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ABSTRACT 

The work described in this thesis had, as its principal aim, the de

velopment of an understanding of the mechanisms influencing the elec

trical ignition safety of cellulosic materials in hazardous environments. 

Two systems were employed in the experimental programme, firstly 

a short-arc apparatus in which an electrical arc between two carb'on 

electrodes was used as an ignition source, and a laser system which em

ployed a carbon dioxide laser as an ignition source. The short-arc ig

nition source was mounted inside a pressure vessel to allow experiments 

to be carried out under conditions of increased gas pressure. 

The arc system was used to provide the majority of the exper

imental data. The behaviour of the combustion characteristics of stand-

ard paper samples were examined with particular attention being paid to 

the flammability, burn time and time to visible flame' of the samples. 

These quantities were investigated as a function of the arc electrical in-
- " ". : -

put power over the range from 50W to 100W for various values of gas 

pressure and oxygen concentration. The pressure in the combustion 

chamber was varied from 1 to 5 atm. and oxygen concentrations of be

tween 16% and 36% by volume (with the balance being nitrogen) were 

employed. The effect of dividing the arc radiatjon into discrete pulses 

of energy with a variable delay between the two pulses was investigated 

and the concept of a 'Critical Pulse Delay' was developed. The effects 

of variations of pulse energy, power level, pressure and oxygen concen

tration on the critical pulse delay were investigated. It was found that 

increases of oxygen concentration and/or gas pressure increase the 

flammability of the samples, decrease the sample burn time, and lengthen 



the critical pulse delay. Increasing the power level of the pulses results 

in a decrease of the critical pulse delay. 

The laser system was developed as an alternative ignition source 

to the arc, and the effect of sample thickness on the penetration time of 

the laser under conditions of a constant radiant flux of 5W and normal 

atmospheric conditions was investigated. 

I 

A qualitative physical model of the combustion process for 

cellulosic materials based on the existence of an unique growth/decay 

balance of flammable species near the surface of the target material has 

been developed and its application to the results obtained using the ex

perimental apparatus is described. The properties of the arc and the laser 

as ignition sources are summarised, followed by suggestions for future 

work which will help to test further the ideas of the combustion model. 

Finally, the implications of the experimental resul~s reported in the 

thesis, and in particular the existence of a critical· delay between suc

cessive ignition pulses, are put into a wider context in considering elec

trical safety in hazardous environments. 
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CHAPTER 1. ·INTRODUCTION. 

The concept of safety engineering when applied to human working 

conditions is, arguably, a relatively young science; concieved during, 

and born after, the industrial revolution of the late 19th, and early 20th, 

century. It was during this turbulent period that mankind first realised 

the true potential of the environment in which he Ilved - the seemingly 

limitless supplies of fossil fuels and metallic ore deposi~s. However, this 

new-found wealth brought with it a tendency to over exploit natural 

reserves and, increasingly, man has had to look to the stars and. perhaps . . 

more realistically, to the sea for potential additional sources of fuel re-

serves. 

This move to exploit sea-bed resources has introduced problems 

for the safety engineer however, particularly when considering the pos

sible electrical hazards associated with working in laboratories. or 

factories[l] in deep sea conditions. A very real consequence of working 

under the conditions of increased pressure and oxygen concentration . 
typical of sub sea conditions, is that the potential for electrical ignition 

of materials used in such surroundings can be much greater when com

pared with the potential under normal atmospheric conditions. 

At first glance, it may appear that, in order to operate effectively 

and without risk, all that is necessary is to find to-existing regions of 

safe pressure and oxygen concentration in which to operate. There are, 

however, physiological limits to safe working conditions, as the gas 

mixtures necessary to support life are highly pressure dependent and an 
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atmosphere which may offer no risk of electrical ignition may not be 

capable of life support. 

There may also be a problem with the accumulation of gas pockets 

and variations in the mixing of the gases within the chamber; the as

sumption that an atmosphere is safe under conditions of electrical ig

nition will be compromised by their existence. 

The provision of safe power levels for the electrical ignition of 

materials within high pressure, high oxygen environments also provides 

the engineer with problems. The work contained within this thesis will 

show, through a comprehensive experimental programme, that when 

electrical energy is supplied in short pulses, as opposed to a continuous 

burst, previous ideas concerning safe power levels will have to be re

considered. 

• 1.2· 
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WORKING CONDITIONS. 

The thorax of· an unprotected human diver can be compressed to 

one fifth of its normal size at atmospheric pressure[1], before major 

problems are encountered. Since a descent through 10m of sea water 

produces an increase in external pressure of 1atm., this means that the 

normal human diver can descend to a maximum depth of 50m whilst 

holding his breath. For a diver to descend to a depth greater than 50m, 

it is necessary for him to breathe a gas that has a pressure equal to that 

of the surrounding water; a problem usually solved by the use of a diving 

suit or a hyperbaric chamber, such as a diving bell. 

Although increasing the gas pressure, to compensate for the in

crease in water pressure due to the depth of dive, has the desired effect 

on lung "squeeze", another problem is introduced; for a given percentage 

of oxygen in the inspired gas, the partial pressure of oxygen increases 

with external pressure. Thus, when breathing air at a pressure of 5atm., 

a diver is exposed to an oxygen partial pressure equivalent to that of 

breathing approximately 100% oxygen at atmospheric pressure. When 

breathed at too high a partial pressure, oxygen is toxic; affecting the 

lungs and the central nervous system - both effects are a function of time 

and pressure. 

The solution to oxygen toxicity is to dilute the oxygen with inert 

gases. Diluents commonly used are nitrogen and helium, however both 

diluents have problems associated with them. The problems. incurred 

when using nitrogen are well documented[2]; principally, as the partial 

- 1.3 • 



pressure of nitrogen is increased (due to depth of dive) it has a narcotic 

effect on the diver, commonly known as Hrhapsody of the deep", causing 

the diver's judgement to become impaired - often with fatal consequences. 

In addition, because of its high density, a significant nitrogen content in 

a hyperbaric atmosphere may lead to breathing difficulties. The alter

native diluent, helium, has a density one-seventh that of nitrogen, causing 

far less resistance to breathing, and also eliminates the problem .of 

narcosis. The main drawback when using helium as a diluent is that a 

diver's speech becomes distorted (the amount of distortion increasing with 

increase in depth) impeding effective communication. However, this is 

an acceptable problem that can, to some' extent, be resolved using an 

electronic communication system. 

These are some of the many consequences of using gas mixtures in 
, , 

hyperbaric chambers. The implications for ignition safety are wide 

ranging: a gas mixture containing 1.5% oxygen at atmospheric pressure 
) 

offers a very low risk of ignition, however, when breathed at a depth of 

200m its partial pressure is equivalent to 30% oxygen at atmospheric 

pressure - an environment which has a high fire risk. 

1.2 ELECTRICAL FAILURE: POTENTIAL IGNITION HAZARDS. 

Having established that there is an increased fire risk under 

hyperbaric conditions, it is important to identify the 'electrical con

nections typical of a hyperbaric chamber which, under conditions of fail

ure, may lead to the start of a fire~ 
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A comprehensive summary of the electrical equipment employed in 

the normal operation of hyperbaric sub sea intervention was produced by 

Virr[3]. . Typical appliances are; general life support systems such as 

heating, lighting and electric fan~ used in the circulation of gas through 

CO2 scrubbers; electric motors used for propulsion; electronic systems 

such as those used in communications and navigation, and hand-held 

equipment. All such equipment could, under varying conditions, experi

ence electrical failure leading to ignition of the surrounding gas or ma

terials such as clothing or bedding[2] in the chamber. Another potential 

electrical hazard comes in the form of electrical cables and connections 

within a hyperbaric chamber. Virr reported that, at high gas pressures, 

cables experience "swelling and damage on decompression unless de

pressurisation proceeds slowly". Clearly this could well result in an 

electrical fault such as a discharge to ground. 

Other applications involving hyperbaric chambers include hospital 

operating theatres used, for example, when a diver is involved in an a~

cident underwater and has not been able to' undergo decompression, or 

when atmosphere's of pure oxygen are required in the treatment of burns. 

This type of application introduces added ignition hazards such as those 

involved with ventricular defibrillation - the spark produced, under the 

right conditions, could have fatal consequences. 

Potential ignition sourc~s having been identified, it is now neces

sary to discuss the incidence and type of fire problems already encount

ered; many involving loss of human life. 
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1.3 ELECTRICAL FAILUUE: TIlE CONSEQUENCES. 

Three major incidents involving hyperbaric chambers have been 

reported[4,5,6], each involving the loss of human life. 

The first i~cident, discussed by Dorr[4], occured at the US. Navy 

Experimental Diving Unit in 1965. Two men were killed when fire broke 

out in a decompression chamber. The source of ignition was believed 

to have been an electric motor which overheated and ignited a paper 

filter situated next to the motor; fire then spread quickly to mattresses 

and clothing resulting in a complete burn-out of the interior of the 

chamber. The atmosphere within the chamber was not, at the time, 

considered hazardous; consisting mainly of 20% O2, 36% N 2, and lle at 

a total pressure of 55 p.s.i. 

The second incident, reported by Swan[5], occured at Brooks Air 

Force Base in 1967 resulting in the deaths of two airmen who were 

carrying out maintenance work within a space environment simulator. 

The electrical failure believed to have caused the accide~t was the 

fracture of a table lamp cord which shorted to the aluminium chamber 

floor • the resulting arc causing ignition of the clothing worn by the 

men. The atmosphere of 100% oxygen at 0.5atm. pressure contributed 

to an increase in chamber temperature of 800 ·F in 14 seconds, which 

led to complete burn-out of the chamber within 32 seconds. 

The third incident, reported by Tanaka and Ichih:awa[6] occured 

in a Tokyo hospital in 1969. It is believed that an accidental electrical 

spark was the cause of the ignition of flammable solid materials within 

a hyperbaric operating theatre, resulting in burn-out of the chamber . 
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The above examples clearly indicate that there is a need to carry 

out research into the electrical ignition of materials under hyperbaric 

conditions. However, experience shows us that it is not only hyperbaric 

conditions that can lead to fatal accidents; the incident of November 1987 

at King's Cross Underground Station[7] clearly shows that ignition can 

occur under normal conditions provided that sufficient ignitable fuel is 

available for exposure to a heat source. One of the many tests performed 

by the H.S.E. involved using a thermal analyser to give information on 

the volatiles evolved from certain materials removed from the site of the 

fire. The flammability of these vapours was then tested using a hot plate 

to pre-heat the sample, and a pilot flame to heat the vapours produced 

by the degradation process. The sample was in contact with the plate for 

lOs, at which point a propane burner flame was applied for 5s; the process 

was repeated until ignition occured. It was found that, for a plate tem

perature of 350 'C, the third application of the burner res.ulted in ignition 

with a flame persisting for a short time (refered to as "flash ignition"). 

However, for a plate temperature of 400 'C, ignition occured on the sec

ond application of the pilot flame. This burning process lasted longer 

than that described above, and -was refered to as "stable burning". 

Clearly, the distribution of energy with respect to time is an important 

factor in the ignition safety of materials and we have a need, therefore, 

to consider normal atmospheric conditions in parallel with those typical 

of a hyperbaric chamber. 

The research programme reported here aims to simulate the condi

tions, both normal and hyperbaric, which may cause ignition of a 

flammable material on exposure to an energy source, and to see how the 
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distribution of that energy, with respect to time, affects the combustion 

behaviour of the material under test . 
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CHAPTER 2. THE IGNITION OF 

MATERIALS: A LITERATURE REVIEW. 

There have, perhaps, been two major milestones in the study of the 

ignition properties of materials. The first was the work of Semenov[l] 

and, later, Frank-Kamenetskii[2], which provided th~ first comprehensive 

studies of the ignition of gaseous systems; the second was the Second 

World War (1939-1945). 

Following the bombing of Hiroshima and Nagasaki, which saw the 

end of World War II, it was recognised that there was a need to investi

gate the possibility of the ignition of cellulosic fuels exposed to the in-
, . 

tense thermal radiation emitted by a nuclear detonation. Among the 

groups acti~'ely involved in extensive experimental work on the' subject 

were The Naval Materials Laboratory (N.M.L.), The National Bureau of 

Standards (N.B.S.) and, principally, The National Radiological Defense 

Laboratory (U.S.N.R.D.L.). Sauer[3], in 1956, attempted to unify all the 

data available on the charring of semi-infinite slabs of wood exposed to 

thermal radiation, and found that data from N.M.L., N.B.S., and 

U .S.N .R.D .L., correlated well when examined· by, the transient. heat con-
i 

duction equation. . 

There have since been other comprehensive reViews, notably by 

Martin[4], Welker[5], and Kanury[6,7]. 

Martin summarised work performed at U.S.N.R.D.L. His conclu

sions were that, when cellulose is heated slowly, a large fraction of the 

original weight remains as carbonaceous residue (char) after the evolu-
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tion of highly oxygenated products such as H20 and CO2, whilst rapid 

heating leaves little or no char and the volatile products are, on average, 

correspondingly richer in carbon. Measurements of volatile products of 

cellulose exposed to intense radiant energy showed a maximum in the 

rate of evolution at a time close to the instant of ignition. Levogluco'san, 

the main volatile component, increases in yield from 25% on exposure to 

75% at ignition, these values depending on irradiance levels. 

Welker comprehensively discussed the ignition of cellulosic mate~ 

rials by considering the techniques employed by a wide range of 

experimentors and correlated data using several ignition models. His 

conclusions were that, although thermal degradation and ignition studies 

had led to an understanding of the fundamental processes involved, it was 

not possible to predict, without the benefit of experimental results, 

whether or not, or when, ignition would occur for a given set of condi~ 

tions. 

Kanury's first reView concentrated on unifying the data obtained 

by a number of investigators in order to find critical surface temperatures 

for spontaneous and piloted ignition, under conditions of radiative and 

convective heating. His second review was concerned with the conditions 

governing the development of hostile fires. He made use of experimental 

data from a 20 year period to discuss the factors influencing ignition, 

propagation and growth, and control and extinction phenomena. One of 

his many salient comments concerned the modelling of a fire; he said that 

two fires under seemingly similar circumstances, are seldom similar in 

their behaviour: the material alone has many variables such as thermal 

conductivity, specific heat capacity, density, and heat of combustion. 
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Thus, in order ~o conduct systematic observations on destructive fires, 

resort is taken to simulating them. 

The following review will, attempt to highlight some of the impor-
j 

tant conclusions drawn by a wide range of investigators concerning the 

thermal degradation and ignition of cellulosic samples, fire retardancy, 
. . 

and the influence of hazardous environments on ignition behaviour. 
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2.1 THERMAL DEGRADATION. 

Martin[8] postulated that the combustion of cellulose involves first, 

decomposition of the solid into volatiles, and, second, gas phase oxidation 

of the products after mixing with air. Two competitive reactions were 

p~oposed; one consisting of pyrolysis to carbon and oxygenated volatile 

products, at low heating rates; the second consisting of pyrolysis entirely 

to volatile products, largely oxygen free, at higher heating rates. Both 

reactions are first order. 

Lipska and Parker[9] studied the volatilisation and decomposition 

of cx- cellulose, without ignition, and postulated that there are three dis

tinct chronological phases of pyrolysis at each temperature studied.' Af

ter the initial decomposition and weight loss period, both the 

volatilisation and the decomposition obey an' apparent zero order> ex-

pression, followed by a kinetically first order phase for the weight loss, 

resulting in a residual char deposit which does not undergo· further 

pyrolysis. They used a single valued activation energy of 42 kCal/mole 

to describe decomposition and volatilisation rates over the temperature 

range 250 .·C to 298 ·C. 

Two temperature ranges, 200 'C to 280 'C, and 280 ·C to 340 'C, were 

studied by Kilzer and Broido[lO] using Differential Thermal Analysis 

(D.T.A.), Thermogravim~tric Analysis (T.G.A.), and Mass spectrometric 

Thermal Analysis (M.T.A.). It was proposed that in the range 200 'C to 

280 'C cellulose degrades initially to "dehydrocellulose" and H20, and 

then to char, H20, CO, CO2, and other volatile gases. > In the range 280 
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'C to 340 'C there is a tar-forming reaction Oevoglucosan) which is highly 

reactive, forming char at 320 'C with the evolution of volatile gases. 

Lincoln[ll] also provided useful data on the quantity and type of 

volatile products obtained from the pyrolysis of cellulose. A carbon arc 

was used giving irradiances of 1.5 to 11.0 Cal/cm2/ sec and pulse durations 

of between less than O.ls and several minutes, in order to study the de

composition products from blackened (X-cellulose. The principal products 

found were H20, COz, CO, twelve volatile organic compounds, char and 

tar. 

Lincoln came. to several interesting conclusions: slow heating of 

the cellulose produced primarily water and char, whilst rapid heating 

yielded more tar; also the average molecular weight of pyrolysis products 

from flash heating was much lower than that found for longer duration 

pulses. Observations of considerable importance to fire research were 

that the higher irradiances yield much larger amounts of CO and organic 

volatiles, all of which are· quite combustible, and that short lived species 

are produced from the flash pyrolysis of cellulose. 

Cullis et al.[12] used a furnace/gas-flow system at a maximum 

temperature of 1300K and an average heating rate of 12°/ sec to study the 

pyrolysis of Imm thick cellulose strips. The gaseous products detected 

over the temperature range 523K to 823K were 

N2, CO, COz, O2, H2, CH4, CzH4, and CJls ... 

Motivated by the need to understand the source of pollutant species 

in wood-burning stoves, Ohlemillar et al.[13] examined the products gen

erated when wood is heated, without flaming, in atmospheres of varying 
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oxygen concentration. Small wood samples were exposed to varying ra

diant heat fluxes (2 - 7.8 W/cm 2 ) and varying oxygen concentration (0 -

21 % O2 in N 2). Sample weight was monitored in some tests, and temper

ature, using five embedded thermocouples, in others. In all tests, the 

gaseous products were monitored; principally H 20, CO, CO2, and tar. It 

was found that the mass flux for a sample degrading in air is twice as 

large as in nitrogen, and that the amounts of CO and CO2 increase with 

an increase in ambient oxygen concentration. 

Although the majority of combustion studies are concerned with 

the application of thermal energy to the surface of the sample. conclu

sions similar to those illustrated above were drawn by Flynn et a1.[14] 

when considering the photochemical degradation of cellulose. Sheets of 

cotton were dried and irradiated in a vacuum. at 40 'C, by light having 

a wavelength of 253.7 nanometers. The composition and rate of evolution 

of gaseous products were measured. It was ~ound that 112 (87.5 mole%), 

CO2 (4.3 mole%), and CO (8.2 rriole%) were evolved during irradiation, 

and that the fraction of H2 decreased with increase in irradiation time; 

the fraction of CO to CO2 remaining approximately> constant. 

