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ABSTRACT 

This study was aimed at discriminating between three classes of aerosols, namely those 

generated by flaming and non-flaming (smouldering & forced pyrolysis) fires as well as 

nuisance aerosols. This was undertaken using a scattering cross section based on the mass 

concentration of aerosols as opposed to the traditional arbittary units. A key feature was to 

develop a calibration method for measurement of the differential (angular distribution) mass 

scattering cross section [m^.g"\sf'] of the smoke and nuisance aerosols. These measurements 

were made for two linear polarizations and the scattering angle, 6 , in the range of 5° to 135° 

at a wavelength of /I = 632.8 nm. 

The caKbration method used polystyrene latex spheres as calibration particles for their 

well-characterised sizes and refractive index. A least mean squared method was then used to 

determine a calibration constant linking the experimental and ideal theoretical (Mie) results 

for the polystyrene spheres. A gravimetric measurement of the time average mass 

concentration of aerosols in the scattering voliime yields the scattering cross section in terms 

of mass. The aerosol mass concenttations varied from about 1 to 10 mg.m'. 

Aerosol size distributions were also measured, revealing that smouldering cotton lamp wick 

smoke particles fell into the range typical of flaming fire smoke particles. Analysis of light 

scattering results has distinguished small diameter particles from large particles using a 

forward scattering ratio. The method has exceptions when discriminating soot created in 

flaming fires from both non-flaming fire generated smoke and nuisance aerosols. 

Disciimination of soot from the other aerosols is demonsttated by the asymmetry ratio of 

forward (45°) to backward scattering (135°) and the polarization ratio of horizontal to vertical 

polarisation. These methods were not successful at discriminating between the non-flaming 

smoke and nuisance aerosols. 

A novel method of soot discrimination based on the scattering parameter, 

(̂  = 47r/l"'sin(i9/2), has been demonstrated. Again discrimination between non-flaming 

smoke and nuisance aerosols was not possible. The scattering parameter method has shown 

that the power law behaviour of non-flaming fire generated smoke and nuisance aerosols 

have an index (the "q-slope") that ranges from -2.8 to -4.2, compared with a range of -1.6 to 



-2.0 for flame generated smoke aerosols. The scattering by a non-flaming frre generated 

smoke or nuisance aerosol is of the form Oy^ \H)°^ yf ) for larger particles, having an 
R 

index around -3. Here the angled brackets represent the ensemble average over the size 

distribution for the case of vertical polarisation. The result for the large non-flaming smoke 

and nuisance aerosols was found to differ from that proposed recentiy (Sorensen and 

Fischbach, 2000). Agreement was observed between this study and that predicted by 

Sorensen and Fischbach (2000) for smaller mean sized particles, which have an index of 

about -4 as described by Porod's law. The results for soot are typical of their fractal 

morphology, which typically ranges from -1.7 to-1.85. 
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Chapter 1 

INTRODUCTION 

1.1 INTRODUCTION 

Unwanted fires cost hves, cause injury and damage or desttoy property. Awareness of the 

occurrence of a fire at an early stage of its growth is exttemely important. Early awareness 

means that the damaging effects of the fire can be minimised by appropriate responses, such 

as suppression or evacuation. Awareness of a fure is as a result of perception of fire cues, 

which are changes in the environment caused by a fire, such as increases in heat, olfactory or 

ocular observation of smoke, or visible flames or alarms. Fire detectors are instruments 

aimed at detecting cues in unoccupied areas or when occupant awareness is reduced, in some 

instances this includes detection of cues at exttemely low levels above the ambient 

environment. Fire detectors are designed to then give an alarm to which people can respond 

or to activate automated systems for fire suppression. An alarm warns people who are not 

intimately involved with a fire's ignition. Early and reliable smoke detector performance 

under these conditions is of great importance and is the principle motivation behind this 

thesis. 

The objective of this study was to measure and study light scattering by a selection of smoke 

and nuisance aerosols. The principal objective was to measure the angular distribution of 

scattered Hght, which is measured in terms of the differential scattering cross section per unit 

mass per steradian [m .g" .sr" ]̂. The subsequent objective was to then examine this data for 

differences and similarities between smoke and nuisance aerosols. Measurements and 

analysis were made possible by developing a novel caHbration method that is based on a 

gravimetric approach to Hght scattering by a cloud of polystyrene spheres. This means that 

this study was analogous to a survey of the Hght scattering characteristics of smoke and 

nuisance aerosols, with the subsequent analysis focusing on discrimination of the aerosols 
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based on the surveyed data. The result was the most complete examination of Hght 

scattering measurements of smoke aerosols generated by non-flaming fures and nuisance 

aerosols to date. 

The differential Hght scattering measurements are made using the scattering angle, 6 , and the 

scattering parameter dependence, q — AwX sin(^/2). Analysis in terms of the scattering 

angle is ttaditional for Hght scattering by smaU particles, using the scattering parameter is not. 

This study presents results that test a recentiy developed scattering parameter description of 

Hght scattering by spheres (Sorensen and Fischbach, 2000). 

The details of the theory used in this study are presented along with an overview of the 

historical development of the Hght scattering theory in Chapter 2. The apparatus developed 

for the Hght scattering measurements is presented in Chapter 3, while the caHbration method 

to make the differential mass scattering cross section measurements is detailed in Chapter 4. 

Three smoke aerosol classes are examined in this study: those generated by non-flaming fires 

(Chapter 5), soot generated in flaming fires (Chapter 6) and finally nuisance aerosols 

(Chapter 7). The method of aerosol generation is different for each class. To keep the 

description of methods continuous with the results presented, the methods used are detailed 

in the first part of each aerosol chapter. An overview of the Hterature pursuant to an aerosol 

class is included at the start of each of these chapters. 

Discussions and comparison of results between the different aerosols and previous reported 

smdies is presented in Chapter 8. 

1.2 SMOKE DETECTION AND MOTIVATION 

Smoke is made up of airborne soHd and Hquid particulate and gases evolved when a material 

undergoes pyrolysis or combustion, included in smoke is the air that is enttained or mixed 
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into the mass (National Fire Protection Association, 1993). The particle component of 

smoke is the smoke aerosol, since an aerosol is defined as soHd or Hquid particles ttansported 

by a gas (Hinds 1982). The scattering of Hght by smoke aerosols is the focus of this study 

and has relevance to the design of smoke detectors based on Hght scattering. The majority of 

smoke detectors are currentiy based on one of two principles of operation. Firstiy there are 

those based on the principle of scattering or extinction of Hght caused when an incident Hght 

beam interacts with the mass of an aerosol particle. Smoke detectors based on Hght 

scattering have photodetectors placed at an angle to the direction of ttavel of the incident 

Hght beam. Thus when an aerosol passes through the incident Hght beam, Hght is scattered in 

aU directions and the photodetector receives the Hght scattered onto its active element This 

scattered signal then results in alarm activation. Light scattering based detectors are growing 

in use and avaHabiHty due to lower component cost and improving technology associated 

with the optoelecttonic components. If a fire did not generate the aerosol that triggered the 

alarm then the alarm would be considered to be a "nuisance alarm". It must be noted that 

the term nuisance alarm is not synonymous with a "false alarm". A false alarm has come to 

mean an alarm given by a faulty smoke detector or an event that is not a fire; for example, 

due to an internal electrical fault, electrical interference or a nuisance aerosol such as a dust. 

A false alarm does not necessarily require the presence of an aerosol. This distinction 

between nuisance and false alarms is mainly in manufacturer and detector community usage. 

The general pubHc typically refers to nuisance alarms as false alarms. In this thesis the 

nuisance alarm usage is continued. 

The other smoke detection method is the ionisation detector. In these detectors a small 

amount of radioactive isotope ionizes some air molecules in a gap causing an ion current to 

flow between two electtodes. An aerosol present in the air gap removes ions because they 

attach to the aerosol particles, reducing the ion current. The drop in current causes an alarm 
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to be given. IdeaUy the aerosol would be a smoke aerosol but any aerosol could penettate 

into the air-gap and cause an alarm. In that case an aerosol not generated by a fire would 

result in a nuisance alarm. Ionisation based detectors are the most common residential 

detectors dues to their low cost. 

In one and two-family residential buildings, the benefit of smoke detectors is beHeved to be 

a reduction in the risk to Hfe safety of about 52 % compared with homes without detectors 

instaUed (Ahems, 1998). On the other hand the risk to Hfe in multi-occupancy buildings 

(apartments, townhouses etc.) is only reduced by about 14 % by the presence of smoke 

detectors (Ahems, 1998). It is not known exactiy what is causing the difference in the risk 

measures quoted above. It is weU recognised that the effectiveness of smoke detectors in the 

home is reduced by a high frequency of nuisance alarms (Smith et al., 1997; Ahems, 1998). 

A high rate of nuisance alarms simply fhisttates the occupants, to the extent that in some 

cases they disconnect the power source or otherwise render the detector useless. The 

reduction of nuisance alarms in residential occupancies is a means by which the risk to Hfe 

safety can be decreased further. The potential for increased efficiency of detectors in multi-

occupancies is substantial. AnecdotaUy this frusttation with nuisance alarms also occurs in 

industrial and commercial buildings, sometimes resulting in no or slow response to fires. 

In unoccupied or rarely visited areas detection systems are necessary to reduce the risk of 

death and injurious events, damage to property or mitigation of reduced operations. Such 

installations are usuaUy aimed at a reduction in the risk to an enterprise (industrial or 

commercial). These risks are substantiaUy reduced through combined measures such as 

detectors, sprinklers, fire drills and ttaining, as weU as fire safety awareness during design and 

operation of a faciHty. 
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In some instances an enterprise may find that their faciHty or operations are of extteme 

importance. In such cases very sensitive smoke detection is a solution. A result of high 

sensitivity can be an increase in nuisance alarm rates. In some instances a single nuisance 

alarm could have substantial influence on the operation of an enterprise. For example, 

aircraft that register an in-flight fire alarm must land immediately and begin emergency 

evacuation from the aircraft. While the actual incidence of these events varies over different 

aircraft fleets, the cost is acknowledged as substantial to flight operations (BeaU et al., 2001). 

The discussion above highlights appHcation of smoke detection and some of the problems 

associated with their use. One promising approach to deaHng with nuisance alarms is the 

monitoring of multiple cues from a fire; for example, the combination of COj and smoke 

detection. Multi-parameter detection gathers more information about an event allowing 

more confident identification of a fire event, at the possible expense of a delayed response. 

Another development with smoke detection is the growing use of Hght scattering detector as 

mentioned above, analysis of light scattering signals has been examined in the past as a means 

of discriminating smoke aerosols from nuisance aerosols (Aggarwal and MotevaUi, 1997; 

Loepfeetal., 1997). 

1.3 OVERVIEW OF THIS STUDY 

This study refers to a fire as a time series of chemical reactions, usuaUy combustion but 

includes forced pyrolysis particularly at the incipient or pre-heating stage. That is to say a fire 

is the series of chemical reactions that usuaUy but not necessarily lead to flaming combustion. 

Fire science is different to combustion science in the sense that combustion science aims at 

understanding and optimising the combustion reaction. Fire in its most common form is an 

incomplete combustion reaction. Fire science and engineering is associated with 

understanding unconttoUed fire and its many form with the aim of increasing Hfe safety. 
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The development of a fire is dependent on three main factors: oxygen supply, thermal 

environment, and fuel characteristics. In some circumstances a fire might progress from an 

incipient stage to a non-flaming form of combustion such as smouldering. Whether the fire 

progresses to a flaming stage is dependent on the fuel characteristics, thermal environment 

and oxygen supply. Smoke detection in the earHest incipient stage of a fire is relevant to very 

sensitive detection discussed above. 

Smoke aerosols generated by flaming and non-flaming fires are the two classes of smoke 

aerosols of interest to this study. "Non-flaming fire" as used in this study includes the 

incipient stage of a fire. For example, this would include smouldering and forced pyrolysis 

events. Smouldering is a true self-sustaining combustion event (Moussa et al. 1979; 

OhlemiUer, 1995). A cigarette is an example of smouldering combustion even though it is 

not necessarily a hazard in the sense of a fire. Smouldering matttesses and landfills are also 

examples of this type of combustion. Forced pyrolysis events represent igmtion or early 

incipient stages of potential fires, such as the overheating of an electrical wire. Forced 

pyrolysis is not a combustion reaction nor self-sustaining as it requires an external heat sotirce 

(OhlemHler, 1995). At a later stage of their existence non-flaming fires can undergo 

a ttansition to a flaming fire. Non-flaming fires have slow to very slow growth rates in 

comparison to flaming fires. 

Smoke aerosols from non-flaming fires generaHy comprise of droplet-Hke spherical particles, 

while smoke aerosols from well-ventilated flaming fires are agglomerate particles, as seen in 

Figure 1.1. The differences between the two types of smoke aerosols are striking. The 

pattern of the Hght scattering by these particles wiH reflect the differences in the morphology 

of the particles. Non-flaming smoke aerosols form as a result of condensation of high 

boiling pomt hydrocarbon products from non-flaming fires; the term "non-flaming smoke" 

refers to the source of the smoke aerosol. Smoke aerosol particles generated by a flaming fire 
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Figure 1.1: a) A scanning electton microscope image of a soot 
agglomerate from flaming polyurethane. b) A ttansmission electton 
microscope image of incense smoke particles (Cheng et al. 1995). 
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are simply referred to as soot and sometimes as soot agglomerates to emphasize then-

morphology. Soot is an agglomerate particle that is formed from the aggregation of very 

smaU primary particles (10-80 nm in diameter). These primary particles (also caUed monomer 

particles) aggregate into clusters in the flame environment. The resulting clusters usuaUy 

grow larger by aggregation with other clusters (caUed agglomeration) or primary particles 

(Meakin, 1984; Mountain and MulhoUand, 1988). Post-flame growth of the clusters also 

occurs through a^lomeration of soot particles. 

Smoke aerosols from non-flaming fires have atttacted far less interest in terms of Hght 

scattering characterisation compared with smoke aerosols generated by flaming fires, but they 

have been studied extensively in terms of their size distributions (Lee and Mulholland, 1977; 

Bankston et al. 1981; MuUioUand and OhlemiUer, 1982; Cheng et al. 1995). Unfortunately 

the few studies of Hght scattering by these particles have not also measured the size 

distributions of the particles they were examining (Meacham and MotevaUi, 1992; Aggarwal 

and MotevaUi, 1997; Loepfe et al. 1997). This stody presents for the first time the light 

scattering and size disttibution characteristics of smoke aerosols from non-flaming fires. Size 

distribution information is important to this study to aUow comparison of experimental and 

computed results. The computations make use of Mie theory adapted to lognormaUy 

distributed particles in terms of the mass scattering cross section, this tteatment is presented 

in Chapter 2. The comparison has made use of previously pubHshed refractive index data 

from various sources. 

Two smoke aerosols generated and characterized in this study are similar to those used in 

standard smoke detector tests (EN54, 1982; UL 217, 1993). These smoke aerosol sources are 

beech wood blocks and cotton lamp wick. A third fuel source used is polyurethane foam 

commonly used in couches. The methods and results of measurements made on these 

smoke aerosols are presented in Chapter 5. 
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Light scattering smdies into soot formation and morphology in a flame have been conducted 

over the last four or five decades and developed to a high degree of understanding (Haynes 

and Wagner, 1981; Glassman, 1988; Charalampopoulos, 1992; Sorensen, 2001). This study 

limits its scope to angular Hght scattering smdies of post-flame soot and makes use of 

findings from work characterising the morphology of soot agglomerates using angular Hght 

scattering. In the case of the latter attention has been drawn to some in-flame soot smdies, 

particularly those examining the fractal nature of the soot agglomerates. The influence of the 

agglomerate morphology on the light scattering by soot particles is outlined in Chapter 2. 

Four flaming fires are used to generate the soot examined in this study: propylene, acetylene 

and ethylene are gaseous fuels for which burners are used; the final flaming fuel was a smaU 

pool of heptane. The methods and results of measurements made on soots from various 

flaming fires are detaUed in Chapter 6. 

The most common source of nuisance alarms m the house is cooking and the kitchen is also 

the source of the majority of real accidental fires (Watanabe et al. 1985). Two of the three 

nuisance aerosols examined in this smdy are cooking generated aerosols: overheating cooking 

oU and burning toast. Both of these nuisance aerosols could be classed as non-flaming fires 

since they are forced pyrolysis events that can make a ttansition to a flaming fire. This is 

particularly the case for the cooking oU, which is the cause of about 30 % of house fires 

(Wijayasinghe and Makey, 1997). Nevertheless, these nuisance sources represent high 

frequency events that do lead to disabling smoke detectors as discussed above. The third 

nuisance aerosol used in this study is a standardised dust, ISO Fine Dust. As an aerosol it 

represents a nuisance event that is not as weU defined as those above. It comes closest to an 

aerosol that might be expected in an industrial situation, is irregular (non-spherical) in shape 

and has the advantage of being standardised in its original powder form. The methods and 

1.3:9 



Chapter 1 

results of experiments conducted in this study on nuisance aerosols are detailed in 

Chapter 7. 

Analysis methods appHed to the angular scattering data coUected in this study are compared 

with past work. The motivation of this analysis, such as polarisation analysis, is the desire to 

discriminate nuisance aerosols from aerosols generated by fires. Discrimination has proven 

successful in the past when differentiating flaming and non-flaming fire generated aerosols 

(Loepfe et al. 1997). This study demonsttates the same result but explains more clearly the 

reasons for the result, which are essentiaUy due to the differences in morphology between 

soot agglomerates and near spherical particles from non-flaming fires. 

Discrimination of soot from the other aerosols is also approached in terms of the scattering 

parameter. The differences are examined in terms of the power law relationship of the 

scattering results to the scattering parameter. The agglomerate nature of the soot particles 

dominates their scattering parameter dependence, showing the effects of the agglomerate 

fractal structure. The fractal dimension of the soot agglomerates is determined from the light 

scattering results. The results of the non-flaming smoke and nuisance aerosols are also 

examined in an analogous manner. This results in a novel approach to discrimination of soot 

from the non-flaming smoke and nuisance aerosols examined. 

A description of Hght scattering by spherical particles has recentiy been presented by 

Sorensen and Fischbach (2000). The model describes the Hght scattering in terms of the 

length scales of the scattering event, characterized by the scattering parameter and the length 

scales of the scattering particles; subsequentiy it wiU be referred to as the scaling method. 

Analyses of the Hght scattering results measured in this study are used to test the findings of 

Sorensen and Fischbach (2000) for a range of polydisperse aerosols, namely the non-flaming 

smoke and nuisance aerosols. Polydisperse aerosols are made up of particles with a wide 
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disttibution of sizes, "monodisperse" aerosols have very narrow size distributions 

approximated by delta functions and are sometimes referred to as having a single size. The 

test of the scaling approach and a comparison of differential mass scattering cross sections in 

terms of angular and scattering parameter dependence is presented and discussed in Chapter 

8. The conclusions of this smdy foUow in Chapter 9. 

Two appendices are attached to this dissertation. The first. Appendix 1, presents the 

experimental steps for operation of the Large Agglomerate Optical Facility (LAOF) 

developed for the differential Hght scattering measurements made in this study. The LAOF 

is located at the National Institute of Standards and Technology (NIST) in Gaithersburg, 

MD, U.S.A. The experimental process is the same for each of the aerosols examined in this 

smdy; only the method of aerosol generation and ttansport to the LAOF is different. 

Appendix 2, presents papers generated by this smdy: principaUy a paper entitied "Light 

scattering characterization and size distributions of smoke and nuisance aerosols" (Weinert et 

al. 2002) fuUy reviewed and presented at the premier fire science conference; the 7'^ 

International Fire Safety Science Symposium 2002, Boston, USA. A paper reviewed 

intemaUy at NIST and currentiy submitted as a technical note, entitied "Moment method for 

obtaining particle size measures of test smokes" (Cleary et al. To be published), has been 

included for reference. This latter paper demonsttates appHcation of the size distribution 

results to inverting ionisation detector signals to determine mean particle sizes. 
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OVERVIEW OF THE THEORY OF LIGHT SCATTERNIG BY 
SMALL PARTICLES 

2.1 INTRODUCTION 

The principle motivation behind this thesis is to obtain quantitative Hght scattering data from 

smoke and nuisance aerosols. This light scattering data can then be analysed to observe the 

effects of particle morphology on the scattered light; that is the effects of size and shape. 

The morphology of a particle is the way in which its mass is distributed in space to define its 

size and shape. Differences in morphology can then be used to examine discrimination of 

smoke aerosols generated by different fire modes (non-flaming and flaming) or from 

nuisance aerosols. Comparing soot agglomerates from flaming fires with smoke droplet 

particles generated by non-flaming fires, the morphological differences are striking, see 

Figvire 1.1. The differences in mass distribution affect the way in which Hght is scattered by 

the particles a process that is a result of interaction between light and the mass of a particle. 

Since the distribution of mass (matter) in the agglomerates is very different from that in the 

spherical smoke droplets, the scattering of Hght Hicident on the particles wiU be influenced by 

the difference in the mass distribution in the particles. This in turn wiU affect the scattered 

light signal, which can be measured and examined for characteristics that might be used to 

discriminate between the two tj^es of smoke aerosol. The next step wUl be to examine 

nuisance aerosols, such as those caused in burning toast or by dust, to see if similar methods 

can differentiate them from fire generated aerosols. 

To accompHsh discrimination, this stady has measured the scattered %ht in terms of the 

differential (angular distribution) scattering cross section per unit mass [ m .g" .sr' ]. This is 

the first time that differential mass scattering cross sections have been measured for fire-

generated aerosols. This has been achieved by developing a Hght scattering caHbration 
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method using a gravimetric method for polystyrene spheres of a known size. This chapter 

inttoduces the theoretical basis of the differential mass scattering cross section so that it can 

be computed for use in caHbration and for comparison of experimental results. Comparison 

of experimental and calculated results will be conducted for Hght scattering by monodisperse 

and polydisperse ensembles of spheres. In the case of the polydisperse spheres the size 

distribution is characterised by a lognormal distribution. The key features of the lognormal 

distribution needed to compute the differential scattering per mass are presented. FoUowing 

this is an overview of the agglomerate nature of soot and how this nature influences the light 

scattering by these particles as described by the scattering parameter, q. This is foUowed by a 

scattering parameter dependent description of Hght scattering by spheres, an important 

consideration in correlating Hght scattering from soot agglomerates and polydisperse spheres. 

2.2 LOGNORMAL SIZE DISTRIBUTIONS 

2.2,1 DISTRIBUTION EQUATIONS 

Particles in a natural aerosol are usuaUy dispersed over a range of sizes or diameters 

characterised by a size distribution. The lognormal size distribution is often found to be a 

close approximation to the real size distribution. Another aspect of the lognormal 

distribution is the ease of mathematical manipulation between moments and moment 

averages of the disttibution. Lognormal distributions are characterised principaUy by the 

geometric mean and geometric standard deviation. The distribution is normalised so that the 

area under the distribution gives the total quantity of the distribution, such as the total 

number or mass of particles in the distribution. This section presents the lognormal 

distribution in a manner consistent with the experimental measurements made in this study. 

The lognormal number distribution function is given by, 
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N 
n(lnc? ) = ^^p=rexp 

In G yllK 

( i n J ^ , - I n j J 

2 1 n V , 
(2.1) 

where «(ln<i ) is the number of particles with diameters whose logarithm Hes in the interval 

of In d to In d^^ -\- d(ln J^, j . Here d is the particle size, <i„ is the geometric mean number 

diameter, O ^ is the geometric standard deviation (GSD) of the distribution characterising the 

width and N^ is the number concenttation of particles. In a lognormal number distribution 

the logarithm of the diameter of a particle, In d , is normaUy distributed about In d^. The 

geometric mean diameter or number mean diameter, ^„ , is given by the relation, 

\nd^ = J l n ^ p n ( l n ^ J d l n J ^ . (2.2) 
0 

The geometric standard deviation is the square root of the variance of the logarithm of the 

diameters, 

I n V ^ = j ( l n r f ^ - l n r f J 4 n ^ J c i l n ^ ^ . (2.3) 
0 

The Hght scattering caHbration method developed in this stady reUes on a gravimetric 

determination of the mass concenttation, M , of the scattering particles. The mass 

concenttation is proportional to the third moment of the number-size distribution. That is, 

M = ^ j r f > ( w j d l n c / ^ , (2.4) 
" 0 

where p is the material bulk density of the particle. 
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Measurements are also made of the smoke and nuisance aerosol mass-size distribution at 

their source, both for completeness of the characterisation and for calculations using Mie 

theory for a cloud of particles. This mass based measurement is made in terms of the mass 

median diameter, (i„, or MMD, not the geometric mean number diameter. The 50th 

percentile of the distribution gives the median diameter while the geometric standard 

deviation is given by either the ratio of the 50* to the 16* percentile size or the ratio of the 

84* to the 50* percentile size. This is the basis of analysis of the mass-size distribution using 

a log-probability graph. Analysis of the mass-size distribution by means of a histogram is 

accompHshed by determining the mass median diameter (MMD) from a discrete form 

analogous to Equ. 2.2, 

^ m- In J, 

lnrf^=^^o , (2.5) 
Mo 

where m^ is the mass of particles, and i denotes the i* bin with the logarithm of the 

diameter, d-^, and MQ is the total mass coUected. Similariy the geometric standard deviation 

is given by, 

^m.(\nd.-\ndj^ 

' ~ Mr 
In'tT =^=5 . (2.6) 

0 

For this smdy Hght scattering measurements of the differential scattering cross section are 

made in terms of the unit mass of aerosols in the scattering volume. To compute the Hght 

scattering per mass it is important to express the mass concenttation given by Equ. 2.4 in 

terms of the number concenttation, the mass median diameter, d^, and the geometric 

standard deviation, O ^. An important characteristic of the lognormal distribution is that any 
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moment of the distribution can be expressed as a function of these parameters. The first 

step in rewriting the mass concenttation involves substitating Equ. 2.1 into Equ. 2.4 and 

moving the cubed particle diameter into the exponential of the number disttibution function. 

By then expanding the squared term the results is, 

M = QJexp 
( i n ' ^ - 2 1 n J l n J „ + l n ' ^ - 6 1 n ^ I n ' c j J " 

21n'cr„ 
d l n J , (2.7a) 

where 

<2 = ^0 P ^ 
lncr„V2;r 6 

(2.7b) 

f 1 Y 1 
Z-\- — b b^ -f-c with z = \t\d„, to the numerator 

2 4 ^ 

Applying the relation, z +bz + c = 

in the exponential of Equ. 2.7a and then using the Hatch-Choate equations (Hinds, 1982), 

\nd,„ =\nd„ -i-31n cr„ 
m n g 

(2.8) 

leads to the final form of the mass concenttation that is appHed to the scattering problem. 

This form is. 

f 9 ^7 
M =Qexp\3lnd,„—In^cr^ Jexp 

yo 

{\nd^-\ndj 

21n'(j„ 
din J . (2.9) 

The mtegral reduces to one and the mass concenttation is given by, 

M = " exp 3 1 n J „ - ^ l n V l = ^ r f ^ x p 
^ Q 

(2.10) 
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How weU the lognormal distribution approximates the observed distribution is a limiting 

factor of the Mie calculations that are discussed in the next section. Any deviation from a 

lognormal distribution or uncertainty in the measured mass median diameter wUl contribute 

to uncertainty in the calculated result 

2.3 LIGHT SCATTERING BY SPHERES 

2.3.1 M I E THEORY 

Calculating the Hght scattering by spheres has become a commonplace undertaking using 

modem computers and weU developed numerical algorithms. The analytical solution was 

first developed over the end of the nineteenth and beginning of the twentieth century. The 

history of contributions from various researchers to the problem are dealt with by Kerker 

(1969). One name most commonly associated with the analytical solution of plane wave 

scattering by a sphere is that of Gustav Mie (1868 - 1957) (LUionfeld, 1991), who formulated 

the solution of plane wave scattering from conducting spheres after observation of glories in 

coUoidal gold (Mie, 1908). Throughout this stady the name "Mie theory" is used for this 

solution of Hght scattering by spheres. Many texts cover the solution to this scattering 

problem (van de Hulst, 1981; Kerker, 1969; Bom and Wolf, 1999; Bohren and Huffman, 

1998) and what foUows is a summary pertinent to this stady. 

The Mie theory solution is developed from MaxweU's equations and expands the incident 

field in terms of spherical harmonics. The boundary conditions across the scattering surface 

are then used to determine the internal and scattered fields from the incident field solution. 

The scattered electtonic, E , , and magnetic field, H , , components are found to be (Bohren 

andHuffrnan, 1998), 

E..=l£„kNl,5:-Z,„MSi), (2-lla) 
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H, = — I / ^ ^ k N l - ; : , +b„Wll (2.11 b) 

for the far field condition kr » \ , where r is the distance to the detector/observer, and 

2n + \ I— 
E„=E,i"- - , / " = V ^ for« = l , 2 , 3 . . . - , (2.12) 

n{n +1) 

where £"0 is the incident field magnitade. The spherical harmonic vector functions N„"|j,, 

M*",„ and their orthogonal counter parts are solutions to the wave equation; the superscript 

(3) means that they have a spherical Hankel function (spherical Bessel function of the third 

kind) radial component. The subscripts o and e represent orthogonal sinusoidal functions 

for the azimuthal angular component (from the spherical polar coordinate system); and 

finaUy the scattering angle component is a first order associated Legendre polynomial of 

degree n, in this case P^ (cos^) denoted by the subscript 1 and n. The scattering angle 

dependent behaviour of the vector functions can be encapsulated in two angular functions, 

P ' fcos^) , dP'(cos0) , , 
^ . = "^. ^ ^ and T„= " ^ ^ (2.13) 

smo do 

The expansion coefficients of the scattered field, simply called scattering coefficients (or Mie 

scattering coefficients), determined from the boundary conditions are. 

a ^ » ^ ^ n W v ^ n W - ^ n ( ^ V i i W .214a) 
mv^„(mx^„'(A:)-^„(xV;(mx) ' 

h = ^" ( ^ V " {x)-m\p„ {x)y/'„ jmx) 

¥n i^)^n ( ^ ) - m^n (^)Vn ( ^ ^ ) ' 
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given that the electtomagnetic permeabiHty of the particle and surroundings are equal. In 

Equ. 2.14, the Riccati-Bessel functions have been used, ^ n O ) = 7 i „ v ) and 

'=«( / ) - X ̂ n" (x)' ^^^ ^at, 7„ ( t r ) , is a Bessel functions are of the first kind and, A '̂' {kr), 

is a Bessel function of the third kind and first order, i.e. a Hankel function. The primed 

functions in Equ. 2.14 indicate the derivative with respect to the function argument. One 

can appreciate the apparent complexity of Hght scattering by single spheres by simply 

contemplating the behaviour of the angular functions, Equ. 2.13, and the scattering 

coefficients, Equ. 2.14. They are a coUection of Legendre polynomials and Bessel functions 

of various breeds aU put together in a Hnear combination. Until the advent of the modem 

computer these functions were not trivial to calculate. The modem computer and easy 

access to code has made the solution of scattering by spheres a simple undertaking in 

comparison. 

Importantiy the scattering coefficients are dependent on m, the complex relative refractive 

index. The relative refractive index is the ratio between the refractive index of the particle 

and surrounding medium. The scattering coefficients are also dependent on the size 

parameter of the particle, x = 27la/A , a ratio of particle radius, a, to the wavelength, A, of 

the incident radiation. When the ratio is such that a/A < 0.1 then Rayleigh scattering theory 

appHes and if a/A > 10 then geometrical optics theories are appHcable. Between these two 

Hmits Mie theory is often appHed to any particle even though it is a theory for spheres of 

arbittary size. 

2.3.2 AMPLITUDE SCATTERING MATRIX AND T H E FAR FIELD 

For dealing with the angular scattering of Hght in the far field it wUl be beneficial to define the 

scattering problem in an initiaUy arbittary form and relate this back to the Mie solution above. 

This has the benefit of expHcitiy bringing polarisation into the formaHsm and thus relates the 
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Mie result to the experimental sitaation in this stady. The mattix form of the scattering 

ampHtade, S(6,^) , which maps the incident field to the scattered far field for an arbittary 

particle is then given by (Bohren and Huffman, 1998), 

II. _ ^2.15) 

£ , 
y- xs J 

-ikr 5 . S 4 "^1 F 

The angular notation has been ignored for the sake of minimising clutter. The basis set used 

is in terms of the linear polarisations parallel (vertical) and perpendicular (horizontal) to the 

scattering plane, overlaying the Cartesian coordinate system with the incident field 

propagating in the z direction (Bohren and Huffman, 1998). The elements of the ampHtade 

scattering matrix, S •, are complex functions containing ampHtade and phase information. 

For spherical particles the ttansverse (6,^) field components for the scattered far field are, 

from Equ. 2.11 (Bohren and Huffman, 1998), 

ikr 

e E , g ~ E o cos0>S2(cos^), (2.16a) 
- ikr 

^' 
E, . ~ - E o s in^5 , (cos6'). (2.16b) 

- ikr 

The angular functions and scattering coefficients have been coUected into the matrix 

elements, 

Wc 2 M -U 1 

^1= E - T — A ( ^ " ;r„(cos^) + ^„ T„(cos^)), (2.17a) 
Tn{n-\-\) 

iVe 2 n -I-1 
S2=J,-7---Aa,,r,,icose) + b„7r„{cose)). (2.17b) 
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The series expansion in Equ. 2.17 is complete after Â ,̂ terms, corresponding to 

convergence of the series and satisfies the relation kr » A'̂^̂  which aUows asymptotic 

simpHfication in deriving Equ. 2.17. The number Â ^ is a very important creature as 

convergence of the series is of great importance in the numerical computation of the series 

(Wiscombe, 1980). 

From Equ. 2.16a and 2.16b it foUows that the scattering by a spherical particle is. 

