locally rich 

zone that would be created by their complete devolatilization has increased in size. 

Therefore it may be that the lack of a rich limit for dusts is due to a stratified 

gaseous mixture with the rich zones taking the place of the particles as was 

suggested by Burgoyne and Cohen (1954). When the particle size increases above 

this thermally thick/thin size boundary the whole particle no longer vaporises, 

therefore trapping a large quantity of the solid fuel in the solid phase and excluding 

it from the reaction and pushing the MEC up dramatically.   

2.3.3 Maximum pressure and KST generation 

So in a constant volume system an explosion is easiest to understand in terms of 

the ideal gas law: 

𝑃𝑉 = 𝑛𝑅𝑇 =
𝑚

𝑀
𝑅𝑇 (8) 

Where P is the absolute pressure, V is the volume and T is the absolute 

temperature. The constants are the number of moles, n, and the universal gas 

constant, R.  

For a “normal dust explosion”, air is the most common oxidant. Because air is 

mostly made up of nitrogen that doesn’t take part in the combustion, there is little 

change in the total number of moles of gaseous materiel during combustion. 

Therefore an explosion or rapid combustion reaction in a constant volume system 

can be assumed to result in: 

𝑃𝑚𝑎𝑥

𝑃𝑜
=

𝑇𝑏

𝑇𝑜
  (9) 

Where 𝑃𝑚𝑎𝑥 is the maximum absolute explosion pressure, 𝑃𝑜 is the initial absolute 

pressure, 𝑇𝑏 is the absolute temperature of the burned gas and 𝑇𝑜 is the initial 

absolute temperature. 
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The faster the explosion propagates, the more adiabatic the flame front will be, and 

so the closer the actual maximum explosion pressure will be to the ideal maximum 

pressure. This is due to there being less time for heat losses to occur as the faster 

the reaction is the less likely it is that the flame front will touch the wall before all the 

mixture is burnt. 

For the ideal case, absolute pressure as a function of time, P(t), in a constant 

volume, spherical explosion is related to the fraction of mass burnt in the fireball 

during the time taken for propagation- t, as follows: 

P(t)−Po

Pmax−Po
=

M(t)

Mo
 (10) 

Where Mo is the initial mass and M(t)is the mass burnt at time (t). 

 For spherical propagation from a point source: 

M(t)

Mo
= [

r(t)

ro
]

3
= [

Ss

ro
]

3
(11) 

Where r(t) is the radius of the flame front, r0 is the chamber radius, and Ss is the 

flame speed given by: 

S𝑠 =
dr(t)

dt
= (

ρu

ρ𝑓
) Su (12)  

Where (
ρu

ρ𝑓
)   is the density ratio of unburned to burned gases at constant pressure. 

The burning velocity, Su, is the rate of flame propagation relative to the unburned 

gas ahead of it and is assumed to remain constant throughout the whole of the 

propagation. The flame speed, Ss, is relative to a fixed reference point.  

The pressure rise in a closed vessel is a linear function of the proportion of the 

initial mass of fuel that has been burnt. In a spherical vessel, consider the situation 

when the flame, diameter Df, has propagated half way across the vessel diameter, 

D. 

Mass burnt / Initial Mass = (Df/D)3 (
ρu

ρ𝑓
)  (13) 
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Where ρu is the un-burnt gas density and ρb is the burnt gas density. This density 

ratio is inversely proportional to the temperature ratio. For lean hydrocarbon type 

mixtures Ø<1 the flame temperature is about 1500K for a 300K inlet temperature 

therefore the ratio is ~5. Therefore the density ratio is ~ 1/5. As stated Df/D=0.5. So 

at this point only .125 x 1/5=0.025 or 2.5% of the initial mass has been burnt. For 

stoichiometric Ø=1 the temperature increases to 2100K so the density ratio is ~1/7 

so this 0.125 x 1/7=0.017 or ~2% of the initial mass has been burnt. Therefore in a 

spherical vessel explosion there is little pressure rise in the first half of the flame 

travel distance and 98% of the total adiabatic pressure rise, occurs in the last half of 

the flame travel.  

The peak pressure is influenced by the constant volume flame temperature. GasEq 

calculation of the adiabatic flame temperature shows higher flame temperatures 

under constant volume conditions than at constant pressure. This is important as 

flame speeds are measured in the 1m3 vessel in the constant pressure period of 

flame propagation and hence the conversion from flame speed to burning velocity 

should use the constant pressure expansion ratio. The constant volume flame 

temperature is higher than that at constant pressure, which is due to the differences 

in specific heats at constant volume and constant pressure due to work done.  

Kst is the (vessel) size normalized maximum rate of pressure rise. As it is size 

normalized, it allows for calculation for any vessel geometry, Kst is used in the 

design of explosion venting safety systems (NFPA, 1998). This is true for conditions 

where the vessel size is large compared with either the dust flame thickness or the 

igniters flame volume, this is true in the 1 m3 ISO vessel, and the Leeds explosion 

vessel 

As shown in section 2.2.2 -  

𝐾𝑠𝑡 = [
𝑑𝑃

𝑑𝑡
]

𝑚𝑎𝑥
𝑉𝑜

1/3
  

The units of which are meters per second (m/s) in this dimensionless pressure 

formulation, but bar m/s is more usually used.  

Kst is the rate of pressure rise created by combustion. Therefore the Kst is related to 

the flame speed, and the higher the Kst the higher the corresponding flame speed 

should be. The maximum Kst normally occurs for a higher dust concentration than 

the Pmax. However both occur for very high dust concentrations (relative to gasses), 
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typically between- 0.5 - 1 kg/m3, which is a very rich mixture. For most standard CH 

dusts it has been proven that Ø=1 is around 80 g/m3. Pmax and [
𝑑𝑃

𝑑𝑡
]

𝑚𝑎𝑥
 occur at 

concentrations equal to or greater than 500 g/m3 or ≥ Ø=6. At this point CH gasses 

are not flammable at this level of richness as shown by methane (Fig. 1.4). 

The same is also true for metal dusts. For the magnesium dust the dusts actual 

stoichiometric concentration is 417 gm−3.  Magnesium, dust behaves the same as 

most other dusts including CH dusts with the maximum pressure rise occurring very 

rich, 3.5 times the stoichiometric concentration (Fig. 2.16) (Li et al., 2009). This 

would seem to indicate that the phenomenon of very rich mixtures producing peak 

reactivity is a factor of solid particle dust combustion rather than a feature of any 

type of dust.  

 

Fig 2.16 Pressure rise and flammability limits of magnesium dust 

Figure 2.17 (BSEN, 2004) shows the general trend in dusts for high Ø for 

maximum Pressure (although no drop in pressure after the maximum is seen as is 

seen here), and how the value of [
𝑑𝑃

𝑑𝑡
]

𝑚𝑎𝑥
 is found from this. It also shows the 

general concentration around which the maximum pressure rise and maximum rate 

of pressure rise is found (750 g/m3) for most fine dusts. Which would be 854g in the 

Leeds 1.138 m3 vessel. 



- 71 - 

 

 

 

Fig 2.17 Rate of pressure rise against concentration for general dust. (BSEN, 

2004) 

For gas explosions the test is carried out with a laminar mixture and there is no 

injection turbulence. Hence, the rate of pressure rise for gasses (KG) can be 

considered a fundamental property of the fuel, if the [
𝑑𝑃

𝑑𝑡
]

𝑚𝑎𝑥
 is determined in a 

spherical vessel with no flame contact with the walls until the end of the explosion 

so that adiabatic flame propagation occurs.  

The Kst parameter however has to be empirical as it is a turbulent explosion for 

dusts and the turbulence level and distribution is determined by the test method and 

is not a property of the dust. Therefore it was decided to use the actual 

measurements of Pmax/Pi as the expansion factor for dusts as this was the 

procedure recommended in the literature (Zabetakis, 1965., Cashdollar, 2000).  
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So, as the 1m3 ISO test vessel has a fixed turbulence level under standard 

operating conditions the Kst could by described as β times the equivalent laminar 

KG. The laminar burning velocity of a dust is SuL therefore the turbulent burning 

velocity is Su, where β is the turbulence intensity. 

Su = β SuL   (14) 

where β is the increase in the reactivity of the same mixture due to turbulence. It is 

now possible to derive an approximate relationship between Kst and the 

corresponding laminar burning velocities as shown in equation 7 by adding in β as 

has been done in equation 15 for laminar Kst. 

Kstl = β [
dP

dt
]

max
× Vo

1/3
= β3.16(P𝑚/P𝑖 –  1)S𝑢𝑙E𝑝     (15) 

2.3.4 Flame speed  and burning velocity  

The flame speed is a function of the burning velocity which is an intrinsic measure 

of the reactivity of a material as it dictates the rate of energy release from the fuel.   

One of the assumptions in section 2.3.3 is that Su does not vary throughout the 

explosion propagation. However this is not a valid assumption as, as the explosion 

progresses the pressure and temperature in the un-burnt gases ahead of the flame 

front change, therefore altering the Su. However, as will be shown this is a small 

effect, an approximate 20% increase in Su at the end of the deflagration. It is know 

that as the un-burnt gas ahead of the flame is compressed the pressure and 

temperature rise and both of these factors influence the laminar burning velocity. 

The pressure and temperature dependence on burning velocity for hydrocarbon/air 

mixtures are in opposite directions and the net effect is a 20% increase in Su over 

the period of the deflagration. However it is not a large amount and the assumption 

of constant Su is an acceptable approximation for the purpose of Kst results. Figure 

2.18 shows the influence of increasing P and T on the Su (Bradley and Mitcheson, 

1976).  
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Fig 2.18 Burning velocity at different temperatures and pressures (Bradley 

and Mitcheson, 1976). 

Flame speed can also be increased by turbulence as will be explained in the next 

section; this is represented in equation 14.  

2.3.5 Turbulence and turbulent burning velocities in dusts  

As has been shown turbulence increases both flame speed, Kst and Pmax (due to 

less time for heat loss to the vessel in the case of Pmax) in proportion to its intensity, 

but what is turbulence? It is recognized that the state of a dust cloud just prior to 

ignition has a strong influence on the ease of ignition and speed at which the flame 

front propagates through the mixture. This is due to a number of factors affecting 

the dust and its combustion characteristics- the dust concentration, dispersion and 

turbulence level.  

So what is turbulence in the context of flame propagation and dust explosions? In 

some instances the main turbulence mechanism is the movement of burning 

particles relevant to un-burnt ones. So, in this situation where combustion is mainly 

taking place on or close to the particle surface the particles movements and 

interactions are in fact in a more fitting measure of turbulence than any movement 

of the gas around the particles. However this depends on the burning 
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characteristics of the dust being used. Very fast de-volatilization, resulting in 

combustion taking place largely as gas combustion, is an extreme case, yet here 

the gas movement is the more appropriate measure of turbulence.  

However most dusts exhibit characteristics of both as CH gasses are devolatilised 

and propagate the flame front. Yet the particles themselves also partake in the 

deflagration and raise the pressure through combustion, but also contribute ash that 

acts as an inert. So for most dusts it is considered best to use the standard method 

of defining and measuring turbulence as the movement of the gas phase as this is 

predominant.  

There are different circumstances in which turbulence can occur, that caused 

before and after ignition. Pre-ignition turbulence is created by the air blast that 

dispersed the dust, lifting it off the surface it was on and creating a dust suspension, 

while post-ignition turbulence is created by objects in the path of the flame front or 

by sudden expansion/release of gases, as found during venting of an explosion. 

When, as in this case, comparing maximum pressure and Kst in a closed vessel, 

only the pre-ignition turbulence is considered. However the thermocouple array in 

this 1m3 vessel may actually produce some post ignition turbulence by obstruction 

of the flame front, therefore causing self-acceleration of the flame front. However as 

there is currently no way around this or of quantifying it, this will be added to the pre 

ignition turbulence value as it should be nearly constant.  

Turbulent flows, once created are always losing energy, so when no further input 

energy is provided the turbulence decays rapidly, within a couple of seconds in the 

1m3 vessel. In decaying turbulence, as is found in the 1m3 vessel, the large scale 

eddies die away first as there is no energy to sustain them now the injection has 

finished. The smaller eddies, therefore, decay away after this as the energy from 

the large scale eddies is no longer coming in to sustain them. So as can be seen 

during decaying turbulent flow field, the entire series of eddy sizes changes 

continuously. 

Turbulence is usually defined by a number of components, the most essential of 

which, are as follows-  

 The diffusivity of the turbulence or length scale - This is the mixing of 

material by turbulent eddies that increase transfer of heat, mass and momentum. 
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The length scale or mixing of the turbulence increases slowly during turbulent 

decay. 

 The intensity - Turbulence is a trait of the fluid flow itself, not the fluid and is 

regarded as a strong three-dimensional velocity. Mechanical energy is absorbed 

from the main turbulent flow by large eddies, these transfer their energy to smaller 

scale eddies. These then, lose their energy to their surroundings by collapsing, 

dissipating their energy over large areas. The intensity or strength decreases 

rapidly during turbulent decay, therefore the turbulent decay pattern can be 

described as not linear but logarithmic decay. In conflagrations a reduction in 

turbulent intensity produces a proportional decrease in the burning velocity found. 

This reduction is brought about by less mass and heat transfer by the turbulence. 

When eddies that are large by comparison to the flame thickness are met by the 

flame front, they tend to wrinkle or fold it. These folds increase the area of the flame 

front, which, in turn raises the burning velocity. Eddies smaller than the flame 

thickness increase the rates of heat and mass transfer within the flame front itself 

but only slightly, so are normally ignored. Increasing the burning velocity therefore 

increases both values of Kst and Pmax correspondingly for the reasons discussed 

earlier. This effect is shown well on the graphs (Fig. 2.19) (Phylaktou, 2001). 

  

Fig 2.19 Flame speed and Kst as a function of turbulent velocity (Phylaktou, 

2001). 

The turbulence or β value for the Leeds 1m3 ISO vessel was found by combusting 

propane at laminar and turbulent (without and with injection of air through C-ring) 

conditions and then the magnitude of the increase in the Kst value is the value of β, 

this was found to be 4.03 for the C-ring injector.  
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2.3.6 Laminar burning velocity for dusts  

The laminar burning velocity, SSL of a material is a primary measure of the rate of 

flame propagation which defines the reactivity of a mixture. This is difficult enough 

to measure for dusts but as yet no standard method of measurement for gases has 

even been agreed upon. However it is known, as was shown in section 2.2.2, that 

SS = β SSL, where β is the increase in the reactivity due to the turbulence – β = 

SS/SSL. β = 4.03 is the order of magnitude of the turbulence factor in the 1m3 dust 

tests. 

The vessel has in the past been used to attempt to measure the SSL by using a long 

ignition delay to try to generate laminar conditions. However, it has the problem that 

during the long ignition delay to get laminar conditions the dust falls out of 

suspension due to gravity and therefore the mass burnt is less than that injected by 

the time the ignition occurs. Consequently any result achieved would be for leaner 

mixtures than intended. This reduces the total energy release due to the fall out of 

larger dust particles from suspension and therefore gives a lower pressure rise 

(Fig. 2.20) (Phylaktou, 2010). 

 

Fig 2.20 Pressure rise for material against ignition delay for dust (Phylaktou, 

2010). 

The problems with the arbitrary turbulence involved in the 1m3 ISO standard dust 

explosion test vessel has led to investigating other methods to measure the laminar 

dust explosion flame speeds and burning velocities. To get a laminar dust cloud 
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most investigators have used various versions of the vertical tube equipment with 

the dust shaken from the top and free falling under gravity. The bottom end of the 

tube is normally open and the top closed; with ignition at the bottom so that burnt 

gases flow out of the tube at the bottom and there is no pressure rise. The flame 

speed is then measured using high speed video or by optical/thermal probe sensors 

and the burning velocity calculated from this. The assumptions made for this 

method are as follows: 

 Burnt gases free to exit the tube, no burnt gas expansion to induce an un-

burnt gas velocity ahead of the flame. 

 No heat losses to the walls.  

 Hemispherical flame area – Af (or the flame area is determined from 

photography) 

 No buoyancy effect on the flame. 

The method can be improved by measuring the actual flame area, but the best 

method is to directly measure the flame speed and un-burnt gas velocity on the 

centreline of the flame, well removed from the wall heat sink. This method uses 

tracking of the dust particles with high speed photography to determine the gas 

velocity ahead of the flame. This is called the ‘direct’ method. Unfortunately the 

assumption of a no burnt gas expansion induced in the un-burnt gas velocity ahead 

of the flame is not valid, mainly due to the fact that most of this force is buoyant flow 

and, as such, is unable to be vented in a downwards direction. 

In the tube technique with free falling dust, it is more difficult to control the dust 

concentration and an internal light obscuration detector is often used to determine 

the dust concentration. Also the dust concentration often has a gradient from top to 

bottom. This is the problem of having no turbulence to inject, disperse and mix the 

dust. 

As has been shown there is no current method for measuring SSL for a dust. As 

such the only option is to derive a value through calculation.  

Kst = β 3.16(Pmax/Po – 1)SSL E   
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Where E = (
ρu

ρ𝑓
)  = 5 - 8, β = 4.03 (for the 5L pot with C-ring), Kst, Pmax and Po will be 

found through experimentation. 

2.3.7 Particle size 

Although ISO standards states to only to test <63µm particles it has been shown 

that particles bigger than this will ignite and propagate an explosion (Fig. 2.13 and 

Table 2.9).  

Finer particle size dusts are likely to react quicker than larger particle sizes of the 

same material due to larger surface area/volume ratio. Also a particles’ shape and 

porosity can have a great effect on the overall particle surface area and 

correspondingly the reaction rate. Therefore, a particles size and shape are very 

important to its dusts explosion characteristics. A common definition of what is a 

dust is defined as a material with particles of ≤420µm. NFPA 654 defined 

combustible dust as a "finely divided solid material ≤420µm in diameter that 

presents a fire or explosion hazard when dispersed and ignited in air” (NFPA, 

2012). OSHA used this definition in earlier combustible dust guidance, such as its 

2005 safety and health information bulletin. Some NFPA standards still use a size 

criterion in defining combustible dust, such as NFPA 61 (2013) and NFPA 704 

(2012). Other NFPA standards, however, have changed their combustible dust 

definition to remove the size criterion, but discuss size in their explanatory notes. In 

general the notes concerning particle size state that dusts of combustible material 

with a particle size of ≤420µm can be presumed to be combustible. However, 

certain particles, such as fibres, flakes, and agglomerations of smaller particles, 

may have dimensions >420µm but still have a surface-area : volume ratio sufficient 

to pose a deflagration hazard. In the most recent revisions, the explanatory notes in 

many of the NFPA standards have moved from a <420µm to <500µm size 

threshold. These include NFPA 484 (2013), NFPA 654 (2013), NFPA 664 (2012) 

and FM Global Data Sheet 7-76 (2013).  

It is the high surface area/volume ratio dust particles that heat up fastest to release 

volatiles, therefore reacting faster and releasing more (of their potential energy) 

energy than the larger particles. The finer dust particles are also more easily 

dispersed in air and remain airborne longer due to the added drag created by their 

large surface areas and low weights, just mentioning particle size is a simplification 
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of the actual situation. Particle shape and surface structure are also important 

parameters that must be considered together with the particle size distribution.  

The influence of these parameters can explain why sometimes a powder with a 

larger (median) particle size can produce a higher explosion severity and/or higher 

ignition sensitivity than an apparently finer dust. However, no simple correlations 

exist to allow for all these parameters. 

There are currently many problems comparing results from different dusts due to 

there rarely being any mention by the authors of particle shape/size used or 

distribution of the sizes present within the sample. This is clearly demonstrated by 

Table 2.11, the differences between the values of biomass materials given in each 

is believed to be the result of different particle sizes being used. The larger the 

surface area of the material per unit mass the more reactive the material becomes 

due to larger area for reactions to take place upon. Table 2.11 clearly shows that 

the pre-established trend of higher Kst’s for smaller particle sizes is true here 

(Wong, 2013).   
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Table 2.11 MEC as a function of particle size 

 

While this data set is far from perfect, (particle shape, size distribution, elemental 

and proximate results not specified) it has far more information than most literature 

sources, recording the MEC, maximum Kst, maximum Pmax and average particle 

size for many different biomass (sawdust) samples.  
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Of most interest are two tests with an average particle size of >1200µm, one of 

which did ignite and one of which did not. The only significant difference between 

them was a difference in moisture content that was believed to result in the failed 

ignition of the wetter sample.  

Considering NFPA 664 states that a deflagrable wood dust is – “… Wood 

particulate with a mass median particle size of 500 µm or smaller” this wood sample 

would appear to break this along with another that ignited with an average particle 

size of 726µm.  

This is very dangerous as people could apply the guidelines and then think it is all 

safely dealt with while in actual fact it is still an explosive environment. It is believed 

that the ability to propagate a flame may be strongly linked to the finer fractions of 

dust present in the mixture (Man and Harris, 2014). This is backed up by the MEC 

for some of these materials being >5000g/m3 (biomass stoichiometric concentration 

is around 200 - 230g/m3) which is roughly 25 x the stoichiometric concentration. 

This could be caused by a low fines percentage therefore needing a lot of material 

to reach the flammability limit or could be a need for a fixed surface area of material 

to be available (this would change for different particle size and composition 

materials).  

 

Fig 2.21 Mist droplet flammability with droplet size (Cook, 1977). 

For vapours and mists Cook (1977) shows (Fig 2.21) that for OM 13 oil, OM 33 oil 

and tetrailn (1,2,3,4-tetrahydronaphthalene - C10H12) combustion will not take place 

in particles with a mean diameter larger than 300µm. 
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Fig 2.22 Droplet flammability as a function of size (Zabetakis, 1965). 

Zabetakis (1965) reported that kerosene droplets are flammable up to 150μm 

droplet size, however he also puts the limit for tetrailn at 140μm droplet size, half as 

big as Cook (1977). Man and Harris (2014) stated that for coal there is strong 

evidence that particles 212μm and above are very difficult to ignite and generally do 

not deflagrate in explosion vessels up to 1m3. The paper also speculates that “the 

explosion is largely controlled by the amount of the finer-size component, probably 

150μm or smaller”, the coarsest sample run by (Man and Harris, 2014) had an 

average particle size of 342 µm (43% - sub 212 µm of which 20% - sub 75 µm) 

while for biomass dusts materials with average particle size up to 1227µm (24% - 

<420 µm of which 11% - <250 µm) will ignite (Wong, 2013).    

Particle size affects not only the flammability of a mixture but also how it and its 

component particles behave during injection and subsequent suspension in air.  

Dispersion forces – During injection the particles will be subjected to many 

different forces, it is vital to understanding how the flame propagated to understand 

how this affected the varying particle sized materials.  

In physical chemistry, the van der waals forces are the sum of the attractive and 

repulsive forces between molecules other than those due to bonds, or the 

interaction of ionic bonds (Hydrogen bonds). These (mainly attractive) forces 

adhere the particles together, therefore effectively creating bigger particles due to 

agglomeration, reducing the surface area exposed to the flame front. 

For spherical particles, the van der Waals forces can be thought of as made up of: 
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 Force between two permanent dipoles (Keesom, 1921).    

 Force between a permanent dipole and a corresponding induced dipole 

(Debye, 1920). 

 Force between two instantaneously induced dipoles (Eisenschitz and 

London, 1930). 

All molecules have dipole moments and are attracted to other neighbouring 

molecules by, at least the instantaneously induced dipoles. Additionally the 

resistance from abrasive particle friction is ignored with spherical particles. 

The van der Waals interaction energy between spherical bodies of radii R1 and R2 

and with an assumption of smooth surfaces was approximated (Eisenschitz and 

London, 1930) as: 

(Eq.16) 

where A is a constant (~10−19 - 10−20 J) that is governed by the material properties 

and z is the center-to-center distance, . Where r = distance 

between particles 

Therefore the first equation simplifies to: 

(Eq.17) 

When r << R1 or R2 

As the spheres are sufficiently large compared to the distance between them 

The van der Waals force between two spheres of constant radius is a function of 

separation since the force on an object is the negative of the derivative of the 

potential energy function. 

(Eq.18) 
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This yields: 

(Eq.19) 

The van der Waals forces between objects with other geometries ranging in size 

from 1μm to 200μm, have been tested, generally the forces measured, scale 

directly with the particle size as expected (Johnson, 1971).   

For aerodynamic force 

 

 is the drag force 

 is the density of the fluid 

 is the flow velocity relative to the object 

 is the reference area 

 is the drag coefficient – a dimensionless coefficient related to the object's skin 

friction and form drag. 

From the expressions above, it is seen that the van der Waals force decreases with 

decreasing particle size. However, gravitational force is proportional to d3, 

aerodynamic force is proportional to d2 (Area) and cohesive force is proportional to 

d. All three decrease with d, but as expected the gravitational and aerodynamic 

forces decrease fastest due to the squared and cubic relationship to d. Figure 2.23 

(Shao, 2008) demonstrates that at a velocity of 0.4m/s, for particles <10 μm the 

cohesive force is predominant, for >10 μm < 300μm, aerodynamic forces is 

dominant while gravitational force is dominant for particles >300μm. 
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Fig 2.23 Inter particle force against particle size (Shao, 2008). 

This suggests that in a mixture of particle sizes the largest (>300μm) will begin 

falling out of suspension immediately after the injection inertia has dissipated. The 

intermediate particles (>10 μm <300μm) will fallout once the gas velocity entraining 

them (turbulence) falls below their aerodynamic force threshold (different for 

particles within the >10 μm <300μm range). While <10μm particles will take a very 

long time to settle out as the particle drag and inter particle attractions between 

them is larger than the gravitational force pulling them down. 

Size separation at the flame front may also occur, not primarily through 

aerodynamic means but simply through thermal inertia. Large particles may not be 

sufficiently heated in the flame front, which is driven by the finer particles. These 

larger particles are then burnt in the combustion products of the finer dust particles 

where they are flash heated and for lean flame front mixtures there is surplus 

oxygen to burn them in. 

Particle shape is also significant as biomass particles are cylindrical as opposed to 

coal which produced roughly spherical particles. As the height/radius ratio is 

increased for cylindrical particles the surface area : volume ratio reduces, meaning 
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that the longer a cylinder is the lower the surface area : volume ratio and the less 

reactive the material should be. 

 

Fig 2.24 Surface area : volume ratio of cylinder against surface area : volume 
ratio of sphere for varying cylinder height. 

This is true as the particles being used are separated based on a constant radius 

(size shaker mesh separation based on radius). For biomass the finer the particle 

size the higher the height : radius ratio is and therefore the less reactive the 

material should be in reference to another spherical particle of the same radius. 

Particle shape also plays a major role in dust explosion severity, the explosion 

hazard from irregularly shaped particles is greater than for spherical particles of 

the same size. Buschart (1999) found that spherical particles made of plastic 

were less hazardous than irregularly shaped particles of the same material 

(Buschart, 1999). 

2.3.8 Biot number  

The Biot number defines heat transfer characteristics through a particle, specifically 

it is used to determine whether or a not an object is thermally thick or thin. 

If the thermal resistance of the solid/gas interface exceeds the thermal resistance of 

the interior the Biot number will be lower than one. Where it is much lower than one, 

the interior of the solid may be assumed to have uniform temperature. This 
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temperature may change, as more or less heat energy enters the solid from the 

gas.  

If the object is large this causes the length (radius for spherical particles) to 

increase to the point that the Biot number is >1, now temperature differences within 

the particle become important. If the particle is made of a thermally insulating 

material, such as wood the interior resistance to heat transfer will exceed that of the 

solid/gas boundary. Due to the effects of these variables it is possible to get the Biot 

number >1 for low conductivity materials with a much smaller particle size than in 

large conductivity materials 

When the thermal resistance to heat transferred into the object is larger than the 

resistance to heat being diffused completely within the object, the Biot number <1. 

In this case, particularly for Biot numbers which are very small, the assumption of 

uniform temperature within the object can begin to be used. If the Biot number is 

lower than 0.1 then it may be regarded as being "thermally thin", the entire particle 

will be the same temperature with the only significant difference being at the 

solid/gas boundary.  

This may explain the difference in minimum particle size needed for flame 

propagation found between coal and biomass dust particles. 

The Biot number is defined as: 

      (20) 

where: 

• h = convective heat transfer coefficient W/(m2•K) 

• LC = characteristic length 

• kb = Thermal conductivity of the body  (W/(m·K)) 

kb is constant = 0.16 -0.12 (W/(m.K))(ToolBox)    

0.09(W/(m.K))) - (William Simpson, 1999.) 
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0.16 (W/(m.K))) - (Haynes and Lide, 2011) 

In the case of a sphere or cylinder “L = R”. L is the “typical” length scale that heat in 

the solid particle must diffuse to get to the centre (L. W. Kula, 1991). However other 

sources use Lc = r/2 and this was found to give better agreement with the 

calculation by Hayhurst (2013).  

This was assumed as 0.000063m for the <63µm fraction and was then increased 

by the ratio of the D[3/2] of the next sample to the last multiplied to this.   

Characteristic length = oak - 63 µm = 1.57*10-5  m  

Oak – 63 150 µm = 9.5*10-5 m 

Oak – 150 - 300 µm = 3.55*10-4 m 

Oak – < 500 µm = 2.25*10-4 m 

Convective heat transfer coefficient -  h  = (Nu x λext)/D 

λext = thermal conductivity of the hot gas = 0.12 (W/m K) at 1800k  

D = diameter of particle = from mastersizer.  

Nu = 2 + (0.4Re.5 + 0.06Re2/3)Pr0.4(µ/µs).25  (Mason, 2015) 

Re = (U x D)/ V 

V = kinematic viscosity of hot gasses = 0.00002722 m2/s 

U = particle velocity relative to that of gas 

Pr = 0.71 (Mason, 2015) 

µ = dynamic viscosity at flame temperature = 5.65 x 10-5 kg/m s  

µs = dynamic viscosity at particle surface temperature = 1.85 x 10-5 kg/m s 

for the 4 different particle sizes of oak tested the Biot number was calculated. 
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Table 2.12 The Biot number for the oak size fractions tested. 

 Lc = 
r/2 

U=0.01     
k = 
0.16 

k = 
0.09 

D Re  Nu  h  Bi Bi 

3.15E-
05 0.02 2.1 3953.8 0.39 0.69 

1.09E-
04 0.08 2.1 1181.7 0.40 0.71 

4.01E-
04 0.29 2.3 341.4 0.43 0.76 

2.52E-
04 0.19 2.2 529.1 0.42 0.74 

D U=1 
  

Bi Bi 

3.15E-
05 2.3 2.8 5375.6 0.53 0.94 

1.09E-
04 8.0 3.6 1973.8 0.67 1.19 

4.01E-
04 29.5 5.2 772.4 0.97 1.72 

2.52E-
04 18.5 4.5 1064.2 0.84 1.49 

D U=5 
  

Bi Bi 

3.15E-
05 11.6 3.9 7470.0 0.74 1.31 

1.09E-
04 40.0 5.7 3155.3 1.07 1.91 

4.01E-
04 147.3 9.5 1425.1 1.79 3.17 

2.52E-
04 92.5 7.8 1869.8 1.47 2.62 

 

Convective heat transfer was assumed to be the dominant mechanism of heat 

transfer as was found by Proust (2006) and covered in section 2.2.6.  

Yao B. Yang and Jenny M. Jones (2008) puts this transition from thermally thin to 

thermally thick at 200-250µm for spherical biomass and 150-200µm for cylindrical 

biomass particles; while Proust (2006) states that particles over 100µm can be 

considered thermally thick. These calculations (table 2.12) indicate that the particle 

size and the particle velocity relevant to the carrier gas are key to calculating the 

Biot number for a particular fuel mixture. However theses to values are inter-related 

in reality, this is not represented in this equation and would require more work 

generate accurate values of U with changing particle diameter. The current work 
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though shows a difference between the particles Biot numbers between  63 - 

150µm and 150 - 300µm size fraction after a velocity of 1m/s.   

The thermal conductivity for coal is 0.22 – 0.48 (Herrin and Deming, 1996).  Making 

it likely to absorbed more energy from the flame front than biomass. While 

theoretically this should help in the liberation of volatiles it is known that coal has a 

higher temperature of volatile release (Fig. 4.1) than biomass and the interaction of 

these two variables is unknown but could be responsible for the lower particle size 

flammability limit and higher MEC found for coal. 

A different equation for the Biot number is used if the particle velocity is the same 

as the gas velocity – “when there is a negligible relative velocity between a gas 

stream and a tiny particle, carried along by the flow, as in a combustor burning 

pulverised fuel, small enough to be entrained in the gas” Hayhurst (2013). 

Bi = 0.6 x (λext/ λsolid) 

λext = 0.12 (W/m K)  (Mason, 2015) 

λsolid = 0.16 (W/m K) 

Bi = 0.45  

The current standards for coal dust in power stations is 70% passing − 200 mesh or 

74 microns (Malav et al., 2008). While Bradley et al. (2014) observed that for 

tetrailn, droplets with diameter below 10 μm, combustion was as in the gas phase, 

while >40 μm each droplet burned individually in its own envelope of air. This 

suggests that the <63µm fraction of oak dust should be assessed using the second 

equation.   

2.3.9 Moisture content 

The effects of moisture content on dust explosion hazards have been covered, M. 

Traoré (2009) reported that lowering moisture content increases the explosion risk 

of materials. Dust explosion statistics from the United States show that most 

accidents happened during low atmospheric humidity, this is thought to be due to 

higher potential for static sparks and less inert moisture to act as a heat sink in the 

atmosphere. 
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According to Eckhoff (2003), there are three main ways moisture affects dust 

combustion characteristics;- dust ignition energy, explosion severity and said dusts 

affinity for dispersion  

 Internal heat sink is increased by the energy taken to heat and 

vaporise the water. 

 Oxygen and combustible gasses are diluted by water vapour. 

 Water prevents dispersion of dust particles due to clumping 

together of particles therefore making them less reactive. 

Eckhoff (2003) provided a summary of the work of van Laar and Zeeuwen showing 

the effect of moisture content on the measured Minimum Ignition Energy (MIE) for 

several organic dusts. The results showed that increasing moisture caused a 

significant increase in MIE. Similarly,Traoré et al. (2009) looked at the effect of 

moisture content on the MIE of magnesium stearate which was increased three fold 

when its moisture content was increased from zero to 90%.  

The moisture content of a dust itself is determined by the dusts - 

 Natural moisture bound into the structure.  

 How hydrophobic the material is. 

 Environmental moisture in which the material is stored and how long it is 

kept there. 

2.3.10 Sources of ignition 

According to Eckhoff (2003) the most common sources of ignition for combustible 

dust explosions are: 

 Burning or smouldering material. 

 Heat from mechanical impacts, electrical arcs or discharges. 

 Hot work and hot surfaces such as those found on heaters and hot lines. 
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 Overheated bearings. 

Burning/smouldering material can occur as a result of exothermic reactions in 

stored material. Single impacts are capable of creating an impact spark, however, 

the evidence does not indicate that a single impact is capable of producing enough 

energy to ignite a dust cloud (Abbasi and Abbasi, 2007). Repeated impacts, such 

as a damaged bucket elevator where a single spot is repeatedly stuck can 

eventually build up sufficient heat to ignite material. Electrostatic discharges can 

also ignite dust clouds Glor (2003), this occurs when electrostatic charges are not 

safely dissipated prior to a discharge.  

The ignition system in the Hartman apparatus is similar to an electrical arc while the 

2, 5kJ igniters in the 1m3 are similar to a blow/cutting torch flame present in hot 

work.  

2.3.11 Test vessels  

The literature has shown that measurements (Eckhoff, 2003, Wilén, 1999, Maisey, 

1965, Field, 1983) of biomass dusts using the 1m3, 20L sphere and Hartman 

equipment have found MEC’s that convert to Ø = 0.14 – 0.3. Figure 2.15 

demonstrates that this should not be possible as no CH or CHO gas will burn this 

lean (excluding acetylene and hydrogen) therefore it was deemed necessary to 

compare various explosion vessels to see if this was the cause of these anomalies.   

Table 2.13 Compilation of 20L sphere and hartman tests. 

Material   
CHyOz 

y=H/
C 

z=O/
C 

Ø=1 
A/F 

Ø=1 
g/m3 

MEC 
g/m3 

Equip
ment 

MEC 
Ref. 

Mean 
Particle 
size μm 

ØMEC 

Spruce  3.58 1.55 3.83 313 20 – 
70 

- (Field, 
1983) 

- ~0.14 
(0.06-
0.22) 

Cellulose 1.67 0.83
3 

5.12 234 55 
 

Hartm
ann 

(Maisey, 
1965)  

- 0.235 
 

Rapeseed 
Straw 

1.88 0.98
6 

4.54 264 210 1m3 (Wilén, 
1999) 

318 0.79 

Spanish 
Lignite 

1.42 0.82
6 

4.88 246 90 1m3 (Wilén, 
1999) 

40 0.36 
 

Miscanthus 1.62 0.77
1 

5.42 221 120 1m3 (Wilén, 
1999) 

143 0.54 
 

Carbon 
monoxide 

0 0.75 3.45 -   (Jun et 
al., 2010) 

- 0.406 

Wood 1.59 0.73 5.61 214 30 1m3 (Wilén, 95 0.14 
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1 1999) 

Spanish 
Pine 

1.63 0.72
9 

5.69 211 90 1m3 (Wilén, 
1999) 

247 0.43 

Barley 
Straw 

1.68 0.70
5 

5.91 201 90 1m3 (Wilén, 
1999) 

253 0.45 

Forest 
Residue 

1.53 0.67
2 

4.78 251 60 1m3 (Wilén, 
1999) 

102 0.24 

Bark 1.42 0.63
7 

6.03 199 30 1m3 (Wilén, 
1999) 

57 0.15 

Sorghum 
Straw 

1.45 0.64
7 

6.02 199 120 1m3 (Wilén, 
1999) 

178 0.6 

German 
Lignite 

1.09 0.45
0 

7.12 169 60 1m3 (Wilén, 
1999) 

58 0.355 

PMA 1.50 0.50 7.27 165 30  (Eckhoff, 
2003) 

- 0.182 

Polyvinyl 
acetate 

1.5 0.5 7.22 166 40 Hartm
ann 

(Maisey, 
1965) 

- 0.24 

Pitch Pine  1.46 0.41
6 

8.09 148 30-
60 

- Eckhoff 
(2003) 

- ~0.3 
(0.20 – 
.40) 

PMMA 1.60 0.40 8.28 145 30 Hartm
ann 

(Maisey, 
1965) 

- 0.207 

Polyethylen
e-
terephthalat
e (PET) 

0.8 0.4 7.18 167 40 Hartm
ann 

(Maisey, 
1965) 

- 0.24 

Bituminous 
Coal  

0.77
8 

0.07
3 

12.7 94.5 55 Hartm
ann 

(Maisey, 
1965) 

- 0.58 

Polyethylen
e 

2.0 0 14.8 81 30 Hartm
ann 

(Maisey, 
1965) 
 

- 0.37 

Polypropyle
ne 

2.0 0 14.8 81 35 Hartm
ann 

(Maisey, 
1965) 

- 0.43 

Both the 1m3 and Hartmann equipment gave MEC values <0.4, this indicates that if 

the low MEC values are a product of unequal distribution of the dust within the 

vessels this is present in both pieces of apparatus. It should also be noted that 

Wilén (1999) recorded MEC values of 0.43Ø for particles of an average size of 

247µm in the 1m3 ISO vessel using rebound nozzle injection which was not 

possible to replicate in the Leeds 1m3 ISO vessel. However he made no mention in 

the literature of re-calibrating the vessel to allow for the change in disperser as is 

specified in the ISO standard “The test apparatus and the procedure shall be 

verified every 12 months, or following any significant maintenance or repair.” 