We have seen the conclusions drawn by a variety of investigators 

as to what happens to cellulose when it degrades under a radiant flux. 

However, nothing has been mentioned c.oncerning the proce~s of ignition 

for such a solid material. Ignition phenomena are considered in the fol

lowing section. 
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2.2 IGNITION PHENOMENA. 

There have been many investigations into the ignition behaviour 

of solid materials, both mathematical and experimental. Since the nature 

of the present research is experimental, we will concentrate on the latter 

category. 

" . ,-

Gross and Robertson[15] proposed that ignition depends on a crit-

ical temperature balance; where the heat generated in a material, over a 
. . 

long period of time, is equal to the heat lost. At this condition, a slight 

increase in either the "critical" bulk size or the "critical" ambient tem-

perature (effectively the ignition temperature) results in self (or sponta-. , 

neous) ignition. 

Martin and Lai[16] studied the ignition behaviour of blackened 

(X-cellulose exposed to thermal pulses typical of those produced by a nu-

clear blast. They found that the ignition behaviour showed three differ-

ent regions: sustained glowing ignition at low irradiances and long 

exposures; sustained flaming ignition at shorter exposures and higher 

irradiances; unsu~tained flaming ignition at very short. times and high 

peak irradiances. 

Akita[17] proposed that a criterion for the ignitability of a solid 

should be the ignition lag: the time elapsed between the application of 

heat and the formation of a flame. During his studies he made use of a 

Tesla coil spark and a hot surface to divide the ignition of wood into auto 

ignition (spontaneous), kindled ignition (pilot), and self ignition . 
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A significant contribution to the discussion of the radiative ig

nition of cellusic fuels has been made by Simms[18,19,20], at the Fire 

Research Station, Borehamwood. Simms made use of three sources of 

radiation: a 1ft. square gas-fired radiant panel, and two sources from 

which the radiation is focussed by an ellipsoid mIrror; one being a 

tungsten filament lamp; the other a carbon arc. 

In his first study, Simms was concerned with spontaneous ignition, 

that is, the ignition of the volatile gases without the presence of an ex

traneous igniting source. He found that ignition first occurs in the gas 

phase; flame is seen to appear well away from the surface. Of the factors 

affecting ignition: external draughts and the supply of volatiles are likely 
> I' 

to determine whether ignition can occur. Using the same ignition 

sources, he went further in his second study in which he found that ig

nition of the volatiles occurs when the stream of volatiles becomes tur

bulent. If turbulence does not occur within a short distance of the point 

of emission of the volatiles, ignition does not occur, even though the 

temperatures of the solid and the volatile stream are the same as when 

ignition does occur. One explanation for this was that this may be due 

to turbulence increasing the size. of the reacting zone, and by increasing 

the rate of mixing with air. However, Si~s also found that even though 

an external draught, by making the volatile stream turbulent, reduces the 
, 

ignition threshold, if ignition originally occurs in the absence of a 

draught, its imposition does not affect the ignition time. 
. , 

Pilot ignition by radiation was the subject of Simms's third study, 

where the volatiles produced during the degradation process are ignited 

by a pilot flame, or spark, and the flame flashes back to the surface. A 
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number of woods were subjected to radiation from a gas-fired radiant 

panel. A pilot flame was placed above the surface, and its position varied 

in order to study the variation of ignitability with position and size of 

pilot flame. The conclusions reached, were that the pilot ignition time 

depends, not only upon the intensity of radiation and the density of the 

wood, but also upon the position and possibly upon the size of the pilot 

flame, also. 

Koohyar et al.[21] studied both the spontaneous and pilot ignition 

characteristics of five species of wood; fir, mahogany, oak, pine, and 

redwood, using a line buoyant diffusion flame having an irradiance level 

between 0.275 an~ 0.855 Cal/cm 2/ sec. Their conclusions agreed with those 

of Simms, in that they found that, in order for an irradiated cellulosic 

material to ignite, it is necessary to form a combustible mixture in the 

volatile stream at a point where the temperature is high enough for this 

mixture to ignite. 

The effect of moisture levels on the ignition behaviour of cellulosic 

fuels was studied by Simms and Law[22]. Specimens of wood were oven

dried and conditioned to moisture content. The specimens were exposed 

to decreasing levels of radiation until it was reasonable to assume that 

ignition would not take place because the evolution of volatiles was too 

low. Both pilot and spontaneous ignition data were taken and the ig~ 

nition time recorded. It was found that the effect of moisture, for any 

wood, is to increase the ignition time, the total ignition energy required, 

and the minimum intensity necessary for both spontaneous and pilot ig

nition. 
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The effect of sample orientation on ignition was investigated by 

Kashiwagi[23]. A CO2 laser and a gas-fired radiant panel were used as 

radiant heat sources in order to study the radiative ignition of vertical 

and horizontal samples (1.5cm thick). It was found that the vertically 

mounted sample forms a thinner buoyant boundary layer of decomposition 

products, and the interaction of the plume with the horizontal external 

radiation source is much less than that for a horizontal sample. 

A xenon lamp was employed by Y oshizawa and Kubota[24] to clar

ify the mechanism of the gas phase ignition of a cellulosic solid. . The 

IkW xenon lamp was focussed on small cellulose bricks using an ellipsoid 

mirror to give a heat flux of 30 W/cm 2• The time and space variations 

of the temperature and fuel concentration, in the gas phase, were exam

ined precisely during ignition, by means of a Mach-Zender interferometer 

and a gas sampler. The ignition point where the flame kernel first ap

peared was determined, and the transition from ignition to quasi-steady 

flame was followed by means of a Schlieren system. It was found that 

when the cellulose is irradiated, it first produces CO and CO2 by 
. , 

endothermic reactions, and then generates small amounts of hydrocarbons 

by exothermic reactions. Ignition follows in the region where the gaseous 

fuel concentration is extremely high, and is controlled by gas phase re

actions of the minor species. 

As can be seen above, the study of the thermal degradation, and 

the subsequent ignition behaviour of cellulosic materials, has been ex

tensive. It is not surprising, therefore, to find that the nature of flame 

spread, and, in particular, the property of fire retardancy, has been the 

subject of a variety of investigations . 
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2.3 FIRE RETARDANCY AND TIlE SPREAD OF FLAME. 

Ignition, and the spread of flame, can be inhibited in several ways: 

principally by the addition of inorganic retardants, removal of the ig

nition source, and by the reduction of pressure or ambient oxygen con

centration. 

Laible[25] studied the ignition behaviour of textile fabrics, mainly 

cellulose, treated with fire retardants. His most persuasive argument, 

concerning the action of a fire retardant, was based on the production 

of levoglucosan, an intermediate product of the degradation of pure 

cellulose. It was found that modifying cellulose to reduce the formation 

of levoglucosan (which degrades to tar and volatiles) had the desired 

flame retardation effect. 

Schwenker and Pacsu[26] also came to the conclusion that the for-

mation of levoglucosan is an important intermediate stage, and that 

flammability is due to the further breakdown of levoglucosan to gIve 

flammable gases and tars. A series of halogens were tested as potential 

retardants, and it was concluded that the relative efficiency was: Iodine 
j, > - !, 

> Bromine > Chlorine > Fluorine . 

. A similar conclusion was drawn by Kilzer and Broido[lO], who ob

served that fire retarding agents in cellulose, catalyse a dehydration and 

char forming reaction' at the expense of a de-polymerisation reaction, of 

which levoglucosan is the product. 

Sibulkin and Tewari[27] studied samples prepared from pure 

cellulose, and from cellulose that had been treated with NaOH and 
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Na2C03• The samples were burned at atmospheric pressure in mixtures 

of oxygen and nitrogen. Measurements of burning rates for pure and 

retarded cellulose, show the rates to increase with ambient oxygen con

centration. The amount of retardant required to cause extinction is 

found to increase sharply as the oxygen concentration is increased. 

Rasbash and Langford[28] also found that the ambient oxygen con

centration was a vital factor in extinction and fire retardancy obser~a

tions. Wooden dowels were burned in atmospheres of reduced oxygen 

concentration, using N2 and CO2 as diluents. It was found that flames 

were extinguished as the oxygen concentration was reduced, and a lower 

limit of oxygen concentration in N2 of 11.3% by volume was found for a 

constant radiant flu."{. 

Itoh and Kurosaki[29], rather than measuring the inhibition of 

flame spread, were concerned with the effect of flame spread on several 

parallel sheets of paper in close proximity to one another. It was found 

that the flame spread rate increases with the number of sheets, and ap

proaches a constant value. 

Martin and Broido[30] identified several factors influencing fire 

control during their studies on high altitude nuclear detonations. They 

identified dried leaves, grasses, and furniture fabrics (all cellulose based) 

as the most fire-prone fuels. The main factors influencing fire extinction 

were: 'reduction of potential ignition sources, provision for rapid 

extinguishment, and the reduction of fire spread potential. 

We have been concerned, above, with the combustion behaviour of 

cellulosic fuels under atmospheric or SUb-atmospheric pressures, and 
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normal or reduced oxygen concentrations. Clearly, these conditions serve 

to reduce the potential for ignition hazards. Any review into the com

bustion behaviour of a cellulosic solid, particularly with safety in mind, 

should, however, include a discussion of the behaviour of solids under 

conditions of increased pressure (hyperbaric) and increased oxygen con

centration, Le. in hazardous environments. 

2.4 IGNITION IN HAZARDOUS ENVIRONMENTS. 

The ignition of, and flame spread over, several fabrics and paper 

were studied by Woods and Johnson[31], under pressures from 315p.s.L, 

down to the limiting pressures for ignition. It was found that the mini

mum total pressure limit for ignition of the standard filter paper used, 

is much lower at 41 % O2 than at 21 % O2 in oxygen/nitrogen mixtures. 

It was also found that, in general, materials have a faster burning rate 

in mixtures of oxygen with helium than in mixtures of oxygen with ni

trogen. The nature of the material under test was also shown to have a 

marked influence on the effect that variables such as oxygen content and 

diluent have on the rate of burning. 

A significant contribution to research into combustion in hazard

ous environments was made by Dorr[32,33]. The first study was divided 

into three phases; firstly, to determine the effect of pressure, oxygen 

concentration, and diluent gas, on the burning rate of standard materials 

such as filter paper; secondly, to determ~ne the minimum oxygen concen

tration required to burn flammable solids in the presence of nitrogen and 

helium; thirdly, to define a new fire resistance scale for fabrics .. The tests 

• 2.13 • 



were conducted in a 15x51cm cylinder, with the burning rates of filter 

paper determined over a pressure range of 1 to 10atm., in mixtures of 15 

to 100% oxygen in helium or nitrogen. It was found that raising the 

pressure, or increasing the oxygen concentration, always raises the 

burning rate; accelerated burning rates are evident when helium is sub

stituted for nitrogen as the diluent gas at the same partial pressure. 

Upon extending his study to consider safe working conditions,' it 

was found that, at high pressure, the oxygen partial pressure is limited 

physiologically; because of this the region where no combustion can occur 

is limited. When helium is used as the diluent gas, this region is ex

panded compared with that for nitrogen. Clearly, when it is impra'ctical 
. ~. 

to work in these regions, it is important to reduce any ignition risks to 

a mInImum. 

Dorr's second study was concerned with the ignition behaviour of 

materials suggested for use in hyperbaric decompression chambers. The 

ignition sources used were designed to simulate possible electrical haz

ards, such as the spark produced when removing a plug from a socket, 

and the failure of an electrical motor. The same conclusions on burning 

rate were reached as in the previous study, but difficulties were found in 

relating small scale test results to those obtained using a full size de

compression chamber. 

Johnson and Woods[34] also made use of two chambers; one, 12.6 

lit res in volume, was used for atmospheric pressure tests; another, 142 

lit res in volume, was used to an upper pressure limit of 75p.s.i.· The 

specimens were exposed to a "hot" nichrome wire, and observed through 

a viewing port. It was observed that there was a greater ignition delay, 
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and difficulty of igniting the samples, in an oxygen/helium mixture than 

for an oxygen/nitrogen mixture; this was explained on the basis of helium 

having a greater thermal conductivity than nitrogen. It was also ob-
, , . 

served that there is an increase in flammability with incr:ase in oxygen 

concentration, and to a lesser degree with increased pressure, although 

it was concluded that no simple multiplying factor can be ,applied in, 

predicting flammability in unusual atmospheres, from data obtained under 

normal conditions. 

Bartels and Howes [35] , although conce.rned with the ignition of 

gases using an inductive circuit, provided some interesting observations 

on the effects of pressure and oxygen concemtration on minimum igniting 

currents. It was found that the minimum igniting current was reduced 

with increased pressure. A reduction of 37% in current, when the pres

sure is doubled, was compared with the work of Lewis and Von Elbe[36], 

in which a 60% reduction in minimum energy was observed for the same 

pressure change. It was found that, since the circuit used was inductive, 

the reductions were consistent when considering minimum energy. Thus, 

the flammability did not depend on the absolute value of circuit parame

ter; only on the value of energy supplied to the system. It was also ob-

served that oxygen enrichment reduces the minimum igniting current; a 

result which was again consistent with the findings of Lewis and Von 

Elbe. 

Tanaka and Ichikawa[37] also found that the minimum igniting 

currents and the minimum igniting voltages, for inductive and capacative 

circuits respectively, decrease with increasing oxygen concentration and 
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the total pressure. However, it was seen that the effect of the oxygen 

concentration is much larger than that of the pressure. 

The trends illustrated above were also observed by Brennan[38] 

using, primarily, a carbon arc as a source of radiant energy. It was found 

that the ignitability of thin cellulosic samples was drastically increased 

with increase in oxygen concentration, ,and, to a smaller extent, pressure. 

However, care must be taken when refering to the absolute values of 

minimum ignition time, due to the variability of the energy supply. 

The nature of the combustion behaviour of materials, under varying 

environmental conditions, has been the subject of extensive research. 

However, the Author agrees with the conclusions drawn by Welker[5], 

that, 20 years further on, even though a great deal is understood about 

the processes involved, we are still unable to predict when, or whether 

or not, ignition will occur. 

The following theoretical study) contained in Chapter3, does not 

attempt to predict the ignition behaviour of a solid material, but attempts 

to identify the various parameters, and the role taken by th~se parame

ters, in the combustion process. 
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CHAPTER 3. THE IGNITION OF 

MATERIALS: THEORY 

When considering the ignition of materials, it is convenient to 

distinguish two main types of ignition, namely, pilot ignition in which 

flaming is initiated by an external heat flux called a pilot, and sponta

neous ignition, in which flaming develops spontaneously within the m'a

terial under test. 

The aim of this chapter will be to develop an understanding of the 

processes in volved in ignition and, as the present research is concerned 

with the ignition of thermally thin - low Biot 'number - cellulosic samples, 

the main thrust of the discussion will be centred on the ignition of solids. 

As seen in the previous chapter, a considerable amount of research 

has been performed on combustible solids, producing a variety of ideas 

as to their ignition behaviour. There is broad agreement, however, that 

the processes governing the ignition of a cellulosic solid in a fixed at

mosphere are transient thermal ,conduction in the solid, resultant 

pyrolysis and outflow of gaseous volatile pyrolysates, and, finally, the 

combustion of gaseous volatiles mixed with oxygen. 

In order to gain an insight into the above processes, it will be 

necessary to consider the ignition of gaseous. vapour • oxygen mixtures; 

developing our ideas through the ignition of vapour ~. liquid mixtures; 

finally reaching an understanding of the processes involved in the ig

nition of solid materials. 
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3.1 TIlE . IGNITION OF FLAMMABLE VAPOUR .: OXYGEN 

MIXTURES. 

In order for a reaction in the gas phase to be self sustaining and 

to propagate as a flame, it is not the amount of energy formed by the 

reactio~, but the rate of energy release that is important. If, according 

to Semenov[l], we assume a first order Arrhenius temperature dependence 

for the oxidation process, we may express the rate of heat release within 

a small volume, V, as; 

• ( -EA ) Qc = QVpA exp RT (3.1) 

where Q is the exothermicity of the reaction; p is the density; A is a 

pre-exponential factor (whose units depend on the order of the reaction); 

and EA is the Activation energy. 

If we now consider heat losses in the reacting system, we may be 

able to deduce a critical point which we can define as the onset of ig

nition of the system. Assuming convective losses; 

• 
QL = h.SilT (3.2) 

where I1T is a temperature difference between the reaction volume and 

the surroundings; S is the area of the reaction volume through which 

heat is lost; and h is the Newtonian heat transfer coefficient. 

• • 
Clearly, if Qc = QL, then we have a point of equilibrium, and any 

• • 
perturbations will lead to instability. Thus for Qc < QL, the temperature 

• • 
is reduced and the system will cool; for Qc > QL, the system will rapidly 
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increase in temperature to give a stable high temperature combustion 

reaction which can propagate as a flame. So, in order to ignite a vapour 

- oxygen system at an ambient temperature, say Ta , enough energy must 

be available to change the system from its stable state at a low tem

perature to an unstable state at a temperature greater than some critical 

temperature. This is consistent with the concept of a minimum ignition 

energy[2,3] which has allowed the design of electrical equipment for use 

in flanunable atmospheres. 

The existence of a critical ignition temperature for flammable 

mixtures led Semenov to develop his thermal explosion theory based on 

equations (3.1) and (3.2). It is assumed that the system can be treated 

with a ';lumped thermal capacity" approach (this will be discussed fur

ther in relation to solids); that reactant consumption is negligible and 
• 

that all heat losses are described by equation (3.2). Values of Qc and . . 

Qc. are plotted against temperature for different values of Ta. 

The critical temperature for ignition ( Ta = Tcr) is defined as that 
• • 

point at which the plot of Qc intersects that for Qc.. At this point; 

(3.3) 

and, since the two curves are tangential at this point, 

• 
dQc --dT (3.4) 

SUbstituting equations (3.1) and (3.2); 

QVpA exp( - !~ ) = ".S(T - T",) (3.3a) 
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and, 

dividing, 

EA ( -EA ) RT2 .QV pA exp RT = h.S 

RT2 
--=T-T EA cr 

(3.4a) 

(3.5) 

where T is the equilibrium gas temperature, and Tcr is the critical ambi

ent temperature. Thus the right hand side of equation (3.5) is the maxi

mum temperature rise that can occur within the system without ignition 

taking place. 

This an over-simplified view, as temperature gradients do exist in 

the reacting gas system. A model taking these gradients into account 

was developed by Frank- kamenetskii[ 4], and makes use of the three

dimensional heat conduction equation; 

• 
Q 
K (3.6) 

where (X is the thermal diffusivity, and K is the thermal conductivity. 

(Equation (3.6) will be discussed in more detail in relation to the ignition 

of solids). 