(E^^A 

v^-^y 

M'--z)(s^ 0YE,.^ 
-ikr 

'2 

0 s I x^^' J 
(2.18) 

Equation 2,18 leads directiy to the irradiance of the scattered far field for the two 

polarisation settings that are used in this stady, i.e. W (vertical: perpendicular incident and 

perpendicular scattered) and HH (horizontal: paraUel incident and paraUel scattered), when 

the irradiance of the field is determined from the square of the modulus of the fields the 

result is. 

^HH = 1̂1 = TTy" ^^'^ ^vv = ii = -TTY (2-19) 

The first, 1,1, is the scattered irradiance of paraUel polarisation per unit incident irradiance for 

incident Hght polarised paraUel to the scattering plane, that is ^ = 0 in Equ. 2.16. The 

second, ij_, is the scattered irradiance of perpendicular polarisation per unit incident 

irradiance for incident light polarised perpendicular to the scattered plane, that is (̂  = n/2 in 

Equ. 2.16. These irradiances are not measured directiy instead the detector signals, Uyy and 

Ufjfj, are measured and by caHbration related to the differential mass scattering cross 
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sections. The foUowing section inttoduces the mass scattering cross section and relate 

experimental signal measurements and theoretical calculations to it. 

2.4 DIFFERENTIAL MASS SCATTERING CROSS SECTION 

2.4.1 INTRODUCING A MASS FORMALISM 

A mass formaHsm of the scattering cross sections is useful because it is an experimental 

measure that is readily compared to theoretical values. It also has the advantage of retaining 

an understanding of the amount of scattered Hght that can be expected from particles of a 

given mass concenttation. Smoke mass concenttation is a quantity of interest to fire 

scientists and engineers as it is related to smoke detector activation, human sight and 

exposure, as weU as defining smoke yield from a fire. Measurement of mass scattering cross 

sections is more useful to characterise per mass concenttation than per number 

concenttation because at high number concenttation, there is rapid coagulation with a 

resulting decrease in number concenttation. On the other hand, the mass concenttation is 

conserved during the coagulation process. Another advantage is that for spherical particles in 

the size range of about 0.5 |Xm to 1 |J,m, the scattering cross section per mass is relatively 

insensitive to the particle (number) diameter. 

The measurement of the differential mass scattering cross section provides an angular map of 

the Hght scattering sttength of particles in terms of their mass. This characteristic map can be 

used to plan detector designs, such as where to place detectors, and understand alarm 

activation based on a given mass concenttation of smoke. The mettology of the differential 

mass scattering cross section is the science in this stady whUe the appHcation is the 

engineering. 
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2.4.2 SCATTERING CROSS SECTION OF A SINGLE ARBITRARY PARTICLE 

But what exactiy is the concept behind a scattering cross section? Consider a sphere 

surrounding a single arbitt'ary particle such that a beam or cone from the source to the 

particle intersects an area, C .̂̂ ,̂ of the spheres surface. The average rate of energy scattered 

out of the sphere in aU directions is equal to the average rate of incident energy faUing on the 

area, C^^^ . This area is caUed the total scattering cross section as it describes the average rate 

at which energy is scattered in aU directions per unit incident energy (Jones, 1955; Born and 

Wolf, 1999; Bohren and Huffman, 1998). The differential scattering cross section, O ̂ ^^ ( Q ) , 

is the angular fiinctional form of C^^^ and defines the average rate of energy scattered into a 

soHd angle element, ^ ( 6 , ^ ) , per average rate of incident field energy falling on C,̂ ^ . The 

angle 6 is the scattering angle and ^ is the azimuthal angle, which is ignored in the case of a 

spherical scatterer due to symmetry. 

The relation between total and differential scattering cross sections is given by, 

C... = J^..„(^)i". (2.20) 

The energy balance argument above can be used to define the absorption cross section, C^^,^ 

as equal to the average rate of incident energy absorbed by the particle, ttansforming it into 

other forms of energy. Also the rate of energy loss from the incident field can be defined in 

terms of the extinction cross section, C^^,, from which it foUows by the law of conservation 

of energy, 

C „ , = C , , „ + C „ , , . (2.21) 
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A particle absorbs light when its refractive index has a non-zero imaginary part, i.e. k > 0 in 

the refractive index m, = n -f- jk . If a particle is non-absorbing then the conservation of 

energy impHes, C^^^ = C^^^. When the cross sections are measured in terms of the mass 

concenttation then they are referred to as mass specific cross sections; for example, the mass 

scattering cross section that wUl be defined in the foUowing section. 

The optical theorem is a formulation of the extinction loss of energy from an incident field, 

in the forward direction, 6=0, and results in a general form of the extinction cross section 

(Bohren and Huffman, 1998; van de Hulst, 1949), 

Q,=^Re{(S-eJ,^J, (2.22) 

here S is the vector scattering ampHtade from Equ. 2.15 and X denotes the incident 

polarisation. SimUarly the expHcit form of the total scattering cross section for an arbittary 

particle is, 

Tt\^x{0^(l>f A^xi^^f 
C.,.c„ = \y ' \ , ^ s i n ^ d ^ d ^ = | ' ' y ^ d Q . (2.23) 

The component inside the integral of Equ. 2.23, jŜ .̂ (^.<^]| /k^ , is known as the differential 

scattering cross section. This use of the word differential is a reference to the ttaditional 

notation style d C,̂ „ /d Q , which is used as an aid to memory for the angular dependence of 

the quantity. In this stady the notation above is dropped in favour of O^^^ x{6,(p) for a 

particular polarisation. 

Bohren and Huffinan (1998) refers to Ĉ ^̂ a as the mass scattering coefficient, as do Holland 

and Gagne (1970). MulhoUand and Choi (1998) used terms mass specific or simply specific 
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cross sections. HoUand and Draper (1967) made the first measurements of what they and 

this stady caUed the differential mass scattering cross section as far as this stady is aware. 

The method used by HoUand and Draper varies significantiy from that developed in this 

stady as wUl be shown in Chapter 4. 

2.4.3 SCATTERING CROSS SECTION OF A CLOUD OF POLYDISPERSE PARTICLES 

The scattering experiments conducted in this stady are concerned not with single particles 

but with clouds of particles. This means that the number of particles in the scattering 

volume ampHfies the scattering. When the particles are also distributed over a range of sizes 

then the number of particles must be replaced by the number distribution function. It is then 

necessary to integrate over the sizes of the particles in the ensemble of particles. The 

differential scattering cross section for an arbittary particle at a polarisation X is then given 

by, 

i l l 

" .vc . ,xV^,V' ; - J -T1^4n^p)dln^ , . (2.24) 
0 "-

This gives the scattering m terms of the number concenttation, i.e. per unit volume, but as 

mentioned earHer in this chapter the mass concenttation is measured in this stady. By 

Hitt-oducing the mass concenttation the differential scattering cross section per mass 

concenttation can be determined as, 

oo Ici I 

jLpL„(in^Jdlnc?p 
^^vc.,x {0,(f) = ̂  , (2.25) 

M 

where M is the mass concenttation. Substitating the number distribution, Equ. 2.1, and the 

mass concenttation, Equ. 2.10, into Equ. 2.25 the differential mass scattering cross section 

is given by, 
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C7^(^)=M/J|5.(^,,,;i,m,^]'exp 
-(inJ - I n ^ J 

21n'cr„ 
dln^i^,, (2.26a) 

W=-
N. 

k'MiWG^^lTt k^npd]^ exp ̂-^inV. \no „42JZ 

(2.26b) 

The units of the constant term, W, are m^.g'. The subscript j denotes the ampHtade 

scattering matrix element and thus the polarisation under consideration such that j=l 

corresponds to W and j=2 to HH polarisation settings. 

In the case of very narrow distributions the approximation that the number distribution is the 

product of a delta function and the number concenttation suffices. When the particles in an 

ensemble are the same size, then the mass concenttation is given by M = VVQW^ where m is 

the mass of a particle, see Equ. 2.4. For spherical particles with monodisperse (very narrow) 

size distributions the differential mass scattering cross section is, 

m^k 
(2.27) 

Thanks to modem computers the Mie scattering coefficients and angular functions can be 

computed in a fast and convenient manner. The Mie calculation for monodisperse spheres 

has used a routine known as BHMIE (Bohren and Huffman, 1998). To calculate the 

differential mass scattering cross section for a coUection of polydisperse particles, Equ. 2.26, 

the numerical solution breaks into two sections. One part is solving the scattering problem 

thus determining 5* (<i ,X,m,6\ and the other part is integration over the size distribution. 

A Gauss-Hermite integration is used to calculate numericaUy Equ. 2.26a (Press et al., 1995; 

Abramowitz and Stegun, 1968), its general form being , 
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[exp(-v' )fiy)dv = Ya^j{y), (2.28) 

using a substitarion, v = (in (i — In (î  ) /2 In <J . The number diameter, d^, is determined 

by the mass median diameter, d^, and geometric standard deviation, O , from an adjusted 

form of the Hatch-Cholate equation, Equ. 2.8. In Equ. 2.28 the W- 's contain the size 

distribution information as a Gaussian distribution and the function, / ( v ) , is equivalent to 

the SJs. The polydisperse calculations have used elements of the C++ objects from the 

SCATMECH Hbrary (Germer, 2001) for light scattering by spherical particle in free space. 

SCATMECH is derived from BHMIE, both make use of the algorithm stady by Wiscombe 

(Wiscombe, 1980). 

The results shown in Figure 2.1 have been calculated using Equ. 2.26 and the SCATMECH 

object Hbrary. In Figure 2.1a the differential mass scattering cross section is given for a 

single particle of 702 nm diameter and a refractive index of m, =1.59 + iO. The deep 

mimma in the calculated result are due to surface resonances in the near field of the particle 

causing interference features in the far field. This is typical of interference features seen in 

single particles size scattering. The scattering signal from polydisperse clouds has "averaged 

out" the minima seen in the scattering signal of a single particle or monodisperse cloud of 

particles. Presented in Figure 2.1b is the calculated result of a lognormal distribution 

(polydisperse cloud) of particles with mass median diameter of 702 nm, GSD = 2 and 

m, =1.59 + iO. The effect of the polydisperse cloud is that the overaU form of the scattering 

function is somewhat simpHfied. The Legendre and Bessel functions of different order and 

kind are still there; they are simply averaged or smoothed out. Mie scattering by a 

polydispersion of spherical particles does however have a form that can be described in a 

physicaUy intuitive manner. This description (Sorensen and Fischbach, 2000) of scattering 
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Figure 2.1: The calculated differential mass scattering cross sections of 
a) a particle of size 702 nm, m = 1.59 + iO and b) particles disttibuted 
over a size range with mass median diameter 702 nm, GSD = 2 and 
m = 1.59 +zO. 
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for Mie particles is apparendy only a recent development given the long period of analysis of 

Hght scattering by spheres. In a later section this new description is cHscussed. 

2.4.4 D E T E C T O R SIGNAL AND SCATTERING CROSS SECTIONS 

The measurable scattering quantities are directiy proportional to each other, i.e. u, oc i^ oc o,, 

due principaUy to their dependence on the ampHtade scattering matrix. The subscript 

denotes the polarisation either W (vertical in, vertical out) or HH (horizontal, horizontal). 

The detected scattering signal measured in this stady, «, (6), is a volume scattering 

measurement since the detector sees a volume in which light and a cloud of particles are 

interacting. This means that the connection between the detector signal and the differential 

mass scattering cross section must contain the number, or in this case the mass, 

concenttation of particles in the scattering volume. ProportionaHty of the scattering 

quantities means that the scaHng constant that relates the detector signal to the scattering 

cross section can be determined if both are known for the same ensemble of particles. These 

polarisation dependent caHbration constants, Kyy and Kfj^, are determined by a least 

means square fitting of the detector signal to the theoretical value of CJ ̂  (6 ) from Mie theory. 

This is cHscussed in detail in Chapter 3 on the caHbration. When the caHbration constant has 

been determined, an experiment with an unknown aerosol is performed and the differential 

mass scattering cross section is determined from the detector signal by the relation, 

(7^6)='^ . (2.29) 
MKi 

The total scattering cross section for incident unpolarised Hght with two components paraUel 

and perpencHcular to the scattering plane is then given by, 
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A (O'W + (^HH ) • C,,„ = 27Z [̂  '^ ^^-'sin edd. (2.30) 
2 

2.4.5 RATIOS FOR SCATTERING DATA ANALYSIS 

Throughout this stady the angular scattering measured as 0^\6) is examined to exttact 

information about the particles. The Hght scattering smoke detector background of this 

thesis means that these methods of examination must be readily accessible to a minimum 

number of detectors at fixed angular positions. There are some common ratios defined to 

examine size dependence effects in Mie scattering that wUl be used in this stady. 

The first set angle ratio is the forward scattering ratio defined as, 

o ^ ( 5 ° ) ^ ^ ( 2 0 ° ) , (2.31) 

that is of use when comparing the size of the aerosols under examination since the forward 

scattered light is sensitive to size (Hodkinson, 1962; van de Hulst, 1981; Kerker, 1969). 

Another measure that is used to examine the symmetry in angular scattering measurements is 

the asymmetry ratio given by (Dobbins et al., 1984), 

o^(45°)/o^^(l35°) . (2.32) 

The angles on which the asymmetry ratio is dependent are chosen to avoid forward scattering 

and emphasise the differences at 45° above and below 90°. FinaUy the polarisation ratio is 

defined as (Kerker, 1969; Hsu et al, 1991), 

p ( 6 ) = 0 „ ^ ( 6 ) / o ^ ( 6 ) , (2.33) 

which is related to the degree of linear polarisation. 
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and has been used in past stacHes of smoke aerosol Hght scattering to demonsttate the 

discrimination of soot agglomerates from non-flaming smoke aerosols (Loepfe et al., 1997). 

2.5 LIGHT SCATTERING BY AGGLOMERATES 

2.5.1 FRACTAL SOOT AGGLOMERATES 

Agglomerate and droplet particles have racHcaUy cHfferent morphologies. Their mass is 

distributed in very cHfferent ways defining the particle morphology (shape and size), see 

Figure 1.1. Thus Hght scattering can be used to cHfferentiate smoke aerosols of spherical 

nature from soot agglomerates. As outlined above the scattering by spherical particles is weU 

understood from the exact formal solution, Mie theory. This section inttoduces the Hght 

scattering by fractal soot agglomerates. 

The cHssemination of fractal geometry (Mandelbrot, 1983) initiated stacHes that have 

uncovered many characteristics of aggregate particles. When Forest and Witten (1979) 

identified that aggregate structures were fractal in nature (Mandelbrot, 1983) an intense field 

of stady was initiated. A fractal has been described as the cluster property (ie. perimeter, area 

or volume) having a Hausdorff-Besicovitch dimension, which is not an integer and is greater 

than or equal to the topographical dimension (Mandelbrot, 1983). The Hausdorff-

Besicovitch dimension, D., is defined such that 

n^{df', (2.35) 

where n is the number of spheres of cHameter d , necessary to completely contain aU points 

of the cluster. 
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The formation of primary particles into aggregates is a kinetic stochastic process, in which 

primary particles randomly coUide and stick to each other forming clusters. The use of 

statistical techniques. Diffusion Limited Aggregation (DLA) (Witten and Sander, 1981), 

modem computers, and the reaHsation that aggregates were fractal structures opened a new 

way of investigating the process. The srmulatton of particle aggregation which foUowed this 

has increased gready the understanding of the formation processes behind these aggregates 

(JuUien and Botet, 1987; Meakin, 1998). 

Diffusion limited cluster aggregation (DLCA, also caUed cluster-cluster aggregation) is the 

growth mechanism by which clusters themselves cHffuse until they coUide and stick to each 

other or coUect smaU primary particles (or monomers) as they go (Kolb et al., 1983; Meakin, 

1984). The term agglomerate has come into use as a description of a particle that grows 

through cluster-cluster aggregation (Mountain and MulhoUand, 1988a). Aggregation 

processes are not limited to soot growth but find appHcation in other processes such as 

electtodeposition, yeast flocculation (beer!), and cHelectric breakdown to name but a few. 

In the case of soot agglomerates the Hausdorff-Besicovitch dimension, D^ , generally caUed 

the fractal dimension, is related to the cHstribution of mass or number of primary spheres (of 

unit mass) by (Wu and Friedlander, 1993; Cleary et al, 1990; Mandelbrot, 1983) 

N = k^ 
^R.. ^' 

\'" J 

(2.36) 

where N is the number of primary spheres in an agglomerate cluster. Equ. 2.36 is 

asymptotic and holds only for agglomerates for which A'̂  is large, or R » r,,. Where R^ 

is the racHus of gyration and r,, is the racHus of the primary particle. It is impHcit in Equ. 2.36 

that the primary particle racHus is uniform for aU N primary spheres. For soot agglomerates 
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the primary particles typicaUy have a narrow cHstribution with the standard deviation cHvided 

by the mean equal to about 18 % for laminar cHffusion flames (Koylu and Faeth, 1994b). 

The term k „ is known as the "pre-factor" and is representative of the packaging of the 

primary particles. Both D^ and k^ are necessary to fuUy describe the sttnacture of the 

agglomerate. This morphological characteristic of soot agglomerates has a sttong influence 

on the light scattering by the agglomerate. 

Soot particles are not ideal fractal stmctures, which means they are not self-similar on aU 

length scales and thus have a limiting upper and lower length unit. The lower bound is the 

racHus, r^^, of the primary particle making up the agglomerate. Also the upper bound of the 

soot agglomerate particle is its characteristic length. In soot agglomerate stadies this is the 

racHus of gyration, R^. When examining the scaling behaviour of the fractal description of 

soot structures, Sorensen and Feke (1996) measured the mean size of their soot agglomerate 

particles to be 0.3 ^im, with the largest observed agglomerate being 400 |4,m. Equation 2.36 

has been found to apply over five orders of magnitade in the racHus of gyration (Sorensen 

and Feke, 1996). 

The main agglomerate characteristic of interest to this stady is the fractal dimension that 

characterises the cHstribution of mass in soot agglomerates (Witten and Sander, 1981; 

Schaefer et al., 1984; Kolb et al , 1983; Meakin, 1984). The Hght scattering by agglomerates 

has atttacted a great deal of attention over the past four decades or so. Of particular 

relevance to this stady are the angular Hght scattering stacHes (Dobbins and MegaricHs, 1991; 

Gangopadhyay et al., 1991; Mountain and MuUioUand, 1988b); specificaUy post flame soot is 

of interest (ICoylu and Faeth, 1994a; Sorensen and Feke, 1996). 
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2.5.2 SCATTERING PARAMETER AND T H E STRUCTURE FACTOR 

The fundamental quantity in characterising the fractal structare of an agglomerate is the pair 

correlation (density autocorrelation) function of the primary particles. This is the function 

that contains the information about the mass cHstribution in the soot agglomerate. For a 

mass fractal structare the pair correlation function is (Sorensen and Wang, 1999), 

^(r)~r^^-^'4//?J, (2.37) 

here r is the pair separation scalar cHstance, D^ is the dimension of the space in which the 

agglomerate is embedded, and h\rlR ) is the cut-off function. In Equ. 2.36 and 2.37 the 

racHus of gyration of the agglomerate, R , is defined by the pair correlation function as, 

Rl=^ttin-n)=\]/si^)'''r. (2.38) 

The cut-off function, hyrJR ) , describes the finite scaHng of the agglomerate. It is 

independent of the fractal dimension of the agglomerate and has behaviour that goes to zero 

faster than a power law for large values of rJR . A widely used cut-off fiinction is e * , 

where y6 has a value of about 2. When the cut-off function is determined, the form of the 

structure factor foUows (Mountain and MulhoUand, 1988a). 

The Fourier ttansform of the pair correlation fiinction for the primary particles, gir), leads 

to the structure factor, S\ci), which describes the scattering by agglomerate particles (Berry 

and Percival, 1986; Martin and Hurd, 1987; JuUien and Botet, 1987). The stmcture factor and 

the pair correlation function are Fourier ttansform pairs. The structure factor describes the 
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scattering conttibution of the spatiaUy cHstributed mass (the primary particles) and is defined 

by, 

N N 

S{q)=i(q)li,=N-^Yl.^''n'^-^J '"^ilh (2-39) 
i I 

here, q, is the scattering parameter defined as the magnitade of the scattering elastic wave 

vector, q; i{q) and ig are the scattered and incident irracHances. The scattering parameter is 

simply the magnitade of the vector cHfference between the incident, k;, and scattered, k ,̂ 

wave vectors, each pointing in the direction of propagation of their respective waves. The 

elastic concHtion impHes that there is no change in wavelength of the incident to scattered 

wave, k. = k J = A: = 27T/A, . The scattering parameter, q , is then given by, 

A-77 

q = ^sini0/2). (2.40) 

A form factor, Oyj (<j), is a function that describes the scattering by a primary particle. This 

form factor corresponds to the Rayleigh component of the scattering by the primary 

particles. The stmcture factor, S{q), is multipHed by the scattering of the primary particle, 

Oj^yq), to obtain the differential scattering cross section as a function of the scattering 

parameter (Mountain and MuUioUand, 1988a), 

O..JqhS{q)oM (2.41) 

For a Rayleigh scatterer m the vertical-vertical polarisation O i^yy^q) is a constant and thus 

the behaviour of Syy{q) dominates the angular scattering. For this reason most 

measurements with Hght scattering uses only the W polarisation when considering the 

scattering by soot agglomerates. The structure factor is not very sensitive to the polarisation 

2.5:35 



Chapter 2 

and thus a ratio of scattered signals at different polarisations, Equ. 2.33 and 2.34, will reveal 

the Rayleigh scattering nature of the primary particles. Another consequence of Equ. 2.41 or 

2.39 is that the differential mass scattering cross section as a function of the scattering 

parameter is proportional to the stmcture factor, O {q)°^ S{q). 

2.5.2.1 Structure factor for qR^ <1 

For a system of randomly orientated agglomerates the structare factor is given by (JuUien and 

Botet, 1987), 

S{qy]g{rf^^r^dr. (2.42) 
0 ^ ^ 

The series expansion of the sine function and its denominator leads to the foUowing form of 

Equ. 2.42, using the racHus of gyration defined above, 

S{q)^\~q'Rl^.... (2.43) 

Which can also be determined from the angular average of Equ, 2,39 for smaU q. Equation 

2.43 is the Guinier regime (Gukder et al., 1955), vaHd for what is commonly caUed "smaU q", 

that is qR < 1. In this stady the scattering at smaU angles is measured for some soot 

agglomerates and Equ. 2.43 is then used to determine the radius of gyration of those 

agglomerates (Sec. 6.4). 

2.5.2.2 Structure factor in the transition region 

When qR^ is of order one, then the cut-off function, hyrlR ) , sttongly affects the structure 

factor. In this stady on post-flame soot agglomerates interest is focused on the qR > 1 

region. 
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2.5.2.3 Structure factor for qR^ > 1 

This is what is referred to as the "large q-regime" where qR > 1. In this regime the fractal 

nature of the agglomerate conttols the scattering. The Fourier ttansform of the pair 

correlation function gives the sttuctare factor, 

5(^)=je"'''g(rVr, (2.44) 

which is equivalent to Equ. 2.39. Using the appropriate pair correlation function, Equ. 2,37 

(Sorensen and Wang, 1999), and computing the Fourier ttansform, Equ. 2.44, then the 

foUowing important relation exists. 

Sky q-""' . (2.45) 

This relation is the behaviour of interest to this stady since it teUs us that at "large q" a plot 

of the logarithm of the structure factor, or cHfferential scattering cross section as per 

Equ, 2,41, versus the logarithm of the scattering parameter wiU give the fractal dimension of 

the soot agglomerate as the slope of this plot. 

2.6 SCALING APPROACH TO SCATTERING BY SPHERES 

As discussed above, the theory determined by Mie (Mie, 1908) (and others) provides 

essentiaUy an exact description of scattering by spheres whether as a function of angle or 

when parameterised as a function of q. However, the quaHtative features for a particular 

scattering regime are not always evident from the general mathematical formulation. For the 

case of q-dependent scattering Sorensen et al. (Oh and Sorensen, 1999; Sorensen and 

Fischbach, 2000) have developed a scaHng approach to Hght scattering that appHes to both 

agglomerates and spheres. The approach developed by Sorensen et al. describes the 

envelope of the scattering parameter dependence in terms of the length scales of the 

scattering event. Thus the approach is referred to as the scaling method. This simply 
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executed and physicaUy intaitive scaHng description is of importance to this stady because it 

has been extended to describe scattering by spheres and has particular importance to 

polycHsperse ensembles. 

Recentiy Sorensen and Fischbach (2000) have suppHed a physicaUy intuitive model for the 

functional behaviour of scattering by a sphere in terms of q that is particulariy useful for 

polycHspersions. There has been relatively Httie stady regarding the q-dependence of 

scattering by spheres until recent work by Sorensen and Fischbach (2000). This is surprising 

given the extensive research into scattering by spheres. The exact solution offered by Mie 

theory (Mie, 1908) might be the reason for this apparent lack of interest. 

The scaHng method (Sorensen, 1997; Oh and Sorensen, 1999; Sorensen and Fischbach, 2000) 

compares the length scale of the scattering, q \ to the length scale of the scatterers of the 

system. Importantiy this is the spatial cHstribution of the mass and thus leads to the structure 

factor. The length scales in a scattering system determine how phases of the scattered waves 

combine, either constructive or randomly, in the far field depending on these length scales. 

The usefulness of a scaling approach to this stady is that it describes the overaU functional 

behaviour of Hght scattering, what Sorensen and Fischbach (2000) refer to as the "envelope" 

of the scattering as a function of the scattering parameter. Sorensen and Fischbach (2000) 

identified three main power law regimes by ignoring the interference features (the minima) 

and plotting a sttaight Hne along the peaks of the ripples, see Figure 2.1. Importantiy they 

also found that the phase shift parameter, J = 2/ci?|m — ij, cHctated the ttansition between 

these regimes. That is to say the underlying scattering character became clear in terms of the 

q dependence of the structure factor. For smaU values of ') the scaHng method used for 

agglomerates above was used in a sttaightforward manner to derive. 
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for qR < 1 
, , , and smaU } (2.46) 
(qR)-' for qR> I ^ ^ 

For larger values of } the internal field is less homogeneous and tends to locaHse near the 

surface of the sphere. Sorensen and Fischbach (2000) approximated this by defining a layer 

of width, / , m which point Hke scatterers are located. The structare factor they derived by 

applying the scaHng method is, 

sk) oc < 

1 for q < /-' 

{qR)~^ for /"' > ^ > i?"' and large } . (2.47) 

R'iqPy for q>l-' 

For smaU phase shift parameter, Equ. 2.46, particles there is no -2 region and the scattering 

as a function of q has a slope of -4 at intermecHate and large q. The two regimes of interest 

for polycHspersions of large phase shift parameter, Equ. 2.47, are the ones corresponding to 

q dependent slopes of -2 and -4. For very large values of } the -2 region is expected to 

dominate the scattering over a wide range of q and the -4 region wUl be forced to higher 

values of q. For ease of reference the q-slope wiU refer to the slope of the scattering over a 

given range of q values. 

The theory outHned above is based on a monocHsperse aerosol. Still, it is tantaHsing to apply 

this approach to the polycHsperse aerosols in our stady since this will be one of the first tests 

of the utiHty of this scaling approach to an important class of particles. Sorensen and 

Fischbach (2000) demonsttated Equ, 2.47 when they observed the Hght scattered by a 

polycHspersion of water droplets, this is cHscussed further is Chapter 8 after the cHfferent 

aerosol results are presented. 
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in SUMMARY 

This stady is focused on obtaining quantitative Hght scattering data and determining whether 

the scattering data together with theory aUow cHscrimination between aerosol products of 

flaming combustion and non-flaming fire events. An extension to this is that sirrdlar 

techniques might be able to cHscriminate fire aerosols from non-fire or nuisance aerosols. 

Nuisance aerosols are those aerosols that cause a high frequency of alarms but are not 

unwanted fires. The observation that has inspired this stady is that the morphology of flame-

generated soot is so cHfferent from that of particles generated by a non-flaming fire. This is 

accompHshed by analysing the measured scattering data using various ratios, such as the 

forward scattering and asymmetry ratios defined above. The polarisation ratio is also used 

and the reason why this has been successfiiUy utiHsed in the past has been described above. 

These ratios are also useful means of comparing findings with other stacHes. 

A major contribution of this stady is the appHcation of the scaHng method to the Hght 

scattering measurements of this stady and the comparison of these results with those of 

Sorensen and Fischbach (2000). While the soot has been stacHed extensively in the past both 

in-flame and post-flame and much is known about light scattering behaviour as a function of 

scattering parameter, the same cannot be said of smoke aerosol from non-flaming fires. 

Nuisance aerosols wiU also be examined using both Mie theory and the scaHng method. The 

recent findings of Sorensen and Fischbach (2000) are timely as the results measured in this 

stady can be compared with their model (Sec. 8.4.2). 

As has been shown above, the scattering of Hght by spherical and agglomerate particles has 

very cHfferent forms or envelopes. In particular, the slope calculated from a log-log plot of 

cHfferential mass scattering cross sections against the scattering parameter might be a viable 

means to cHscriminate between the particles. It is weU known the soot agglomerate particles 

wUl yield fractal dimensions from light scattering measurements of about -1.7 to -1.8 
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(Sorensen and Feke, 1996; Koylu and Faeth, 1994a). Smoke particle generated in non-

flaming fires (smouldering or pyrolysis) should yield slopes of about -2 or -4, based on Equ. 

2.46 and 2.47, depending on the particles phase shift parameter or an average if ensemble 

averaging is occurring. 

The theory for soot agglomerates above is not weU known to the fire detector manufacturing 

community, simUarly there are no data on angular light scattering by common smoke and 

nuisance aerosols. Demonsttation of the theory and availabiHty of cHfferential mass 

scattering cross sections can more clearly benefit detector manufacturers when they consider 

cHfferent designs. As weU these address some needs of fire scientists and engineers when 

considering scattering by smoke aerosols. 
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LIGHT SCATTERING APPARATUS 

3.1 INTRODUCTION 

3.L1 HISTORICAL OVERVIEW 

Experimentally this stady aims to measure the angular cHstribution of Hght scattered by 

selected smoke and nuisance aerosols. The apparatas used for these measurements is 

described in this chapter after presenting an overview of light scattering apparatas from other 

StacHes. The similarities of our apparatas and those of other stacHes are sttongest in the 

optical system of the apparatas. The main cHfferences He in the fundamental areas of 

caHbration, and the dependence on gravimetric mass concenttation measurement, as weU as 

the ttansport of aerosols to the Hght scattering apparatas. The major focus of our approach 

was to obtain the quantitative cHfferential scattering cross section per mass of the aerosols 

examined. This chapter presents the details of the angular scattering system of the apparatas, 

including the aerosol ttansport, optical components, and signal detection. 

The Large Agglomerate Optical FaciHty (LAOF) was constmcted at the National Institate of 

Standards and Technology (NIST), Gaithersburg, USA, in the early 1990's (MuUioUand and 

Bryner, 1994). The LAOF was designed for a stady commissioned by the National 

Aeronautic and Space Agency (NASA), aimed at investigating the growth of agglomerate 

aerosols into larger high mass carbon particles. Early work with the LAOF made use of its 

Transmission CeU Reciprocal Nephelometer (TCRN) design to measure extinction and total 

scattering by flame generated soot (MulhoUand and Bryner, 1994). Later stacHes foUowed 

using the same TCRN configuration of the apparatas to determine the mass extinction and 

total mass scattering cross section of ethylene and acetylene generated soots (Mulholland and 

Choi, 1998). Although the LAOF was first designed with both extinction measurements as 

weU as integrating (total) and angular (cHfferential) scattering measurements in mind, 
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circumstances led to its main use for extinction and total scattering measurements. This 

stady has completed the commissioning of the angular scattering capabiHties of the LAOF, 

which completed work that had been attempted at different stages over the years since its 

consttTiction. The Transmission CeU Reciprocal Nephelometer (TCRN) aspect of the LAOF 

has not been used in this stady as aU interest was aimed at investigating angular scattering 

characteristics of smoke aerosols. Details about the TCRN design have been pubHshed 

elsewhere (MulhoUand and Bryner, 1994). 

The name nephelometer derives from the Greek word nephele meaning cloud; thus, its Hteral 

meaning is cloud meter, which finds its roots in the work of atmospheric scientists interested 

in visibiHty and cloud aerosols. The nephelometer was developed on both sides of the 

Atiantic during World War 11 to quantify visibiHty through clouds for aviation. For example, 

BeutteU and Brewer (BeutteU and Brewer, 1949) describe many nephelometer designs. There 

are two general types of nephelometer: integrating and polar. An integrating nephelometer 

measures total scattered Hght by coUecting aU the scattered light over a large range of angles, 

say 6 =5°...175°(Crosby and Koerber, 1963; Charison et al., 1967). This aUows the total 

scattering of the aerosol under investigation to be determined as in Equ 2.29. Polar 

nephelometers (Prichard and EUiot, 1960) are designed to measure the angular scattering 

function. The angular range for the polar nephelometers is usuaUy sHghtiy truncated 

compared with that of the integrating nephelometers. Integrating nephelometers have come 

to be labeUed by the name nephelometer, whUe the cHstinction of polar nephelometer is not 

used as often except in the atmospheric aerosol fields. Integrating nephelometers have fixed 

components; polar nephelometers generaUy require moving components to make angular 

scans. Moving parts and the polar nephelometer's requirement for high gains over a large 

dynamic range, has lead principaUy to the integrating nephelometers development as an 

aerosol Hght scattering instrument for fieldwork. This has occurred mainly in atmospheric 
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and environmental science. Technological development of soHd-state electto-optical 

components has led to widespread appHcation of angular Hght scattering techniques for a 

variety of appHcations including the photoelectric smoke detector. Nevertheless, the 

integrating nephelometer did make a ttansition from atmospheric and environmental aerosols 

research to appHed smoke detection in AusttaHa (Packham et al., 1975). This type of detector 

is no longer being manufactured because angular scattering based on soHd-state technology 

has replaced the design, a result of low maintenance, low power requirements and low cost of 

soHd-state components. 