(BSEN, 2011).   

Wilén (1999) used both the 20L sphere and 1m3 vessels (Table 2.14), allowing for 

side by side comparison using the same dust samples. No other literature sources 

like this were found as while many labs tested substances with the same name, i.e. 
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“cornflour” the samples came from different sources and therefore had potentially 

different feedstock’s, particle sizes and moisture contents resulting in a wide 

variation in values between laboratories (Table 2.13, 2.14, 2.15, 2.16, 2.17 and 

2.18).  

In Table 2.14 (Wilén, 1999) the 20L sphere produced MEC values slightly lower 

(Spanish lignite) to 9.6 times larger (sorghum) that that found in the 1m3 vessel. The 

20L sphere was consistently producing larger MEC values than the 1m3 vessel by 

an average factor of 2-3 fold.  

Table 2.14 MEC from 20L sphere compared to 1m3 vessel (Wilén, 1999). 

  material Stoichiometric 
concentration 
g/m3 

Average 
particle size 
µm 

20L 
MEC 

1m3 
MEC 

Wood 214 95 0.46 0.138 

Bark 199 57 0.5 0.14 

Forest Residue 251 102 0.59 0.22 

Spanish Pine 211 247 1.6 0.394 

Barley Straw 201 253 1.24 0.357 

Miscanthus 221 143 2.04 0.498 

Soghum 199 178 9.66 0.531 

Rapeseed Straw 264 318 2.84 0.661 

German Lignite 169 58 0.35 0.307 

Spanish Lignite 246 40 0.24 0.242 

This may indicate that there is a problem in the distribution of dust in the 20L 

sphere, however the 20L sphere used in this testing was run similarly to the 

Hartmann equipment with in vessel dust storage and dispersion from a nozzle at 

the bottom of the vessel. The MEC values produced from the 20L sphere are far 

closer to the MEC values of gaseous materials than those from the 1m3. It is 

speculated that the 1m3 that was run using the rebound nozzle may have imparted 

directionality to the injection creating a locally rich zone around the ignition location. 

Table 2.11 (Wong, 2013) has a large number of tests carried out on coarse 

biomass in the 20L sphere, due to lack of elemental or proximate data a 

stoichiometric concentration is impossible to derive exactly so a general value of 

220g/m3 is assumed. Using this the lowest MEC achieved in this equipment was Ø 

=0.63, similar to the 20L sphere in Table 2.13 (Wilén, 1999) and far higher than the 

1m3 results in the same table. 
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At the same time the 20L vessel was producing lower maximum pressures from the 

same materials Figure 2.25 (Wilén, 1999). It has been theorised that the 20L 

sphere is the erroneous equipment, with regard to pressure generation due to- 

 Overcharging with igniters – the 10kJ ignition source used in this vessel 

creates a pressure rise of 1.1bar before propagation begins resulting in the 

recorded test actually being run at higher than atmospheric pressure. 

 Andrews and Bradley (1972) have recommended 250mm diameter vessel 

as a minimum to enable the flame front to reach a one dimensional plane. 

The diameter of a spherical 20L vessel is 337mm and if the flame needs a 

250mm diameter to attain a one dimensional plane, then it would have 

already travelled 74% of the vessel diameter. After this distance the burning 

velocity starts to be effected by the compression of unburned gases ahead 

of the flame (Andrews, 2010).    

 

Fig 2.25 Maximum pressure from 20L spher and 1m3 vessel (Wilén, 1999). 

In Table 2.15 (Eckhoff, 2003) the same dust (starch) is tested in apparatus of 

different volumes (no mention of shape or geometry is made), it should be noted 

that the Kst varies from 3 to 209 for the same material depending on the vessel. The 

largest Kst values are found for the largest vessels, supporting the maximum 

pressure data in Figure 2.25. However, the 20L sphere, which is a true sphere, 

gave higher Kst values than the 1m3, this is thought to be due to the quenching of 
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the flame front during the last stage of flame propagation where the highest rate of 

pressure rise is found. There are some companies that have built true 1m3 spherical 

vessels (FIKE Corporation, 2013) but the present Leeds vessel is built to the ISO 

specification and is the standard measurement method for dust reactivity in both the 

USA and Europe.     

Table 2.15 Kst values from differnt sets of test equipment Eckhoff (2003). 

 

12 materials were tested by Wilén (1999) and for every test except one the MEC 

from the 20L vessel was higher than that from the 1m3. This suggests that there is 

an intrinsic difference between these 2 vessels, the fact that the 1m3 consistently 

produced lower MEC values than the 20L sphere may indicate that the 1m3 vessel 

used in these tests produces locally rich/stratified mixtures. Possibly as a result of 

the injector change without re-calibration. The comparison of the same 2 vessels 

(Table 2.16) Eckhoff (2003) came to a different conclusion with the 20L sphere 

here producing the lower average MEC values. 
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Table 2.16 Comparison of 5 different materials by 4 different labs Eckhoff 

(2003). 

 

Other authors have reported values for materials that appear identical given the 

information available that agree with each other over all three pieces of equipment, 

Table 2.17.       

Table 2.17 Hartman MEC compared to 1m3 MEC showing good agreement 

Dust 
Hartmann – g/m

3

 
Maisey, Field 

Eckhoff g/m
3

 

20L or 1m
3

 

NFPA 68 g/m
3

 1m
3

 

Sugar 45 60 200 and 60  

Milk Power 50 60 60 

Aluminium 30 (6µm) – 
40(17µm) 

30 (29-22 µm) –  
60 (10 – 43 µm) 

30 (29µm) 

Cellulose 55 60 60 

Wheat Starch 45 60 30 

Polypropylene 30-35 30-200 30 

This would seem unlikely given that the Hartman tube has far more quenching 

losses due to the geometry of its shape compared to the 1m3 and especially the 

20L sphere. This loss of energy from the flame front to the walls is especially 

important at near limit mixtures where the flame is approaching the critical flame 

temperature. Therefore it would seem likely that the agreement and in some cases 

lower values for MEC found in Table 2.17 between the Hartmann apparatus and 

other vessels are likely caused by distribution differences causing localised 

distribution as will be shown later on for the Hartmann vessel.     
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A possible reason for the disagreement between vessels could be the pneumatic 

dust dispersion and the use of high energy ignitors causing turbulence, which as 

covered enhances heat and mass transport at the flame front (Kang Pu et al., 

1989), therefore the turbulence in each vessel would have to be empirically altered 

to produced agreement across the vessels. However due to different vessel 

geometry’s and injectors the exact length scale and pattern of the turbulence differs 

between vessels. This turbulence accelerates the combustion process but can 

result in incomplete combustion at near lean limit mixtures.  

The high intensity and small scale turbulence is associated with small vessel 

confinement and does not occur to the same magnitude in larger scale test vessels. 

It was determined that turbulent mixing at the flame front in the small scale is too 

rapid, resulting in lower maximum pressure values (as was displayed in Figure 

2.25). Consequently explosion data obtained in a 950L vessel have been proven to 

be more reliable than results from smaller vessels. The problem, however, does not 

stop there, with many vessels that are similar in volume having different geometry’s, 

injector size/number or orientation (Fig. 2.26) (Dastidar, 2001). 

 

Fig 2.26 One of many variations of 1m3 chamber that are in use (Dastidar, 

2001). 
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In summery none of the data is comparable with other sets due to changes in the 

injector’s, timing, particle size, vessel geometry and ignition source. Maisey (1965) 

recorded an MEC of 0.58Ø for bituminous coal and an MEC =0.235Ø for cellulose 

in the same vessel while Wilén (1999) has the biomass samples more reactive than 

coal in the 1m3 vessel but less reactive in the 20L sphere. 

All the issues raised are illustrated in Table 2.18 (EPRA, 2011), the MEC has been 

measured in 50% intervals, there is an 11.3% variation in the Pmax and a 35% 

variation in Kst (for those that gave actual values). This data was all generated from 

the standard 20L sphere vessel with no mention of deviation from the standard 

operating/injection method.  

Table 2.18 MEC compared from different sources (EPRA, 2011) 

 

MEC  
g/m3 P bar 

Kst  
bar meters/s 

Phenolic resin 15 9.6 198 

Phenolic resin 30 9.4 156 

Phenolic resin 15 9.3 129 

Phenolic resin 30 - St2  

Phenolic resin 30 9.8 168 

Phenolic resin 30 8.7 185 

Phenolic resin 30 - St1  

2.3.12 Minimum ignition energy 

A dust cloud suspension that is within flammable limits will not ignite unless 

sufficient energy is available to ignite it. The minimum energy of an electrical spark 

that’s capable of igniting the explosive dust/air mix is the Minimum Ignition Energy 

MIE value. The MIE is strongly dependent on particle size Eckhoff (2003) and 

moisture content of the dust, and will affect the ability of a dust cloud to ignite. An 

increase in moisture content pushes the MIE up. The moisture works in several 

ways, evaporating as it absorbs energy from the flame front and once evaporated, 

the vapour mixes with pyrolysis gases and reduces the reactivity of the gas 

produced. 

Some ignition energy’s for various materials from Maisey (1965) are used to 

illustrate how small these values are in millionths of a joule.  
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Table 2.19 MIE for various dusts. 

Dust Minimum ignition 
energy (mJ) 

Corn starch 40 

Grain dust 30 

Sugar 30 

Rubber 50 

Cellulose 80 

PMMA 20 

Pittsburgh coal 60 

Sawdust (Wong, 2013) 1000 

All of these values are below the 4J spark of the Hartman and well below the 10KJ 

of igniters used in the 1m3 and 5KJ of the 20L sphere. Therefore these materials 

should have no issues with being run on this equipment as there MIE is above that 

produced by the vessel. 

2.3.13 Limiting oxygen concentration (LOC) 

LOC is the maximum oxygen content in a mixture of flammable material at which 

the mixture ceases to allow combustion, below this limit adding fuel would not form 

an explosive mixture. 

Different materials possess different LOC values based on their chemical 

composition and burning characteristics. Woods with the largest amounts of oxygen 

and H atoms in their composition have the lowest LOC values, this is due to the 

oxygen present in the materials structure taking part in the reaction, this therefore 

means that less oxygen is needed in the surrounding atmosphere to allow 

combustion to take place. The H content partly determines the reactivity of the 

material, and higher reactivity materials require less oxygen to allow combustion to 

take place as well as requiring less oxygen to fully react than carbon therefore 

lowering the LOC.  

2.3.14 Combustion residue 

Cetin (2004) carried out work on the effect of the heating rate on char formation in 

three different pieces of apparatus 

(1) Wire-mesh reactor for generating high pressure chars at relatively high heating 

rates of about 500°C/s and pressures of up to 100 bar.  
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(2) A tubular reactor for performing low heating rate under atmospheric pressure at 

950 °C 

(3) A drop-tube furnace for extremely high heating rates (≈1×105 °C/s) 

Virgin Radiata pine sawdust was used as the feedstock; a typical particle is made of 

solid cells strongly bounded but with evident cavities (slits), which continue inside 

the particle Figure 2.27A. The particle retains its shape with only slightly deeper 

openings after devolatilization in the tubular reactor at low heating rates, Figure 

2.27b. At high heating rates in the Wire-mesh reactor the cell structure  is 

completely destroyed after devolatilization with the apparent melting of the cell 

structure being observed Figure 2.27C.   

   

Fig 2.27 (A) Feedstock (B) Tubular reactor residue (C) Wire-mesh reactor 

residue (Cetin, 2004). 

Investigations carried out on chars from the drop-tube furnace at 1000°C showed 

that even at short residence times melting still occurs at very high heating rates as 

was seen in Figure 2.27C, although it is more pronounced and coupled with the 

appearance of pores throughout the material (Fig. 2.28) (Cetin, 2004).  
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Fig 2.28 Drop-tube furnace residue (Cetin, 2004). 

These pores result from the devolatilised gasses bubbling out of the molten particle 

leaving the char structure that consists of fixed carbon and ash. When these 

particles are broken they are hollow and made up of many macrospores with very 

thin cell walls.  

A product of combustion in coal and biomass furnaces are aluminosilicate 

microspheres or “cenosphere’s”, these are formed in temperatures of 1400 -1700oC 

(Fenelonov, 2010). This rather narrow temperature band would, if they are found in 

test sample residue allow for approximate determination of the temperature range 

the material was exposed to in said test.    

2.3.15 Secondary assessment of aims 

To create date with a full set of data – particle size (d.1,d.5,d.9), elemental, 

proximate analysis, MEC, a full set of Pressure and Kst (as a function of 

concentration as per the ISO standard) values will be generated. This is particularly 

important as most of the data currently available only has some of this data 

therefore making it impossible to reproduce the results achieved in most cases.  

Both Maisey (1965) and Wilén (1999) tested coal and biomass samples on the 

same equipment and for similar particle sized samples found biomass to have an 

MEC approximately half that of coal. This indicates an increase in reactivity of the 

biomass in reference to coal, the fuel it is meant to replace. Therefore it would be 

beneficial to know if this increased reactivity holds true for particle size too, as large 
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particles are far more common in industry especially for biomass. If this is true it 

could be that previous safety practices (particle size extraction in dust extractors) or 

equipment could not be sufficient for safety requirements when using biomass.    

Design and build a disperser that can disperse large particle fibrous biomass, as 

none currently exists that will uniformly disperse coarse biomass particles in the 

1m3. The work prior to this at one point used a hemispherical disperser that is/was 

the most successful to date, therefore this will be the basis for this work.  

Due to ambiguity on the mechanism of flame propagation between particles high 

speed video will be used to get pictures of large particle biomass combustion and 

try to determine whether this is heterogeneous and/or homogeneous combustion as 

was observed for lycopodium.    

To try and determine what material is being consumed by the flame front during 

propagation it is planned to use residue analysis after combustion to try to 

determine what was left after the flame has passes through the mixture. Measuring 

the actual mass burnt during the test will also be part of this too try and explain how 

dust combustion displays no measurable upper flammability limit. 

Figure 2.15 – CO and H2 (gas species detected in biomass devolatilization in inert 

atmospheres (Commandré, 2011)) had both leaner and richer limit than methane 

(the gas species modelled in coal devolatilization) this offers a possible explanation 

for the MEC results less than 0.5Ø (the MEC of all HC gasses). To this end more 

tests will be carried out on both the 1m3 and Hartman vessels to try and replicate 

these <0.5Ø results and provide reasons for them. 
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Chapter 3 Equipment and experimental methodology  

3.1 Fuels tested  

Due to the long residence times found in solid fuel burners and the energy required 

to mill biomass, biomass feed stocks used in power generation plants are often 

large particles, fibrous in nature such as wood or straw type materials. These 

particles can be 1-2 cm long and are generally elongated and narrow in shape. 

However, this type of coarse, voluminous and poorly flowing dust samples would 

not pass through the standard C-tube dust injection system present in the Leeds 

ISO 1m3 dust explosion vessel, (actual volume of 1.138 m3) designed using the 

engineering drawing in the ISO standard.  

One of the main objectives of the present work was the construction of a new 

fibrous dust feeding systems that can inject fibrous biomass into the 1m3 test vessel 

and yet still produce Kst and Pmax results comparable to the standard C-ring. This 

calibration was done using methane and cornflour as a reference dust as was used 

by Sattar in the work prior to this. The use of reference dusts that would work on the 

existing and new injection systems was to enable the turbulence levels in the new 

injection system to be adjusted via the ignition delay to give the same Kst as the 

standard injection system.  

The choice of biomass dust samples for the main body of tests was influenced by 

the need to use biomass materials that are currently being used for power 

generation alongside traditional fuels such as coal. 

Cornflour, oak sawdust (<63µm, 63 -150µm, 150 – 300µm, 300 -500µm and 

<500µm), Empty Fruit Bunches (EFB) (<500µm) pellets and pine wood pellets 

(<500µm) (mixture consisting mainly of pine wood) were used in the 1m3 vessel for 

this project. Kellingley coal and pine wood pellets were provided by the Drax power 

station, UK. Kellingley coal was provided as the pulverised sample collected after 

the milling process. Pine wood pellets were collected from the pellet storage facility 

after being broken up in water, and were then milled in the cutting mill at Leeds 

university. Oak sawdust was purchased from a furniture manufacturer in London, 

where it was a waste problem and this was further milled in the cutting mill.  
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Oak sawdust (<63µm, 63 -150µm, 150 – 300µm, 300 -500µm and <500µm), EFB 

(<500µm) pellets and pine wood pellets (<500µm) mixture (consisting mainly of 

pine wood), Oil Palm Trunk (OPT) (<500µm), lycopodium, rice husk pellets 

(<500µm) and Coconut Trunk (CT) (<500µm) were run on the Hartman apparatus 

with high speed video. This produced MEC and flame speeds for the samples for 

comparison with the 1m3 results as well as flame development images to try to 

understand visually the combustion, which is impossible in the 1m3.  

These materials were characterised on an as received basis, using elemental 

analysis, TGA-proximate analysis, particle size analysis and SEM imaging. 

Standard explosion indices (Pmax and Kst), MEC and flame speeds were 

determined in the Leeds ISO 1m3 vessel with the residue after the explosion being 

collected and weighed, the procedure for which will be discussed later in this 

chapter. These residues were characterised on an as received basis, using 

elemental analysis, TGA-proximate analysis, particle size analysis and SEM 

imaging. This is the first time that the large unburned dust fraction in ISO 1m3 dust 

explosions has been acknowledged and investigated, although discussions at 

conference’s with other users indicate that it is a well-known and unreported 

problem (personal communication with Rolf Eckhoff, 2012).  

Additionally any powder in the external injection pot that was not injected into the 

explosion vessel was collected and weighed. These measurements enabled the 

actual mass of dust that participated in the explosion to be determined. Together 

with the elemental analysis used to determine the stoichiometric concentration of 

the dust in g/m3, the equivalence ratio of dust that participated in the flame 

propagation was determined.  

This is the first time that this has been done in dust explosion literature, as all 

previous publications on dust explosions have measured parameters plotted as a 

function of the nominal dust concentration, g/m3. This nominal dust concentration 

was the mass of dust loaded into the external pot divided by the total volume of the 

explosion vessel (1.138 of the Leeds 1m3). The literature has never converted the 

g/m3 concentration into equivalence ratio and so the literature never commented on 

the fact that the peak reactivity for dust explosions was almost always about 2- 3 

times richer than the stoichiometric value (Andrews, 2010). It also makes no 

mention of the MEC values for dusts from the literature that are lower than the MEC 

value for most gaseous hydrocarbon species.   
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3.1.1 Sample preparation  

In order to test different size fractions it was necessary to carry out some 

preparation on the fuels prior to testing. From the literature it is known that the most 

reactive mixture for most dusts is in the range of 500- 1500g/m3 (Wilén, 1999). This 

is further defined as around 750 g/m3 and a flammable range from around 30 to 

>4000 g/m3 (Eckhoff (2003), (Cashdollar, 1996) however recent literature has now 

expanded the flammable range to >5000 g/m3 (Wong, 2013).  

As each sample (wood type and size fraction) needed approximately 7-15kg of 

material in order to run a full concentration profile according to the ISO standard the 

number of size fractions tested depended on the mass available. With a large mass 

required for each test, a lot of sieving of as received dusts is also required as it is 

known (Eckhoff, 2003) that Kst and lean flammability limits are dependent on the 

particle size. This effectively increases the mass needs to run a full concentration 

range on the 1m3 above 7kg for large particle size materials as they have a high 

MEC. For the as received “wood” sample 15kg was needed to run a complete ISO 

concentration test.   

The woody biomass obtained from power stations was a coarse powder of 

elongated particles with length up to 1cm, as this is the size that is currently being 

burned in industry and hence work was carried out on these coarse size fractions. 

Limited work was carried out on biomass particles <63μm as is proved nearly 

impossible to sieve woody, as received biomass in sufficient quantities below this 

size range. Even though this is the size at which a legal Kst measurement is 

supposed to be carried out. However, it was deemed critical to characterise dust 

explosion hazards on woody biomass at the size distribution actually used in power 

stations and therefore representative of actual risks. This was important as Hartman 

results showed that woody biomass will explode at particle sizes where more 

conventional dusts will not explode. 

3.1.2 Milling  

The samples were milled using a Retsch SM100 cutting mill located in the School of 

Geography, University of Leeds. A cutting mill is suitable for the grinding/cutting of 

soft, medium-hard, elastic and fibrous products, whereas ball or hammer mills only 

squash biomass samples due to its elastic, fibrous composition (section 2.1). The 
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cutting section of the miller was made of stainless steel. A 130mm diameter rotator 

with four fixed cutting blades in the cutting area of the mill is used to cut the sample. 

 

Fig 3.1 Retsch SM100 cutting mill 

The rotational speed of the rotor was 1500 rpm. For pellets a large mesh of 5mm 

was first used and then the resulting material was passed back through the mill 

using the smallest available 0.5mm sieve. 

There was an issue with friction created by the mill heating the un-milled sample 

and releasing steam; this was overcome by using small amounts at a time and 

waiting between milling sessions for the apparatus to cool down.  

Although this differs from the industrial method of breaking up the pellets (water 

absorption) this was used as the smaller particle size fractions could only be 

extracted from the limited samples in sufficient quantities if this was done. 

3.1.3 Sieving  

The samples were sieved using Retsch AS200 basic sieve shaker and sieves to get 

the required sample size. The diameter of the sieve pans was 20cm, each held 

0.4kg per time and the pan used was described by the mesh size used and were 

stacked 500µm, 300µm, 150µm, 63µm and then a bottom pan with no mesh. The 
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sieve shaker filters the sample into the various size fractions; this is achieved 

through vibrational agitation of the sample that induces particles smaller than the 

mesh used to fall through.  

However due to the size discrepancies between a cylindrical particles width and 

length a longer agitation time was needed than would have been the case for 

spherical particles (25min). Separation is useful as it enables dust explosions to be 

carried out for dust in a particular size range or below a specified size. However, as 

7 -15kg of each size fraction was required for the 1m3 vessel ISO standard tests, 

this was very time consuming and limited the work on different size fractions that 

was carried out.  

The same size fractions were used on the Hartman apparatus and that work is 

discussed in more detail later on.   

3.2 Residue 

After visual inspection of the residue left in the vessel post explosion; the material 

was observed to be made up of a mixture of both darker, (apparently burnt) and 

light (apparently unburnt) particles. To try and determine the ratio of these to one 

another it was decided to try and separate them, obviously this would be impractical 

to do by hand.  

Therefore density separation using water as the medium was tried for all the 

materials tested so far, this was used to test the theory that if some of the dust in 

rich mixtures is burnt/pyrolyzed while other parts aren’t, then this may create a 

density differential within the residue mixture. It was thought that the ash particles 

would sink (due to the lost volatile material) and the wood would float. It was 

theorised that this could then be used to separate the different fractions. However 

when preliminary teste were carried out on small samples of milled wood it was 

found that the raw unburnt material all sank and when the residue was tested the 

black (visually more burnt) particles were the ones that floated.     

If this was to prove possible then it would allow for an accurate estimation of the 

mass and size range of the particles that burnt in the dust cloud suspension. After 

initial tests with small volumes for proof of concept a separator was purchased. 
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This led to the creation of 4 descriptions of material weight used during testing in 

the Leeds 1m3 vessel.  

1. Nominal mass – this is the mass weighed out at the beginning of the test 

procedure. 

2. The injected mass - this is the mass that passed from the dust 

pot/hemispherical dust holder into the vessel.   

3. Residue mass – this is the material that was dispersed within the vessel but 

did not burn. 

4. Mass burnt – this is the mass that was burnt during the test.     

3.2.1 Residue collection and separation procedures 

While there have been many papers examining the residue/ash from burners and 

furnaces (Tortosa Masiá et al., 2007) none were found examining the residue from 

explosion vessels. This has many implications, not least of which is that all the tests 

carried out so far appear to be using the weighed nominal mass of dust loaded in to 

the vessel as the mass burnt. As has been published in Sattar (2012) Leeds 

University has developed a method of determining the actual mass burnt (this 

doesn’t include the added mass of ash from combusted particles) when running 

explosion tests. 

A Numatic MFQ-372 bagged vacuum cleaner was used to collect and measure the 

mass of dust that remained in the dust pot and in the test vessel (using separate 

bags) after the dust explosion tests. It has a 1100W/850W IEC vacuum motor 

producing 43.5 litres per second of airflow and 2450mmHg of vacuum pressure. 

The residue was collected in NVM-1CH dust bags. The bags were weighed before 

use and after to get the mass of the residue in the vessel. After collection and 

weighing the bags were mixed up by hand and a sample of 20g was taken for 

analysis and separation. It was later found that these bags are two layer vacuum 

bags, this fact results in size separation in the residue to some degree during the 

collection process, Figure 3.2. 
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Fig 3.2 Material trapped between the bag layers. 

This material was collected and analysed separately, at the same time as the rest 

of the material.  

So for each test run there were four samples to be analysed –  

 the residue as extracted from inside the vacuum bag (r). 

 the residue as extracted from between the layers of the vacuum bag (br). 

 the residue after separation top fraction (t). 

 the residue after separation bottom fraction (b). 

The 12L separation funnel (Fig. 3.2) was filled with approximately 8L of water, the 

20g of residue pre-mixed with a small amount of water to prevent floatation of the 

material when added to the separation funnel (due to the dust appearing mildly 

hydrophobic and floating without mixing first). The residue slurry was then added to 

the vessel and more water was added to mix them and ensure no reside was left 

stuck to the side of the vessel. Light was then used to detect the formation of layers 

by shining it through the suspension, when this was observed the tap at the bottom 

was released and the layer decanted into different containers for the top and bottom 

fractions.  
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Fig 3.3 12L separator 

The separated fractions now sat in separate containers with approximately 10L of 

water used in the separation. To remove this within a reasonable time frame a 

suction rig (Fig. 3.4) was used to pull the water through a pad of filter paper. 

 

Fig 3.4 Separation equipment used 
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Fig 3.5 Separation equipment schematic 

This apparatus was made at the University of Leeds and consists of a vacuum 

pump connected in series to a single dump vessel; this is in turn connected to two 

more dump vessels in parallel. The point of this being; that in order for the water 

that is being extracted to contaminate the pump it would have to fill up two vessels 

first.  

These two dump vessels were connected in parallel to two cups each of which and 

a perforated bottom capable of holding/supporting filter paper and 1L of liquid below 

the rim of the filter paper.  

After the tests had been carried out it was noticed that soot had become stuck in 

filter paper (Fig. 3.5 and Fig. 3.6). This was noted but unavoidable as the pump 

was already taking 2 hrs to completely pull the 10L of suspension water away from 

the particles, reducing the pump pressure would have made this wait too long given 

the time allocated to this task. If this was re-done in the future it would be advisable 

to use a lower powered pump and allow more time for the procedure.    
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Fig 3.6 Top fraction filter paper 

 

Fig 3.7 Bottom fraction filter paper 

3.2.2 Residue separation equipment 

The equipment used for this was a 12L Sigma-Aldrich large separator funnel as this 

had the 3 aspects needed to adequately fulfill the role of separator –  

1. The hole at the bottom through the tap had to be large enough that it 

wouldn’t get clogged by the particles (minimum 2cm diameter). 

2. The shape of the separator had to be either spherical or inverse 

cone shaped in order to provide a large surface area for the residue –water 

interaction. Without a large enough area the particles that were light 

enough to float would have impeded the downward movement of the 

heavier ones, possibly forcing them to stay within the floating fraction.  
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3. The vessel must have a large enough volume that the mass of 

residue added to the water doesn’t completely block out light from passing 

through. 

The water separation equipment (Fig 3.4) is an in house “homemade” piece of 

apparatus that consists of a vacuum pump attached to two stages of dump vessels. 

The pump as shown is attached to the four cups holding the filter paper and 

unseparated residue suspension. When the pump is active the water is pulled 

through the filter paper, leaving the residue behind. The water is deposited in the 

primary dump vessels with a follow up dump vessel in series before the pump in 

case the water overflows the first stage. This is done as the pump (Edwards 

vacuum pump) is for air and would be damaged if water was run through it.  

When the dump vessels are ¾ full of water they are emptied into the drain (there 

are no contaminants to prevent this). The filter paper is then removed from the cups 

and left to air dry, new filter paper is used to replace it and another test is run.  

3.3 Material analysis 

All the materials tested were analysed before and after combustion, to determine 

the original composition, what was left and therefore determine what was burnt 

during the dust combustion. Additionally any changes in the fuels condition (particle 

size/shape etc.) will be analysed and examined to try and determine how and why 

any such changes have come about.   

3.3.1 Elemental analysis  

The elemental analysis of materials was performed on a Flash 2000 Thermo 

Scientific Analyser with a single reactor for the determination of the elements 

carbon (C), hydrogen (H), nitrogen (N) and sulphur (S), the percentage of oxygen 

was calculated by difference from the original weight. The formula for calculating 

the as received oxygen is given in section 2.3.0.1 (Harker, 1981). The percentages 

of CHNS were given in as received form.  

The typical amount of sample used was 3-4mg which was placed into a tin capsule 

and crushed shut. Coal, unlike biomass, contains high percentages of carbon and 

sulphur therefore vanadium pent oxide (V2O5) was also added along with the coal 

sample in the capsule (approximately the same weight as sample) to ensure 
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adequate burnout. To try to ensure a consistent sample area and to exclude 

atmospheric N2 the samples were formed into cubes by folding and compressing 

the sample without breaking the tin foil. 

To try and ensure that the sample is reprehensive when dealing with such small 

sample sizes, the containers were well shaken first then a spatula of material was 

taken from the top, middle and bottom of the bottle. These three scoops were mixed 

to create two samples for the analysis. The use of two samples enabled an average 

to be created; this is what is used in the elemental composition. If the variation for 

the carbon and sulphur was greater than 5%, the measurements were repeated to 

ensure accuracy (however there were some issues with the residue samples due to 

the small sample size and large particle weights making it hard to get 

reprehensive/consistent samples). 

The samples were then placed into a circular auto sampler and dropped into the 

oxidation reactor tube kept at 900-1000oC where they were combusted in the 

presence of injected oxygen (5-10 seconds of oxygen injection depending on 

sample) to ensure complete oxidation. The reaction of oxygen with the tin capsule 

is an exothermic reaction which raised the temperature to approximately 1800°C. 

The material was converted into elemental gases (CO2, H2O, NOx, SO2 and SO3), 

these were then flowed over a reducer of copper in the presence of tungsten 

trioxide to convert NOx into N2 and SO3 to SO2. These were separated in a gas 

chromatographic column within the unit and detected by a thermal conductivity 

detector (TCD). 

3.3.2 Thermo gravimetric analyser  

Thermo gravimetric analysis was carried out using a Shimadzu TGA-50 thermo 

gravimetric analyser. This uses 4-6 mg of sample (depending on the reactive 

fraction) which was weighed into an alumina crucible. The small size of the samples 

made the risk of un-representative samples a real danger. To try to counter this 4-5 

samples were taken for each test, these were then crushed with mortar and pestle 

into an approximately homogeneous mixture from which the test samples were 

taken. This ensured as far as possible when dealing with such small samples that 

they were accurate representation of the mean residue. 

The alumina crucible along with the sample was placed on a taut band fulcrum 

balance mechanism. The method followed was to heat the sample under nitrogen 



- 116 - 

 

from room temperature to 110 oC at the rate of 10 oC /min and holding it for 10 

minutes to obtain the weight loss associated with moisture content. The 

temperature was then again ramped to 910 oC under nitrogen at the rate of 25 oC 

/min and holding it for 10 min to get the weight associated with the volatile loss. 

After this, the temperature was increased slightly to 920 oC and air was introduced 

to burn off the fixed carbon content. The remaining weight after the complete 

oxidation of the sample was inert ash (the ash fraction dictated the initial mass used 

as this determines the mass loss which must be above the error margins of the 

detectors). The mass of the sample was measured continuously together with the 

temperature and this enabled the mass loss as a function of temperature to be 

determined (Fig. 3.8). The flow rates of nitrogen and air were fixed at 50 ml/min.  

 

Fig 3.8 TGA percentage mass loss against temperature for EFB. 

So for Figure 3.8 the moisture content is 5.7%, volatile material is 67%, Fixed 

carbon is 13.5% and the ash is 13.8% of the sample by mass. 
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Fig 3.9 TGA mass loss per second against temperature. 

A typical TGA curve of EFB pellets is shown above and its fractional weight loss as 

a function of temperature is shown below that.  

The equipment uses 4-6 mg of sample, this results in <63µm samples forming a 

layer on the bottom of the pan while larger particles lie on top of each other with 

large empty spaces between the particles. This could be reducing the effective 

particle surface area to a bulk particle surface area as a result. However the heating 

rate was slow and hold times were used at the end of each successive temperature 

change to determine if the fractions (moisture, volatiles, ect) had been completely 

driven off at the end of each section.  

3.3.3 Calorific values  

Measurement of the gross calorific value for some materials was performed in a 

Parr 6200 Oxygen Bomb Calorimeter. Calorific values are measured by comparing 

the heat obtained from the sample to the heat obtained from a set material. A 

representative sample was burned in a high-pressure oxygen atmosphere (25 bar) 

within a metal pressure vessel or bomb. The energy released by the combustion 

was absorbed within the bomb calorimeter and the resulting temperature change 

was used to measure the heating value of sample. 

Hammed Sattar carried out comparisons of the calculated CV to the measured CV 

for a number of materials and concluded - 
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“Coal sample showed the highest deviation from the measured values indicating 

that this relationship is not suitable for calculating the calorific values of coal 

whereas for the biomass the absolute error was within the specified range of the 

equation” (Sattar, 2012). Therefore this is the equation that will be used during this 

work.  

3.3.4 Particle size distribution  

The particle size analysis of the raw materials and of the explosion residue was 

measured by Malvern Mastersizer 2000, using the laser diffraction technique by 

assuming the shape of the particle as spherical. The sample is mixed with water 

into a paste and then added to a water pump that flows the particles through the 

analyses cell whilst suspended in the water. The particles in the cell are passed 

through a focused laser beam which scatters the light at an angle that is inversely 

proportional to the size of a particle, large particles scatter light at small angles 

relative to the laser beam and small particles scatter light at large angles. This 

angular intensity of the scattered light is measured by a series of photosensitive 

detectors. The map of scattering intensity versus angle is used to calculate the 

particle size. To ensure that this is accurate the refractive index of each material 

must be matched with that of a similar material within the database, if such a match 

is not found a new file that has parameters as that of the sample must be created. 

Each result of particle size distribution is an average of 10 measurements, where 

there was no fall out or agglomeration of the particles in suspension. 

This instrument measures the light diffracted from the actual particle and then gives 

it the size of a spherical particle that would diffract that amount of light, however 

biomass particles are not spherical, as has been shown. This spherical particle of 

the same refractive value as the cylindrical biomass particle will not have the same 

- mass, volume or surface area as the actual particle. Nevertheless, this method 

does enable the size distribution of two biomass dusts to be compared to each 

other. 

Results come as D [3/2] (volume : surface area ratio), d10 (particle diameter at 

which cumulative 10% of sample by volume is reached), d50 (cumulative 50% of 

sample) and d90 (cumulative 90% of sample).  
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The results were given in volume terms as it allowed for a better idea of the 

distribution of the mass (even if it did not accurately represent the actual mass 

distribution) within the particle size distribution.   

3.3.5 Surface morphology – SEM 

The surface morphology of the materials and of the explosion residues was 

performed using a Scanning Electron Microscope (SEM), Leo 1530 Gemini (FEG-

SEM). The sample materials were shaken/mixed well and 3 separate samples 

taken from the top, middle and bottom of each material, these 3 sub samples were 

mixed together and mounted on 12.5 mm diameter aluminium stubs using double-

sided conductive tape. As coal and biomass are non-conductive, the sample was 

coated with a 10nm thick layer of gold in a sputtering coater to prevent charging of 

the material. Afterwards, the samples were placed in the sample holder of the SEM 

chamber and the pressure of the chamber was reduced to <10mbar. An electron 

gun produces an electron beam focused on the area of the sample, as small as 

1nm in diameter. The electron beam on the sample is partially absorbed by the 

sample and partially reflected back as backscattered electrons (depending on the 

conductivity of the sample).  

This was used to examine the samples pre and post combustion to try and notice 

any changes to the particles on an individual level such as partial burning, obvious 

devolatilization or distortion of the particle shape.  

 

Fig 3.10 Leeds University Leo 1530 Gemini and attached computers. 
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3.4 Hartmann tube apparatus and its modifications 

The Hartmann tube apparatus was manufactured by Chilworth Technology Ltd, the 

apparatus (Fig. 3.12) was originally used for the explosibility screening testing to 

determine whether a dust is explosible or not. This is used to test smaller volumes 

of material than the 1m3 making it more viable where a limited sample volume is 

available as less is destroyed in each test. Additionally due to easier operation than 

the 1m3 it is possible to do multiple (20-30) tests in a day as opposed to (4-6) in the 

1m3. The apparatus consists of a vertical Perspex tube with 61mm internal 

diameter, 322mm long (volume of tube was 0.94L). The total volume of dust 

dispersion area was 1L which included the volume of tube plus the volume of the 

dispersion cup (~0.06L). The tube was mounted on a base that contains a 50mL air 

reservoir connected to a compressed air line. The other end of the reservoir was 

connected to an umbrella shaped disperser (Fig. 3.11), via a solenoid valve.  

 

Fig 3.11 Hartmann dispersion device. 