When this is reduced to the one-dimensional case and assuming an 

Arrhenius reaction rate; no reactant consumption; high Biot number giv

ing con'duction as the process controlling heat loss; and constant thermal 

properties of the system, an expression for the dimensionless rate of heat 

production in the system, lJ, is obtained[5] thus; 
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o - (3.7) 

We can then define a critical rate of heat production, Den such that 

ignition occurs when lJ > lJcr• . Rearranging equation (3.7) and taking 

logarithms; 

(3.8) 

thus, providing our assumptions are valid and that the first term of the 

right hand side is constant, 

(3.8a) 

which is a statement on the relationship between ro (the characteristic 

dimension of the system) and the critical ambient temperatu~e. 

For a simple physical view of gaseous combustion, equation (3.5) 

is interesting. However, equation (3.8) takes into account the ~ize of the 

reacting vessel. It can be seen[6] that the minimum auto ignition tem

perature of the mixture decreases with increase in the reacting volume. 
'" ,,,-

If we consider the boundary. layer close to a heated surface of limited 

area, the temperature necessary for ignition increases with decrease in 

surface area[7]. 
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3.2 TIlE IGNITION OF LIQUIDS. 

As in the case ~f combustible gas mixtures, the ignition behaviour 

of liquids is determined by the attainment of some minimum critical 

~emperature, the flash point, which is the lowest temperature of the liquid 

at which a flammable vapour - oxygen mixture is formed at its surface[8] 

and is ignited. This is usually measured in a closed cup apparatus[9]. 

However, measurements have also been carried out in an open cup 

arrangement[lO]. Generally, open cup flash points are higher than those 

found using closed cup tests, and vary with height above the liquid due 

to the change in vapour concentration, which decreases with increase in 

height from the surface of the liquid. 

If the ignition of the vapour is to lead to sustained burning, as 

opposed to transient burning at the flash point, the temperature of the 

liquid must be greater than the so-called "fire point". The fire point of 

a liquid is defined as "the lowest temperature at which ignition of the 

vapours in an open cup is followed by sustained burning."[lll. 

We may analyse those factors which determine the fire point of a 

liquid (and similarly of a solid) by first considering the rate of evapo

ration from the surface under steady-state conditions, which, according 

to Drysdale[lll, is given by; 

• m = e (3.9) 

Thus the amount of material being evaporated depends on the difference 

between the energy supplied and the heat losses, divided by a constant 
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which depends on that particular material (in this case the latent heat 

of vaporisation). 

If a flame is established at the surface, then the rate of evapo

ration, or rate of burning, is increased due to heat being transfered back 

to the surface, thus; 

(3.10) 

where MIe is the heat of combustion, and f is a fraction which represents 

the proportion of the heat of combustion transfered back to the surface; 

it has radiative and convective components, fr and fc respectively, hence; 

(3.11) 

where U = 0 for steady burning. 

Let us consider equation (3.11) at the fire point. At this point the 

flame is non-luminous and so fr is small (it increases under conditions of 

steady burning); we shall assume zero. Conversely, fc is large and ap

proaches a maximum at the fire point (decreasing as steady burning de

velops). At the fire point let fr = 0, fc = t/I, and mb = mm the critical 

volatile flow rate, then; 

(3.12) 

This gives us the conditions under which the ignition of volatiles 

leads to sustained burning. Equation (3.12) was first proposed by 

Rasbash[12], and will be considered in relation to the ignition of solids 

later in the chapter. Refering to equation (3.12), steady burning will de-
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velop after ignition if there is enough heat available to cause an increase 

in surface temperature and overcome heat losses, i.e. only if U > O. The 

conditions of flash point and fire point can be observed, under surface 

heating, for solids[13]. However, unlike for the case of liquids, they 

cannot be specified merely in terms of a bulk temperature. In the case 

of a liquid there is an equilibrium vapour pressure, whose existence de

termines the flashpoint, but does not require chemical decomposition .of 

the liquid state. In the case of a solid, however, the generation of 

gaseous volatiles normally involves chemical decomposition of the solid, 

which is an irreversible process. 

In order to understand the ignition of a solid material, then, it is 

not sufficient to define a critical bulk temperature for ignition; it is also 

necessary to obtain a heat balance at the surface of the solid based on 

equation (3.6). 

3.3 TilE IGNITION OF SOLIDS. 

As has been shown above, it is desirable to consider the transfer 

of heat within the surface of a solid, in order to understand the ignition 

process. Let us refer again to equation (3.6); 

• 
1 aT Q 

K (3.6) 

This equation is derived[ll] by considering transient heat conduction 

through an element of volume dx.dy.dz. Taking the flow of heat in the 

x-direction, the rate of heat transfer through an area ds is; 
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aT clx ·ds = - K ox .dy.dz. (3.13a) 

Similarly, the flow of heat out of the volume element is; 

• ( aT iPT ) 
qx+dx·ds = - K ax + ax2 .dx .dy.dz. (3.13b) 

The difference in the two equations gives us the net change of energy 

content of the small volume, thus; 

(3.14) 

This can be described in terms of two quantities, namely heat storage and 

heat generation, thus; 

a2T aT .' K --2 .dx.dy.dz = pc:;- .dx.dy.dz - Q.dx.dy.dz. 
ax ut 

(3.150) 

or, 

• 
cPT 1 aT Q 

- --ax2 il at K (3.15b) 

In three-dimensions; 

• 
V2T = 1 aT Q ---il at K 

(3.6) 

where il is the thermal diffusivity of the material, p is the density, and 
• 

c is the specific heat capacity. Q is a heat generation term which takes 
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into account exothermic or endothermic change due to change of phase 

and thermal decomposition. 

Chemical decomposition and the associated energy changes are 

neglected in the following discussion, although this is clearly question

able. However, the effect of decomposition can be considered as having 

second order status in order to allow us to study the basic principles 

which control the ignition of solids. 

We will now write equation (3.6) as; 

V
2
T = 1 aT ---IX at (3.16) 

or in the x-direction; 

a2T 1 aT - --ax2 IX at (3.100) 

3.3.1 Ignition Due to Conv~ctive and Radiant lIeat Fluxes 

Equation (3.16) can be applied directly to conduction through ma

terials which may be treated as "infinite slabs" or "semi·infinite solids". 

In order to see how the mode of heating (convective or radiative) 

influences the ignition of a solid, we will consider two cases; firstly, that 

of a slab exposed to convective heating on both faces; secondly, that of 

a slab exposed to radiant heating on one face and convective cooling on 

both faces. Clearly, the latter case is that which is most applicable to 
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the present research, however there may be some contribution from 

convective heat transfer, and a comparison between the two cases will 

be useful. 

. 3.3.1.1 The Convective Case. 

The solution to the problem of an infinite slab of thickness 2L ( 

x = 0 at the mid-plane) and temperature T = To, suddenly exposed to air 

at temperature T = Too, is non-trivial, but can be found in standard heat 

transfer texts[14]. Welty at al.[15] state; 

T-T 
00 

T-To. 

where the Dnare roots of the equation; 

hL 
- K· 

exp(.- D~Fo). (3.17) 

(3. 17a) 

For our purposes this comprehensive solution reveals that the ratio 

:0' is a function of three dimensionless quantities; the Biot ~umber; the 

Fourier number; and ~. 

The Biot number, 

Bi - hL 
K 
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is a measure of the efficiencies with which heat is transfered to the sur-

face, from the gas, by convection, and from the surface into the bulk of 

the material by conduction. 

The Fourier number, 

Fa - (3.19) 

is a dimensionless time variable taking into account the thermal proper

ties and characteristic thickness of the body. 

The solutions to equation (3.17) are usually displayed 

graphically[15] to give an idea of the temperature gradients within a slab. 

As the slab becomes thin the gradients decrease until the "thermally 

thin" limit is reached, at which point Bi < 0.1, and the material may be 

regarded as having a lumped thermal capacity. 

As will be shown later, the samples used in the present research 

can be regarded as thermally thin, and can be treated using such an ap

proach. The energy balance is then much simpler[16]; 

aT 
hA(Too - T) = pVc-at (3.20) 

where A is the area through which heat is transfered, and V is the cor

responding volume. 

Integrating, and remembering that T = To when t = 0; 

T - T 
00 

( 
- 2ht ) 

- exp fpC (3.21) 
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where T is the slab thickness; T, To are the initial and final temperatures, 

respectively. 

3.3.1.2 The Radiative Case. 

Let us now consider the case of radiant heating at one face, ahd 

convective cooling on both faces. Again, a full analytical solution can 

be obtained[14]. However, Simms[17] developed a lumped thermal capac

ity approach, and obtained the equation; 

(3.22) 

for a thermally thin material; where a is the absorptivity of the material, 
• 

and QR is the radiative heat flux per unit area. 

As 8 is now independent of x (the essence of the lumped thermal 

capacity approach) we can integrate to obtain; 

• 
aQR { ( -2ht )} 8 = T - To = --v;- 1 - exp TpC (3.23) 

Having now obtained expressions for both the convective heating 

and the radiative heating case, it is interesting to define a "fire point" 

for the thermally thin material[ll] - which can be identified as a tem

perature Ti • Then, assuming ignition of the volatiles, the time to ig

nition, ti , can be defined for: 

convective heating, from equation (3.21); 

- 3.13 -



(3.24) 

and for, 

radiative heating, from equation (3.23); 

( ..) 'fpC aQR 
ti = 2h"log • 

. aQR - 2h(Ti - To) 
(3.25) 

Thus we find that equations (3.24) and (3.25) are of similar form. 

implying that. when we consider both extremes of heat transfer, the time 

to ignition is directly proportional to the thermal capacity per unit area 

('fpc). These equations clearly define minimum thresholds for ignition; for 

convective heating and for radiative heating 
• 

aQR > 2h(Ti - To) However it must be remembered that for materials 

that cannot be regarded as thermally thin, the solutions are more com

plex. 

3.4 TRANSIENT IGNITION REllA VIOUR. 

In the above discussion, we have assumed that the heat flux inci

dent at the surface of the material is continuous, until we reach the point 

at which the material ignites. It is worthwhile discussing, however· the 

case of ignition during a discontinuous heat flux. 

Bamford et a1.[18] subjected both sides of a slab of wood to flames 

from a pair of "batswing" burners, and determined how long it took for 
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the material to reach a point where flaming would persist when the heat 

flux was removed. It was concluded that a critical flow rate of volatiles 

from the surface, mcr ~ 2.5g/m2.s, was necessary for sustained ignition to 

occur. 

Although this. condition is necessary, it is not enough for a. full 

description of the ignition criteria[ll]. A knowledge of the heating his

tory and temperature gradient within the solid at the moment of ignition, 

is also required as can be illustrated by considering equation (3.12); 

(3.12) 

We have ignition if U ?! 0, but extinction if U < O. It is possible 
• 

for self-extinction to occur after ignition, if the heat flux QE, initially 

responsible for the surface reaching the fire point temperature, is reduced 
. 

or removed completely. Drysdale[lll has shown that, taking values of the 

above parameters for P.M.M.A., allowing the sample to reach the fire 
• 

point condition, and then allowing Qe - 0, leads to U < 0 , and the 

flame will be extinguished. If, however, we consider polyurethane foam, 
• 

and allow it to reach the fire point temperature, then allow QE - 0, we 

obtain U > 0, and flaming will persist. However, we must remember that 

the above conclusions are valid for a certain set of parameter values only. 

If, for example, conditions were such that heat loss was less significant 

than assumed above, the P.M.M.A. sample may well have exhibited per

sistent flaming after the heat flux was removed. 

The reason for including the above discussion here, is to identify 

several material properties which influence the ease of ignition. A mate-
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rial is hard to ignite if Lu is large, and '" and / or Mlc are small - or if 
• 

QL is large. 

3.5 CONCLUSIONS. 

In the discussion concermng the ignition of materials, we have 

identified some physical mechanisms and properties that influence ig-

nition behaviour. 

We have seen that, for ignition to occur, it is necessary to heat the 

surface of a solid material in order to produce gaseous volatiles, and to 

ignite these volatiles in order to produce a flame which. at the fire point, 

will consume the remaining material. 

We have also seen that, using a lumped thermal capacity approach, 

the ignition behaviour of a thermally thin material is dependent on the 

thermal capacity per unit area (TpC), for radiative and convective heat 

transfer. 

Finally, we have seen that, if the heat flux is discontinuous, a 

material may exhibit extinction even if the initial flux was sufficient for 

the material to reach the fire point temperature. This behaviour is de-

pendent on several factors, including the amount of energy feedback from 

the flame, the heat of combustion of the material, and the rate of energy 

loss from the surface. 

·3.16 -



The above theoretical discussion is useful in identifying the prin

cipal factors which influence the ignition behaviour of a solid material; 

treating the solid as inert and ignoring chemical decomposition. 

The experimental study which follows, through the investigation 

of the variation of flammability with pressure, oxygen concentration, in

put power, input energy, flame spread and critical pulse delay, will at

tempt to develop a qualitative physical model which builds upon previous 

ideas of regarding the material as being inert and discusses the influence 

of solid to volatile decomposition and gaseous diffusion on the com

bustion process. The conclusions drawn from this model will then be 

applied to the wider concept of safety engineering in .hazardous environ

ments. 
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CHAPTER 4. EXPERIMENTAI~ APPARATUS. 

During the period of research t'ncornpass('d by this thesis, two 

sources of heat energy have been employed: an arc generated between two 

carbon electrodes, and a carbon dioxide laser producing infra-red radi

ation. Consequently, the discussion concerning the experimetltal appa

ratus will be dividl~d into two parts: the first part will describe the arc 

apparatus; the second part will describe the laser syst('m. 
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4.1 TilE AltC API'AUATUS. 

The main body of results contained in the thesis, and associated 

conclusions, have b('('n obtnin('d using the arc apparatus. The arc appa

ratus is n developm('nt of that which was initially design('d by Lai[1], and 

developed by Drennan[2]; a sch('matic outline of the syst('m cnn be seen 

in Fig. 4.1. 

The principal compon('nt of the syst('m is a pressure chamber 

within which are contained the carbon ('lectrodes lls('d to provide a 

source of en('rgy for the ignition t('sts. Ext('rnnl to the chamber nrc n 

variety of stages concerned with both controlling the energy source nnd 

environmentnl parameters, and recording the lhltn nssocinted with the 

experimentnl programme. Each stage will be disCllSSl'd in turn, starting 

with a dl~scription of the pressure chamber. 

4.1.1 The- P~SSUrt .. Chnrnlwr. 

The pressure chambl'r ant! pr('ssure gauge cnn be s('('n in Plate 1. 

The chamber is constructed of stainless steel and is cylindrical, with nn 

internal diameter of 10.6 ± O.tcm ami length 20.9 ± O.lC'rn; I' vit'wing port 

made of re-inforced glass is incorporntt'd into the ,h'sign to n110w visunl 

study of the ignition process. 

Access to the chamber is from above, via R lid which cnn be se

cured by bolts and n clamp. An ('mergency pr('ssure release valve is at

tached to the lid, which opl'ratl's wh('n the pressure within the chamber 
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Plate 1. The Pressure Chamber. 
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Plate 1. The Pressure Chamber. 



exceeds 90 p.S.I. - gIvmg a working pressure range of 0-90 p.s.i. The 

pressure gauge is attached to the underside of the chamber along with a 

metrovac rotary vacuum pump; the external gas supply is connected to 

the underside of the chamber, also, using a flange/copper tube arrange

ment. 

In a position diametrically opposite to the viewing port is a high 

vacuum port which provides access for the electrical connections to the 

chamber. These connections are; the leads to the anode and cathode; the 

output leads from a phototransistor; the connections from a stepper motor 

to a driver unit. 

Plate 2 shows two views of the internal arrangement of the cham

ber: a) clearly shows the position of the phototransistor with respect to 

the electrodes, permitting accurate determination of the arc duration and 

ignition delay time of the sample; b) clearly shows the stepper motor and 

samples, allowing multiple sample testing during experiments that require 

high pressure and varying oxygen concentration. The role of the stepper 

motor for multiple sample testing will be discussed later. 

4.1.2 The Arc Generation Stage. 

The electrical cir~uit used to generate the arc discharge can be 

seen in Fig. 4.2. The following discussion will be concerned with the 

action of the discharge circuit in producing an arc; the actual control of 

the discharge, using the switches at points AA and BB, is facilitated us-
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a) Photo-Transistor and Electrodes. 

b) Stepper Motor and Samples. 

Plate 2. Internal Arrangement of the Chamber. 





a) Photo-Transistor nd Electrodes. 

b) Stepper Motor and Samples. 

Plate 2. Internal Arrangement of the Chamber. 



ing the BBC microcomputer, pulse transmitter, and pulse receiver stages, 

all of which will be discussed later in the chapter. 

The 8 p.F capacitor is normally charged to 280V via the 280V D.C. 

supply. When the switch is connected to AA the charge on this capacitor 

is transfered, via a Lucas coil. to the two 0.002 /IF capacitors. These 

capacitors charge to give a voltage sufficient to break down the gas ~t 

the electrode gap (approximately 20kV). then discharge through it. 

producing a spark which initiates the discharge . 

. At this point the 120V, 5A D.C. supply at BD provides a current, 

the level of which is controlled by a variable resistor, across the electrode 

gap and through the 200 /lH inductor and 2.5 n resistor to ground. This 

has the effect of producing an arc whose voltage can be monitored using 

an oscilloscope (with appropriate probes for protection against the high 

voltage spike) to observe the values of anode voltage. VA , and cathode 

voltage, V c, and whose current can be determined using V c and the re

sistance from the electrode to ground. 

The 0.01 /IF capacitor connected across the 12PV D.C. supply serves 

as protection for the supply from the high voltage spike produced by the 

initiating spark. In previous work by Lai[1], and Brennan[2], 

the 200 p.lI inductor and the 2.5 n resistor formed part of the protection 

circuit for a thyristor. The thyristor has been removed, however the 

inductor and resistor have been retained to allow convenient estimation 

of the arc current, as described above. 
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4.1.3 The Pulse Transmitter Stage. 

The circuit showing the pulse transmitter stage can be seen in Fig. 

4.3. The circuit consists of three transistors in common-emmiter ar

rangement, each with an infra-red transmitter (TX) connected between the 

the + 15 Volt rail and collector. Each transistor is connected, via a base 

resistor, to a pin on the user output b port of the BBC microcomputer. 

The pins are 0,1,2 for transistors 1,2,3 respectively. Each pin is initially 

low and, on going high, the action of applying a pulse to the base of each 

transistor is to turn the transistor 'on'; current then flows through the 

transmitter causing it to transmit. 

4.1.4 The Pulse Receiver Stage. 

This stage is linked to the pulse transmitter stage by an optical 

fibre link. and can be seen in Fig. 4.4. Three infra-red receivers R..,,{1,RX2, 

and RX3 are connected to the base of transistors 4,6, and 8 respectively. 