3.1.2 A N OVERVIEW OF O T H E R LIGHT SCATTERING APPARATUS 

Light scattering by an ensemble of particles, a cloud, results in an increase of the scattering 

signal proportional to the number of particles in the scattering volume; which is the voliime 

of the incident beam visible to the detector. Another angular scattering technique is to 

measure the Hght scattered by a single particle. This is made possible by electtostatic 

levitation of a single particle in the scattering volume using an adapted MUlikan oil drop 

apparatas. The development of an angular scanning apparatas for single particle scattering 

was started with the work of Guker and Egan (1961) and later developed further with the 

work of Wyatt and PhUHps (Wyatt and PhilHps, 1972). AppHcation of this single particle 

scattering technique has been made by various researchers for either or both size and 

refractive index stacHes (Pluchino et al., 1980; Wyatt, 1980; MuUioUand et al., 1985a; Marx 

and MulhoUand, 1983). The appHcation to refractive index measurement in particular is of 

great importance to scattering stacHes but the technique suffers due to signal noise associated 

with single particle scattering. Also electtostatic levitation is not conducive to affordable and 

simply operated field devices. These factors and the polycHsperse nature of natural aerosols 

make field operation somewhat impractical and costiy as opposed to a simpler particle cloud 
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scattering method. The LAOF makes use of the particle cloud scattering method in both the 

TCRN and angular scanning modes. 

The LAOF also makes use of the linear polarisation of Hght for cHfferential (angular) 

scattering. The incident and scattered beams can have their polarisations set and measured, 

respectively, m any Hnear polarisation. In this stady, polarisation orientations horizontal 

(paraUel) and vertical (perpencHcular) to the scattering plane have been examined. One of the 

original motivations for this stady was to examine the intensity scattering matrix of the 

smoke aerosols (van de Hulst, 1981; Bohren and Huffman, 1998), but this was not pursued 

due to the sophisticated optical apparatas required. The approach taken in this stady does 

examine the linear polarisation components of the intensity scattering matrix. Measurement 

of the elements of the scattering matrix has been developed since Prichard and ElHot's 

(Prichard and EUiot, 1960) stady of atmospheric aerosols, which measured the various 

combinations of scattering matrix elements incorporating paraUel, perpencHcular, 45° degree 

and circular polarisation orientations. Research work that foUowed, aimed at investigation of 

particle characteristics of size and shape using the intensity scattering matrix, which carries 

information about both, and comparing results with Mie theory. The earHer stacHes of this 

type used manuaUy operated polarisers (HoUand and Gagne, 1970; HoUand and Draper, 

1967), but development of piezo-optic modulators (Kemp, 1969) led to an automated 

scattering matrix measurement method (Perry et al., 1978; Hunt and Huffman, 1973). This 

approach was developed to a high degree by Thompson et al. (Thompson et al., 1980) 

resulting in fast (120 second) measurement of aU sixteen elements of the scattering matrix. 

Contemporary opto-electtonics would not use piezio-optic technology but instead use Hquid 

crystal modulators, removing the need for high voltage power systems. The angular 

scattering system developed for the LAOF and used in this stady uses manuaUy operated 

polarisers. 
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As mentioned above, atmospheric and environmental aerosol scientists have made use of 

nephelometers for many years; for example, Eccleston et al. (1974) used an integrating 

nephelometer and mass sampling from a smaU aircraft downwind of a bushfire. StacHes of 

smoke aerosols in the atmosphere are generaUy rare, although a great deal of interest was 

generated during the 1970's and 80's about nuclear winter scenarios and later the role that 

Hght-absorbing aerosols play in global warming (Johnson D. W. et al., 1991). Smoke aerosol 

concenttations are commonly measured in terms of the light extinction described by the 

Beers-Lambert Law for Hght ttansmission/attenuation (MulhoUand, 1995). In the field of 

fire science this measure is usuaUy caUed the "obscuration", and is made by a relatively 

sttaightforward measurement of the attenuation of a Hght beam passing through smoke 

(MulhoUand, 1982). As the smoke mass concenttation increases the attenuation of Hght and 

thus the obscuration also increases. Smoke obscuration measurement has been undertaken 

for many reasons including human exposure, visibiHty, quantifying smoke production, and 

investigating smoke detector activation (Jin, 1978; Seader and Einhom, 1976; Rasbash and 

PhdUips, 1978; MulhoUand, 1995). Atmospheric scientists have made similar investigations 

into mass concenttation correlations with total scattered Hght using nephelometers (Charison 

et al., 1967; Waggoner et al., 1981), although this fundamentaUy requires some knowledge 

about the imaginary part of the refractive index for absorbing particles. One interesting early 

stady of the Hght attenuation caused by smoke aerosols was driven by the need to measure 

smoke as a food adcHtive (colouring, flavouring and preservation) (Foster, 1959). 

3.1.3 ANGULAR LIGHT SCATTERING APPLIED T O SMOKE AEROSOLS 

The angular scattering stacHes of smoke aerosols have in general been Hmited to two main 

areas. The first is that of soot formation in flames and the second is smoke detector 

performance and design. Soot formation (Wagner, 1979; Haynes and Wagner, 1981; 

Glassman, 1988) in a flame has been an area of interest for many years and wiU continue to 
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be so, particularly as requirements for cleaner-burning cHesel and gas turbine engines increase. 

Light scattering methods have been used in developing an understanding of formation 

mechanisms and morphology of flame generated smoke aerosols (i.e. soot); see the review by 

Charalampopoulos (1992). In the case of soot, this stady Hmits its scope to that of 

cHfferential Hght scattering measurements of post-flame soot and soot morphology. In the 

case of the latter, reference is made to some inflame cHfferential scattering stacHes on 

morphology, where angular scattering methods to examine soot morphology were developed. 

Light scattering systems used in soot morphology stacHes have generaUy been angular 

scanning systems (Gangopadhyay et al., 1991; Koylu and Faeth, 1994). Angular information 

is necessary for morphological aspects of soot to be examined using Hght scattering data 

(Sec. 2.5). The dominant factor for use of Hght scattering in the stady of soot morphology is 

that their fractal nature is visible in angular scattering data (Martin and Hurd, 1987; Dobbins 

et al., 1998). Angular scattering information of this type is available using the cHfferential 

scattering system of the LAOF. 

Light scattering systems aimed at examining soot morphology (Gangopadhyay et al., 1991; 

Koylu and Faeth, 1994) have the same basic layout as the cHfferential scattering system 

shown in Figure 3,1. The work of Koylu and Faeth (1994) examined post-flame soot 

flowing out of a sampHng duct above a burner. Gangopadhyay et al. (1991) varied the height 

of the scattering volume to measure scattering of soot in a flame at different heights. The 

angular range of the apparatas developed by Koylu and Faetb (1994) was 6 = 5 ° to 160°, 

while Gangopadhyay et al. (1991) used an angular span of about 6 = 10° to 115°. The source 

for scattering measurements used in both stacHes was an argon-ion type laser, X = 514.5 nm 

with a beam power of sHghtiy less than 2 W. This high power is usefrd for resolution of the 

scattering signal from small incipient in-flame soot (Gangopadhyay et al., 1991). Also a smaU 

detector aperture is used to resolve smaU scattering volume (Koylu and Faeth, 1994). Later 
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work inttoduced polarisation measurement to examine the depolarisation effects of scattering 

by soot aggregates (Lu and Sorensen, 1994). Koylu and Faeth (1994) and made cHfferential 

measurements at both linear polarisations, as has been done in this stady. AU of these stacHes 

have made use of frequency filtering, i.e. beam chopping and lock-in ampHfication, to 

improve signal cHscrimination from the flame or remove background effects. In aU of the 

StacHes mentioned, the detectors were photomultipHers so that high signal gain was available. 

The detectors were also mounted on rotation stages with a burner or burner exhaust flow at 

the centte of revolution. This basic design is also used in this stady. 

A very useful light scattering stady (Mulholland et al., 1985b) measured the refractive index 

and evaporation rates of individual smoke particles from a-ceUulose in a non-flaming mode. 

The work made use of the electtostatic balance light scattering device developed by Wyatt 

and PhUHps (1972) to capture a single smoke particle and then measure the scattered Hght 

from that particle. The work by MulhoUand et al. (1985b) measured the scattering signal of a 

single particle of known size. They isolated particles of a narrow size cHstribution, and then 

used the electtostatic balance to ttap one of these particles. After measuring the scattering 

signal they appHed the method developed by Marx and Mulholland (1983) by which the 

refractive index was determined by a best-fit algorithm. The refractive index results are of 

particular importance in a later chapter for numerical calculation of the light scattering by 

smoke aerosols generated by non-flaming fiires. 

Mulholland et ai (1985b) also measured the evaporation rate of captured particles, showing 

that they undergo an initial rapid evaporation because of the water content of the particles. 

This affects the size of the particles and is expected to have akeady occurred before the 

particles are inttoduced to the LAOF in this stady. 
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Meacham and MotevaUi (Meacham and MotevaUi, 1992) developed a Scattered Light 

Detection Instrument (SLDI) for the assessment of Hght scattering by various smoke 

aerosols. The first use of this instmment was aimed at examining Hght scattering 

characteristics of smoke aerosol from non-flaming fires. The SLDI used fixed detectors at 

nominal angles of 20°, 40° and 60°on both sides of a forward direction detector. The whole 

assembly was mounted perpencHcular to the ceiling so that the smoke jet from test fires in the 

test room passed through the scattering volume. Meacham and MotevaUi tested a large 

number of smoke aerosols generated by many cHfferent fuels, but were Hmited to use of the 

detector at 20° because of what they considered the effects of multiple scattering at larger 

angles. With the detector positioned at 20°, they observed that the signal changed as the 

position of the source fuel in the test room was changed and thus demonsttated the 

underlying dependence of the particle characteristics on the ttansport history of the aerosol. 

A later stady was conducted by Aggarval and MotevaUi (1997) using the SLDI and a 

measuring ionisation chamber (MIC) to examine the response of the scattered light and 

ionisation instruments to smokes generated by various fuels. Aggarval and MotevaUi 

observed that for the range of fuels examined the MIC response signal was generaUy 

sttongest with fuels for which the SLDI response was weakest, and the MIC response 

weakest for the fuels giving the sttongest SLDI response. These measurements were made at 

the same Hght ttansmission levels, which equates to the same mass concenttation. Aggarval 

and MotevaUi cHd not have aerosol-sizing instruments and could not isolate this as a cause of 

the cHfferences between the scattered and ionisation signal. Also, as with the majority of 

scattering experiments, they did not have any information on refractive index of the smoke 

particles. Neither of these stacHes (Meacham and MotevaUi, 1992; Aggarwal and MotevaUi, 

1997) UtiHsed polarisation mformation. 
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Loepfe et al. (1997) developed a similar apparatas to the SLDI. It was a horizontally 

mounted ceiHng system in a fire test room simUar to that used in EN54 smoke detector 

standard test fires (EN54-Part 9, 1982). The fuels used to generate the smoke aerosols were 

in fact those required by EN54, and some nuisance aerosols such as a water mist, oil vapour, 

cancUe wax vapour and burning toast The Hght scattering apparatas had 14 fixed position 

detectors, each with its own photodetector cHode and gain circuit Each gain circuit was set 

to an appropriate ampHfication to give the required signal range over the angular span. The 

scattering volume correction for each detector position was also determined using Monte-

Carlo and ray ttacing methods. Two co-Hnear incident beams were generated with 

polarisation horizontal (paraUel) and vertical (perpendicular) to the scattered plane. Using the 

polarisation information they reported the degree of Hnear polarisation (Equ. 2.34) of the 

Hght scattered by various smoke and nuisance aerosols. Using this polarisation measure they 

were able to cHstinguish flame generated smoke aerosols from those generated by the non-

flaming fires (**INSERT GRAPH). They also found that the nmsance aerosols could be 

distinguished from flaming fire-generated aerosols, in the sense that nuisance aerosols had 

results simUar to smoke generated by non-flaming fuels. They also observed a peak in the 

degree of polarisation at 6 = 155° that could be used for discrimination of steam, a nuisance 

aerosol, from the other aerosols. SimUar to earHer stacHes Loepfe et al. (1997) cHd not have 

aerosol-sizing instruments available and could not isolate size characteristics as a contributing 

factor. The work reported by Loepfe et al. (1997) cHd not recognise the role that agglomerate 

scattering of Hght had on their results. They described the soot scattering as Rayleigh-Uke 

(particle size much less than the incident light's wavelength): this is not the case as cHscussed 

in Sec. 2.5.1 and Sec. 8.3.4. Discrimination using polarised Hght is examined in more detaU 

in this stady. 
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This Stady makes use of the differential (angular) scattering system of the LAOF, to make 

measurements of the cHfferential light scattering properties of smoke and nuisance aerosols. 

In this thesis the emphasis is placed on an examination of the angular cHstribution of 

polarised Hght scattered by smoke aerosols that are inttoduced into the LAOF. These 

cHfferential scattering experiments are conducted to address the lack of angular Hght 

scattering data avaUable in practical units of measurement. The angular information wUl be 

analysed to determine characteristics that cHstinguish between different smoke and nuisance 

aerosols. Different generation and ttansport methods particular to the aerosol source are 

used to inttoduce the smoke into the LAOF. The means of aerosol generation are cHfferent 

for cHfferent fuels. This is cHscussed in detaU in the separate result chapters relevant to the 

particular smoke aerosol. They are summarised in the foUowing section of this chapter, 

where the aerosol ttansport sub-system to the LAOF is also described. Thus the LAOF has 

two essentiaUy cHfferent sub-systems. One is the aerosol system, which generates and 

ttansports the aerosol under investigation through the scattering volume. The other 

component is the optical system that generates the required incident Hght and detects the 

Hght after it is scattered by the aerosols. 

3.2 GENERAL FEATURES 

As mentioned above, the LAOF was originaUy designed to examine large agglomerate 

growth. The design goal was to isolate soot agglomerates in the vertical glass column section 

of the LAOF. The Hght extinction and scattering properties of the particles were then to be 

observed with time. This meant that the facility had to be mounted verticaUy on an optical 

bench, so that the mean agglomerate velocity was in the direction of the gravity field. This 

gave the agglomerates a long period of free faU in the column and minimised their chance of 

being lost to the waUs, as the mean aerosol flow is downward. 
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The glass sections of the LAOF are in three parts: the upper, main or scattering ceU, and 

lower sections. The changes to the LAOF from the original design have been mainly 

concerned with commissioning the angular scattering system. The original upper glass 

column has been changed to facilitate aerosol mixing and changing between cHfferent 

aerosols under investigation. This new design is shown in Figure 3.1 as the inlet tabes and 

upper section. The optical components of Figure 3.1 wUl be dealt with in detaU in a the next 

section, but the basic principles of a detector moving to cHfferent angles about a centtaUy 

located scattering volume is shown. 

Returning to the glass sections, they are basicaUy cylindrical in shape and about 110 mm 

external cHameter. Each section joins its neighbour by means of ground glass flanges, which 

are sealed with vacuum sUicon grease and a flange bracket. The upper section is capped with 

a removable Hd and has two opposed inlets where the aerosol ttansport Hnes are connected. 

The middle section, where the aerosol particles scatter the incident laser beam, has 

appropriate holes for attachment of an enttance window and Rayleigh horn light ttap. Both 

the window and the Hght ttap are held in place and sealed by Teflon tape as used in 

plumbing. The side of the main section opposite the detector is coated in carbon black paint 

to minimize reflection. The lower glass section continues down about 150 mm then tapers 

into a small 25 mm tabe that connects to the top of an isolation valve and filter manifold. 

Settling of particles to waUs occurs over a number of experiments, after which time it is 

prudent to clean the scattering (midcUe) glass sections to remove this soot The siHcone 

grease used to seal the glass sections must also be hancUed with care as it has a habit of 

finding its way onto almost aU surfaces touched. Cleaning the scattering ceU requires some 

deHcate tteatment as weU since the black anti-reflection coating opposite the detector consists 

of a base layer of matt black paint with a carbon paint upper layer. The carbon paint layer is 
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very easUy removed by cleaning and it may be necessary to frequentiy reapply the carbon 

paint. 

3.3 OPTICAL SYSTEM 

3.3.1 T H E OPTICAL COMPONENTS 

The Hght scattering ceU is located in the midsection of the LAOF and is fabricated from 

100 mm mterior cHameter glass tabing ending in ground glass flanges. The flanges aUow 

connection to the upper and lower neighbours, which are also fabricated from glass. The 

scattering ceU has an enttance window for the incident Hght beam and a light ttap directiy 

opposite. The plane in which the incident and scattered beams He defines the scattering 

plane; in the case of this stady the horizontal plane is used. The scattering angle, 6 , is given 

by the angle measured from the direction of propagation, so that 6 = 0 ° is the forward 

direction of the incident beam. The incident beam originates from a HeNe laser (wavelength 

X = 632.8 nm) in continuous wave mode, which has a 500:1 (orthogonal) Hnear polarisation 

ratio. The main polarisation axis is aligned horizontal to the scattering plane. The beam is 

immediately passed through a rotating chopper ( / =80 Hz) to reduce background noise 

when measuring low signals. The incident beam then passes through an optical ttain of 

polarizing elements that prepare the optical properties of the beam. This optical ttain 

consists of a Hnear Glan-Taylor type generating polariser orientated with its optical axis at an 

angle ^p = 0°, where ^p is the angle of the optical axis of the polariser from the scattering 

plane. A subscript H then is used to denote this polarisation as the horizontal polarisation. 

This generated polarisation essentiaUy eliminates the residual perpencHcular or vertical 

(subscript V) polarisation of the laser. The next optical element is a quartz zero-order half-

waveplate retarder. This is the key element in the incident optical ttain as a 45° rotation of its 

fast axis from the scattering plane induces a rotation of the beam from horizontal to verticaUy 

polarised % h t 
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Chapter 3 

In this way an incident polarisation of either horizontal or vertical orientation can be chosen. 

The next optical element before the scattering volume is the enttance window, which is set at 

a sHght angle to avoid multiple reflection of the incident beam. This angle does have an 

effect of reducing the intensity of the incident beam, as do aU the other elements within the 

incident Hght optical ttam. After passing through the window, the laser beam passes through 

a 100 mm path length of uniformly cHstributed smoke or caHbration aerosol. The Hght 

scattering is visible to the eye as a red line of Hght with a few bright spots arising from large 

agglomerate particles in the case of soot A Rayleigh horn is used as a light ttap to coUect the 

forward scattered Hght and incident beam. 

The Hght scattered to the detector first passes through the waU of the LAOF's scattering ceU 

with a slight loss of Hght due to reflection. The opposite side of the scattering ceU to the 

detectors view has been coated in a base layer of matte black paint and then a layer of carbon 

paint was added onto this. This black absorbent background reduced reflection of scattered 

Hght entering the detector field of view. This is particularly important near the enttance 

window and the Hght ttap, as reflections and sttay Hght are appreciable in these areas. The 

enttance window itself had to be kept to a smaU diameter, so that plasma Hght from the laser 

and scattering by the optical elements would not Uluminate an area bigger than the enttance 

of the Hght ttap, which was 5 mm. This sttay light at the enttance window and near the Hght 

ttap enttance would otherwise add significantiy to the scattered Hght signal at 6 = 5°. 

To aHgn the polariser's optical axes correctiy, the first generating polariser was set in a 

precision mount and referenced to a polarizing beam spHtter. The generated polarisation is 

horizontal when the two spHt beams are horizontal. Checking the height of the beams also 

gives an estimate of the standard uncertainty of the generated polarisation as + / - 0.1° about 

the scattering plane. This uncertainty is smaU in comparison with that caused by correct 

manual setting of the other polarising elements cHscussed below. A nuU or crossed polariser 
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approach is then appHed to the generated incident beam to determine the required positions 

for the half-waveplate and the analyser. These positions corresponded to horizontal incident 

and horizontal scattered polarised Hght (HH) and vertical-vertical polarisation (W). The 

analyser is a linear polariser used to measure the vertical or horizontal scattered light incident 

on the detector. The generating polariser was set at either (pp = 90° or (pp = 0° to cross the 

analyser during aHgnment, but was not changed from the ^p =0° position during an 

experiment Once the polariser and analyser were aligned, the half-waveplate retarder was 

placed in the optical ttain and aligned. The analyser, ^^, and retarder, ^yj, angles are 

changed manuaUy as required when conducting an experiment. 

The scattered Hght was detected by a series of optical elements mounted on a rotation stage 

with stepper motor drive and encoder feedback. PC conttol of the rotation stage was 

accompHshed by a computer program and interfaced through an indexer-board in the PC. 

This program also monitored the detector signal via an analogue-to-digital converter board. 

The rotation stage would move the detector and its optical elements in A6 = 5° steps in the 

scattering plane from 5° to 135° to measure the scattered Hght. EssentiaUy any angle in the 

range could be chosen for a measurement For example, an extta measurement is usuaUy 

made at 6 = 8 ° to vaHdate forward scattering, which was sensitive to misalignment 

AHgnment of the detector zero position was also automated but required the placement of 

neuttal density filters in the incident beam and removal of the Hght ttap. The rotation stage 

was then positioned manuaUy until the point where the detector incHcated peak intensity. 

The computer program then made the rotation stage scan a range of ±2.5° about this peak 

position in 0.25° steps. The peak signal detected was then redefined as zero and another fine 

step scan was conducted from ±1° of this position in 0.1° steps; again the peak position was 

redefined if necessary and this became the 6 = 0 ° position. The detector would then move 

out of the beam to the 4° resting position to await the beginning of an experimental scan. 
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The assumption that the beam intensity profile is Gaussian m form is used in this zeroing 

procedure. 

The first optical element carried by the detector rotation stage was the analysing polariser, a 

Glan-Taylor prism, which was aUgned to analyse either the horizontal, 0^ =0°, or vertical 

polarisation, ^^ =90° component of the scattered Hght for a given scan. FoUowing the 

analyser was a 5 xxm\ enttance aperture of the detector housing. The detector housing is a 

sealed tabe containing (in order), an achromatic lens, a 1 mm diameter aperture stop, a 

cHffuser and finaUy the verticaUy mounted photomultipHer tabe. The achromatic lens with 

the aperture at the focal point of the lens is positioned to Hmit the scattered Hght to ±0.3° of 

the scattering angle. This smaU acceptance angle is important for minimizing the forward 

scattering bias at smaU angles. A large area cHffuser is positioned between the apertare stop 

and PMT to spread the initiaUy focused beam over the active area of the PMT and reduce the 

effects of PMT polarisation dependence. 

3.3.2 SIGNAL D E T E C T I O N 

The signal from the photomultipHer passed through a variable (resistor) voltage cHvider that 

pre-scaled the photomultipHer output before the signal went into the lock-in amplifier. This 

pre-ampHfier circuit converted the current output of the photomultipHer to a voltage that was 

within the limits of the lock-in ampHfier input range. The lock-in amplifier used a chopper to 

provide the lock-in frequency, 80 Hz, that was never changed. The sensitivity of the 

ampHfier was changed manuaUy as the detector was moved to a new position. Changing the 

sensitivity range of the lock-in ampHfier was the main means by which the two to three 

orders of magnitade in signal variation across the angular scan were resolved. In a series of 

caHbration and smoke experiments the sensitivity of the lock-in ampHfier was usuaUy the only 

parameter in the detection circuit that was changed. 
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The output signal from the lock-in ampHfier was then passed through a simple voltage 

cHvider to the analogue-to-cHgital converter (ADC) in the conttoUing computer. The voltage 

divider was required because the lock-in ampHfier output range (1-10 V) was not compatible 

to tiiat of tiie ADC (1-25 mV). 

3.3.3 STRAY LIGHT AND BACKGROUND 

Sttay Hght adds to the scattering signal in unwanted ways so the best solution was to avoid it 

when ever possible. GeneraUy, the largest amounts of sttay light are easUy identified when 

they cause large peaks in the scattered signal that are not in agreement with expected results. 

Other causes of sttay light include obstructions and marks on the glass waUs of the LAOF 

scattering section. These are easUy identified as minima in the scattering signal where none 

are expected or have jagged angular behaviour as opposed to smoother ttansitions observed 

in scattering by the particle clouds. The use of the circular cross section of the scattering 

section helps to reduce the refractive effects. One effect of refraction is negligible loss of 

Hght refracted out of the detector's view or conversely some collection of Hght; these 

processes are ignored in this stady. Polarisation dependence of refraction and reflection are 

most noticeable for smaU scattering angles, resulting from light scattering by the enttance 

window and the tabe that held it to the LAOF centtal section. The small acceptance angle of 

the detector acts to reduce the amount of off axis light making its way to the detector and 

contributing to the scattered signal. The main problem with sttay light in the LAOF is in the 

forward angles, 6 < 10°, where two effects contributed substantiaUy to the sttay Hght. The 

first is Hght generated by the laser plasma, which is seen as specular reflection of a blueish 

halo about the actaal laser beam. This was reduced by painting an enttance aperture on the 

enttance window about 5 mm x 5 mm. The second and harder effect to reduce was the 

effect of laser beam and residual plasma Hght scattering off the enttance window and then 

the waUs of the tabe holding the window. These contributions to the sttay light in the 
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forward direction meant that detector operation was not possible at 6 < 4°. Measuring the 

background and subttacting it from the scattering signal caused by aerosol particles reduced 

this enttance window effect. A scan of the background Hght was made before a set of 

experiments, at both polarisations for aU angles. Background Hght levels were noted to be 

greatest near the enttance window at angles of 6 =5 — 15°. The detected scattering signal 

before data reduction is denoted as U..{6). This background signal, Uf,{6), can then be 

subttacted from the detected scattering signal to give, t/ (6 ) = t/ .̂ (6 ) - 1 / ^ (6 ). 

3.3.4 SCATTERING VOLUME CORRECTION 

As the detector scans through the scattering angles, the scattering volume changes in 

proportion to l/sin(6), which is due to the beams defined by the detector view and the 

incident beam. This angular dependence is contained in the detected signal and results in 

more than a factor of 10 change in the detector's view of the scattering volume as the 

scattering angle increases from 5° to 90°. To correct for this angular dependence in the 

background-corrected detector signal, U{6), the volume corrected detector signal is 

determined by multiplying by a factor of sin (6). The volume corrected detector signal is 

denoted by a (6 ) = sin (6 )C/ (6 ). 

The corrected detector signal then has to be scaled to the cHfferential mass scattering cross 

section by means of a caHbration. This caHbration is the subject of the next chapter, where 

the uncertainties in the scattering results are also examined. The procedure used to measure 

the scattering signal of an aerosol is detaUed in the Appendix Al, since this procedure was 

the same for aU aerosols. The foUowing section is a description of the aerosol ttansport and 

generation, this aspect of the apparatas changes with the aerosol under investigation. 
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3.4 AEROSOL TRANSPORT 

A system of pressurized air and conttoUed flow vacuum are the driving mechanisms for the 

aerosol ttansport through the LAOF. A vacuum pump is attached to the bottom of the 

LAOF and draws the aerosol and dUution (or make-up) air into the system. More 

importantiy, the flow-conttoUed ttansport aUows the time averaged mass concenttation of 

the aerosol to be determined. This is a key point in this stady that wUl be presented in detaU 

in the foUowing caHbration chapter. 

Figure 3.2 is a schematic of the aerosol ttansport circuit of the LAOF. The flow rate of the 

vacuum is conttoUed by a mass flow conttoUer, which is set to a flow rate of about 1.67x10"'' 

m'^.s' (10 L.min'^). The laboratory compressed air Hne is cleaned with a high efficiency 

particle filter (HEPA) and tapped at a manifold with multiple outiets. The air is used to drive 

pneumatic valves, supply air to aerosol generators such as nebuHsers, and to supply cHlution 

air at metered rates before the aerosol enters the LAOF. The different means of generating 

the aerosols used in this stady are summarised below and cHscussed in more detaU in the 

chapters presenting results on particular aerosols. In general a ttansport line of cHluted 

aerosol is connected to the LAOF at the top of the glass section. This flow enters the upper 

glass section at two directiy opposing sides of the glass cylinder to aid even cHstribution of the 

aerosol in the LAOF, see Figure 3.1. The aerosol under consideration then flows down 

through the LAOF glass column. The lowest section of the LAOF has various valves that 

aUow the LAOF to be isolated, or to cHvert the flow through or around a filter, see 

Figure 3.2. This filter is used to coUect mass samples of aerosol. The mass of the filter 

together with the flow rate through the system is used to determine the mass concenttation 

in the LAOF. This is then used to determine the mass scattering cross section, see Equ. 

2.29. The HEPA fUters used for this purpose are 47 mm polyflurocarbon filters with a 

capture efficiency of at least 99.99 %. The bypass and filter valves aUow the flow to either 
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Figure 3,2: A Schematic of the aerosol ttansport circuit. 
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pass through or around the filter. Bypassing the filter is used when drawing aerosol into the 

LAOF or for removal of aerosol if the generator is shut off When the aerosol source or 

generator is shut off clean make-up ak is drawn through the LAOF. Either the laboratory air 

suppHes the make-up air or an optional HEPA filter is used to clean ambient air that is drawn 

mto the LAOF. The optional ambient fUter also helps to avoid accidental positive or 

negative pressures Hi the LAOF. Another valve combination (isolation valve closed and flow 

meter valve open) isolates the LAOF and aUows the vacuum to draw in ambient air 

bypassing the filter: this Hne is used to check the vacuum flow rate of the path with a bubble 

flow meter (GiHbrator-2 Primary Flow Calibrator, GiHan Instruments Inc.). In this manner 

the mass flow conttoUer can be checked and adjusted as required before an experiment is 

commenced. At the end of an experiment the mass flow rate is recorded along with the mass 

coUection time, for determination of the mass concenttation of the aerosol in the LAOF. 

The gravimetric methods of mass concenttation measurement are dealt with m the foUowing 

chapter. 

These general operational aspects of the LAOF are simple to deal with and form the basic 

housekeeping of the operation of the facility. The foUowing section summarises the methods 

of generating the aerosol under investigation in this stady. More specific detaU is given in the 

results chapters pertinent to a particular smoke or nuisance aerosol. 

3.4.1 SUMMARY OF AEROSOL GENERATION METHODS 

Four types of aerosol particles were examined in this stady: polystyrene spheres, smoke 

particles produced by non-flaming fuels, smoke particles (soot) produced by flaming fuels 

and nuisance aerosols. For each type of aerosol there was a cHfferent generation system and 

ttansport system. 
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In the case of the polystyrene spheres an aerosol generator was constmcted and connected 

directiy to the LAOF. This aerosol generator was mainly used for caHbration to compare the 

measured scattering results with Mie theory calculations for the monocHsperse polystyrene 

spheres. When this caHbration aerosol generator was used, an optional make-up air filter was 

used (Figure 3.2) and pressurised air was suppHed to the generator to operate a nebuHser. A 

fuU cHscussion of the polystyrene aerosol generator is given in the foUowing caHbration 

chapter. The rest of the aerosol ttansport system was the same as that shown in Figure 3.2 

above. 

3.4.1.1 Fuels used to generate smoke and nuisance aerosols 

The smoke aerosols from non-flaming fuels (beech wood, cotton lamp wick and 

polyurethane), nuisance aerosols (cooking oU, burning toast and ISO fine dust) and soot 

from two flaming fuels (propylene and heptane) examined in this stady were generated in the 

Fire Emulator/Detector Evaluator (FE/DE) (Cleary et al., 2001; GrosshancUer, 1997) shown 

in Figure 3.3. Two other soots from the fuels ethylene and acetylene were generated using a 

co-flow laminar burner attached directiy to the LAOF. This was the same burner used in 

previous stacHes (Samson et al., 1987; MuUioUand and Choi, 1998). 

The non-flaming fire generated smoke aerosols include a forced pyrolysis of beech wood and 

self-sustained smouldering of cotton lamp wicks. Both of these fuels are test fire fuels used 

m standards EN54 and UL217 (EN54,1982; UL 217,1993). The polyuretiiane is cut from a 

seat cushion of a normal Hving room armchair and is fire retarded Its mode of non-flaming 

fire is assumed to be smouldering and a hot wire inserted into the foam is the ignition source. 

These fuels and the concHtions under which they were ignited to generate smoke aerosols are 

cHscussed in Chapter 5. Three gaseous fuels (propylene, acetylene and ethylene) were used 

to generate soot using a co-flow laminar burner. In the case of the propylene the burner was 

attached to the FE /DE while the other two fuels used a different burner attached to the 
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LAOF. For Hquid heptane a smaU pool fire was ignited in a petri cHsh in the FE/DE. The 

details about these flaming fuels and their smoke generation wiU be cHscussed further in 

Chapter 6. 

Two of the nuisance aerosols result from forced pyrolysis, namely the burning toast and the 

overheated cooking oU. Both are aerosols that cause frequent alarming of smoke detectors in 

or near kitchens. The third nuisance aerosol is ISO Fine dust, also caUed Arizona Road 

Dust, which is predominantiy SiOj (75 % to 90 %), but has main ttace elements of AIO2 (10 

% to 5 %) and Fe02 (>5 %) as weU as smaUer amounts of other metal oxides. This is the 

only irregularly shaped nuisance aerosol examined in this stady. The nuisance aerosols wUl 

be cHscussed in more detail in Chapter 7. 