The device operates by dispersing the dust inside the tube with a deflected air blast 

that hits the bottom of the tube and entrains the dust, this is then ignited a third of 

the way up the tube using two electrodes to produce an arc of electricity to ignite 

the dust suspension. The apparatus has a timer that is used to alter the delay 

between the activation of the air reservoir and the spark, for these tests though this 

was kept at 0 seconds.  

The pressure rise from combustion is then registered by the transducer up to the 

burst pressure of the tinfoil vent on the top.   
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Fig 3.12 Leeds University Hartman vessel. 

The Hartman vessel used by Leeds University has some modifications from the 

original; it has a set of three insulated type-K thermocouples arranged vertically up 

the tube to measure flame arrival allowing for flame speed calculation and accurate 

determination of whether an explosion has taken place. A piezoelectric Keller PAA-

11 pressure transducer has also been added to the top of the tube to determine 

explosive overpressure prior to the vent bursting. In the Hartman apparatus an 

explosion is deemed to have taken place when a pressure rise of 100 mbar above 

the air injection rise (350 mbar) is recorded and/or if the flame travelled to (and was 

recorded by) the second thermocouple 10cm from the spark location. The addition 

of a flame propagation distance criteria made the equipment similar to the standard 

EU gas LFL determination method (BSEN1839, 2003) with the additional 

advantage of the use of thermocouples to detect flame travel instead of the human 

eye. 

The Hartman vessel is capable of measuring the – Minimum Explosive 

Concentration (MEC), the Leeds model can also measure – Kst (up to the vent 

bursting pressure) and flame arrival time at three points. 

However, due to the tube design, quenching occurs and the parameters produced 

differ from larger and more spherical vessels. The difference in dispersion methods 

is probably also producing different turbulence levels and dust distribution patterns 

within the vessel. 
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The manufacturer of the Hartmann tube recommended an air injection pressure of 4 

bar. However Clara Huescar carried out tests that showed that due to variance in 

the weight of dust loaded in to the vessel this pressure failed to disperse different 

concentrations equally. Higher injection pressure gave more repeatable MEC 

results and decreased the range of concentrations for which explosions occurred 

intermittently, therefore producing a more accurate determination of minimum 

explosible concentration. For this reason it was decided to use the highest air 

injection pressure allowed by the manufacturers, 7 bar.  

The test procedure was to start with 1g of dust and repeat the test three times. If 

that mass was flammable (any of the 3 tests showing activation of the 

thermocouples or pressure trace) then the mass of dust was decreased by half and 

the test repeated. In the case of no flame propagation the mass of dust was 

increased by half (up to 4g where there was insufficient space for more dust). Once 

the minimum explosive concentration is found by this method the limit is further 

refined by halving the difference between the explosive and none-explosive 

concentrations. This was done until no ignition occurred in any of the three tests, 

this was carried out down to 0.01g using highly accurate scales. 

3.4.1 MEC definition in Hartmann  

To determine when an explosion had propagated it was defined as the activation of 

the second or third thermocouple AND/OR the rise of the pressure trace 100mb 

above the injection pressure. It should be noted that although no usable flame 

speeds were generated from the thermocouples, they were still used for 

determination of the MEC. How these are measured is covered in the preceding 

sub chapters.    

Due to running three tests to generate one data point the chance of ignition was 

either 100%, 66.66%, 33.33% or 0% this was used when plotting MEC which is 

given as a percentage chance of ignition.  

The MEC was measured as the leanest mixture that did propagate a flame, section 

2.3.1 as specified in the European standard (BSi, 2012).  
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3.4.2 Thermocouple results 

Actual readout of fine dusts from Hartman thermocouples show the thermocouples 

activation times, as the distance between the spark and the thermocouples is 

known the flame speed can be calculated as distance over time taken to reach the 

thermocouples.  

 

Fig 3.13 Pressure and thermocouple readouts from the hartmann apperatus 

for lycopodium powder 

There appears to be an initial response from the thermocouples at 100ms that 

corresponds with the pressure rise, however, there are actually 2 rises (Fig. 3.14) 

the first of which activates all 3 thermocouples simultaneously. The second 

produces activation of thermocouples in the correct order; however the flame 

speeds are 250 and 500 m/s from the thermocouples which is clearly unreasonable. 

Even when the responses begin to show sustained changes after 200ms the third 

thermocouple begins to respond first implying that this method of flame speed 

detection is flawed. Any flame speeds detected by the thermocouples were from the 

constant pressure stage of the flame propagation; therefore any tests that ignited 

but did not have a secondary propagation were unable to generate a thermocouple 

flame speed.  
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Fig 3.14 Thermocouple responces at and around the vent bursting 

Although as has been shown (Fig. 3.14) the thermocouple responses are bad for 

lycopodium powder, large particles produce slower flame growth (section 3.3.4) 

therefore by the time vent bursts the flame is, in most cases, still below the second 

thermocouple. When the vent bursts it fires the first flame though the second and 

third thermocouples (Fig. 3.19) producing a simultaneous activation (Fig. 3.14) of 

the thermocouples, therefore preventing generation of usable data from them. 

The flame speeds that were generated (from the thermocouples) were plotted 

against the pressure rise data from the same tests (Fig. 3.15), due to negetive or 

unrealisticaly high flame speeds, some tests did not produse usable flame speeds. 

Five materials were ploted in this way, as it has been demonstrated (section 2.3.3) 

that the flame speed should scale with rate of pressure rise or its derivitive Kst this 

was expected (especialy in this apperatus in which both measurments are taken 

during the constant pressuere period). This correlation is not obviously displayed by 

this data (Fig. 3.15). 
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Fig 3.15 Rate of pressure rise against thermocouple flame speeds. 

For this reason the high speed video was used to record tests from then on to 

generate flame speeds from the footage as will be explained in section 3.4.4.    

3.4.3 Rate of pressure rise 

 

Fig 3.16 Without dust (red), With dust - coarse and ignition (green) and With 

dust - fine and ignition (blue). 
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The rate of pressure rise was measured over the last two milliseconds before the 

vent burst. This was chosen as, due to the physics of combustion (section 2.3.3), 

this is the point (in this apparatus) where the highest Kst is produced due to the 

slight pressure increase which is due to compression prior to the vent bursting.  

However, due to inconsistencies in the tinfoil, scratches caused when handling or 

other unknown issues, some tinfoil vents were bursting before the injection 

pressure had been fully reached. If this happened the test was re-run.  

3.4.4 High speed video  

High speed videography was carried out on the Hartman explosions at 5000 fps to 

try to determine the flame speed, shape and how it interacts with the particles. This 

was done as full tube and close up footage, the first contains the whole propagation 

through the tube while the second is only focussed on the spark area to investigate 

the flame-particle interactions and was mainly used on near limit mixtures due to 

the small distances travelled by these flames.  

This first method worked well allowing the propagation behaviour to be clearly 

observed, as it passed up the tube. These videos were then cut into single images 

and joined together to create a montage of the propagation that allowed for the 

determination of flame shape, structure and flame speed.  

The Hartman vessel as described has three thermocouples inserted into the tube at 

5cm intervals, this was utilised in conjunction with high speed video to generate a 

visual flame speed from the apparatus as these can be used to measure flame 

propagation distance. To do this the still images were combined into a single image 

allowing for determination of the thermocouple locations in all the images (as these 

are all the same size). From this the propagation of the flame up the tube with time 

can be determined by comparison to the known thermocouple locations. This is 

how the high speed video flame speeds were generated.   

These thermocouples are designated with red lines (top 3) in the propagation 

montages produced while the spark is also shown in the same way. This was then 

compared to the thermocouple data from the same test run with the same material 

on the 1m3.  
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The Hartman equipment was operated on a 0ms ignition delay. At this setting the 

spark begins to discharge at the same time that the air blast is activated, therefore 

by the time the air blast has begun entraining the dust into the spark zone the spark 

is already active.  

This results in a situation (generally for fine dust) where the whole of the dust (fuel 

load) is only distributed in the bottom 1/3rd of the vessel at the time of ignition (Fig 

3.17), the red lines denote the dust cloud boundary. The picture also demonstrates 

that even below this there are different shades of colour present within the unburnt 

dust cloud indicating concentration gradients within the cloud.     

 

Fig 3.17 Image of dust distribution around the spark at ignition <63µm oak. 

This will affect fine particle materials more than large ones due to the lower time to 

ignition of fine dust mixtures resulting in more stratification, hence an apparentaly 

lower than actual MEC for fine particles in this apperatus.  
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Fig 3.18 Ignition delay for different particle size materials in the hartmann 

apperatus as a function of equivlance ratio. 

An MEC of 0.2Ø as found for oak <63µm or 0.17Ø for oak 63 – 150µm become’s 

0.6Ø and 0.51Ø respectivle as the full fuel load is only burning in 1/3rd of the 

avalible air. This makes sense as no HC gas (exept as H2 or acetylene) will burn at 

stoichecemetric equvlence ratios bellow 0.4Ø.  

Tests by Azam Saeed, showed that with no ignition the dust still only managed to 

distribute itself over 80% of tube, and for large particle materials this was even 

smaller. Therefore this equipment will always under predict the MEC values for a 

material even if the ignition delay is adjusted to occur at maximum dust distribution. 

If bigger particles are burning behind the flame front then these would be in the 

products of the first combustion at elevated temperatures. It would therefore be 

reasonable to expect that these would devolatilise further to produce more volatiles. 

This appears to be demonstrated in oak <500µm (Fig. 3.19 - 3.21) where the initial 

combustion in rich mixtures has a secondary flame (Fig. 3.19) propagation that is 

not present in leaner mixtures (Fig. 3.21).  
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Fig 3.19 Oak <500µm (Ø=1= 218.9) 1 g, 750g/m3, Ø=3.44 

 

Fig 3.20 Oak <500 (Ø=1= 218.9) 0.5 g, 375g/m3, Ø=1.71 

 

Fig 3.21 Oak <500 (Ø=1= 218.9) 0.25 g, 187.5g/m3, Ø=.86 

Additionally the <500µm oak, 375g/m3 video shows far more localised independent 

flames in the secondary propagation than 750g/m3, possibly due to the fines being 

burnt off in the first propagation therefore forcing the secondary flame front to 

propagate on the devolatilised volatiles and the particles still producing them. This 

idea is supported by the stabilised independent combustion at the top of the tube in 

Figure 3.22 that could only be caused by unburnt volatile gasses from the second 

propagation mixing with air outside the tube to produce this external flame. 
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When the concentration is lowered, the distance between these leftover large 

particles increases to the point where propagation of a secondary flame becomes 

impossible. This would therefore suggest that it is a surface area dependence, as 

oak <63µm shows a smooth, uniform flame shape at all concentrations, Figure 

3.22 3.23 and 3.24. 

 

Fig 3.22 Oak <63µm (Ø=1= 218.9) 1 g, 750g/m3, Ø=3.44 

 

Fig 3.23 Oak <63µm (Ø=1= 218.9) 0.5 g, 375g/m3, Ø=1.71 

 

Fig 3.24 Oak <63µm (Ø=1= 218.9) 0.25 g, 187.5g/m3, Ø=.86 
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Fig 3.25 Oak <63µm (Ø=1= 218.9) 0.08 g, 60g/m3, Ø=0.275 

These flame propagation videos were used to plot the progress of the flame up the 

Hartmann tube (Fig. 3.26) using the leading edge of the flame as the reference 

point and comparing its progress visually to the height gauge given by the 

thermocouples. The gradient of these lines was taken as the flame speed. 

 

Fig 3.26 Flame speeds of oak <63µm at different concentrations. 

When these flame speeds are plotted against concentration (Fig. 3.26) and rate of 

pressure (Fig. 3.27) rise (section 3.4.3), there is a much better correlation than was 

found for the thermocouple flame speeds (Fig. 3.9). 
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Fig 3.27 Flame speeds of oak <63µm compared to pressure results from same 

tests. 

For this reason the only flame speed results that will be presented for the Hartman 

apparatus were from high speed video footage. 

3.5 The 1m3 dust explosion vessel set-up  

The 1m3 ISO standard vessel was originally developed by Bartknecht (1989) for his 

work on dust explosions. It is not spherical, but a 1.2m diameter cylinder with 

rounded ends and a length to diameter ratio of 1. This is considered to be the most 

reliable dust explosion test vessel and is the vessel specified to be used in the ISO 

dust explosion standard. Made of solid steel and rated to withstand up to 25 bar 

pressure rise from ambient. It consists of two interconnected chambers, the 1m3 

explosion vessel (actually 1.138 m3 for the Leeds University vessel) (Fig. 3.28) and 

the dust container (Fig. 3.29) mounted above. As can be seen (Fig 3.28) for access 

to either dust pot or the main vessel a steel plate and gasket must be removed 

along with the fastening bolts that secure these. 
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Fig 3.28 Leeds 1m3 vessel from front and side 

The vessel was constructed to the specifications of the ISO 6184/1 (1985) ‘standard 

for the determination of explosion indices of dusts and gases’ (6184-1:1985, 1985) 

with the design code of 5500:1997 (BS-5500, 1997). The vessel was pressure rated 

to 25 barg, therefore it will withstand any high pressure produced during an 

explosion process as the maximum working overpressure for this vessel is 10barg. 

 

Fig 3.29 Dust pot for Leeds 1m3 vessel 
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The dust pot (volume is 4.6L) dust vessel is pressurised up to 22 Bar in order to 

provide the injection pressure for the dust and therefore turbulence within the 1m3 

vessel. This is connected to the 1m3 explosion vessel via a 19mm internal diameter 

pneumatic valve with a 10ms opening time and a 19mm internal diameter 

connecting pipe with a gradual 900 bend in it. The valve is actuated using 

compressed air from an external cylinder. The pipe is normally connected inside the 

vessel to a 19mm diameter C-ring with perforated holes at defined positions (Fig. 

3.30) (BSEN, 2011), to give dispersion of the dust.  

Although it should be noted “The apparatus described in this part of ISO 6184 has 

been chosen as the reference apparatus and is suitable for the evaluation of 

explosion indices of combustible dusts which have a particle size not exceeding 63 

µm and a moisture content not exceeding 10%.” (6184-1:1985, 1985) This is due to 

particles larger than this (especially if fibrous) not flowing through this disperser.  

The individual holes in the C-ring disperser have a diameter of 6mm (x2), 4.5mm 

(x13), and the total hole area is 263.3mm2. All these dimensions conformed to the 

requirements of the ISO standard as this allows a range of hole sizes from 4-6mm 

(ISO-6184/1, 1985). This can mean that different laboratories have similar but 

different equipment due to differing size and therefore number of holes; this will also 

affect the turbulence distribution, length scale and intensity created during injection. 

Therefore the number of holes and their location/size affect the distribution and 

suspension of dust in the vessel and so influence the results it will generate. The 

variability in the equipment due to this lack of precision in the construction 

specifications leads to the vessels having to be forced empirically (discussed later) 

to agree with other vessels through manipulation of the ignition delay time which is 

also not fixed. 
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Fig 3.30 C-ring injector system. 

During dust injection by the compressed air into the 1m3 ISO vessel, the partially 

pressurised vessel (at 933 mBar) receives the extra air from the external pressure 

vessel, which brings the pressure in the test vessel to 1013.3 mBar and disperses 

dust placed in the external air vessel. The 4.6L external pot pressurised to 20 barg 

(21bar) expands to 95.3L at 1.0133 bar and thus the main vessel volume of 1.138 

m3 at 1.0133 bar (one atmosphere) has to be evacuated by 95.3L of air at 1.0133 

bar, which is a pressure reduction of 95.3/1138 = 8.37% from the vessel which 

needs to be evacuated. This is a pressure reduction of 84.85mbar to a pressure of 

928.4 mbar(a) of pressure.  
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This whole process, including valve opening and closing, pressure changes and 

ignition is shown well in Figure 3.31 (BSEN, 2011).  

 

Fig 3.31 Pressure loss in injection pot and corresponding pressure rise in 

explosion vessel due to explosion (BSEN, 2011). 

The compressed air blasts the dust and air through the 19mm diameter tube and 

into the C-ring. The air pressure ensures that there is sonic flow at the C-ring 

injection holes, resulting in dust dispersion and height turbulence levels within the 

1m3 vessel. 

The design of the injection system has a significant influence on the test results for 

Kst. Thus to achieve repeatable results between different laboratories the design of 

the C-ring injection system had to be standardised as this influences the dust 

dispersion and the turbulence levels. However the standard allows for various 
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different hole sizes and locations along with other parameters that are not 

rigorously stipulated and can influence the results from the vessel. These are -    

1. The design of the C-ring injection system, tube size, total hole area, location 

of the holes and orientation. 

2. The size of the dust vessel and its pressure. The pressure in the test vessel 

prior to injecting the air and dust. 

3. The total injection time, which is dependent on 1 & 2 above. 

4. The ignition energy (10kJ igniter) and the time delay between injection of the 

dust and igniting the mixture. 

However, in the ISO standards it is considered to be the most reliable dust 

explosion test vessel and the one against which all the smaller 20 litre sphere must 

give comparable results. 

The alternative 20L sphere is allowed by standard because it can be calibrated to 

give the same Kst values as the 1m3 equipment. However the 20L sphere is not a 

scaled down version of the 1m3 vessel as it has a different dust distribution system, 

different ignition delay and the vessel is spherical. As discussed in section 2.3.11, 

the results reviewed from for biomass dust that the 20L sphere does not produce 

the same MEC results as the 1m3 for the same dusts (Wilén, 1999).  

3.5.1 Ignition system  

The ignition source in the 1m3 vessel (for dust explosions) is two 5kJ pyrotechnic 

ignitrons (Fig. 3.32) producing a total ignition energy of 10kJ. The total mass of 

each igniter is 1.2g and consists by weight of 40% zirconium metal, 30% barium 

nitrate, and 30% barium peroxide. The igniters are fired by a spark box that sends 

current to the electrical fuse heads, igniting the chemicals which burn completely in 

about 10ms.  
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Fig 3.32 Two 5KJ igniters with blast cup. 

These are located in the centre of the vessel to try to minimise quenching of the 

flame front by flame impingement on the walls before all the mixture is burnt. 

Additionally the cup that holds the igniters is designed to stop the igniters firing the 

flame across the vessel in a directional manner (as this would be expected from 

directionally restricted explosions) by containing it centrally. Without the hemisphere 

in place and using a single 10kJ ignitor (twice as big as normal) there was a long jet 

flame which impinges on the wall. The flame propagation would then start from a 

linier ignition source and the propagation cannot therefore be spherical. Thus, 

without the cap to contain and remove the directionality of the igniters the 

assumption of spherical flame propagation is not possible (Phylaktou et al., 2010). 

3.5.2 Pressure transducers  

Explosion pressures were monitored by two Keller type-PAA/11 piezo-resistive 

pressure transducers mounted on a flange plate in the back end of the test vessel 

(Fig. 3.33). The range for one of the pressure transducers was 0-25 bar(a) and 

other was 0-10 bar(a). Two transducers were used to check on the calibration of the 

other transducer and allow comparison between them on any single test. Another 

Keller type-PAA/11 piezoresistive pressure transducer (0-25barg) was installed in 

the dust pot to record the pressure loss from the dust pot as the dust is injected and 

to ensure the explosion is not re-entering the vessel. 
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An explosion is deemed to have taken place in this equipment if overpressure 

relative to the initial pressure Pi is raised by ≥ 0.3 bar (Pi is the pressure of the 

vessel before the ignition) (BSEN, 2011). 

Three pressure traces form the 1m3 vessel are shown below for a gaseous, finely 

milled solid and coarsely milled solid fuel. 

 

Fig 3.33 Curve from the experimental results for the pressure-time trace of an 

explosion test methane cornflour and EFB in the 1m3 vessel. 

The rate of pressure rise from the fine dust can be seen to be similar to that from 

methane while the coarse EFB dust takes a much longer time to start propagating 

and does so at a slower rate. 

The rate of pressure rise was calculated by the differentiation of the explosion 

pressure signal after elimination of electronic noise, by a degree of smoothing. Two 

periods (A) and (B) marked in Figure 3.34 are; constant pressure period and 

increasing pressure rise period respectively. 
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Fig 3.34 <63µm oak dp/dt and pressure traces from 1m3 vessel. 

The ISO vessel does not have the peak rate of pressure rise just before the peak 

pressure as should occur in a spherical vessel as it is not a sphere but a cylinder 

with rounded edges. If it was a sphere then the pressure would not start to rise until 

the flame was 50% across the diameter and there would be equal time in the 

constant pressure period and in the increasing pressure rise period (assuming the 

flame speed was constant, the flame thickness is negligible and if the vessel was 

spherical). This can be shown as 50% of a sphere filled with burned gases has only 

burnt 2% of the volume.  

The volume of a sphere of diameter 1.2m, as in the ISO standard vessel, is 

0.905m3 so in the ISO vessel this leaves 0.233m3 or 20.5% of the total volume in 

the non-spherical part of the flame propagation volume. This creates a problem as 

this non-spherical volume will be responsible for the last ~30% of the pressure rise. 

Figure 3.34 demonstrates this well by the time difference between the peak rate of 

pressure rise (just before the flame contacts the wall) and the time of peak pressure 

when all the material within the vessel has been burnt. This last bit of burnt mixture 

is burnt with the product gases in contact with the wall which extracts heat and 

reduces the flame speed and the rate of pressure rise. The net effect is that this 

method should record a lower value for Kst and KG compared with values measured 

in a spherical vessel like the 20L sphere or the FIKE 1m3 vessel.  
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A feature of biomass combustion which is difficult to understand is that for rich 

mixtures the peak pressure ratio did not occur at stoichiometric and did not 

decrease as more fuel was added. This is thought to be due to the dust in the 

vessel not displacing any air as this does not occur in gas explosions where the fuel 

displaces the air. An explanation for this is given by the fact that in a dust explosion 

the fuel occupies a negligible volume and there is a fixed mass of air that takes part 

in a constant volume explosion. For gases, the mass of air decreases as more gas 

is added in a constant pressure system. The heat release in combustion for all fuels 

is close to 3.0 MJ/kg of air and in constant volume dust combustion the air mass is 

fixed so the heat released is fixed and this controls the pressure rise. Additionally 

there is the state change of the fuel, when a solid fuel devolatilises to gaseous 

products the volume increases, this may be why the pressure did not decrease as 

more fuel was added. 

3.5.3 Thermocouples  

The Leeds 1m3 vessel has been fitted with thermocouple arrays in order to track the 

flame development within the vessel over time. These arrays are orientated as a 2D 

cross through the centre of the vessel in order to track the flame speed through 

these different axis relative to each other. This allowed for the flame speeds in 4 

directions to be calculated, therefore showing whether or not the flame propagation 

within the vessel is spherical. 

Shown below is a picture of how the thermocouple arrays in the Leeds 1m3 vessel 

are arranged (Fig.3.35). 

 

Fig 3.35 Vertical and horizontal thermocouple array. 
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Mineral insulated, type K thermocouples were used for flame arrival detection. A 

cross section of one is illustrated below, along with the fitting and method used to 

attach them to the vessel. 

 

Fig 3.36 Cross section of a K-type thermocouple. 

 

 

Fig 3.37 Mount used to secure thermocouple to 1m3 vessel. 

These are arranged as - An array of 4 thermocouples positioned along the 

horizontal radial centreline (side nearest the access hatch half of the vessel only). 

An array of 7 thermocouples positioned along the horizontal radial centreline (far 

side from access hatch half of the vessel only). An array of 9 thermocouples 

positioned along the vertical radial centreline (bottom half of the vessel only). An 

array of 3 thermocouples in the vertical upward direction is also present particularly 

to assist with lean flammability limit measurements, where buoyancy carries the 

flame vertically upward (Andrews and Bradley, 1973). The thermocouples are 

inserted through the wall of the vessel (Fig. 3.37).   
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As can be seen (Fig. 3.35) they are in a cross arrangement, horizontally and 

vertically within the 1m3 vessel with the intention of recording flame speed along all 

axis. This enables the spherical flame speed of a dust or gas/air mixture to be 

determined during the constant pressure period of the flame travel. This then 

enabled the burning velocity to be determined as the flame speed divided by the 

adiabatic expansion ratio (divided by the turbulence factor for laminar burning 

velocity’s). 

These thermocouples each have an individual data channel to transmit down 

therefore there is no transmission delay due to other thermocouples transmitting 

data simultaneously down the same channel. This ensures that the only delay 

present in this process is that of the time taken to transmit the data from the 

thermocouple to the data recorder and this is therefore the same for all the 

thermocouples to ensure repeatability and accuracy.  

The thermocouples respond to temperature change incident upon them by 

changing their resistance and therefore output. Therefore by reviewing the readouts 

from the data logger it is possible to identify the point at which the flame front 

reaches each thermocouple (Fig. 3.38). As the distance between each 

thermocouple and the centre of the vessel is known, calculating the flame speed is 

a simple matter of how long it takes the flame front to cover a known distance.  

Thermocouples respond to temperature change incident upon them, the variation in 

response’s (Fig. 3.38) could be due to different tip shapes – different shapes will 

have different surface area to volume ratios therefore possibly explaining the 

different responses found. Figure 3.38 shows two different responses from 

cornflour 1000g/m3, one has a very abrupt and distinct arrival time while the other 

increases gradually. Each has been marked with the chosen time of flame arrival, 

which was deemed the point when the signal rose above the average output for the 

first time.    
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Fig 3.38 Different thermocouple responses from same test (cornflour). 

The horizontal and vertical arrangement allows for determination of whether or not 

the deflagration is spherical in shape by determining the flame speed in either 

direction. This can be confirmed as if the deflagration is spherical the 

thermocouples will be activated in all directions at the same rate. If not, there is a 

problem, either the dust dispersion was not uniform throughout the vessel or there 

is a problem with the igniters.   

An example of a response curve of a coarse dust (EFB) thermocouple response at 

position 17, left, an example of a response curve of a fine dust (cornflour) 

thermocouple response at position 17, right (Fig 3.39). As can be seen the fine dust 

combustion produces a far smoother response from the thermocouples. This is 

thought to be caused by a smoother flame front as seen in Figure 3.23 as opposed 

to Figure 3.20.   
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(A) (B) 

Fig 3.39 Response of thermocouple against dust particle size (A) EFB (B) 

cornflour.  

As can be seen the thermocouple responses from the different materials vary 

significantly, as is shown for cornflour there can even be different response rates to 

the same test by different thermocouples within the vessel (Fig 3.38). While the first 

trace in Figure 3.38 displays a distinct point of rise it is far harder to discern this 

with the second graph where the line gradually rises. This makes deciding on the 

time of flame arrival very difficult. In situations such as is seen in Figure 3.38, the 

measuring sliders are used to determine the point at which the rise exceeds the 

background noise on the signal, this is then taken as the time of arrival. It was 

decided to take a rise above the background noise instead of a rise from the norm 

due to the large number of pre-curser rises experienced by the thermocouple. 

Therefore it was only once the readout has exceeded all previous fluctuations that it 

can be considered a definite flame arrival time.  

The time of arrival was plotted against the thermocouple distance from the spark 

and a straight line indicated that the flame speed was uniform and constant. If the 

three line measurements were parallel but offset from each other, this indicated a 

spherical flame that did not propagate from the centre of the vessel and was offset 

at the ignition event.  
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3.5.4 Flame speed measurements 1m3 

For a spherical vessel a flame that has travelled half way across the radius of the 

vessel had only burnt 2% of the fuel, by mass. Thermocouples 2-6, 11-13 and 15-

20 are in this part of the Leeds 1m3 vessel under constant pressure conditions 

during the flame propagation (not using thermocouples 1, 9 and 14). Thus the flame 

speeds measured in this work were at the initial temperature and pressure. In the 

later stages of flame propagation, the P and T were rising by compression to the 

constant volume period. 

For gases, the adiabatic expansion ratio is calculated by flame temperature 

calculations at constant pressure. However, this procedure is more difficult for dusts 

and instead the expansion ratio was taken as the measured ratio of peak pressure 

to initial pressure (this makes no allowance for the pressure increase related to the 

state change undergone by the dust but is the best available method). The gas 

explosion results for laminar and turbulent conditions (using air injection from the 

dust pot as in a dust test) were used to determine the turbulent enhancement of the 

flame and hence to deduce the laminar burning velocity of dusts from the turbulent 

burning velocity measurements.  

 

Fig 3.40 10% methane laminar test - pressure with thermocouple 15-22 

activation times. 

Constant 

pressure 

10% pressure 

rise 

90% flame 

travel 
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The flame speeds for gas and dust explosion tests were measured between 0.12-

0.45m of the vessel radius from the spark which can be considered as a constant 

pressure period, (thermocouples 15-20, 2-6 and 11-13) Figure 3.40. In Figure 

3.40, the time of flame arrival at the vertical downward thermocouples is indicated 

on the 10% methane explosion pressure-time trace, from this study. It can be seen 

that for the flame propagating 0.2-0.45m of the vessel radius (thermocouples 15-

20), the actual pressure rise is only 3% of the total pressure. The rise in pressure 

(~8% of the total pressure) for the flame propagating 96% of the vessel radius 

means that the remaining 92% of the pressure rise happened in the last 4% of 

spherical flame travel (and the none spherical sections in the corners). It can be 

shown mathematically (for a spherical vessel) that for the first 50% of the flame 

travel, only 2% of the mass is burnt and for the 90% of the flame travel there is 10% 

of the mass that was burned therefore there is negligible pressure rise. Explosion 

pressure rise in a closed vessel is a linear function of initial mass of fuel and air that 

has burnt (Lewis, 1938). In spherical vessels consider the diameter of the flame is 

Df and of the vessel is D. 

Initial mass = (πD3 / 6) ρu 

ρu = unburnt material density  

burnt mass= (πD3 / 6) ρb 

ρb = burnt material density  

Percentage mass burnt = burnt mass / initial mass x 100 

= (Df/D)3 x (ρb/ ρu) x 100 

so Df/D= 0.5 = 1.8% total mass burnt 

Df/D= 0.9 = 10.4% total mass burnt 

However as the Leeds 1m3 vessel is not a sphere the values of mass burnt will be 

lower in actuality that those calculated. On Figure 3.40 the line marked 10% 

pressure rise is the point at which this is reached while the red line shows the point 

in the flame propagation where this would be reached if the vessel was truly 

spherical. This is despite the fact that the last thermocouple (purple line) is located 

96% of the way across the vessels radius and should, in a purely spherical vessel 
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have activated at 12.6% mass burnt. However at its activation time only 8% of the 

total mass had been burnt.       

The reason for leaving out the initial 20% flame travel is to offset the ignitor and 

flame curvature effects in the early stages of flame development and the last 30% is 

where most of the combustion occurs with an increased pressure and temperature, 

which would affect the burning characteristics of the mixture (Andrews, 2010). 

Figure 3.40 shows this as the steady rise in rate of pressure rise after the activation 

of thermocouple 20. Figure 3.41 shows this as the steady rise in flame speed after 

the activation of thermocouple 20.  

When running on fine dusts (<63µm) and gasses the activation of the 

thermocouples gives a very clear line, the gradient of the activation time against 

distance from the centre is the flame speed. Deviations of the flame speed from this 

straight line would indicate an influence of the increasing P and T on the flame 

speed measurement. Thus, once the time of arrival data deviated from the straight 

line plot, the data was not included in the determination of the slope of the line. 

For hydrocarbons the burning velocity increases with T and reduces with P 

(Andrews and Bradley, 1973) so that the change in burning velocity is small and 

can be shown to be an increase of approximately 20% by the time of peak pressure 

is reached (Andrews, 2010).  

Although the impact of P and T on burning velocity can be derived from the 

pressure time graph (Verakis, 1983) this was not done in the present work. 

However, this means that using the flame speed as a measure of the reactivity may 

not agree with the measurement of KG or Kst from the rate of pressure rise, as this 

is determined for flame propagation in the last half of the flame travel when the 

vessel is not spherical and spherical flame movement will cease once the spherical 

flame has touched the wall.  

However, when large particle dusts were used in this equipment the results from 

the thermocouples deteriorated to the point that they were practically useless. This 

was first thought to be due to unequal distribution of the dust within the vessel. This 

was discounted after much consideration due to the consistent pressure results for 

repeat tests, near equal flame speeds in all directions (from calibration tests with 

cornflour) and a direct and repeatable correlation between the concentration of dust 

used and the pressure and Kst  generated.  
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If the discrepancies in the thermocouple readouts had been due to none uniform 

flame propagation within the vessel it would have been expected to find 

discrepancies in the pressure results due to the quenching of the flame front.  

The same materials were run in the Hartman apparatus with High speed video 

analysis to try and understand how this came about.  

The turbulence factor (β) was determined by carrying out laminar and turbulent 

(under the same injection conditions as for dust explosions) 10% methane-air 

explosions and measuring the flame speeds and rates of pressure rise. The 

turbulence factor with the standard system (C-tube, 5L dust pot) was found to be 

equal to 4. Each alternative injection system had a turbulence factor evaluated in 

the same way and the ignition delay for each system was varied until the turbulence 

factor was 4 in agreement with the standard C-tube injection system where 

possible. Full details of this procedure are given in Chapter 6.1.2.  

As the Leeds 1m3 dust explosion vessel is not a spherical vessel but initial flame 

propagation will not be disturbed until it approaches the vessel walls. The flame 

speed was the average speed of the flame propagating in the horizontal right and 

downward thermocouples. 

 

Fig 3.41 Flame speed 3.35m/s for 10% laminar methane test. 

The distance of the thermocouples in each direction from the ignition source (flame 

position) was plotted against the time of flame arrival at the thermocouple. A linear 



- 150 - 

 

trend line was drawn for each set of the data, using a least squares plot. The final 

flame speed was the average slope of the trend lines in each direction. From the 

slope of each line, it can be observed that for the 10% methane laminar test, the 

flame is almost propagating spherically in all directions.  

According to the current standard NFPA 68 (NFPA68, 2013), for gases the laminar 

burning velocity is a basic explosion protection parameter for the design of vents 

instead of the deflagration index (KG). However, for dusts the deflagration index 

(Kst) is still the basic parameter. The present work was designed to produce results 

that could make the burning velocity of dusts, the key reactivity parameter.  

3.5.5 Thermocouples maintenance and separation 

The thermocouple locations, numbers and their arrangement are shown below in 

Figure 3.42. 

 

Fig 3.42 Thermocouple locations within vessel 
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Table 3.1 Thermocouple distences within vessel 

thermocouple number 
distance from centre 

m 

2 0.148 

3 0.207 

4 0.272 

5 0.334 

6 0.399 

7 0.465 

8 0.53 

11 0.143 

12 0.205 

13 0.265 

15 0.166 

16 0.216 

17 0.274 

18 0.315 

19 0.374 

20 0.437 

21 0.498 

22 0.562 

These are the latest measured distance’s, as the thermocouples had been replaced 

multiple times during the course of this PhD work. The thermocouples responded to 

temperature change and were measured in terms of their thermoelectric voltage 

output. 

When the thermocouple junction broke after a time as they were liable to do in such 

an extreme environment they were repaired by cutting back 2cm of the cladding 

with a pipe cutter and then re-welding the undamaged wires. The repaired 

thermocouples were then tested with a voltmeter and a lighter flame was applied to 

the new junction to ensure a response change to temperature increase.     
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3.5.6 Vacuum pump  

An Edwards two stage high vacuum pump model no. E2M 175 was connected to 

the Leeds 1m3 dust explosion vessel.  

 

Fig 3.43 Edwards two stage high vacuum pump 

The purpose of the vacuum pump was to reduce the pressure in the test vessel 

prior to the test and to extract the combustion gases out of the test vessel after the 

test. This is done to ensure that the vessel has a breathable atmosphere present 

when opened. Additionally it is turned on during in vessel maintenance operations 

to ensure a clean air flow into the vessel.   

It is an oil-sealed pump and had a nominal displacement rating of 2967 L/min. The 

vacuum pump was driven by a three phase motor and was water cooled. The flow 

of cooling water was controlled by an electronic isolation valve. The mechanism of 

pumping was a sliding vane type with high and low vacuum rotor and stator 

assemblies. A dust trap filter was assembled on the suction side of the pump to 

filter out any dust going into the pump. While an oil filter on the exit side prevents oil 

droplets from escaping the pump into the atmosphere.  



- 153 - 

 

3.5.7 Mixing control panel  

This consisted of a trolley mounted gas cylinder with space for more cylinders on 

the back, the flow of air and gas to the test vessel was controlled by this mixing 

control panel. It consisted of one main 4-way rotary valve which was connected to 

three regulating valves. The fourth path of the 4-way valve was a male connection 

which was connected and used to fill the required amount of fuel gas inside the test 

vessel. Another line with a male connection was used to supply compressed air at 

6bar to the test vessel.  

The trolley also housed two pressure transducers (one for negative pressure and 

one for positive pressure) the negative one was used for measuring the desired 

vacuum in the vessel prior to the test and the positive one was used to measure the 

positive pressure in the vessel 5min after the test was carried out. Also mounted to 

this was a thermometer and a moisture meter. By taking a reading of the ambient 

conditions before each test it was possible to try to relate any unexpected results 

back to the conditions in which it was carried out. There by determining if the 

unexpected result was due to human error or simply a change in atmospheric 

conditions.  

A diametric type 600 Barocel sensor and an absolute pressure gauge (connected in 

series) were used to monitor the test vessel pressure during mixture/test 

preparation. The principle working of the Barocel was to transform the absolute 

pressure into a DC output voltage. The Barocel sensor was connected to a 

Diametrics type 1500 digital pressure display.  

3.5.8 Data acquiring and logging   

All the instrumentation (ignition system, pressure transducers and thermocouples) 

in the Leeds 1m3 dust explosion vessel were attached to a 34-channel Microlink 

4000 system. The sampling rate used by the data acquisition system was a sample 

interval of 0.2ms. Each channel contained its own programmable gain amplifier, 12 

bit A-D (anolog-digital) converter, and on-board memory for the storage of 

instrument outputs. The voltage measurement range of the pressure transducer 

was 0 – 100 mvolts and for thermocouples was (-)100 – 100 mvolts. Each pressure 

transducer and thermocouple were connected to an individual channel in the data 

logger which meant that there was no delay in the transmission of data. 
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All of the timings for this (data logger activation, valve open/close time, ignition 

delay and the de-activation of the data logger) are controlled from a panel (Fig. 

3.44) in the control room.  

 

Fig 3.44 Sequence generator. 

The Windmill Wavecap software was used for the initiation of the control signals 

(RUN and ARM actions) and the storing of captured data. This software allowed the 

parameters such as sampling frequency to be varied. After starting the program on 

Wavecap (RUN then ARM), the initiation of the test and data capturing process was 

started through a sequence generator.  