The transistors 4,6, and 8 are connected in emitter-follower arrangement 

to transistors 5,7, and 9 respectively, which are, in turn, interfaced via 

relays to the main discharge circuit, and to the stepper motor driver unit. 

Having seen the principal stages of the arc apparatus it is neces· 

sary to see how the integration of each stage produces the desired initi

ation and inhibition of the arc, and operation of the stepper motor. 
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4.1.5 Initiation of the Arc. 

Fig. 4.5 is a representation of the circuit controlling the initiation 

of the arc; it incorporates several stages and is operated from the BBC 

microcomputer using a Basic program, 'DualI' (a description of which will 

appear later in the chapter). 

When pin 0 is sent high, transistor 1 is turned on and current flows 

from the + 15 Volt rail, through TXl to ground. The current flow is 

limited by the 82 n resistor, to the required operating level for the op

tical transmitter « lOOmA). 

Light is sent down the optical fibre link to the pulse receiver, RXl, 

turning transistor 4 on. Current flows from the emitter of transistor 4 

to the base of transistor 5 turning it on and energising relay 1. The 

switch is then tripped, the 8 J.lF capacitor is connected t<:> points AA, and 

the discharge is initiated as described in section 4.1.2. 

When pin 0 is sent low transistor 5 is switched off (via the same 

operation outlined above), relay 1 is again energised and the 8 J.lF 

capacitor is reconnected to the 280V D.C. power supply; essentially 're

setting' the system. 

4.1.6 Inhibition of the Arc. 

The circuit controlling the inhibition of the arc can be seen in Fig 

4.6. As in section 4.1.5, it makes use of several of the control stages 
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outlined earlier in the chapter and is also controlled by the program 

'DualI', which will be described later. 

The 120V, SA D.C. power supply is normally turned on and, upon 

initiation, of the discharge (as described in section 4.1.5), allows a current 

to flow across the gap between the electrodes; thus establishing an arc. 

In order to inhibit the arc, the following operation is necessary. 

When pin 1 is sent high transistor 2 is turned on and current (the 

value of which is set by the 82 n resistor) flows through TX2 causing it 

to transmit down the optical link to R..X2. At this point transistor 6 is 

turned on allowing current to flow from the emitter of transistor 6 into 

the base of transistor 7; turning it on. Relay 2 is then energised and the 

switch is disconnected from point BB, inhibiting the flow of current 

across the electrode gap (see Fig 4.2) and stopping the arc. 

When pin 1 is sent low, transistor 7 is turned off (in the same way 

as it was turned on earlier), relay 2 is energised and the 120V, SA D.C. 

supply is reconnected to point BB in the arc generation circuit. However, 

it must be remembered that this action does not allow an arc to be re

established between the electrodes - an initiating voltage, as described in 

section 4.1.5, is necessary to breakdown the gas before current can again 

flow across the gap. 

4.1.7 Operation of the Stepper Motor. 

The stages used in the above operations are again incorporated in 

the circuit controlling the stepper motor, which is also controlled by the 
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program 'Duall'. The circuit which allows remote operation of the 

stepper motor can be seen in Fig 4.7. 

Pin 2 of the user output b port is interfaced to the base of tran

sistor 3 via a 1 k!l base resistor. When pin 2 is sent high, transistor 3 

is turned on and TX3 transmits down the optical link to RX3. This has 

the effect of turning on transistor 8 and, since we have an emitt~r~ 

follower arrangement,' transistor 9 is turned on sending the collector of 

transistor 9 low. 

The open collector inverter at the output of transistor 9 ensures 

that when the collector is sent low, the input to the stepper motor drive 

unit is sent high and the stepper motor is activated. 

An open collector inverter is used as the driver unit reqUlres an 

open collector arrangement for operation, with the unit itself providing 

the 'pull up' load needed for switching between digital voltage levels. 

When pin 2 is sent low, transistor 9 is turned off, the collector is 

sent high, and the inverter ensures that the the input to the driver unit 

is sent low • thus the stepper motor is de-activated. The degree of step 

experienced by the stepper motor is determined by the program 'DualI'. 

There now follows a description of the program "DualI", which 

controls the arc initiation and inhibition circuits described above. and 

operates the stepper motor. 
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4.1.8 The Computer Program 'Duall'. 

A listing of the program can be seen in appendix B. 

The BBC Basic program makes use of the internal timer of the 

computer to control the duration of the pulses and delay used in the main 

body of the arc experiment. The program also allows the user to control 

the stepper motor located within the chamber. 

Lines 10 to 30 designate the user function keys {;, fz , and {;; oper

ation of these keys result in jumps to various sections of the program. fl 

sends the program to line 130 which runs the arc control program; 12 

sends the program to line 570 which enables coarse adjustment of the 

sample using the stepper motor; {; sends the program to line 770 which 

allows fine adjustment of the sample. 

The consequence of operating each user function key will now be 

discussed in detail. 

4.1.S.1 Control of the Arc. 

Lines 130 to 150 are input statements that allow the user to desig

nate particular values of duration for pulse 1, pulse delay, and pulse 2 

respectively; these values may be changed with each experimental run. 

Line 180 designates all port b pins on the user port of the BBC as 

outputs and line 100 sends all of these pins low. There is a pre-discharge 
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delay of 5 seconds, set at line 210, which is implemented via the 

"PROCDELAY(X)" statement at line 220. 

This statement produces a leap to line 530 where the subroutine 

PROCDELA Y(X) is defined between lines 530 and 560. 

At line 240 pin 0 is sent high and relay I is switched at point ~A 

(see Fig. 4.5) thus generating pulse 1. Again a delay is generated equal 

to the value of Xl (specified at line 130 and implemented at lines 530 to 

560). After the delay Xl, line 290 sends pin I high which opens the switch 

at BB and switches off the arc current - extinguishing the arc. The 120V, 

5A D.C. supply is then switched back on by sending all the b pins low 

(essentially resetting the system) after a delay set at line 300. 

The delay between pulse 1 and pulse 2 is now implemented at lines 

320 to 360. "PULSE DELAY" has the duration X2 set at line 140 by the 

user at the start of the exper/imental run. 

At line 370 pulse 2 is generated by repeating the procedure involved 

in obtaining pulse 1, having duration X3 (set at line 150) and beginning, 

as before, with pin 0 being sent high and initiating the discharge. 

When pulse 2 has been obtained, the 120V D.C. supply is switched 

off for 4 seconds at line 420 and the system is once again reset for an

other experimental run at line 480. The· user is informed that the exper

imental run has been terminated via a PRINT statement at line 490 

resulting In "END OF DUAL PULSE TEST" being displayed on the 

monitor. 
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4.1.8.2 Coarse Adjustment of the Sample. 

Ten samples are attached to the sample holder on the stepper motor 

during anyone experimental run. Thus, as each pulse rotates a sample 

through 1$, twenty pulses are needed to rotate a sample through 36' in 

order to bring it close to the electrode gap. 

Pressing f2 sends the program to line 570 where all port b pins are 

designated as outputs. Line 610 calls for 20 pulses to be generated as 

required above and a "REPEAT ... UNTIL" loop counts through 20 pulses 

from z = 20 until z = O. When this is finished a PRINT statement informs 

the user: "SAMPLE IN POSITION". The purpose of lines 640 to 690 is 

to give a mark-space ratio of the pulses equal to 1:10 and to ensure that, 

for the majority of the pulse train, the input to the stepper motor drive 

is low. It is worth noting that in the program pin 2 is low for X= 1 (0.01 

seconds) and high for X= 10 (0.10 seconds); in this form' the input to the 

motor drive would be majority high. However, the open collector inverter 

connection (see Fig 4.7) ensures that the inverse is true, as desired. 

4.1.8.3 Fine Adjustment of tile Sample. 

This section of the program is implemented in precisely the same 

way as for the coarse adjustment section. However, the number of pulses 

to the stepper motor is reduced to 2. This allows the sample to be rotated 

through 3.6
0 

thus giving a facility for fine adjustment of the coarse posi

tion of the sample. Again, a PRINT statement at the end of the program 
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informs the user of the state of the sample via "FINE ADJUSTMENT 

COMPLETED". 

Fig 4.8 is a timing diagram showing the output of the port b pins 

when producing an experimental run having tl = LOs, td = 2.0s, and 

t2 = 1.0s 

4.1.9 Arc Detection. 

The arc is monitored by observing the change in voltage across a 

1 ill resistor (see Fig. 4.9) connected between + 15V and the collector of 

transistor c. Transistor a is a phototransistor located below the electrode 

gap and can also be seen in plate 2. When light is incident on transistor 

a, transistor b is turned on and, in turn, transistor c is turned on. There 

is a voltage drop across the 1 kO resistor of + 15V (minus the colleder

emitter drop of + 0.2V) which is observed as a rise in the trace on the 

oscilloscope. Similarly, when light is removed from transistor a, all 

transistors are turned off and the voltage drop across the resistor be

comes zero. Thus the voltage change across the resistor follows the 

change of incident light at transistor a. 

The same circuit is used for the measurements of flame spread and 

time to ignition of the sample, which will be described in detail in chap

ter 5. 
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4.2 THE LASER SYSTEM. 

The majority of the results contained in chapter 6 have been ob

tained using the arc system described in section 4.1. A laser system has 

also been developed for the present programme and for use in future ex

perimental work. This has been tested and used to obtain the measure

ments presented in chapter 6; an outline of the system can be seen in Fig. 

4.10. 

The following discussion will be divided into three sections con

cerned with the laser (and R.F. and D.C. power supplies), the laser mod

ulation control, and the sample and detector stage. A description will 

then follow concerning the operation of the whole system using the pro

gram 'LASERl' (a listing of which can be found in appendix B). 

4.2.1 The Laser and Power Supplies. 

The laser incorporated in the experimental system 1S a Ferranti 

CM3044 waveguide carbon dioxide laser emitting LR. radiation at a 

wavelength of 10.6 microns. The beam has a diameter of 1.3mm and a 

divergence of lOmrad., and propagates as the TEMOO Gaussian mode. The 

laser head, which can be seen in plate 3, is water cooled (with a flow rate 

of 0.5 litres/min.)and operates at a maximum power output of 5W at 20 

'C (the power measurement will be discussed in chapter 5). 

The laser is connected to a CM2345 R.F. power supply, which has 

an output at a frequency within the range 80 to 85 Mhz, via a one metre 
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length of 50 n TNC-TNC (male) cable. The R.F. supply is air cooled and 

has a 'D' connector which enables the laser to be modulated by an ex

ternal pulse of 12 Volt CMOS logic; this will be discussed further in 

section 4.2.2. 

Power is supplied to the R.F. supply by a Sorenson QRC40-30A D.C. 

power supply which is voltage limited to supply a stable 12 Volts D.C. 

supply(± 0.5 Volts) at 15 Amps. 

With this arrangement, the laser will strike and operate in con

tinuous wave mode when the D.C. power supply is switched on. For the 

purposes of the present experimental programme it is necessary to operate 

the laser with a pulsed output in order to obtain a distinct starting point 

for the irradiation of the sample; this will be discussed further in section 

4.2.3. The method by which a pulsed output is obtained will be discussed 

in the following section. 

4.2.2 Laser Modulation control. 

The circuit used to obtain a pulsed output from the laser can be 

seen in Fig. 4.11. Pin 2 on the 'D' connector to the RF. supply is the 

'mod-in' input: a high of 10V < V(high) < 12V at this pin is Laser 'OFF' 

and the laser will be inhibited; a low of OV < V(low) < IV at this pin 

is laser 'ON' and the laser will be re-activated. As can be seen from Fig. 

4.11 the voltage high of 12V is obtained via an open collector dual input 

'and' gate whose inputs are a constant voltage of +5V and pin 0 from the 

output port of a BBC microcomputer. When pin 0 is sent 'high' the out-
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put of the 'and' gate is sent high and, since the output is connected to 

the + 12V voltage rail via a 1 kn. 'pull up' resistor, the output high is 

at + 12V; a value sufficient to inhibit the laser. When pin 0 is sent 'low' 

the output of the 'and' gate, and hence mod-in, is sent low and the laser 

is re-activated. This sequence of events is controlled by the program 

'LASERI' which can be seen in appendix B and will be discussed in sec

tion 4.2.4. 

Other pin connections on the 'D' connector which are utilised are: 

5,6 between which a LED. is connected which indicates that power is 

available from the D.C. supply for the laser to strike; 7,8 which are con

nected together in order for the R.F. supply to strike the laser when the 

D.C. supply is turned on; 9 is connected to ground. ' 

4.2.3 Sample and Detector Arrangement. 

The arrangement of the sample and detector can be seen in Fig. 

4.12. The sample is mounted in a metal frame which allows a varying 

thickness of sample to be tested and is coated with high temperature re

sistant black paint in order to reduce the effect of any reflections of the 

laser radiation: the laser head and sample holder can be seen in plate 3. 

The sample is initially shielded from the beam by a removable 

metal shutter (which is also coated with temperature resistant black 

paint). This has two purposes; the first is to shield the user from any 

radiation due to systems failure which would lead to the laser striking 

whilst the sample under test is changed; the second is to allow the ob-
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whilst the sample under test is changed; the second is to allow the ob

server to obtain a distinct 'start of sample irradiation'. This is obtained 

by allowing the laser to stril\.e whilst the shutter is in place and then 

removing the shutter at a time determined by the program 'LASER!'; 

this will be discussed in more detail in the next section. 

The thermopile seen in Fig. 4.12 is the same as that described in 

chapter 5 concerning the measurement of the radiation produced by the 

arc - model 5300 Advanced Photophysics - (and can be seen in plate 4). 

It is positioned directly behind the sample, in line with the laser beam, 

and is used in conjunction with the 'start of sample irradiation' in order 

to obtain a 's<1mple penetration time' i.e. the time taken for the laser 

beam to burn through the sample from the start of sample irradiation 

until first response of the thern)Opile. This is observed on a dual beam 

storage oscilloscope and will be discussed fllrther in chapter 5. 

The beam is terminated ona monolux block (also seen in plate 

3) which absorbs the Infra Red radiation of the beam and re·emits the 

absorbed radiati~n as heat - thus destroying the directional properties 

of the laser beam. 

4.2.4 Control of the Lnser System Using the Progrnm 'LASEIU'. 

A listing of the program 'LASERI' can be found in appendix n. 
The program allows the user to modulate the laser beam by maldng use 

of the internal timer of the nnc microcomputer to output a pulse to the 

mod-in (pin 2) of the R.F. power supply 'D' connector seen in Fig. 4.11. 
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a) Sample Holder and electrodes. 

b) Thermopile and Oscilloscope. 

Plate 4. Arc Apparatus. 





a) Sample Holder and electrodes. 

b) Thermopile and Oscilloscope. 

Plat 4. Arc Apparatus. 



Lines 10 and 20 designate the user function keys fl and f2 ; fl sends 

the program to line 70 and results in the 'laser strike and modulation 

sequence'; fA sends the program to line 270 and results in 'laser inhibition 

after sample penetration'. 

4.2.4.1 Laser Strike and ~lodulation Sequence. 

As mentioned above, in order for the laser to strike, the mod-in for 

the laser must be held low. In the case of 'LASERI', mod-in is held low 

for 5 seconds as can be seen in Fig. 4.13. This is implemented between 

lines 70 and 110: line 80 designates all pins on the BBC user port b as 

outputs and line 90 sends all output pins low. The output pins are held 

low for 5 seconds; a period specified at line 100 and implemented at line 

110 via the 'PROCDELA vex)' statement which is located between lines 

210 and 240. 

The output of the laser during this period can be seen in Fig. 4.13. 

The period A-B is the 'strike period' during which the R.F. power supply 

sweeps through a range of frequencies to the strike frequency alowing the 

laser to strike, and then settles at the laser operating frequency at point 

B; this period varies from laser to laser and is typically of the order of 

one second. For the remainder of the 5 second period, A-C, the laser 

produces an output of 5 Watts. 

During the whole of the 5 second period the sample is shielded by 

the shutter (described in section 4.2.3). This is required since the strike 

period is unspecified and there is a need to have a distinct point at which 
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the sample is irradiated. The laser can be inhibited for a two second 

period during which time the shutter can be removed; the laser can then 

be re-activated so that irradiation of the sample will occur at a point 

specified by the user. This point can be measured using an oscilloscope. 

Indeed, the program 'LASERI' (see appendix TI) inhibits the laser 

for a 2 second period from CoD as seen in Fig. 4.13. Line 140 sends pin 

o high for a 2 second period specified at line 150 and implemented at line 

160. This has the effect of sending the output of the open collector ' and' 

gate (mod-in) to a high of + 12V, thus inhibiting the laser. During this 

period a buzzer connected between ground an mod-in is sounded, allowing 

the user to safely remove the shutter from the path of the beam. 

The laser is re-activated by sending pin 0 (and hence mod-in) low 

at line 190 so that irradiation of the sample can begin; this event (point 

D in Fig. 4.13) is monitored using a storage oscilloscope. Irradiation of 

the sample continues until the beam is detected by the thermopile (whose 

response is also monitored using the storage oscilloscope and can be seen 

in Fig. 4.13). Shortly after, the laser is inhibited by pressing f2 which 

sends mod-in high at line 270, represented by point E on Fig. 4.13. The 

period D-E is variable and depends on the thickness of the sample. This 

will be discussed further in chapter 5 . 
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CHAPTER 5. EXPERIMENTAL 

TECHNIQUES. 

Having described the apparatus involved In the present exper

imental programme, it is necessary to include an account of the exper

imental methods employed and to define the terms used in the subsequent 

analysis of results contained in chapter 6. 

As in chapter 4, this chapter will be concerned with two systems; 

the arc system and the laser system. The first step will be to discuss the 

arc system, beginning with a description of the sample and the environ

mental conditions within the chamber . 

• 5.1 • 



5.1 DESCRIPrION OF SAMPLE AND ENVIRONMENTAL 

CONDITIONS IN CHAMBER. 

5.1.1 Characterisation of the Sample. 

The samples used in the experimental investigations are consistent 

with those used by Brennan[1], in order to allow convenient comparison 

of experimental results. 

The samples are thin squares of cellulosic material (tissue 

paper)[2], having side length 2.00 + 0.05 em and weight 0.0130 ± 0.0007 

grams. Each sample is checked visually before each test in order to re

ject any sample that exhibits inconsistencies with a standard specimen. 