3.4.1.2 Fire Emulator/Detector Evaluator and aerosol sampling 

The Fire Emulator/Detector Evaluator (FE/DE) is a faciHty designed to emulate the smoke 

of a fire for fire detector assessment (GrosshancUer, 1997). The operating principle of the 

FE/DE is that of a single pass wind tunnel, into which a smoke or nuisance aerosol is 

released. A test sensor section contains smoke detectors and instruments to measure various 

parameters including the Hght ttansmission through the generated aerosol, the air velocity 

(typicaUy 0.2 m-s'), temperature, and response of a measuring ionisation chamber (MIC). A 

sampHng line was inserted into this section to sample smoke and nuisance aerosol for 

ttansport to the light scattering apparatas. The sampHng was done at a flow velocity of about 

8.7 m.s" for samples used in Hght scattering experiments. The sampHng was carried out at a 

height of 50 mm below the top of the sensor section duct, which had a height of 300 mm. 

Transport of the aerosol reUed on drawing an aerosol sample into a 0.2 m^ drum, see 

Figure 3.4. In this stady about 0.12 m^ of smoke was drawn at a rate of 3.3x10^^ m\s'^ (20 

L-min" ) into the drum. The drum ttansport of the aerosols was necessary since the LAOF 

and the FE /DE were in cHfferent laboratories on cHfferent floors of the buUdmg. Once the 
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dmm was fiUed with its sample of aerosol it was ttansported to the laboratory in which the 

LAOF was sitaated. The drum was then connected to the LAOF via its outiet valve and the 

mlet valve had a filter attached through which clean make-up air would enter the dmm. The 

dmm coUection method results in some settling of larger particles and waU losses in the 

drum. Settiing of particles makily affects those bigger than about 3 p,m and some 

coagulation growth or aging of the particles in the dmm also occur. Affects on the volume 

or mass of the smoke particles, to which light scattering is sensitive, is smaU in comparison 

with the agmg effects on number concenttation (Lee and Mulholland, 1977). Another side 

effect of using the drum for aerosol ttansport was that drawing the aerosol into the LAOF 

would slowly deplete the mass concenttation. The effect of this on the scattering signal and 

mass concenttation measurement is dealt with in more detaU in later chapters. 

In the case of two flame-generated soots from acetylene and ethylene the FE/DE was not 

used. These soots were generated using a laminar co-flow burner of the type described by 

Samson et al. (1987) and later changed by MuUioUand and Choi (1998). The laminar burner 

produces a steady thread of soot at its centte that is mixed with air at a tripper plate. A smaU 

amount of the soot is passed into a cHluter, where a mass conttoUed amount of make-up air is 

added to the soot flow. This flow is then drawn into the LAOF for the light scattering 

measurements. 
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Figure 3.4: F E / D E test section and aerosol ttansport system. 
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CALIBRATION 

4.1 INTRODUCTION 

4.1.1 HISTORICAL OVERVIEW OF CALIBRATION METHODS 

A cmcial element of this stady is the caHbration of the Hght scattering apparatas. A relatively 

simple method has been developed that provides perhaps the most useful form of Hght 

scattering measurements: the cHfferential Hght scattering cross section per mass concenttation 

of the aerosol. The two main features of the caHbration technique are light scattering by 

particles of known size and a gravimetric measurement The former are polystyrene spheres 

whose scattering characteristics can be determined exactiy from Mie theory. The latter 

enables optical scattering properties to be determined per unit mass. This is of particular 

interest to those who are working on problems of light scattering by a given aerosol 

concenttation, such as smoke detector designers and those trying to estimate the visibility 

through smoke. The characteristic light scattering property measured in this stady is the 

cHfferential mass scattering cross section, 0\§i) [m .̂g'̂ sr" ]̂ (Sec. 2.4). 

An early stady by Prichard and EUiot (1960) developed a method that used an accurately 

characterised device to reflect a known amount of Hght from the incident beam, as it was 

moved through the scattering volume. The caHbration constant is then given by the ratio of 

the theoretical and measured reflection result. Thus their caHbration is in terms of the 

absolute irracHance (intensity). They reported their findings in terms of the cHfferential 

volume scattering coefficient (common to atmospheric aerosol stacHes) and dimensionless 

scattering matrix components. The use of polystyrene spheres in %ht scattering experiments 

cHd not become commonplace until the late 1960's or early '70s. Their use has usuaUy been 

limited to testing systems by comparison with Mie theory, not expHcitiy as caHbration 

particles. StacHes examining the MueUer or intensity scattering matrix (Hunt and Huffman, 
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1973; Perry et al, 1978; Thompson et al., 1980) have used polystyrene spheres but focused 

on the angular cHstribution of the normaHsed scattered signal and not absolute intensity 

caHbration. Thek approach was motivated by intensity scattering matrix measurements for 

which normaHsed (dimensionless) intensity is sufficient. These stacHes have used polystyrene 

spheres to confirm the operation of their instrument and the primary caHbration is based on 

an optical element of known MueUer matrix e.g. a reflector or retarder. For example, 

Thompson et al. (1980) used a suspension of polystyrene spheres in a Hquid as weU as a single 

sphere electtostaticaUy suspended to compare their fast MueUer matrix measuring instrument 

response to Mie theory. The actaal caHbration was aimed at polarisation measurements and 

based on cHfferent optical devices such as a rotating polariser or quarter wave-plate retarder. 

Other Hght scattering stadies (Pinnick et al, 1976) have made use of polystyrene spheres but 

not absolute intensity caHbration. One stady of note from a smoke characterisation point of 

view is that by Loepfe et al. (1997) who have used polystyrene spheres to test their Hght 

scattering apparatas and inverted the data to determine the polystyrene spheres size 

cHstribution. Meacham and MotevaUi (1992) made use of atomised propylene glycol to 

evaluate their instruments performance but not to obtain absolute results as they reported 

only scattering detector signal (volts) for their smoke characterisation. 

Another method of caHbration makes use of the Rayleigh scattering properties of gases 

(Sivathanu and Faeth, 1990; Charalampopoulos, 1992; Sorensen et al., 1992). UsuaUy the 

laser power is high, about 2 watts, or the refractive index of gas is large such as Freon 

(Sachweh et al., 1995). Laser diagnostics of soot in flames have either used nittogen, oxygen 

or the fuel gas as the caHbration gas. Sorensen et al. (1992) have used calculated Rayleigh 

ratios for three fuel gases and compared this with the measured scattering signal at 6 = 20°. 

A plot of these quantities is expected to be linear and give the caHbration constant as the 

slope of the line, which is the scaling ratio between experiment and theory. Koylu and Faeth 
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(1994a; 1994b) make comparisons between experimental results for Rayleigh scattering by 

nittogen and the exact theoretical results, using pubHshed optical properties of nittogen. 

They found a cHfference of about 10 % between experimental and theoretical results, and 

determined that the experimental (expanded) uncertainty due to the optical system was about 

20 %. The Rayleigh scattering based method gives absolute cross sections [m |̂, from which 

the scattering cross section in terms of the mass of scattering aerosol can be determined 

given a mass measurement of the aerosol under consideration. 

A series of stacHes by Holland et al. (HoUand and Draper, 1967; Holland and Gagne, 1970; 

HoUand, 1980) determined the scattering from irregular particles in terms of the cHfferential 

mass scattering cross section. Their work aimed at investigating the correlation between Mie 

scattering and that of irregularly shaped randomly orientated particles. HoUand et al. made 

use of Pritchard and EUiot's (1960) method for absolute intensity calibration and determining 

the mass concenttation of the jet of particles passing through their scattering volume. The 

first stady (Holland and Draper, 1967) determined the mass of the scattering particles by 

determining the mass expended during an experiment. This was facUitated by the fact that 

their aerosols were an easUy weighed talc powder. They accounted for fluctaations in this 

mass flow by monitoring variations using another scattering channel. A later stady (Holland 

and Gagne, 1970) used a more advanced and complex means of measuring mass cHstribution 

in the jet. They accompHshed this by mapping the jet velocity field then determining the 

mean aerosol mass concenttation in the scattering volume in terms of the axial jet velocity in 

that volume and the mass flow rate of the jet The scattering measurements of Holland et al. 

were in terms of the cHfferential mass scattering coefficient 

4.1.2 CALIBRATION OVERVIEW 

Our caHbration method is a simple process. The scattering from a known aerosol is 

measured along with its average mass concenttation during the scattering measurement. The 
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experimental result is scaled to the theoretical result for the caHbration aerosol. Polystyrene 

spheres are the best caHbration particles for this purpose, as they are available in various sizes 

from commercial manufactarers and are weU characterised (Marx and MulhoUand, 1983; 

MulhoUand et al., 1985a). The scattering by polystyrene spheres is calculated from Mie 

theory. This is also the necessary theory since the laser power and wavelength used in this 

stady are not suitable for Rayleigh scattering measurements. A benefit of the method 

developed here is that it is appHcation to Hght scattering systems based on laser cHodes, which 

currentiy operate at the longer visible and infrared wavelengths. 

Determination of the mass concenttation is accompHshed by a gravimetric means. Knowing 

the flow rate of caHbration aerosol onto a pre-weighed high efficiency filter, the coUection 

time, and the coUected mass gives the average mass concenttation during the coUection 

period. The coUection period is the time it takes to measure the angular scattering of 

caHbration aerosol at the two polarisations W and HH, about 12 minutes at a flow rate of 

1.67x10"* m'^.s' (10 L.min'^). The mass of polystyrene spheres coUected was usuaUy about 0.2 

mg to 0.5 mg and weighed with a balance having microgram sensitivity. 

The foUowing sections describe in more detaU the theoretical basis of the caHbration, the 

methodology of the caHbration particle preparation and mass concenttation measurement. A 

caHbration verification process has been used to test the caHbration and determine the best 

means of determining the caHbration constant This caHbration verification is analogous to 

caHbration of a microscope's image scale by a particle of known size.'" The caHbration 

verification has also been used to assess the uncertainties of making Hght scattering 

measurements. The second half of this chapter is largely decHcated to the uncertainty 

analysis. 
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4.2 CALIBRATION THEORY 

To scale the detector signal to the cHfferential mass scattering cross section, a caHbration 

constant needs to be determined. The caHbration constant, K, is determined by scattering 

Hght from the caHbration particles and normaHsing the detected signal by the theoretical 

result for these particles. The detector signal is the result of scattering by a cloud of particles. 

Instead of the number concenttation of the cloud we are making use of the mass 

concenttation to reduce the data (Sec. 2.4.1). MathematicaUy, 

K = ^-j-., (4.1) 

where M is the average mass concenttation of the scattering particles determined from 

measurements made by a gravimetric method (Sec. 4.3.1.2). The scattering signal from the 

aerosol in the scattering volume is measured by the volume corrected detector signal, 

/^(6)(Sec. 3.3.4). The theoretical value, 0,^\6), is derived from the cHfferential scattering 

cross section which is calculated for a single caHbration particle using Mie theory (note: 

^th^)~ ^m.ica V )̂ *̂̂  ^^^' ^•4)- Th^ theoretical cHfferential mass scattering cross section for 

a monocHsperse coUection of particles is expressed as, 

•^,.{^) = ^ . (4.2) 
P" P 

where the values V and p are the volume and density respectively of .the caHbration 

particles; the product of which is a single caHbration particles mass. Mie calculations have 

made use of tiie FORTRAN program BHMIE of Bohren and Huffman (1998). The smgie 

particle mass is used in Equ. 4.2 since the caHbration particles are monocHsperse. That is to 

say thek size cHstribution is a delta function (GSD = 0.987, see Sec. 2.2.1 and Table 4.1). 
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As outHned in Equ. 4.1 the caHbration constant is determined from a set of experimental 

data and a set of theoretical data for an ensemble of known particles. This data reduction 

was completed using three cHfferent least-mean-square methods (LMS or mocHfied Chi-

square). The fkst method used to determine the a caHbration constant, ^ , , was the standard 

LMS, 

Q = \,{E,-KJ)\ (4.3) 
1=1 

which calculates the K that minimises Q; i.e. dQJdK = 0. In Equ. 4.3 the experimental 

result is given by E-^ = M(6,- ) / M and the theoretical result by 7) =0,^ (6^) for aU data points 

i = 1,2,3.,,N . There are N cHscreet angular measurements in an experimental scan from 

6 = 5. . . 135 °. After minimisation, the caHbration constant given by the standard LMS is, 

^i4^.K(^,) 
'i^^=^^ • (4.4) 

Two more caHbration constants were determined using weighted least-mean-squared 

methods (WLMS), both aimed at reducing the dominance of the smaU angle scattering signal 

on the standard LMS estimate of Equ. 4.3. The first weighting was logarithmic and the 

other was sinusoidal. The calibration constants are given by, 

Logantiimic, In /sT, = 1 J ^ [ln(M(^,))- ln(M(J„ (^,))] (4.5) 
N i 

^i[«(^.Kfe)sin(^,.)] 
Sinusoidal, K.^ = '-^ (4.6) 

2k(6i,)sinfe)] 
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Another method, the fourth, initiaUy used (Weinert et al., 2001; Weinert and MulhoUand, 

2001) was based on an angular caHbration function, K\6^, which mapped the experimental 

results dkecdy onto the theoretical. However it was found that this function was not 

appropriate when appHed to other aerosols. This was a consequence of minima in the 

caHbration particle Mie results being heavUy weighted and subsequentiy appearing in the 

experimental result of another aerosol. The angular average of this function was then used as 

the caHbration constant, that is 

--w^'))-^|:^) 

Thus four possible caHbration constants are available after data reduction of the light 

scattering caHbration. These four caHbration constants were assessed to identify the most 

appropriate for this stady by identifying the caHbration constant with the lowest deviation 

from Mie theory. 

In a normal series of experiments a caHbration constant is determined from the scattering 

signal of the caHbration particles for each polarization state, Kyy and iC^^ . An experiment 

with an unknown smoke aerosol is then conducted where both the volume corrected 

detector signal, ^(6), and the mass concenttation of aerosol particles, M, are determined. 

The cHfferential mass scattering cross section at a given polarisation is then, 

Gyy{e)='-^^^ and o-,„(^) = ^ ^ ^ 
^ ^ MKyy ""^ ^ MK,,^ 

(4.8) 

Here, 0,^,^(6) and 0^^(6), are the measured cHfferential mass scattering cross sections for 

vertical-vertical (perpencHcular) and horizontal-horizontal (paraUel) polarisations of the 

aerosol under examination. Quite simply they give the sttength of the particle scattering at a 
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given scattering angle per mass of particles present in the scattering volume (Sec. 2.4). In 

this way the caHbration has resulted in a means of determining m an absolute sense the 

differential mass scattering cross section [m^.g'.ster'^j of the aerosols under investigation. 

The experimental method of the caHbration is described in the foUowing sections and the 

four caHbration constants are assessed. They are compared and the most appropriate 

method is then identified and appHed to the smoke aerosol scattering data presented and 

cHscussed in later chapters. 

4.3 CALIBRATION METHOD 

4.3.1 PROPERTIES OF CALIBRATION PARTICLES 

CaHbration of a Hght scattering instrument requkes the use of a weU-characterised caHbration 

particle; polystyrene spheres are an exceUent choice for this purpose. Polystyrene spheres are 

also caUed polystyrene latex spheres, which identify thek means of production. The spheres 

are products of an emulsion polymerisation (OcHan, 1991) where water, a surfactant, styrene 

monomer and free radical initiator are mixed together. The emulsion polymerisation leads to 

a monodisperse pure polystyrene sphere coUoid. The final size can be varied from as smaU as 

0.03 fXm to as large as 10 ]Llm, by varying the reactant concenttation and reactor concHtions. 

These particles are commercially available from a number of sources such as Duke Scientific 

Inc. 

The experimental approach in this stady is to perform a primary caHbration of the LAOF to 

determine the caHbration constants of the apparatas using polystyrene spheres. Verification 

of the caHbration has been conducted by a comparison between Mie theory, 0^/^(6^, and 

experimental results, o (6 ) , for polystyrene spheres of a cHfferent size from that of the 

caHbration particles. This section covers in detaU the method used in the preparation of the 

caHbration particles, as weU as the measurements made to determine the mass concenttation, 
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M , of the caHbration particles. The steps requked to measure the scattered Hght signal, 

w(6 ), are dealt with in Appendix L 

The caHbration particles were polystyrene spheres of two cHfferent sizes, 496 nm and 499 nm 

in cHameter. Two cHfferent sizes were necessary because the 496 nm cHameter particles used 

initiaUy stopped being manufactared. The specific characteristics of these nominaUy 500 nm 

cHameter particles are shown in Table 4.1. This size is chosen because it is similar to that of 

smoke aerosols, but more importantiy the Mie theory for this size and type of material shows 

that the scattering features have broad maxima and minima, see Figure 4.1. Another particle 

could have very sharp and deep features that would be hard for the detector to resolve due 

Table 4.1: Physical properties of polystyrene (PS) spheres used in the 
caHbration and verification experiments. 

Physical Properties Calibration 
Particles 

Calibration 
Verification 

Particle 

Nominal Diameter 
(nm) 

Mean Diameter (nm) 

Standard Deviation 
(nm) 

Coefficient of 
Variation (%) 

Density (xlO'kg.m'"*) 

Index of Refraction 
@ ^ = 632.8 nm 

496 ± 
5 

6.5 

1.3 

500 

499 ± 

6.5 

1.3 

5 

1.05 

1.59 

800 

802 ± 6 

9.6 

1.2 -
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Figure 4.1: Differential mass scattering cross section calculated from 
Mie theory for 499 nm and 496 nm cHameter polystyrene spheres as an 
aerosol for polarisation perpencHcular (W) and paraUel to the scattering 
plane (HH). 
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sttay Hght, background signal noise, etc. This would also lead to higher uncertainties in the 

caHbration constant near the scattering angles of those deep minimums. The cHfference in 

the Mie theory results for 496 nm and 499 nm diameter polystyrene spheres is as shown in 

Figure 4,1, with a maximum relative cHfference of about 12 % occurring at 6 =75°. 

4.3.1.1 Calibration Aerosol Generation 

The first step in the caHbration is the production of the caHbration particles as an aerosol. 

The measurement of the light scattered from these particles is then made along with a 

measurement of the total mass of caHbration particles passing through the LAOF. The data 

is then analysed to determine the caHbration constant. 

The mean diameter of the caHbration particles, see Table 4.1, is the key component of the 

Mie calculations and is usuaUy determined by the manufacturer using ttansmission electton 

microscopy (TEM) for the size ranges used in this stady. The size measurement technique is 

ttaceable to the US National Institate of Standards and Technology through use of standard 

reference material (SRM) micro-spheres certified by NIST. These SRM particles are 

polystyrene spheres in suspension avaUable in sizes of nominaUy 1000 nm and 100 nm (SRM 

1960 and 1963 respectively) (MuUioUand et al., 1985a; MuUioUand et al., 1999). The other 

factor of importance in Mie calculations is the refractive index of the polystyrene spheres and 

this has been determined as 1.59 at 623 nm from comparison of experimental and theoretical 

results for single particle Hght scattering (Marx and Mulholland, 1983). 

The density of the polystyrene material is 1.05x10^ kg.m"'' (1.05 g.cm" )̂. The polystyrene 

spheres are packaged in an aqueous mecHum usuaUy containing an anionic surfactant, which 

the manufacturer uses to ensures a high degree of cHspersion and minimise agglomeration of 

the spheres. The spheres are contained in a 15 ml bottie with a ckop-tip. The larger spheres 

do settle out of this solution when the bottie has been standing for some time, but the 
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solution is designed such that the spheres do not agglomerate after settling. They have a 

finite shelf Hfe specified by the manufacturer. 

To determine the caHbration constant, the spheres must be intt-oduced as an aerosol into the 

scattering volume where the incident laser Hght and particles interact. To do this the 

polystyrene spheres must be converted from an aqueous based suspension (hyckosol or 

coUoid) to an akborne one (aerosol). The intermecHate step in this process is to form 

ckoplets of water containing polystyrene spheres then to dry the water off of the spheres 

leaving an aerosol consisting of just polystyrene spheres. This is the standard means of 

producing an aerosol of polystyrene spheres foUowed in this stady. 

Figure 4.2 show's a schematic diagram of the polystyrene aerosol generator used to produce 

both the caHbration and caHbration verification aerosol. The generator consists of a free ak 

supply Hne that is spHt to supply cHlution ak and drive the nebuHser flow. An in-line valve to 

the nebuHser conttols its on/off state. When the valve is closed only the clean ak flows 

through to the LAOF with no aerosol. When the valve is open the nebuHser produces an 

aerosol spray. The nebuHser itself contains the polystyrene spheres in a cHlute suspension of 

polystyrene spheres in particle-free (filtered with 0.22 |Im pore size filter) cHstiUed and 

deionised water. This working suspension is produced by mixing between 30 and 40 ckops, 

about 1 ml to 1.3 ml, of the polystyrene sphere base suspension and cHluting it with 50 ml of 

filtered and de-ionised water. The working suspension was then briefly agitated in an 

ulttasonic bath for about 1 minute to mix the polystyrene spheres into the water, before 

being poured into a larger container (250 ml). This larger storage container was used to store 

the working polystyrene suspension so that a large quantity was at hand for multiple 

experiments. An amount of about 35 ml of the working suspension was poured into the 

clean reservok of the nebuHser when a caHbration aerosol was needed. Figure 4.3 shows the 

nebuHser, which makes use of a Ventari effect to ckaw the polystyrene suspension into the jet 
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flow. The flow breaks up into ckoplets in the jet flow and is aimed at a smaU baU 

consttuction that acts Hke an impactor and removes larger ckoplet particles from the flow by 

impaction. There is a net akflow out of the nebuHser that contains water ckoplets which 

themselves contains polystyrene spheres. Some large ckoplets that faU to make the turn at 

the T-section impact on the waUs. This polystyrene sphere and water mix then simply runs 

down the tabing waUs into an attached bottie. The smaUer ckoplets containing polystyrene 

spheres continue towards the cHffusion drier. 

To dry the water off of the polystyrene sphere, the entke nebuHsed aerosol is ttansported by 

the akflow through a cHffusion drier, see Figure 4.2. The drier constiruction consists of a 

concentric arrangement of two cylinders, the centte one having a mesh waU. Between these 

cylinders is a granulated sUica gel desiccant that creates a very low water vapour pressure in 

the centte tabe. As the aerosol ttavels through the centtal tabe, water vapour from the Hquid 

ckoplets is ttansported to the region of lower vapour pressure, drying the particles. 

The local vapour density is not constant as the amount of nebuUsed water and subsequent 

evaporation in the cHffusion drier tends to increase the local ambient vapour pressure about 

the ckoplets. This increases the requked drying time since the siHca gel desiccant cannot 

instandy take up the water vapour. As operation time kicreases the desiccant itself starts to 

saturate with absorbed water vapour. This also increases the requked residence time for 

drying. TypicaUy for water particles of the size produced by the nebuHser the ckoplet 

Hfe-time would be less than a second at a relative humicdity of about 50 % (llinds, 1982). The 

average residence time of the particle through the drier is about 0.7 seconds as the flow rate 

from the nebuHser was measured at about 8.3x10" m .s" (5 L.min"). 

A fine mist of water particles can be seen coming from the exit of the cHffusion drier as the 

drier saturates. To evaporate the remaining Hquid a 3 L volume is connected to the end of 
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Figure 4.3: Schematic of the nebuHser used to produce an aerosol of 
water ckoplets containing polystyrene spheres. 
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the dner before the aerosol flow moves into the LAOF. A flow of dry (RH 10%) ak joins 

the aerosol flow just before it enters the 3 L mixing and final drying volume and no water 

ckoplets are observed flowing out of this volume, see Figure 4.3. The cHlution ak flow rate is 

set to about 8.33x10"^ m i s ' (5 L.min"') and the flow ckawn through the LAOF mns at about 

1.67x10"* m\s '(10 L.min''). The flow from the nebuHser makes up the cHfference. Any 

excess aerosol from the generator is released via an overflow tee connection placed after the 

mixing volume; this overflow line terminates at a filter. Similarly, if the system ak to the 

aerosol generator should be shut off whUe the LAOF is stiU running, then the filter aUows 

clean akflow into the system so that there is no negative pressure buUds up. 

By the time the aerosol has left the mixing volume and entered the LAOF, the water in the 

ckoplets has evaporated leaving the polystyrene spheres as an aerosol. In a smaU fraction of 

ckoplets, the polystyrene spheres do not necessarily exist in the ckoplets as single spheres and 

it is possible that two or more spheres are in one ckoplet. This depends on the initial size of 

the water ckoplet relative to the polystyrene sphere size. Bigger ckoplets from the nebuHser 

result in a higher probabUity that it contains more than one polystyrene sphere, doublets, 

triplets etc. An optical microscope was used at a magnification of lOOx to image particles 

coUected by holding a clean glass microscope sHde at the exit flow of the mixing volume. A 

survey of glass sHdes viewed under the microscope gives a doublet to singlet ratio of 0.065. 

Once the aerosol of polystyrene spheres leaves the mixing/drying volume it enters the LAOF 

and is drawn down and through the scattering volume. ImmecHately after the scattering 

volume, the aerosol is ckawn onto a filter for determination of the aerosol average mass 

concenttation over the time of the experiment The particulars of the scattering volume and 

the associated optics are covered in the earHer chapter, see Sec 3.3.4 and 3.3.1. 
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4.3.1.2 Mass Concentration Measurement 

To determine the experimental cHfferential mass scattering cross section, Cj(6), it is necessary 

to know the mass concenttation in the scattering volume. The gravimetric method used 

determines the average mass concenttation of the aerosol particles over the sampling time of 

the experiment. By measuring the mass of particles coUected on a filter over a known time 

period and knowing the flow rate over the filter the average mass concenttation [mg.m""̂ ] is 

given by, 

A«̂  
M = - ^ . (4.9) 

Vt ^ ' 

Here tsw is the weight of the aerosol coUected on the fUter, Y is the volumetric flow rate 

through the LAOF and t is the length of time the aerosol was coUected on the filter. In 

most experiments the time period corresponds to an angular scan of the scattered Hght for 

two polarisation configurations ( W and HH), which is between 10 and 15 minutes of 

uninterrupted coUection time. As noted in Sec. 4.1.2, the mass of aerosol samples weighed 

was typicaUy in the range of 0.2 mg to 0.5 mg, and the standard uncertainty in the balance of 

±0.005 mg. This led to a relative standard uncertainty of about 2 %. The flow rate was 

determined a with a bubble flow meter (GiHbrator-2 Primary Flow CaHbrator, GUian 

Instmments Inc), at typical values of about 1.67x10""* m^.s''(10 L.min"'), with a relative 

standard uncertainty of 2 %. The uncertainty in the time of aerosol coUection is negHgible 

compared with the other parameters. The relative standard uncertainty in the mass 

concenttation measurement is about 3 %. This was obtained by combining in quackature the 

relative standard uncertainties of the mass and flow. 

Filters are weighed incHviduaUy in batches before the light scattering experiment begins. A 

clean filter is kept and weighed periocHcaUy as a check as to the uncertainty in the weighing 
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process and to alert in case of any errors in operation. The filters themselves are circular, 

47 mm diameter, polyflourocarbon membrane supported by a second membrane of the same 

material (Zeflour ). The fUter pore size is 2 |Im and the filter is quoted by the manufacturer 

as having an aerosol retention of 99.99% for 0.3 |j,m DOP aerosol at a flow rate to filter area 

ratio of 32 Lpm/100 cm . The fUters were stored in cHsposable plastic petn dishes. Stacking 

of these petri ckshes was avoided after the fUter was placed inside since it could result in 

electtostatic charges Hfting the filters onto the inside of the Hd of the petri cHsh. This in turn 

could mean the loss of some deposited particle mass. 

Weight measurements (see Appendix I) were repeated three times for each filter when new 

(pre-weighing) and three times for each filter after aerosol coUection. The three filter 

measurements were then used to determine an average weight, both an initial (clean) and final 

(coUected particles). The mass of aerosol particles coUected is given by the difference 

between the initial and final average weights. The aerosol mass is then used along with the 

measured flow rate through the LAOF and the time of aerosol coUection to determine the 

average mass concenttation during the sampling period, 

4.4 LIGHT SCATTERING CALIBRATION MEASUREMENTS 

4.4.1 M E T H O D 

When the caHbration aerosol is flowing through the LAOF and the laser is on, the scattering 

by the aerosol is visible to the eye due to the beam power and the large number 

concenttation of polystyrene spheres, which is nominaUy 10^ to 10̂  particles per cm^. This 

has an advantage in that it is very easy to see whether the caHbration particles are flowing 

through the scattering volume in a relatively uniform maimer. The Hght scattering 

measurements are made as they are for any aerosol foUowing the procedure detaUed in 

Appendix I. 
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Once the Hght scattering measurements are made the data is reduced. The scattering volume, 

M(6) , and the average mass concenttation, M [mg.m'j, over the period of the caHbration 

experiment, are used as outHned above to determine the caHbration constants, K^ through to 

Kti^ (Sec. 4.2). In Figure 4.4 experimental results shown have been scaled by applying the 

caHbration factors, K^ and K.^, from standard and log weighted LMS respectively. In 

essence the experimental results shown in Figure 4.4 are the result of a "best fit" appHed to 

the corrected detector signal. The caHbration constants were calculated from the scattered 

signal and then used to scale that signal data to the correct units of the cHfferential mass 

scattering cross section. The analysis shown in Figure 4.4 does act as a good check in the 

first instance of the scattering caHbration. 

A verification of the caHbration process is used to determine the caHbration constants, ^ j 

through to K^, and then apply the caHbration constants to the scattering signal of cHfferent 

polystyrene spheres, nominaUy 800 nm in diameter. The results of these verification tests are 

compared to the theoretical result and used to determine the best caHbration constant of the 

four to be used in this stady. The comparison with theory was also used to analyse the 

uncertainty in the scattering measurements. The caHbration verification is cHscussed in the 

next section. 

4.5 CALIBRATION VERIFICATION 

4.5.1 M E T H O D 

Applying the results of a caHbration to polystyrene spheres of cHfferent cHameter makes it 

possible to investigate the appHcabUity of the caHbration method and to assess the uncertainty 

in determining the cHfferential mass scattering cross section. This section presents the 

method and results of a verification of the caHbration experiments using nominaUy 800 nm 

cHameter polystyrene spheres as the scattering particles. The caHbration factors from the 
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Figure 4,4: Comparison of Mie theory and experimental results for 499 
nm cHameter polystyrene (PS) spheres at a) W polarisation and b) H H 
polarisation. Two caHbration constants used on the experimental results 
are the (1) standard and (2) log-weighted least-mean-square methods; 
they represent a best fit to the theoretical result. The graph is kicHcative 
of the variations of the experimental results about the theory and the 
differences ki the two calculated caHbration constants. 
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nommaUy 500 nm cHameter polystyrene spheres are appHed to the scattering results for these 

800 nm diameter verification particles. These verification particles are as weU characterised as 

the caHbration particles themselves, see Table 4.1, and sknUarly Mie theory gives an exact 

result for the Hght scattering. This gives an exceUent method of scrutinising the caHbration 

method used in this stady, and provides a means of assessing the method of LAOF 

operation to determine the cHfferential scattering cross section per unit mass, for particles 

other than the caHbration particle. The methods are the same no matter what aerosol is 

inttoduced into the LAOF and the only aspect that changes for cHfferent particles is the 

method of generation and thek subsequent ttansport into the LAOF. 

The caHbration verification particles used in this stady are 802 nm diameter polystyrene 

spheres. As with the caHbration particles a suspension of 802 nm diameter particles was 

mixed with 50 mL of particle-free deionised distiUed water at a dUution of about 2 % to 2.5 

% polystyrene solution to water. Once this nebuHser suspension was prepared an aerosol of 

polystyrene spheres was generated as detaUed above (Sec, 4.3,1.1). The Hght scattering 

measurements were then made as described for any aerosol in Appendix I. 

4.5,2 RESULTS 

Analysis of the caHbration data leads to four cHfferent caHbration constants, but it is necessary 

to determine which of these caHbration constants is the appropriate one to be used in this 

stady. By investigating the deviation of the 802 nm cHameter polystyrene spheres when 

compared with the exact result from Mie Theory the appropriate caHbratiori Constant can be 

identified: the criterion being that the caHbration constant chosen should cause the smaUest 

deviation from theory. This assessment made use of nine sets of calibrated 802 nm cHameter 

experiments at both polarisations. This data as a whole is referred to as the "verification data 

set", one for each caHbration constant under consideration. The analysis of deviation of each 
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set with respect to the Mie theory result is accompHshed by a least-mean-squared method. 

This approach is helpful in the sense that it is the same as an uncertainty analysis. 

The uncertainty analysis aimed at identifying the appropriate caHbration constant, calculates 

the standard deviation of the verification data set about the Mie theory, such that 

m - 1 

where s{6) is the standard deviation of the experimental value, 0-\B), of the 7th 

verification experiment about the theoretical value, (5,^(6), at the scattering angle, 6 . The 

summation is over the number, m = 9 , of experiments making up the caHbration verification 

data set at a given angle. This results in a standard deviation as a function of scattering angle. 

The standard deviation function is computed for the each verification set determined by the 

four cHfferent caHbration constants. 

It is beneficial to define the angular average of the standard deviation relative to the 

theoretical value as. 

Thus the relative standard deviation of the experimental about the absolute result is a single 

number, for a given polarisation. 

In Figure 4,5 the approximate 95 % confidence Hmit about the theory, 0,^(6)±25'(6), for 

each set of verification results generated by using cHfferent caHbration constants is presented. 

Figure 4.5a and 4.5b present the polarisation results for W and HH respectively. For 
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clanty twice the standard deviation is used instead of the single standard deviation. The HH 

plot has more clarity when graphicaUy comparing the deviations associated with cHfferent 

calculation methods of the caHbration constants. In the case of the W plot the lowest 

confidence Hmit occurs about the minimum at 6=110°. NormaUy at this minimum, the 

detector fails to resolve the depth of the minimum. In Table 4.2 the angular average of the 

standard deviation relative to the theoretical value, (5(6)/(7,^ (6)), is shown for aU the 

caHbration analysis methods and polarisation settings. 