The sequence generator had four time channels, only three of which were used 

after the specified time delays;  

Channel 1: Time base (to trigger the data logger)  

Channel 2: Electro pneumatic valve (to send signal to solid relay for activating the 

electro pneumatic valve)  

Channel 3: nothing was connected.  

Channel 4: Signal to spark box.  

Channel 1 and 2 were activated at the same time (after pressing the start button on 

the sequence generator) whereas channel 4 was activated after the completion of 
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channel 2 timing. The purpose of using different time channels is to control the 

delay between each process.  

Wavecap software stored the data of individual channels separately in FAMOS 

format. IMC FAMOS (Fast Analysis and Monitoring Of Signals) is a software 

program for the analysis and evaluation of measurement results. A typical response 

of pressure signal is shown in Figure 3.34. The rate of pressure rise (dp/dt) was 

calculated by differentiation of a section of the pressure signal after elimination of 

electronic noise, by smoothing of the raw signal Figure 3.34.   

3.5.9 Reasons for injector modifications  

As mentioned the original disperser in the 1m3 ISO vessel was the C-ring, due to 

flow problems with large particle size dusts this was changed to a side mounted 

spherical disperser, which in turn gave way to an in vessel spherical disperser.   

When the first large particle tests were run on the C-ring injector the material failed 

to pass through the holes in the C-ring, this was assumed to be due to the particles 

agglomerating together due to the pressure forcing them through the holes. To try 

to alleviate this problem a wall mounted spherical disperser was made with larger 

holes in the hope that this would allow an unrestricted flow of material into the 

vessel. When this was tested, however, it was found to allow only particles slightly 

larger than for the C-ring to flow through. The hole size was increased again to no 

significant effect.  

This indicated that the hole size at the injector opening was not the restricting factor 

in the particle size restriction we were finding. It was decided that the most likely 

problem was the flowing of the dust through the pipework connecting the dust pot 

with the 1m3 vessel. Therefore the way around this was to have the dust in the 

vessel to start with and then supply the compressed air through the pipework to 

provide the dispersion. This effectively removed any chance for the dust to block 

the system but did require a large number of disperser designs to be tested before 

a suitable one was found.   

When the dust was moved from the dust pot to in vessel it was deemed necessary 

to ensure that no loss of capacity was suffered, therefore the hemisphere situated 

within the vessel was capable of holding 3.5kg of material, the same as the dust pot 

(without displacing any injection air from the pot).    
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3.6 Experimental procedures  

Due to the safety considerations with the operation of the explosion vessel, a 

separate procedure and therefore tick sheet procedure was developed for laminar 

gas, turbulent gas explosions, C-ring dust explosions, hemispherical dust 

explosions and liquid + dust explosions. The aim of the tick sheets was to ensure a 

safe operation of the vessel, ensuring that no valve was left open to the explosion 

overpressure, which could then transmit the explosion flame/pressure into the 

laboratory. The operating area was behind a blast wall, to protect the operators in 

case any of the explosion vessel parts failed during a test.  

3.7 Procedure for dusts explosions in the modified Hartmann 

tube apparatus  

The dust was placed in the bottom of the Hartman apparatus containing the 

umbrella shaped disperser (connected to compressed air from reservoir). The tube 

is then attached over the top of this with the 20μm thick aluminium foil vent already 

secured in place on the tube with a locking ring. The tube was securely held 

vertically via a set of bayonet twist locks. A remote control handset operates the 

electrical arc and the opening of the solenoid valve. Once this is activated the dust 

in the tube is dispersed throughout the tube by the compressed air. The 

compressed air was supplied to the 50mL reservoir and pressurised at 7 barg. The 

electric arc is constant and generated from a high voltage power supply.  

The vent cover had a burst pressure of 0.45 barg and the flame propagation was in 

a constant volume environment up to this pressure at which the vent ruptures 

therefore making it a constant pressure system. The volume of air prior to ignition 

inside the tube was 1L of air at atmospheric pressure, plus 50mL of compressed air 

at 7 barg giving 1.35L, at ambient conditions. The excess air from the compressed 

air cylinder in the reservoir was bled out via a bleed valve. The total volume of air 

inside the tube prior to explosion was increased under standard conditions, which 

was taken into account when calculating the dust concentration. This value is the 

one used to express the concentration of dust inside the vessel. Example, if 0.75g 

of dust is placed in the apparatus, the concentration would be 563 g/m3.  
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3.8 Procedure for dust explosions in the Leeds 1m3 

explosion vessel - C-ring  

The procedure used for dust explosion tests with standard system (C-tube and 5L 

dust holding pot) and standard ignition delay (0.65s) is described below; the 

calibration of new injection systems and their associated procedures are given later.  

1. Check connections of the data transferring cables from the rig to the 

relevant channels in the data logger and from data logger to the PC.  

2. Check the vessel, dust container and pipe work are clean. If not, 

then clean them using the vacuum cleaner.  

3. Check the pressure sensors, actuators and sequence of operation 

by running the sequence without putting the dust in the dust holding pot and 

the chemical igniters in the vessel. The system should show a drop in 

pressure in the dust pot and a rise in the test vessel pressure (from the 

initial partial vacuum), confirming the proper working of the system and all 

pressure seals.  

4. Chemical igniters were attached in the centre of the 1m3 vessel and 

the wires were connected to the electrodes. 

5. The front door was closed and bolted with 24 nut-bolts using a 

torsion wrench, an O-ring seal was placed between the flanges to ensure 

proper sealing. Check that all vent valves to the vessel are closed.  

6. The valve at the top of the dust pot and the electro pneumatic valve 

were closed (by looking at the horizontal indicator on the side of the valve). 

7. Add test dust to the 5L dust pot, top cover of the dust holding pot 

was closed tightly using a torsion wrench set at 150 kN/m2. The mass of 

sample needed for the required concentration of dust was found by the 

following –  [mass to be loaded into pot] = [mass in g/m3 required] x[ volume 

of vessel in g/m3] (1.138) 

8. Vacuum out the 1m3 vessel to 0.928 bar. The pressure of the test 

vessel was initially reduced to about 0.9 bar(a) and then some ambient air 
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was allowed to flow into the test vessel to bring the vessel pressure to 0.928 

bar. There is an access valve to the test vessel on the front door. This valve 

was used to allow ambient air into the vessel. The overall pressure in vessel 

before ignition but after injection was 1013.3 mbar, as 85 mbar will be added 

by the injection pressure from dust container. Thus all data in this work was 

obtained at a standard atmospheric pressure, irrespective of the ambient 

pressure on the day of the test. 

9. The compressed air line from the bottled air used to pressurise the 

dust pot was connected. 

10. Pressurise the dust pot to 20 barg. The 4.6L external pressure at 20 

barg (21bara) expands to 95.3L at 1.0133 bara and thus the main vessel 

volume of 1.138 m3 at 1.0133 bar (one atmosphere) has to be evacuated by 

95.3L of volume at 1.0133 bar, which is a pressure reduction of 95.3/1138 = 

8.37 % from the vessel which needs to be evacuated. This is a pressure 

reduction of 84.85mb to a pressure of 928.4 mbar(a) of pressure. (The 

pressure seal on the dust pot has some very minor leaks and is therefore 

pressurised last.) 

11. The dust pot airline was detached and reattached to the electro 

pneumatic valve to drive the valve. The pressure on the compressed air 

cylinder regulator was set at 10- 11 bar(g) to drive the valve.  

12. The igniter electrodes were connected to the spark box and the 

equipment was ready to be operated from the control room.  

13. All the personnel left the test room and the doors were locked.  

14. The desired programme was loaded onto the Wavecap software.  

15. The RUN and ARM commands were sent to the data logger by the 

Wavecap program.  

16. The ignition sequence was activated by the sequence generator.  

17. The electro pneumatic valve was activated which dispersed the dust 

inside the vessel through a semi-circular C-tube. After a fixed delay time of 

0.65s, the chemical igniters were activated. The 0.65s delay is made up of a 
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0.6s delay between the compressed air entering the vessel (determined by 

pressure rise on the pressure transducer) and the ignition and a 0.05s delay 

time for the air to flow from the dust pot valve to the end of the C-tube. This 

was the method used by Bartknecht (1989) to define the ignition delay.   

18. The pressure–time history of the explosion, the thermocouples 

response and the pressure trace of the dust holding pot were recorded by 

the data logger and saved by Wavecap in FAMOS format.  

19. The dust explosion properties were measured and calculated from 

the FAMOS outputs (in the form graphs). 

20. After leaving the vessel for 5 minutes, the vessel pressure after the 

explosion was recorded. Water vapour condenses after the explosion and 

this reduces the pressure, but in all dust tests the pressure after the 

explosion was always greater than atmospheric. This was not the case for 

gas explosions where there was always a vacuum at the end of the test. 

This was mainly because for dusts, the fuel occupies negligible volume, so 

there is a greater mass of air in the tests then for gas explosions. The 

volume release from the products of combustion of solid fuel increases the 

pressure in the vessel after the mixture has cooled.  

21. On the top right hand side of the vessel, there is a valve which is 

connected to a vacuum pump. The vacuum pump was used to extract the 

air and burnt gases out of the vessel before and after the explosion.  

22. The pot and test vessel were opened using a torsion wrench and the 

mass of dust left in the pot and mass of residue in the vessel after the 

explosion process was also determined to find out the actual mass burned. 

A vacuum cleaner with a clean filter bag was used to remove the dust from 

the pot and the test vessel. A fresh filter bag was used each time and the 

bag was weighed before and after the sample was obtained so that the 

mass extracted was determined. After the in vessel residue had been 

collected and weighed, a sample of about 70 – 100g was taken.  
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3.8.1 Dust explosions in the Leeds 1m3 explosion vessel – 

wall mounted  

As mentioned dispersion/flow problems have been encountered with the standard 

C-ring set up regarding woody biomass, to allow for this a globe disperser (Fig. 

3.45) along with the rebound nozzle (Fig. 3.46) design from the ISO standards 

(BSEN, 2011) were fabricated. 

 

Fig 3.45 Globe disperser side 

 

Fig 3.46 Deflection plate disperser from ISO standard 

This requires the removal of the C-ring T piece from inside the vessel and its 

replacement with one of the following – globe disperser or deflection plate. 
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Then the ignition delay needs to be altered to 0.55s for the globe disperser (the 

rebound nozzle ignition delay was not calibrated as the injector failed to disperse 

material of the desired particle size and so was rejected at that point).  

The dust pot vessel needs to be extended using the 5L extension to house the low 

bulk density biomass in the volumes needed for rich explosion tests.  

These ignition delays have been tested and calibrated to the C-ring using the 

methods used to standardise the C-ring. This allows for combustion and 

comparison of more fibrous materials than will flow through the C-ring, also this 

allows for comparison to materials tested on the C-ring. 

However the globe disperser would not disperse/flow material with a maximum 

particle size of up to 500µm as was needed for this research.    

3.8.2 Dust explosions in the Leeds 1m3 explosion vessel – in 

vessel dust storage/dispersion 

Having failed to make the rebound nozzle usable for material of the required size 

the last disperser recommended for this in the ISO standard was tested (Fig. 3.47). 

“For coarse, voluminous, fibrous or poorly flowing dust samples, it may not be 

possible to properly discharge the dust through the dust dispersers detailed ~It 

may, therefore, be necessary to use special dust dispersers, examples of which are 

given in Figures B.2 and B.3. In such cases, the dust disperser used shall be 

described in the test report.” (BSEN, 2011). However there were no technical 

drawings or schematics available to manufacture it from, only Figure 3.47.  

 

Fig 3.47 dispersion cup 
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To get from that to a working dispersion unit (Fig. 3.48) took a large amount of trial 

and error, 5 intermediate dispersers were produced that did not evenly or 

adequately disperse the material placed within them. These will be covered in 

chapter 6.1 Disperser designs and testing.  

 

Fig 3.48 Disperser made from dispersion cup design 

This method of dust dispersion requires the removal of the C-ring T piece from 

inside the vessel and its replacement with pipework running from the vessel wall to 

the centre and a flange at the bottom to which the bottom half of the hemispherical 

dust holder attaches. Also the ignition delay needs to be moved to 0.55 seconds 

due to the change in injector setup. Hole area for drilled pipe hemispherical 

disperser = 254.4mm2. The procedure is altered for these tests; replace section 1- 8 

in the normal C-ring operating procedures with the following steps.  

1. Check connections of the data transferring cables from the rig to the 

relevant channels in the data logger and from data logger to PC.  

2. Check the vessel, injector and pipe work are clean. If not, then clean 

them using the vacuum cleaner.  

3. Check the pressure sensors, actuators and sequence of operation 

by running the sequence without putting the dust in the dust holding pot and 

the chemical igniters. The system should show a drop in pressure in the 

dust pot and a rise in the test vessel pressure (from the initial partial 
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vacuum), confirming the proper working of the system and all pressure 

seals.  

4. The disperser and attached pipework were fixed into the vessel. 

5. The disperser was then loaded with dust and sealed (if spherical or 

lipped). 

6. Chemical igniters were attached in the centre of the 1m3 vessel and 

the wires were connected to the spark electrodes. 

7. The front door was closed and bolted with 24 nut-bolts using torsion 

wrench, an O-ring seal was in-placed to ensure proper sealing. Check that 

all vent valves to the vessel are closed.  

8. The electro pneumatic valve was closed. 

9. Vacuum out the 1m3 vessel to 0.928 bar. The pressure of the test 

vessel was initially reduced to about 0.9 bar(a) and then some ambient air 

was allowed to flow into the test vessel to bring the vessel pressure to 0.928 

bar(a). There is an access valve to the test vessel on the front door. This 

valve was used to allow ambient air into the vessel. The overall pressure in 

vessel before ignition but after injection was 1013.3 mbar, as 85 mbar will 

be added by the injection pressure from dust container. Thus all data in this 

work were obtained at a standard atmospheric pressure, irrespective of the 

ambient pressure on the day of the test. 

3.8.3 Repeatability of tests  

The repeatability of dust explosions tests in the 1m3 were checked by testing 

several runs of wood at 1500 g/m3 with the hemispherical disperser with drilled 

nozzle with the 5L dust pot pressurised to 20 barg and at 0.55s ignition delay. A 

good repeatability was obtained between the test results- 

Table 3.2 repeat tests with the new disperser 

Kst 

Bar/s 

P max/pi 

Bar 
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19.41901 5.66 

18.68818 5.6 

18.42718 5.7 

The percentage deviation with Pmax/Pi was 1.7%, with Kst was 5.1% the mass 

burned (%) was also relatively consistent in each test (variation = 12.3%) however 

this variation was believed to be more a feature of the complicated layout of the 

vessel trapping some residue material than actual differences in the mass burnt.  

The hemispherical drilled pipe disperser was also compared against the standard 

C-ring disperser using cornflour where it achieved a percentage deviation of 0% 

Pmax/Pi and with 17% Kst.  

While this is far from perfect (especially with regard to Kst) it is within the 20% 

deviation limit specified in the ISO standard (BSI, 2006). However a 17% deviation 

is worse than was hoped for therefore as will be explained in chapter 6 more work 

is being carried out to try and reduce this deviation.      

3.9 Procedure for gas explosions in Leeds 1m3 explosion 

vessel  

The procedure to carry out laminar gas explosions was to make up the mixture in 

the vessel by vacuuming out the vessel and then adding the gas using partial 

pressure measurements, to determine the quantity. The mixture was then made up 

to a standard atmosphere by adding air. This mixture was allowed to stand for 

about 5 minutes for diffusion mixing before the explosion was carried out. The 

addition of the fuel into a vacuum would ensure fuel mixed throughout the volume. 

The vessel had to be prepared before the test with a central spark igniter. 

Recording of the data was as for dust explosions.  

The procedure for turbulent gas explosion tests was the same as for the standard 

dust injection system but without the dust. Air was put into the external 5L pot at 20 

bar and injected into the vessel using the dust injection C-tube and the standard 

ignition delay (0.65s) was used. The gaseous fuel was injected into the main vessel 

using pressure differentials as for the laminar gas explosion tests, but the air was 
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only added to the level necessary for a standard atmosphere to be achieved after 

injection of the air from the external 5L pot.  

The turbulence levels for the standard system and for the new injection systems 

were quantified by doing the laminar gas explosion tests and turbulent gas 

explosions at different ignition delays for the different dispersion units evaluated.  

First three steps (1 – 3) for dust and gas explosions were the same.  

Due to safety reasons the gas mixtures were prepared in the main vessel rather 

than injecting the gas from external dust pot as in the case of dust explosions.  

For example, for the preparation of 10% methane mixture in air in the test vessel for 

the test at standard atmospheric pressure (1.013bar),  

The total pressure in the test vessel prior to ignition = 1013.3 mbar  

Therefore, the pressure of methane in the test vessel for 10% methane – air 

mixture  

= 1013.3 × 0.1 = 101.33 mbar.  

1. The test vessel should be evacuated to less than 200 mbara, 

followed by the addition of the required volume of fuel gas (calculated as 

above) and then the rest of the mixture is made with compressed air. Thus 

all data in this work was obtained at a standard atmospheric pressure, 

irrespective of the ambient pressure on the day of the test. 

2. The spark electrodes were connected to the spark box and the 

equipment was ready to be operated from the control room.  

3. All the personnel left the test room and the doors were locked.  

4. The RUN and ARM commands was sent to the data logger by the 

Wavecap.  

5. The ignition sequence was activated by the sequence generator.  
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6. The pressure–time history of the explosion, the thermocouples 

response and the pressure trace of the dust holding pot were recorded by 

the data logger and saved by Wavecap in FAMOS format.  

7. The gas explosion properties were measured and calculated from 

the FAMOS outputs (in the form graphs). 

8. After leaving the vessel for a few minutes, the vessel pressure after 

the explosion was recorded. Water vapour condenses after the explosion 

and this reduces the pressure, therefore in all tests the pressure after the 

explosion was always lower than atmospheric.  

9. On the top right hand side of the vessel, there is a valve which is 

connected to a vacuum pump. The vacuum pump was used to extract the 

air and burnt gases out of the vessel before and after the explosion. 

10. The test vessel was opened using a torsion wrench and the water 

left in the vessel was removed.  

3.9.1 Turbulent gas explosions tests  

In order to study the turbulent gas explosions tests, the vessel pressure after the 

injection of fuel, was increased to 928 mbar by the addition of ambient air.  

The external dust pot was pressurised to 20 barg and operation of the electro- 

pneumatic ball valve increased the vessel pressure by 85 mbar, so that the total 

pressure in the vessel prior to the explosion was 1013 mbara.  

The ignition of the gas mixture occurred after a controlled delay, using a 16J 

capacitance spark (0.5m long electrode) extended to the centre of the vessel.  

3.9.2 Laminar gas explosions tests  

For laminar gas explosions, no air was injected from the external pot. After addition 

of the gasses the vessel was allowed to settle for about 5 minutes, the pressure in 

the vessel after the addition of fuel gas was and mixing air was 1013 mbara. The 

ignition of the gas mixture for the laminar tests was the same as described above 

for the turbulent gas tests.  
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3.10 Mass burned concentration  

Due to the attaching flanges, electrostatic attraction and other obstructions it was 

not possible to collect 100% of the residue from the test vessel, on average 

between + or - 50–100g of the residue was not collected from each test. As was 

mentioned earlier the material added into the dust pot or internal dispersers does 

not all take part in the combustion, this is due to fractions of the dust being lost at 

various stages of the process. Therefore the injected concentration of dust was 

calculated using the following relationship;  

Injected concentration = (nominal mass of dust – pot/disperser residue)/ vessel 

volume 

Fraction of mass burned = (injected mass – residue) / Injected mass 

pot/disperser residue = dust mass left in injection pot/disperser. 

nominal dust concentration = the mass of dust placed in the pot/disperser / vessel 

volume 

Injected mass = nominal dust mass – pot/disperser residue 

As has been mentioned it is suspected that some of the material in dust combustion 

is pushed ahead of the flame front. This is important as near the flammability limits 

gas explosions do not burn all the fuel available due to the action of buoyancy on 

the flame (Andrews and Bradley, 1972). Therefore it stands to reason that a similar 

phenomenon must occur for dust flames (and may even be more acute due to cake 

formation excluding some of the mass from the flame propagation). There are now 

two sources for the unburned dust found in the vessel at the end of the explosion 

(for lean or near MEC mixtures), dust compressed against the outer wall and dust 

that is not burnt due to buoyancy. 

For near MEC mixtures if all the unburned dust is counted then the flame 

propagated through an unrealistically low concentration, much lower than found in 

the Hartmann lean flammability tests (see Chapter 5). These problems mean that 

the ISO 1m3 vessel is completely unsuitable for the measurement on the lean 

flammability limit as the concentration of the mixture through which the flame 

propagates is not (and at this point cannot be) known – unless some form of optical 
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concentration measurement method is added. This is a problem as the legal 

definition of the lean flammability limit of a dust is that measured in the ISO 1m3 

vessel using the nominal dust concentration and at this point it cannot be confirmed 

that this is the concentration the flame propagated through. This problem is a major 

part of the present research that is discussed later (see Chapter 6).  

The nominal, injected and mass burned concentrations are also represented in 

terms of equivalence ratio either as received or dry ash free. 
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4 Biomass composition and characteristics 

All the biomasses tested are listed in this chapter for easy access and referral. 

Table 4.1 Particle size of as received and post combustion fuel samples with 
corresponding MEC’s. 

 

 µm 

Nominal 
mass 
g/m3 

D [3, 2] 
- 
Surface 
weighte
d mean 
µm 

d (0.1) 
µm 

d (0.5) 
µm 

d (0.9) 
µm 

MEC 
Hartman
n 

1m3 
MEC 

Oak 63 - 23.9 12.8 44.7 110.2 0.2 0.4 

Oak 63 1  500 36.3 19.6 56.9 150.7   
 

Oak 63 2  250 49.7 28.4 72.9 198   
 

Oak 63 - 150  - 82.2 62.7 141.2 299 0.17 1.1 

Oak 63 - 150 5  300 120.3 77.6 147.4 293.8   
 

Oak 64 - 150 6  1000 97.2 64 138.3 291.2   
 

Oak 150 - 300  - 302.9 180.7 357.2 712.7 1.4 4.3 

Oak 150 - 300 3  2000 266.3 158.6 325.8 666.2     

Oak 150 - 300  4 1250 265.8 155.2 311.3 621.8     

Oak 500  - 109.3 62.8 381 845.4 0.6 2.3 

Oak 500 3 750 167.6 86.7 292.5 696.1     

Oak 500 4 1000 136.7 69.5 270.8 674.2     

Pine 500-63  - 230.7 122 386.9 808.5 0.6   

Pine 63  - 41.3 23.6 66.4 162.4 0.2   

Pine less 500 pine  - 172.0 84.7 358.3 793.9 1.3 1.8 

Pine  500-300  
milled 

- 
346.0 252.6 530.5 900.6 

4.9   

Pine  500-300    - 402.4 282.3 547.1 909.9     

OPT  500 - 80.8 45.3 249.5 683.1 1.8   

EFB 500 - 55.0 30.3 257.7 755.5 1 2.3 

CT 500 - 56.8 31.5 197.1 634.9 1.1   

RH 500 - 60.5 31.8 253.7 683.5 0.8   

DBD 500 - 26.0 18.7 64.4 196.3 0.19 0.42 

cornflour 500 - 7.36 7.89 14.1 21.66 0.27 0.45 

kellingley 
coal 

500 - 
12 5 25.5 65.29 

0.44 
0.74 
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Table 4.2 Materials analysied by TGA and Proximate analysis 

 

 

 

C H O N S H2O VM FC Ash ASHb H/C O/C A/F Ø=1a (g/m 3) 

Willow 19.2 49.1 6.1 44.7 0.2 0.0 5.3 84.5 9.0 1.2 1.2 1.5 0.7 5.8 206.2

Hardw ood 18.3 46.7 5.9 47.3 0.1 0.0 6.7 84.7 14.6 0.7 0.7 1.5 0.8 5.4 223.2

Softw ood 18.5 46.9 5.9 47.2 0.0 0.0 7.0 90.1 9.8 0.1 0.1 1.5 0.8 5.4 223.1

Wheat Straw 18.2 53.8 7.4 38.4 0.4 0.0 6.6 72.3 7.3 13.7 14.7 1.6 0.5 7.1 169.0

pine w ood 21.0 54.8 6.2 37.1 1.9 0.0 4.3 80.2 11.1 4.4 4.6 1.4 0.5 7.0 172.0

efb pellets 18.1 53.0 7.0 38.4 1.6 0.0 5.7 67.1 13.5 13.8 14.6 1.6 0.5 7.0 172.5

coconut trunk pellets 18.3 52.4 6.7 40.0 0.8 0.0 5.1 68.2 15.3 11.3 12.0 1.5 0.6 6.7 179.7

rise husk pellets 17.3 53.3 6.9 38.7 1.0 0.0 5.1 64.4 13.6 17.4 18.4 1.6 0.5 6.9 173.3

opt pellets 18.6 52.4 6.8 39.6 1.2 0.0 5.1 72.5 11.9 10.5 11.1 1.6 0.6 6.8 177.7

lycopodium hammed 30.6 68.2 9.4 20.4 2.0 0.0 1.6 89.2 5.1 4.1 4.2 1.7 0.2 10.4 115.1

w ood 1 19.2 49.2 6.3 44.2 0.3 0.0 6.3 71.3 20.9 1.5 1.6 1.5 0.7 5.9 202.4

Corn f lour 18.5 44.7 7.4 47.8 0.1 0.0 11.6 77.8 6.8 3.8 4.3 2.0 0.8 5.7 179.6

Oak original 20.0 51.4 6.5 41.8 0.2 0.0 8.9 72.7 13.3 5.1 5.6 1.5 0.6 6.4 161.9

Coal original 28.2 51.6 4.4 15.0 2.0 2.0 2.4 33.2 41.8 22.6 23.2 1.0 0.2 9.6 93.9

Walnut  original 20.7 52.9 6.8 39.6 0.6 0.1 5.0 74.6 14.2 6.3 6.6 1.5 0.6 6.8 157.7

Pine nut original 21.1 54.2 7.3 36.4 1.9 0.1 5.4 73.2 11.7 9.8 10.4 1.6 0.5 7.3 138.8

drax biomass fines DBD18 18.1 49.7 7.0 42.6 0.7 0.0 3.5 79.5 8.7 8.2 8.5 1.7 0.6 6.3 189.2
a dry, ash free (daf) b dry

Sample GCV (MJ/kg)
ELEMENTALa TGA-Proximate STOICHIOMETRY
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Table 4.3 Residue materials analysied by TGA and Proximate analysis 

 

C H O N S H2O VM FC Ash ASHb H/C O/C A/F Ø=1a (g/m 3) 

oak 632 T1 17.7 64.6 5.8 29.3 0.3 0.0 4.4 36.0 32.6 28.9 30.2 1.1 0.3 8.2 146.8

oak 632 B1 18.4 65.6 7.3 26.0 1.0 0.2 5.0 56.0 24.9 20.0 28.9 1.3 0.3 9.0 132.9

oak 632 BR1 18.6 54.2 5.7 39.5 0.6 0.0 3.9 58.9 24.9 12.3 12.8 1.3 0.5 6.5 183.7

oak 632 R1 17.7 64.6 6.3 27.9 1.0 0.2 3.9 42.3 24.7 29.1 30.3 1.2 0.3 8.5 141.4

oak 631 T1 20.4 59.7 5.0 34.6 0.7 0.0 5.4 40.8 42.4 11.4 12.1 1.0 0.4 7.1 168.2

oak 631 B1 16.4 44.3 5.5 49.7 0.5 0.0 5.6 62.7 24.1 7.6 8.1 1.5 0.8 4.9 246.1

oak 631 BR1 21.9 59.5 6.0 33.9 0.5 0.0 4.3 57.0 31.1 7.7 8.0 1.2 0.4 7.5 160.0

oak 631 R1 20.1 57.1 5.8 36.6 0.6 0.0 4.5 56.5 29.1 9.9 10.4 1.2 0.5 7.0 171.0

oak 63155 T 1 19.1 49.4 5.9 44.7 0.0 0.0 6.2 73.0 18.8 2.1 2.2 1.4 0.7 5.8 207.1

oak 63155 B 1 17.2 44.7 6.0 49.3 0.0 0.0 6.1 76.4 15.0 2.5 2.7 1.6 0.8 5.1 236.5

oak 63155 BR 1 16.9 45.1 5.4 49.1 0.5 0.0 5.9 64.6 24.2 5.3 5.6 1.4 0.8 5.0 242.3

oak 63155 R 1 19.2 49.6 6.2 43.7 0.4 0.0 5.7 70.8 21.3 2.2 2.4 1.5 0.7 6.0 200.4

oak 63153 T 1 19.2 49.0 5.8 45.2 0.0 0.0 6.2 74.3 18.8 0.7 0.8 1.4 0.7 5.7 210.7

oak 63153 B 1 16.6 41.6 5.9 52.5 0.0 0.0 6.1 76.9 17.0 0.0 0.0 1.7 0.9 4.6 263.6

oak 63153 BR 1 19.2 51.7 6.2 42.2 0.0 0.0 6.5 61.9 26.3 5.3 5.7 1.4 0.6 6.2 192.1

oak 63153 R 2 19.0 54.9 6.8 37.7 0.5 0.0 5.3 63.1 19.6 12.0 12.7 1.5 0.5 7.1 169.4

oak 500 3 T1 21.0 54.8 5.9 39.3 0.0 0.0 5.2 68.7 22.9 3.2 3.4 1.3 0.5 6.6 180.8

oak 500 3 B1 18.3 47.7 5.9 46.4 0.0 0.0 5.9 74.0 17.5 2.6 2.8 1.5 0.7 5.5 217.5

500 oak 3 BR 1 21.0 57.0 5.8 36.7 0.5 0.0 4.9 55.3 33.1 6.7 7.0 1.2 0.5 7.0 171.5

500 oak 3 R 1 19.8 51.3 6.0 42.3 0.4 0.0 5.5 66.2 25.6 2.7 2.9 1.4 0.6 6.2 194.3

oak 500 4 T1 21.2 55.5 5.5 39.1 0.0 0.0 5.2 62.8 29.0 3.0 3.2 1.2 0.5 6.6 182.3

oak 500 4 B1 15.8 39.8 5.8 54.2 0.3 0.0 5.7 73.1 19.7 1.5 1.6 1.7 1.0 4.2 283.3

oak 500 4 BR1 21.7 58.2 5.5 35.9 0.4 0.0 4.8 54.1 35.6 5.5 5.8 1.1 0.5 7.1 169.9

oak 500 4 R 1 20.2 51.6 6.1 41.9 0.4 0.0 5.6 66.5 26.5 1.4 1.5 1.4 0.6 6.2 192.0

oak 1534 T1 21.1 54.2 6.3 39.5 0.0 0.0 6.3 73.0 18.0 2.7 2.9 1.4 0.5 6.7 179.4

oak 1534 B1 19.0 49.5 6.2 44.3 0.0 0.0 9.2 72.2 15.8 2.8 3.1 1.5 0.7 5.9 202.8

oak 1534 BR1 16.8 56.3 5.9 37.7 0.1 0.0 3.4 47.5 25.1 24.0 24.8 1.3 0.5 6.9 173.8

oak 1534 R1 19.3 50.6 6.2 43.1 0.0 0.0 7.8 69.8 19.0 3.4 3.7 1.5 0.6 6.1 196.3
a dry, ash free (daf) b dry

Sample GCV (MJ/kg)
ELEMENTALa TGA-Proximate STOICHIOMETRY
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Table 4.4 Residue materials analysied by TGA and Proximate analysis 

 

C H O N S H2O VM FC Ash ASHb H/C O/C A/F Ø=1a (g/m 3) 

oak 1533 T1 21.3 52.0 6.2 39.5 0.0 0.0 7.0 71.0 18.0 4.0 2.9 1.4 0.5 6.9 185.2

oak 1533 B1 19.4 46.8 6.2 48.3 0.0 0.0 6.0 72.8 16.2 3.3 3.1 1.5 0.7 5.7 187.8

oak 1533 BR1 19.5 54.6 6.2 39.7 0.1 0.0 5.1 45.7 36.6 12.3 24.8 1.3 0.5 6.6 189.8

oak 1533 R1 19.8 50.1 6.1 41.1 0.0 0.0 4.4 69.8 20.6 5.0 3.7 1.5 0.6 5.9 196.5

Coal original 28.2 51.6 4.4 15.0 2.0 2.0 2.4 33.2 41.8 22.6 23.2 1.0 0.2 9.6 93.9

Coal residue 26.2 81.9 4.5 9.0 2.8 1.8 1.6 25.1 50.5 19.5 19.9 0.7 0.1 11.1 85.4

Coal residue top layer 26.8 90.6 3.6 0.5 2.2 3.0 1.3 15.4 49.0 24.0 24.3 0.5 0.0 12.3 73.0

Coal residue bottom layer 26.7 83.2 6.0 5.7 2.3 2.7 2.1 30.0 44.6 23.4 23.9 0.9 0.1 12.0 74.6

Walnut  original 20.7 52.9 6.8 39.6 0.6 0.1 5.0 74.6 14.2 6.3 6.6 1.5 0.6 6.8 157.7

Walnut residue 19.6 53.3 5.7 39.8 1.1 0.2 3.2 76.0 14.2 6.6 6.8 1.3 0.6 6.4 168.0

Walnut residue top layer 22.5 63.1 5.8 29.3 1.8 0.0 3.8 61.0 24.0 11.2 11.6 1.1 0.3 8.1 125.3

Walnut residue bottom layer 20.3 54.9 6.2 37.9 1.0 0.0 5.9 74.1 11.5 8.5 9.0 1.4 0.5 6.9 149.4

Pine nut original 21.1 54.2 7.3 36.4 1.9 0.1 5.4 73.2 11.7 9.8 10.4 1.6 0.5 7.3 138.8

Pine nut residue 22.1 55.1 8.3 34.8 1.7 0.0 3.8 60.3 24.4 11.5 12.0 1.8 0.5 7.8 129.8

Pine nut residue top layer 22.5 62.6 6.5 28.8 2.1 0.0 5.2 54.5 27.1 13.2 13.9 1.2 0.3 8.4 117.1

Pine nut residue bottom layer 20.6 51.1 7.0 40.9 0.9 0.0 8.0 66.4 16.2 4.7 5.1 1.6 0.6 6.6 159.1

Pine w ood original 19.2 49.7 7.0 42.6 0.7 0.0 3.5 79.5 8.7 8.2 8.5 1.7 0.6 6.3 167.0

Pine w ood residue 20.6 56.7 6.6 36.2 0.4 0.0 3.3 66.2 18.2 12.3 12.7 1.4 0.5 7.3 139.2

Pine w ood residue top layer 21.9 58.7 7.0 33.9 0.4 0.0 4.8 62.6 21.1 11.5 12.1 1.4 0.4 7.7 130.1

Pine w ood residue bottom layer 20.2 56.0 6.8 37.2 0.0 0.0 5.5 65.8 15.7 13.0 13.8 1.5 0.5 7.2 136.0

Corn f lour 18.5 44.7 7.4 47.8 0.1 0.0 11.6 77.8 6.8 3.8 4.3 2.0 0.8 5.7 179.6

Corn f lour residue 14.7 45.0 6.1 47.7 1.0 0.1 8.3 67.6 9.2 14.9 16.3 1.6 0.8 5.3 174.0

Corn f lour residue top layer 15.3 50.2 7.2 35.4 6.6 0.5 8.6 59.3 5.8 26.4 28.9 1.7 0.5 7.3 107.6

Corn f lour residue bottom layer 13.5 45.2 7.2 46.7 0.5 0.5 8.8 62.0 4.2 25.0 27.4 1.9 0.8 5.7 139.3
a dry, ash free (daf) b dry

Sample GCV (MJ/kg)
ELEMENTALa TGA-Proximate STOICHIOMETRY
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Fig 4.1 TGA volatile release rates against temperature for all biomasses and 
coal tested by this group. 

SEM, raw particle shape- oak (<63µm, 63-150µm, 150-300µm and <500µm) and 

“wood”. 

  

Fig 4.2 Oak 150-300µm 

The images show cylindrical particles with fibrous protrusions as would be expected 

for material passed through a cutting mill. Of special note was the porous particle 

on the right hand side. This is believed to be the layer of wood that was still alive at 

the time the tree was harvested and therefore the Xylem and Phloem were still in 
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use and open. As a tree grows these close up to become the woody structure of the 

tree and are grown over by the new Xylem and Phloem structures.    

  

  

Fig 4.3 Oak 63-150µm 

The particles created in this size range are almost identical to those in the 150-

300µm range but appear thinner and more elongated, porous particles are again in 

evidence pre combustion. The particle radius is far closer to the separation mesh 

size used than the height, this indicates that the particles were size separated 

based on their radii not their height.     
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Fig 4.4 Oak <63µm 

The particles created in this size range are the most spherical seen for materials 

tested.   

  

Fig 4.5 Oak <500µm 

The particles here are a mixture of all the previous samples seen so far; however 

the largest component by volume appears to be the large particles.   
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Fig 4.6 Pine 300 - 500µm 

The particles created in this size range are almost identical to those in the 150-

300µm range but appear more elongated, pre combustion. The particle radius is far 

closer to the separation mesh size used than the height, this indicates that the 

particles were size separated based on their radii not their height. Although some 

smaller particles were found.     

  

Fig 4.7 Wood as received 

This was the only sample that was not milled for which there is SEM analysis, the 

material was palletised and then broken up again (unspecified method) and shows 

the smooth edges characteristic of particles that have been compressed. They also 

show a far smaller height : radius ratio than the other biomass particles. 
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5 Influence of particle size on MEC and mixture reactivity 

using the Hartmann equipment.  

5.1 Introduction 

The Hartmann apparatus was used for investigating particle size and concentration 

effects on combustion as the 1m3 explosion vessel requires about 1kg of sample 

per test and it was not possible to generate this quantity of milled biomass for a 

range of particle sizes and biomass types. The Hartmann equipment requires 

1/1000 of the mass of the 1m3 vessel and was thus a practical vessel to use for this 

work. The Hartmann equipment enables the MEC and the approximate mixture with 

the highest reactivity to be determined. This then reduces the testing carried out on 

the 1m3 as the most reactive mixture is known from this work and hopefully only 3 

or 4 tests on the 1m3 are required to determine the peak Kst. 

A large part of the work done in this thesis examined the effect of particle size on 

the combustion behaviour of biomass, the reason for this emphasis was that 

feedback from the industrial committee connected with this work suggested that 

pulverised biomass used in power stations was of a relatively coarse size. It was 

the aim of this work to determine whether in mixed particle sizes only the fines burnt 

or whether large particles could burn without fines being present. Milled particles 

were separated into size fraction by sieving for this purpose. 