5.1.2 The Electrodes and Position of Sample. 

In order to remain consistent with previous experimental work[1] 

the electrodes are constructed from sections of "Ultra F" purity carbon 

rod (spot impurity level of IPPM) of length 4.00 ± 0.05 em, tapered at a 

position midway along the section from 6.00 ± 0.05 nun diameter to 

2.00 ± 0.05 mm diameter; the electrodes can be seen in plate 4. The 

electrodes are replaced regularly during an experimental run due to the 

tendency of the electrodes to become pitted at the point of the taper. The 

electrode gap is kept at 0.55 ± 0.05 mm, again in order to be consistent 

with Brennan. 
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The position of the sample with respect to the electrodes is verti

cal, with the electrode gap positioned 1.0 ± 0.5 mm from the centre of the 

sample; this is consistent with Brennan's "position 6" and also allows 

convenient visual observation of the spread of flame across the sample 

(see chapter 6). 

5.1.3 The Control of Gas Pressure and Oxygen Concentration in 

Chamber. 

The various gas mixtures used in the research programme are sup

plied In standard bottles of known concentration of diluents under a 

pressure of 200 Bar (approximately 200 atm. pressure). When using air 

at varying pressures, the chamber is closed and the gas is admitted via 

the underside of the chamber, using the stored pressure of the' bottle to 

pressurise the chamber to the desired level; which is monitored using the 

gauge which can be seen in plate 1. For gas mixtures other than air the 

required pressure within the chamber is obtained as above, however the 

chamber is first evacuated before pressurisation. 

The relative concentrations by volume of gases used in the exper

imental programme are taken from the specifications supplied by B.O.C. 

Special Gases for each individual gas mixture. We are, however, faced 

with a problem: if a sample undergoes complete combustion within the 

chamber, is the concentration of oxygen, by volume percentage, appre

ciably altered? If it is, the experimental procedure is flawed and the 

environment is not constant for each sample under test. 
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An estimate of the change in oxygen concentration experienced 

within the system upon combustion of 'one sample can be made: 

Consider a gas mixture of 30% O2 I 70% N2 at atmospheric pres

sure, and assume that the sample is totally carbon based having a mass 

of O.013g. The chamber is cylindrical having a diameter of 19.6cm and 

length 20.9cm, and the reaction is 1 : 1, ie. 

resulting in complete combustion of the sample. We must first calculate 

the number of moles of oxygen present in the chamber at standard tem

perature and pressure (S.T.P.). The volume of the chamber is given by, 

u = nr2Z = 6306 cm3 

Then as 1 mole of gas at S.T.P. occupies 22.4 litres volume, the number 

of moles of gas in the chamber is given by, 

6306 
22400 

- 0.2815 

However, we have an oxygen concentration of 30% by volume, so the 

number of moles of oxygen within the chamber is given by, 

no = 0.3 x 0.2815 = 0.0845 
2 

Assuming the sample is totally carbon based, the number of moles of 

carbon being consumed in the combustion reaction is given by, 

MASS 
RMM 

_ 0.013 = 0.0011 
12 
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and, since we have a 1 : 1 reaction, the number of moles of oxygen re

acting with the sample during combustion is, 

no = 0.0011 
2 

Thus the number of moles of oxygen remaining after the combustion of 

one sample can be estimated, 

no = 0.0845 - 0.0011 = 0.0834 
2 

and the corresponding concentration of oxygen remaining, 

O2 
= 0.0834 30 29 7 

0.0845 x = . 

_ Thus 0.3% of oxygen by volume is consumed during the combustion 

of one sample, a value which is considered to be acceptable during the 

present research. 

5.2 DEFINITION AND MEASUREMENT OF EXPERIMENTAL 

PARAMETERS: TIlE ARC. 

5.2.1 Electrical Input Power for the Production or the Arc. 

In any combustion safety investigation it is necessary to quantify 

the electrical power being supplied to the material under test. As dis

cussed in chapter 4, the electrical input power is obtained using' the 
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anode and cathode voltages (VA and Vc respectively) and the arc current, 

I, thus 

Watts (5.1) 

and the corresponding input energy can be obtained, 

Joules (5.2) 

where T is the duration of the arc. 

The absolute values of VA and Vc are measured using Tektronix 

XlOOO probes and the voltage traces are stored on an oscilloscope. Plate 

5 is an example of the voltage trace obtained during a dual pulse test 

having VA = 45.0 + 4.0V. Vc = 7.5 ± O.4V and hence 

PA = 70.5 t 8AW. A discussion of the errors involved in the determi

nation of input power can be found in appendix A. 

5.2.2 Radiant Power of the Arc. 

In order to estimate the amount of electrical input power being 

converted to radiant power in the arc it was decided to perform a test 

using a thermopile, in air at 1 atm. pressure, coupled to a storage 

oscilloscope with the voltage sensitivity set at a maximum. The 

thermopile and oscilloscope can be seen in plate 4. 

Fig. 5.1 shows the position of the thermopile with respect to the 

electrodes. The distance from the arc to the thermopile window. r, is 
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a) Anode Voltage Trace. 

b) Cathode Voltage Trace. 

Plate 5. Arc Voltage as seen on Oscilloscope. 
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15.0 ± 0.2cm, and since d = 0.55mm (the distance between the electrodes), 

r~d and the arc can be approximated to a point source. 

By definition[3], the flux per unit solid angle emitted by an entire 

source in a given direction is the radiant intensity, 

d¢ 
dO 

(5.3) 

If the radiant source is a point source it can be said that the sur

face of the thermopile of area dA subtends a solid angle, 

(5.4) 

If dA is perpendicular to the arc then the flux incident at the 

thermopile, from equations (5.3) and (5.4), is given by 

or, the irradiance 

(5.5) 

Now IA is the irradiance of the arc per unit solid angle. However, 

a point source radiates in a sphere and since the solid angle subtendeu 

at the surface of a sphere is 

n = 411: Steradians 

and, from equation (5.5), 
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(5.6) 

the radiant flux produced by the arc is given by, 

. 2 
cPA = Er4rr:r Watts (5.7) 

The thermopile used in the present investigation has a flat response 

from V.V. to I.R. and has a responsivity of 27.0 V/~V and a sensitive area 

of 0.04 em'!.. We can define a conversion factor, p, where 

p = ( 2i.o )( o.~ ) 

thus, 

p = 0.93 (5.8) 

Thus, for our thermopile, the incident irradiance, 

ET = P x voltage output 

and the radiant flux at the are, 

cPA = p x voltage output x 4rr:r2 Watts (5.8) 

Plate 6a is an example of the response of the thermopile (along 

with the output of the arc detector used as a timing reference) for the 

measurement of radiant flux. The output is variable and that shown is 

typical of those observed for the several values of input power taken in 

order to produce the graph shown in chapter 6. A discussion of the errors 

involved in the measurement of radiant flux can be seen in appendix A. 
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a) Output of Thermopile and Photo-Detector. 

b) Output of Photo-detector (Dual Pulse Test). 

Plate 6. 
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5.2.3 The Probability of Ignition. 

The probability of ignition is the parameter that gives us a physical 

indication of the behaviour of the material under varying conditions of 

pressure, oxygen concentration and input power. and it is the change in 

'zonal ignition' probability (to be discussed later in the chapter) that 

leads to the measurement of 'critical pulse delay time'. Indeed, 

Brennan[l] based his measurements of minimum ignition time and time 

to ignition on some pre-determined level of ignition probability. 

The number of samples tested in the present research in order to 

calculate the probability of ignition is 40 - consistent with Drennan. 

Thus, since the stepper motor arrangement allows 10 samples to be tested 

in anyone experimental run, four experimental runs are required in order 

to obtain an estimate of the probability of ignition of a material for a 

certain set of conditions. 

Ignition, in this case, is taken as a sample experiencing persistent 

flaming ignition and being completely consumed by the flame; this is ob

served via the viewing port on the side of the pressure chamber. If a 

sample exhibits charring, or experiences transient flaming ignition fol. 

lowed by extinction, it is not regarded as having undergone complete ig. 

nition. The probability of ignition is then calculated as the number of 

samples experiencing ignition (as defined above) expressed as a percent· 

age of the 40 samples tested. It is worthy of note that once a sample has 

been tested it is not used again even if, visibly, it seems unaffected by the 

pulse of radiant energy: it may well have experienced some dl'gree of 

chemical change, which may effect its subsequent performance. A full 
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statistical analysis of the probability of ignition can be seen in appendix 

A. 

5.2.4 Dual Pulse Measurement. 

The dual pulse measurement procedure forms the basis of the m'a

jority of the experimental results contained in chapter 6. Previous ex

perimental work[l] has employed a single pulse of energy from the arc in 

order to study the combustion behaviour of a sample under varying en-

vironmental conditions. The main thrust of the present research 

programme is to study how the distribution of a known pulse of energy 

with time affects the combustion behaviour. For instance, let a pulse of 

energy E produce an ignition probability of, say, 5% and a pulse of en

ergy E' = 2E produce a probability of, say, 30%. If we consider the pulse 

of energy E' divided into two pulses of energy E with a variable delay 

between the two such the delay is zero initially and is increased in con

venient steps: will the delay have any effect on the combustion behaviour 

of the sample and will there be a particular delay after which the sample 

will behave as if it is subject to a single pulse of energy E, as 0ppoSE'd 

to a pulse of energy E' = 2E? 

The above investigation is implemented using the progrllm "Duall" 

and the apparatus described in chapter 4. The timing of the two pulses 

and the pulse delay are checl\.ed using a photodetector whose output is 

recorded on a storage oscilloscope; see plate 6. An analysis of the errors 

involved in this procedure can be found in appendix A. 
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5.2.5 Zonal Probability and the Critical Pulse Delay. 

As described above, the Dual Pulse procedure involves dividing a 

pulse of energy into two equal pulses such that the two pulses, when 

applied together with no intervening delay, give a 'high' probability of 

. ignition whereas one of the pulses alone gives a 'low' ignition probability. 

The pulses are then separated by a variable pulse delay and an investi

gation performed to see if a delay exists at which the original high 

probability of ignition changes to a low probability due to the material 

behaving as if it experiences the effect of two individual pulses of energy, 

as opposed to the two pulses combined. 

We will define a CRITICAL PULSE DELAY as that delay at which 

the ignition probability changes from a high value to a low value, and 

we will define the two probability levels as HIGH and LO\V ZONAL 

PROBABILITIES. The term 'zonal' is used due to the fact that there is 

a statistical fluctuation associated with a particular value of ignition 

probability due to a variety of factors which include the variability of 

environmental parameters, inconsistencies within each sample, and the 

variability of the energy source - thus the fluctuation prouuces a band 

of values within the high zone and the low zone. In chapter 6 each zone 

will be represented by a line corresponding to the mean ignition proba

bility (or FLAMMABILITY). A comprehensive analysis of the errors in

volved in the zonal probability analysis can be found in appendix A. 
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5.2.6 Time to Visible Flame Front and Sample Burn Time. 

The Time to Visible Flame Front is defined as the time from the 

end of pulse 2 in the Dual Pulse Test to the first appearance of a visible 

flame, provided the sample is completely consumed by the flame. 

The Sample Burn Time is defined as the time from the first ap

pearance of a flame to the extinction of that flame, provided the sample 

is completely consumed by that flame. 

Both of the above parameters are measured using the photodetector 

whose output is monitored using an oscilloscope as described in chapter 

4. An example of the output for a Dual Pulse Test with sample ignition 

can be seen in plate 7. 

5.3 DEFINITION AND MEASUREMENT O~' EXPEIUI\IENTAL 

PARAMETERS: TilE LASER. 

5.3.1 The Output Power of the Laser. 

The maximum output power of the laser beam is m('asllrcd using n 

Scientech 374 power meter. The power meter is position('d on the optical 

bench such that it replaces the sample seen in plate 3 and llbsorbs the 

beam at a distance of 20cm from the laser. 

The maximum beam power is measured as, 
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PL = 5.0 ± 0.5 ~Vatts 

The error quoted is an estimation of the accuracy of the meter and the 

fluctuation of the reading whilst the measurement was taken. 

As mentioned in section 4.2.1 the laser has a gaussian beam profile 

with a ~ beam diameter of 1.3mm and a divergence of 1Omrad. The beam 
e 

diameter a distance of 20cm away from the laser head can be calculated 

from[4]: 

~V(z) = zO 

where ~V(z) is the beam waist a distance z from the laser. and 0 is the 

beam divergence. As, 

Beam Diameter = 2~V(z) 

then ~V(z) is effectively the new ~ beam radius. 
e 

W(z) = 0.01 x 200 = 2.0mm 

For a gaussian laser beam the above calculation means that the 

power at the centre of the beam is at a maximum of 5.0W, but at a dis-

tance of 2.0mm away from the centre of the beam the power will drop to 

13.5% of its maximum value, which in this case. is 0.7W. This radical 

drop in power across the beam has far reaching physical implications 

which will be discussed in more detail in chapter 6 . 
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5.3.2 The Sample Penetration Time. 

The sample penetration time is defined as the time taken for the 

thermopile to detect the laser beam from the moment of first irradiation 

of the sample. 

The sample and sample holder are placed directly in the path of the 

beam, a distance of 20cm from the laser head, with the thermopile directly 

behind the sample. The laser is allowed to strike as described in chapter 

4 and, between points C and D of Fig. 4.13, the shutter is removed. 

Irradiation of the sample begins at· point D of Fig 4.13 which can be 

monitored using an oscilloscope at the mod-in of the laser. The response 

of the thermopile is also monitored using the oscilloscope, and the time 

between point D and the first response of the thermopile is the sample 

penetration time. 

It is worthy of note that, at all times, the user is s·creened from the 

laser beam by a metal canopy which has been coated with tt'mperature 

resistant paint. Safety goggles are also worn to protect against rnndom 

scattering of the laser radiation. 

The variation of sample penetration time with sample thickness in 

air at 1 atm. pressure is investigated and the results presented in chapter 

6. 
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CHAPTER 6. DISCUSSION AND ANALYSIS 

OF RESULTS. 

The results presented within this chapter have been obtained 

mainly using the arc apparatus described in chapter 4 and are concerned 

principally with obtaining a physical understanding of the combustion 

process and the effect of the temporal distribution of energy on the ig

nition safety of a material. 

Some measurements have been made using a laser system, however 

these will be discussed towards the end of the chapter after the discussion 

of the experimental data obtained using the arc. 
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6.1 MEASUREMENT OF TilE RADIANT FLUX PRODUCED BY 

TilE ARC. 

A graph of radiant flux (4)A) versus electrical input power (P A) 

corresponding to the results of table 6.1 can be seen in Fig. 6.1. As de

scribed in chapter 5, a thermopile having a flat response from U.V. to 

LR. was employed, with its responsive area 15cm from the arc kernel and 

normal to it. The masurements were carried out in air at a pressure of 

1 atm. and, although the level of radiant flux incident at the thermopile 

window will vary with conditions of gas pressure and oxygen concen· 

tration, it is useful to gain an insight into the fraction of electrical input 

power converted to radiant power by the arc. 

From Fig. 6.1 it can be seen that for an input power of 51.5\V, the 

conversion to radiant power is of the order of 6%, increasing to 12% for 

an input power of 99.0W. This percentage of radiant power output seems 

reasonable when refering to work by Rykalin et a1.[l] in which an arc 

was generated between an iron rod electrode and plate electrode, in air: 

it was found that 40-45% of the arc power was consumed by the rod 

electrode and 30-35% by the plate electrode through such processes as 

electrode heating and the transfer of material by the vapour stream, with 

the percentage consumed by the rod decreasing with increase of arc cur· 

rent. It is not unreasonable, therefore to assume a power consumption 

of 80% for a rod - rod electrode system; in the present case graphite is 

the electrode material having a thermal conductivity of the same order 

as iron[2]. Power will also be consumed through heating of the bulk gas, 

leaving 10·15% of the input power as radiant power output. 

·6.2· 



6.2 TilE EFFECT OF INPUT POWER AND ENERGY ON 

COMBUSTION CHARACTERISTICS. 

6.2.1 Flammability and Critical Pulse Delay. 

Figures 6.2 to 6.5 are examples of the behaviour of a sample wh~n 

subjected to a Dual Pulse Test under conditions of varying electrical in

put power and energy. In each of the tests the gas mixture is air at a 

pressure of 15 p.s.i. (which approximates to 1 atm. pressure). 

In Fig. 6.2 the electrical input power is 54.5W; two curves are seen 

with the higher probability curve corresponding to a Dual Pulse Test in 

which each individual pulse has an energy of 7.0J (t = 0.13s) and the 

lower probability curve corresponding to a Dual Pulse Test with individ

ual pulses of 5.~ of energy (t = 0.10s). 

Each curve shows two distinct probability zones with a sharp 

transition between them at a well defined pulse delay time, which will 

be refered to as the 'CRITICAL PULSE DELAY'. The higher t'nergy 

curve has a mean zonal ignition probability (which is essentially a 

measure of the flammability of the 'material) initially of 16% which de

cays to ~ 4% at the Critical Pulse Delay. The lower energy curve is of 

the same form, with an initial probability of ~ 3.6% decaying to 0% at 

the Critical Pulse Delay. The Critical Delay Times for the two curves 

are approximately equal, at a value ~ 0.37s. 

In Fig. 6.3 the electrical input power has been increased to 70.5W 

with the higher energy curve again corresponding to a Dual Pulse Test 
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with individual pulse energy of 7.0J (t = 0.10s) and the lower energy 

curve having individual pulses of energy 5.6J (t = 0.085) ie. again close 

to the 5.4J used in Fig. 6.2. Both tests shown in Fig. 6.3 behave similarly 

to those seen in Fig. 6.2 with two distinct high and low ignition proba

bility zones and a sharp transition between them at the Critical Pulse 

Delay. The mean zonal flammabilities of 16.5% found at short delay 

times for the higher energy curve, decaying to 4.9% at longer delay times, 

and the corresponding values of 3.5% and 0% for the lower energy curve, 

are very close to the values shown in Fig. 6.2. The Critical Delay Times 

~ 0.20s are, however, shorter by a factor of two. 

Similar behaviour is exhibited with the input power levels in

creased further to 81.0W and 93.5W, as shown in Figs 6.4 and 6.5 respec

tively. In Fig. 6.4 the transition for the higher energy curve (~ 7J) is 

from a mean high zonal ignition probability of 18% to a mean low zonal 

ignition probability of 5.6% at the Critical Pulse Delay and the transition 

for the lower energy curve (~ 5J) is from a mean high zonal probability 

of 3.0% to a mean low zonal probability of 0%; the Critical Pulse Delay 

again decreasing with increase of input power level. In Fig. 6.5 the 

transition for the higher energy curve (again ~ 7J) is from 16.6% to 5.6% . 

at the Critical Pulse Delay and the transition for the lower energy curve 

(again ~ 5J) is from 3.5% to 0%; again the Critical Pulse Delay de

creasing with increase of input power level. 

It is clear from the above that the behaviour of the test samples 

under different conditions of electrical input power and energy for the 

Dual Pulse Test is consistent in that in all cases two distinct ignition 

probability (or flammability) zones are observed with a sharp transition 
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between the two, at a well - defined critical value of the time delay be

tween the twin pulses. Figs. 6.2 to 6.5 demonstrate some interesting 

trends concerning the dependency of mean flammability levels and Crit

ical Pulse Delay on input power and energy levels; these are illustrated 

further in Figs. 6.6 and 6.7. 