Table 4.2: The angular average of the relative standard deviation, 

(s{6)/c7^^ {6)j , calculated for the cHfferent caHbration constant methods. 

Polarisation 

W 

HH 

Standard LMS 

0.245 

0.255 

Logarithm 
weighted LMS 

0.195 

0.12 

Sin(e) 
weighted LMS 

0.205 

0.185 

Angular 
average 

0.185 

0.115 

The logarithm weighted LMS method, Equ. 4.5, is selected for determining the caHbration 

constant since it provides the lowest deviation from Mie theory of the other LMS likelihood 

estimates. It is curious that simply computing a caHbration constant for each angle and then 

averaging the values produces s{6) almost identical to the Logarithm weighted LMS 

method. 

With the appropriate method of determining the caHbration constant identified, the results of 

a verification experiment can be compared dkectiy with the theoretical result Figure 4,6 

presents the results of a verification experiment conducted immecHately after the caHbration 

experiment in Figure 4,4 and uses the caHbration constant, K2, from that experiment. Mie 

theory results are also present for comparison. A comparison of the experimental and 
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Figure 4,5: The 95 % confidence Hmits (standard deviation multipHed 
by 2) about the theoretical result for 802 nm diameter polystyrene 
spheres of the caHbration verification sets for the cHfferent methods of 
caHbration constant calculation. Only the HH plot shows aU of the 
methods for clarity. 
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Figure 4.6: Results of a caHbration verification experiment using 
802 nm diameter polystyrene spheres along with the Mie theory results 
for comparison. The caHbration constant appHed was determined using 
the logarithm weighted LMS (i.e. K~f). 
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theoretical results in Figure 4.6 incHcates that overaU the caHbration is good with the 

exception of the minimum at 110° for W polarisation. To get a better understanding of the 

factors that influence measurement of 0\f)) and quantifying the uncertainty in its 

measurement. A thorough analysis of the uncertainty is presented below. 

4.6 UNCERTAINTY ANALYSIS 

4.6.1 T Y P E A AND T Y P E B UNCERTAINTIES 

The uncertainty analysis conducted here includes Type A and Type B uncertainties (Taylor 

and Kuyatt, 1993). The former is a based on statistical methods of data assessment, the latter 

is based on a scientific judgment of the standard uncertainty using aU relevant available 

information other than statistical analysis. That means that a Type B analysis makes use of 

various data sources including manufacturer information and previously pubHshed stacHes. 

As an example, a Type A analysis was used to identify the best method for computing the 

caHbration constant, in Sec. 4.5.2. 

The basic uncertainty presented in this stady is referred to as the standard uncertainty of a 

measurement or calculated result. The foUowing summarises the uncertainty evaluation used 

in this stady and foUows the NIST guidelines (Taylor and Kuyatt, 1993). Once aU the 

component standard uncertainties are determined, the kw of propagation of uncertainty, the 

"root-sum-of-squares" or quackature rule is used to combine them. This combined 

uncertainty is then multipHed by an appropriate factor to specify a region of confidence 

about the measurand (the quantity to be measured) in which the measurements made are 

Hkely to actaaUy be. The multipHer used in this stady is 2, which gives approximately the 

95 % confidence limits. Once appHed the uncertainty is referred to as the expanded 

uncertainty. This stady presents uncertainties as a relative uncertainty (a ratio, usuaUy 

expressed as a percentage) about a mean measurement or theoretical result. In this stady it is 

convenient to use an angular average over the scattering angles of relative standard 
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uncertainty, usuaUy with respect to the calculated Mie result. This result is beneficial for two 

reasons: firsdy it gives a dkect comparison with the ideal result and seconcUy the detection 

system is not caHbrated for absolute kracHance measurement but for the absolute Mie result. 

4.6.2 UNCERTAINTY IN THE CALIBRATION VERIFICATION 

Uncertainty in the caHbration verification experiments is analogous to determining the 

uncertainty in an unknown aerosol generated and ttansported to the LAOF in the same 

manner as the caHbration verification particles. 

4.6.2.1 Type A Uncertainty 

As mentioned above the analysis used to determine the appropriate method of calculating the 

caHbration constant is an uncertainty analysis. SpecificaUy a Type A analysis as it is 

statisticaUy based. The relative standard deviation is an angular function given by 

s\§)lO^f^{§), where s\6) is determined by Equ, 4,11 and Ojf^(6) is the Mie theory result 

The relative standard uncertainty is defined as the angular average of the angular function, 

that is IsiOycy^^ \6Jj. This result is a quantity that is easUy compared with other 

uncertainties. However, the angular average results in a loss of detaU that is important to the 

assessment of the factors influencing the uncertainty. In Figure 4.7 the angular function of 

the relative standard deviation has been presented so that the angular behaviour can be 

examined. One fact that becomes immecHately apparent in Figure 4.7 is the outHers at 6 = 

105° and 110° in the W polarisation data. These outHers are a result of detection system 

and size cHstribution uncertainties affecting resolution of the minima at 6 =110°. The value 

of the relative standard uncertainty has been determined as 19.5 % and 12 % for W and HH 

polarisation settings respectively, see Table 4.2 and shown in Figure 4.7 as the soHd Hnes. If 

the two outHers are removed from the W verification data set and the uncertainty 

recalculated then the resiUt is about 16.7 % relative to the Mie theory result. This is more 
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Figure 4.7: Plot of the relative standard deviation, s\f)l0f^ ip), and the 

relative standard uncertainty, (^(^j/cr,^ (i9)) , for both polarisations. 
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representative of the majority of the data points at angles 6 < 100°. A cHfference exists 

between the HH and the W uncertainties the cause of which wUl become more apparent 

after an uncertainty analysis of the components of the measurement are examined below. 

The Type A uncertainty of the caHbration verification data is an uncertainty that includes aU 

of the uncertainties that go into that measurement. What has not been accounted for is the 

uncertainty in the theoretical calculations with which experiments are compared. The Type 

A and calculation uncertainties (Type B) wUl then be combined into the combined 

uncertainty. 

4.6.2.2 Type B: Polystyrene sphere uncertainty 

This section and the one foUowing it, on the refractive index, examine the uncertainties 

associated with the characteristics of polystyrene spheres used in the Mie calculations. The 

basic assumption of the theoretical calculation is that a cloud of particles of the same 

cHameter, 802 nm, scatters the light In reaHty the particles passing through the scattering 

volume are cHstributed over a narrow range about a mean size close to 802 nm in diameter. 

The data suppHed by the manufacturer, see Table 4.1, is used in this section as sensitivity 

data for the upper and lower bounds of the polystyrene sphere size. The data source means 

that it is a Type B uncertainty analysis. This is an important examination as aU the 

verification data is compared with the scattering expected from single sized particles with a 

specific refractive index. These uncertainties have to be combined with the Type A analysis 

above, to account for the overaU uncertainties. 

The effects of widening the size cHstributions leads to averaging effects that reduce the depth 

of minima (Kerker, 1969; HoUand and Gagne, 1970; Hobbie and Sung, 1996) that occur ki 

single-sized particle scattering. This is due to integration over cHfferent sized particles present 

in the scattering volume. The effect of a narrow (monodisperse, in this case GSD = 0.988) 
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size cHstribution of polystyrene sphere used in this stady wiU be less than the effect due to a 

wide (polycHsperse, say GSD = 1.2+) cHstribution. The Mie theory result is calculated for 

scattering over an ensemble of polystyrene spherical particles with a size cHsttibution defined 

by the information in Table 4.1. Bounds of the size cHstribution effects are calculated using a 

mean size of the cHstribution that corresponds to a standard deviation either side of 802 nm. 

Therefore two cases made use of mean diameters based on the upper and lower limits of the 

size measurement uncertainty in Table 4.1 (i.e. ± 6 nm) at the same standard deviation of the 

cHstribution, s^ = 9.6 nm. Integration of the scattering signal over the size distribution was 

based on a Gaussian quackature using Gausse-Hermite abscissa and weights (Sec. 2.4.3) 

(Press et al., 1995; Germer, 2001). Relative uncertainties determined from these calculations 

were determined as angular averages of the angular dependent result 0\6) for 6 = 5 to 135°. 

Uses of higher (backward) angles tended to increase the uncertainty, but are ignored since 

they He out of our range of measurement Angles less that the experimental limit of 6 = 5° 

had negligible effect on the calculations. The two upper and lower bound cases (802 ± 6 nm) 

were used to assess both the effect of a monocHsperse cHstribution and the uncertainty m the 

actaal mean diameter of the particles by comparison with the calculated result from a single-

sized polystyrene sphere of 802 nm cHameter. 

Results of the calculations for the monocHsperse cases are shown in Figure 4.13 along with 

the results of a single 802 nm diameter sphere and experimental results. The first 

monocHsperse case used a mean cHameter d^ = 796 nm, and cHstribution standard deviation 

of Sj = 9.6 nm. This case gave a relative standard uncertainty of 3.8 % and 2.5 % for V\^ 

and H H polarisation respectively. The second case used the data set, d^ = 808 n m 

and 5^ =9.6 nm. In this second case the standard uncertainty relative to the single 802 n m 

cHameter results are 4.7 % and 2.1 % for W and H H respectively. In Figure 4.8 the results 
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Figure 4.8: The results of Mie calculation for smgle {d = 802 nm) and 

monodisperse {dp=196 nm and 808 nm, 5" = 9.6 nm) polystyrene 

spheres. The experimental results from Figure 4.7 are also included for 
comparison. 
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Table 4.3: Relative standard uncertainty results for size, disttibution, 
and refractive index calculation with respect to Mie theory for a single 
802 nm cHameter polystyrene sphere, for 6 = 5 to 135°. 

Case 

^« ^ 802 ± 6 nm 

^<i ^ 9.6 nm 

^« ^ 802 nm 

^<i ^9 .6nm 

^" ^ 802 nm 

""" 1.577 to 1.595 

Calculation 

MonocHsperse 

MonocHsperse 

Single Particle 

Relative standard 
uncertainty, W 

(%) 

4.25 

0.6 

0.4 

Relative standard 
uncertainty, H H 

(%) 

2.3 

0.02 

1.23 

of these calculations are shown graphicaUy. An analysis of the monocHsperse cHstribution for 

<i„ =802 nm and 5^ =9.6 nm was also conducted and resulted in a relative standard 

uncertainty with respect to single scattering case of 0.6 % and 0.002 % for W and HH 

respectively. From this it can be concluded that monocHspersity m the polystyrene spheres 

has a smaU effect compared with the uncertainty ki actaal mean diameter. This stady wiU 

make use of the uncertakities determined from the monocHsperse cases, d^ = 796 nm and 

<i„ = 808 nm, and average them to arrive at the relative standard uncertainties 4.25 % and 

2.3 % for W and HH polarisation settings respectively. The results of this analysis are 

summarised in Table 4.3. 

4.6.2.3 Type B: Refractive index uncertainty 

Refractive index is a material optical property upon which Hght scattering is intimately 

dependent, so any deviation from the value quoted ki Table 4,1 must be considered. Marx 
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and MulhoUand (1983) have assessed the refractive index of single polystyrene spheres for 

use as a standard reference material (SRM). Later a simple cHspersion relation was appHed to 

exttapolate the refractive index to HeNe (632.8 nm) wavelengths (MulhoUand et al., 1985a). 

To assess the influence of the refractive index on the calculated result a Type B approach is 

used simUar to what was done in the last section. This was achieved by taking the extteme 

values of the various pubHshed refractive incHces (Marx and MulhoUand, 1983; MulhoUand et 

aL, 1985a), namely 1.577 and 1.595, and applykig each to the Mie calculation for as skigle 

sphere of 802 nm cHameter for both polarisations. This range of values was not calcxilated 

from a propagation of uncertainty analysis but an adcHtion of expected uncertainties. 

Subsequentiy the range of refractive incHces is closer to two standard deviations. The relative 

uncertainty due to this range of refractive incHces is averaged for a given polarisation and the 

factor of two removed. The results are 0.4 % and 1.23 % for W and HH polarisations 

respectively, the results are also shown in Table 4.3. 

4.6.2.4 Calibration verification: combined and expanded uncertainty 

Including both the Type A and Type B uncertainties determined in the above sections the 

law of propagation of uncertainty, that is a root-sum-of-squares, gives the uncertainty in the 

caHbration verification experiments. The combined standard uncertainty is then determined 

as 20 % and 12.3 % for W and HH polarisation settings respectively. The expanded (two 

standard deviations, 95 % confidence Hmit) of the uncertainty is then 40 % and 24.6 % for 

W and HH polarisation settings respectively. The data from the experiment shown in 

Figure 4.6 is shown along with error bars in Figure 4.9, where the error bars incHcate the 95 

% confidence limits. 
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Figure 4.9: Plot of the data in Figure 4.6 with error bars showing the 
expanded uncertainty determined in Sec. 4.6.2,4. 
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4.6,3 C O M P O N E N T UNCERTAINTY ANALYSIS: T Y P E A 

The uncertainty analysis described in the last few sections reHes heavUy on the Type A 

uncertainty of the caHbration verification. To see how the cHfferent components of the 

measurement contribute to the uncertainty above each must be investigated separately where 

possible. The foUowing uncertainty analysis separates components of the measurement and 

tries to quantify thek magnitade for comparison. By later combining the component 

uncertamties a comparison can be made with the combined and expanded uncertainty result 

in the last section, Sec, 4.6.2.4. 

Type A uncertainty analysis is used where enough data is avaUable to aUow meaningful 

statistical analysis of the variation in the measured quantity. An example of this is the 

variation in repeatable results of the caHbration verification experiments, which examines the 

variation of multiple experiments about the mean quantity resulting from that set of 

experiments. The subject of the foUowing sections is a Type A uncertainty analysis of the 

uncertainty in repeat experiments, detector signal and mass concenttation. 

4.6.3.1 Uncertainty in repeat experiments 

One aspect that is important to an experimental measurement is the abUity to repeat that 

measurement. The uncertainty of repeating experiments is dependent on the combined 

uncertainties in an experiment. This quantity has been assessed by determining the standard 

deviation of the verification experiments about the average of those experiments. A method 

that is analogous to Equ. 4.11. Except that the result is relative to the experimental average 

and not the calculated Mie result as in Equ, 4,11. The analysis is mathematicaUy expressed 

as, 

(^(^y)) = 17E^.(^.) (4.12) 
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which gives the average result at an angle 6-, for the data set of, V =l..A^, verification 

experiments. The standard deviation, /i(6 j , is then given by, 

^^^^^ = \Yr^y^^^H^^^j)^' (4-13) 

which finaUy leads to the relative standard uncertainty of repeat experiments, h, by 

simpHfying the functional form by determining the angular average, that is 

, 1 ^ % ) 

The functional form of the relative standard uncertainty of repeat experiments is given by 

^v J / / ( ^ v J /) ' ^^^^^ ^ ^̂  ^ ^ angular average of the functional form in Equ. 4.13. The 

relative standard uncertainty ki repeat experiments, h, of the verification experiments has 

been calculated at about 12.2 % and 10.0 % for the polarisation settings of W and HH. 

This is relative to the average of the experiments. In Figure 4,10 the average of the 

verification experiments, Equ. 4.12, has been normaHsed with respect to the calculated result 

for 802 nm diameter spheres. Figure 4.10 shows the variation of the experimental average 

about the Mie theory result as the data points, ettor bars in Figure 4.10 represent 

2h{^ jj/o if^(6 j). The standard uncertainty of repeating experiments changes only sHghtiy 

over the angles, but is pronounced at an angle of about 110°. 

4.6.3.2 Detected Signal Uncertainty 

The uncertainty in the detection system has a l/^JN dependence, where N is the number of 

events underlying the measurement, such as the number of photons reaching the detector or 

the number of particles in the scattering volume. By thek nature these processes are 
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Figure 4,10: This plot shows the average of the verification experiments 

relative to the calculated result, that is (cr(j9 J] CT (|̂ , j - Error bars give 

the relative standard uncertainty of repeat experiments at the 95 % 

confidence limit, 2/i(6^ jl^th Vj)-
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independent of polarisation. The two main noise processes are due to the photon flux to the 

photomultipHer and fluctaations in the number of particles in the scattenng volume. The 

photon flux is very high and as a source of uncertainty it is considered negHgible. For the 

particle number fluctaations, the contribution is important since the scattering signal is 

dkectiy proportional to the number of particles in the scattering volume. A typical number 

concenttation calculated from the gravimetricaUy determmed mass concenttation of 

1.89 mg.m"\ is about 7x10' particle.m"'' (7x10' particles.cm"-̂ ) or around 300 particles in the 

smaUest scattering volume at 6 = 90°, which gives a 1/V7V standard uncertaHity of about 

6%. 

By making use of actual detector signal data the uncertainty of a measurement at a given 

scattering angle can be determined. Since the detector signal measured and recorded at a 

particular scattering angle is the average of ten qidck measurements, the standard uncertainty 

of this average is Jj j-yJN^ , where s^ is the standard deviation of the measurements about 

the average and Â ^ in this case is 10. Examining the *.RAW data file containing aU the 

detector data, a relative standard uncertainty of detector signal measurements ranges from 

about 0.5 % to 2 % of the measured average detector signal. In Figure 4,11 an example of 

this signal detection standard uncertainty is shown as the bars about data points that 

demonsttate the variation in the aerosol mass flow over time, the subject of the next section. 

The two to three orders of magnitade range in the detected signal affects the uncertainty, 

which changes as the angle increases and the noise floor of the detector is approached. This 

resolution floor is reduced by increasing the sensitivity of the lock-in ampHfier as the detector 

moves through a scan (Sec, 3,3,2). 
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4.6.3.3 Mass, concentration time dependence 

As has been cHscussed above there are no cHfferences in method between the Hght scattering 

measurements made for cHfferent aerosols, see Appendix Al. The cHfferences are in the 

aerosol generation and ttansport to the LAOF. The effects of cHfferent smoke aerosol 

production methods wUl be dealt with when thek results are ckscussed in later chapters. For 

the caHbration and verification experiments, the polystyrene sphere generator in Figure 4,2 is 

considered in this section. 

In general the aerosol generated and suppHed to the LAOF influences the number of 

particles present in the scattering volume over a relatively longer time period than that 

considered in the faster signal uncertainties above. This means that mass concenttation 

measurement and detector signal over the time of an actual angular scan wUl be affected. 

That is to say, drift in the aerosol generator wUl affect scattering signal measurements made at 

cHfferent angles. Variation in mass flow conttol also plays a role in this uncertainty but is not 

isolated in the analysis that foUows; to a degree it is included in the actaal weighing of the 

filtered aerosol sample, see Sec 4,3,1,2. 

The mass concenttation measurement made in an experiment is an average over the period 

of sampling. The mass concenttation is not measured as a function of time. The detector 

signal is more sensitive to these variations whUe it is making many measurements over the 

experimental period and "sees" these fluctuations. The mass concenttation fluctaations were 

observed by making use of scattering data coUected whUe the detector \)?as stationary at 

6 = 1 0 ° and an aerosol of polystyrene spheres was flowing through the LAOF. The results 

of this experiment are shown in Figure 4,11 where they have been normaHsed to the average 

detector signal over the total period of all the observations. This corresponds to the mass 

concenttation determined by the gravimetric measurement method, as the average over aU 

the observations is proportional to the mass concenttation measurement Subsequentiy the 
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Figure 4.11: Results demonsttatkig mass fluctaations in the caHbration 
aerosol generator, the detector has been held at 10° whUe polystyrene 
sphere aerosol flows through the LAOF. The average detector signal for 
the period of observation and the 95% confidence Hmits of this average 
are shown. The error bars correspond to the detector signal uncertakity. 
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fluctaation m aerosol mass flow from the generator, results in a standard T)^e A uncertainty 

of about 6 % relative to the mass concenttation from the gravimetric measurement This 

result is independent of the polarisation setting. 

4,6.4 C O M P O N E N T U N C E R T A I N T Y ANALYSIS: T Y P E B 

The foUowing sections are concerned with the Type B uncertainty analysis of components of 

the caHbration verification. In the case of an analysis of uncertainty in the polariser settings, a 

set of experiments were analysed using a Type A assessment. This analysis cHd not faithfuUy 

represent the real experimental procedure, although they cHd set a minimum level of 

uncertainty. Subsequentiy some judgement was used ki determining the polariser setting 

uncertainty, making it a Type B uncertainty. The uncertainties from multiple scattering and 

scattering angle deviations are also considered. 

4.6.4.1 Scattering angle deviations 

Angular uncertainties are coupled to the position of the detector based on components such 

as the rotation stage, its conttoUer, the centtal positioning of the scattering volume, and the 

uncertainty in the initial zeroing of the detector. The rotation stage and conttoUer were 

designed for exttemely high precision and give uncertainty in the angular position of 

± 0.0035°. The zero position is foimd by examining the incident beam at close to 6 = 0 ° , 

where the detector then moves through a course arc (arc ± 2°, step A 6 =0.23°) and then a 

fine arc (arc ± 1°, step A6 = 0.1°) looking for the largest peak signal (Sec, 3,3.1). A Gaussian 

beam cHstribution has been assumed and the effect of the optical elements on this 

assumption has been ignored. Thus peak values might not necessarily occur at the centte of 

the beam since aberrant effects such as dust on optical elements and interactions with these 

elements themselves can lead to deviations from the Gaussian form. Nethertheless, an 

estimated standard uncertainty of about ± 0.25° is acceptable given the zeroing procedure. 
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The uncertainty caused by misaHgnment of the scattering volume, which should have a centte 

common to both the incident and scattered beam, was not dkecdy quantified. Analysis of 

the verification experiment data, such as the H H minimum between 115° and 120°, incHcates 

that the overaU standard uncertainty in the angular position is < 2.5° as an upper bound. 

The maxima and minima typical of the aerosols examined in this stady do not have fine 

angular widths, see F igures 4,1 and 4,6. So they should be easUy resolved by the acceptance 

half-angle of ± 0.3°. Integrating the Mie scattering result, which is ideaUy for an infinitesimal 

detector, over the acceptance angle and cHviding by the total view width, 0.6°, gives the result 

for the detectors angular view. The integration has been performed numericaUy after the Mie 

result was calculated for a single 802 nm polystyrene sphere. The Mie result was calculated 

for an angular step of A6 = 0.1° and then integrated uskig Simpson's rule from +0.3° to — 

0.3° of commonly used measurement angles within the range of 6 =4.7° to 135°. The 

relative standard uncertainty of this acceptance angle was determined at < 0.002 % with 

respect to the Mie result for an kifinitesimal detector. The uncertainty of the acceptance 

angle of ± 0.3° is negligible for the slowly varying scattering patterns observed in this stady. 

An estimate of standard uncertainty in the angular position of about + 0.5° seems 

appropriate. This leads to an angular average standard uncertainty of about 4 % relative to 

the Mie theory solution, independent of polarisation. 

4.6.4.2 Uncertainty in polariser setting 

Some experimental tests have been conducted with the polariser elements to understand the 

magnitade of the uncertainties they contribute. To test the manual movement of the 

polarisers the detector and its optical ttaki were positioned at 6 = 0 ° with a neuttal density 

filter reducing the kicident beam magnitade to a measurable level. The analyser optic before 

the detector and the halfwave plate were then rotated from H H to W settings and back 
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many times, the detected signal being recorded after each movement. The standard 

uncertainty of these measurements was about 2 % for both polarisation settings. The time 

constant on the lock-in ampHfier was increased substantiaUy to average out noise effects. A 

larger deviation appears when the HH and W data are examined at the near forward angles. 

For angles < 20° tiie polarisation ratio, p{B)=Offfj {S)/Oyy (6), is on average about 1.25 for 

the experiments m the verification set, whereas theoreticaUy the polarisation ratio should be 

less than 1.1 at these angles. Figure 4.12 presents a non-normaHsed and normaHsed (set to 1 

at 6 = 5°) polarisation ratio for comparison, where data used is the same as that presented in 

Figure 4.7. As in the Type A data shown in Figures 4.7, large cHvergence from Mie theory 

occurs at the angles associated with the minima in the W polarisation data. The 

normaHsation at 6 = 5 ° of the experimental data corrects weU for the systematic over and 

under estimation of the HH and W polarisation settings respectively. 

One test was made of this under and over estimation with the detector sitting at 6 = 8 ° 

whUe 802 nm cHameter polystyrene aerosol was flowing through the LAOF. The analyser 

optic and halfwave was then manuaUy moved between HH and W polarisation settings. 

Again a 2 % variation in the average detector signal was observed but an average polarisation 

ratio of 1.14 was measured for nearest paks of settings. Mie theory gives a polarisation ratio 

of 1.01 at this angle. Examination of the caHbration verification data shows that the W 

component is generaUy lower than the exact result unHke the HH result, which is tjrpicaUy 

close to or higher than the exact result, see Figure 4,12. The result of the typicaUy lower W 

and higher HH makes the polarisation ratio much higher than exact theory. This systematic 

deviation is beHeved to have two possible causes. One possible cause beHeved to contribute 

substantiaUy to the uncertainty is the analyser optic (before the detector) causing some beam 

refraction. This optical element is not perfectiy mounted with its faces at 90° to the incident 

scattered beam and is also a thick optical element (Sec, 3,3,1). The refraction causes the 
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Figure 4,12: The a) non-normaHsed and b) normaHsed (at 6 = 5°) 
Polarisation ratio, pi^)= O„„{6)l0yy{6), of the caHbration verification 

experiment shown in Figure 4.7. The non-normaHsed Mie result is also 
shown. 
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scattered beam entering the detector assembly to shift sHghtiy away from the fmal aperture (1 

mm cHameter). WhUe this effect is smaU for the HH polarisation settkig it is apparentiy larger 

for the W setting after rotation of the analyser, which is beHeved to refract the scattered 

beam away from the final aperture causing a larger deviation from Mie theory in the W case. 

The other influence is the polarisation dependence of a photomultipHer, which has a bias 

towards horizontal polarisation. This photomultipHer effect is expected to be about 1 % to 2 

% of the signal. WhUe these factors are cHfficult to quantify the future approach would be to 

improve the optical elements, detector performance and scattering vessel design. As is often 

the case with optical apparatas the best solution is prevention. 

For manual setting of the polariser the relative standard uncertainty of 2 % based on the 

measurements made above are utiHsed. There is obviously some component contributing to 

a cHfference in the W and HH polarisations that is responsible for a deviation about 13 % in 

the polarisation ratio when not normaHsed at 6 = 5 ° . From these a relative standard 

uncertainty of 7 % and 5 % about the detector signal for W and HH polarisation settings is 

adopted. 

4.6.4.3 Multiple scattering 

Consider the effects of multiple scattering that occur when %ht scattered from one particle 

interacts with one or more particles before reaching the detector. Mie theory is an exact 

theory for single scattering events and any multiple scattering wiU cause a deviation. Multiple 

scattering is driven by the separation cHstance of particles in the scattering volume and, if 

present, results in a cHsproportionate scattering signal compared with particle concenttation, 

whereas Mie theory is dkectiy proportional to the scattering signal. A concHtion of multiple 

scattering (Napper and OttewUl, 1964) is that if the ratio of the average separation of 

particles, L {L°^ p,^ ' , where p^ is the number concenttation given the assumption that 
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the particles are in a cubic lattice), and the particle cHameter, d , is greater than 100, then the 

effect of mvdtiple scattering is msignificant In this stady, typical ratios of Ljd ^ are many 

rimes greater than 100, based on the mass and number concenttations determined in the 

sections above (around 600). The concHtion put by Napper and OttewiU (1964) is quite 

sttmgent when compared with those proposed by Qukantes et al. (2001), who have shown 

that particles with smaU size parameter, x < 5.5, are very sensitive to separation cHstances. 

The 802 nm diameter polystyrene spheres used in this stady have a size parameter of 

X = 3.95 . A rule of thumb is that the volume fraction (Qukantes et al., 2001), 

A ^ 

^'=^ 
(4.15) 

be less than 0.01 is necessary to ensure that inter particle separations are large enough to 

avoid multiple scattering. Again this concHtion is easUy met in the experiments conducted in 

this stady, with typical volume fractions of about 2x10'. A visual clue to the presence of 

multiple scattering is a halo about the scattering beam. This halo was never observed in any 

experiments conducted with the LAOF. On the basis of this analysis effects of multiple 

scattering can be ignored in this stady. 

4.6.4.4 Polystyrene sphere doublets 

There is another compHcating process that might also contribute to uncertainties related to 

the nature of the particles and that is the presence of agglomerated doublets'.-Deviation from 

single particle scattering due to the presence of a^lomerated polystyrene spheres represents 

a deviation from the symmetrical sphere modeUed by Mie theory. Bottiger et al. (1980) have 

shown that the main deviation from Mie theory caused by doublet agglomerates occurs in the 

ampHtade of the maxima and minima not the angular dependence. Fortunately, the ratio of 

doublets to single spheres in the aerosol flowing through the LAOF is smaU with an 
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estimated value of 6.5 % of the total number of singlet polystyrene spheres (Sec. 4.3.1.1). A 

sensitivity test of the effects of these doublets was investigated but not pursued as it was 

considered impractical. PrincipaUy because the number of doublets is a smaU fraction of the 

singlets the effects have been considered to be negligible in comparison to other 

experimental sources of uncertainty. 

4.6.5 COMBINED COMPONENT UNCERTAINTY 

Combining and expanding the component uncertakities determined in the last sections can 

help identify some of the dominant sources of uncertainty in the experimental measurements. 

The Type A standard uncertainties of the caHbration verification experiment in Sec. 4.6.2.4, 

are 20.0 % and 12.3 % for the W and HH polarisation settings respectively. The standard 

uncertainties of the incHvidual components examined are summarised in Table 4.4. The 

combined standard uncertainties for the components are 10.7 % and 9.5 % for the W and 

HH polarisations respectively. This component uncertainty compares weU with the 

measured uncertainty in repeat experiments, 12.2 % and 10.0 % for the W and HH 

polarisations respectively. The component and repeat experiment uncertainties are 

comparable since they are not relative to the Mie theory result as the verification experiment 

uncertainties are. Figure 4.10 shows the cHfference between the average verification 

experiment and the Mie theory result as the vertical axis. The angular average uncertainty 

represented by this cHfference is the 6 % and 1.2 % for the W and HH polarisation settings. 

In the case of tiie W component combkiation with the uncertakity in repeat experiments 

results in an uncertakity of about 13.6 %, the HH component has a negHgible effect 

Uncertainty in W has a sttong contribution in the angular average analysis adopted in this 

stady due to an inabiHty to fuUy resolve the minima near 110°. 

AU the combined uncertainties can be expanded to thek 95 % confidence levels by 

multiplying by 2. 
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Table 4.4: A summary of the component Type A and Type B 
uncertainty analysis. 

Uncertainty 

Detector Signal (Type A) 

Polariser Settings (Type B) 

Scattering angle (Type B) 

Aerosol Mass Flow (Type A) 

Gravimetric (Equ. 4.9) (Type B) 

Componeftt Combined 
Uncertainty 

Repeat Experiments (Type A) 

Combined uncertainty in 
Verification Experiments 

Relative standard 
uncertainty, W (%) 

2.0 

7.0 

4.0 

6.0 

3.0 

10.7 

12.2 

20.0 

Relative standard 
uncertainty, H H (%) 

2.0 

5.0 

4.0 

6.0 

3.0 

9,5 

10.0 

12,3 

4.7 DISCUSSION 

The caHbration method presented above is novel in that it uses an aerosol of polystyrene 

spheres to determine the angular distribution of scattered Hght in mass units as opposed to 

being normaHsed to arbittary utkts. The use of normaHsed units simplifies the measurements 

Hi that a determination of the number of scatterers in the scattering volume is not necessary. 

A gravimetric approach makes an indkect measurement of the number of particles by 

determining the mass concenttation of aerosol in the scattering volume, which dkectiy 

formulates the volume scattering problem in terms of mass units. The use of a number-size 

cHsttibution would put a weighting on smaU but numerous particles that are not sttong 

scatterers. A mass scattering approach is thus more conceptaaUy representative of the 

underlying aerosol size cHstribution relevant to Hght scattering. Mass units also have 

relevance in fire science and engineering where the yields of produced smoke are dealt with 
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in units of fuel mass loss and smoke mass concenttation. Similarly mass units gready 

enhance the abiHty to compare experimental and theoretical aerosol Hght scattering stacHes. 

The gravimetric method at the heart of this caHbration technique is easier to implement than 

the method developed by HoUand et al. (HoUand and Draper, 1967; Holland and Gagne, 

1970). They had to map the particle jet flow and cHstribution through thek scattering volume 

as weU as caHbrating in terms of absolute intensity (Prichard and EUiot, 1960). The 

gravimetric method reHes on thorough mixing in the scattering volume, the abiHty to weigh 

relatively smaU aerosol samples and to conttol the aerosol mass flow through the scattering 

volume onto a high efficiency filter. 