Fines were defined as particles <63µm (BSEN, 2011) but also some work was done 

for fines <75µm. In addition some work was undertaken on ultra-fine particles 

<38µm. This was to investigate whether variability in size <63µm was significant in 

variation of MEC and Kst and in relation to this some samples were tested with the 

size fraction 38-75µm to see if the presence of ultra-fines was important. It should 

be emphasised that in the dust explosion regulations (BSEN, 2011) it is only 

required to test fine dusts ,<63µm and the explosibility of coarse dust is not 

required. However, if in industry particles are not used at <63µm then the explosion 

risk of the actual plant is not being investigated. Also this work was relevant to 

understanding the mechanism of flames propagation in biomass dusts. As coarse 

dusts are used in the power generation industry there is interest in knowing the 

flame propagation characteristics of coarse biomass dusts. 
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To investigate a full range of sizes, particles sieved to <500um were investigated 

and these would have fines and coarse particles present. Then different coarse 

fractions only were investigated – 63/75-150µm, 150-300µm and 300-500µm. 

These sizes are written in the figures and referred to in the text as – a material- 

pine, oak etc. followed by a size range in microns. So pine 38-75µm is – pine wood 

with particles sized between mesh sizes of 38µm and 75µm.  

The size fraction 63-500µm allowed for the examination of how a material was 

burning without any fine particles present. The 63/75 - 150µm fraction was 

investigated to limit the maximum size of the largest particles present, whilst still 

eliminating fines and 150 - 300µm and 300 - 500µm continued this theme. 50/50, 

300-500µm and <63µm was a mixture of half (by mass) 300-500µm particles and 

half <63µm. This allowed the examination of the effect of large particles on the 

combustion of the fine particles.     

 

Fig 5.1 Milled pine sieved into different size fractions 

The influence of particle size on MEC for pine is shown in Figure 5.1. For fine dusts 

(<75µm) the MEC for pine wood was 0.19Ø for no explosion and 0.23Ø for a 

propagating flame. Sieving to a finer fraction (<38µm) had no influence on the MEC. 

This was an unexpected result as this is leaner than a pure hydrocarbon gas MEC 

which is normally Ø~0.45 at ambient conditions (Andrews, 2010). The reasons for 

this are discussed later, but are thought to be due to stratification of the mixture with 
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more dust in the spark region than for the mean composition. This <0.45 Ø MEC is 

a found for most of the fine biomass dust explosion MEC’s in this work for this 

apparatus.   

Figure 5.1 also shows that coarser particle sizes with no fines would explode but 

the MEC was much richer than for <75µm. The influence of mean particle size on 

the MEC for pine is shown in Figure 5.2. The MEC for as received (no milling) pine 

is also shown in Figure 5.2 this shows that the particle size range of 300-500µm 

ignited with a 4J continuous spark and propagated a flame. Up to now this point has 

not been covered in the literature, neither coal particles nor kerosene droplets of 

this size range will ignite (Polymeropoulos, 1984, Cook, 1977, Man and Harris, 

2014).  

Sattar (2012) have shown using the ISO 1m3 dust explosion vessel that very coarse 

particles of >150μm could explode and Huescar et al.(Huescar et al., 2012a, 

Huescar et al., 2012b) has shown that particle size for fibrous biomass and for 

torrefied biomass influences the MEC with fine particles exhibiting a very lean 

flammability limit at around 0.2 Ø, with coarser particles having an MEC closer to Ø 

= 1. The present work extended this earlier work into mixtures with wide and narrow 

size distributions. The aim was to determine if the presence of finer particles was 

necessary for coarse particles to burn or whether coarse particles were flammable 

without the presence of fine particles. For coal particles it is known that coarse 

particles >~150μm will not explode (Bartknecht, 1989, Cashdollar, 1996, Eckhoff, 

2003) and so the ability of coarse biomass to explode would constitute an additional 

explosion hazard above and beyond that of coal.  

The MEC results for the raw sieved pine wood samples are shown in Figure 5.2 as 

a function of equivalence ratio, these were sized to the new size ranges. Figure 5.2 

shows that as expected the finer particles had the leanest limit with an MEC of 

0.17Ø (~30 g/m3). However, 100% explosion probability did not occur until 0.35Ø 

(70 g/m3). The particles sieved to 300-500μm did not explode, yet particles sieved 

to include all particles <500μm did explode with an MEC of 1.1Ø (220 g/m3) for 

100% explosion probability a 1.8Ø was required (360 g/m3). It is clear that very rich 

mixtures are required for large particle sizes to form an explosive mixture, and their 

behaviour is quite different to fine particles which have an MEC of about 0.2Ø. 

When this fine <63μm fraction was mixed with the non-flammable 300-500μm to 

make a 50/50 mixture (by mass) that had a MEC value of 0.35Ø, twice the value of 
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the <63μm fraction. This suggests that it was this fraction alone that was burning in 

this material. This therefore indicates that in a mixture of fine and coarse particles 

not only are the fine particles controlling the MEC and rate of pressure rise but this 

is un-affected by the inert mass of the larger particles. These would have been 

expected to cool the flame but did not, at least not sufficiently to alter the MEC.     

 

Fig 5.2 Un-milled pine sieved into different size fractions 

When different materials of the same fine (<63μm) particle size were tested the 

MEC was found to be nearly identical (Fig. 5.3) even though as was shown in 

chapter 4 there are elemental differences in the composition between pine and oak 

(Table 4.1).  
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Fig 5.3 Comparason of oak and pine MEC at size distrubution <63μm. 

When these same materials were tested at <500μm this was not the case. This is 

investigated further in section 5.3.  

 

Fig 5.4 Comparason of oak and pine MEC at same size size distrubution 

<500μm. 

When the size segregated oak was tested in the same way it showed the same 

dependence of MEC on particle size (Fig. 5.5) as was seen for pine wood (Fig. 5.1 

and Fig. 5.2). Mixtures with fine fractions showed higher reactivity than those 

without, however the 63-150μm size range for unknown reasons displayed a lower 
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MEC than the <63μm fraction. Also just like the un-milled pine 300 - 500μm fraction 

did not ignite in these tests while the milled pine 300 - 500μm did.  

Additionally there appear to be to be two distinct areas that the MEC’s fall into 0.1-

0.35 Ø and 0.5-1.25 Ø ranges. The only outlier in this trend is oak <500μm and this 

is understood from Table 4.1 to have an average particle surface area: volume ratio 

nearer to the 63 - 150μm size fractions than the pine <500 μm size fractions. The 

pellets that were milled and tested at <500μm had average particle surface area : 

volume ratios well below both of the aforementioned woods in the same size 

fraction (<500μm) however it is thought that the added inert material collected with 

these crop residues (see increased ash content for theses samples in Table 4.1) is 

the reason for the higher than expected (based on average particle surface area: 

volume ratio) MEC results. Although differences in the particle structure that arise 

through the pelletizing process could also be the reason for this.  

 

Fig 5.5 Comparason of all MEC’s based on average size distrubution. 
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Figure 5.5 did not produce a very good correlation, this is believed to have been 

caused by using a mean average particle size over a large size range (0 -500μm = 

250 μm, 63 - 500μm = 282μm, ect.). Therefore these tests were plotted as actual 

size against MEC equivalence ratio for d 0.1, d 0.5 and d 0.9. 

  

Fig 5.6 MEC (equivalence ratio) of materials tested against d10 

The palletised crop residues have be highlighted as the graphs displays better 

correlation between MEC and particle size without them.  

 

Fig 5.7 MEC (equivalence ratio)  of materials tested against d50 
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Fig 5.8 MEC (equivalence ratio) of materials tested against  d90 

Significantly this appears to indicate that the fine component of the mixture (Fig. 

5.6) is not the dominant effect on MEC (when all the materials are selected) as 

there is no trend between the size finest 10% or 90% of particles (by volume) and 

the MEC. The best agreement between particle size and MEC comes from Figure 

5.7 which is the particle size at which 50% of the material is reached. This suggests 

that the MEC, while influenced by the size distribution of the material is most 

effected by the average or mean particle size that dictates the MEC for a given 

mixture of particle sizes as Man and Harris (2014) suggested. Therefore it would 

appear that the larger particles in a mixture do not affect its MEC when they are in 

the minority by volume as the flame front that is propagating from the fine particles 

is sufficient to devolatilise and burn them.   

However when the palletised materials are removed there is a far better correlation 

between the MEC and the volume of particles below 10% and 50% of the total 

particle volume (covered further in section 5.3). This indicates that pelletized and 

un-pelletized materials appear to behave differently. This could be due to the 

increased ash content or possibly due to the compressed nature of the material that 

happens during pelletizing.    

5.1.2 Hartman flame speed and rate of pressure rise 

The thermocouples mounted in the tube were used to detect flame speeds, 

however these did not corrolate well with the rare of pressure rise results from the 
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same tests and therfore as explained (section 3.4.2) were discarded in favour of the 

HSV flame speeds.  

 

Fig 5.9 Rate of pressure rise and MEC for oak and pine size ranges tested 

The results from the as received <500µm pine showed lower MEC’s than the 63 - 

500μm mixture (Fig. 5.9), this was unexpected as the particles <500μm would 

include fines <63μm, which were excluded for the 63 - 500μm sample. The rate of 

pressure rise was greater for the <500μm sample as expected from the inclusion of 

fines, but the MEC results were unexpected. This is possibly due to the small 

amounts of dust used in the Hartmann equipment which may not have been 

representative of the mean size distribution in this case. Alternatively in this case, 

the strong compressed air dispersion could have caused break up of 

conglomerated fine particles resulting in fines being present in the material that 

were not expected in the 63 - 500μm sample.  
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Fig 5.10 rate of pressure rise against particle size. 

When the rate of pressure rise is plotted against the size analysis results (d10, d50, 

d90 and d3/2 which is the average volume : surface area ratio) they correlate very 

well. Most notably the best correlation is for the average volume : surface area ratio 

and the correlation gets worse for larger particles. The explosion pressure 

generation rate (Kst equivalent) appears to be controlled by the fine particles (Fig. 

5.10), the lowest rates of pressure rise were generated from the largest particles. 

The pine wood 63 - 500μm size fraction produced a higher rate of pressure rise 

than the pine wood 150-300μm but only just, indicating that the <63μm particles are 

the dominant factor in rate of pressure rise generation. This is supported by the 

data in Figure 5.9 where once the <63μm particles are removed (or as with the 

<500μm samples sparsely present) there is a step change in the rate of pressure 

rise produced. It is worth mentioning that the MEC of the 50/50 mixture is the same 

as the MEC of the fine particle mass alone, suggesting that this is what is dictating 

the combustion properties of this mixture. 

The other samples appear to show the same trend of a gradual rising of the rate of 

pressure rise, with 63-150μm having values between these two groupings 

suggesting that this size range may be the point at which biomass samples deviate 

with the larger particles giving similarly low pressures and the smaller particles 

producing similarly high values (Fig. 5.9). 

y = 17.3e-0.011x

R² = 0.8

y = 25.288e-0.005x

R² = 0.8

y = 27.5e-0.003x

R² = 0.77

y = 20.6e-0.008x

R² = 0.86

1

2

4

8

16

32

0 200 400 600 800 1000

d
P

/d
t 

H
ar

tm
an

n
 (

B
ar

/s
) 

particle size µm

d0.1

d0.5

d0.9

D 3/2



- 183 - 

 

The material (oak or pine) appears to have virtually no effect on the rate of pressure 

rise as this is practically identical for pine and oak that have been size segregated 

the same way (<63μm and <500μm size fractions). 

<63μm and  63-150μm materials both show a lessening of the rate of pressure rise 

(after a peak) over a concentration range of 0 – 4 in equivalence ratio while all other 

materials (excluding 150 - 300μm oak) are still producing higher rates of pressure 

rise with richer mixtures. This would make sense if the rate of pressure rise is 

driven by the concentration of material <150μm in size as this would still be rising in 

these mixtures.  

This is supported by the fact that the 150 - 300μm oak which has no material 

<150μm in size shows no increase in rate of pressure rise with concentration. 

Additionally the rate of increasing dp/dt with concentration is lowest for  63 - 500μm 

pine indicating that while the largest effect on rate of pressure rise is from the 

<63μm material the 63-150μm component also plays a role if to a lesser extent.  

It is proposed that the reason for the lessening of the rate of pressure rise (after a 

peak) in the <63μm and 63-150μm materials is due to material of this size 

devolatilising a much bigger percentage of its total mass than the larger particles 

either ahead of or in the flame front. This therefore leads to the same phenomenon 

found in gas explosions where the O2 molecules become so diluted by the fuel that 

combustion efficiency is reduced.  

A possible reason why the rate of pressure rise is affected by the finest particles in 

the mixture yet the MEC is not so dependent is that while the larger particles will 

still devolatilise and therefore propagate a flame for MEC measurements the rate at 

which they do so will be less that for fine materials therefore having a larger effect 

on the rate of pressure rise measurements than the MEC ones.  

5.2 Hartman tests with high speed video 

There is, as mentioned, little information on flame propagation in clouds of coarse 

pulverised biomass and this work was carried out to show that coarse biomass 

could burn in a similar way to fine biomass but with slower flame speeds. There is 

little in the open literature on flame propagation and explosion risk for fine or coarse 

biomass particles and this work presents some results using the Hartmann dust 

explosion tube with high speed photography to do so. All the materials and size 
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fractions run on the 1m3 were also run on the Hartman with high speed video 

recording as this allowed both observation of the flame structure as well as 

comparison to the thermocouple flame speed results from the 1m3.    

High speed videography was carried out on Hartman explosions at 5000 fps to try 

to determine the flame speed, shape and how it interacts with particles. This was 

done as full tube and close up footage, the first contains the whole propagation 

through the tube while the second is only focussed on the spark area to investigate 

the flame/particle interactions. The first method worked best allowing the 

propagation and behaviour to be clearly observed, as it passed up the tube. 

The thermocouples failed to record accurate results as thermocouple 2 and 3 

activate simultaneously due to the bursting of the vent forcing the fireball up into the 

second and third thermocouple. As the high speed footage shows, by the time the 

flame front has reached the second thermocouple and in the majority of cases 

before, the vent bursts taking it from a constant volume to constant pressure 

environment. This change forces the flame to accelerate out of the tube. This is the 

reason for the unreliable thermocouple flame speeds from the Hartmann apparatus 

in section 3.4.2.  

 

Fig 5.11 Oak less than 63µm (Ø=1= 218.9) 0.5 g, 375g/m3, Ø=1.71 

Issues with determining the explosion concentration arose due to the fact that each 

single test resulted in 3 -4 separate flame propagations (Fig. 5.11). There was the 

initial propagation, a second one follows straight after, followed by a final upwards 

propagation and then a downwards propagation. This downwards propagation is 

particularly interesting as it originates from the independent flame that develops at 

the top of the tube approximately 154ms after ignition and remains there for 275 ms 

before re-entering the tube. The only feasible reason for this external flame to have 

arisen is that the combustion in the tube below it has produced more volatile 

products than could be burnt in the oxygen available. Therefore these remained 
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unreacted until they exited the tube and mixed (through diffusion) with the external 

air where enough oxygen is present to allow combustion to take place. 

This indicates that the combustion taking place in the tube is very rich, with most of 

the devolatilised gasses unable to react within the tube. It is unknown at what rate 

the particles are exposed to the flame temperature or the rate of gaseous 

devolatilization of the solid; this makes it nigh on impossible to determine the 

gaseous product concentration that the flame is propagating through. Although 

these images do not allow for the determination of the flame thickness, they do 

suggest that the flame thickness is greater than the 20mm proposed by Han et al. 

(2000) as the luminosity does not decrease as the flame progresses up the tube.   

The Hartman tube and high speed camera were set up in a fume cupboard to stop 

the escape of the combustion gasses and provide extra containment in the event of 

any unforeseen problem’s arising during the experiments. 

5.2.1 Hartman flame propagation 

For each test 3 concentrations were made into montarges. These concentrations 

were very rich (1g = 750g/m3), the MEC and a value between these. These were 

decided upon based on the fact that different materials or material of different 

particle sizes have different MEC’s and stoichiometric values. Therefore 

concentrations were needed that were independent of these variations. These were 

selected as 1g as this concentration is very rich for all the materials tested, the 

MEC value for each material as this is a repeatable point for all the materials tested. 

The final value was chosen as either 0.5g or half way between the other values as 

this was observed to be the value at which most materials began to exhibit two 

propagations, for more reactive mixtures 0.25g was also added if that was after the 

MEC had been encountered.  

The initial flame front propagation before the vent has burst was the only flame that 

propagated through the injected concentration (theoretically); therefore it is the only 

flame speed for that test. Once the vent burst the flame exited the top of the 

Hartmann tube and then air entered the tube as the products of the first flame 

propagation cool and this caused a reduction in pressure, which created a vacuum 

that drew air into the tube. As the initial mixture was rich there was fuel left in the 

tube that caused a second flame propagation in the tube. For coarser oak dusts the 
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flame was more fragmented and propagated more slowly, but there was still a clear 

explosion risk. 

Although initially high speed photography was run on both full tube and half tube 

shots it was rapidly discovered that the half tube shots were of little use in this 

study. Mainly due to the low levels of luminosity preventing observation of the 

thermocouples for flame speed generation. However they did provide good images 

of the flame structure of near limit dust combustion (Fig. 5.12).  

 

Fig 5.12 Lycopodium 37.5g/m3, Ø= 0.307 close up 

The photographic images show that apparently the combustion behaviour of the 

materials tested are dictated by the finest and average particle size’s as was 

suggested from the dp/dt results (Fig. 5.10) in section 5.1.2. <500µm oak tests 

displayed the same flame elongation tendency’s as 150 - 300µm when these were 

burnt on their own indicating that the large particles here are burning which would 

explain the dp/dt and flame speed results (Fig. 5.9 and 5.13).    

 

Fig 5.13 High speed video flame speeds for oak and lycopodium 
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For <40µm material the whole particle appears to devolatilise ahead of the flame 

front resulting in a flame propagation similar to that of gas combustion (faster flame 

speeds that particle to particle propagation) Burgoyne and Cohen (1954). While for 

larger particles the flame front devolatilises a part of its mass ahead of the flame 

front and the remaining particle mass burns in an envelope flame behind this flame 

front with the remaining oxygen. The equivalence ratio of the initial flame front is 

determined by the particle size, the closer the particles are to <40µm the closer the 

devolatilised fuel concentration will be to the dust concentration it passed through. 

Therefore the gas equivalence ratio will be closer to 1 (the concentration where the 

fastest flame speeds are found for gaseous mixtures) the finer the particles are and 

the closer the concentration of fine particles are to Ø = 1. That appears to be what 

is being shown here with oak dust <63µm showing its fastest flame speed just lean 

of stoichiometric while 63-150µm having it at an equivalence ratio of 1.71. This 

supports the theory that the reactivity of dust explosions is intrinsically linked to the 

surface area : volume ratio of the dust tested.  

For all the materials tested the flame shape has a strong dependence on the 

particle size- with fine particles the flame develops as a uniformly luminous ball with 

a slightly irregular but not elongated flame front (Fig. 5.11). It is proposed (Gao, 

2015) that this elongation tendency in flames for large particle tests (Fig. 5.14) is 

due to lean fuel mixtures around the devolatilising particles making buoyancy a 

significant factor in propagation. This mixture is (as the dust was) of an un-uniform 

mixture resulting in directional differences in the flame propagation depending on 

the overlap of these devolatilised gas pockets with each other and unburnt 

particles. This results in irregular, elongated flames for the larger particle explosions 

(>63µm) (Fig. 5.14) and smoother more spherical propagation in finer particle sizes 

(<63µm) (Fig. 5.15). This was suggested by the Biot number calculations done in 

section 2.3.8 where the larger the particle and the larger the velocity difference 

between the particle and the gas flow the more thermally thick the particle becomes 

therefore devolatilising less of its mass ahead of the flame front. This results in a 

leaner (less luminous) flame front that’s propagation is linked to the particle 

distribution. As the particles become more thermally thin the particle devolatilises 

more of its mass ahead of the flame front and its propagation becomes more 

uniform. 
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Fig 5.14 Oak 300 -150µm (Ø=1= 218.9) 0.5 g, 375g/m3, Ø=1.71 

  

Fig 5.15 Oak <63µm 375g/m3, Ø=1.71  Lycopodium powder 375g/m3, Ø= 3.07  

The observation that bigger particles produce less luminosity in the initial flame 

front is believed to be due to a combination of factors, firstly as they release their 

volatiles slower than small particles (Bidabadi and Rahbari, 2009), there is therefore 

more oxygen present in the gas mixture leading to less soot production. This is 

exasperated by the ease of entrainment of small particles compared to larger ones 

(Fig. 5.22). Second due to the higher flame speeds found in smaller particle tests it 

is suspected that the fine particle combustion is burning material at a faster rate and 

therefore putting out more luminosity.    

It was also observed that for bigger particles at low concentrations there was less 

likely hood of the flame moving off the spark, appearing to need the constant spark 

energy input to maintain the combustion (Fig. 5.16). This implies that the larger 

particles need the spark to be constantly partial devolatilising the particles prior to 

entering the stabilised combustion zone. Those devolatilised gasses would then 
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propagate/sustain the pre-existing, stabilised combustion that would then consume 

the remaining particle mass behind the flame front (Han et al., 2000, Proust, 2006, 

Yao B. Yang and Jenny M. Jones, 2008, Bidabadi and Rahbari, 2009).   

 

Fig 5.16 Coconut trunk <500µm 0.5g 375 g/m3, 1.75 Ø 

While reviewing the footage of the combustions it was noted that all of the videos 

showed a larger amount of obscuration (caused by dust), this was mostly seen 

below the flame (Fig. 5.17). This indicates that the dust is not uniformly dispersed 

within the vessel at the time of ignition. Therefore the MEC data generated was for 

a richer concentration than the nominal dust loading would indicate, this would help 

a lot in explaining the MEC values for fine dusts that were well below the 0.5 

equivalence ratio that is the MEC for most HC gasses (Fig. 2.14).  

The spark is located 37% of the way up the tube and the 1st thermocouple 50%, 

therefore as Figure 5.17 shows the actual MEC is between 2-2.7 times the nominal 

MEC (actual measured mass is only occupying 37%– 50% of the volume, therefore 

actual concentration is 100/37 – 100/50 = 2-2.7 times the nominal MEC).  
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A B 

Fig 5.17 A - Oak  <63µm 0.25g and B - Oak  63µm 0.08g 

However this is not a fixed conversion factor and will be affected by the particle size 

used due to the ease of entraining smaller particles into the air flow. Another issue 

is that finer particles ignite faster (Fig. 5.22) after the dust has reached the spark 

region due to more material being in the spark path at a given time. This makes 

determining the MEC using this equipment difficult. 

A phenomenon that was observed in all the tests was that for rich tests after the 

vent bursts there is a second and sometimes a third flame propagation (Fig. 5.18), 

this can also be accompanied by an independent flame located at the top of the 

tube. This flame indicates that the second flame propagation is burning so rich that 

the unburnt devolatilised gasses are setting up a stabilised diffusion flame at the top 

of the tube where the air mixes with these unburnt gasses.     

  

Dust 

No Dust 
No Dust 

Dust 
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Fig 5.18 Oak less than 63µm (Ø=1= 218.9) 0.5 g, 375g/m3, Ø=1.71 

This shows that there is still sufficient dust in the tube, in suspension after the first 

propagation to sustain combustion (the bursting of the vent may also be helping to 

keep dust in suspension). This therefore raises the question that if this is combined 

with the uneven distribution – how can these tests be reliable when there is at 

present no sure method of knowing the mass that took part in the combustion. By 

adjusting for the unequal distribution using the high speed video footage to estimate 

the distribution of the dust at the time of ignition.   

5.2.2 Hartman single particle combustion/spread 

It was realised that the video footage showing single particles burning (for larger 

size, high concentration mixtures mostly) could be used to determine the burnout 

time of particles and hopefully gain some insight into the propagation mechanism 

and whether heterogeneous, homogeneous or a mixture of both combustion 

methods in the form of a double flame structure (Gao, 2015) is taking place as was 

suggested in the literature.  

Assumptions - were made in the analysis of the videos for this section - it was 

assumed that the particles were spherical, equal in size and uniform chemically.  

The particle sizes were determined by sieve separation in to - ≤63µm, 63 – 150µm, 

150 – 300µm, 300 – 500µm and ≤ 500µm, as these were ranges it was assumed 

that all particles had median size (150 – 300µm = 225µm Diameter particles). Both 

concentration and density are in g/m3, the volume is standardised to 1 as this is 

constant throughout the calculations and will in no way effect the particle separation 

calculations as the separation distance between particles in a 50g/m3 mixture is the 

same whether the mixture is made in a 1m3 vessel or a 1,000,000m3 vessel. 
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Volume of space taken up by each particle 

The bulk density of oak sawdust of various sizes was found, from these and the 

previous assumptions it was possible to estimate the number of particles in each 

concentration by rearranging 

 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 =
4

3
𝜋𝑟3𝜌𝑁

𝑉
  to  N =

𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛
4
3

π𝑅3

𝑏𝑢𝑙𝑘 density
× 𝑉 for different particle sizes.  

Then to generate a spatial distribution for these particles they were assumed to be 

evenly distributed around the vessel by  
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1

𝑁

3
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Where R is the particle radius and V = 1 as the volume is constant.  

This was combined with the MEC data from the Hartman tests to generate a critical 

separation distance between particles at their MEC (Fig. 5.19). This shows an 

increase in separation at MEC up to around 200µm particle diameter at which point 

it levels off at around 1500-2000µm. It could be interpreted that at this point the 

volume of the particle ceased to matter as the initially devolatilised material at the 

edge of the particle is sufficient to reach the MEC. One interpretation of this is that 

the particles transitioned from thermally thin too thermally thick and there was 

insufficient time to devolatilise any more material no matter how much more 

material was available.  

 

Fig 5.19 Seperation distences against MEC for oak and pine tests 
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Interestingly this phenomenon occurs at the particle size Yao B. Yang and Jenny M. 

Jones (2008) estimated biomass particles would make the transition from thermally 

thin too thermally thick (150-200µm in cylindrical particles) even though it was 

assumed that the particles were spherical for these calculations. 

The separation distance against concentration was also plotted to show how it 

varied as the concentration was altered.  

 

Fig 5.20 Seperation distences oak 63-150µm fraction. 

 

Fig 5.21 Seperation distences oak 150-300µm fraction. 
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It was also attempted to relate the surface area to the MEC (Fig. 5.22) however this 

did not produce any meaningful results, this may have been due to the wide range 

of particle sizes used in some mixtures, i.e. <500µm. 

 

Fig 5.22 Surface area plotted against MEC. 

5.2.3 Single particle combustion and propagation video  

With the critical separation calculated it was speculated that this could be confirmed 

with the HSV footage that had been captured, especially in the early stages of 

propagation of larger particles. This is because larger particles have a longer delay 

between the injection of air and the vent bursting (Fig. 5.23). 

 

Fig 5.23 Delay between injection of air and the vent bursting. 
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This is believed to be due to – 

 Less particles per given volume and therefore less probability of a particle in 

the spark zone at any point in time to begin propagation. 

 The volume : surface area ratio increases with particle size, therefore there 

is less likely hood of said particle releasing sufficient volatiles to allow 

propagation.   

 The increased resistance to dispersion caused by a larger particles inertia 

makes it likely that the time taken to get too the spark is larger for big 

particles than for small ones.  

It was found that the best times to observe particle to particle propagation in the 

HSV was ahead of the main flame development due to the flame luminosity 

preventing the identification and tracking of single particles after this due to it 

creating too much background luminosity or entraining the particle into the main 

flame.  

These 10 still images were taken by a high speed camera for Oak 150 - 300µm, 

0.75g, recording at 5000 fps. The images were enlarged from the original video to 

provide more detail at such a large magnification without ruining the images.   

HSV timings- 1186.2 1188.0 1184.4 1189.0 1189.6 1189.8 1190.0 1190.2 1190.4 

1190.6 Total time elapsed = 4.4ms  
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Fig 5.24 Particle to particle propagation in 150-300µm oak. 

The fact that this is a 2D view of a 3D situation is appreciated, however no 

software/technology was found that could provide a 3D view from the images.   

The images appear to show a right to left propagation from the far right particle to 

far left particles. Of more interest however is the very faintly luminous protrusion 

that develops below the top left hand particle. In the first images, this begins to 

detach itself from the bottom of the particle and begin to travel downwards. In the 

8th image this protrusion increases in luminosity and size significantly before 

becoming a spherical, luminous ball exactly like the 4 others in the frame. As this 

luminous protrusion travelled through the space that existed between the 

particle/location of origin and the secondary particle in a transient manner, this 

would appear to show that the protrusion was a gaseous flame. This is deduced as 

the particles appear to burn with a more intense light and display a distinct spherical 

shape. 

The flame development shown in Figure 5.24 matches closely with what (Gao, 

2015) report as devolatilization-controlled regime double flame structure flame 

propagation. The still images show it is clear that the particles do not fully 

devolatilise (at least at this particle size) ahead of the flame front and are therefore 

possibly acting as radiating bodies behind the flame front (Proust, 2006). Therefore 

the assumption that radiation plays no part in heating the particles ahead of the 

flame front (Proust, 2006) may need to re-examined for large particle combustion. 
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5.2.4 Single particle combustion – separation distance 

After the particle to particle footage had been analysed it was decided to try and 

calculate the size of the flame and if possible the duration it lasted for. Although this 

has been done many time for individual particles (Yao B. Yang and Jenny M. 

Jones, 2008, Zanzi et al., 1996, Biagini et al., 2006, Commandré, 2011) this is (to 

the authors knowledge) the first time it has been done for an explosion situation 

involving multiple particles. 

As the videos showed both the apparatus and the combustions in each video this 

was used as a scale to judge the size of other objects by. The stills of the tube of 

known size formed the starting point for an effort to calculate the distance between 

burning particles.    

 

Fig 5.25 Images used to scale the magnified particle to particle propagation 

images. 
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Error margin for measured values is 0.5mm either way  

Pic of tube is 6cm (measured) (from outer lit point to outer lit point), actual diameter 

7.5cm  

3 point flames total size edge to edge measured = .7cm 

6/7.5 = 0.8  so 0.7 x .8 = 0.56 cm or 5600 µm  

Error is therefore 4764 - 6450 µm 

 

Fig 5.26 Particle to particle propagation A-B. 

150 – 300µm particle separation up to 1600µm from calcs at MEC, particle 

diameter average 225µm. 

New expanded image – 32000µm (measured) while calculated at 5600µm 

Therefore ratio measured to actual = 0.175  

Error is therefore = 0.149 - 0.23 

Distance measured between centrelines of particles A and B – 1.1cm = 0.175 x 

11000 = 1925µm 

Therefore distance between particles = 1925 – 225 = 1700µm 

Error is therefore 1564 - 2334µm 
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Distance measured between luminous areas of particles A and B – 0.3cm = 0.175 x 

3000 = 525µm - flame separation 

Error is therefore 372 - 710µm 

Assuming particles were and still are 225µm diameter 

Distance calculated between edges of particle and flame front (flame thickness)  = 

(1925 - 525 – 225)/2 = 588µm flame thickness 

Distance calculated between centre of particle and flame edge (flame thickness) = 

588µm flame thickness + 112.5 particle radius = 700.5µm 

Error is therefore 314 – 868.5µm 

 

Fig 5.27 Particle to particle propagation A-C. 

Distance measured between centrelines of particles A and C – 2.4cm = 0.175 x 

24000 = 4200µm 

Therefore distance between particles = 4200 – 225 = 3975µm 

Error is therefore 3500 - 5000µm 

Distance measured between luminous areas of particles A and C – 1.5cm = 0.175 x 

15000 = 2625µm 

Error is therefore 2160 - 3150µm 
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Assuming particles were and still are 225µm diameter 

Distance calculated between edges of particle and flame front = (4200 - 2655 – 

225)/2 = 660µm 

Therefore distance between centreline of particle and edge of flame = 660 + 112.5 

= 772.5µm 

Error is therefore 62.5 - 1307µm 

2625 µm greater than 1600µm so not within the critical separation calculated 

from MEC.  

However the video stills show a faintly luminous flame propagating from particle A 

to particle C. As there is no continuous burning in the path this flame takes it has to 

be assumed that this flame (prior to reaching particle C) was propagating on gasses 

(volatile gasses released prior to this point). This indicates that particle C was under 

thermal stress prior to the flame reaching it resulting in the release of volatile 

gasses (Gao, 2015) that the flame propagated on to reach the particle. However 

due to not being able to see the particle prior to ignition it is impossible to tell how 

this thermal energy was delivered to the particle or how far it had been devolatilised 

prior to the images. This previous release of volatiles may help explain how this 

particle can be ignited even though it is just over twice the calculated critical 

separation distance from its ignition source. It may be that due to un-equal 

distribution within the tube at ignition (0s ignition delay) as shown Fig. 5.17  the 

calculated separation distance may be out if the fuel is unevenly distributed, 

although that would reduce the separation distance needed even further. A more 

likely explanation is that this particle was only able to ignite due to the previously 

released volatiles providing a pathway for the established flame on particle A to 

travel down. It would be useful to assess the degree of unequal distribution within 

the Hartman at the time of ignition to re-calculate the separation distances based on 

the actual volume of the tube they occupy at the time of ignition.    

Calculated separation (MEC) = 1600µm 

Calculated separation from A – B (HSV) = 1700µm 

Calculated separation from A – C (HSV) = 3975µm 
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It was hoped that that the measured values could be used to back calculate the 

burnout time of the particles to validate the calculations done so far. However due 

to a number of factors this proved impossible. These were - 

 Going from particle mass to devolatilised gas volume was impossible as the 

A/F ratio for the devolatilised gasses varies massively, from 15-17 for CH 

gasses (methane, ethylene, butane…. ) and 2.4 for CO and H2. That meant 

that depending on the volatile species used the gas volume could vary by a 

factor of 7.  

 The above values assume that it was a stoichiometric concentration of the 

aforementioned gasses that burnt which is not known.  

 The expansion ratio varies for 5–8 depending on the flame temperature, this 

is affected by both the gas species and the concentration it burnt at. 

The combination of these factors made it so that any values generated would most 

likely be wrong by a large margin.  

From the footage it was possible to record 8 instances of single particle burnout, an 

example of which is shown below.  

Oak 150-300µm  0.75g  1177.6 1182.6 - 1207.4 total burnout time = 29.4 ms 

   

Fig 5.28 Single particle burnout time from video. 

The average burnout time was 22.5 ms over 8 particles that were observed. 

Using an equation for biomass particle burnout time (Mason, 2015) it is possible to 

calculate the time taken to burn the volatiles within the particle completely (visual 

combustion).  
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volatile flame duration = amb 

m=mass in mg  

a=1.33 

b=0.59 

=1.33 x (0.00185)0.59 = 32.4ms 

If the volatile mass (from TGA) is used  

=1.33 x ((0.8*0.00185))0.59 = 28.5ms 

This is very good agreement with the observed values. The mass of 0.00185mg 

was found by the average particle size (225µm) volume multiplied by the material 

density, 310 kg/m3 the agreement suggests this assumption is no too inaccurate.  

Assumptions that need testing/altering 

Spherical particles – SEM and size analysis would be the best method of doing this, 

the SEM could be used to measure the actual particles dimensions. Although the 

size analysis is incorrect (section 3.3.4) it allows comparison of the size distribution 

within a sample of similarly shaped particles to be compared to each other as was 

the case with these samples.  

5.3 MEC  

Having failed to relate the MEC of fine materials to the particle surface area: volume 

ratio (Fig. 5.22) it was attempted to link it to the inert components of the mixture. 

This was done as it was thought that with the volatile mass of most biomasses 

being nearly identical and Kobayashi et al. (1977) and Lewellen (1977) research 

indicating that any differences in volatile yield in TGA tests would be negligible to 

non-existent in real explosion conditions. It was thought that the percentage of inert 

material in the fuels composition may be dictating the MEC as this would not only 

displace combustible material in a fuel controlled environment but also extract 

energy from the flame front to heat the inert material and vaporise the water.  
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Fig 5.29 Inert material content against MEC from the Hartmann. 

This produced a good correlation as would be expected, however this is only for 

<63µm materials and therefore has no influence of particle size outside of the 

variation up to 63µm. However as has been shown in Figure 5.1 and 5.3 there is 

very little variation in the MEC generated by material and particle size variation 

below this point anyway.  

When fibrous biomass particles over a large range of particle sizes were examined 

however there was a correlation with particle size.   
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Fig 5.30 MEC of materials tested against d10, d50, d90 and D3/2. 

The correlation between the MEC and the volume of particles below 10%, 50% and 

90% of the total particle volume is good, although 10% and 50% have a better fit 

than 90%. More importantly it does not seem to show a preferential dependence on 

any size fraction, although the effect of altering the finer size fractions has a more 

pronounced effect on the MEC than the d90.   

When the Surface weighted mean (D 3/2) is plotted for only fibrous biomass 

samples there is good agreement (Fig. 5.31). This suggests that the MEC depends 

on the finer particle size distributions (d10 and d50) not on any particular size 

fraction. However as was shown in Figure 5.19 the particle separation at MEC 

appears to be constant after 200µm diameter, and that will be affected by the 

largest particles in a mixture.   
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Fig 5.31 MEC of materials tested against D 3/2. 

The fact that the palletised fuels did not fit the fibrous biomass trend indicates that 

surface texture, density, surface morphology, ash content, particle shape or any of 

the other areas affected by the palletisation process are important in the 

combustion process of biomass particles. Particles (pine and oak) with the same 

surface texture, density, surface morphology, ash content and particle shape 

behaved similarly to each other when varying particle size.      
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Fig 5.32 MEC of materials tested against D3/2 without <500µm. 

Removing the <500µm fractions improved the correlation suggesting it works best 

for narrow size ranges. Importantly however both <500µm fraction points were 

above the predicted MEC value, suggesting that the large particles may be having 

the effect of preventing a large percentage of the mass at MEC from interacting with 

the air as well as increasing the separation distance between particles therefore 

pushing the MEC up in wide size range samples. 

5.4 Discussions  

In the Hartman equipment different woods of the same size fraction give almost 

identical rates of pressure rise with concentration. Although the MEC’s for the 

<500µm fractions of pine and oak are different it is believed that this is due to the 

oak mixture having more fines and a higher surface area : volume ratio compared 

to the pine.   