Fig. 6.6 is a graph of the mean zonal ignition probability for t?e 

'high' zones (corresponding to short delay times) for the two input energy 

levels used in Figs. 6.2 to 6.5 plotted as a function of the electrical input 

power. Two straight lines have been plotted and, whilst this is easily 

justifiable for the 5J energy level, the relationship for the 7J energy level 

may at first glance seem less justifiable; however the spread of points is 

regarded by the observer as within experimental limits and the straight 

line is plotted in order to identify a trend, rather than to express absolute 

flammability limits. The implications of Fig. 6.6, are that the 

flammability of the cellulosic samples is dependent on the electrical input 

energy and reasonably independent of electrical input power, provided the 

rate at which the energy is supplied is above the flammability limit of the 

material; i.e. the greater the input energy the higher the mean ignition 

probability of the sample. 

Fig. 6.7 is a graph of critical pulse delay versus electrical input 

power for the two energy levels plotted in Figs. 6.2 to 6.5. Several in

teresting conclusions can be drawn from Fig. 6.7: 

1. The critical pulse delay 1S independent of the input energy of each 

pulse. 
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2. The critical pulse delay is dependent on the electrical input power (or 

rate of energy supply), decreasing with increasing power. 

The consequences of varying the rate of supply of energy on the 

combustion behaviour of materials have been discussed by a number of 

observers. 

Lincoln[3] found that slow heating rates (i.e. low power heating) 

produce volatile products with an average molecular wight which is 

higher than those formed under conditions of rapid heating. It was also 

found that higher irradiances yield larger amounts of CO and organic 

volatiles with many of the products of the flash pyrolysis of cellulose 

(rapid heating) being short-lived species. Martin[4] found that for short 

heating exposures the yield of ethylene and hydrogen (which are 

flammable species) was increased by increasing the rate of heating whilst 

the yield of water and CO2 was decreased. 

Considering the physical implications of the present Dual Pulse 

Test and the critical pulse delay, the critical pulse delay may be taken 

as ~hat point at which the zonal ignition probability of the sample 

changes due to a change in the concentration of volatile gases at the 

surface of the test sample. We can then consider the first pulse of the 

pair as having two principal effects: it supplies energy at a rate which 

is sufficient to 'boil off volatile gases from the surface of the sample and 

causes ignition of those gases, and the solid sample, with a flammability 

level which is dependent on the energy of the pulse; it also causes 'boil 

off of volatile gases which if not ignited by the pulse are available for 

ignition by the second pulse of the pair. 
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Initially pulse 1 and pulse 2 are applied together as one continuous 

pulse of energy having an associated zonal ignition probability as can be 

seen in Figs. 6.2 to 6.5. The pulse delay is then increased steadily until 

a point is reached at which the concentration of volatiles at the surface 

has changed to such an extent that a significant change in zonal ignition 

probability is observed. It is worthy of note that the lower flammability 

limit !eached long after the critical pulse delay still exhibits an ignition 

probability greater than that experienced for a single pulse. It may be 

concluded from this that pulse 1 has altered the surface of the sample to 

such an extent that the sample will be more susceptible to ignition by 

pulse 2 than a fresh sample subjected to pulse 2 alone. 

Having postulated that the critical pulse delay is dependent on the 

nature and amount of volatile gas close to the surface of the sample, the 

effect of input power. can be more clearly explained. 

Figure 6.7 shows that the critical pulse delay decreases with in

crease of input power (or rate of supply of energy); this is reasonable 

when refering back to the findings of Lincoln and Martin that, as the 

rate of supply of energy is increased, the volatile species 'boiled ofr from 

the surface are lighter in weight and relatively short-lived when com

pared to those observed for lower heating rates. Thus the volatiles 

produced by pulse 1 will remain longer near the surface of the sample for 

a lower value of input power than for a higher value of input power. 

As the input power 'is increased the volatile species will be correspond

ingly lighter and will consist of shorter lived species. These will either 

decay to less flammable forms or will diffuse away from the surface at a 
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faster rate than at low input powers and the critical pulse delay will be 

reduced. 

The conclusions drawn from the above observations will be dis· 

cussed further in chapter 7. 

6.3 TilE EFFECT OF PRESSURE CIIANGE 

COMBUSTION CHARACTERISTICS. 

6.3.1 Flammability and Critical Pulse Delay. 

ON TIlE 

Figure 6.2 and Figs. 6.8 to 6.11 are examples of the combustion 

behaviour of the cellulosic samples when the pressure is .varied from 1 to 

5atm. (here, the u~it of latm. pressure is take~ as an integer multiple of 

15 p.s.i. although, strictly, it should be 14.67 p.s.i.). The conditions for 

each test are that the gas mixture is' air, and the input power and energy 

are held constant at 54.5\y and 7.0J per pulse respectively. 

Behaviour similar to that seen in section 6.2 can be seen under 

Dual Pulse Test conditions, with two distinct flammability zones observed 

and a sharp transition between the two occuring at the critical pulse 

delay. Taking each figure in turn it is seen that both the mean ignition 

probability for the high zone and the mean ignition probability for the 

low zone increase with increase of atmospheric pressure. The critical 

pulse delay is also seen to increase with increase of pressure . 
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The effect of pressure on the mean zonal ignition probability (or 

flammability) for both the high and low zones is summarised in Fig. 6.12. 

There is close similarity between the upward trends for both the high and 

the low zones. The increase in flammability is much sharper for an ini

tial increase of pressure from 15 to 45 p.s.i. (1 to 3atm.) with the effect 

of pressure becoming less marked as higher pressures are reached. This 

increase in flammability with increase of pressure is consistent with the 

work of Johnson and Woods[5], Bartels and Howes[6] and Brennan[7] who 

all found that an increase of pressure increases the flammability of a 

material under conditions of electrical ignition. 

The effect of pressure on the critical pulse delay can be seen in 

Fig. 6.13. The observed trend is that the critical pulse delay increases 

with an increase of pressure. This behaviour can be conveniently dis

cussed using the concept of a 'cellulose matrix', introduced by Lewellen 

et a1[8] in which the system under test was divided into hvo areas, namely 

the cellulose matrix and the ambient atmosphere, and a 'residence time' 

was defined as the period spent by a pyrolysis product within the 

cellulose matrix (Le. close to the surface) before entering the ambient 

atmosphere. As discussed in section 6.2, the critical pulse delay is de

pendent on the rate of supply of volatile products for mixing with air 

near the surface and on the diffusion rate of these products away from 

the surface before pulse 2 is incident at the sample. An increase of 

pressure will act so as to increase the residence time of the volatile pro

ducts; decreasing the diffusion rate of the volatiles away from the surface 

of the sample. ThllS the effect on the critical pulse delay will be to in

crease with increase of pressure, and this can be seen in Fig. 6.13. 
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The above behaviour will be discussed further in chapter 7. 

6.3.2 Time to Visible Flame Front and Sample Burn Time. 

The effect of an increase of total gas pressure on the time to visible 

flame front and the sample burn time can be seen in Fig. 6.14. Both pa

rameters are seen to decrease with an increase of total pressure due to 

the increase of partial pressure of oxygen and improved mixing rate of 

the volatile products with the oxygen causing acceleration of the com

bustion reactions. This effect is moderated to some extent by the increase 

of thermal capacity of the bulk gas with increase of gas pressure, which 

will adversely affect the transfer of energy between the arc and the 

sample; however the· net effect will be to reduce the time to visible name 

front and the sample burn time. The observed decrease of the above pa

rameters with increase of total gas pressure is consistent with the work 

of previous investigators[5,6,7]. 

Further discussion of the above observations can be found in 

chapter 7. 
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6.4 THE EFFECT OF OXYGEN ENRICHMENT ON TIlE 

COMBUSTION CHARACTERISTICS. 

6.4.1 Flammability and Critical Pulse Delay. 

Figures 6.15 and 6.16 are examples of the combustion behaviour 'of 

the cellulosic samples when the oxygen content is increased to 30% and 

36% by volume respectively, with balance nitrogen at a pressure of 1atm. 

The conditions for each test are that the electrical input power and en

ergy are held constant at 54.5W and 7.0J per pulse respectively. 

Behaviour similar to that seen in sections 6.2 and 6.3 can be seen 

under Dual Pulse Test conditions, with two distinct flammability zones 

observed and a sharp transition between the two occuring at the critical 

pulse delay. Taking each figure in turn it can be seen that both the mean 

ignition probability for the high zone and the mean ignition probability 

for the low zone increase with increase of oxygen concentration at con

stant pressure. The critical pulse delay is also seen to increase with in

crease of oxygen concentration at constant pressure. 

The effect of oxygen concentration on the mean zonal ignition 

probability for both the high and low zones is summarised in Fig. 6.17. 

Both curves exhibit similar behaviour with a concentration of 16% by 

volume as the limiting oxygen concentration, giving a zero level of 

flammability for the Dual Pulse Test conditions. This level of oxygen 

content is insufficient to allow adequate mixing with the volatile gases 

produced under dual pulse conditions, and no combustion reactions can 
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proceed. As the oxygen content is increased at constant pressure, the 

mixing of volatile species with oxygen is improved and a corresponding 

increase of flanunability is observed with both the high and low proba

bility curves having similar slopes, until the slopes of the curves decrease 

at an oxygen concentration of 36% in balance nitrogen. 

The effect of varying the oxygen concentration at constant pressure 

on the critical pulse delay is summarised in Fig. 6.18. As discussed above 

, a concentration of 16% oxygen in nitrogen is the flammability limit for 

ignition as defined in chapter 5, therefore no critical p~lse delay can be 

observed for this level of oxygen concentration. The trend observed in 

Fig. 6.18 is for the critical pulse delay to increase with increase in the 

level of oxygen enrichment. As discussed above, there is an increase in 

flammability associated with an increase of oxygen content; the resulting 

effect on the critical pulse delay, which will be discussed in more detail 

In chapter 7, is that diffusion and chemical decay of flammable species 

.to less flammable forms will occur at a higher initial concentration of 

gaseous fuel species than for lower values of oxygen content, allowing 

more time for pulse 2 to reinforce pulse 1 and hence increasing the crit

ical pulse delay - as observed in Fig. 6.18. 

6.4.2 Time to Visible Flame Front and Sample Burn Time. 

The effect of a change of oxygen concentration at constant pressure 

on the time to visible flame front and sample burn time can be seen in 

Fig. 6.19. The observed trend for both curves is to decrease with in-
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crease of oxygen concentration, the rate of decrease of sample burn time 

being less than that of the time to visible flame front. 

The above behaviour is reasonable for an increase of oxygen con

centration at constant pressure; the improved mixing rate of the volatile 

fuel with oxygen and the accelerated combustion reactions will have the 

effect of reducing the time from the end of the energy input region to the 

first signs of sample combustion; the improved mixing rate of the volatile 

gases produced by the advancing flame front will increase the sample 

burning rate, hence decreasing the sample burn time. This is consistent 

with the findings of the present research programme and is in agr('('m('nt 

with the work of a variety of investigators[5,6,7]. 

6.5 TilE SPREAD OF FLAME ACROSS TilE SAMPLE. 

During the present programme of research, three principal tYPt'S 

of flame spread were observed through the viewing port of the pn'ssuro 

chamber; these will be classified as 'outward concentric name front', 're

versing flame front', and 'reversal/extinction behaviour'. For eneh ex

ample of flame spread observed through the viewing port, the 

photodetector located beneath the sample gave a response dl'pendc:-nt on 

the particular type of flame spread under considerntion. Typical (~Xllm

pIes of the 'signatures' of each of the three different types of flnme spr('nd 

observed and detected by the photodetector can be seen in plate 7. 

a) is an example of outward concentric flame spread. \Vith this 

mode of flame spread an ignition site is first seen at the centre of the 
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sample, in close proximity to the arc kernel, and combustion proceeds 

with the flame front spreading outward from the centre in all directions; 

finally consuming the material. The consistent light output due to the 

relative uniformity of the flame spread gives rise to the response of the 

photodetector seen in plate 7 a. The first two 'spikes' correspond to the 

two pulses of the Dual Pulse Test, separated by the (variable) pulse delay. 

b) is an example of flame spread due to reversing flame front. As 

In a), the two 'spikes' seen at the start of the trace corr~spond to the 

Dual Pulse Test. \Vith this mode of flame spread the ignition site is 

again seen at the centre of the sample with the flame front spreading 

downwards towards the bottom edge of the sample. The flame front thl~n 

appears to momentarily extinguish as it reverses and spreads upwards 

along the edges of the sample, consuming the remaining material. This 

effect is mirrored by the output trace of the photodetector with an initial 

output due to the downward flame spread, a short zero output l'l'gion due 

to momentary extinction and reversal of the flame front, nnd anothl'r fl>. 

gion of positive output due to consumption of the remaining matl'rinl. 

c) is an example of reversal/extinction behaviour and is the INlst 

common of the flame spread phenomena discussed here. The ignition site 

is again at the centre of the sample with the flame front spr~ntling 

downwards and then experiencing extinction. The trace seen in plnlt~ 7c 

shows a short region of output from the photodetector which represl'nts 

the initial downward flame spread followed by extinction. The smnplc 

shown with the trace shows visible signs of charring above the ignition 

site as the flame front has attempted reversal. Since a concE'ntrntion of 
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a) Outward Concentric Flame Front. 

b)' Reversing Flame Front. 

c) Reversal/Extinction. 

Plate 7. Output of Photo-Detector (Flame Spread). 





b) ' 

Plat 7, utput f h t -



volatiles insufficient to allow further combustion of the sample was then 

produced, the flame was extinguished. 

The relative probabilities of occurence of a). b). and c) appear to 

be independent of input power. energy. gas pressure and oxygen concen

tration. 

6.6 SAMPLE PENETRATION TIME OF TIlE I.ASEU. 

A graph of sample penetration time versus thickness of material 

can· be seen in Fig. 6.20. As described in section 5.3.2. the results are 

taken using a thermopile positioned directly behind the sample and in 

line with the laser beam. The thickness of sample is varied by clamping 

a varying number of O.Olmm thick samples together in the blackened 

sample holder seen in plate 3. The time between first irradiation of 

sample and first response of thermopile as Sl"en in Fig ".13 is plotted 

against thickness of sample. The results displayed in Fig. 6.20 nrc ob

tained by taking the average of ten repeated meaSUf(.'ments. 

Through visual observation of the samples under tt'st it is observed 

that the samples do not combust completely with the appearance of n 

flame. Initially, charring of the material occurs followed by vaporisntion 

of a small area of sample: the beam th£'n 'bores' through the m,ltcrinl, 

penetrating through to the thermopile in a time that depends on the 

thickness of the material as seen in Fig. 6.20. The relationship of Fig. 

6.20 is initially linear, with a sample thickness of O.IOcm having n pene

tration time of 8.0s, becoming non-linear as the thickness is increased 
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above 0.15cm. It is postulated that the non-combustion and 'boring' 

behaviour of the sample is due principally to the properties of the laser 

radiation. 

The gaussian profile of the laser beam, as mentioned in chapter 5, 

is such that the laser beam has a peak power of 5.0W at the centre of the 

beam waist. However, the power falls sharply with distance, radially 

from the centre, until it is at a value of O.7W at the edge of the beam 

waist (2mm from the centre of the beam). From section 6.2. the nature 

of the decomposition products given off from the sample is power d.e

pendent, with an increase of power having a tendency towards the pro

duction of lighter, more volatile species. Thus the relative concentrations 

of flammable species produced by the beam will vary along the rmlius of 

the beam as the power is reduced (from above). It is proposed that, due 

to this effect, the volatile cloud produced during the vaporisation of the 

sample does not have a unique balance of flammable species, as is the 

case of that produced by the more uniform arc source, but has n varied 

concentration of flammable species, due to the variable power profile of 

the beam, which is insufficient to produce the combustion reaction bal

ance necessary for the spread of flame. 

Another characteristic of the laser beam is that it product's radi

ation of a single wavelength of 10.6 microns. It is propos('d that in order 

for the many combustion reactions within the volatile cloud to procl'Nl, 

a wide range of wavelengths are required from the incident rndintion. 

Thus a single wavelength energy source may be insufficient to produce 

the flammable species necessary to combine and initiate the complete 

combustion of the sample. 
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The influence of the above beam properties on the combustion 

behaviour of the sample will be discussed further in chapter 7 . 
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· 
PA +APA cPA ± AcPA 

Watts Watts Watts \Vatts 

21.5 2.9 0.31 0.05 

31.5 4.3 0.63 0.08 

54.5 6.4 3.20 0.50 

70.5 8.4 5.30 0.00 

74.0 8.8 6.30 1.10 

81.0 10.1 7.00 1.30 

87.5 11.4 9.50 1.00 

93.5 12.9 10.50 1.00 

99.0 13.4 12.10 2.10 

Table 6.1 Variation of Radiant Flux with Electrical Input Power. 
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CHAPTER 7. CONCLUSIONS AND 

SUGGESTIONS FOR FUTURE 'VORI{. 

The principal aim of the work presented within this tht'sis has been 

to come to some understanding of the physical processes involved in the 

combustion of materials and to consider the implications for t'lectrical 

fire safety in hazardous environments. To this E'nd, a qualitative physkal 

model of the combustion process has beE'n developed based on the results 

discussed in chapter 6. There now follows a discussion of the model und 

a comparison of the arc and the laser as sourc('s of ignition. Some sug· 

gestions are made for future experimental work and the implicutions of 

the results presented in this thesis for electrical safety in hazardous t'n· 

vironments are discussed. 
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7.1 A PHYSICAL MODEL OF TIlE COMnUSTION pnocl~ss. 

The model to be discussed postulates that the combustion pro('ess 

can be divided into three stages: the input stage, the growth-llecay stage, 

and the sample consumption stage. 

During the input stage let us consider a single pulse of electrical 

input power PA and energy E. From the results dis('ussed in clHlptef G, 

section 2, it is the power (i.e. rate of energy supply) which determines the 

nature, rate of production, and composition of the gaseous volatile cloud 

produced from the surface of the sample during the pyrolysis of amah'· 

rial. An increase in power causes an increase in the volatile production 

rate and a tendency towards the production of lighter vol~ltile sp\~cies and 

hydrocarbons[l]. From the same results of section 6.2 it is th ..... totnl t'n· 

ergy of the pulse (provided that the energy is suppli ..... d at n nte which is 

sufficient to allow mixing of the volatiles with oxygen)· that dl\termim's 

the concentration of volatile gas which is avaihlble fOf ignition. An in

crease in pulse energy gives an increase in sample flammability, 

It is well documented[2,3] that the pyrolysis of n solid mntt'rinl 

proceeds as: 

dm 
dt 

ex: -m 

where m represents the mass (or the concentration) of the solid material. 

and the above relationship represents an exponential decrense in ('on('t.'ll

tration of solid fuel with time during the pyrolysis of that material. Thus 

the concentration of the volatile cloud during pyrolysis can be rl\gnl·c..l .. "t 

• 7.2· 



as increasing exponentially with time, making fuel available for mixing 

with the air near the surface and the onset of combustion reactions. 