The benefit of using the verification experiments for the uncertainty analysis is that it 

reproduces many of the uncertainty components that affect measurements of 0\6) on 

unknown aerosols. The only uncertainty component that is not analysed for other aerosols is 

the aerosol generation and ttansport particular to those unknown aerosols. The uncertainties 

in the calculated Mie scattering are smaU compared with the uncertainties in the measurement 

of the cHfferential mass scattering cross section (Sec. 4,6,2,4). Analysis of the components 

contributing to the uncertainty in the measurements indicates two main sources of 

uncertainty: the polariser settings and the aerosol mass flow rate through the scattering 

volume. Future work with the Large Agglomerate Optical FacUity shovUd aim at minimising 

the effects of these two measurement components. An improved optical ttain and a 

scattering reference channel would be of use in reducing these uncertainties. The accepted 

combined and expanded uncertainties in a scattering experiment on polystyrene spheres in 

this stady are 40 % and 25 % for W and HH polarisation settings. 
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SMOKE AEROSOL FROM NON-FLAMING FTRRS 

5.1 INTRODUCTION 

5.1.1 OVERVIEW 

An overview of Hght scattering theory, a description of the Hght scattering apparatas and 

caHbration of that apparatas has been cHscussed in earHer chapters. The foUowing chapters 

present the results of experiments conducted to characterise the smoke aerosols generated by 

cHfferent fiaels. The characterisation focuses primarily on the angular Hght scattering by the 

smoke aerosols generated in non-flaming fires (Sec. 1.3). This is measured and quantified in 

terms of the cHfferential scattering cross section per unit mass per steradian. An overview of 

the characteristics of smoke aerosols generated in non-flaming fires in other stacHes is 

cHscussed before moving on to the methods of the experiments conducted. The methods 

describe the means particular to non-flaming smoke aerosol generation. Smoke particle size 

cHstribution is also presented and this information is used along with previously published 

information on smoke refractive index to compare the experimental results with Mie theory 

(Sec. 2.4.3). The number and mass concenttations of the smoke aerosols were also 

measured at thek source, the Fke Emulator/Detector Evaluator (FE/DE) at NIST. 

5.1.2 SMOKE AEROSOLS FROM NON-FLAMING FIRES 

The envkonment in which non-flaming smoke aerosols are generated is very cHfferent from 

that of smoke aerosol from a flaming fire, and for this reason the smoke aerosols produced 

are quite cHfferent. The cHfferences in envkonment have fundamental effects on the 

chemistry and physics of formation and subsequentiy the morphology of generated particles. 

These cHfferences are the basis on which this stady adckesses its hypothesis of cHscriminating 

between the smoke aerosols generated by the two modes of fire: flaming and non-flaming. 
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Smouldering combustion is quite different from forced pyrolysis, as it compnses a true 

self-sustaining propagating combustion wave that has three distinct zones (OhlemiUer, 1995; 

Moussa et al., 1979). Fkst is the pyrolysis zone, where heat from the adjacent reaction zone 

is thermaUy decomposing the fuel and producing gaseous products. Some fraction of these 

gaseous products condenses forming an aerosol. The second zone is the reaction zone 

where combustion is the dominant process. The products of this zone are oxicHsed gases, 

some of which could condense or react with surfaces of condensed phase particles. The 

thkd zone is the char zone, which could produce some soHd akborne char material. Many of 

the aerosol products produced in smouldering combustion are simUar to those in forced 

pyrolysis, in that they are a condensed phase of hyckocarbon decomposition products. This 

is due mainly to the processes at work in the pyrolysis zone of the smouldering combustion. 

Smouldering combustion is defined as being a self-sustaining process. EssentiaUy this means 

that the heat loss rate from the smouldering fuel is less than the combustion heat release rate. 

If heat needs to be appHed, then this is not smouldering combustion but forced pyrolysis. 

Forced pyrolysis is pyrolysis of a fuel by an external heat flux and has an important place as 

an incipient stage of some fires. The term "non-flaming" fire is sttetched in this stady to 

include forced pyrolysis as weU as smouldering combustion since forced pyrolysis is a cause 

of fire ignition in many sitaations and thus related to eariy detection (Sec. 1,2). The heat flux 

present in forced pyrolysis thermaUy decomposes the fuel material evolving monomers, 

polymer fragments, and partiaUy oxicHsed species. Some of these components are high 

boUing point species, which cool as they move away from heat sources, finaUy condensing to 

form an aerosol composed of smaU ckoplets. Whether a Hquid or soHd particle is formed is 

dependent on the chemistry of the pyrolysis products and the envkonment. 

The formation processes above leads to a simple conclusion that smoke aerosols from non-

flaming fkes are condensed phase hyckocarbon compounds. Rau (1989) conducted a very 
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interesting stady of the chemical composition of the smoke aerosols from a household wood 

burner operatmg m various modes of combustion. The smoke aerosols from the non-

flaming wood fires were found to be predominantiy organic carbon, 55% to 60%, and water 

with very few ttace elements. 

The chemistry and physics of aerosol particle formation puts consttaints on shapes that 

resultant particles form. As has been cHscussed above these particles are a condensed phase 

of hyckocarbons and as such they tend to form ckoplet-like particles. Figure 5,1 shows a 

scanning electton microscope image of some smoke particles from smouldering wood 

(Colbeck et al., 1997) and a ttansmission electton microscope image of incense smoke 

(Cheng et al., 1995). Bankston et al. (1981) obtained SEM knages of smoke particles 

generated by non-flaming fires of smoke from wood, polyurethane foam and polyvinyl 

chloride plastic. Even though thek images were from an impaction plate on which many 

particles had landed on one another, the ckoplet nature of the particles was recognised. The 

ckoplet shape of smoke particles from non-flaming fires is often simply considered to be that 

of a sphere, a vaHd assumption given the images of Figure 5.1. This has meant that past 

StacHes for response modeUing of light scattering smoke detectors (Meacham and MotevaUi, 

1992; Aggarwal and MotevaUi, 1997) could utUise Mie theory, as wefl as those that 

characterise the particles (MuUioUand et al., 1985b). 

The phase behaviour of pyrolysis products can vary a great deal, which in some 

ckcumstances can lead to exceptional behaviour. For example, polytettafluro'ethylene with a 

high pyrolysis temperatare produces a soHd-like aerosol with agglomerate structure, whUe 

cooking oU produces ckoplets. Figure 5.2 shows a sitaation where an aggregated smoke 

aerosol is produced by forced pyrolysis of a polytettafluroethylene insulated wke in low 

gravity. This image was coUected by Paul et al. (1997) when they were examining 
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Figure 5.1: a) Scanning electton microscope micrograph of smoke 
aerosol from smouldering wood, the scale represents 2|Im (Colbeck et 
al., 1997). b) Transmission electton microscope image of incense smoke 
particles (Cheng et al., 1995). 

b) 
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the smoke aerosols produced m overheating electrical wkes used on spacecraft. They were 

characterising the smoke particle morphology for smoke detection purposes. Paul et al. 

(1997) noted that the elongation of the primary particles was due to the large vector of force 

that occurred when the insulation of the wke burst aUowkig the hot pyrolysis product near 

the wke to escape. These eUiptical primary particles were a result of this particular material 

and environmental condition. 

Comparison of Hght scattering stacHes with theory for spherical aerosols is feasible given 

knowledge of the size cHstribution and refractive index of the particles. Particle cHameter is a 

key parameter conttoUing the light scattering and of importance to aerosols kinetics. 

Subsequentiy, there have been a number of stacHes carried out to characterise the size 

cHstributions for smoke aerosols produced by non-flaming fires. The characteristic diameters 

of smoke aerosol size cHstributions have been found to range between 0.1 fXm to 5 jlm (Rau, 

1989; Phalen et al., 1976; MuUioUand and OhlemUler, 1982; Helsper et al., 1980; Cheng et al., 

1995; Bankston et al., 1981; Lee and MulhoUand, 1977; MulhoUand et aL, 1989). The 

refractive index is also an important parameter though there have been relatively few 

measurements of refractive index for smoke. MulhoUand et al. (1985b) found the refractive 

index of smoke produced by smouldering a-ceUulose to have a value of about 1.5 at a 

wavelength of 442 nm. 

This stady includes size cHstribution measurements of smoke aerosols from non-flaming fires 

so that the contributions of this parameter to the Hght scattering results could be accounted 

for. In the past the tendency has been to rely on an anecdotal generaHsation: smoke aerosols 
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Figure 5.2: Transmission electton microscope micrograph of a Teflon 
smoke particle, the source was an overheating of Teflon wke insulation 
in micro-gravity (Paul et al., 1997) (the image has been cHstorted by 
copykig). 

• 0.238 /tm 
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from non-flaming fkes are larger than those from flaming fires (Meacham and MotevaUi, 

1992), common in the smoke detector community. This generaHsation is cHscussed further in 

Chapter 8. Lack of size and shape information about the smoke aerosols examined in 

previous Hght scattering stacHes has hampered clear descriptions of findings. The 

generaHsation has come from the research into ionisation and photoelectric detectors and the 

fact that the two detectors have cHfferent responses to cHfferent moments of the particle size 

cHsttibution (MulhoUand and Liu, 1980). Ionisation detectors are more responsive to smoke 

aerosols from flaming fires than non-flaming fkes because the flame-generated particles are 

smaU and very high in number. A photoelectric detector wUl respond better to smoke 

aerosol generated by non-flaming fires since these fires generally produce larger particles. For 

Hght scattering stacHes of smoke aerosols the morphology (sphere or agglomerate) of the 

particles is a very important factor (Sec. 2,5). These points wiU be demonsttated in the 

results that foUow in this and the subsequent chapters, which wiU be finaUy compared in 

Chapter 8. 

5,2 METHODS 

5,2.1 NON-FLAMING FUELS AND SMOKE AEROSOL GENERATION 

This section presents the method and particular experimental detaUs by which data on the 

Hght scattering properties and size cHstribution were coUected. The generation of aerosols is 

detaUed first, foUowed by descriptions of the methods used for sampHng and measuring the 

size cHstribution, mass and number concenttation. 

Three non-flaming fuels have been examined in this stady, two of which are commonly used 

Hi fire detector standards. One fuel is smaU beech wood blocks common to the European 

fire detector standard EN54 Part 9 (EN54,1982). These wood blocks are 35 mm x 20 mm x 

10 mm in cHmension and have been kept in a concHtioning room when not in use, as requked 

by EN54-9. The second fuel common to smoke detector standards is a cotton lamp wick, 

5.2:123 



Chapter 5 

ver)' simUar in appearance to shoe laces, that is used in both EN54 and the UL217 (UL 217, 

1993). The cotton lamp wick material was cut from a long roU into wicks each about 

210 mm ki lengths that were burnt in the Fke Emulator/Detector Evaluator (FE/DE) (Sec. 

3.4.1.2). Both the original roU and the cut lengths were stored in the same concHtioning room 

as the beech wood blocks. The final fuel used was fire retarded polyurethane foam taken 

from the seat cushion of an armchak. The main factor behind the use of this polyurethane 

as a fuel was its use in a series of large-scale tests that were being conducted at NIST as part 

of an investigation of residential fire detectors (Bukowski et al., To be pubHshed). 

Polyurethane foam is common in seating furnishings and a common fuel ignited in some 

residential fires. 

The FE/DE was used to generate aU the smoke aerosols from non-flamkig fires for this 

portion of the stady. The FE/DE is used for this purpose skice there were no facUities near 

the Large Agglomerate Optical FacUity (LAOF) to bum soHd fuels m a conttoUed 

envkonment with appropriate sensor instrumentation. The wood blocks and the cotton 

lamp wicks were commonly used ki the FE/DE to test fire detectors for the very reason that 

they are standard test fire fuels used in detector certification. This stady was able to examine 

the Hght scattering and size characteristics of smoke particles generated ki tiie FE /DE adding 

to the knowledge of the FE/DE's standard operation. 

The sequence for operating the FE/DE and coUecting the smoke is as foUows: the fuel with 

appropriate heating system was positioned ki the test section of the FE /DE (see Figure 3.4). 

About 60 seconds of background data were coUected before the fizel under examination was 

ignited or heat appHed. In the case of the beech wood, blocks of the wood were arranged 

on a 250 cm^ (750 kW) hot plate m tiie test section of tiie FE/DE. The hot plate and beech 

wood blocks used to generate smoke aerosols are shown in Figure 5.3a. Each block of 

beech wood has dimensions of nominaUy 35 mm x 20mm x 10 mm. Eight of the blocks 
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Figure 5.3: a) The arrangement of wood blocks on the hot plate used 
to pyrolyses them, and b) the staged-wick-ignition device developed at 
NIST (Cleary et al., 2001) and used to produce the cotton lamp wick 
smoke aerosol. The insert shows the wke ignition coUs. 
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were arranged on the hot plate for an experiment The beech wood was then placed on the 

hot plate tamed to fuU power, a setting of 500°C, subjecting the wood blocks to forced 

pyrolysis (Sec. 1.3). Figure 5.3 shows a photograph of the beech wood blocks arranged on 

the hot plate. 

Figure 5.4a shows the Hght ttansmission measured by the upper laser of the FE/DE while 

pyrolysing beech wood blocks. The repeatabUity of the smoke generation is apparent ki the 

closeness of the ttansmission curve and the similarity of form. This is the point of utiHsing 

the FE/DE, which has been designed for repeatable operation, particularly with the beech 

wood and cotton lamp-wick standard test-fuels. The surface of the hot plate was washed 

down after the wood was pyrolysed on it It had been found that when reused uncleaned 

bursts of residual wood tars were vaporised from the hot plate surface. These vapours would 

then recondense to form very smaU particles. This cHd not impact significantiy on the smoke 

aerosol as these smaU particles evolved from the hot plate surface before the wood began to 

produce smoke aerosols. In Figure 5.4b the number concenttation versus time measured by 

the condensation particle counter (CPC, to be cHscussed in the next section) contains two 

peaks: the first for the very smaU particles and the second for the smoke aerosol. Once these 

very smaU particles were observed, the hot plate cleaning process was changed to include a 

number of wet wipes whUe at its operating temperature. It was then left for a time at ftdl 

power before being turned off to cool. The hot plate cleaning was particulariy important 

during continuous monitoring of aerosol equipment sensitive to smaU particles such as the 

CPC. The Hght scattering by particles this smaU is negligible at the wavelength used in this 

stady, X = 632.8 nm. As can be seen in Figure 5.4a the response of the lasers in the 

FE/DE are insensitive to smaU particles when compared with the CPC (Figure 5.4a). 

The smoke aerosol generated by the pyrolysed beach wood blocks was sampled from 

800 seconds after taming on the hot plate, tUl about 1600 seconds. The laser ttansmission 

5.2:126 



Chapter 5 

Figure 5.4: a) Transmission measured by the upper laser of the FE/DE 
whUe pyrolysing the beech wood blocks, b) The number concenttation 
as measured by the CPC showing the evolution of the very smaU 
particles before the wood smoke is produced. 
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and sampHng times are shown in Figure 5.5a. This sample corresponds to the smoke 

aerosol to be used in the Hght scattering measurements. 

In Figure 5.3b the staged-wick ignition device that was used to smoulder cotton lamp wick 

is shown (Cleary et al, 2001). The igmtion device is shown loaded with a total of 32 cotton 

lamp wicks as used in this stady. This device aUows various ignition sequences to be used. 

The F E / D E computer conttols the sequence as the power to electrical heating wkes at the 

bottom of the cotton wicks is appHed, as shown by the kisert in Figure 5.3b. The smoulder 

propagation is in the upward dkection. In the case of %ht scattering and size distribution 

measurements four sets of eight wicks were ignited with a 12 second interval between 

ignition of each set After about 180 seconds the wicks were known to be out of the 

influence of the hot ignition coUs and in a true smoulder state, i.e. self-sustained. The 

self-sustained propagation rate is about 0.17 mm.s'. Smoke aerosol generated by the cotton 

lamp wick was sampled while at a steady state as can be seen in Figure 5.5b. 

The polyurethane was cut dkectiy from the chak cushion in relatively large pieces. These 

pieces were then cut down to smaUer bricks of approximately 15 cm x 10 cm x 7 cm. A cut 

was made in one side of the polyurethane brick and a nichrome wke pushed through the cut 

into the polyurethane. This wke was then connected to a variac so that the nichrome wke 

would act as an ignition source. The polyurethane sample was placed on a simple ttay of 

aluminium foU to catch any Hquid products; this was aU placed on a piece of cement-fibre 

board. The power was first appHed with the variac on a setting of 5 V. This aUowed the wke 

to warm up. After 60 seconds the variac voltage was increased to 10 V. Once the 

polyurethane foam was beHeved to have reached a self-sustained smoulder, the power was 

cut off If the smoulder cHd not self sustain, then the test was stopped. Only smoke aerosol 

from self-sustaining smoulder was coUected for light scattering and size cHstribution 
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Figure 5.5: A plot of the typical ttansmission measured by the upper 
laser of the FE /DE for non-flaming fuels: a) beech wood, b) cotton 
lamp wick and c) polyurethane. The vertical bars show the sampHng 
period. 
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measurements. After generating the smoke aerosol and sampHng for measurements there 

was stiU some polyurethane left although most of ks core was consumed. The laser 

ttansmission in Figure 5.5b shows the evolution of smoke and the sampHng period. 

5.2.2 SMOKE AEROSOL SAMPLING AND MEASUREMENT 

Aerosols were sampled from the FE/DE for characterisation measurements aimed at Hght 

scattering and size cHstribution measurements, as weU as for number and mass concenttation 

measurements. Mass-size cHstribution measurements were made with a cascade knpactor 

dkectiy sampHng from the FE/DE. light scattering and number-size cHstribution 

measurements were made in another laboratory by moving a sample of aerosol to the LAOF 

(Sec. 3.4) and a separate laser particle-sizing instmment Other aerosol measurements made 

use of two aerosol measuring instruments sampHng from the FE/DE, a condensation 

particle counter (CPC) and tapered element oscUlating rrucrobalance (TEOM). These aerosol 

measurements were aU conducted at cHfferent times, in some cases days and even months 

apart. As outHned in Sec. 3.4.1.2, smoke aerosol sampHng was done in the test section of the 

FE/DE. The instruments were connected to this sampHng port and then made use of either 

thek own internal pumps or an external pump to ckaw the aerosol through the sampling tabe 

into the aerosol instrument. This section describes the method of the smoke aerosol 

sampHng and measurements. 

5.2.2.1 Sampling for Size Distribution 

WhUe the main emphasis of this stady is the angular Hght scattering characteristics of the 

smoke aerosols, the avaUabUity of aerosol instruments represented an important adcHtion of 

particle characteristics. It aUowed the gathering of other information about the nature of the 

particles by independent methods. This also meant that the Hght scattering data could be 

compared with the Mie theory using the measured size cHstribution. As cHscussed above 

these aerosol characterisation instmments have not been available in other stacHes where Hght 
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scattering measurements were made (Meacham and MotevaUi, 1992; Loepfe et al., 1997; 

Aggarwal and MotevaUi, 1997). The lack of dkect measurement of size cHstribution 

information has meant that common generaHsations tend to be reUed upon when kiterpreting 

Hght scattering information, which can lead to over-simpHfication in some ckcumstances. 

This stady represents one of the few stacHes combining angular Hght scattering and size 

characterisation of examined aerosols of non-flaming fire generated aerosols. 

The main method used in this stady for size cHstribution measurement has been by impaction 

methods. Another particle sizing instmment became available due to a visit to the laboratory 

at NIST by a visiting professor, Dr. Da-Ren Chen, who kindly left a light scattering based 

particle specttometer (Particle Measurement System's, High Sensitivity Laser Aerosol 

Specttometer, HSLAS) at our cHsposal for a short time. 

5.2.2.1.1 Mass Distribution 

The cascade impactor that was used in this stady was a 10 stage Micro-Orifice Uniform 

Deposk Impactor (MOUDI, Model 110 without rotator) (Marple et al, 1991). It is an 

Hiertial impaction device that separates aerosol particles into size bins based on thek 

aerodynamic cHameter (Hinds, 1982). The aerodynamic cHameter is an equivalence measure; 

that is, the particles are sized based on thek aerodynamic behaviour being equivalent to that 

of a sphere of unit density. For this stady, the aerodynamic cHameter is close to the actual 

physical cHameter because the smoke aerosols have densities of about 0.9 to 1 based on 

monomer composition or Hke materials and because the aerodynamic diameter is 

proportional to the square root of the density. The aerodynamic diameter is an over estimate 

by no more than about 5 %. 

Inertial impaction makes use of the fact that smaU mass particles foUow stteamHne 

ttajectories more reacHly than larger particles that tend to continue ki a sttaight Hne as the 
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flow dkection changes. As the flow velocities increase it becomes harder for larger particles 

to foUow bending stteamHnes that pass around obstacles. In a cascade knpactor the 

obstacles are impaction plates. DepencHng on the mcident flow velocity and the particle 

cHameter, the aerosol particles either make the turn around the impaction plate or they are 

impacted onto it. In this manner a cascade impactor removes large mass particles first and 

sequentiaUy smaUer particles as the aerosol flows through the knpactor. The mass on a 

particular impaction plate is associated with the 50% coUection efficiency aerodynamic 

cHameter (fundamentaUy corresponding to a particle's Stokes number) of a particular 

impactor stage (Hinds, 1982). The aerodynamic diameters of the MOUDI knpaction stages 

are shown in Table 5.1. 

Table 5.1: List of MOUDI impact cascader stage aerodynamic (cut) 
cHameter s. 

Stage 

0 

1 

2 

3 

4 

5 

Aerodynamic Diameter 

^18 

10 

5.6 

3.2 

1.8 

1.0 

(^m) Stage 

6 

7 

8 

9 

10 

11 

Aerodynamic Diameter (pm) 

0.56 

0.32 

0.18 

0.1 

0.056 

Everything else < 0.056 

The MOUDI inlet was connected to the FE/DE test section using the 10 mm copper tabe 

(Sec, 3,4,1,2). A pump was connected to the MOUDI outiet, with a bleed valve between the 

pump and MOUDI to conttol the operating flow that was checked and confirmed at about 

5x10" m .s' (30 L.min"). A cHfferential pressure gauge was connected between the inlet and 

9* stage to monitor the flow as described by Marple et al. (1991). An experiment using the 
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MOUDI to measure the size cHstribution was usuaUy 300 seconds in duration. The MOUDI 

sampling occurred over about the same period as sampling into the ckum cHd. The beech 

wood, cotton lamp wick and pol3airethane smoke particle size cHstributions were measured 

with the MOUDI sampling from the FE/DE. The intention was to approximate the size 

cHstribution of particles generated for the Hght scattering experiments. 

Each impaction stage had a pre-weighed aluminium foU. A final stage filter was also weighed 

and placed in the MOUDI. The weighing procedure made use of the technique and 

equipment described in Appendix I, and was the same for initial and final measurements. In 

the case of the MOUDI the aluminium foU was placed in a plastic petri cHsh after removal 

from the impaction plate. Electtostatic charging of the aluminium foUs in thek plastic petri 

cHshes could result in the foUs being atttacted to the upper surface of the petri cHsh. This 

would result in a loss of mass and tiius invaHdate the data. Another point of operation 

concerned the final stage of the MOUDI when cHsmantiing to remove the aluminium foUs. 

Dismantling the higher stages sometimes caused a negative pressure due to constricted 

akflow by the lower stages and final filter. If the final filter stage was not unscrewed from 

the impactor before the higher stages, the slight vacuum was enough to Hft some impaction 

plate and foUs from thek resting posts, thus losing mass to the surfaces they came in contact 

with. 

5.2.2.1.2 Number Distribution 

The number cHstribution as a function of particle size was measurecLby the aerosol 

specttometer (Particle Measurement Systems Inc., High Sensitivity Laser Aerosol 

Specttometer, HSLAS). This instrument is known as an optical particle counter-

specteometer. It measures the scattered light from a particle passing through a laser beam, 

counts this pulse and relates its area to the size of particles. It utiHses an active cavity laser 

scattering ceU and focused jet of particles to determine the particle's number size cHstribution 
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from the scattered Hght signal of incHvidual particles. The manufactarer caHbrates the 

instrument with monocHsperse polystyrene spheres to relate the detector output to the 

particle size. The detected scattered Hght pulse height or area caused by a single particle 

passing through the laser beam is associated with a caHbrated size. In this way an 

accumulated count of the number of particles faUing into a size bin is made. These 

instruments provide reHable results if there is only a single particle in the scattering volume. 

To obtain this concHtion, the aerosol concenttation has to be cHluted to less than 10"' 

particles.m""^ (10'* particles.cm"'); above this level there would be more than one particle in the 

scattering volume causing cokicidence errors. To cHlute the flow into the HSLAS from the 

ckum, a system designed by Dr. Da-Ren Chen and Dr. George Mulholland was used to cHlute 

the aerosol from the drum by about 50 times (particle concenttations of about 4x10' 

particles.m"'^ [4x10^ particles.cm""^). The cHluter is shown in Figure 5.6. It makes use of a 

capiUary tabe together with an ejector pump to cause a smaU flow from the aerosol side to 

mix with clean ak. CoUection of the aerosol into the drum also resulted in cHlution. The 

cHlution was checked before each measurement of the number cHstribution by ckawing 

ambient ak into the instrument for a total particle count One measurement was made 

without the cHluter, ambient concHtions being about IO"* to 10^ particles.cm""^, and a second 

measurement was made with the cHluter connected to the HSLAS. Then the cHlution factor 

is calculated from the ratio of the two measurements. This same procedure was used with 

the CPC when necessary. 

The HSLAS was in the same laboratory as the LAOF and so the smoke aerosol was coUected 

into the d m m from the F E / D E and ttansported. Only the number cHstributions of smoke 

aerosol from beech wood and cotton lamp wicks were measured uskig the HSLAS since the 

instrument was only avaUable for a short time. 
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5.2.2.2 Sampling for Number and Mass Concentrations in the FE/DE 

A series of experiments were conducted to measure the number and mass concenttation as 

the smoke aerosol was produced in the FE/DE. The number concenttation was measured 

by a condensation particle counter (CPC, TSI Model 3022a) whUe the mass concenttation 

was measured by a tapered element oscillating microbalance (TEOM, Rupprecht & 

Patashnick Co.). Data from these measurements and mass-size cHstributions were used to 

examine the moments of the aerosols distributions (Cleary et al., ). Results from that stady 

also made use of data from a measuring ionisation chamber (MIC) and a residential 

ionisation chamber (RIC), an instrument based on an adapted residential ionisation chamber. 

The data from the number and mass concenttations are usefiil to this stady in putting the 

concenttations of smoke aerosol sampled for Hght scattering experiments into context The 

Hght scattering measurements rely on time averaged mass concenttation and not those in the 

FE/DE. 

A condensation particle counter (CPC) is another Hght scattering particle counting 

instrument except that it wUl not size the particles. This instrument makes use of a 

conttoUed flow of particles and a pulse height or area analyser to count the number of 

particles passing through the beam in a given time; this time and a conttoUed flow rate aUows 

the volume sampled to be determkied. The CPC increases its responsiveness to smaU 

particles by condensing a volatile, such as butanol, onto the particles thus making them 

larger. As with other optical particle counting instmments the aerosol particles often need to 

be cHluted. The unit used in this stady had an operating concenttation of less than about 10 

particles.m"^ (10^ particles.cm'^). The cHluter used on the HSLAS was used to cHlute the 

aerosol from the FE/DE by about 70 times. In this case the cHluter was connected to the 

sampling tabe from the FE/DE test section then to the CPC. The cHlution ratio was 

determined as it was for the HSLAS in Sec. 5.2.2,1.2 above. 
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The tapered element osciUating microbalance (TEOM) (Hinds, 1982) was connected to 

another sampHng Hne that was positioned next to the CPC sampHng tabe inlet. The TEOM 

has a lowest mass concenttation sensitivity of about 0.2 mg.m"^ (high uncertainty) and a 

maximum of 10 mg.m . It operates by ckawing aerosol onto a filter at the end of a hoUow 

oscUlating element. At the high mass concenttations the filter quickly satarates. The akflow 

through the filter is intemaUy conttoUed at a flow rate of about 8.3x10"*̂  m"\s"' to 

8.3x10"̂  m\s"' (0.5 to 5 L.min"^). Skice the element and attached filter is ttansversely 

osciUating any aerosol deposited on the filter wUl cause a change in the resonance frequency, 

which can be detected and converted to a mass concenttation. 

The sampHng for both the CPC and TEOM was done with sampHng tabe velocities higher 

than the FE /DE tatmel velocity. This results ki some anisokinetic sampHng of the aerosol, 

which is to say that preferentiaUy smaUer particles are sampled. This bias is considered 

negHgible given the relatively smaU size of the particles being sampled. 

5.2.2.3 Sampling for Light Scattering 

Sampling aerosols for the Hght scattering experiments was relatively sttaightforward in the 

sense that no intrinsicaUy complex instruments were necessary. In fact there is Httie more 

detaU to add to the overview given in Sec, 3.4,1,2, but these detaUs may be of interest and are 

presented here for completeness with a Httie repetition from earHer. 

Smoke aerosol sampled for the light scattering experiments had to be transported to the 

LAOF, which was situated ki another laboratory. To do this a 0.2 m^ (200 L) dmm, see 

Figure 3.5, was fiUed with a sample of the aerosol flowing through the FE/DE. The drum 

was connected to the sampHng tabe inserted into the FE/DE test section and a rotary pump 

was connected to the other side of the dmm. Valves were used to isolate the inlet and outiet 

ports of the dmm. These valves and tabing were also of nominaUy 10 mm outer diameter 
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(7 mm i.d.). The pump had to be throttled down as its normal flow rate was far higher than 

that requked for the approximate aerosol concenttation requked for the experiments, about 

11 mg.m" . The final sampHng flow rate was set and measured by using a bubble flow meter 

in line between the drum and pump; the rate was 333 cm .̂s"' (20 L.min"'). The sampHng 

period was usuaUy about 360 seconds. The main factor influencing this time was the rate 

associated with a particular fuel's smoke production. In the case of the beech wood and 

cotton lamp wick this time was always used, as the smoke aerosol supply was abundant For 

polyurethane, the time available to coUect smoke aerosols cHd vary and some abortive 

attempts were made to generate the smoke aerosol. This occurred because the intention was 

to coUect smoke from a self-sustained smoulder, but as mentioned earHer this was not always 

successful and was probably not the case in the strict sense. The smoke aerosol from the 

polyurethane used in the Hght scattering experiment was coUected over a 300 second interval. 

In Figure 5.5 the Hght ttansmission for non-flaming fire generated smoke aerosols are 

shown along with sampHng times. These data correspond to the smoke aerosol coUected for 

the light scattering experiments detaUed later in this chapter. 

Once the smoke was in the ckum, it was unceremoniously ckagged down the corridor and 

into the Hft, whence after a ckop of one floor it was propeUed along another corridor, around 

a comer and into the laboratory containing the LAOF. This period is an important 

consideration in the experimental procedure as ttansported aerosols can undergo coagulation 

or agglomeration coUisions during the ttansport and set up period. Simple calculation 

incHcates that settling wiU mainly affect particles bigger than about 3 p,m (Hinds, 1982). It is 

known from past stacHes that aging of the smoke particle has a large impact on the number 

of particles (Lee and MulhoUand, 1977). Affects on the volume or mass of the smoke 

particles to which Hght scattering is sensitive is smaU in comparison with the aging effects on 

number concenttation. For the Hght scattering measurement, aging wiU have minimal 
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mfluence, but the number size ckstribution measurements described below might be affected 

more substantiaUy. There is also a possible bias towards coUection of smaU particles due to 

the fast inlet velocity of the sampHng tabe in the test section of the FE/DE. Again this bias 

has Httie effect on light scattering but might affect number-size cHstribution measurement. 

Once in the laboratory with the LAOF the drum was connected via its outiet valve and a 

fUter was connected to its inlet valve. In this manner smoke aerosol was ckawn into the 

LAOF, whUe clean ak passed through the filter making up lost ak. This meant that the 

remaining smoke aerosol in the ckum was being continuaUy cHluted as it was drawn into the 

LAOF. This aspect of the aerosol ttansport is an important source of uncertainty in the Hght 

scattering measurements. A cHscussion and analysis of this uncertainty is delayed untU the 

light scattering result section below. 

5.2,3 THEORETICAL LIGHT SCATTERING METHODS 

From the above it is apparent that smoke aerosols generated by non-flaming fires are 

spherical particles to which Mie theory is appHcable. This theory requkes knowledge of the 

size of the particles or in this case, as we are dealing with an ensemble of particles of cHfferent 

size, the parameters of the size distribution. These parameters are available via the mass-size 

distributions of the smoke aerosols measured by the MOUDI cascade impactor, and the 

assumption made in this stady that the smoke aerosols are lognormaUy cHstributed. The 

detaUs of the size distributions and the effect this has on the Hght scattering have been 

detaUed in the earHer theory chapter (Sec. 2.2,1 and 2,4.3). 

The other main light scattering parameter that is of importance is the refractive index of the 

smoke particles. This stady does not make dkect measurement of the refractive index but 

reHes on findings of an earHer stady of smoke particles generated by smouldering alpha-

ceUulose (MuUioUand et al., 1985b). This is justified by the fact that the majority of organic 
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compounds have a relatively smaU range of refractive incHces (real part) in the range of about 

1.4 to 1.6. MuUioUand et al. (1985b) ttapped and suspended single smoke particles in an 

electtostatic field and appHed methods developed previously (MulhoUand et al, 1985a; Marx 

and MulhoUand, 1983). They fitted theoretical scattering curves to observed light scattering 

results and thus determined an average real part of the refractive index as 1.5 at a wavelength 

of 442 nm. The complex component was measured at about 8x10"̂ , which has a relatively 

smaU affect on scattered Hght The 632.8 nm incident wavelength used in this stady is not 

expected to influence the refractive index, given the low complex component Thus the 

refractive index used in Mie theory calculations for this stady is assumed to be m = 1.5 -t- /O . 

A polycHsperse adaptation of Mie theory, described in Sec. 2.3.1, and the size parameters 

measured in this stady have been used for comparison with the light scattering results below. 

The computational code used in this stady is based on the class Hbrary SCATMECH 

(Gertner, 2001). 

5.3 RESULTS 

The foUowing sections present size distribution information from the HSLAS and MOUDI 

so that Hght scattering data can be more reacHly interpreted and size kiformation used in 

calculation for comparison with theory. Size cHstribution information is also of interest ki 

other fields of stady where particle size is necessary for ttansport calculations, such as smoke 

aerosol penettation kito a detector. The angular Hght scattering measurements of the smoke 

aerosols generated by pyrolysed beech wood, smouldering cotton lamp wick^nd smouldering 

polyurethane foam are presented in terms of the differential (angular distribution) mass 

scatterkig cross section, which is made possible by the caHbration method described in Sec. 