Table 5.1 <500μm fractions pine and oak particle size compared 
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500 oak 109.2 62.7 381.7 845.4 

500 pine 172.0 84.7 358.2 793.8 

The finer particles are believed to play the dominant role in the rate of pressure rise 

and MEC values for any given material. The equivalence ratio MEC’s was very rich 

for the large particles, for fine particles <63μm the MEC was Ø ~ 0.2 (uncorrected) 

and the presence of coarser particles in mixed particle size tests acted as heat 

sinks and deteriorated the rate of pressure rise. As was shown in the 50/50 mixture 

of <63μm and 300-500μm the MEC and rate of pressure rise appear to be dictated 

by this finer fraction of the mixture as the MEC is twice that of <63μm pine and the 

rate of pressure rise most closely matches that of <63μm pine. If this is the case it 

suggests that the presence of large particles within the mixture does affect the MEC 

and rate of pressure rise by acting as a heat sink, but not significantly, especially in 

the presence of fine particles. Furthermore the presence of large particles appears 

to have a more influential effect on the rate of pressure rise than the MEC. 

The lowest rate of pressure rise was shown by the largest particles to ignite, 150-

300µm oak although this rate of pressure rise was only slightly lower than for the 

63-500µm pine fraction. This further supports the idea that while the largest effect 

on rate of pressure rise is from the <63μm material the 63-150μm component also 

plays a role if to a much lesser extent. 

The size fraction 63–150μm stands out as the only fraction to produce intermediate 

rates of pressure rise suggesting as (Yao B. Yang and Jenny M. Jones, 2008, 

Proust, 2006) suggested it is in this size range (100-200 μm) that cylindrical 

biomass particles turn from thermally thin to thermally thick.  

As commercial biomass millers produce a wide range of particle sizes, the 

presence of large particles with fines is a reality. However, ISO measurements of 

dust explosion properties are for fine dusts <63μm and hence the present 

measurements of MEC of Ø <0.2 for this size range are significant. In our research 

this is believed to have been caused by the uneven distribution of the dust in the 

vessel when run on 0 seconds ignition delay on the Hartmann apparatus.   

The results in Table 2.9 appear to show that pulverized biomass and HCO dust 

lean limits are different to those of HC dusts including coal. For pure hydrocarbon 
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dusts a model that the flame propagates as a gaseous hydrocarbon appears valid 

as the MEC’s are the same as that for a hydrocarbon gas. However, for biomass 

(Pine and Spruce) and pure CHO chemicals (PMA, PMMA, Polyethylene 

terephthalate, Polyvinyl acetate) show an MEC = 0.14 - 0.25Ø, which is supported 

by the present results for fine dusts MEC = 0.136, 0.196 and 0.204Ø. This MEC is 2 

- 3.5 times as lean as HC dust’s or gases will burn. However later work carried out 

using the high speed video appears to indicate that these exceptionally lean MEC 

results may be the result of unequal distribution of the fuel within the vessel (Fig. 

5.17). The present work on particle size effects agrees with the work on MEC for 

biomass with fine particle sizes shown in Table 2.12 and the 1m3 values in Table 

2.13. However if the MEC values are adjusted for the proportion of the tube that the 

dust was distributed over (approximately 1/3rd) then the values become far more 

like those found in Table 2.13 for the 20L sphere which is far closer to the 0.4 -0.5Ø 

values found for gaseous materials in Figure 2.15. It is thought that this may be 

due to the 20L sphere having the dust at the bottom of the vessel and dispersing it 

much like the Hartmann apparatus (but in a spherical vessel) while the 1m3 uses 

the rebound nozzle or other directional injection systems.    

A feature of pulverized biomass combustion and general dust combustion that is 

rarely mentioned is that there appears to be no rich flammability limits, and this was 

found in this work as well. It has been postulated (Sattar, 2012) that H2 may be 

being created by gasification within the particles, as this is the only gas that will 

burn as lean and as rich as both biomass and CHO materials have been observed 

to. However at this time there is no evidence to suggest this once the corrections to 

the recorded MEC values are made (Ø of 0.17 x 3 = 0.51). This would suggest that 

there is a problem in the distribution systems used in the literature, especially the 

LOM 1m3 vessel used by Wilén (1999).     

It should be noted that liquid alcohol (HCO) vapours have a very similar 

flammability limit in equivalence ratio terms to hydrocarbon gases (Fig. 2.15). Thus, 

it is only solid HCO compounds that show very lean MEC’s and hence it is likely 

that this is associated with the decomposition of the particles under rapid heating 

that occurs in a flame front, producing predominantly CO volatiles (Commandré, 

2011). Coal clearly behaves differently to biomass dusts with a maximum 

flammable particle size of 150-212μm compared to 300-500μm for pine biomass 

(this study) and mixtures of an average particle size of 1227μm (Wong, 2013).  
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The MEC differences between HCO and CH compounds, 80-90 g/m3 for Pittsburgh 

coal = 0.74-0.83 Ø (Jensen, 1994) can, potentially be explained by the release of 

hydrocarbon volatiles, 60% (Kobayashi et al., 1977) and a hydrocarbon flame 

propagation, as the MEC is close to that for hydrocarbon gasses (0.7 x .6 = 0.42). 

Possibly due to the large difference between the volatile percentage of the two 

different materials combined with the ease with which biomass releases its volatiles 

compared to coal, Figure 4.1.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             

Large particle and wide particle size distribution tests showed fluctuations in the 

ignition probability near the MEC (Fig. 5.33) that was not shown in any of the fine 

particle tests. This suggests that this was caused by an uneven distribution of dust 

or a none uniform sample of material, both of which are far harder to achieve with 

fine particles. The proportional mass of larger particles to smaller ones means that 

a slight shift in the distribution of the particles will make a large numerical shift in the 

number of particle in the mixture and therefor their separation from each other.  

 

Fig 5.33 Ignition proberbility of all hartmann tests 

The 300-500µm pine did ignite after milling but would not before, it was suspected 

that milling lowered the size distribution with the result that the milling increased the 

reactivity of the biomass as seen in Fig. 5.1 and Fig. 5.2 and this was confirmed 

with particle size analysis. 
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Table 5.2 Effect of milling on oak <500 µm 

pine 300-500 

 
milled Un-milled 

D [3, 2] - Surface weighted 
mean μm 346.0015 402.387 

d (0.1) μm 252.566 282.343 

d (0.5) μm 530.544 547.0525 

d (0.9) μm 900.6475 909.8555 

When the dp/dt and 1/MEC are plotted against the average volume : surface area 

ratio there is good agreement. However the dp/dt follows a power function while the 

1/MEC follows an exponential one. This infers that the dp/dt is more strongly 

influenced by the loss of fine particles from the mixture than the MEC, this is logical 

as the MEC is a fuel controlled environment while dp/dt is controlled by the rate of 

devolatilization of the particle. 

 

Fig 5.34 MEC and dp/dt againse D 3/2. 

As predicted from Proust (2006) once the particles reach a specific size the dp/dt 

appear to become insensitive to particle size, this would be expected if after a 

specific particle size the flame front is no longer propagating as a discontinuous 

particle to particle propagation but as a gas combustion on the devolatilised 

material.  
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 5.5 Conclusions 

1. The results show that although the finer particles present in the mixture 

appear to dictate the rate of pressure rise, coarse particles without the 

presence of fine particles were flammable at rich mixtures even up to a 

particle size of 300-500µm. These rich conditions occur in pulverizing 

mills and pneumatic dust conveyers and the explosion of particles in the 

300-500μm range is a reflection of the high reactivity of pulverized 

woody biomass. Although these particles produce low Kst values they 

still generate sufficient pressure rise to cause damage to instillations and 

structures. It should be noted that the maximum combustible particle 

sizes were larger for biomass than coal which had a maximum 

flammable particle size of 150 - 212μm (Man and Harris, 2014) and 

similar to kerosene mist 300μm (Cook, 1977).  

2. The high speed video showed that the dust was only distributed over 1/3 

to 1/2 of the tube at the time of ignition depending on the particle size. 

Therefore the concentration at the MEC is actually 2-3 times the nominal 

concentration; the high speed video footage from each test was used to 

determine whether it is 2 or 3.  

3. The Hartman dust dispersion at 0 seconds ignition delay is non-uniform 

at the time of ignition of the dust (Fig. 5.17) and as such needs to be re-

calibrated. Murillo et al. (2013) puts the Hartman ignition delay at 60ms. 

However the degree of this un-uniformity corresponds to the particle size 

of the dust used (Fig. 5.23). This then leads to a further conclusion that 

in wide size fraction tests (<500µm sample) there may be some size 

segregation of the material taking place during injection.  

4. In mixtures of fine and coarse particles the MEC and rate of pressure 

rise appear to be determined by the proportion of fine particles, (as 

shown by the 50/50 mixture) but there was evidence that the large 

particles contributed to the heat release and did not just act as a thermal 

sink as the large particles would ignite on their own. In reference to the 

MEC of a mixture this is significant as it means that the material in these 

particles can contribute to the available fuel in a fuel controlled 

environment. However as this release will take place slowly it is believed 

that these large particles will not contribute significantly to the Kst for 

coarse and fine mixtures. This was shown by the fact that the dp/dt of 

the tests corresponded to the D 3/2 best with the closest particle size fit 
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being d 0.1, while the MEC D 3/2 was the second best fit, with the 

closest particle size fit being d 0.5. This implies that for dp/dt the finest 

fraction is the most important while it is the average particle size that is 

most influential in dictating the MEC this is also shown in Figure 5.34.    

5. The material (oak or pine) appears to have virtually no effect on the rate 

of pressure rise or MEC as this is practically identical for pine and oak 

that have been size segregated to the same narrow size (<63μm). 

However the coarse fibrous biomass particles had a completely different 

trend to the pelletized materials.  

6. In Figure 5.19 the separation distance between particles at the MEC 

(assuming spherical particles) indicates that after an average particle 

diameter of about 200µm the separation distance between particles at 

the MEC stops rising. This could be interpreted as the point at which the 

particle ceases to yield a larger envelope of devolatilised gas with 

increasing particle size. This occurs at the particle size Yao B. Yang and 

Jenny M. Jones (2008) estimated biomass particles would make the 

transition from thermally thin too thermally thick (150-200µm in 

cylindrical particles). This may explain why particles with very high 

average particle size (1227µm) have such high MEC values. 

7. The Hartman apparatus used in this work appears to give similar MEC 

results to the Hartman apparatus used by Maisey (1965) for similar 

materials.     

8. The results show that biomass was very reactive with an MEC of down 

to 0.17Ø and these results for pulverised biomass are in agreement with 

other measurements using the 1m3, 20L sphere and Hartman apparatus 

carried out by other groups (Table 2.14 and 2.15). It should be noted 

though that the 20L sphere gave on average higher MEC results that the 

other two vessels. This is believed to be a distribution issue.    

9. At a preheat zone thickness of 6-7mm (Han et al., 2000) the turbulent 

burning velocity is around 0.44m/s, the residence time is 13.6ms, the 

temperature rise is then of the order of 2000K which produces a heating 

rate of 147,000k/s. Turbulent burning velocity of 0.625m/s were reported 

by Sattar (2012) and this gave a residence time of 9.6ms and a particle 

heating rate of 208,000 K/s, which is very hard to reproduce in any 

laboratory test. However high heating rate tests carried out on biomass 

indicate that the volatile yield is predominantly CO and H2 (when carried 

out in an inert atmosphere) with a maximum achieved ratio of H2/CO of 
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0.4 producing a gaseous MEC = 0.258Ø. This could be used to explain 

the low MEC values of biomass relative to coal. However the lowest 

MEC results found during this work with the Hartman apparatus were 

0.41Ø (when corrected).   

10. The high speed video showed a less luminous flame front ahead of more 

luminous combustion zone- it is thought to show lean gas flames from 

devolatilised material ahead of oxygen diffusion flames around particles 

undergoing very rich combustion, this therefore creates soot leading to 

high luminosity flames. Fine particles <63µm do not show this as they 

instantaneous devolatilization (Proust, 2006) of the particles yields a rich 

gaseous mixture that produced a uniformly highly luminous flame. 

11. It had been speculated that the biomass particles may be releasing H2 

and therefore this may have allowed biomass to have an MEC of Ø 0.14. 

However this is impossible as for oak, at 5.6% H this is therefore = 212 x 

.14 x .056 = 1.66g/m3 H2. For H2 the stoichiometric concentration is 

34.96g/m3 and the recorded MEC for H2 is 4.76 g/m3 which is > 

1.66g/m3. If the other volatile species (CO and CH4) (Commandré, 2011) 

that have been found to be released are added in to this it will raise the 

MEC of the devolatilised gasses higher. This calculation was preformed 

to prove that NO volatile species can explain these exceptionally low 

MEC results. If no gaseous volatile species can explain these results the 

logical conclusion is that the cause is unequal distribution of the dust.      

12. <63μm and 63-150μm materials both show a lessening of the rate of 

pressure rise (after the maximum) over the concentration range of 0–4Ø 

while all other materials are still producing higher rates of pressure rise 

with richer nominal mixtures. This would make sense if the rate of 

pressure rise is driven by the concentration of material <150μm in size 

as this would still be rising in these mixtures. This appears to be what is 

being shown in Figure 5.34 where once a D 3/2 of 250 is reached the 

dp/dt flattens off. The D 3/2 for 150 -300µm is 300 suggesting that the D 

3/2 for 150µm is around 200-250. Which means there appears to be a 

surface area dependence on the rate of pressure rise. However there 

was insufficient time to go into this in more depth. 

13. It is proposed that the reason for the lessening of the rate of pressure 

rise in the <63μm and 63-150μm sized materials is due to material of 

this size devolatilising a much bigger percentage of its total mass than 

the larger particles either ahead of or in the flame front. This therefore 
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leads to the same phenomenon found in gas explosions where the O2 

molecules become so diluted by the fuel that combustion efficiency is 

reduced. 

14. A possible reason why the rate of pressure rise is affected by the finest 

particles in the mixture yet the MEC is not so dependent is that while the 

larger particles will still devolatilise and therefore propagate a flame for 

MEC measurements the rate at which they do so will be less that for fine 

materials therefore having a larger effect on the rate of pressure rise 

measurements than the MEC ones. 
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6 1m3 Explosion vessel tests and disperser calibration 

In order to use the 1m3 vessel for testing of coarse dust samples a disperser 

capable of doing so must first be fabricated. Once this was achieved the disperser 

would then be calibrated – ensuring the turbulence factor is recorded using 

methane gas explosions both turbulent and none turbulent through both the 

standard C-ring and the new disperser. Then the flame development will be 

measured to ensure the flame propagation resulting from this distribution is 

spherical in nature, which will indicate even distribution of the dust around the 

vessel.     

6.1 Disperser designs and testing  

The reasons for the need to develop an alternative disperser were covered in 

Chapter 3.5, 3.8.1 and 3.8.2. These can be summed up as three main points.  

 The dust holding pot (Fig. 3.29) was not capable of holding sufficient dust to 

reach the required dust concentration to test the MEC and/or the most 

reactive concentration for large particle biomass.  

 Large particle biomass (larger than 100µm) would not flow through the 

external and internal pipe work needed to inject it into the vessel in 

suspension using either the C-ring or wall mounted spherical injector. 

 Previously when the dust was placed in the dust dispersion pot this would 

displace some of the injection air, therefore if a series of increasing 

concentrations were tested the last (richest) test would have less injection 

air and therefore turbulence than the leanest test.  

Therefore based off Figure 3.47 from the ISO standards a new dispersion 

mechanism was designed. The aim was to create a disperser that would evenly and 

effectively disperse both larger and fine material, either as a mixture or 

independently. 

Each disperser was calibrated using 750g/m3 cornflour, purchased from Morrisons 

supermarket. This was chosen as it is readily available and cheap to buy; it has the 

additional advantage of being of relatively uniform particle size. 750g/m3 was 

chosen as the concentration as it was the most reactive mixture for this dust and 
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therefore the flame propagation was unlikely to be affected by buoyancy that may 

have produced different values of Kst and maximum pressure.  

6.1.1 Disperser designs 

Firstly the disperser from Figure 3.47 from the ISO standards was fabricated to the 

best possible degree of accuracy given that there were no technical drawings. To 

do this a 19mm diameter pipe was run from the wall of the vessel where the pipe to 

the dust pot attaches into the centre of the vessel. It then makes two 45o bends to 

end up facing directly downwards into the hemispherical bowl. This was of a 

diameter of 35cm and capable of holding a maximum load of 3.4kg of biomass at 

the standard density.    

Then the disperser was placed in the 1m3 vessel (Fig. 6.3(A)), secured to the 

bottom with a bolt and run using 750g/m3 cornflour. However this produced neither 

the Kst or Pressure that was generated from the C-ring with the same test 

conditions, (Fig. 6.1 and Fig. 6.2).  

 

Fig 6.1 Kst produced from various disperser designs with 750 g/m3 cornflour. 
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Fig 6.2 Maximum pressure produced from various disperser designs with 750 
g/m3 cornflour. 

Through discussion it was thought that the issue was the air dispersion from the 

pipe re-directing around the curved bottom of the bowl and then coming up in a very 

directional manner. To try to break up this directionality and create more turbulence 

it was proposed to add a baffle around the edge of the hemisphere (Fig. 6.3(B)) to 

try and break up the deflected injection air. To attach this to the hemisphere 4 

protrusions were welded onto the hemisphere and 4 right angled holes were lathed 

into the metal of the lip’s rim. The rim could then be lowered onto the protrusions 

then locked in place by turning it in the same manner as a bayonet fitting on a light 

bulb.    

However this actually proved to make the situation worse (Fig. 6.1 and Fig. 6.2) as 

a large amount of the dust load was now getting trapped under the baffle after it 

had been entrained by the dispersion air, resulting in a lower maximum pressure. 

Additionally it appeared that the baffle was reducing the turbulence in the vessel 

and therefore reducing the Kst.   

To try to alleviate this 50% of the area of the baffle was removed in alternating 

panels (Fig. 6.3(C)) to see if this would improve the results. However this produced 

the worst results so far (Fig. 6.1 and Fig. 6.2). The lip was therefore abandoned as 

a design as there had been no successful improvement in the original 

hemispherical results (Fig. 6.1 and Fig. 6.2).    
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(A) (B) (C) 

Fig 6.3 (A) hemispherical disperser, (B) hemispherical lip disperser, (C) 
hemispherical lip perforated disperser. 

After this a new approach was attempted, if the right angle of the baffle was too 

intrusive to the flow of dispersion air then perhaps another hemisphere placed on to 

it and perforated with holes would allow the dust to disperse while breaking up the 

directionality that had been observed in the original hemispherical disperser (Fig. 

6.3(A)). Therefore the spherical disperser with thirty 2cm diameter holes (Fig. 

6.4(A)) was produced, however it again produced lower Kst and pressure rise 

values than the original hemisphere (Fig. 6.1 and Fig. 6.2).  

However as it had the highest Kst and pressure generated from any disperser (apart 

from the original) yet tried, it was proposed that perhaps altering the hole size would 

improve this result by achieving faster flow through the holes and therefore 

producing turbulent jets with more reach and power than had been the case 

previously. 

Therefore 2 different variations were created, one with the same number of holes 

but at 1.4 cm diameter instead of 2cm (Fig. 6.4(B)) and the other with twice as 

many (60) 2cm holes. Unfortunately both dispersers failed to produce an 

improvement on the original design (Fig. 6.1 and Fig. 6.2).          
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(A) (B) 

Fig 6.4 (A) spherical disperser 30 holes 2cm, (B) spherical disperser 30 1.4cm 
holes 

Subsequently, it was decided to try the rebound nozzle (Fig. 3.46) that had 

previously been mounted on the wall in the same location as the wall mounted 

spherical disperser, (Fig. 3.45) attached to the end of the pipe in the hemispherical 

disperser (Fig. 6.3(A)). It was thought that this might break up the air jet from the 

19mm diameter pipe better, therefore creating a more even dispersion of the dust 

throughout the vessel. While this was the best alteration of the hemispherical 

disperser so far in maximum pressure generation, it only produced 50% of desired 

Kst.  

Then it was noticed that there appeared to be a brass fitting on the end of the pipe 

in Figure 3.47, closer examination of the image located a single visible hole on the 

side of this brass fitting. From this it was summarised that there must be 3 other 

holes not shown, at equal distance around the fitting to ensure equal distribution. 

Although there was no way of confirming (there were no technical drawings just the 

image) it was suspected that there was also a hole on the bottom of the pipe of the 

same size. To try and get the hole area as close to that of the standard C-ring as 

possible (263.3mm2) five 4mm radius holes were created in a sealed pipe of the 

same 19mm internal diameter as used previously for a total area of 251.3mm2. The 

pipe was then suspended 2.2cm from the bottom of the hemispherical dust holder 

so that the holes would be covered by the dust load. This disperser (Fig. 3.48) 

known as the “drilled pipe hemispherical disperser” was then run in the same 

manner to all previous dispersers and compared (Fig. 6.1 and Fig. 6.2).  
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This was found to be the best disperser design, as it produced identical pressure 

rise to the C-ring disperser and 83% of the Kst. Although this 17% error in Kst is 

within the 20% error margin for Kst’s 50-100 (BSI, 2006) it is still higher than would 

be desired and will be discussed more in the future work.    

As the Kst and pressure rise were within the acceptable limit set out in the ISO 

standards this disperser was chosen to run all future large particle biomass tests. 

To ensure that the propagation was even the flame speeds were plotted (Fig. 6.5) 

and showed a spherical, even propagation in both the horizontal and vertical axis.  

 

Fig 6.5 750g/m3 cornflour flame propagation in drilled pipe hemispherical 
disperser. 

6.1.2 Calibration and timing alterations 

As each different disperser would have different turbulent flow patterns, dispersion 

air velocity’s and dust dispersion each disperser needed to be calibrated using 

alteration of the ignition delay for optimum pressure and dp/dt generation (Fig. 6.6 

and Fig. 6.7).     

 

time of flame arrival, seconds 



- 221 - 

 

 

Fig 6.6 Ignition delay changes for drilled pipe hemispherical disperser 

The drilled pipe disperser was found to have both its maximum Kst and Pressure 

generation for an ignition delay of 0.55 seconds. Before this the dust has not yet 

had time to fully distribute itself around the vessel therefore lowering the maximum 

pressure value (Fig. 6.6). 

 

Fig 6.7 ignition delay changes for hemispherical disperser 

For some dispersers (Fig. 6.7) the maximum turbulence and therefore Kst was 

found for an earlier ignition delay than the maximum pressure generation. This was 

due to the larger air flow through the unaltered 19mm diameter pipe, 1134.11 mm2 

vs 263.3mm2. The ignition delay was altered by pushing forward the time at which 

the chemical igniters were fired, ti in Figure 3.31. 

The turbulence factor, β was found to be 3.92 for the drilled pipe disperser 

compared to 4.03 with the C-ring disperser. This was done by running turbulent and 

laminar methane tests with 10% methane and comparing the differences in Kst 

between the two.    
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6.2 Fibrous biomass tests 

Now that a dispersion method capable of handling biomass particles larger than 

100µm had been developed and calibrated to produce the best results possible the 

testing of the material began.    

6.2.1 Biomass explosibility 

Initially (at this point the drilled pipe disperser was not ready for testing) biomass 

explosion tests were run on cornflour and very fine pine dust collected from the dust 

filters in Drax power plant. These were chosen as the only available biomasses that 

would flow through the dispersers available at that time.  

 
 

(A) (B) 

Fig 6.8 Maximum pressure as a function of the (A) injected and (B) burned 
equivalence ratio  

  

(A) (B) 

Fig 6.9 Kst  as a function of the (A) injected and (B) burned equivalence ratio. 
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A significant feature of Figs. 6.8 and 6.9 is that biomass Kst and Pmax increases with 

burned mass Ø in the lean region and continues to increase in the rich region with 

the peak reactivity and Pmax occurring for Ø of 2 or richer. In terms of injected Ø 

(which is a more practically relevant parameter) it is evident that combustion still 

takes place and that strong and significant pressures are generated for both coal 

and biomass for equivalence ratios of 6 and beyond, with the reactivity of biomass 

being higher than coal for the two types of biomass investigated. This clearly shows 

that the risk of explosion with significant overpressures remains at 100% in very rich 

environments with little indication that a rich combustion limit is “near” and this was 

determined in standard testing equipment that had been modified and calibrated to 

handle larger quantities of powder than normal. This challenges the general 

industry assumption that operating in very rich conditions is safe. This 

demonstrates that if there is indeed a rich limit for dusts the present standard 

testing equipment (1m3 vessel and external dust pot) is not capable of measuring it 

(maximum capacity 1250g/m3).  

Once the drilled pipe disperser was fabricated and run this maximum capacity 

increased to 3000g/m3, a significant improvement on the original design. Oak of 

various particle sizes, Empty Fruit Bunches (EFB), milled pine and “Wood” were 

tested in this injector (Figs. 6.10 and 6.11). 

 
  

(A) (B) 

Fig 6.10 Maximum pressure as a function of the (A) injected and (B) burned 
equivalence ratio  
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(A) (B) 

Fig 6.11 Kst as a function of the (A) injected and (B) burned equivalence ratio.  

These test showed the same trend as the previous fine biomass tests (Figs. 6.8 

and 6.9) with the peak reactivity and Pmax occurring for Ø of 2 or richer, additionally 

the same dependence of reactivity on particle size as was seen in Figure 5.9 is 

observed here (Figs. 6.10 and 6.11). The pressure and Kst generated for <500µm 

size fractions is nearly identical irrespective of the material used. Interestingly the 

Kst for <500µm is nearly identical to the 63 - 150µm oak sample tested and these 

size fractions have very similar d10 and D 3/2 values which the Hartmann tests 

indicated should be the best indicator of the Kst for a material.  

The finest fraction tested, oak <63µm had comparable results to the materials 

tested in (Figs. 6.8 and 6.9) with the maximum reactivity around Ø 2-3 nominal 

concentration. Particle sizes larger than this had progressively larger MEC’s and 

Kst’s that corresponded to increasing particle size. Similarly to Figures 6.8 and 6.9 

these tests show no decrease in the reactivity of biomass up to the maximum 

nominal concentration of almost Ø = 14 (3000g/m3). This behaviour of rich dust/air 

mixtures is dissimilar to gas/air mixtures (Fig. 1.4), which have a rich limit at much 

lower equivalence ratios. Some potential reasons for this are:  

 In a closed vessel explosion there is a fixed mass of air and the dust is 

injected into this and does not displace any air. There is a fixed heat release 

of 3MJ per kg of air (Drysdale, 1992) irrespective of the fuel. For gases, rich 

mixtures have higher volume concentration and more air is displaced as the 

gas concentration is increased. So in a fixed volume system for rich dust/air 
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mixtures the energy available to be released is greater than the equivalent 

rich gas/air mixture because of the relative mass of available air (which is 

the controlling reactant in rich mixtures). 

 Another possible contribution to these phenomena is that although the initial 

mixture pressure is 1 atm, before the powder can burn it has to turn into 

pyrolysis gases and when these gases are added to the fixed system 

volume the initial mixture pressure effectively goes up. So as the hot flame 

kernel develops from the ignition point progressively more volatiles are 

driven off the dust cloud ahead of the flame and this would have the effect 

that each combustion step would take place in comparatively higher 

pressures than the equivalent gas/air mixture. This will have a compounding 

effect on the final explosion pressure Pmax for dusts resulting in higher 

overpressures than the equivalent gas air mixtures (equivalent temperature 

gas air mixtures burning same volume of oxygen and fuel). This effect could 

be partially or totally counter balanced by the excess dust particles acting as 

a heat sink. 

 It is more difficult to explain why the mixture reactivity, Kst, is so high for rich 

mixtures and why the maximum reactivity is not close to Ø = 1 as it is for 

gases. Part of the reason is that reactivity is related to flame temperature, 

but this comes back to the reason why the flame temperature does not peak 

until about Ø = 2-3 nominal concentration. Another possible explanation is 

that the definition of the equivalence ratio for dusts is based on the chemical 

composition of the solid particle rather than the actual combustion chemistry 

which is defined by the composition of the pyrolysis gases (which is not 

known). However this should be similar to the dust equivalence ratio as no 

fixed carbon and little ash is created to trap material, therefore what is 

vaporised (90 -95% of the material should be combusting in the gas phase). 

However only the percentage of material that is devolatilised during 

combustion will actually participate in the energy release. 

The MEC results (Figs. 6.10 and 6.11) show three distinct groupings – 0.4-1.14 

where the fine materials have their MEC’s, 1.8 - 2.3 where all the <500µm materials 

have their MEC’s and 4.4 where all the material without any particles smaller than 

300µm have their MEC’s.   
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However when this is plotted as the actual mass burnt in each test instead of the 

nominal concentration these lines converge (Fig. 6.11) with only the <63µm 

material producing significantly higher Kst per unit mass burnt and 63 - 150µm 

having a slight rise. This supports the idea that the <63µm material is the only size 

that is mostly devolatilising ahead of the flame front to produce a mixture of 

gaseous fuel upon which the flame propagates. 63 - 150µm oak has a much lower 

rise per unit mass suggesting it has a much more discontinuous flame propagation 

than <63µm, however this is still higher that for the other materials tested. 

There are some exceedingly low values of mass burnt caused by incomplete 

residue collection; this was discussed in section 3.10.     

There exists a problem that in the 1m3 dust explosion apparatus there is no way of 

determining what dust concentration the flame front propagated through at the 

MEC, although it is possible to infer this from the flame propagation in calibrations 

with fine particles which indicated uniform distribution.  

6.2.2 Effect of elemental composition  

There appears to be little to no difference (Figs. 6.10 and 6.11) at comparable 

particle size’s (<500µm) between EFB, pine and oak despite these materials having 

significantly different calorific values, moisture content, volatile content and ash 

content (Table 4.2).  

It can be seen that the burnt equivalence ratio for EFB, oak <500µm, wood and 

Pine <500µm all stop consuming more fuel once the maximum Kst and Pressure 

rise are reached (Figs. 6.10 and 6.11). 

 Wood –Ø  1.6 

 EFB – Ø 1.85 

 Oak less 500 µm – Ø 2.66 

 Pine less 500 µm – Ø 3.4 

This could be related to the materials composition but the reason is not yet 

understood. It is thought to be that once the maximum possible flame temperature 

and therefore the maximum Kst and pressure rise are reached there is only the time 
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taken for the flame front to cross the vessel in which material can be devolatilised. 

This could therefore be the maximum mass of material that can be devolatilised in 

that time.     

6.2.3 Particle size effect 

For 150-300µm oak particles the pressure and Kst generation is still rising at 

nominal equivalence ratio 9 while oak <500µm has Kst and maximum pressure 

beginning to fall off at an equivalence ratio above 5. This indicates that as 

Cashdollar (1996) suggested the solid dust needs time to devolatilise, however 

while he states that “As soon as sufficient volatiles are generated to form a 

stoichiometric concentration in air, the flame front propagates ~ before excess fuel 

volatiles can be generated ” it is thought that a lean mixture is burnt instead of a 

stoichiometric concentration. This is based on the observations in section 5.2 (Figs. 

5.14 and 5.16) that large particles produce an initial, low luminosity flame front 

(Gao, 2015) then upon flame arrival the heat release takes place in the gaseous 

phase. (Gao, 2015, Han et al., 2000) observed a double flame structure in biomass 

and liquid mist combustion where the initial flame front propagated on the 

devolatilised material while the remaining droplets/particles burn in an envelope 

diffusion flame around the droplets/particles. This would explain the increasing rise 

in pressure and Kst with concentration for 150-300µm oak (Figs. 6.10 and 6.11) as 

there is not sufficiently available fuel to reach maximum reactivity yet as such a 

large percentage of the fuel load is trapped in the large particles and unable to be 

devolatilised in time to take part in the combustion and release the energy fro the 

available air. 

Therefore the pressure generation rate for a single material at a set particle size 

would appear to be fixed; however altering the surface area to volume ratio 

effectively stretches the limits as a percentage of the mass is effectively trapped as 

the surface area to volume ratio decreases when the particles get larger. However 

as was shown in chapter 5 once a flame front is established the larger particles will 

burn behind the initial flame front producing a pressure increase but not contributing 

significantly to Kst generation as this is predominantly generated by the initial flame 

front. This is illustrated by Figures 6.12 and 6.13 where the maximum rate of 

pressure rise for oak <63µm is 0.1062 seconds before the maximum pressure is 

reached while it occurs 0.3198 seconds before for <500µm oak. This indicates that 
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the <63µm oak sample is producing its pressure rise from the initial flame front 

propagation faster than for the <500µm oak.  

 

Fig 6.12 <63µm oak dp/dt and pressure trace 

 

Fig 6.13 <500µm oak dp/dt and pressure trace 
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Furthermore when these pressure traces are plotted together (Fig. 6.14) it can be 

seen that the <63µm oak has a sharper peak than the <500µm oak, this is 

interpreted as indicating a larger flame thickness in the <500µm oak.  Additionally 

the corresponding pressure difference between them is attributed to the 

corresponding energy loss from the <500µm oak flame front spending a longer time 

in contact with the wall as both are from the same concentration of material 

(although the <63µm oak burnt slightly more mass).    

 

Fig 6.14 Pressure trace from <63µm (blue) and <500µm oak (green). 

It was proposed that the larger particles in a mixture do not affect its MEC when 

they are in the minority by volume (apart from separation distance between 

particles) as the flame front that is propagating from the fine particles is sufficient to 

devolatilise and burn them. However this suggests that larger particles increase the 

flame thickness in propagations where they are present. This explanation fits with 

the observation that particle size distribution affects Kst more than MEC, made in 

section 5.1. This was also theorised by Proust (2006) in his work on lycopodium 

flame propagation where he proposed an increased influence of radiation on flame 

propagation in large particle mixtures.      

As was found in section 5.1 the average volume : surface area ratio was the best fit 

to the Kst and MEC data (Fig. 6.15 and 6.16), although this time the Kst and MEC 

were both closest to the d 0.1. This may indicate that the best indicator of the Kst 

and MEC is actually the finest fraction of the dust out of the d10, d50, and d90. 
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Although Kst (dp/dt in the Hartmann) has a better correlation with the d10 for both 

vessels than the MEC. 

 

Fig 6.15 MEC against d10, d50, and d90 and D 3/2 

 

Fig 6.16 Kst against d10, d50, and d90 and D 3/2 
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As the D 3/2 provided the best indicator of Kst and MEC it was used to plot these 

against increasing average particle size as was done in Figure 5.34. Again, as in 

section 5.1, Kst (dp/dt) decreased faster than MEC with reducing D 3/2. 

 

Fig 6.17 1/MEC and Kst against D3/2 

This supports the work in section 5.1 that indicated that the Kst or dp/dt value for a 

mixture is more sensitive to the increase in the D 3/2 than the MEC is.  

6.2.4 Flame speeds 

Flame speeds from the 1m3 vessel varied wildly depending on the particle size of 

the dust used in the test. Tests on <63µm material generally produced symmetrical 

flame speed readouts (Fig. 6.18), where the flame propagated in all directions at 

the same rate. The graphs are plotted as the distance from the centre of the vessel 

against the time of thermocouple activation.        
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Fig 6.18 Oak <63 µm 500g/m3 

A number of the tests however displayed off centred propagation, where, although 

the flame propagated at the same speed in both directions it was not centred in the 

middle of the vessel (Fig. 6.19).     

 

Fig 6.19 Oak <63 µm 1000g/m3 

This was believed to be caused by the igniters producing directionality by breaking 

the plastic casing holding the chemical igniters (Fig. 6.32).  

However while the flame speeds were good for fine particle dust explosion tests the 

thermocouple responses became more erratic as the size of the dust used 

increased (Figs. 6.18 and 6.21).    

time of flame arrival, seconds 

time of flame arrival, seconds 
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Fig 6.20 Pine <500µm -1500 g/m3 

As the size of the particles used becomes bigger so the flame speed derived from 

the thermocouples becomes worse. This is thought to be caused by the flame 

propagation becoming much more discontinuous and the propagation un-

uniform/random, as was shown in chapter 5 with the high speed video.    

 

Fig 6.21 Oak 150 - 300µm - 1500 g/m3 

The largest particle sizes tested had the worst results with, as seen in Figure 6.21, 

the thermocouples nearest to the centre activating last for one test. This is thought 

to be due the fragmentation of the flame front for large particles that was observed 

in Figure 5.16. This is where the particles become so large that only sufficient 
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volatiles for a very lean flame front are produced ahead of the flame front. The 

flame front then propagates in the direction where there is sufficient localised gas 

concentration to sustain it, this is determined by the local particle distribution. This 

results in a completely random flame propagation based of the local distribution of 

particles around the ignition source that is heavily influenced by buoyancy.     

The flame speeds from the <63µm oak at its most reactive concentration (500 g/m3) 

was between 3.8-4m/s in a turbulent environment with a turbulence factor of 3.92. 

Therefore the laminar flame speed is 0.96-1.02m/s.  

The same dust when run through the Hartmann apparatus gave a maximum flame 

speed of 3.54m/s at a nominal concentration of 187 g/m3. This would be 561 g/m3 

when corrected for the uneven distribution which is in good agreement with the 1m3, 

however that agreement was only possible with that particle size of fuel as will be 

shown in chapter 8. The Hartmann β would need to be known to calculate the  

burning velocity from this piece of equipment which at this time is unknown.  

6.2.5 Mass burnt 

The mass burnt stops increasing for large particle biomass (Figs. 6.9 and 6.22) 

once or just after the maximum pressure was reached. This means that the 

proposed increases in pressure from the mass of devolatilised fuel equalling out the 

pressure loss to the inert mass of the extra fuel load as this increases is not 

possible. Therefore there has to be another reason for the constant pressure once 

peak pressure is reached in dust explosions.    
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Fig 6.22 Mass burnt against nominal mass. 

As the fine particle oak appears to be behaving differently to the large particle oak, 

the fine biomass from the wall mounted dispersers was also plotted, (Fig. 6.23). 

 

Fig 6.23 Mass of powder burned as a function of mass injected in equivalence 
ratio. 
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Figures 6.22 and 6.23 show that the mass of material burned had a non-linear 

relationship with the mass injected and that coal behaved differently than biomass. 