During this growth period the gaseous volatile cloud, having be

come concentrated at the surface, will begin to diffuse away from that 

surface and since[ 4], 

where C is the concentration of the volatile cloud and D is the diffusivity 

of the gas, the amount of volatile gas in the mixing zone will decrl"ilse 

exponentially with time. 

Thus we have two competing effects, one being volatile gas phase 

reactions which depend on the exponentially increasing concentrntion of 

gaseous volatiles produced by the radiant pulse; the other being a diC

fusion effect on the gas concentration which is a decaying exponl"ntilll 

relationship with time, and depends, among other factors. 011 the mass of 

the volatile species. 

From the above effects we can expect a critical nmlllnablo ('oll('('n

tration which gives a nammability level which is dl·p4.~ndl·nt on the l"nt'rgy 

of the pulse initially incident on the material. 

If now a second pulse of equal power and energy to that of the first 

pulse is applied to the material, at a variable delay after the first.the 

second pulse, acting alone, would have the same effeel as pulse 1. A 

cloud of volatile gases having a similar composition to that producl'd by 

pulse 1, and a similar concentration, would be produced which would l'X-
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perience a growth stage and a diffusion influenced decay stnge; see Fig 

7.1. 

It is postulated that if the decay between pulses is sufficiently 

short, the growth region of pulse 2 will add to that of pulse 1 find rein

force the concentration of flammable species produced by pulse 1. giving 

. an increased flammability level - this is illustrated in Fig 7.1. If, how

ever, the delay is such that the growth period of pulse 2 occurs at a point 

where pulse 1 is 'old' and the gaseous flammable concentration has gone 

into decay, pulse 2 will no longer be able to reinforce pulse 1 and the 

flammability will be in the region of that which would be produced by 

pulse 2 acting on its own. Thus, there must be some critical pulse tll),lny 

for the system which corresponds to that point nt which the conn'n

tration of volatiles for the gas phase combustion renction is suflicit"ntly 

in decay for the addition of the volatile cloud produced by pulse 2 not to 

cause reinforcement; this will be identified as a transition from n Tl'gion 

of high ignition probability to a region of low ignition pl'obnLility, anti 

can be seen illustrated in Fig 7.1. 

It is the power level of the individunl pulses thnt dl'termines the 

nature of the volatile species, and their respective masses. Thus. sinc\} 

the nature of the volatile species determines the type of chemicnl I't~ndioll 

occuring and hence the decay period due to ch('mical r('actions producing 

non flammable species, and the mass of individual volatile spl'cies tll·t(~r· 

mines the diffusion rate, it is not unreasonable to expect n lll'pentlN\cy 

of the critical pulse delay on input power. Indeed, as an increase of 

power results in the production of lighter volatile species, and henrc nn 

increase in the diffusion rate, it is likely that there is a decrense in tho 
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critical pulse delay time with increase in power; this can be seen in 

Fig.6.7. 

As postulated above, it is the input power, energy It'vel nnd pulse 

delay in the input stage of the ignition model (under constant pressure 

and oxygen concentration) that determine the flammability of the mule

rial and the growth-decay balance of the combustion proc('ss. 1 [owevcr, 

the time to visible flame front and the sample burning time nppt.~l.lr indt.~ 

pendent of all three factors; it is postUlated that flame spread phenom(\na 

are influenced principally by enviromnental conditions. 

7.1.1 The Effect of Pressure on the Ignition l\lml('l. 

The results presented in chapter 6, section 3. show an increase of 

sample flammability with increase of pressure for constant power and 

energy; this 1S consistent with the work of n fllunht'r of 

investigators[5,6,7]. The pressure dt.~pendence of sample flamm"hility c.'nn 

be explained in terms of the increase in the oxygen p,\Ttial prl'ssure as

sociated with an increase of total gas pressure. 

Since an increase of pressure corresponds to nn incrNlse of ()xygt'll 

partial pressure, the concentration of flammable speci('s. protlu('l'd by the 

mixing of gaseous volatiles with increased oxygen content. will be in

creased leading to an increase of flammability for n particular vnluc of 

pulse energy. The increase of flammability, for a particular pulse cnl'rgy 

and power, with increase of pressure can be seen in Fig. 0.12. The ('m~d 
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of pressure on the critical pulse delay can be seen in Fig. 6.13, with the 

critical pulse delay increasing with increase of pressure. 

An explanation can be formulated by refering to the effect of an 

increase of pressure on the balance of the growth-decay stage seen in Fig. 

7.2. Considering, first, the growth stage, an increase of total gas pressure 

resulting in a greater mixing of volatiles with oxygen (as mentioned 

above) will cause the leading edge of the growth curve to become steept"r 

leading to an increase of sample flammability. This effect will, to some 

extent, be moderated by the increase of heat capacity of the bulk gas dul' 

to the increase of pressure, which will reduce the transfl'r of energy from 

the arc to the surface of the sample. Considering the dl'cny stnge, the 

increase of total gas pressure will result in a decrease in the diffusion 

rate of the flanunable species causing the decay edge to flntten out. 

The result of combining the above effects on the growth-llN"llY 

characteristic will be to increase the period of time llvllilable for the 

second pulse to reinforce the first pulse and give rise to l\ higher sL,mple 

flammability level. Thus the critical pulse delay, or reinforceml'nt period 

before decay due to diffusion and chemical decay to less flnmmnLll' Slll'

des begins to dominate, can be expected to incrl'ase with increLlse or bulk 

gas pressure. This is consistent with the experiml\ntnl datn or Fig. 0.13. 

From Fig. 6.14 the pressure has an effl~ct on thl' time to visihl l ' 

flame front measured from the end of pulse 2. It is postulntl'll thnt nn 

increase of pressure accelerates the combustion rt"nctions within thl' 

growth-decay cycle, without altering the balance, resulting in the dl'· 

crease of time to visible flame front seen in Fig" 6. H. 
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7 sample burn time. This is consistent with the observations of pre

vious investigators[5,6,7] who found that the burning rate increases with 

an increase of atmospheric pressure. This can be explained in terms of 

the increa~e in oxygen partial pressure with increase of total gas pres

sure, which provides an increase in the production of reactive flmrunable 

species by the advancing flame front. This results in an accelerated 

burning rate and hence a decrease in the burning time. 

7.1.2 The Effect of Oxygen Con('entrntion on the Ih'11itinn 1\10de1. 

The results presented in chapter 6, section 4, show that the eff,'ct 

of increasing the oxygen concentration by volume, at constnnt 11I"l'Ssur(', 

is to increase the sample flammability and the critical pulse ,h,'lay, Lmtl 

to decrease the time to visible flame front and sample burn time.'; each 

observation will now be discussed in terms of the physicnl ignit ion motlt'l 

outlined earlier in the chapter. 

The flammability of the sample reaches zero as the.' oxygen con

centration is reduced to 16% by volume (balance nitrogen) due to thl,rt, 

being insufficient oxygen to allow mixing with the gns('ous volnlill's to 

a combustible level for the prescribed values of input Ilo\\'('r )low{'r. ('n

ergy and pressure. 

An increase of oxygen concentration by volume will (,,:lUSt.' an in

crease in the concentration of flammable species due to the improvNl 

mixing of the gaseous volatiles with the oxygen molecules. This will 

cause the gradient of the leading edge of the growth curve (s('c I·~ig. 7.3) 
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to increase, sending the sample to a higher flammability zone for one 

pulse. The dependence of sample flammability on an increase of oxygen 

concentration at constant pressure will be stronger than the dependence 

on an increase of oxygen concentration due to a change in total gas 

pressure. This will occur since, in the case of an increase of oxygen 

concentration at constant pressure, there is no moderating effect due to 

the change in thermal capacity of the gas with increase of totnl gus 

pressure. 

As there is no increase of total gas pressure, no appreciable chnnge 

in the diffusion rate of gas away from the surface of the smnple enn be 

expected (apart from that due to the change of mass of reactive specil's 

brought about by the change of oxygen content). However. tht.' lIN"ny 

edge of the growth-decay balance will occur from a rt'gion of high con· 

centration of flammable species; this will have the efft~ct of prolonging 

the period of time available for the second pulse of energy to reinforce 

the first pulse before the balance of gaseous fuel conct'ntr~\tion Ilrolhlct'tl 

by the first pulse has decayed to a sufficiently low vLlhH': this is n'pn's

ented in Fig. 7.3. Thus the critical pulse delay will be incrensl,d; ns Sl'lm 

in Fig. 6.18. As discussed previously, upon dccreLlsing the oxygl'1l con. 

centration to 16% by volume, the gas is no longer oxygen rieh nlld i~ 

insufficient for a flammable mixture to exist at the sllrfllco of the snmpl~ 

for the heating conditions prescribed for the prescml t'xpl'rimt'ntnl 

programme; under these circumstances the conc('pt of a criticnl pulsl' ,Il" 

lay becomes meaningless. 

The reduction of the time to visible flame front with increase ()f 

oxygen concentration can be explained by the rate of the combustion reo 
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actions after the input stage. It is postulated that an increase of oxygen 

concentration accelerates the combustion reactions of the growth-decay 

cycle of Fig. 7.1, without altering the balance, producing the deCr1"3Se of 

time to visible flame front with increase of visible flame front sel"n in 

Fig 6.19. 

The decrease of sample burn time with increase of oxygen concen

tration is due to the improved mixing of the volatiles libl"ratell by the 

advancing flame front with the oxygen rich gas; so producing accl'll'nltl"d 

flame spread. 

The observations of decrease of sample burn time and incrl"ase of 

sample flammability with oxygen enrichment nt constLmt pressurt~ nre 

consistent with those reported by Johnson and \Voods[51. Dnrtels and 

IIowes[6], Tanaka and Ichikawa[8] and Drennan[7]. 

7.2 TilE ARC AND TIlE LASER AS IGNITION SOUnCES. 

In order to compare the ignition propl"rties of the nrc und the hlS\\r, 

it is worthwhile considering the irradiances of the two sources i.t'. tho 

radiant flux per unit area. 

Consider, first, the arc. For the majority of the n'sults pr('s(\ntt'll 

In chapter 6, the arc was used at an electrical input pow('r of 5-1.5\V 

which, when refering to Fig. 6.1., corresponds to a radiant flux of 3.3W. 

As the sample is vertical and to one side of the electrodes, we may fl'gnnl 

one half of this power as 'wasted' power and assume that :==:: l.G\V of rn· 

diant flux is available for ignition of the sample. The gl'omctry of the 
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electrodes is such that they are tapered to a diameter of 2rrun with an 

electrode gap of O.55mm; thus we may approximate the arc kernel to a 

cylinder of radius Imm and side length O.55mm. The irradiance of the 

arc is then: 

E 1.6 1.5 
a - 2nrl - 1t 

Consider now the laser beam. As mentioned in section 6.3.1., the 

beam used in the experimental investigation had a peak output power of 

5.0W with a gaussian beam waist at the sample of 2mm. at which radius 

the power has decayed to O.7W. Assuming, then, that 4.3\V of las('r l'ow('r 

is contained within a spot of radius 2nun, the irradiance of the be4lm is: 

1.1 
1t 

From the above calculations, the irradiances of the two ignition 

sources are very similar. However, as discussed in chaptl~r 6, thll two 

sources have very different effects on the combustion behaviour of the 

sample; the arc produces ignition with subsequent flame sprentl ncross tilt" 

sample reSUlting in complete combustion of the sample; the Inser prodlH'~lS 

vaporisation of a small area of sample, some charring, but l\ hlck of nomo 

spread and non-combustion of the sample. 

The explanation for the different effects proliu(,f.'d by thl' two 

sources must clearly lie in the properties of the radiation SUppliNt by thQ 

two sources. 

The radiation produced by the arc has a bandwidth of wnv('lengths 

from the ultra-violet to the infra-red. The radiation produced by the 1"5('r 
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IS In a very narrow range of wavelengths, centred at 10.6 microns. A 

further difference is that while the radiation from the arc is nppro:d

mately uniformly spread over the target area, the power output from thc 

laser has a gaussian profile and thus is variable across the benm wuist • 

falling from 5.0W at the centre to 0.7W at a radial distance of 2mm from 

the centre of the beam. 

The combustion model described in this chapter has as its principnl 

component a unique concentration of flammable species which ('xpl'ri

ences a growth/decay balance. Thus, in order for a sample to ignite. a 

flammable mixture must exist near the surface in sufficient quantity to 

enable the growth stage to reach a level at which the combustion re

actions proceed before the decay stage (due to diffusion and sl'cond.lfY 

chemical reaction) can dominate. 

The power level of the incident radiation dclermines the composi

tion of the volatile cl~ud and the type of combustion rNlctions thnt occur 

upon mixing with oxygen. The po'wer level also has un effl'ct on thl~ 

diffusion rate of the gas cloud, since an increase of power fl'suitS in n 

tendency for the production of lighter volatile species and hc."ncc inrn.'ns(\s 

the diffusion· rate. 

It is proposed here that the spatially uniform nature of the nrc 

source acts so as to produce a volatile cloud which has a uniform con

centration of unique volatile species (determined by the pOWt'r of the nrc) 

which can combine with oxygen to produce combustion I'N\ctions. Tho 

laser beam, however, has a spatially dependent power output and. ot (',\ch 

point along the beam radius, a different balancc of volatile species is 

produced. Thus the growth/decay balance of flammable species is vnl'i-
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able along the beam radius, which does not allow the requirt'd nammable 

species to be produced in a sufficiently high concentration for combustion 

reactions to occur: only a small area of sample is vaporised. 

The dependence of the combustion of the samples on wavelength is 

another factor worthy of consideration. The arc produces radintion from 

U.V. to I.R. as well as transfering energy through ion transfer nnd the 

transportation of electrode material[9]. The laser has only one \\'nvl~ 

length in the I.R. portion of the electromagnetic spectrum. As discussed 

in chapter 2, wavelengths in the U.V. band of the spectrum have an im

portant role to play in the degradation of cellulosdlOl, and thus limiting 

the ignition source to a single wavelength limits the 'ignitnbility' of that 

particular source. 

7.3 SUGGESTIONS FOR FUTUUE WOnK. 

Having developed a laser system for the investigation of ttw ('om· 

bustion behaviour of solid materials, it would be ul'sirnble to intt'rf .. C'u 

the system to the pressure chamber used in the arc rxperimt'nts. Tho 

Dual Pulse Test results presented in chapter 6 could tht'n he dupl ic'ntNI 

to observe the effect of limiting the wavelength of the ignition SOUfl'l~ to 

a single value. There are, however, severnl problrms. 

As discussed above, although the irradiance of the lnsl~r is simiillr 

to that of the are, the power distribution of the beam is varinblt' ncross 

its radius, resulting in non-combustion of the sample und~r tt'st. This ('nn 

be overcome by the use of a beam expander[ll] which will eliminnte the 
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gaussian profile of the beam, producing a spot of uniform power· this can 

then be compared directly to the arc source. 

The type of interface to the chamber is also a problE:'m. Location 

of the laser within the chamber would require major structural 8It~r· 

ations to the chamber itself; clearly such alterations would be undt.'>sira. 

ble. An alternative would be to replace the glass of the viewing port with 

germanium strengthened to withstand a pressure in excess of 6 atm. This 

substance will transmit I.R. radiation with a negligible amount of at

tenuation, thus allowing the effect of the variations of environml"ntal 

conditions (described in chapter 6 in relation to the arc npparatus) on the 

combustion behaviour of the sample during laser irradiation to be invl's

tigated. 

A mass spectrometer with capillary sampler in the volatile cloud. 

close to the surface of the sample quring heating, would also provitll\ 

valuable information and would allow the ideas postulnt('cl Nlrlier, con

cerning the variation of flammable species under diff("ring ht.'uting condi· 

tions and the existence of a growth/decay balance, to be test('d. 

/ 
7.4 TilE IMPLICATIONS FOIl INTUtNSIC EI.ECTIUC!AI, SAI"'J·~TY. 

The present experimental programme has gone some wny to ittcmH· 

fying the physical processes involved in the combustion of n solid milte

rial and the effect parameters such as electrical input power, l'1'\(\r~'O', 

total gas pressure, oxygen concentration and sample thickn~ss have OIl 

the combustion characteristics of that material. The results pn>sl'ntNl 
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and discussed within this thesis have far reaching implications for el~c· 

trical safety in hazardous environments, particularly when the existence 

of a critical pulse delay is considered. 

Previous w?rk by Brennan[7] was concerned with employing n sin

,gle pulse of known power and energy to obtain values for the minimum 

ignitio~ energy for a cellulosic material. The existence of n critical pulse 

delay as shown in the present work must modify our conc~pt of the min
imum ignition energy, as we now have to consider the distribution of the 

pulse of energy with time; particularly for circumstanc('s wht're an in

termittent electrical fault giving rise to a sequence of sparks exists. If 

the electrical fault under consideration supplies energy for ignition at a 

certain power level and in a single pulse, prcvious thinking would hnve 

us believe that safety wouhl not he compromised if the ('nergy of this 

pulse was below a minimum ignition level. However, if n second pulse 

is supplied within the critical delay time for the materh\\ in dose IWOX

imity to the fault, it mny reinforce lhe first pulse g,iving rise to ignition 

of the material. Specifying safe limits for the powel' level ~md t'nergy of 

a single spark is no longer adequate. Lower limits mllst be specifiell if 

the spark (pulse) is repeated within the cl'iticnl delay time. 
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The critical delay time for electrical ignition llecreasl'S with in

crease of power level. and thus the level of sourcc po\\'er is esst'lltini 

when considering safe conditions for thc system undt'r considerntion. 

The critical delay is also increased with incrense of pressure nml oxygt'n 

concentration, as is the absolute flammability level, of the mnteri~\l: nn 

increase in sample flanullabilily also nccompnnies 1\1\ illcreuse of sOllrce 

energy. Thus reductions in one or all of the source po\\'er, en('rgy, lolal 

pressure and oxygen concenlrntion. will d",,'r('l\se the critic-nl ddny for 

electrical ignitio.n and the material nmnmability, Ullll will lentl to " 

system which can be rega1'lled as intrinsicnlly safe. 

The safety considerations for worldng with R sysh'lll which 

produces a train of sparks, such as with the ",'mlltUI'C of nn t'IN,trk,,1 

machine. will be affected by the existencc of the critic"l pulse tl('lny. 