4.4.1. A comparison is made with Mie theory uskig size cHstribution data and die refractive 

mdex information from MulhoUand et al. (1985b) as cHscussed in the previous section. The 

truncated scattering cross section is determined from the angular results. These results are 
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also used in various single ratio approaches to probe the particle morphology. FinaUy the 

scattering results are expressed in terms of the scattering parameter, q. 

5.3.1 SIZE DISTRIBUTION 

5.3.1.1 Mass and Number Distribution 

The smoke aerosols examined in this stady are an ensemble of many cHfferent sized particles, 

i.e. they are polycHsperse. A lognormal cHstribution provides a good fit to the measured size 

cHstributions as it does for other aerosols (Hinds, 1982; Mulholland, 1995). Three parameters 

characterise the cHstribution: a total quantity cortesponding to the area under the distribution 

curve, a mean cHameter and distribution width or geometric standard deviation (GSD). The 

mass cHstribution of particle sizes is determined using the MOUDI characterised by the mass 

mecHan aerodynamic cHameter (MMAD) and GSD, whUe the HSLAS measured the number 

cHstribution characterised by the mean number diameter. The mass-size cHstribution is used 

in generating theoretical data from Mie theory. The total mass is not necessary for this 

computation only the characteristic cHameter and geometric standard deviation. The 

MOUDI was used to sample smoke aerosol dkecdy from the FEDE whUe the HSLAS was 

used to sample smoke aerosol that had been ttansported to it in the drum. A comparison of 

results from these instruments wUl be insightful to the effects of drum ttansportation. 

The data tteatment of the weighed stages of the MOUDI was done using two theoreticaUy 

equivalent methods, the histogram and log-probabUity method. For the histogram method 

the weight of the coUected particles is cHvided by AIogD of the two adjacent bki aerodynamic 

cHameters (i.e. thek 50 % cut cHameters), then plotted against the mid-range cHameter of the 

stage to give the mass cHstribution as a function of aerodynamic diameter. The log-

probabUity method plots the aerodynamic cHameter of an impaction stage against the 

percentage of total mass less than the stage diameter on a log-probabiHty graph. As the 

particle size cHstribution is assumed to be lognormal (Sec. 2.2,1), the histogram method 
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should show an aknost Gaussian cHsttibution and the log-probabiHty method should result in 

sttaight-Hne plots. In Figure 5.7 the histogram of the mass-size cHstribution is shown for the 

smoke aerosols from non-flaming beech wood, cotton lamp wick and polyurethane. 

Similarly in Figure 5,8 the log-probabUity graph of the mass cHstribution is shown. In 

practical terms, if the data from about 5 % to 95 % is a sttaight Hne then the cHstribution is 

lognormal. In the case of the cotton lamp wick data, the upper four stages, which carried no 

mass, have been ignored. Similarly with the polyurethane, two of the upper stages carried 

negHgible mass, and for this reason those stages do not appear as data in Figure 5.8. These 

stages would be at 100 % on the probabUity axis. 

In the case of the log-probabUity plot, 50' percentile of the probability axis gives the mass 

mecHan aerodynamic cHameter, whUe 16* or 84* percentiles define the standard deviation or 

width of the cHstribution. Tlie geometric standard deviation (GSD) is given by the ratio of 

the 84* to the 50* percentile cHameters. It is impHcit ki this analysis that the cHstributions are 

lognormal. The relatively linear behaviour of data in Figure 5.8 incHcates that lognormal 

behaviour is a satisfactory assumption. In Table 5.2 the results of the mass-size distribution 

analysis are shown for both methods. The main cHfference between the two in this stady is 

in the determination of the GSD. The GSD is sensitive to the line of best fit in the log-

probabiHty method. 

One aspect of the MOUDI is that the particles less than 0.056 |lm in aerodynamic cHameter 

are coUected on a final filter. In previously pubHshed results of this stady (Weinert et al., 

2001) it was found that about in 42 % of the total mass (8.2 mg total, coUected over aU the 

stages) of the cotton lamp wick smoke aerosol in the MOUDI was on this final filter. In a 
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Figure 5.7: Histogram of the mass-size cHstribution of the non-flaming 
fuel smoke particles. The data has been normaHsed by the peak value for 
ease of comparison of the cHstributions. 
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Figure 5.8: Log-probabUity plot of the mass-size distribution of the 
non-flaming fuel smoke particles. 
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Table 5.2: Tabulated results of the mass mecHan aerodynamic cHameter 
and geometric standard deviations from the histogram and log-
probabUity analysis methods. 

Fuel 

Histogram Log-ProbabiUty 

Median GSD 
Diameter (p-m) 

Median 
Diameter (p-m) 

GSD 

Beech Wood 1.5 1.95 1.5 1.9 

1.5 2.0 1.5 2.0 

Cotton Lamp 
Wick 

Polyurethane 

0.35 

2.2 

2.3 

2.0 

1.9 

1.8 

0.31 

2.0 

1.85 

1.7 

1.7 

2.3 
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later series of measurements (Weinert et al , 2002) the final fUter of the MOUDI contained 

8.8 % of the total mass (8.8 mg coUected over aU the stages) of the cotton smoke aerosol 

sampled. The cHstribution is stiU bimodal but only the larger mode is considered m this stady 

as it is clearly characterised. The beech wood and polyurethane smoke aerosols were found 

to have only 2.2 % and 0.3 % of thek total mass coUected in the impactor, 16.3 mg and 5.6 

mg respectively, on the final stage. Both of these fuels are considered smgle mode 

cHstributions. 

Number cHstribution data for the beech wood and cotton lamp wick sampled from the drum 

and measured by the HSLAS is shown in Figure 5,9a. Unfortunately the HSLAS does not 

have the size range (lowest is 0.0675 |Im) to investigate the bimodal behaviour of cotton 

lamp wick smoke aerosol SimUarly the upper range stops at 1 | lm so the number 

cHstribution of beech wood is truncated at the upper bound. Peaks in the HSLAS data are a 

result of changes in the width of the size channel from as smaU as widths of 0.005 | lm for the 

0.07 fXm size bki, to 0.1 | lm width for the 0.7 |Im bki. In Figure 5.9b the number 

cHstribution has been converted into the volume cHstribution, the thkd moment of the 

distribution function (Hinds, 1982). The volume cHstribution is proportional to the mass 

cHstribution, related by the density, which aUows the two to be compared as in Figure 5.9b. 

The volume cHstribution of the cotton lamp wick is in good agreement with the mass 

cHstribution, even considering that the volume cHstribution is of smoke sampled from the 

drum and not dkectiy from the F E / D E , as the mass cHstribution was. 

The beech wood volume cHstribution is inconclusive since a portion of the cHstribution Hes 

outside the range of the HSLAS. The mecHan volume cHameter of the beech wood smoke 

aerosol is most likely larger than the cotton lamp wick. Any smoke aerosol coagulation or 

"aging" in the barrel would mainly effect the number-size cHstribution. The number of 
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Figure 5.9: (a) Number disttibution of beech wood and cotton lamp 
wick smoke aerosol, (b) Comparison of mass and volume cHstribution 
data for the same fuels. The peaks have been normaHsed to aid 
comparison. 
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particles in an ensemble is sensitive to coagulation; however, the effect on volume or mass 

cHstribution is much less. Light scattering by particles is sensitive to the particle volume or 

mass. 

The size distribution parameters from the log-probabUity graph are used as the input data for 

the Mie theory calculations. The assumption that the particles are of unit density is appHed to 

aU of the smoke aerosols from non-flaming fires. 

5.3.1.2 Mass and Number Concentration 

The mass concenttations as measured in the FE/DE are shown in Figure 5,10. These data 

were coUected during separate experiments conducted some time after the Hght scattering 

and size cHstribution experiments. These data and the number concenttation data were used 

to demonsttate a cHstribution moment method for exttacting size cHstribution information 

from an ionisation detector (Cleary et al., To be pubHshed). That stady is attached as an 

appendix (Appendix II). Note that in that stady the cotton lamp wick was ignited m a 

cHfferent pattern from the one used in this stady. Cleary et al. used 32 wicks loaded in the 

wick-ignition device and ignited them in the foUowing pattern. After a 60 second delay, four 

sets of 2 wicks were ignited at 200 second intervals, foUowed 200 seconds later by two sets of 

4 wicks in a 200 second interval. This cHfferent sequencing resulted in a more gradual buUd 

up of smoke in the FE /DE and made dUution easier for CPC operation. The number 

concenttation measured with the CPC is shown for the beech wood in Figure 5,4b and for 

the mass concenttation in Figure 5,10. Both number and mass concenttation for smoke 

aerosol from cotton lamp wick and polyurethane are presented in Figure 5,11. 
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Figure 5,10: The continuous mass concenttation of the smoke aerosol 
from non-flaming fires measured in the FE/DE. 
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Figure 5.11: The continuous mass and number concenttation of smoke 
aerosol from a) cotton lamp wick and b) polyurethane generated by 
Cleary et al (Cleary et al., To be pubHshed), 
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5.3.2 MASS EXTINCTION CROSS SECTION 

Since the smoke particles from non-flaming fkes have negHgible elemental carbon content or 

other ttace elements (Rau, 1989), then these particles wiU have a complex component of 

refractive index close to zero. Thus these particles wUl not absorb light but only scatter it. 

This means that the extinction cross section wiU be equal to the total scattering cross section, 

see Equ, 2,21. The total scattering cross section is not measured by the LAOF due to its 

truncated angular range. The extinction cross sections can be compared with the truncated 

scattering cross section determined in a later section. Sec, 5.3,5. 

To determine the extinction cross section, which is one dependent parameter of 

"obscuration" measurements in the fire fields, the attenuation of a Hght beam passing 

through smoke needs to be made. The FE/DE has two such measuring instruments: the 

upper and middle lasers in the test section which record the attenuation ratio, 11 IQ, as the 

smoke flows past. WTiere / is the laser signal at the detector after the beam has passed 

through the smoke, and /g is the signal at the detector when no smoke is present This ratio 

is then used to determine the mass extinction cross section since the path length of the laser 

is known and the mass concenttation is given by the total mass in the MOUDI. The mass in 

the MOUDI has been sampled at a rate of about 5x10^ mls'^ (30 L.min'̂ ) for a known time, 

which gives a time averaged mass concenttation. Uskig this kiformation the average 

extinction cross section has been determined and presented in Table 5.3, from available data. 

The values ki Table 5,3 compare weU with the results of Seader and Einfeom (Seader and 

Einhom, 1976) who measured the mass extinction cross section at about 4.4 m .g" for 

various non-flaming smoke aerosols. 
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Table 5.3: Results of extinction coefficient estimates. 

Fuel Mass Extinction Cross Section (m^/g) 

Beech Wood 4 ^ 

3.9 

Cotton Lamp Wick 4.4 

Polyurethane 2.8 

3.1 

5.3.3 ANGULAR LIGHT SCATTERING 

The angular Hght scattering resiUts of smoke aerosols generated in this stady are presented in 

the foUowing sections. The presentation starts with angular scattering data presented in 

terms of the cHfferential mass scattering cross section. These results are compared with 

results computed from Mie theory using the size cHstribution information above (Sec. 5.2.3). 

FoUowing this the angular data is analysed using various methods to exttact information 

about the particles scattering the light. Then truncated Hght scattering cross sections are 

determined and compared with extinction measurements detaUed above. The angular data is 

then presented in terms of the scattering parameter. This buUds a database from which the 

Hght scattering characteristics of non-flaming smoke aerosols can be compared with the other 

smoke and nuisance aerosols. 

5.3.3.1 Uncertainty analysis of drum dilution 

Before proceeding with the angular scattering results it is important to understand the effects 

of sampling aerosols from the drum into the LAOF. To quantify the effects of this cHlution 

and to understand the uncertainty it inttoduces into the scattering cross section 

measurements two simple tests were performed. The fkst was to coUect some smoke aerosol 

in the drum, and then foUow the procedure described above for connecting it to the LAOF. 
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The LAOF was set to monitor the scattering at an angle of 6 =10° for a relatively long 

period of tkne as smoke aerosol was drawn out of the ckum. The results of this test are 

shown in Figure 5.12. The time averaged mean corresponds to the mass concenttation 

measurement on which the cHfferential mass scatterkig cross section is dependent (see Equ. 

4.8). A decrease m particle number in the aerosol flowing through the scattering volume of 

the LAOF is clearly visible. This can be seen because scattering by a cloud of particles is 

dkectiy proportional to the number of particles in the scattering volume and thus the mass 

concenttation (Sec. 2.4.3). The tkne of this test data coUection corresponds to 

approximately one thkd of the time over which a mass concenttation measurement is 

normaUy made. From the data shown in Figure 5.12 the relative standard uncertainty (one 

standard deviation) about the time averaged mean is estimated at 7 %, whUe the same 

quantity for the decreasing regression is nominaUy 4 %. If this analysis is extended over the 

fidl period of a mass concenttation measurement, that is two scans of the two polarisation 

settings or about 12 minutes, by exttapolating the time dependent regression the time 

averaged mass concenttation will have a relative standard uncertainty of about 18 %. This 

means that the uncertainty is increasing as the experiment continues for measurement of the 

cHfferential mass scattering cross section. A typical scattering experiment woiUd consist of 

two scans per time averaged mass concenttation measurement. One scan takes about 6 

minutes, and both polarisations took about 12 to l3 minutes for a single time averaged mass 

concenttation measurement. 

The second method of assessing the effect of cHlution caused by using the drum made use of 

802 nm cHameter polystyrene spheres that had been inttoduced into the drum from the 

aerosol generator used in the caHbration verification experiment. The drum was then 

connected to the LAOF and a total of five consecutive scans were made at the 

vertical-vertical polarisation setting. In Figure 5.13 the volume corrected detector signal is 
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Figure 5.12: Light scattering results from the ckum tests, akned at 
quantifying the uncertakity in the mass concentt'ation when using 
the drum as a means of aerosol ttansport to the LAOF. This 
figure shows the results for aerosol flowing through the scattering 
volume with the detector positioned at 6 =10°. 
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shown for consecutive scans of the polystyrene spheres from the drum. Mie theory results 

have been normaHsed to the first and fifth runs at a scattering angle of 6 = 5° for 

comparison. From this data it can be seen that the main effect on the scattering signal is an 

increase in noise apparent m die scattering for 6 >60° m later runs form the dmm. A 

consequence of this is a decrease in mass concenttation after successive mns. Two mass 

concenttation fUter measurements were made during these five scans. The fkst corresponds 

to the average mass concenttation for the first, second and thkd mns, and was determined at 

0.52 mg.m'. The second mass concenttation was made for runs four and five, and was 

found to be 0.21 mg.m"\ A typical caHbration verification experiment with 802 nm diameter 

spheres generated using the polystyrene sphere aerosol generator (Sec. 4.3.1.1) would have 

an average mass concenttation of about 2 mg.m"\ so there is substantial cHlution of the 

polystyrene spheres. A threshold mass concenttation of 1 mg.m'^ has been assumed in this 

stady, aU Hght scattering measurements were usuaUy made at mass concenttations greater 

than this threshold. 

In Figure 5.14 the first run from the dmm has been cottected in an approximate manner. 

The dUution rate from Figure 5.12, 1.6x10"'̂  mV.s"', has been used along with an estimate of 

the time step between detector measurements. It was also necessary to normaHse aU the data 

in Figure 5.14 to one at 5°, since the initial mass values are not known. The correction is an 

over estimate of the theory at large angles. The preferred method of examining the 

uncertainty in a light scattering measurement is by determining the standard uncertainty in 

repeat measurements, analogous to Sec. 4.6.3.1. This approach was used on the beech wood 

smoke to be cHscussed in the next section and has the benefit of containing the other 

components of uncertakity in the cHfferential mass scattering cross section. 
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Figure 5.13: This plot shows the results of successive angular 
scans of polystyrene aerosol flowing from the dmm into the 
LAOF. 
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Figure 5.14: This figure shows a correction estimate for cHlution of the 
fkst run from the drum. 
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5.3.3.2 Smoke aerosol from beech wood 

Beech wood is a fuel that has been used successfuUy and often in the FE/DE due both to 

the ease of working with k and its connection to smoke detector standards. The result of the 

Hght scattering measurement from one of these experiments is shown ki Figure 5.15. The 

average mass concenttation of this smoke aerosol was 4.2 mg.m'l One feature that is 

apparent in this result shown in Figure 5.15 is that there is very Httie scattering stmcture in 

the experimental results. This is a dkect consequence of the polycHsperse nature of the 

natural aerosol and the averaging that occurs over the size cHstribution of particles 

(Sec. 2.4.3). Interestingly, there is interference stmcture in the Mie theory calculations 

shown in Figure 5.15 although qiHte muted as a result of averaging over the size cHstribution 

when compared with monocHsperse polystyrene spheres (see Figure 2,1). This is a result of 

the large number of interference features common to larger particles within the ensemble of 

particles. 

The Mie theory has a steeper gracHent for 6 > 5° and under-precHcts the experiments at 

higher angles. This is most Hkely due to uncertainty in the size distribution measurement and 

ideaHsation of a lognormal size cHstribution. Also the assumed refractive index could be 

affecting this result These cHfferences wUl affect comparison of observed and calculated data 

at specific angles. Both the functional form of the experimental results and the magnitade of 

the scattering are comparable with the calculated result This is a good result given the two 

to three orders of magnitade variation in the signal. 

A consequence of the ease of generating beech wood smoke aerosol is that a number of 

scattering experiments were completed. These results can then be analysed according to the 

variation in the measured cHfferential mass scattering cross section. A total of six beech 

wood scattering experiments had been conducted and the repeatabUity calculated as defined 

in Sec. 4.6.3.1, Equ. 4.12 and 4.13. The standard uncertainty in repeat experiments of the 
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Figure 5.15: A plot of differential mass scattering cross section of 
smoke aerosol generated by pyrolysing beech wood blocks (point data). 
The results of Mie calculation are also shown (lines), calculated using the 
size parameters from log-probabUity plot, see Table 5.2, and 
m = \.5 + iO. 
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Figure 5,16: A plot of the average cHfferential mass scattering cross 
section measurement for smoke aerosol from pyrolysed Beech Wood 
blocks based on repetitions. An experimental result, from Figure 5.9 is 
also shown along with the 95% confidence limits of the repeatabiHty. 
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Table 5.4: Average mass concenttations for the Beech wood 
experiments used in the repeatabiHty experiments. 

Beech Wood Experiment 

1 

2 

3 

4 

5 

6 

Average Mass Concentration (mg.m'^) 

4.2 

3.8 

5.6 

3.8 

7.7 

2.9 

cHfferential mass scattering cross section for the vertical and horizontal polarisation settings is 

about 28 % and 31 % respectively. The average of the scattering is shown in Figure 5.16 

along with the 95 % confidence Hmits of the repeatabUity. In adcHtion results of one 

experiment from Figure 5,15 are shown for comparison. A ckop in mass concenttation 

during mass sampling from the drum causes the great majority of this variation, as described 

in Sec, 5,3.3.1. It can be expected that similar variation would occur in other smoke aerosol 

experiments uskig the drum as a means of ttansport The average mass concenttations of 

experiments used in this uncertainty analysis are given in Table 5.4. The relative standard 

deviation of this data set is about 37 %. 

5.3.3.3 Smoke aerosol from smouldering cotton lamp wick 

Light scattering results for cotton lamp wick smoke aerosols are shown in Figure 5,17a, 

which shows two consecutive experiments sampHng from the ttansport drum. The average 

mass concenttation of these two experiments was measured at 4.9 mg.m" and 5.0 mg.m for 

experiments 1 and 2 respectively. The fkst results were measured by making a scan of W 

and then one for HH polarisation, which was then repeated. The smoke aerosol examined 
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Figure 5,17: A plot of the cHfferential mass scattenng cross section of 
smoke aerosol from a) smouldering cotton lamp wicks and b) 
smouldering polyurethane. Mie theory used the diameters from Table 
5.2 and m = 1.5-1- iO . 
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had been coUected from the same cotton lamp wick bum in the F E / D E . The fkst W 

experiment (Expt. 1) deviates substantiaUy from the other results for cotton lamp wick. 

Though whether this is due to an uncertainty in setting the polariser position or some other 

uncertainty, such as sampling from the drum, is not clear. 

The general ttend of the Mie theory results is in close agreement with the observed result for 

cotton lamp wick experiment number 2. The variation between the calculated result and the 

observed data occurs at larger angles, where W and H H data cross. Comparison of the 

observed scattering magnitade (Expt 2) is exceUent over the range of scattering angles. The 

Mie results show no interference structare in the scattering at large angles as seen in the case 

of the beech wood. This is a result of the smaUer sizes making up the cotton lamp wick 

cHstribution and the comparative lack of larger particles. These smaUer particles scatter light 

as an ensemble in such a way that "averaging out" of interference features in the scattering is 

nearly complete. The interference featares common to larger particles are not as efficientiy 

averaged o u t Another feature of these experimental results compared with those from 

beech wood is the smaUer gracHent in the forward scattering direction. This is a consequence 

of the smaU mean diameter of the particles when compared with the beech wood smoke 

aerosol. 

5.3.3.4 Smoke aerosol from smouldering polyurethane foam 

In Figure 5,17b the angular scattering result of smoke aerosol from smouldering 

polyurethane is presented along with the same data as a function of the scatlerkig parameter 

in Figure 5.17b. The average mass concenttation of smoke aerosol that resulted in this 

scattering result was only 2.0 mg.m"^. This is a relatively low figure for the smoke aerosol 

experiments. The data shown in Figure 5,17b is from the first set of scans from the drum, 

a second set of polarisation scans from the dmm were completed at an average mass 

concenttation of about 1.0 mg.m' . This second run from the barrel is not shown as it 
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contams a sttong noise effect due to the relatively low mass concenttation. The onset of this 

mass-related noise can be seen in the data of Figure 5,17b at the larger angles, 6 > 100° 

where the scattering cross section fluctaates. 

The scattering results in Figure 5.17b kicHcate that the particles in the polyurethane smoke 

aerosol are polycHsperse and definitely larger m mean size than the cotton lamp wick smoke 

aerosol. The incHcator of the larger size is the steep slope of the data in the near forward 

dkection. The size cHstribution results in Table 5.2 show that the pol3mrethane also has a 

mass mecHan aerodynamic cHameter (MMAD) larger than the beech wood smoke aerosol. 

Influences of reduced mass concenttation at the higher angles are probably the dominant 

factor over any possible interference features. The effect on light scattering of a reduced 

mass concenttation is demonsttated above in Figure 5.13. 

The comparison with Mie theory shows simUar general behaviour to the beech wood results 

above. The Mie theory precHcts a steeper gracHent than is observed in the experimental 

results and that at scattering angles greater than 5° the theory under-precHcts the observed 

scattering. The experimental results are also smoother than the Mie results that show 

interference features because of the large particles in the ensemble. 

5.3.4 ANALYSIS O F ANGULAR SCATTERTNG 

5.3.4.1 Forward scattering and asymmetry ratios 

In Sec, 2,4.5 two ratios were kittoduced: the forward scattering ratio, C'v^(5°)/CJj/y (20°), 

and the asymmetry ratio defined as O^y (45°)/Oyy (l35°). The forward scattering ratio 

aUows the relative size of the scattering particles to be examined, and the asymmetry ratio is a 

measure of the relative sttength of the forward to backward scattering. 
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The influence of relative smoke particle size on the Hght scattering results is presented in 

Table 5.5. The cotton lamp wick has a smaUer mean particle size as the scattering is 

approaching that of Rayleigh scattering over the range of the ratio angles. Polyurethane 

aerosol is apparentiy sHghtiy larger than beech wood smoke aerosol. These light scattering 

results are confirmed when compared with the size cHstribution parameters given in Table 

5.2. The same ratio calculated from Mie theory is also given in Table 5.5. 

Table 5.5: Forward scattering and asymmetry ratio for smoke aerosols 
generated in non-flaming fkes. 

Forward Scattering Ratio Asymmetry Ratio 

Fuel Experimental Theoretical Experimental Theoretical 

Beech Wood ZO 42 Tsl 132 

O 157 l a o 

18.9 

Polyuretiiane 3.0 7^2 \32 207 

Cotton Lamp 
Wick (Exptl) 

(Expt. 2) 

1.1 

1.2 

The other ratio that is of interest is the asymmetry ratio that represents the relative amounts 

of Hght scattered into a forward angle of 45° and a backward angle of 135°. The asymmetry 

ratio is also presented in Table 5.5 along with the result from Mie theory. TracHtionaUy it is a 

measure used by those interested in Mie scattering to determkie if Mie theory is appHcable to 

the particles that they are stadymg. This means that it is a recognised means of identifykig 

very non-spherical particles and wUl become of more kiterest to this stady as more non-

spherical particles are examined in later chapters. There is no great cHfference between the 

experimental asymmetry ratios of non-flaming smoke aerosols in Table 5.5. 
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5.3.4.2 Polarisation Ratio 

A means of cHscrimination that has been used in the recent past is the approach of 

polarisation Hght scattering as a means of differentiating soot from other aerosols. The work 

by Loepfe et al. (Loepfe et al., 1997) has examined tiie smoke aerosols generated m EN54 

test fkes: pyrolysed beech wood and smouldering cotton lamp wick. As mentioned 

previously, they used the degree of linear polarisation, a measure related to the polarisation 

ratio used in this stady (see Equ. 2.34). 

In Figure 5.18 the normaHsed polarisation ratio results are shown. These results have been 

normaHsed to 1 at the scattering angle of 6 = 5° to adjust for the cHfferences seen between 

HH and W signals. Table 5.6 gives the polarisation ratio at an angle of 6 = 90° for both 

experimental and theoretical values. The comparison between experiment and theory is not 

satisfying given the cHfferences between these results for the cHfferential mass scattering cross 

sections. For the cotton lamp wick, experiment number 1 has been used as shown in Figure 

5.17 and as weU as used in Table 5.6. The polarisation ratio plotted in Figure 5.17 does 

also incHcate the relative size of the particles (Kerker, 1991). The smaUer cotton lamp wick 

smoke results are those of smaUer particles with a vaUey developing near 90°. The two larger 

smoke aerosols are generaUy similar to each other over the angular range. The polyurethane 

is affected by reduced mass concenttation towards the higher angles, where the polarisation 

ratio shows large variations between the two ( W and HH) polarisation settings. By 

inspection of the results in Figure 5.17b it is clear that the effects are due to mass 

concenttation faUing below acceptable levels for those angles. The dotted line in Figure 5.17 

is for incHcation of data point location. 
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Figure 5.18: The polarisation ratio of smoke aerosol generated by beech 
wood blocks, cotton lamp wick (Expr. 1) and polyurethane foam. The 
ratio is normaHsed to 1 at 6 =5°. 
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Table 5.6: Polarisation ratio at 6 =90° for the non-flaming fke 
generated smoke aerosols normaHsed to 1 at 6 =5°. 

Non-Flaming Polarisation Ratio 

Fuel 
Experimental Theoretical 

Beech Wood 1.37 0.75 

Cotton Lamp 
Wick (Expr.l) 

(Expr. 2) 

0.48 

0.57 

2.77 

Polyurethane 1.4 0.59 
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5.3.5 TRUNCATED LIGHT SCATTERING 

The cHfferential mass scattering cross section has been measured and presented above. That 

information is useful when angular scattering information is necessary, such as in the design 

of photoelectric smoke detectors and deciding at what angles to place the detector. The 

total scattering is another measure of mterest, say when dealing with integrating Hght 

scattering instruments (nephelometers). The total scattering cross section is also equivalent 

to the extinction cross section when the particles scattering the Hght are non-absorbing. The 

extinction and the total scattering cross sections and thek relationship to each other have 

been defined and cHscussed in Sec. 2.4.2, Equ. 2.21. The angular scattering measured for 

the three smoke aerosols above has been integrated by Simpsons Rule (Press et aL, 1995), for 

the form 

c„„ = m p(^w(gK''««(6)U(g)rfe (5.1) 

which gives the tmncated (5° to 135°) mass scattering cross section, C ,̂̂ ,̂ of the smoke 

particles. The summation of the two polarisation components gives Cj^^^ as the cross 

section of scattered unpolarised Hght, with Hnear components of polarisation ki the vertical 

and horizontal planes. In Table 5.7 the truncated mass scattering cross section is presented 

for the smoke aerosols from the non-flaming fuels examkied above. In the case of the beech 

wood a calculation of Q,^^ has been made usmg the mean of the repeat experiment data set; 

the mean of the experiments is the soHd Hne ki Figure 5.16. Also presented in Table 5.7 are 

the Mie theory results for the particles based on the size cHstribution results from the log-

probabUity plots, see Table 5.2. Botii the ti^mcated (6 =5 to 135°) and total (6 =0 to 180°) 

mass scattering cross sections are given in Table 5.7. 
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The measured scattenng cross sections in Table 5.7 are predominantiy larger than the 

computed values. This is particularly the case for the larger smoke aerosols, beech wood and 

polyurethane. A ttend that is apparent in Figure 5.15 and Figure 5.17b as the experimental 

results tend to larger values for 6 < 40°. The value determkied for repeat experiments of 

beech wood compared with the single experimental result incHcates clearly the effect of 

uncertainty. 

Table 5,7: Experimental and TheoreticaUy calculated total ( 6 = 0 to 
180°) and tmncated (6 =5 to 135°) mass scattering cross section for the 
smoke aerosols from the non-flaming fuels. Mie theory used the 
cHameters from Table 5.2 and m = 1.5 + lO. 

Fuel Experimental 
Truncated (m^/g) 

Theoretical Theoretical 
Truncated Total (m^/g) 

(inVg) 

Beech Wood 

Beech Wood (repeatabiHty) 

6.2 

5.2 

3.11 

as above 

3.46 

as above 

Cotton Lamp Wick Rl 

Cotton Lamp Wick R2 

4.3 

5.3 

4.17 

as above 

4.34 

as above 

Polyurethane 4.2 1.99 2.3 

5,3.6 SCATTERING PARAMETER 

5.3.6.1 q-slope 

Another method of presenting Hght scattering information is in termst3f the scattering 

parameter, q, cHscussed Hi Sec, 2,6 along with expected scattering behaviour in terms of that 

parameter. The scattering parameter is ttacHtionaUy not appHed to spherical (Mie theory) 

particles, but in this stady it is proposed as a possible means of smoke aerosols 

cHscrimination. The scattering parameter use is ttacHtionaUy limited to the W component 

for soot agglomerates, dealt with in the next chapter. For cHpoles the HH component is 
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simpl)' related to the W component, that is Rayleigh scattering. In the case of larger 

spherical scatterers this simpHfication does not exist although the results above indicate that 

the experimental measurements of W and HH wiU not vary ckamaticaUy in overaU form 

when represented in terms of the scattering parameter. 

In Figure 5,19a the results of the cHfferential mass scattering cross section as a function of 

scattering parameter for the three non-flaming fire generated smoke aerosols are shown. 

This plot also includes Hnear regression Hnes (first order) for the scattering parameter range 

of 12 < (̂  <18.3 |lm"^ (75° < (5 < 135°), for graphical comparison of the slopes of the 

regressions. The slope generated by the regressions over this range is simply referred to as 

the q-slope in this stady. In Figure 5.19b the regressions analysis for the case of beech 

wood, both experimental and theoretical, is shown for the two polarisation settings, HH and 

W . The q-slopes of each non-flaming smoke aerosol are determined in the manner 

demonsttated in Figure 5.19b. The slopes of this regression analysis are tabulated in Table 

5.8. 

Note that the regression for O ̂ ^^ (g) of beech wood in Figure 5.19b has had the last three 

points removed for demonsttation only. If they were not removed the q-slope would be -2.1 

instead of -3.1, which highHghts the sensitivity of the q-slope to the range over which it is 

determined. The range of 12 < ^ < 18.3 p.m"' is chosen simply because it is a fixed range at 

large q for which the aerosols can be compared. It also avoids the ttansitions at smaUer q 

values (see Equ. 2.47). 

In Table 5,8, q-slope analysis results of the non-flaming smoke aerosols are shown for both 

experimental and theoretical scattering data at W and HH polarisation settings. The 

regression correlation coefficients are also shown for the regression analysis range, which in 

aU cases was 12 < ^ < 18.3 |Llm". As can be seen in Figure 5,19b the theoretical results for 
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Figure 5.19: A plot of the cHfferential mass scattering cross section of 
smoke aerosols from non-flaming fures as a function of the scattering 
parameter for polarisation settings a) VY and b) both experimental and 
calculated results beech wood for W and HH polarisations. 
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the larger particles leads to rather substantial interference features that weaken the regression 

analysis of this data, leading to smaUer correlation coefficients in the case of the HH 

polarisation. The experimental HH results are also subject to variation due to an increase in 

'^ HH V?) ^t larger values of the scattering parameter. Thus the regression analysis has a lower 

correlation coefficient for each smoke aerosol. Determining the q-slope of the HH data after 

removkig some of these outiier values of O i^f^yq) leads to q-slope values closer to the W 

result as demonsttated for beech wood in the last paragraph. 

Table 5.8: Results of q-slope regression analysis for experimental and 
theoretical scattering results at both polarisation settings, W and HH. 
The Hnear correlation coefficient of each q-slope regression analysis is 
given in brackets next to each q-slope. 