For coal there was a very sharp increase in the unburned proportion of mass after a 

nominal equivalence ratio of 3, as at 3.8Ø only 1.47Ø burned and at 6Ø injected this 

was increased to 2.1Ø that burned. This indicates that the amount of fuel that will be 

vaporised during an explosion is directly related to its particle size, with finer 

materials displaying higher mass loss with nominal dust loading. This may be why 

in Figures 6.9 and 6.11 only the finest particle sized material had a fall in Kst. This 

is believed to indicate that the fineness of a material affects its behaviour, with the 

finest material’s behaving more like gas explosions with a steep rise and fall in the 

Kst around the most reactive concentration. However with a fixed mass of air that is 

not displaced as it is in gas explosions there appears to be no corresponding fall in 

the pressure generation (Figs. 6.8, 6.9, 6.10 and 6.11). This suggests that the 

particle size of the dust would dictate the percentage of fuel in a particle that could 

interact with the flame front to release its energy in the available time. Therefore at 

very fine (<10 - 40µm) particle sizes it is expected the MEC of a dust will be the 

same as the gaseous volatile products (Burgoyne and Cohen, 1954), however due 

to the lack of any displaced air as is found in gas explosions there is no expectation 

of encountering a rich limit where these same gasses wound encounter one.    

It is clear that for rich burning mixtures coal and biomass behaved quite differently 

in terms of the proportion of the injected dust that burned. This is important in 

pulverising mills and pneumatic conveyor systems as dust concentrations are 

maintained in the rich zone by design in the anticipation that combustion, if initiated, 

will be weak. In the present results the directly comparable concentration to the 

industrial applications is the injected powder concentration or injected equivalence 

ratio. The present results clearly show that biomass will burn more readily at a 

much higher concentrations than coal and consume more of the material in doing 

so. This is particularly important as the highest overpressures and reactivity rates 

were encountered in the rich mixtures for large particle biomass. 

Prior to this work on residue mass the method used at Leeds University was to 

measure the percentage of the material left as residue after combustion for the 

most reactive mixture and then apply that percentage to all tests. Figure 6.22 

demonstrates that this method is not correct and should no longer be utilised. 

Instead using the procedure detailed in section 3.2 and 3.2.1. 
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6.3 Cake formation 

As mentioned in the previous sections, in the ISO 1m3 vessel a large fraction of the 

mass of dust injected does not burn and is left as a residue in the vessel at the end 

of the explosion (Fig. 6.22). Most of the literature on dust explosions does not 

mention that a large fraction of the dust injected into the ISO 1m3 vessel does not 

burn and hence the concentrations reported are not the dust concentrations that the 

flame propagates through but a nominal “intended” concentration. Pilão et al. 

(2006), in a wide ranging work on cork dust explosion hazards also detailed the 

large proportion of the cork dust that was left as debris at the end of the explosion 

but gave no explanation for it. 

For some dusts, such as milk powder, the residue was left adhered to the vessel 

walls after the explosion. Photographs of the wall “cake” from milk powder 

explosions are shown in Figure 6.24 (A and B). They clearly show that the side 

against the metal wall was not burned or pyrolysed, but the side exposed to the 

flame was pyrolysed by the flame. Very few dusts we have tested had such a clear 

residue and in most cases and in all the dust explosions in this work, the residue 

was left as a powder on the bottom of the ISO 1m3 dust explosion vessel.  

In the near wall region, particle combustion may be different from combustion 

across the rest of the vessel due to particle behaviour. As the flame approaches the 

wall the gas velocity ahead of the flame must be reduced to zero as the fixed 

volume restricts the expansion. The flame speed must therefore be drastically 

reduced to the burning velocity in the near wall region. The effect of this flame 

deceleration for dust mixtures will be for the inertial of the particles to leave them 

travelling towards the wall. With 90% of the original mass of air compresses into the 

last 10% of flame travel (50mm for a 1m diameter sphere) this effectively will 

compress the particles onto the wall and prevent them from burning. This is why 

around half or more of the particles injected survive the explosion and are found as 

residue. For some dusts, such as milk powder, this compressed layer is still 

attached to the wall after the explosion.  
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(A) (B) 

Fig 6.24 (A) Milk powder “cake”, wall-touching side (B) Milk powder “cake” 
flame-touching side 

The rate of pressure decay from the 1m3 vessel following the explosions was 

recorded as shown in Figure 6.25. The pressure decay was due to heat loss; not 

leakage, as the vessel is hermetically sealed. The decay rate was measured for the 

period immediately after the peak explosion pressure, until the pressure was 

reduced to 90% of its peak value, as shown in Figure 6.25. A faster decay 

indicated greater heat losses and Figure 6.28 shows that for a gas explosion the 

heat loss was much faster than for a dust explosion for similar peak pressure and 

hence similar peak temperatures. It is considered that the rate of pressure loss is 

related to the thickness of dust that is deposited transiently on the wall at the end of 

the explosion. The dust then acts as an insulation layer at the moment the flame 

hits the wall. The rate of pressure loss should then be a function of the thickness of 

the dust on the wall. 
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Fig 6.25 Rate of pressure loss for methane and corn flour 

The residue recovered from the vessel was subtracted from the mass loaded into 

the dust pot to give the “mass burnt” value as described in section 3.10. The 

measured rate of pressure loss is plotted as a function of the calculated 

compressed dust wall layer thickness, assuming uniform thickness throughout, in 

Fig. 6.26. There are two trends in the pressure loss rate: firstly, there is a maximum 

pressure loss rate which corresponds with the peak flame temperature; secondly, 

the dust layer thickness increases as more dust is used in the explosion and the 

mass of unburned dust increases. This increased thickness reduces the rate of 

pressure loss even though for rich mixtures the peak pressure and therefore 

temperature remain high.  
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Fig 6.26 Pressure loss rate, after the peak pressure as a function of the 
calculated dust wall layer thickness. 

The pressure loss rate was higher for coal than for biomass, as expected due to the 

higher flame temperature for coal, this could also be the result of woods higher 

specific heat capacity. The pressure loss rate decreases after peak pressure as the 

insulation of the flame front from the wall increases with increasing layer thickness.  

The temperature difference between the flame and the wall would drive the 

conductive heat transfer and any dust layer would act as an insulating layer which 

would reduce the rate of heat loss to the metal walls. The flame temperatures were 

calculated using in-house FLAME software, from the equivalence ratio, Ø, based on 

the mass burned. The flame temperatures were computed at constant pressure and 

are not strictly valid for the constant volume conditions of the closed vessel 

explosion.  

The differential form of Fourier's Law of thermal conduction shows that the local 

heat flux, , is equal to the product of thermal conductivity, , and the negative 

local temperature gradient, . The heat flux is the amount of energy that flows 

through a unit area per unit time. 

      

Therefore if the temperature difference between combustion products and the 

vessel wall is constant (as is implied by the constant maximum pressure in tests 

after the maximum pressure is reached Figure 6.10) it is the thermal conductivity of 



- 241 - 

 

the gas/vessel boundary that dictates the rate of pressure loss. Changes in the 

peak flame temperature due to the dust composition and concentration will 

influence the pressure decay. However as no significant drop in pressure (which is 

intrinsically related to temperature) is observed (Fig. 6.8) after the maximum is 

achieved, this would appear not to be happening.  

Figure 6.27 shows that the rate of pressure decay after the peak pressure in the 

explosion as a function of the flame temperature. This shows, as expected, the 

fastest decay was for methane-air explosions with no insulating deposits on the 

wall. Comparison with coal and cornflour at the same temperature gave over 50% 

lower pressure decay rate, indicating the presence of an insulating deposit. The 

peak pressure decay rate for dusts was 30% lower than for gas. This shows that 

the deposit thicknesses in Figure 6.26, which were between 0.08 and 0.2 mm were 

sufficient to reduce the heat losses.  

 

Fig 6.27 Rate of pressure decay as a function of the adiabatic flame 
temperature at constant pressure. 

Figure 6.28 shows the rate of pressure decay as a function of the burned dust 

equivalence ratio. This shows unexpected results when compared with Figure 6.27. 

The peak pressure decay does not occur at the peak flame temperature. FLAME 

predicts that the peak temperature should occur just richer than Ø=1, as for gases. 

It is not known why, in dust explosions, the highest pressure and the peak reactivity 

occur for rich mixtures, but this is a feature of dust explosions generally and is not 

specific to biomass. Thus the reason the peak pressure decay occurs for rich 
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mixtures in Figure 6.26 is that experimentally this is where the peak temperature 

occurs, which gives the peak pressure. At this mixture FLAME predicts a low 

temperature, as would occur for a gaseous mixture, which accounts for the peak in 

the rate of pressure loss in Figure 6.27 at 1500K, which is the predicted adiabatic 

temperature for Ø~2.  

 

Fig 6.28 Rate of pressure loss as a function of the burned dust Ø 

This cake formation has three major influences on an explosion test –  

 It reduces the energy losses to the wall of the vessel when the flame 

contacts the wall, this is especially important for large particle biomass 

combustion as the flame front will be thicker than for fine particle dusts. 

  It reduces the energy losses to the unburnt material by reducing its surface 

area prior to interaction with the flame front. 

 Based on particle drag it should be the larger particles from the mixture that 

lag behind the carrier gas velocity. Therefore theoretically if a large particle 

size range is exposed to an explosion wind in a constant volume system it 

should be the larger particles that fall behind the flame front.    

6.4 Disperser limitations  

It was noted that when larger quantities of material were used in the disperser that 

the amount left in the hemispherical dust holder increased (Fig. 6.29).  
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Fig 6.29 3000g/m3 wood after explosion. 

This was plotted for a number of different particle sized samples and found to be 

constant regardless of the size of material used. Figure 6.30 shows that up to 

1000g/m3 around 90-95% of the material in the vessel is dispersed, after this the 

percentage of material placed in the vessel that is dispersed falls dramatically.  

 

Fig 6.30 Mass injected vs mass placed in hemispherical drilled pipe injector. 

After 1000g/m3 the mass injected falls off very sharply, 3000g/m3 nominal fuel load 

only dispersed a maximum of 1264g/m3, or 42%. As the mass injected was 

independent of the particle size or material used it was deduced that this was an 

issue with the energy available in the injection air to disperse the mass of material 

placed in the hemisphere.  
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When Figures 6.22 and 6.23 are re-plotted as mass burnt against mass injected 

the graph alters to reflect the large amount (42-50%) of material that never left the 

dust container in large nominal mass loading tests. However coal, Drax pine, pine 

wood and wood still display vertical deflection from a 1:1 ratio of injected mass/ 

burnt mass. Therefore the observations made in Figures 6.22 and 6.23 were not 

incorrect even if the nominal mass was not the best indicator of the concentration.   

 

Fig 6.31 Mass injected against mass burnt 

To solve the issue of the dust mass remaining in the hemisphere with the drilled 

pipe disperser there were two options –  

 Increase the pressure that the injection air was delivered at – this would 

both increase the mass of air in the dispersion pot and increase the energy 

each unit mass of air would possess. 

 Keep the pressure the same and increase the volume of air used for 

injection. 

The second option was chosen and will be explained in section 6.5.   

6.5 Future work on dispersers and 1m3 vessel 

The Leeds vessel with the drilled pipe hemispherical disperser can only inject up to 

1300g/m3, this is well below the MEC of <5000g/m3 reported by Wong (2013) for 
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some large particle size biomass materials. It is also bellow the nominal 1300g/m3 

found to be the lean flammability limit in the Hartmann for 300-500µm particles, 

2600-3900 g/m3 when considering the un-equal distribution found in the Hartmann 

apparatus.  

Therefore for these reasons – 

 The 300-500µm material run on this disperser in the 1m3 vessel cannot be 

considered non-flammable as it is very likely that the disperser was not able 

to disperse enough material to reach the flammable range for this material. 

If this concentration could be achieved it is considered very likely that this 

material would ignite as it did in the Hartmann apparatus.   

 The external pot (Fig. 3.29) needs to be extended using the 5L (and 

possibly more) extension to increase its volume to disperse more material at 

higher dust loads. This will involve re-calibration of the ignition delay. This is 

the only viable method to increases the dispersion energy as the external 

pot is only rated to 25 Bar and is currently being used at 20 Bar therefore 

leaving no room for tests at a higher injection pressures. 

It was noticed that while running tests in the 1m3 vessel that the igniters would, on 

many occasions come out broken or cracked from the vessel (Fig. 6.32). The 

igniter cup was originally created for the purpose of preventing a directional ignition 

source from being created by the directional igniters. The jet flame from the igniters 

would hit the cup and be held in the centre of the vessel. However when the igniter 

shell cracks or disintegrates during ignition this would allow for the igniter flame to 

escape in un-planed directions, Figure 6.32 (A) is especially directional.  



- 246 - 

 

  

(A) (B) 

Fig 6.32 Igniters post ignition (A) partial failure of igniter shell (B) complete 
failure of igniter shell 

To prevent this happening again the igniter cup should be re designed to both hold 

the igniters and prevent this (breakage of igniter casings) from being possible in the 

future. The simplest method would be to create 2 small metal igniter holders on the 

bottom of the cup to hold the igniters. Then any breach of the plastic igniter casing 

would have to also penetrate the metal igniter holder before making contact with the 

suspended dust. 

6.6 Conclusions   

1. Only about half of the dust injected is burnt, at the end of the explosion 

there is unburnt dust on the floor of the vessel. This has not been burned 

and it has been observed in some dust explosions (for example with milk 

powder) that this unburnt dust is compressed against the wall of the 

explosion vessel with an outer layer slightly charred. In other explosions 

and more commonly, the dust compressed on the wall falls off onto the floor 

of the chamber after the explosion. Thus the actual mixture that the flame 

propagated through is not the nominal mixture injected into the vessel but is 

leaner than this. Thus the combustion equivalence ratio is leaner than the 

nominal equivalence ratio over all. However if the distribution of the material 

is even then the concentration of material passed through is the injected 
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concentration, but a percentage of the material in suspension does not burn 

as it is compressed against the wall. 

2. The disperser fabricated in this work is the only one known for the 1m3 that 

will allow dispersion of material with a particle size larger than 100µm. 

Other work with large particles, Wong (2013), used the 20 L sphere with 

internal dust storage and dispersion. Wilén (1999) reported dispersion of 

particles with a mean size of 318µm using the rebound nozzle with external 

dust pot in the 1m3 vessel, however this could not be repeated here and the 

disperser jammed when this was tried.   

3. All the evidence relating to the above observation is that the injection 

process does NOT result in dust depositing on the floor before it 

participates in the explosion. Thus the concentration of dust through which 

a flame propagates is very rich, however the action of the explosion 

induced wind and the reduction in this wind to zero at the wall may change 

the effective size distribution at the flame front, when large particles are 

present. This takes 2 forms, the large particles being overtaken by the 

flame front during propagation across the vessel and then the large 

particles being preferentially moved to the wall in the last stage of 

propagation.  

4. There is an issue that in the 1m3 dust explosion apparatus there is no way 

of determining what dust concentration the flame front propagated through 

at the MEC. Additionally at MEC buoyancy will play a large part in the 

propagation mechanism therefore leaving a proportion of the material 

unburnt. However as flame speed measurements were constant in vertical 

and horizontal directions in disperser calibration tests it is believed that the 

distribution of the dust was close to uniform. This has important 

consequences for MEC determination in the ISO Im3 dust explosion vessel 

– the MEC flame front can propagate through the initial part of the mixture 

where the concentration is as injected but will not reach maximum pressure 

as the cake material will trap a percentage of the material. This is seen in 

the drop off of the pressure as the MEC is approached. Therefore the 

nominal measured MEC should be what the flame front passed through 

although there is no way to confirm this at present. This is further 

complicated by the + or – 50-100g of reside that is collected from each test 
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in the vessel due to attachment pipes and crevices. This especially bad at 

MEC mixtures where the concentration is around 100g/m3 making the error 

in residue mass at the MEC too high to be reliable.  

5. As was covered in section 2.3.1 the MEC results in the literature are the 

result of the extremely crude method of MEC determination in the ISO 

standards. As such, reported measurements are not real MEC 

determinations, but are the last mixture that did explode in 50% increments. 

An MEC in the literature of 30 g/m3 could mean that the real MEC lies 

between 15 and 60 g/m3 depending on the definition of MEC, as this is 

different in different standards.  

6. The MEC and Kst in the 1m3 vessel displayed a similar dependence on 

particle size (observed in section 5.1 for the Hartmann vessel), with the Kst 

being more affected by increasing D 3/2 than the MEC. Furthermore the Kst 

was found to more closely correspond to the d 0.1 of a material while the 

MEC more closely corresponds to the d 0.5, this is thought to be due to the 

Kst being dependent on the rate of volatile release while the MEC is 

dependent on the ability to propagate a flame in a fuel controlled 

environment.   

7. A further feature of dust explosions that is difficult to explain and was seen 

in the present work is that the explosion peak pressure decreases very 

slowly for mixtures richer than that for the peak pressure. This is considered 

to be a feature of dust explosions as the presence of the dust does not 

displace air, whereas gas mixtures at the same pressure have less air 

mass and the air mass decreases as the proportion of fuel is increased. 

This is worst for hydrogen and is the reason why hydrogen/air mixtures 

have lower peak pressures even though the flame temperature is higher 

than hydrocarbons. As the mass of air in a dust explosion is independent of 

the amount of dust we can use the fact from fire research that the heat 

release per unit mass of air is constant irrespective of the amount of fuel. 

As heat release in a closed volume gives rise to pressure rise, this is a 

reason why the peak pressure does not decrease for rich mixtures. The 

small decrease is likely to be due to combustion inefficiency with all the 

carbon in the flame front not converted into CO2 (soot production) and the 

reporting of nominal concentrations instead of mass burnt.  
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8. The most reactive mixture (highest Kst) is still very rich for large particle 

biomass even after the unburnt biomass has been taken into account. For 

coal the most reactive mixture was close to stoichiometric and similar to the 

mixture for gas peak reactivity (after correction of the stoichiometry for 

unburnt coal).  

9. If larger particles get left behind the flame front and are then burnt in the 

high temperature burnt gases this should result in some particle size shift in 

the dusts at the end of the explosion. However, in the fast deceleration of 

the flame as it approaches the wall, larger particles should be preferentially 

thrown onto the wall due to inertia and finer particles take part in 

combustion (if they have not already all fallen behind the flame front and 

burnt). This could then leave the two particle size effects roughly cancelling 

out, leaving the debris with little apparent change in particle size. A more 

careful examination of the changes in particle size distribution between the 

starting and final dusts is required (chapter 7). Also it could be possible to 

capture some wall deposited particles before they fall off by adding a small 

side tube that the flame could push the particles ahead of the flame into, so 

their size distribution could be measured after the explosion. In the above 

qualitative model it was postulated that the action of the explosion induced 

wind on the biomass particles with a large distribution of size fractions is to 

result in large particles lagging the flame front. This will result, assuming a 

uniformly mixed dust and air mixture at the start, that the flame propagation 

produces a stratification of the mixture with large high mass particles 

lagging behind the flame front. These particles are then heated by the burnt 

gases in the presence of excess oxygen in the lean mixtures left by the fuel 

lean first flame front. The heat release from these particles then makes the 

effective mixture richer behind the flame front and leaner in the initial flame 

zone. 

10. A feature of the combustion just before the flame front reaches the wall was 

thought to be that the air may have been heated by compression to a 

temperature higher than the devolatilization temperature of the biomass. 

Thus it might be expected that the last flame travel could be purely gas 

phase leaving mainly biomass without volatiles compressed on the wall. 

However, the analysis of the residue biomass after the explosion shows 

that this has not occurred (no consistent loss volatiles or fine particles). The 
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explanation may be that there is insufficient residence time to devolatilise 

the biomass large or small particles; alternatively the outer layer of the cake 

could be absorbing most of this energy as was seen for milk powder where 

the outer surface was charred. Fine particles could be being preferentially 

burnt in this part of the combustion as the explosion wind reduces, as 

theoretically this should preferentially push the larger particles onto the wall 

if there are any left after the propagation across the vessel where they were 

lagging behind the flame front and being burnt.    

11. The feature of biomass dust explosions that is most difficult to explain is 

why their lean flammability limit is lower than that of gaseous hydrocarbons. 

Large numbers of such values were found in the literature review. The 

devolatilization of biomass and a flame propagating in the hydrocarbons 

released is a viable model with volatile yields of near 100% expected 

(Ubhayakar et al., 1977, Cetin, 2004, Kobayashi et al., 1977, Mohan et al., 

2006) for fine particles. This work found a minimum MEC of 0.45Ø in the 

Leeds 1m3 vessel and the Hartmann MECs were down at 0.17Ø. However 

these have been shown to be unevenly distributed over only 1/3 of the 

vessel, when this is corrected for it becomes 0.51Ø. This suggests that the 

volatiles released during combustion may have a lower H2 composition than 

was suggested by Commandré (2011) which predicted volatile gasses with 

an of MEC of 0.258 Ø (tests performed in inert atmospheres). It is thought 

to be far more likely that the volatiles released in the flame front were 

predominantly CO and some other CH gasses.   

12. Calculations have shown that the minimum weight of oak sawdust required 

to produce sufficient H2 to reach the MEC of H2 (4% volume or 3.83 g/m3) is 

67.12 g/m3. This is assuming that all the material is vaporised and that no 

other gaseous products (CO, CO2, CH4 ect.) are produced. However the 

measured MEC from this work is 100g/m3 which is an elemental MEC of 

0.45Ø.  

13. Literature MEC values of 30 - 60g/m3 are, when transferred into 

equivalence ration (0.14 – 0.24) are leaner than most gaseous 

hydrocarbons will ignite. Therefore it is thought likely that this is due to 

unequal distribution of the dust in the vessel as these extremely low values 
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cannot be repeated (now that the un-equal Hartmann dust distribution is 

known about).        

14. The results also show that the risk of an explosion with significant 

overpressures occurring remains at 100% in very rich environments with 

little indication that a rich combustion limit is “near” and this was determined 

in standard testing equipment that have been modified and calibrated to 

handle larger quantities of powder than normal. This challenges the general 

industry assumption that operating in very rich conditions (for example in 

mills and pneumatic conveying ducts) is safe and demonstrates that if there 

is indeed a rich limit for dusts, the present standard testing equipment are 

not capable of measuring it.  

15. 300-500µm pine ignited at 1300g/m3 in the Hartmann apparatus; however 

this injected concentration could not be reached for 1m3 vessel therefore 

this mixture/particle size is (from the Hartmann apparatus) flammable, 

however the MEC just wasn’t reached in this equipment. 

16.  The lack of reliable flame speed measurements from coarse materials 

(>63µm) in the 1m3 vessel is believed to be due to the un-uniformity of the 

flame propagation in large particles that was observed in the Hartmann 

vessel in chapter 5.     
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7 Residue separation and analysis  

In this chapter the residue from the explosion tests was separated using density 

differentials in water and these separated fractions were then studied using SEM, 

TGA, CNHS and size analysis. This allowed for physical and elemental 

characteristics to be determined for each fuel at each stage (raw fuel, un-separated 

residue and the separated residue fractions). This showed the combustion residue 

was almost identical in composition to the raw fuel, indicating that the residue took 

no part in the combustion process. This indicates that previous experiments in the 

literature have overestimated the amount of material burnt at the rich 

concentrations (as was shown in section 6.2.5) and that the residue is in no way 

made up of ash and/or char. 

Comparison of the residue (Fig. 7.5 – 7.9) indicates that the method of combustion 

taking place is homogeneous with char particles showing blowout holes from 

volatile release but no evidence of combustion on the particle surface as seen in 

Figure 7.3. However there is less char present than would be expected in the 

woody biomass residue, indicating complete combustion of the particles. Lewellen 

(1977) suggested that at high heating rates cellulose undergoes a complete 

conversion to volatiles which may explain some of these findings. The separation of 

the residue was first proposed after the raw residue from tests was visually 

observed to be made up of particles of different colours while still having almost the 

same composition as the raw material. Black specs of dust were found in the debris 

but the analysis after separation showed that they were not char but rather partially 

pyrolyzed biomass, similar to torrefied biomass. 

This was supported by the finding of a cake formation within the vessel after 

explosions (Fig. 6.24). This led to speculations that there were different particles 

mixed together within the residue, it was attempted to separate these using density 

separation in water.  

This was carried out to try and determine what material was lost from the fuel 

during combustion, if it was preferential loss of hydrogen, preferential loss of volatile 

material or if the lost material was constant across the elemental composition. To 

try to ensure that the residues selected were significant in terms of results 

generated it was decided to separate 2 samples from each particle size – the most 
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reactive concentration (highest Kst) and a near MEC mixture that generated 

significant Kst. The Kst qualifier was added to the MEC test as the actual MEC test 

would have very little burnt mass due to buoyancy.     

7.1 Separated samples 

As stated in section 3.2.1, for each test run there were four samples to be analysed 

–  

 the residue as extracted from inside the vacuum bag (r). 

 the residue as extracted from between the layers of the vacuum bag (br). 

 the residue after separation top fraction (t). 

 the residue after separation bottom fraction (b). 

The separated samples are listed in Tables 4.3 and 4.4; this includes separations 

preformed on a previous PhD student’s tests/materials to confirm that the process 

worked.   

Table 7.1 Seperated residue samples 

sample 
bag res 
g  res  g 

Nominal 
g/m3 Kst Top % Bottom % 

oak631 36.9 182.1 500 93.86679 18.26733 81.73267 

oak632 47.8 36.3 250 53 24.02315 75.97685 

oak63156 9.5 362.7 1000 33.33229 18.25013 81.74987 

oak63155 19.4 233.6 300 11.27 6.315789 93.68421 

oak1533 12.8 771.4 2000 11.97281 7.969639 92.03036 

oak1534 20.6 763.2 1250 9.6 20.91359 79.08641 

5004 oak 25.8 492.5 1000 37.25937 21.09912 78.90088 

5003 oak 24.9 319.5 750 29 23.78641 76.21359 
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The bottom separated fraction averages 75 -93% by mass of the sample in every 

case. This indicates that this is a consistent trend, over 2/3 of the material from the 

combustion tests consistently sinks.     

The bag residue is largest in <63µm samples but then increases again for the 

largest particle size fractions. This could be interpreted as the partial burnt material 

with reduced particle size being selectively trapped by the bag as they now have a 

particle size lower than the original material and so will preferentially pass through. 

This is supported by the fact that for <500µm, 150-300µm and 63-150µm samples 

the material trapped in the bag had the lowest percentage volatile material and 

highest fixed carbon and ash content of any of the fractions separated from that 

test. This indicates that the partially burnt material for larger particle size fractions is 

being preferentially trapped in the vacuum bags. It is postulated that the reason that 

this does not happen in the <63µm material is that the material itself is has 

sufficiently small particles to fit through the vacuum bag without size reduction 

unlike the other samples.     

Unfortunately during the separation process soot and ash became trapped in the 

filter paper used (Figs. 3.6 and 3.7). Therefore the levels of ash found in the 

separated residue top and bottom fractions varied by only small amounts. Visibly 

however it was always noted that far more ash was trapped in the filter paper used 

for the top fraction than was found on the filter paper from the bottom (Figs. 3.6 and 

3.7). The creation of ultra-fine soot particles (Fig. 7.19) indicates that the 

combustion taking place was rich, likely formed in the back of the flame front where 

all the available O2 had already been consumed by the combustion of the 

devolatilised gasses.      

7.1.1 Differences between layers 

The separated samples analysis is listed in Tables 4.3 and 4.4. In every case the 

top layer has more fixed carbon than the bottom layer or the original material. In 

every case but one, the top layer has less volatile content than the bottom layer or 

the  original, these two facts suggest that the volatiles are being driven off by the 

flame front, however this loss is generally only a few % (apart from the <63µm 

samples that will be covered later). However the top layer of the separation is only 

between 6-25% of the material recovered from the vessel by mass. This suggests 

that only a small percentage of the material injected was subjected to this 
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environment, while the majority of material, 75 -93% by mass was subject to less/no 

thermal stress. This would be consistent with the formation of a cake of material 

against the wall where it was protected from severe thermal stress by the 

quenching of the flame front on the wall and outer surface of the cake.     

The hydrogen content in the residue is nearly the same for both top and bottom 

separations and has no set preference for the highest value in top or bottom 

separations. Therefore no apparent hydrogen loss from top layer in preference to 

bottom is taking place. The lack of any elemental difference between the top and 

bottom layers indicates that the volatile material loss appears to be uniform across 

the chemical composition of the material. This indicates that the volatiles could be 

H2 and CO, however due to the ratios of hydrogen, carbon and oxygen in the 

biomass fuel CO and CH4 would appear more likely. This would also produce MEC 

values in the same region (0.42 - 0.45Ø) as was found in this work, while H2 and 

CO production, would, as has been covered produce lower MEC values than was 

found in this work.    

In order to establish what fully combusted biomass should look like under SEM 

analysis ash from a biomass burner was analysed by SEM.  

 

Fig 7.1 Cenosphere’s in residue. 
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Fig 7.2 Fully combusted particle. 

 

Fig 7.3 Secondary material loss. 

The particles display far more small scale pores than was found by (Cetin, 2004) on 

Radiata pine sawdust at a heating rate of 1×105 °C/s, indicating that due to the 

particle going through a flame front more of the material was lost, possibly due to 

the longer residence time found in burners. This indicates that for biomass, as for 

coal there appears to be a residence time to burn out the fixed carbon content (for 

particles of this size). However unlike coal ash this secondary loss of fixed carbon 

(small pores) has deformed the original particles shape far less than the volatile 

loss (large pores), as would be expected for such a high volatile content material. 
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Fig 7.4 Cenosphere 

During the analysis cenosphere’s were noticed throughout the residue, these it was 

realised could be used as an indication of the temperature experienced by the 

particles as they are only formed in a specific temperature range 1400 -1700oC 

(Fenelonov, 2010).  

  

A B 

Fig 7.5 150 – 300 3 (A) and 4 (B) Image of cenosphere’s in the residue 
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A B 

Fig 7.6 632 (A) and 631 (B) Image of cenosphere’s in the residue 

This suggests that the combustion reached temperatures of 1400 -1700oC, this is 

higher than Proust (2006) who had 1300oC for starch and the 1200oC found by Han 

et al. (2000).  

The images of the material before combustion are in chapter 4, Figures 4.2 - 4.5. 

When the residue was separated the finer material (<63µm) was found to visually 

contain more ash that the larger particle sizes in the top layer, this was also 

confirmed from the proximate analysis in Tables 4.3 and 4.4. However it should be 

noted that the <63µm tests and especially 632 were the lowest nominal mass tests 

run. For other size fractions 250-790g or reside was extracted from the vessel, for 

632 <90g of reside was collected. This is thought to be the reason for the high ash 

content in these tests. The bottom layer of all <63µm tests consisted of visually 

partially burnt material (of a grey colour rather than black or light brown), the 

elemental and proximate analysis showed it to be lacking in volatiles (10-30% 

volatile loss) and to have an increase in fixed carbon content (10%). However this 

material was far from ash, with half the volatile material of the original fuel still 

present. Additionally the ash that is observed appears to be lacking the small scale 

pores associated with a residence time to burn out the fixed carbon content as seen 

in Figures 7.2, it is possible that under rapid heating the fixed carbon is converted 

to CO as was suggested by Lewellen (1977) and so would react in the gas phase. 

The ash observed in these tests was more distorted, with thinner walls than was 

found in the furnace residue, this is thought to be due to higher temperatures and 

higher rates of heating producing more distortion of the particles original shape.   



- 259 - 

 

  

A B 

Fig 7.7 Residue 632 top (A) bottom (B) 

For the 150 -300µm tests large numbers of the protrusions and fine elongated 

particles (Fig. 4.2) are missing from the large biomass particles post combustion. 

The particles themselves however show no evidence of devolatilization or charring, 

(top or bottom layer) the structure is identical to the original material. This is 

supported by the elemental and proximate analysis, Table 4.3 and 4.4, which 

shows that the 150-300µm top and bottom residues were almost identical to the raw 

material in both volatile and fixed carbon content.   

  

A B 

Fig 7.8 1533 top (A) bottom (B) 
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Other non-fibrous dust residues were put through the same process and displayed 

the same trend of high porosity char in the top layer and apparently unburnt 

material in the bottom layer that was observed in fine biomass (Fig. 7.9).   

  

A B 

Fig 7.9 Pine nut top (A) bottom (B) 

The SEM images show that while both the top and bottom separated fractions 

contained apparently unburnt particles the top fractions had more burnt out particles 

on average than the bottom. However as the particle size of the material tested was 

increased the number of burnt particles visible in the separated fractions 

decreased.  

As has been stated in section 7.1 the mass of material trapped in the vacuum bag 

varied between size fractions, to try to determine the reason SEM analysis was 

performed on it.  
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1533 632 

Fig 7.10 Trapped material from vacuum bag. 

This showed that the material trapped in the vacuum bag for <63µm oak was 

composed of far more unburnt material that for the 150-300µm oak as was 

proposed in section 7.1.  

From the separated layer percentages in Table 7.1, analysis in Table 4.3 and 4.4 

and the SEM analysis, the vast majority of the debris in the vessel after an 

explosion had not been burnt. These SEM images show that the reason the top 

layer floats in the water separation is that the density of the particles are reduced by 

the porosity generated by the release of volatiles from the material. 

It is speculated that the difference in the reside composition (volatile material, fixed 

carbon and ash) between the 150-300µm and <63µm oak may be due to three 

factors-  

 The <63µm oak was only run at low concentrations (200 – 500g/m3) 

compared to the larger (150-300µm and <500µm oak) particles (750 – 

2000g/m3) due to a limited supply of the material. Therefore there was less 

mass of residue in the cake to absorb the energy from the flame front, 

therefore the material was subjected to more thermal stress and lost more 

volatile matter than other size fractions.  

 The material was of a smaller particle size;  therefore it may have reacted 

differently to the final stage propagation, just before the flame reaches the 
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wall due to aerodynamic properties, possibly forming a less dense/stable 

cake. 

 The difference in particle size will result in different thermal capacitance; it 

may be that biomass particles bigger than 63µm have a larger thermal 

capacity and therefore while exposed to the same thermal stress do not 

undergo the same loss of material.     

A feature of the flame propagation in gasses is that in the last period of flame travel 

the air and fuel are both compressed so there cannot be any change in 

concentration. However, in dust explosions the air is compressed but what is the 

effect of pressure on a biomass particle? It cannot change its concentration due to 

compression as the particle is not a gas. But it was proposed that pressure could 

compress the porous structure of the biomass so that the material on the wall may 

have the original biomass chemical composition but not its open cellular structure. 

However from these images this does not appear to be happening. The structure of 

the material post combustion appears to have the same shape and texture as 

before.   

It is thought that the small change in composition of the debris from the original 

biomass was due to its heating at the wall due to compression and flame quenching 

as the loss of volatile material and increase in fixed carbon content is so low. 

However, there was no evidence for the large increase in char or ash that would 

occur if the debris was partially burned biomass due to the flame propagating but 

not burning all the biomass dust particles in its path. The evidence suggests that all 

the particles, irrespective of size, are burned in the propagating flame (if there is 

sufficient oxygen) and what remains has not participated in the flame propagation. 

A consequence of this is that the concentration given in dust explosion work as the 

dust loaded into the injection pot divided by the volume of air in the vessel is not the 

actual concentration that the flame propagates through.   

7.1.2 Size analysis of burnt material  

Size analysis was carried out on the residue post combustion to identify what if any 

particle size material had been preferential removed from the fuel post combustion.  
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Fig 7.11 <63µm size analysis, logarithmic scale, particle distribution 

 

Fig 7.12 <63µm size analysis, cumulative distribution 

Less than <63µm oak residue had an increase in size after combustion, this shift in 

particle size could represent the particles of char and ash that were found in the 

residue as these had increased in size. This is due to the swelling of the particle 

during melting of the structure and the gaseous release of material forming bubbles 

in the molten material (Cetin, 2004). The loss of fine particles could indicate 

preferential burning of the fine material; however the loss of the fine material could 

also have happened in the cake, either due to the energy transferred to the material 

by the flame front or due to the increased temperature/pressure at this point in the 

explosion. This could also have taken place during collection of the residue as the 
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pre-combustion material was not put through this and unreacted fine material was 

found in the vacuum bag of these tests.  

 

Fig 7.13 63 – 150µm size analysis, logarithmic scale, particle distribution. 

 

Fig 7.14 63 - 150µm size analysis, cumulative distribution. 

The 63-150µm oak residue showed no significant alteration in size after 

combustion, this could be caused by the equal contribution of all the particle sizes 

present to the flame front. This would therefore suggest that there was no 

preferential burning of the fine particles and no size segregation during the 

propagation/injection. However this explanation would also require the ash particles 

formed to have the exact same size as the particles lost which seems unlikely. It is 
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possible that 63156 has an unaltered size distribution as it only burnt 82g of 

material out of 341g however this would still be expected to produce some variation 

in the size distribution. 63155 however burnt over 50% of the injected concentration 

therefore would be expected to show more alteration in the particle size from the 

creation of char particles. Therefore at this point the reason for this lack of change 

in the particle distribution is unknown, more samples of residue could be tested to 

see if this was a sampling error.     

 

Fig 7.15 150 - 300µm size analysis logarithmic scale particle distribution. 

 

Fig 7.16 150 - 300µm size analysis cumulative distribution. 
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In this case it is thought that the reason why 150 - 300µm oak decreased slightly in 

particle size after combustion is that the ash particles formed during the combustion 

of the material could have broken up during the residue collection and become 

trapped in the vacuum bag. The reason that these particles would break up but not 

those in the <63µm oak residue is that they are larger, therefore giving them more 

inertia during collisions in the residue collection process. Furthermore from the SEM 

images it appears that the particles (Fig. 7.8) in the residue have lost their fine 

protrusions (Fig. 4.2), there is no corresponding devolatilization of the particles, 

represented by swelling or devolatilization of the particle. This is shown in the TGA 

analysis of the reside (Table 4.4) compared to the unburnt material (Table 4.2) 

where there is no loss of volatile material or increase in fixed carbon content that 

would indicate that the particles have interacted with the flame front. This suggests 

that the loss of the fine protrusions happened in the cake, either due to the energy 

transferred to the material by the flame front or due to the increased 

temperature/pressure at this point in the explosion.  

It is postulated that the reason this temperature/pressure did not devolatilised the 

larger particles is due the thermal inertia of the particles being far larger than that of 

the protrusions coming off them.  

 

Fig 7.17 <500µm size analysis, logarithmic scale, particle distribution. 
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Fig 7.18  <500µm size analysis, cumulative distribution. 