Thc source will produce sparJ\.s nt n partic-ular frNl\lenc:y. which th'pt'l\tb 

on the rate of revolution of the nl'mature, nnd ht'llcc with n IHuUculnr 

delay between successive sparks. 

Figure 6.2 specifies that, for nir nl 1 ntm. ,,"l'ssm'e, if nn indivht· 

ual sparlt has a power level of 55\V nnd nn ('n('rgy of 5J tht'n tho ayslt'll\ 

will have a critical pulse tlelny for thc el('eldcnl ignition llf fcllulosit 

materials of 0.365. Thus the systl'tn is safe for dt.'lnys g('~t\tl'r tlum O.3G:s 

and any increase in spark frequency which produces n spnl'1<. (h,l"y Lclow 

the critical value of O,36s will result in an incrensed mteliho(ul ()f ig

nition for the system. Under these circumstnnces the system which WRS 

previously considered to be safe can no longer be rt'gllnlcti RS such. 
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With the above operation in mind it would be ,ltesirabtc to develop 

a system for the control of arcing safety. One way in which to achieve 

this would be to observe the white noise produced by the nrc by the usc 

of a high pass filter circuit. The frequency of arcing could be hloniton'd 

until it increased above a level which corresponds lo lhe crilienl nrc 

delay. At lhis point an emergency shutdown f.,cility or a specll re

duction operation could be employed to reduce lhe arcing frt'qu('ncy nml 

hence increase the delay between successive pulses to n vnlue nLove the 

critical pulse delay, resulting once again in sofe operating conditions. 

Figure 6.8 shows that this safe level would be incrt'ilsl'tl from 0.3<19 

to 0.625 for an increase of air pressure from 1 alm. lo 2 atm., thus allY 

safety control system would have to allow for .the variation of i~nition 

safety with pressure and oxygen concentration os d('scribed in chnptt'r 

6. 

Chapter 6 has, at its heart, the experimentnl itWt'Sligll\ion of the 

ignition safety of materials subject to energy in the forlll of nn el",drienl 

arc and a carbon dioxide lnser. The effects of o:cyg(m cOllct'nlrntion, 

pressure, source power, energy and in particular the existt'nco of th" 

critical pulse delay (as discussed above) are conshJerNI in rt'l"tion to 

ignition safety. 

As mentioned in section 7.3 one particulllT P1'(l ll l'l'ty oC the inci

dent radiation, that of wavelength, was not invrstigntl'll rxprriml'ntnlly 

during the present programme nnd is worthy oC futuro work. 1l wns 

found that the arc and the laser had different effects on tho snmplo for 

similar levels of irradiance; one explanntion for this mny be thnt whilst 
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the radiation from the arc consists of a wide bandwidth of wRvelengths. 

the laser is centred on the infra red. 

A method for investigating the effect of the source wavelength on 

the composition of the growth-decay gas balance (and hl'nce combustion 

behaviour) of the sample, would be to employ several sources of energy 

each producing radiation having different characteristic wRvl'l('nglhs. 

The decomposition products could be monitorE'd using n lnilSS 

spectrometer for each source and the effeel of wRvl'lE'ngth on lhe nature 

of the growth -decay balance and hence the combustion chnraclE'l'istics 

of the sample could be investigated. some possible sources of I'ntiintion 

could be: the carbon dioxide laser (10 microns), a YAG Insl'r (0"& 

microns), an EXCIMER laser (0.4 microns), a microwl\ve SOlarCl', nntilhe 

electric arc. 
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APPENDIX A. EXPERIMENTAL ERRORS 

AND STATISTICAL ANALYSIS. 

A.I ERROR ON A MEASUREMENT. 

The measurement of any experimental quantity has an associated 

error. This may be in the form of a 'random error' in which the in.Hcu

racy is due to the random nature of the observer or experimental comli

tions, or a 'systematic error' in which the inaccuracy is due to the 

particular measuring instrument being employed in the experiment. An 

indication of the error involved with a measurement is given the form; 

X =A ± M Units 

where A is the measured experimental parameter and M is an nSS('SStnl'nt 

of the degree of accuracy with which the observer is confident of mNlS· 

uring. 

A.!.! Systematic Errors. 

The criterion for systematic error assessment used by the observer 

in the present research programme is normally one-half of the smallest 

scale division of the measuring instrument employed in a particular ex

perimental situation. 
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Let' us consider the measurement of distance during the present 

investigation. The diameter of the pressure chamber is measured using 

a ruler which has a smallest scale division of 0.1cm; thus the diameter 

is quoted as 19.60 + 0.05 cm i.e. one half of the smallest division. Simi

larly the length of the sample is quoted as 2.00 ± 0.05 em. If we consider 

the measurement of the electrode gap, d, a feeler gauge is used and thus 

d = 0.55 + 0.05 mm; similarly the precision of the lIardinge-Collet lathe, 

used by the mechanical workshop to manufacture the electrodes, dictates 

an accuracy of diameter of ± 0.05 mm. 

If we consider the accuracy of the pressure gauge attached to the 

pressure chamber, the smallest scale division is 5 p.s.i. However, it is 

estimated that the gauge can be read accurately to within ± 1 p.s.i. 

The systematic error associated with time measurement during the 

investigation, such as pulse delay and time to ignition. is due to the 

accuracy of the scale on the oscilloscope, which varies \vith any change 

in the time/div sensitivity. 

A.1.2 Random Errors. 

The anode and cathode voltages used in the calculation of input pOWl"r 

and arc current are subject to a systematic error associnted with the 

storage oscilloscope, however the measurements are principally nffl'ctl'li 

by a random error due to noise on the respective waveforms. 

The systematic error involved with each measurement would have 

been VA = 45.0 ± 2.0 V and Vc = 7.5 ± 0.2 V, however the uominating 
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random error gives a more realistic estimate of VA = 45.0 ± 4.0 V and 

Vc = 7.5 + 0.4 V. The calculation of arc voltage, arc current, input 

power and energy, involves a combination of quantities, all of which have 

inherent errors. The consequence of these 'compound' errors is resolved 

by the use of standard error formulae and will be discussed later. 

A considerable random error is involved in the measurement of 

radiant power using the thermopile - due mainly to the variability of the 

arc energy supply. Refering back to chapter 5, plate 6. shows a typical 

example of the voltage output of the thermopile, giving a measur('ment 

of 2.0 + 0.3 mY; a 15% error which may be regarded as large, however the 

output is variable and the present observer believes that such an error 

estimate is justified in this particular case. 

The measurement of probability of ignition and the subsequent 

" measurement of critical pulse delay and zonal probability are subject to 

statistical errors which will be discussed later with the aid of a specific 

table of results. 

There now follows a discussion of the errors involved with a cn1· 

culation in which the quantities used possess an independent error. 

A.2 ERROR ON A CALCULATION· COMPOUND EIUlOItS. 

It has been shown above that a single measurement has an inherent 

error, expressed in the form X = A ± M units. However. during the 
\ 

present period of research it has been necessary to perform calculations 

such as arc voltage, arc current, power and energy. in which several 
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measurements are used, each having an associated individual inaccuracy. 

The subsequent error analysis is more complex and involves the use of 

the following standard formulae: 

Let X = A ± AA and Y = B ± an, be two independent quantities. 

If Z = X - Y or Z = X + Y, then 

If Z = X.Y or Z X 
- Y' then 

If Z = nX, where n is a constant, then 

M = nAA 

If Z = X2, then 

M=2AM 

Thus the errors associated with arc voltage. arc curn·nt. input 

power and radiant energy quoted in the course of this thesis have all bl,\l'n 

obtained using a combination of the above formulae. 

A.3 STATISTICAL ERRORS. 

The main body of the results contained within this thesis are con· 

cerned with the change of zonal ignition probability and critical ignition 

• A.4· 



delay with varying experimental conditions; results which are subject to 

statistical variations. The statistical treatment of the results is based 

on a 'normal distribution' (see Fig A.1) and it will be necessary to es

tablish several definitions before analysing a typical table of results. 

A.3.l The Arithmetic Mean. 

The arithmetic mean represents the mid-point of a group or dis

tribution of test scores and is defined as, 

where LX is the sum of the individual scores, and n is the total number 

of individual scores. 

A.3.2 The Standard Deviation. 

The standard deviation is a measure of the avernge vnriability 

around a mean score and gives an idea of the variability of n set of ex

perimental results. It is defined as, 

_ J (X - X)2 
un - 11 

In the present programme of research U,,-h defined as 
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_ J(X - X)2 
n - 1 

is prefered to (J" as the number of tests is not large and (n - 1) provides 

an unbiased estimate of the spread of results. 

A.3.3 The Variability of a Single Ignition Prohuhility. 

Table A.l is an example of the statistical variation obs(,l"ved when 

repeating a particular test 10 times. The experimental conditions are; air 

at 1 atm. pressure, for a dual pulse test having f1 = f'1. = 0.13s and 

td = 0.32s. It can be seen that the average ignition probability is 19.0% 

with a variability of (J,,-l = ± 2.1 %. This is typical of the statistical 

variation of a single probability occuring In the high probability zone 

under conditions of repeated measurement. 

A typical example of the statiatical variation of n single igniti()n 

probability occuring within the low probability zone can be seen in table 

A.2. The conditions are the same as above, except that ttl = 0.37s. The 

average probability is 4.8% with a variability of O'n-1 = ± 1.4%. 

A.3.4 The Variability Over nigh and Low Prohnhility ZOI1(,s. 

Table A.3 shows a set of results for Fig 6.2, typical of the main 

body of the results contained within this thesis. From the table and the 

graph it can be seen that there are two distinct probability zones, with 
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the transition point between the two dependent upon some critical pulse 

delay time. The problem encountered is whether or not the transition 

point is sufficiently independent of the statistical fluctuations within 

each zone in order to be regarded as a significant change. 

Let us consider the high probability zone. The mean probability 

IS 16.0% with a variability of Un-l = ± 2.4%. A normal distribution is 

such that 99.6% of values will lie within ± 20"' from the mean, thus any 

change of ignition probability, from the mean value, greater than 

+ 7.2% can be regarded as a significant event. Similarly within the low 

probability zone the mean probability of ignition is 4% with a variability 

of Un-l = ± 1.4%. In this case a change of ignition probability greater 

than ± 4.2% can be regarded as significant. 

As the change in mean probability from high to low is 12%, this 

can be regarded as a significant event and the pulse delay can justifiably 

be termed a 'critical' pulse delay. 

All of the results concerning the dual pulse test contained within 

this thesis are treated using the same rigorous statistical analysis de

scribed above. It is worth noting that the high and low probability zones 

are represented by a single line through the mean probability of ignition 

in order to identify the significant change that is the signature of the 

critical pulse delay. This is for convenience only and is not meant to 

mislead or imply that there is no statistical fluctuation within each zone 

- indeed there is a variability within each zone as described earlier, 

however it is relegated to second order status in order to identify the 

critical change described above. 
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Test. 

c:( Prob 

Percentages of cases 
within areas of tne 
normal dlslrtbutlon 
corresoon(lIng to 
standard devlallon 
units. 

214 

-3 -2 

J.( 13 

-1 0 .1 -2 • 
standard deviations «n 

Fig A.I A Normal Probability Distribution. 

1 2 3 4 5 6 7 8 

17.5 22.5 20.0 17.5 15.0 20.0 20.0 20.0 

High Zone: X = 19.0t;f, G,,_I = 2.1%. 

9 10 

20.0 17.5 

Table A.l Variability of a Single Ignition Probability in the High Zon('. 

Test 1 2 3 4 5 6 7 8 9 10 

% Prob 5.0 5.0 . 2.5 5.0 5.0 7.5 5.0 5.0 5.0 2.5 

Low Zone: X = 4.8%, G,,_I = 1.4%. 

Table A.2 Variability of a Single Ignition Probability in the Low Zone. 



11 

(s) 

0.13 

0.13 

0.13 

0.13 

0.13 

0.13 

0.13 

0.13 

0.13 

0.13 

0.13 

0.13 

0.13 

0.13 

0.13 

0.13 

0.13 

0.13 

12 Id 

(s) (s) 

0.13 0.00 . 
0.13 0.02 
0.13 0.04 
0.13 0.06 
0.13 0.08 
0.13 0.10 . 

0.13 0.12 
0.13 0.14 
0.13 0.16 
0.13 0.20 
0.13 0.28 

0.13 0.32 
0.13 0.34 
0.13 0.37 
0.13 . 0.40 
0.13 0.50 
0.13 0.90 
0.13 1.30 

High Zone: X = 16.0%, (1"-1 = 2.4%. 

Low Zone: X = 4.0%, 0',,-1 = 1.4% .. 

% 

Ignition 

20.0 

15.0 

15.0 

15.0 

·15.0 

15.0 

12.5 

12.5 

15.0 

17.5 

17.5 

20.0 

17.5 

5.0 

5.0 

5.0 
2.5 

2.5 

Table A.3 Variability over High and Low Ignition Probability Zones. 
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APPENDIX B. CONTROL PROGRAMS. 
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PROGRAM DUALI 

10 *KEYl GOTO 130lM 
20 *KEY2 GOTO 570lM 
30 *KEY3 GOTO 770lM 
40 END 
50 REM program for the control 
60 REM of a pulsed discharge 
70 REM with variable duration. 
80 REM a stepper motor is employed 
90 REM for multiple sample testing 

100 REM discharge duration is 
110 REM controlled by means of 
120 REM BBC. internal timer 
130 INPUT" .Duration of Pulse 1 = ",Xl," Centiseconds" 
140 INPUT" Pulse Delay = ",X2," Centiseconds" 
150 INPUT" Duration of Pulse.2 = ",X3," Centiseconds" 
160 REM all port b pins are outputs 
170 REM and sent low 
180 ?&FE62=&FF 
190 ?&FE60=&00 
200 REM pre-discharge delay of 5 sees 
210 X = 500 
220 PROCDELAY(X) 
230 REM pin 0 high starting pulse 1 
240 ?&FE60=&01 
250 X = Xl 
260 PROCDELAY(X) 
270 REM pin 1 sent high, also, 
280 REM stopping Pulse 1 
290 '?&FE60=&02 
300 X = 1 
310 PROCDELAY (X) 
320 ?&FE60=&00 
330 REM inter-pulse period 
340 X = X2 
350 PROCDELAY(X) 
360 REM pin 0 high starting pulse 2 
370 '?&FE60=&01 
380 X = X3 
390 PROCDELAY(X) 
400 REM pin 1 sent high, also, 
410 REM stopping Pulse 2 
420 ?&FE60=&02 
430 REM delay of 4 sees. Time for 
440 REM which 120V supply is off 
450 X = 400 
460 PROCDELAY(X) 



470 REM all output pins sent low 
480 ?&FE60=&00 
490 PRINT " END OF DUAL PULSE TEST " 
500 END 
510 DEF PROCDELAY(X) 
520 DELAY=TIME 
530 REPEAT UNTIL TIME-DELAY>X 
540 ENDPROC 
550 REM this program controls 
560 REM the stepping motor 
570 ?&FE62=&FF 
580 REM lines 600 to 720 generate 
590 REM 20 pulses to rotate the 
600 REM motor through 36 degrees 
610 Z = 20 
620 ?&FE60=&04 
630 REPEAT 
640 ?&FE60=&00 
650 X = 1 
660 PROCDELAY(X) 
670 ?&FE60=&04 
680 X = 10 
690 PROCDELAY(X) 
700 Z = Z-1 
710 UNTIL Z = 0 
720 PRINT " SAMPLE IN POSITION " 
730 END 
740 REM this program allows 
750 REM fine adjustment of sample 
760 REM position 
770 ?&FE62=&FF 
780 Z = 02 
790 ?&FE60=&04 
800 REPEAT 
810 ?&FE60=&00 
820 X = 1 
830 PROCDELAY(X) 
840 ?&FE60=&04 
850 X = 10 
860 PROCDELAY(X) 
870 Z = Z-1 
880 UNTIL Z = 0 
890 PRINT " FINE ADJUSTMENT COMPLETED " 
900 END 



PROGRAM LASER I 

10 *KEY1 GOTO 801M 
20 *KEY3 GOTO 270lM 
30 END 

. 40 REM program for the control 
50 REM of "the laser. 
60 REM STRIKE SEQUENCE: 
70 REM all output pins low. 
80 ?&FE62=&FF 
90 ?&FE60=&00 

100 X =500 
110 PROCDELAY(X) 
120 REM LASER INHIBITED: 
130 REM pin 0 high. 
140 ?&FE60=&01 
150 X = 200 
160 PROCDELAY(X) 
170 REM SAMPLE IRRADIATION: 
180 REM all output pins low. 
190 ?&FE60=&00 
200 END 
210 DEF PROCDELAY(X) 
220 DELAY=TIME 
230 REPEAT UNTIL TIME-DELAY>X 
240 ENDPROC 
250 REM laser inhibition after 
260 REM sample combustion. 
270 ?&FE60=&01 
280 PRINT "EXPERIMENTAL RUN COMPLETED" 
290 END 
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APPENDIX C. THE ELECTROMAGNETIC 

SCREENING OF THE EXPERIMENTAL 

APPARATUS. 

During the period of research encompassed by this thesis it was 

found that the BBe microcomputer controlling the experiment and al,so 

several IBM pes being used in adjacent laboratories had a tendency to 

'crash' when the arc was being operated. This was correctly attributed 

to electromagnetic interference caused by the high voltage initiating 

spark and, after monitoring the mains supply and through the use of 

mains filters, it was concluded that the interference was airborne. 

Several steps were taken in order to minimise the effect of this 

airborne interference: 

1. The position of the equipment was varied in order to increase the 

distance between the chamber and adjoining laboratories. 

2. The experimental apparatus was completely re-wired with major links 

being screened using sections of copper braide which were earthed to 

a central 'star point' (this can be seen in the centre of plate 8). 

3. The star point was used as an earth reference for the press\lre cham

ber. 

4. The arc initiation circuit was enclosed in a box which was also 

earthed to the star point. 
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5. The whole apparatus was screened using an earthed partial Faraday 

cage (part of which can also be seen in plate 8. 

These steps solved the problem associated with the IBM PCs: Fig 

C.l shows two spectra of the airborne interference taken using a 

Hewlett-Packard 3582A spectrum analyser, a) with the chamber lid off, 

and b) with the chamber lid on and the apparatus earthed. It is worthy 

of note that the above screening process has removed frequencies around 

the 8M Hz level - which is a clock frequency for the IBM PC central 

processing unit. 

This screening process did not entirely solve the problem associated 

with the BBG microcomputer; this was rmally solved by placing the 

computer within a screened aluminium box which was earthed to the 

central star point mention-ed above. 
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Plate 8. Electromagnetic Screening of Arc Apparatus. 





Plate 8. Electromagnetic Screening of Arc Apparatus. 