For <500µm oak the reason particle size decreased so dramatically after 

combustion is believed to be that the material (the only one with a wide size range) 

was size segregated during combustion with the larger particles preferentially falling 

behind the flame front during combustion. This led to these particles undergoing 

size reduction due to combustion, this is supported by the fact that <500µm oak is 

the only size of oak (not including the <63µm oak) where the top residue separation 

layer had decreased volatile content and increased fixed carbon. Indicating partial 

devolatilization of the material as not all the large particles behind the flame front 

had sufficient time to burn out completely. This burn out of the large particles is 

significantly improved by the presence of fine particles which provide the initial 

flame front. The larger particles then fall behind the flame front and burn in the hot 

gasses; this is backed up by the results from Figure 7.13 where in the absence of 

fine material, with no significant size variation between the particles in the mixture 

there is no shift in the size distribution of the post combustion residue. This is 

supported by the Kst generated in the 1m3 vessel where, similarly to the Hartmann 

test results the Kst appears to be dictated by the finer particles present in the 

mixture. This is shown by <500µm oak producing nearly identical Kst to the 63-

150µm oak (Fig. 6.11), the size fraction that has nearly identical values of d 0.1 

(Table 4.1) and D 3/2.   

It is again thought that the ash particles in the residue for this size fraction are 

breaking up during residue collection; this is supported by the large fixed carbon 

and ash content of this material in reference to the other separated fractions from 
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the same source. This indicates that only for this size range was material being 

partially burnt, all other smaller size material is completely devolatilised/burnt. This 

may be due to the flame front generated from the fine material using up a large 

amount of the available O2 which doesn’t happen with the 150-300µm oak as there 

are no fines to consume this.  

The evidence is that all the particles, irrespective of size, are burned in the 

propagating flame front (if there is sufficient O2) and what remains has not 

participated in the flame propagation. A consequence of this is that the 

concentration given in dust explosion work, as the dust loaded into the injection pot 

divided by the volume of air in the vessel, is not the actual concentration that the 

flame propagates through, the flame is much leaner than the nominal concentration. 

To further determine if the combustion process affected the size distribution of the 

residues one way ANOVA tests were carried out on all the samples for pre and post 

combustion using D [3/2] average particle size. This showed that in all cases (<63. 

63-150, 150-300 and <500) the F value was > than the Fcrit and the P value was 

lower than the set Alpha, indicating that the null hypothesis of no statistically 

significant variation between the sample means is not valid. Therefore the 

combustion did alter the size distribution in the 63-150 and 150-300 micron size 

ranges.  

7.1.3 Future work on equipment  

To address the issue of filter paper trapping ash in the future the filter paper could 

be weighed prior to the separation, dried after and the mass of ash analysed 

through mass gained. Although the total mass of material trapped in the filter paper 

is only thought to amount to 1-2g of material when the total mass lost results in 20 – 

40g of ash this can become significant.  

To try to ensure that the assumption that this material was ash was correct; SEM 

analysis was carried out, Figure 7.19. This clearly shows thin shattered ash 

particles as were seen in Figure 7.6 (B) and Figure 7.7 (A) embedded into the filter 

paper, this indicates that it is ash particles and not soot.         
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Fig 7.19 1533 top separation filter paper 

To avoid the issue of trapping fine material in the vacuum bag finer mesh vacuum 

bags should be used in future tests. It is hoped that this will prevent the finer 

fractions of material from being separated from the residue samples during 

collection from the vessel. This would also help alleviate the issue that the bags 

trap different percentages of material and this material can have different 

compositions based on the particle size of the original material and that of the 

residue. 

7.2 Conclusions 

1. A key feature of explosions in the ISO 1m3 vessel is that a large fraction of 

the mass of dust injected does not burn and is left as a residue in the 

bottom of the vessel at the end of the explosion. Most of the literature on 

dust explosions does not mention that a large fraction of the dust injected 

into the ISO 1m3 vessel does not burn and hence the nominal 

concentrations recorded are not the dust concentrations that the flame 

propagates through overall. Furthermore the residue recovered from the 

vessel is (for most tests that are not near the MEC and for <63µm particle 

size), closer to the raw material than ash or char. 
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2. Overall this debris and raw biomass analysis shows that the model of the 

unburned dust being blown ahead of the flame by the explosion induced 

wind and depositing particles on the wall ahead of the flame is a reasonable 

explanation for the presence of about 50% on average (can be 10 -72% of 

injected mass depending on concentration) of the dust remaining at the end 

of the explosion.  

3. The small change in composition of the debris from the original biomass 

was believed to be due to its heating at the wall due to compression and 

flame quenching. There was no evidence for the large increase in char or 

ash that would occur if the debris was partially burned biomass due to the 

flame propagating but not burning all the biomass dust particles in its path. 

It appears that at no stage do these particles participate in the heat release 

of the explosion, but neither do they take heat out of the system to any 

significant degree. As the flame impinges on the wall with the residue layer 

compressed on to it the outer surface of the residue is heated and 

undergoes pyrolysis.  

4. It should be noted that if there is no significant heat release from these 

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

explosion will not to be greatly different from the raw biomass dust, as 

shown by Sattar (2012). SEM imaging showed that this was the case with 

both pulverized nut dust and woody biomass; however the nut dust, when 

separated showed more ash particles in the residue than the woody 

biomass. It has be hypothesized that this was due to a higher cellulose 

composition in the woody biomass that decomposed directly to volatiles 

with no char/ash formation while lower cellulose content in the nut dust led 

to more ash formation. However it is more likely that the ash formed from 

the nut dust was less friable that that from the woody biomass and 

therefore didn’t break up as easily during collection in the vacuum cleaner 

and end up trapped in the bag. This is due to SEM images showing a 

thicker more durable looking ash for the nut dust than for the fibrous 

biomass.    

5. The results show that the risk of an explosion with significant overpressures 

(in that they will still destroy buildings and process vessels) remains at 

100% in very rich environments with little indication that a rich combustion 
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limit is “near”. This was determined in standard testing equipment that have 

been modified and calibrated to handle larger quantities and particle sizes 

of powder than normal. This challenges the general industry assumption 

that operating in very rich conditions (for example in mills and pneumatic 

conveying ducts to burners) is safe and demonstrates that if there is indeed 

a rich limit for dusts, the present standard testing equipment are not 

capable of measuring it.  

6. The particle size distribution of the dust not burnt is nearly the same as that 

injected for 63-150µm and 150-300µm size fractions, so for these size 

fractions combustion does NOT appear to be preferentially burning the finer 

particles. However it is also not showing the predicted loss of the larger 

particles due to aerodynamic drag induced particle size segregation either. 

For <500µm the large particles appear to have been lost from the residue, 

this is thought be due to the larger particles being left behind the flame front 

to burn in the higher temperatures there. It is postulated that the char 

particles formed from this are less stable that those formed from <63µm 

material and as such break up during residue collection. 500g of oak 

material completely combusted turns into only 25g of ash, therefore in 500 - 

700g of residue this becomes very difficult to accurately represent. 

Additionally an amount of ultra-fine ash was lost from each separated 

sample to the filter paper.    

7. The TGA analysis of the debris shows that it is NOT char and has a very 

similar volatile content and composition to that of the original mixture. Thus 

any theory based on flame propagation in gaseous hydrocarbons from 

devolatilised particles, leaving carbon char behind cannot explain the 

observed results (unburnt particles) unless this unreacted material comes 

from the cake formation and has therefore not been exposed to the flame 

front. This is also supported by the lean limit measurements which would 

have to be richer than hydrocarbon lean limits due to the mass of the char if 

only volatiles were burning, whereas the observed lean limits are very near 

those for gaseous hydrocarbons. Under rapid heating the fixed carbon is 

thought to convert to CO (Lewellen, 1977) and so would react in the gas 

phase indicating that in real heating rates biomass is almost 100% volatiles. 

One explanation proposed for this was that hydrogen is released as part of 

the combustion of biomass, as only hydrogen has a significantly leaner limit 
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than hydrocarbons. However with no proof of preferential loss of hydrogen 

from the reside this appears unlikely.   

8. The hydrogen content in the residue is nearly the same for both top and 

bottom separations and has no set preference for the highest value in top 

or bottom separations. Therefore no apparent hydrogen loss from top layer 

in preference to bottom. The lack of any elemental difference between the 

top and bottom layers indicates that the volatile material loss appears to be 

uniform across the chemical composition of the material. This indicates that 

the volatiles could be H2 and CO, however from the MEC results various 

CH gasses and CO appears more likely as this would have the required Ø 

MEC of around 0.42 – 0.45 found in this work. This would also fit better with 

the chemical composition of biomass CH1.4-2O0.5-0.8.   

9. For <500µm oak it is thought that the reason particle size decreased so 

dramatically after combustion is that the material (the only one tested with a 

wide particle size range) was size segregated during combustion with the 

larger particles falling behind the flame front during combustion. This led to 

these particles undergoing size reduction, this is supported by the fact that 

<500µm oak is the only size of oak (not including the <63µm oak) where 

the top residue separation layer had decreased volatile content and 

increased fixed carbon. Indicating partial devolatilization of the material as 

not all the large particles behind the flame front had sufficient time/oxygen 

to burn out completely. This burn out of the large particles is significantly 

improved by the presence of fine particles which are thought to devolatilise  

providing the fuel for the initial flame front. The larger particles then fall 

behind the flame front and burn in the hot gasses. This is backed up by the 

results from Figure 7.15 and Figure 7.16 where in the absence of fine 

material, with no significant size variation between the particles in the 

mixture there is no shift in the size distribution of the post combustion 

residue. This is supported by the Kst generated in the 1m3 vessel where 

similarly to the Hartmann test results the Kst appears to be dictated by the 

finer particles in the mixture. This is shown by <500µm oak producing 

nearly identical Kst to 63-150µm oak (Fig. 6.11), the size fraction that 

shares nearly identical values of d 0.1 (Table 4.1) for particle size 

distribution. 
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8 Further discussion and comparisons 

It was hoped that the Hartman vessel could be used for preliminary testing of dust 

samples to locate the MEC and most reactive concentration (Kst) prior to testing on 

the 1m3 vessel. This was due the waste of milled material that takes place if 

concentrations below the MEC are injected (recovery of the material was not 

possible due to preferential loss of fine particles to the vacuum cleaner bags) in the 

1m3 vessel. If the Hartman vessel could be used to predict these values prior to 

testing on the 1m3 this would save time and effort.  

8.1 Hartmann comparison against 1m3  

As 6 identical material samples were tested in both vessels for MEC, Kst and a 

comparison between the vessels is possible.   

Table 8.1 1m3 MEC against hartmann MEC 

The 1m3 gave consistently higher MEC values than those from the Hartmann 

apparatus (in this study), no values of <0.45Ø were found with this apparatus unlike 

Wilén (1999) who reported MEC’s of  0.14Ø (wood) and 0.15Ø (bark) values in this 

apparatus and Field (1983) who reported a value of 0.14Ø for Spruce from 

undisclosed apparatus. The data collected from the Hartman apparatus (in this 

study) did produce results in this area for the finer fractions of oak and pine. 

However high speed video analysis showed that these tests were ignited before 

Particle size MEC Hartmann Ø 
MEC 
Hartmann Ø 
corrected 

1m3 MEC Ø 
Hartman /1m3 - 
% 

<63  oak 0.2 0.5 0.45 44.4 or 111 

63 - 150  oak 0.17 0.51 1.1 15.5 or 46 

150 -300  oak 1.4 2.8 4.3 31.3 or 65.1 

<500  oak 0.6 1.8 2.3 25.3 or 78.3 

<500 pine  1.3 2.6 1.8 68.8 or 144 

EFB (empty fruit 
bunches) 

1 
2.5 

2.3 40.8 or 109 
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mixing of the dust and air was complete (Fig. 5.17). Maisey (1965) recognised that 

the Hartman apparatus does not create a uniform mixture in the vessel, instead 

stating that the un-uniformity was constant throughout the tests. Therefore it is 

thought that these results (Wilén, 1999, Field, 1983) arose through unequal 

distribution of the dust within the vessel. While the 1m3 produced repeatedly higher 

MEC results for the same materials (in this study) there is no current method of 

determining the concentration of material around the ignition source as there is for 

the Hartman apparatus in the form of the high speed video footage. Therefore there 

is no way of guaranteeing that the injected concentration is the actual concentration 

the flame front propagated through. However circumstantial evidence exists to 

indicate that this may be the case-  

 When tests were run on the distribution in the 1m3 vessel using flame 

speeds to determine if an even distribution existed the flame speeds were 

uniform in both directions indicating that this was the case. If the 

concentration was different in different parts of the vessel it would have 

been expected to be seen as differing flame speeds in different parts of the 

vessel as was shown in Figure 5.13. 

 When the MEC from the Hartmann apparatus is corrected for the 

percentage of the tube actually occupied by the dust at the time of ignition 

the result is almost identical to the value from the 1m3 for the same material 

<63µm oak- 0.2 * 2.5 = 0.5Ø while the 1m3 gave 0.456Ø.  
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Fig 8.1 Hartmann and 1m3 rate of pressure rise nominal concentration 

When the maximum rate of pressure rise generated from 1m3 and Hartmann were 

plotted against concentration there was an off set on the concentration at which the 

most reactive mixture occurs as would be expected from the unequal distribution.  

Different concentration gaps were found for both particle size materials indicating 

that they do not behave the same way in each vessel.   

The unequal distribution was corrected for (by multiplying by 2.5 as the dust was 

only distributed over around 40% of the vessel at the time) and the data now show 

a far better correlation for this particle size, however not all the data produced such 

a good correlation. 
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Fig 8.2 Hartmann and 1m3 rate of pressure rise corrected concentration 

When the maximum rate of pressure rise generated from 1m3 and Hartmann tests 

is compared, (Fig. 8.3 and 8.4) there is a weak correlation between them with the 

1m3 giving values on average 6 times higher than the Hartmann (Fig. 8.3).  
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Fig 8.3 Maximum rate of pressure rise recorded 

While there appears to be agreement on the maximum rate of pressure rise there is 

a large issue in that the data from which this is generated (Fig. 5.9 and 6.11) are in 

a large number of cases not the “maximum rate of pressure rise” but the maximum 

rate of pressure rise recorded as the rate of pressure rise is still increasing with 

concentration for many size ranges. However due to insufficient dust (1m3) or 

insufficient data (Hartmann) no comparison of values could be created. When the 

maximum rate of pressure rise is plotted for those samples (where this was reached 

in both pieces of apparatus) there is no correlation (Fig. 8.4). 

 

Fig 8.4 Maximum rate of pressure rise from vessels 

When concentration (corrected nominal for Hartmann and nominal for 1m3) is used 

to plot the resulting dp/dt of the different vessels this becomes even clearer, with 

the disparity between vessels in dp/dt, ranging between 0.7 – 9 times greater in the 

1m3 vessel than the Hartmann (Fig. 8.5). 
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Fig 8.5 Rate of pressure rise from different vessels at different concentrations 

Therefore at this time both pieces of equipment have issues and are, at this point 

incomparable to each other in regards to rate of pressure rise generated as a 

function of the concentration. It should be noted that in Figure 5.9, 5 out of the 8 

dusts tested had not reached their most reactive concentration by the time the 

maximum concentration was reached. While in the 1m3, the maximum rate of 

pressure rise been reached for 9 out of 11 dusts tested. This is due to the 

Hartmann primarily being used to generate MEC data prior to the decision to try to 

use it to predict the most reactive concentration for a dust. Unfortunately by the time 

this was done there was insufficient time to perform more tests.   

It had been hoped to be able to use the Hartmann vessel to get a measure of where 

the maximum reactivity would be found on the concentration scale for a given 

material without the need to mill and size separate the large mass of material 

needed for tests on the 1m3 apparatus. However at this time that appears 

impossible. More tests on the Hartmann apparatus at richer concentrations could 

improve this situation.   

Although the different vessels produced different correlations for dp/dt and MEC 

with concentration, when the dp/dt and MEC were plotted out as function of the 

average volume/surface area ratio D 3/2 a very good correlation was found. Both 

the dp/dt and MEC scaled with the D 3/2 of the dust tested, and correlated very well 

with the trend line from each vessel.  
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Fig 8.6 Maximum rate of pressure rise recorded and 1/MEC for Hartmann and 

1m3 vessel as a function of D 3/2.  

It is thought that the dp/dt from each vessel did not correspond as well as the MEC 

results did because not all the points are maximum values (especially for the 

Hartmann) as was mentioned earlier, therefore the correlation between dp/dt from 

the vessels may improve when this is carried out. Additionally the MEC values are 

all the intrinsic MEC so would be expected to correlate better than the dp/dt values.  

In terms of MEC it is believed that the Hartmann apparatus produced the most 

reliable results, after adjustment from the high speed video to allow for unequal 

distribution. This is because the distribution of the dust can actually be measured at 

the time of ignition using high speed video, while no tool of that nature is presently 

available in the 1m3 vessel.   

Flame speed data between the vessels is at this time incomparable as 1m3 didn’t 

produce usable flame speed data for the majority of large particle tests and the 

turbulence factor in the Hartmann is presently unknown. 
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Chapter 9. Conclusions and future work. 

One of the stated aims of this research was to compile a complete list of explosion 

data for future use including- particle size (d.1,d.5,d.9), elemental, proximate 

analysis, MEC and a full set of Pressure and Kst as a function of concentration as 

per the ISO standard.  

It is believed that this has been done for oak at 4 separate particle size distributions 

(<63µm, 63-150µm and <500µm), pine at <500µm and EFB at <500µm, these 

materials were also run in the Hartmann apparatus for comparison with the 1m3. 

Moreover a method and the equipment for the dispersion and explosion of very 

coarse particle sizes has been established, tested and proven to work allowing for 

the characterisation of more material when it is sourced. It is believed that this is the 

first vessel to be fitted with this disperser and as such one of the few capable of 

dispersing coarse fibrous biomass particles. The only two other vessels capable of 

doing this is the Chilworth 20L sphere with internal placement of dust and a report 

of the use of the rebound nozzle in the 1m3 by Wilén (1999) that cannot be 

reproduced. Additionally a procedure for determining the concentration of material 

lost during combustion has also been established. 

Although wood was also tested in the 1m3 the particles were too big to fit through 

the size analysis machine and therefore could not be compared on particle size to 

the other materials. Although there were other machines that would process 

particles of this size they operated on a different method to the mastersizer and 

therefore the results generated would not be comparable to the other data. 

Additionally the different machines had different minimum and maximum particle 

size ranges; therefore it was impossible to run all the samples through one machine 

without missing out the largest or finest particles.    

As was covered in section 2.3.1 the MEC results in the literature are the result of 

the extremely crude method of MEC determination in the ISO standards. As such, 

reported measurements are not real MEC determinations, but are the last mixture 

that did explode in 50% intervals. An MEC in the literature of 60g/m3 could mean 

that the real MEC lies between 30 and 60g/m3. Where possible the MEC was 

recorded accurately during this work resolving it to 10% of the last mixture where a 

flame propagated.   
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9.1 Effect of particle size on the combustion behaviour of 

biomass with reference to coal. 

Biomass was found to be more reactive in terms of equivalence ratio MEC, than 

coal in these tests (MEC of 0.45Ø against 0.7Ø). However when these values are 

turned into actual masses coal is more dangerous as its MEC is 80g/m3 while oak is 

98g/m3. This combined with the very fine particle sizes that coal dust can create, 

would appear to make coal the more dangerous material in terms of housekeeping 

and cleaning/maintenance. This is due to the ease with which the finer particles will 

become airborne and the time they will spend in suspension. 

This work found that biomass particles of 300-500µm would ignite and propagate a 

flame. Previous work (Man and Harris, 2014, Cook, 1977, Zabetakis, 1965, Wong, 

2013) indicates that coal particles of 150–212μm would not explode and the same 

for a liquid sprays/mists of kerosene mist with a particle size >300μm. While 

biomass samples run in this work with a particle size of 300-500μm were ignited in 

the Hartman apparatus for a sample of pine wood and biomass samples with 

average particle sizes of 1227μm were found from the literature to propagate a 

flame by Wong (2013). This suggests that biomass has a higher reactivity than coal 

and that the particle size at which flame propagation is no longer possible will be 

larger for biomass than for coal. Biomass appears to have a maximum flammable 

particle size (300-500μm with d10 = 250μm) similar to liquid mists (300μm), probably 

due to its large volatile composition relative to coal.  

Particle shape is also significant as biomass particles are cylindrical as opposed to 

coal which produced roughly spherical particles. As the height/radius ratio is 

increased for cylindrical particles the surface area : volume ratio reduces, however 

it is lower than for spherical particles of the same radius after a height : radius ratio 

of 2 (lowest average height : radius ratio for tested samples was around 3). For 

biomass the finer the particle size the higher the height : radius ratio is and 

therefore the less reactive the material should be in reference to another spherical 

particle of the same radius.  

Further, it was determined that the biomass particles were the diameter of the sieve 

mesh’s used to separate them by SEM (Fig. 4.2- 4.5) and particle size analysis 

(Table 4.1), this was done as the fibrous biomass particles could have been being 

separated based on their height instead of their diameter. This was prevented from 
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occurring by running the sieve shaker at the maximum allowable speed for a long 

time to ensure the particles were sufficiently agitated to allow them to fall through 

the size mesh vertically (diameter) instead of horizontally (height). It was confirmed 

through the size analysis that the desired particle sizes were being achieved as the 

d10 of the size separated material is almost the same as the bottom mesh size for 

all samples.    

9.2 Combustion behaviour of biomass. 

From previous publications (Han et al., 2000, Han, 2001, Gao, 2015) as well as the 

high speed video footage, it is believed that the combustion of biomass takes place 

homogeneously with a double flame structure as was observed for lycopodium. 

This means that all dust combustion above this size is likely to be in a 

devolatilization-controlled regime. A flammable atmosphere of devolatilised material 

is created ahead of the flame front by convective and radiative heat transfer that the 

flame front then propagates through. Large particles or particle agglomerations are 

then burnt in an envelope diffusion flame that surrounds the particle, which are then 

burnt in an oxygen controlled environment. The fineness of the particles in the dust 

cloud appears to dictate the gas concentration of the initial flame front and the 

structure of the flame. For fine particles (<63µm) it appears as if most of the 

particles are devolatilised ahead of the flame producing a rich mixture of gaseous 

material through which the flame front propagates uniformly. For coarse particles 

(>150µm) the mixture of devolatilised material is much leaner (visually less 

luminous due to less soot formation) as a result of the larger particles need more 

energy to be devolatilised to the same extent as the fine material due to larger 

thermal inertia as well as smaller surface area : volume ratios. Therefore the flame 

shape is far less uniform and corresponds with the locations of individual particles 

in the distribution as the volatile gas radius around the particles is much smaller.      

The fact that MEC values of 0.13 – 0.3Ø are regularly encountered in the literature 

(Table 2.13 and Table 2.14) suggests that unequal distribution within explosion 

vessels may be an issue. This is supported by the fact that pure hydrogen (the 

leanest burning gas species) has a MEC of 0.14Ø, therefore it is unlikely that the 

materials tested would have an MEC near this. While test vessels have in the past 

been used to test the MEC of materials for reference against other dusts (Maisey, 

1965) the aim in this work is to produce an accurate MEC based off the mass of 

material and the volume of air in which it is distributed/burnt. Therefore the most 
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suitable method to display MEC in is equivalence ratio (for the last concentration 

that DID ignite (NFPA, 2013) as is done for gasses) as opposed to g/m3 

concentration, DAF or otherwise. It is therefore thought that the literature sources 

that report MEC’s = 0.13 – 0.35Ø are most likely suffering from unequal distribution 

of the dust prior to ignition as was found for the Hartmann vessel in this work.             

Biomass samples investigated in the 1m3 vessel in this work had a minimum MEC 

of 0.45Ø, around the MEC of most CH gases. This compares to a generally 

accepted value of 80g/m3 for Pittsburgh coal (Cashdollar, 1996, Chawla et al., 

1996), Bureau of Mines identifies 90 g/m3 as the lean limit for Pittsburgh coal 

(Jensen, 1994) putting the MEC =0.72 - 0.645Ø even though this material was 

milled to smaller particle size than the biomass. However when the volatile content 

is allowed for, (Kobayashi et al. (1977) demonstrated that at real heating rates coal 

has a volatile content of 60-65%) this becomes close to that of its stated 

devolatilised gas species CH4, (0.65 x 0.65 = 0.42). The main difference is the 

availability of Hydrogen in the fuel with biomass having a H/C ratio of 1.5-1.7 and 

coal 1-1.5, however if biomass is nearly 100% volatiles and coal is 60-65% and the 

hydrogen is all released with the volatiles leaving the fixed carbon and ash behind 

the H/C ratio for coal volatiles is 1.7-2.5. This appears to be the reason that 

biomass produces mainly CO (Commandré, 2011, Corella, 1988, Lewellen, 1977) 

while coal produces CH4      and CO2 (Solomon et al., 1988). This would allow 

biomass to propagate a flame at leaner stoichiometric mixtures than coal can in 

terms of fuel mass while the volatile products have similar flammability ranges 0.4 – 

0.5Ø.  

However the MEC for the H2/CO mixture released from pyrolysis of wood is 0.258Ø 

or less (Commandré, 2011) and the MEC’s for this study are >0.42 for all materials 

tested (with high speed video adjustment of the Hartmann tests) even lycopodium, 

when tested, produced an MEC of 0.364Ø (corrected to 0.728Ø). This biomass had 

approximately 50% more hydrogen content than any of the other biomasses tested 

and as such would be expected to produce the lowest MEC if preferential release of 

hydrogen were occurring. This did not happen and the MEC was actually higher 

than for oak and pine at <63µm in equivalence ratio terms. The only significant 

difference (increased carbon content as found for coal shows no corresponding 

lowering of the MEC limits) between this material and other biomass’s is the fuel 

bound oxygen content (Table 4.2) and the temperature at which it releases its 

volatile content (Fig. 4.1) which are believed to have led to this. Additionally 
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Commandré (2011) noted that the ratio of H2/CO got smaller at lower heating rates, 

so at MEC conditions the flame front will be at its weakest with low flame 

temperatures and will be expected to produce less H2 and more CO therefore 

pushing the gaseous MEC above 0.258Ø, further away from the 0.14 -0.25Ø values 

found in the literature.       

It is therefore theorised that the woody biomass is producing predominantly CO but 

also other CH volatiles upon which the flame front is propagating this is supported 

by the lack of any evidence for preferential hydrogen loss in the residue and an 

MEC that is at no point observed to go below the 0.4Ø which is the flammability 

limit of CO.    

Figure 8.6 shows that for both explosion vessels the Kst decreased faster than 

1/MEC with increasing particle size. This indicates that the Kst is more sensitive to 

the fine particle composition of a mixture than the MEC this is supported by the fact 

that the R2 value for 1/MEC corresponded well to both the d10 and d50 in different 

vessels but the dp/dt corresponded to the d10 best in both vessels (Fig. 6.16, 6.15, 

5.30 and 5.10) with the 1m3 having a noticeable difference between the correlation 

for d10 and the other 2. This is thought to be due to the dp/dt (a reaction rate 

controlled situation) being generated by the finer particles that can instantly 

devolatilise into gas and not so much by the slower burning particles that burn 

behind this which have a far slower pressure release rate. While for the MEC (a fuel 

controlled environment) is governed by the mass of particles that can interact with 

and participate in the combustion regardless of the rate at which they do so.   

9.3 Reasons for extended rich limit in biomass. 

In the literature and in the tests carried out here the phenomenon of no degradation 

of the maximum pressure generated with increasing mass load is observed. This is 

believed to be due to the formation of a cake of material on the inside of the vessel, 

therefore isolating/excluding a large amount of material from the flame front, 

therefore lowering the energy loss to the unburnt material by reducing its surface 

area. This has the effect of lowering the concentration of material reported to have 

been burnt/used in these tests. For this reason a recommendation of this work is 

that all dust explosion literature in future report the mass burnt during a test instead 

of the nominal mass loaded into the disperser.    
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It was theorised at the beginning of this work that this phenomenon might be 

caused by the solid to gas transformation of more material with higher dust loading 

and that the energy loss to the additional dust mass was cancelled out by the 

corresponding pressure rise of this extra devolatilised material. However this can be 

shown not to be happening (Fig. 6.28), Figure 6.28 also promoted the idea of a 

cake formation within the vessel as without it the mass lost should increase in line 

with the mass injected as material and therefore mass will be lost from any biomass 

material exposed to or passed over by a flame front.  

It is thought the reason for coarse biomass particles having its maximum reactivity 

at ~2Ø is that at that point the closet mixture to stoichiometric in terms of 

devolatilised volatile concentration is being released ahead of the flame. It has been 

seen that the finer the particle size is made the closer to 1Ø the maximum reactivity 

is found in mass burnt. 

This suggests that the solid material’s ability to release its devolatilised mass is the 

reason for the maximum reactivity being found for >1Ø and as this scales with 

surface area to volume ratio, the larger the particle the further from 1Ø the 

maximum reactivity will be found.   

It is theorised that the reason behind the exceptionally wide dust flammability limits 

compared to gasses is 2 fold – 

 Firstly the dust displaces no air, therefore the displacement of oxygen by 

gaseous fuel does not happen. 

 Secondly the nominal dust mass is not the mass of material that is 

devolatilised and burnt, an amount of this is due to the cake trapping 

material. Additionally, it appears as if the percentage of fuel that is not 

trapped in the cake, that does devolatilise, is dictated by the particle size of 

this material. For <40µm material the whole particle appears to devolatilise 

ahead of the flame front resulting in a flame propagation similar to that of 

gas combustion. While for larger particles the flame front devolatilises a part 

of its mass ahead of the flame front and the remaining particle mass burns 

in an envelope of flame behind this flame front with the remaining oxygen. 

The Ø concentration of the initial flame front is determined by the particle 

size, the closer the particles are to <40µm the closer the devolatilised fuel 

concentration will be to the dust concentration it passed through. Therefore 

the closer the particle size is to <40µm the less particles will be burning 
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behind the initial flame front and the thinner the flame front will be. This was 

demonstrated by the differing sharpness of the different rates of pressure 

rise for <63µm and <500µm oak in Figure 6.14.  

If this is true it means that very simplistically the flammability limits for a given dust 

are the same as those of its devolatilised gas species if no air was displaced by the 

fuel with the mass of gaseous fuel = (injected concentration - concentration of cake) 

x the mass percentage of these particles that will devolatilise in time to burn in the 

flame front. 

9.4 1m3 improvements 

The most important improvement on the work to date needs to be to improve the 

injected mass for the disperser at high mass loading as it currently only injects a 

maximum of 1250g. This is particularly important as 300-500μm material was found 

to ignite in the Hartmann explosion vessel at a nominal concentration of 1300g/m3, 

when this is corrected it becomes approximately 2600g/m3, far above the maximum 

concentration injectable at present.  

One of the main problems is that when a different type or mass of material is loaded 

into a pre-set injection device it will be injected differently due to different friction 

coefficients but most importantly the differing mass load (Fig. 6.30). Another issue 

is that with higher dust loading more work will be being done by the injection air; 

therefore it should be creating differing levels of turbulence with different mass 

loads. This will become especially significant at mass loadings of >5000g/m3.    

This comes about as the same force is used for injection across the concentration 

ranges and while it is sufficient to inject and disperse nearly 100% of material at 

500-750g/m3 it is insufficient at 3000g/m3. This is significant as the results of Wong 

(2013) indicate that some materials have MEC values as high as >5000g/m3 which 

in the equipment now is beyond its maximum dispersible concentration. However 

changing the air pressure or vessel volume (work currently being undertaken by 

Azam Saeede) of air used alters the turbulence and therefore Kst and flame speed’s 

generated. If this is to be corrected an extensive set of tests altering the mass of air 

used for injection would have to be carried out (while also changing the pre-

dispersion vessel pressure to ensure the same mass of air is present in each test). 

This should be carried out for each mass of material requiring testing.   
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It highly recommended that optical probes are used in the future to determine the 

dust concentration in multiple locations at once as is shown in Figure 8.8, fitting 

optical probes to the 1m3 vessel would allow for more confidence to be put in the 

distribution of the dust within this vessel.  

 

Fig 9.1 USBM 20 L explosibilty test chamber (Cashdollar, 1996). 

This would also enable any injection calibration to be carried out with far more 

confidence as the distribution of the dust within the vessel could then be readily 

compared at different areas within the vessel. 

The formation of a “cake” of material being formed in this vessel for rich mixtures 

would appear to be unavoidable due to the nature of the phenomenon itself and 

could go a long way to explaining the apparent lack of a lowering in the pressure 

results with increased mass of fuel.  

If collection of the residue after combustion is continued after this work it is highly 

recommended that work is undertaken to seal off the ports attached to the vessel 

on the inside. This would avoid non spherical propagation and prevent dust loss 

when collecting the residue. Furthermore it would be highly advantageous to attach 

a tube to the side of the vessel at 90o to the bottom of the vessel to collect some of 

the material forced against wall before it falls off. This would allow a cross section of 
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the cake formed to be examined and may answer some of the questions this work 

raised, such as-  

 Is the loss of fine particles in the <63µm size fractions due to preferential 

combustion or as a result of devolatilization when the flame quenches on the 

cake against the wall?   

 Do the large particles get preferentially thrown against the wall at the final 

stage of combustion? Are there any left to do so? 

A cross section of the cake could answer these questions.   

Due to the destruction of the igniter outer casings during some tests (Fig. 6.32) it is 

thought that it would be beneficial to create an igniter cup that contains the igniters 

themselves to stop then breaking; possibly causing non-centred ignition.  

It was hoped to compare the rate of pressure loss of fine particles to large particles, 

however due to differences in maximum pressure and therefore flame temp this 

was not possible.  

9.5 Hartmann improvements 

The Hartmann apparatus needs to be calibrated for an ignition delay where the 

material is completely and evenly dispersed at the time of ignition. The high speed 

video equipment could be used to determine the point in time at which the dust is 

evenly dispersed throughout the vessel. However it should be noted that it is 

thought that different mass loads and different particle sizes of material will require 

different time delays for this to take place. Murillo et al. (2013) puts the Hartman 

ignition delay at for this at 60ms for all materials and concentrations, however it is 

thought that a longer ignition delay may be needed for very coarse particles than for 

fine ones. 

It highly recommended that optical probes should be used in the future to determine 

the dust concentration in multiple locations at once as was proposed with the 1m3 

vessel. Fitting optical probes to the Hartmann vessel would allow for more 

confidence to be put in the distribution of the dust within this vessel as it has 

already been shown that at 0 seconds ignition delay the dust distribution is unequal. 

As the thermocouples have been shown to generate erroneous flame speeds due 

to the flame being shot out of the vessel when the vent bursts it is thought that 
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optical dust probes could be fitted at these locations. However these optical probes 

would need to be either external or very small so as not to obstruct the flame 

propagation in the vessel or provide obstacles for the generation of turbulence as 

the flame front interacts with the structure of the probe.     

It would be good to assess the degree of unequal distribution within the Hartman at 

the time of ignition. To re-calculate the separation distances between particles 

based on the actual volume of the tube they occupy at the time of ignition.    

It would be good to measure the particle velocity relevant to gas during distribution  

and combustion in this vessel to try and confirm that the Biot number affects the 

observed difference in the flame behaviour between <63µm and >63µm materials 

believed to signify the transition from thermally thin to thermally thick particles.  

9.6 Future work 

1. A set definition of MEC must be decided on (the last concentration that DID 

propagate a flame as for gas MEC definition seems logical as it allows for 

comparison) and the definition used given, as at present there are 2 

definitions and some people do not mention which one is used. Further the 

limit should be defined to 10% of the MEC as for gas explosions.  

2. Carry out richer tests in Hartmann apparatus to get maximum dp/dt values 

to improve the quality of the data used in the prediction of maximum dp/dt 

with D3/2 in the Hartmann apparatus. 

3. Finer size segregation of the material – 250 -300µm, 300 - 350µm, 350 - 

400µm, 400 -450µm, 450 -500µm. This will allow for a clearer definition of 

the maximum flammable particle size. 

4. Run the same series of tests that were carried out here but run with large 

particle size spherical biomass particles such as nut dust to compare the 

effect of particle shape on reactivity. 

5. Run the same series of tests that were carried out here but run with <10µm 

particle size biomass particles to compare the effect of particles with 

aerodynamic drag against those with none. This will allow for determination 

of whether or not this affects the formation of the cake at the vessel wall.  

6. Porosity determination of raw materials and explosion residues using the 

nitrogen adsorption method (BET surface area) to investigate if there is any 
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change in the porosity of the explosion residue compared to the original 

material.  

7. Investigate the effect of solid suppressants on the maximum pressure, 

deflagration index and flame speeds and lean limits for biomass dust 

explosions.  

8. Develop a burner test facility for pulverised biomass that would enable gas 

analysis probes to travers a stable flame to be undertaken to determine the 

flame front volatile species. This may reveal what gasses are produced 

during devolatilization of biomass in a real combustion situation.  

9. Extend the work on pulverised biomass explosions into explosion venting, 

so that existing guidance can be tested on fibrous biomass.  

10. Investigation of the effect of turbulence levels on the lean limits of dusts at 

different (narrow) particle sizes by varying the ignition delay in the Hartmann 

and in the ISO 1m3 vessel. 

11. Make mixtures of <63µm, 300 - 500µm  and >500µm dust varying the 

concentrations of each particle size but with the overall mass of material 

constant this should allow for much more precise identification of the 

percentage of fines needed for combustion to take place. As well as possibly 

allowing for the determination of the contribution of the large particles that 

will not burn on their own to the pressure generation in a mixture.  

12. Make particle size distributions of  <500µm, 63 -500µm, 150 -500µm, 225 -

500µm and  300 -500µm this should allow for much more precise 

identification of the effect of removing fines from a mixture and its effect on 

combustion. As well as possibly allowing for the determination of the 

contribution of the large particles that will not burn on their own to the 

pressure generation in a mixture and how this effected by the minimum 

particle size of this mixture.  

13. Calculate difference between large and fine particle velocity ahead of flame 

front based on drag coefficient of particles, this would be best done after the 

QICPIC equipment has been sources to ensure more accurate calculations.  

14. It would be useful to carry out some isothermal TG experiments to 

investigate the effect of particle size on thermal decomposition rate, to do 

this tests should be carried out on individual particles to avoid generating a 

bulk surface area reactivity. If the particles have constant heat of gasification 

then when exposed to a constant heat flux one would expect the time for 

complete gasification to be proportional to particle size. Unfortunately this is 

not possible with the current apparatus.   
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9.7 Equipment improvements 

If more work on large particle size and large size range biomass materials is to be 

continued it is highly recommended that a piece of size analysis apparatus 

(QICPIC) is purchased. With QICPIC particle sizes between 1 µm and 20 mm are 

able to be analysed, therefore preventing the problem that was encountered  where 

the size analysis machines used at present have too narrow a range of operation. 

Additionally the QICPIC apparatus takes pictures of the actual particle shape 

instead of approximating the obscuration to that of a spherical particle as the 

present equipment does. This would enable a far more accurate modelling/ 

measurement of the particles surface area : volume ratio and particle shape. 
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