Experimental q-slope 
(negative) 

Theoretical q-slope (negative) 

Fuel 
W H H W HH 

Beech Wood 

Cotton Lamp 
Wick (Expt. 1) 

Cotton Lamp 
Wick (Expt 2) 

Polyurethane 

3.1 (0.98) 

4.2 (0.99) 

4.6 (0.99) 

3.1 (0.9) 

2.1 (0.83) 

2.9 (0.88) 

2.9 (0.94) 

2.1 (0.7) 

3.7 (0.73) 

3.2 (0.99) 

3.2 (0.99) 

3.8 (0.66) 

2.5 (0.79) 

2.2 (0.7) 

2.2 (0.7) 

2.3 (0.59) 

5.3.6.2 Envelope approach to the q-slope 

The range used to determine the q-slope above is subjectively restricted, essentiaUy chosen to 

avoid the ttansition region at smaller q values (and to make use of aU of the data at large 

angles. The set range is also useful, as fixed position detectors are more easUy appHcable to 

smoke detector appHcations. The range of q values can be chosen to emphasise the envelope 

of the scattering function. This range is chosen specificaUy to avoid any features of the 
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scattering that deviate from a sttaight Hne in the experimental data, which occurs at large 

angles. This procedure widens the q range ki most cases compared to the range used above 

smce these ranges include smaUer values of q in the calculation of the slope. Also, only the 

W component is used in this envelope analysis. The resulting values from the experimental 

and calculated results are given in Table 5.9. 

In Table 5.9, pyrolysed beech wood blocks and smouldering polyurethane have 

experknental and Mie theory results that are closer than those in Table 5.8. This is due to 

ignoring fitting of the Hnear regression to the calculated results. Choosing an envelope of the 

scattering data from polyurethane smoke aerosol in this manner has ckamatic effect on the q-

slope. The cotton lamp wick data converges for both experiments using thek very similar 

ranges, a good result. The correlation coefficients for the Mie theory improve, as more data 

is made avaUable by extended ranges of q, reducing the influence of the interference features 

in those results. 

Table 5.9: Results of q-slope envelope analysis using linear regression 
for experimental and theoretical scattering results at polarisation setting, 
W . The linear correlation coefficient of each q-slope regression analysis 
is given in brackets. 

Scattering Experimental q-slope Theoretical q-slope 
Parameter, (negative) W (negative) W 

Fuel Range in q 

Beech Wood 

Cotton Lamp Wick 
(Expt. 1) 

Cotton Lamp Wick 
(Expt. 2) 

Polyurethane 

6.79 to 18.3 

11.4 to 18.3 

9.92 to 18.3 

8.4 to 17.2 

3.2 (0.99) 

4.1 (0.99) 

4.1 (0.99) 

3.6 (0.99) 

3.1 (0.91) 

3.1 (0.99) 

3.1 (0.99) 

3.5 (0.83) 
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5.4 DISCUSSION 

The Hght scatterkig results above demonsttate the feasibility of measuring the cHfferential 

mass scattering cross section, o{§^, for non-flamkig fire generated smoke aerosols. The 

uncertainties in the resuks have increased in comparison with the uncertainties determkied in 

the last chapter. The time averaged mass concenttation measurement from the ttansport 

ckum is the main contribution to this uncertakity. Inttoducing a reference channel by which 

the mass concenttation variation can be morktored would reduce the mass concenttation 

uncertainties. This approach has been used by Holland and Gagne (1970) although thek 

methods were different. 

The Mie theory calculations are based on the measured size cHstribution parameters. 

Table 5.2, and refractive index of m = 1.5 + iO . Uncertainties in these quantities lead to 

cHfferences in the calculated results when compared with the observed scattering results. 

Deviation of the smoke aerosol's size distribution from lognormal might be a factor in this 

uncertainty. The magnitade of the scattering by smoke aerosols generated by beech wood 

and polyurethane is over and under-precHcted at smaU and large angles respectively, by the 

Mie theory. These cHfferences make comparison of theory and experiment cHfficnilt for the 

forward scattering, asymmetry and polarisation ratios. The general ttend and magnitade of 

the experimental results is in fak agreement with the theory. For the smaUer smoke aerosol 

particles from cotton lamp wick, the agreement is particularly good. 

Using the observed scattering, cHfferentiation of smokes with respect t'G relative size is 

apparent with use of both the forward scattering ratio and the polarisation ratio. The 

polarisation ratio results are in agreement with the stady completed by Loepfe et al. (Loepfe 

et al., 1997), where they observed a simUar cHfference between beech wood and cotton lamp 

wick smoke aerosols as was observed in this stady. The asymmetry ratio does not 
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cHscrimmate between the smoke aerosols generated by non-flaming fkes examined in this 

stody. 

A regression analysis of the cHfferential mass scattering cross section over a restricted range 

of the scattering parameter has yielded the q-slope (12 < ^ < 18.3 |lm"'). The q-slope of the 

envelope is a range chosen to highHght Hnear behaviour. One fact that is particularly 

apparent from this analysis is that the range of q values over which the slope is determined 

has significant affect on the result. Apparentiy the W polarisation results are better fitted 

with the regression analysis method for the fixed range and envelope q-slope. The H H 

results increase at large q values compHcating the regression analysis. Interestingly the 

interference structure in the theoretical results compHcates the regression analysis for the 

fixed range q-slope. Using an approach akned at highlighting the envelope of the scatterkig 

function a variable range reduces the influence of the interference features. For the larger 

smoke aerosols defining a set range reveals a tendency of larger particles to approach q-slope 

values of about -3, whUe a variable range defining an envelope slope results in values between 

-3 and -4. In the case of the small cotton lamp wick smoke particles the q-slope is about -4. 

What remains to be seen is how this quantity wUl compare with the same measure for soot 

and nuisance aerosols. These aerosols are dealt with in the foUowing chapters and finaUy 

compared in the penultimate cHscussion chapter (Chapter 8). 
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SMOKE AEROSOL FROM FLAMING FIRES 

6.1 INTRODUCTION 

This chapter presents the results of Hght scattering measurements of smoke aerosol generated 

by flaming fuels, simply caUed soot Smoke aerosol is the generic term used m this stady to 

include gas borne soHd and HqiHd particulate in smoke from fires. The term soot is specific 

to graphitic Hght-absorbing smoke aerosol generated in flames. This stady limits itself to 

over-ventilated concHtions where the oxygen supply is high, as opposed to under-ventUated 

fire concHtions where the oxygen supply to the combustion zone is limited in some way. 

Flaming fires generate carbonaceous black soot when combustion concHtions in the flame do 

not completely oxicHse the fuel. Soot from a laminar cHffusion flame wUl change from 

graphitic-carbon to partly organic as the flame becomes fuel rich. The agglomerate structure 

becomes more agglutinated, and the elemental carbon content decreases from 90 % to about 

50 % (Leonard et al., 1994). Bumkig vegetated wood wUl produce predominantiy "whitish" 

smoke aerosol in a flaming fire since the content of water and condensable organics is usuaUy 

high (MulhoUand et al., 1989). An under-ventilated closely packed crib test (a standard fire 

used in laboratories) produces whitish smoke due to pyrolysis dominating over flamkig 

combustion (Bryner and Mulholland, 1991). In the case of smoke detection an under-

ventUated fire represents a fire that has usuaUy grown to a size beyond detector based 

warning. The design basis of a smoke detector is an over-ventilated fire, a smaU flaming fire 

in a much larger space. Thus the post-flame soot from this type of fire is stacHed here. 

The chemical formation of soot has been of interest for many years and it is not the place of 

this stady to provide a review of that work as many such reviews are akeady available 

(Wagner, 1979; Haynes and Wagner, 1981; Glassman, 1988; Sknmons, 1995). What foUows 

below is a summary of the general aspects of soot formation of interest to this stady, which 
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tends to be physical as opposed to chemical. The physics of soot formation is now weU 

understood as wUl be cHscussed below, but the role of chemistry m the very early stages of 

soot formation is complex and an area of on-going research. 

The formation of soot starts with the thermal decomposition (pyrolysis) of the fuel into 

gaseous products. These gases undergo high temperature reactions which produce many 

saturated and unsaturated hyckocarbon racHcals and ions. These compounds then go 

through cHfferent processes of cycHsation and polymerisation, with the possibUity of 

subsequent fragmentation, to form kicipient soot particles. Additional growth of the 

spherule occurs through surface growth and then coalescent coUisions. FkiaUy 

dehyckogenation strips the hyckogen from the hyckocarbons increaskig thek viscosity and 

producing the graphitic soot primary particle (Pakner and Seery, 1973; Calcraft et al., 1975; 

Dobbins et al., 1998). Which of the chemical processes are dominant and under what 

concHtions is yet to be fuUy determined (Simmons, 1995). 

AU these processes are Hkely to be occurring in paraUel to some extent and by any sequence 

of these events the primary soot particles are formed. The morphology of the primary soot 

particle is often described as a graphite-like spherical particle, ranging from 10 to 80 nm in 

cHameter. The term graphite-Hke is only appHcable in the sense that the particle's 

microstructure has graphitic layering in sheUs rather than plates. The primary particles look 

Hke onions with cHscontinuities through the layers (Palmer and Seery, 1973). These primary 

particles coUide with other primary particles or smaU clusters in the flame to form chain-like 

soot agglomerates, as seen in Figure 6.1. 

The shape of the soot agglomerates is not trivially equivalent to a sphere for which the 

aerodynamic cHameter can be determined (Cleary, 1989). Electton microscopy methods are 
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Figure 6.1: (a) A field emission scanning electton microscope image of 
a smaU soot particle from flaming polyurethane foam (this stady). (b) 
Transmission electton microscope image of soot from tarbulent 
acetylene and ethylene flame burners (MuUioUand and Choi, 1998). 

b) 
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perhaps the best method of determkiing soot agglomerate size cHstributions. The racHus of 

gyration of soot agglomerates can be obtained through smaU angle scattering and the fractal 

cHmension can be obtained from scattering at larger angles. The racHus of gyration is 

examkied in this stady with post-flame agglomerates as a function of fuel flow rate and as a 

function of time as the soot agglomerates grow. 

There have been a substantial number of stacHes of Hght scattering by soot agglomerates; 

those related to post-flame soot are of particular interest to this stady. Zhang et al. (1988) 

conducted a Hght scattering stady of the fractal dimension during agglomerate growth of 

soot exteacted from a premixed methane flame. MuUioUand and Choi (1998) have 

conducted extinction cross section and total scattering to extinction ratio measurements for 

acetylene and ethylene using the TCRN capabUity of the LAOF. Koylu and Faeth (1994) 

have conducted experiments measuring cHfferential, total and extinction cross sections of 

post-flame soot of propylene, acetylene, ethylene and propane. Thek cHfferential scattering 

results are normaHsed and based on absolute intensity caHbration using Rayleigh scattering. 

The cHfferential data was also used to determine the fractal cHmension of the soots generated. 

The measurement of the fractal cHmension of the flame generated soot is also important in 

our stady as it is one potential method for cHscriminating soot from the other smoke and 

nuisance aerosols examined, analogous to the q-slopes determined in the last chapter. 

6.2 METHOD 

6.2.1 SOOT GENERATION AND TRANSPORT —-

Soot generated for this stady was from acetylene, ethylene, propylene and heptane, aU 

burning in over-ventUated concHtions. The majority of these fuels are gaseous, whUe the 

heptane is a Hquid fuel. As cHscussed in Sec 2.5.1 the universaHty of soot means that as long 

as the fire is weU ventUated then the soot particles formed wUl be carbonaceous agglomerates 

with fractal dimensions characterising thek morphology. The use of the gas fuels is quite 
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representative of the great majority of flaming fkes when concerned with the production and 

investigation of soot. SoHd fuels wUl also produce soot agglomerates as shown in Figure 

6.1a when burning with an over-ventilated flame. 

Acetylene and ethylene soots were generated in a co-flow laminar burner developed for an 

earHer investigation (Samson et al., 1987) and later mocHfied with the adcHtion of a tripper 

plate foUowed by a mixing section (MuUioUand and Choi, 1998). This burner was positioned 

next to the LAOF so that a smaU sample of soot could be tapped off the main buoyant soot 

flow. This sample was ckawn off by the vacuum pump of the LAOF and cHluted with the 

adcktion of clean ak. The soot that was not ckawn into the LAOF was exhausted through 

the laboratory exhaust. The soot produced by this burner was continuously sampled through 

the LAOF for Hght scattering measurements. The typical fuel flow rate was about 0.79 cm\s" 

^ and 7 cm" .s" for acetylene and ethylene respectively. WhUe the acetylene and ethylene were 

sampled dkectiy into the LAOF, the propylene and heptane had to be ttansported to the 

LAOF using the drum system (Sec. 3.4.1 and Sec 5.2.2). 

A co-flow burner was also used with propylene but at a higher flow rate resulting in a 

pulsating flame structure. In the case of the propylene the burner was attached to the 

F E / D E at the vertical riser section above where the soHd non-flaming fuels were burnt. The 

great majority of soot generated was aUowed to flow sttaight out via an exhaust duct; a smaU 

amount was aUowed to pass kito the F E / D E . A damper between the burner and the 

F E / D E conttoUed this soot flow into the F E / D E . The fuel flow rate used was about 10 

c m \ s ' (0.6 L.mki'^). The smoke concenttation ki the F E / D E reached steady state 

concHtions before the soot was coUected in the drum. This took about 30 seconds. The 

coUection of soot into the drum started at 30 seconds and ended at 360 seconds. 
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The heptane was the only non-gaseous fuel examined in these soot experiments and 

produced a tarbulent cHffusion flame. The heptane soot was generated by a smaU pool fke 

located in the same section of the F E / D E as the non-flamkig fuels. A 25 cm^ pool of 

heptane was poured on top of 100 cm^ of water contained in a Pyrex petri cHsh surrounded 

by a metal overflow cHsh. The water helped reduce the effects of the heptane boiling and 

splashing out of the cHsh. It also raised the heptane to the Hp of the cHsh so that Hp effect 

was reduced on this smaU pool fke. The time avaUable for sampling was much reduced in 

the case of the heptane, but this was compensated for by the large amount of soot produced 

by heptane. To slow the flow of the heptane soot through the F E / D E it was necessary to 

turn off the driving fan of the F E / D E , and aUow the buoyancy of the hot plume and the 

smaU ak pump effect of the F E / D E exhaust fan to carry the soot through the F E / D E . This 

approach worked weU, since the heptane would often burn out before aU the soot had moved 

out of the F E / D E . In the light scatterkig experiment presented below the heptane was 

ignited at 60 seconds and the coUection of smoke into the dmm was started at 110 seconds. 

The heptane flame extinguished at about 140 seconds, and the drum coUection was finished 

at about 410 seconds. 

In Figure 6.2 the F E / D E ttace of the ttansmittance of the upper laser shows both 

propylene and heptane during sampHng into the drum. The laser ttansmission for propylene 

was nearly constant whUe for heptane there was a rapid decrease in ttansmission due to 

intense soot production. This was foUowed by a continuous increase in the ttansmission as 

the smoke aerosol moved out of the F E / D E . The sampHng of the soot generated by the 

F E / D E foUowed the same procedure used in sampling smoke aerosols from non-flaming 

fkes (Sec. 5.2.2). The drum was connected to the F E / D E via the 10 mm copper sampHng 

line. A pump was connected to the outiet valve on the drum along with a bubble flow meter 

so that the flow rate into the dmm was known. Because the soot from the 
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Figure 6.2: Light ttansmission of the upper laser in the F E / D E for 
propylene and heptane soot generation. The sampling times of 
coUection into the ck-um are shown. 
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propylene and heptane was coUected into the ckum, Hght scattering measurements were 

susceptible to the uncertainty caused by mass concenttation decrease in the ckum 

(Sec. 5.3.3.1). The results for acetylene and ethylene have less uncertainty because the 

steady-state burner was attached to the LAOF. 

6.2.2 L I G H T SCATTERING METHODS 

The cHfferential mass scattering cross section, O (6 ), was the major quantity of interest in this 

stady. This quantity has been measured foUowing the procedures described in Appendix I. 

The results are presented in the foUowing sections where they are used to determine the 

forward scattering ratio, asymmetry ratio and polarisation ratio. The cHfferential scattering 

data is then examined in terms of the scattering parameter. Since improved characterisation 

is possible with steady state soot generation using the laminar cHffusion burners attached to 

the LAOF, other soot experiments were conducted to measure the racHus of gyration. These 

measurements are detaUed later in this chapter. Mie theory calculations were not conducted 

since the theory is not appHcable to the agglomerate structure of the soot particles. 

6.3 LIGHT SCATTERING RESULTS 

6.3.1 ANGULAR SCATTERING 

The cHfferential mass scatterkig cross section [m .g"'.sr' ] has been measured for the soots 

produced by propylene and heptane in the FE/DE as weU as for acetylene.and ethylene soot 

generated in a co-flow laminar burner attached to the LAOF. The cHfferential mass 

scattering cross section has been measured for the two polarisations perpendicular (vertical in 

- vertical out, W ) and paraUel (horizontal Hi - horizontal out, HH) to the scattering plane. 

In Figure 6.3 the results for propylene and heptane are shown. Similarly ki Figure 6.4 the 

results for acetylene and ethylene are shown. The most striking point of aU these results is 
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Figure 6.3: Differential mass scattermg cross section [m^.g"'.sr''] for 
propylene and heptane generated m the FE/DE and ttansported by 
drum. 
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Figure 6.4: Differential mass scattering cross section [m^.g"'.sr"'] for 
acetylene and ethylene generated in the co-flow laminar burner attached 
to the LAOF. 
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Figure 6.5: Comparison of differential mass scattering cross section 
[m .g" .sr" ] for aU of the soots. 

c .2 v.* o 
CD 

CO 
CO 
CO 
O . - ^ 

&_ 
rj) CO 

CO b 
o I—. 

CO ^ 
CO <3> 

CO > 

c 
CD 
k . 
CD 

c 
o .•—• 

o CD 
CO 
CO 
CO 

o 
O' 
O ) 
c» 
^ Cl>t 

_ 
')— 
CO 

m 

S^E 
C3 
CO 
CO 
CO 
CO 

^ 
CO 

4—• 

c_ CD 

1 1 

<x> I 
T b 

Scattering Angle (9°) 

20 40 60 

10 : 
. V 

1 : 

CD 

0.1 : 

80 
I , 

100 
J 1 L. 

120 140 

V 
• 7 

* Propylene 
V Heptane 
B Acetylene 
o Ethylene 

* * V 

9 * V 
5 * v 

5 i V 
" t V 

• 5 
o 
i 

VV polarisation o o •??s!! 

0 20 40 60 80 100 120 140 

Scattering Angle (0°) 

160 

10 -

• 

1 1 

0.1 -

0.01 -

• 

0.001 -: 

* 
i * 
^ 

0 V -
». • * "^ • * Propylene 

* § * , V Heptane 
* g • , B Acetylene 

^ H • 0 Ethylene 

o " 9 0 
V B 

HH polarisation 0 "̂  "̂  
0 

- I I . 1 1- I I - I 1 1 1 1 1 1 1 1 1 1 . 1 . . 1 1 1 1 1 1 -T • . T-

160 

6.3:185 



Chapter 6 

that they are similar in functional form. Thek agglomerate morphology is the cause of this 

simUarity and is skmlar from soot particle to soot parttcle no matter what orgamc fuel created 

the soot particle. As the results in Figures 6.3 and 6.4 are analysed ki this section the 

simUarities wiU become more apparent. 

To compare the scattering data in Figures 6.3 and 6.4 the polarisations have been separated 

and plotted ki Figure 6.5. The sknilarity in the angular cHstribution of scattered Hght is 

striking. This is a result of the utuversal nature of soot agglomerate structare. The smaU 

primary particles makkig up the agglomerate scatter Hght kicHviduaUy as Rayleigh scatterers 

then combines in the far field as described in detaU in Sec, 2.5. 

6.3.1.1 Forward scattering and asymmetry ratio 

The forward scattering ratio, Oy^ \^°)IOyy (20°), is a measure of the relative size or number 

of primary particles making up the soot agglomerates. The forward scattering ratio wUl have 

smaU values that approach 1 for smaU particles and larger values for larger agglomerates. The 

size refers to an average size over the ensemble of soot agglomerates produced by the 

respective sources. Forward scattering ratio results are presented in Table 6,1. The ethylene 

soot it is the smaUest agglomerate with a value of 3.8, and acetylene with a result of 8.7 is the 

largest Propylene and heptane are comparable, having values of 6.3 and 6.4 respectively. 

The asymmetry ratio, CJ,^(45°)/CJyy (l35°), is also given ki Table 6,1. The asymmetry 

ration ranges from 4.0 to 5.6, which does not inckcate any large differences between the 

cHfferent soots. This is to be expected given the scattering parameter dependence of the 

scattering curves and the post-flame nature of the soot that leads to large radk of gyration. 

Under such concHtions the scattering dependence can be described by Equ. 2.45. For 

example, determining the asymmetry ratio in terms of the scattering parameter at 45° and 

135° using Equ. 2.45 the result is about 4.9 for a fractal cHmension of 1.8. 
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Figure 6.6: The normaHsed (p(5°)=l) polarisation ratio from the data 
shown ki figure 6.3 and 6.4 for propylene, heptane, acetylene and 
ethylene. 
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Table 6.1: Results of analysis of ckfferential mass scattering cross 
section. 

Fuel Forward Asymmetry Polarisation 
Scattering Ratio Ratio Ratio at 90° 

Truncated 
Scattering cross 
section (m .̂g"̂ ) 

Propylene 

Heptane 

Acetylene 

Ethylene 

6.3 

6.4 

8.7 

3.8 

4.9 

5.6 

4.0 

4.5 

0.035 

0.018 

0.021 

0.012 

2.3 

2.2 

1.6 

1.4 
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6.3.1.2 Polarisation ratio 

The SimUarity in the form of the scattering curves shown above is also apparent when 

considering the polarisation ratio, defined by p(§)= O f^„ jOyy , shown m Figure 6.6. The 

polarisation ratio results shown ki Figure 6.6 have beeh normaHsed to p(5°) = l for 

comparison. The polarisation ratio is dominated by the large cHfference between W and 

HH about 6 =90°. Since the scattering caused by the agglomerate morphology is not 

sttongly dependent on polarisation, the polarisation ratio,/?(6'), reflects the Rayleigh-like 

scattering by the primary spheres and results in a minimum at 6 = 90° (Sec. 2.5.2). The 

polarisation ratio result for a Rayleigh scatterkig particle has been included in Figure 6.6 for 

comparison. 

6.3.1.3 Truncated scattering cross section 

The tmncated mass scattering cross section (5°<6<135°) determined from the data of 

Figures 6,3 and 6.4, has been determined usHig the same method as that used for the smoke 

aerosol from non-flaming fires, see Equ 5.1. The results are presented in Table 6.1 and are 

in fak agreement with MulhoUand and Choi (1998) for acetylene and ethylene, 1.65 m .̂g"' and 

1.58 m .̂g"̂  respectively, using the same laminar burner as the one used in this stody. 

6.3.2 SCATTERING PARAMETER 

The universaHty in morphology seen in Figures 6.3 and 6.4 is also revealed by re-plotting the 

data in these figures against the scattering parameter, q = (4;z/A)sin(6/2). The wavelength 

used through out this stady is that of the HeNe laser, X = 632.8 nm. 

Figure 6.7 shows this re-plotted data the slope of which gives ibe fractal cHmension of the 

soot aggregates, CT{q)~ q~'^ for qR^ > 1 (Sec. 2.5,2,3). The fractal cHmension of the 
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Figure 6.7: Shows the scatterkig of propylene, heptane, acetylene and 
ethylene re-plotted against the scattering parameter. 
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Table 6.2: Soot fractal dimension and q-slope measured from Hghts 
scattering measurements of this stady and those of post-flame soot 
measured by (Koylu and Faeth, 1994) 

Fuel Fractal Dimension q-slope (negative) Fractal Dimension 

8.3 <^<18.3nm-' 12 <^<18,3nm' (Koylu and Faeth, 
1994) 

Propylene 

Heptane 

Acetylene 

Ethylene 

1.8 

1.9 

1.6 

1.7 

1.8 

2.0 

1.7 

1.7 

1.84 

' > , - , 

1.85 

1.83 
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soots examined in this stady are given m Table 6.2 for the range 8.4 <^<18.3 jLlm"' 

(50° < 6 < 135°). We fmd diat the fractal cHmension for the four soots is m the range 1.7 to 

2.0 as given in Table 6.2. This is to be compared with a range of 1.7 to 1.85 for soot for 

Hght scattering stadies (Koylu et al., 1995; Sorensen and Feke, 1996). The q-slope is also 

computed over the same range as used for the non-flamkig smoke, 12 < ^ < 18.3 |Llm"' 

(75° < 6 < 135°). The values of the q-slope are equal to or less than 2. The linear correlation 

coefficient, r , for both the fractal cHmension and the fixed range q-slope in Table 6,2 is not 

less than 0.98 in aU cases. 

6,4 SCATTERING MEASUREMENT OF THE RADIUS OF GYRATION 

6.4.1 M E T H O D 

In the course of doing the scattering measurements we noted interesting behaviour 

associated with the racHus of gyration for soot generated at lower fuel flow rates of acetylene 

and ethylene. Measurement of the radius of gyration of a soot agglomerate fits weU with a 

stady of agglomerate fractal dimensions. It is also beneficial to have some measure of the 

agglomerate mean size. The foUowing sections describe the methods and results from 

examination of post-flame soot agglomerate radius of gyration. 

The morphology of soot agglomerates is described by various parameters some of which are 

dkecdy accessible via light scattering data, see Sec 2.5.2. The average radius of gyration, 

\R >, of the polycHsperse ensemble of soot a^lomerates can also be determined from 

angular Hght scattering information (Sorensen et al., 1992). This average racHus is simply 

referred to as the racHus of gyration in the foUowing text The theoretical basis of this has 

been described in a previous chapter. Sec. 2.5.2.1, as a consequence of the Guinier equation, 

Equ. 2.43, that appHes for qR^ < 1. If the racHus of gyration is large then the Guinier 

regime requkes smaU angle measurements for the fixed wavelength used ki these stacHes. 
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The smaUest angle avaUable in this stady for measurement is 6 = 5 ° and this puts a Hmit on 

the largest racHus of gyration measurable. This limit is exceeded for the resiUts presented 

above so that for those cases the racHus of gyration cannot be determined from the light 

scattering measurements. SmaU agglomerates are characterised by Cj(^)—>1 for smaU values 

of ^ . As \P^) becomes large 0\C{) has a form approaching a sttaight Hne over a wider 

range of ^ . 

To overcome this Hrrdtation the gas fuel burner attached to the LAOF was used to produce 

relatively smaU soot particles by reducing the fuel flow rate into the flame under the same 

oxygen concHtions. The smaU soot particles were generated to meet the optical requkement 

that the scattering signal at 6 = 5° was about three times the background scattering at that 

angle. These measurements would then give an incHcation of the largest soot particles from 

which the scattering could be reasonably observed. 

The racHus of gyration in this stady was measured using the Guinier expression, Equ. 2.43, 

rearranged to the foUowing form. 

M(0) 3 

The racHus of gyration can be obtakied from the slope, {R^ ^ / 3 , at smaU angles when 

plotted as a function of ^^ . The equation above has made use of the proportionaHty 

between the detected signal, M ( ^ ) , and the cHfferential mass scattering cross section, o ( 6 ) . 

Also, given that the smaUest scattering angle is 6 = 5 ° the detector readkig at this angle was 

used for M ( 0 ) in Equ. 6.1. 
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6.4.1.1 Acetylene and Ethylene at different fuel flow rates 

The scatterkig signal was measured for soot produced by ethylene and acetylene for a range 

of fuel flow rates. It is known that the agglomerate size kicreases as the fuel flow rate 

mcreases (Samson et al, 1987). This is thought to result from the increased soot yield as the 

fuel flow concHtions increase. The flame changes from producing no post-flame soot to the 

fkst evidence of soot, to progressively more intense sooting. The soot generated under 

cHfferent burner concHtions was aUowed to flow through the LAOF, where the scattering 

signal was measured ki the forward dkection. In these experiments only the angles from 5° 

to 55° were measured. Since the interest is in the scattering signal only, there is no need to 

measure the mass concenttation. These experiments with varying fuel flow rates 

characterized the forward scattering as the soot continuously flowed through the LAOF. 

6.4.1.2 Agglomerate post-flame growth of Acetylene and Ethylene 

Experiments were also performed to stady affects of agglomeration on the angular scattering. 

These experiments were carried out at low fuel flows: 0.67 cm .̂s"̂  and 6.6 cm .̂s"' for 

acetylene and ethylene respectively. These low flows resulted in relatively smaU agglomerates. 

Closing a valve between the burner and the LAOF inlet as weU as the pneumatic isolation 

valve at the lower end of the LAOF isolated the soot The soot was held in the LAOF to 

undergo agglomeration at essentiaUy standard temperature and pressure concHtions. 

Differential scattering measurements were then made. 

The scattered Hght signal at the forward angles (6 =5° to 20°, A6 =1°) was measured at 

recorded intermittent times during the isolation of the soot. In this way the change ki racHus 

of gyration could be measured as the soot grew, this was why the initial soot isolated in the 

LAOF was of the smaUest starting size. A measurement of the number concenttation of the 
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Figure 6.8: Schematic of condensation particle counter connection to 
the LAOF. 
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soot agglomerates was also made on separate occasions to the scattering measurements. 

These measurements were made before and after soot was isolated for a one-hour period. 

Measurements were made with the CPC that was also used in measurement of the number 

concenttation m the F E / D E (Sec. 5.2.2.2). The ratio of the number concenttations before 

and after isolation gave a measure of the amount of agglomeration that had taken place. T o 

make the number concenttation measurements it was necessary to connect the cHluter 

between the LAOF and the CPC, as shown in Figure 6.8. The pressure across the cHluter 

was kept at about 20 Pa. This results in a cHlution of about two orders of magnitade across 

the cHlution ckcuit in Figure 6.8. 

6.4.2 R E S U L T S 

6.4.2.1 Radius of gyration at different fuel flow rates 

In Figure 6.9 the results of light scattering by acetylene and ethylene soot generated at 

different fuel flow rates has been measured. The data has been normaHsed at a scattering 

angle of 20° and presented in terms of the measured detector signal corrected for the 

scattering volume angular dependence. In the case of the low fuel flow rates it was necessary 

to make five scans over the angular range and to then average over the scans to reduce the 

noise. The bar in Figure 6.9b is the 95 % confidence limit of this averaging. In the case of 

the acetylene the uncertainty was the size of the data point This highHghts the repeatabiHty 

of the acetylene even at low fuel flow rate. The ethylene data vastiy improves in repeatabiHty 

at higher fuel flow rates. 

The effect of high and low fuel flow rates can be seen in the forward scattering region. A 

large racHus of gyration of the soot agglomerate leads to sttonger scattering in the forward 

dkection. The racHus of gyration limit is apparent when companng the acetylene resvUts for 

the fuel flow rates of 0.73 c m l s ' and 0.79 cm\s '. At these settings there is Httie cHfference in 
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Figure 6.9: The results of Hght scattering measurements ki the forward 
dkection from a) acetylene and b) ethylene generated soot 
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Figure 6.10: Results of racHus of gyration analysis for acetylene and 
ethylene using Equ. 6.1. 
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Table 6,3: The racHus of gyration for cHfferent fuel flow rates of 
acetylene and ethylene used to generate soot. 

Acetylene FFR (cm^/sec) <R > (pm) Ethylene FFR (cm^/sec) <R > (pm) 

0.66 0.8 6.6 0.6 
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the scattering at smaU angles. Very smaU angle data woiUd be necessary to see any possible 

cHfferences in the average racHus of gyration. 

Figure 6.10 Ulusttates the method of analysing the forward scattering signal from the 

acetylene and ethylene soot (Sec. 6.4). The data used to calculate the radius of gyration were 

the average of five angular scattering experiments determined for acetylene and ethylene 

each. The racHus of gyration was computed from the Hnear region which consists of the first 

four data points measured at scattering angles of 6 = 5°, 6°, 7°, 8°. In some data even these 

four points were not in the linear region. The non-linear region is a consequence of a 

breakdown of the approximation in the Guinier region due to the effects of the large racHus 

of gyration. This is why the approximation ki Equ. 6.1 is used. It gives a sttong visual clue 

as to the appropriateness of the approximation. In Table 6.3 the results for the racHus of 

gyration are presented for the cHfferent fuel flow rates of acetylene and ethylene. The 

acetylene soot, 0.8 jlm, is larger than the ethylene soot, 0.6 |lm. The racHus of gyration could 

only be computed for the lowest flow rates for each fuel, because the other fuels flow rates 

cHd not have linear results at the smaU angles measured. 

6.4.2.2 Post-flame agglomerate growth of acetylene and ethylene 

The results that foUow show the kicrease in racHus of gyration of the soot agglomerates as 

they grow by coagulation kinetic coUisions in an isolated volume. The radius of gyration is 

measured at forward angles as has been done in the last section. In Figure 6,11a and 6,12a 

the results of the forward scattering measurements at cHfferent times after isolation are shown 

for acetylene and ethylene respectively. As the isolation time kicreases the number of large 

soot agglomerates increases due to coUisions. The change in the shape of the q-scattering 

plot for ethylene smoke suggests that agglomerate growth is takkig place. For acetylene on 

the other hand, there does not appear to be a consistent change ki the shape of the scattering 

curve as a function of q. The scattering magnitade for the acetylene soot is increasing but the 
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Figure 6.11: The Hght scattering results for acetylene soot growing by 
coagulation (aging) in an isolated volume: a) volume corrected detector 
signal b) plot of t = 5 min and t = 45 min using Equ. 6.1. 
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Figure 6.12: The Hght scattermg results for ethylene soot growing by 
coagulation (aging) in an isolated volume: a) volume corrected detector 
signal b) radius of gyration plot using Equ. 6.1. 
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changes in the scattering curve are not pronounced as seen in the ethylene results. The 

acetylene flame creates a large soot agglomerate to start with and growth can result in even 

larger ones that dominate the Hght scattering signal at smaUer values of q. In this case, 

particle settling and ttansport to the waUs might also be a significant process. 

In Figure 6.11b and 6.12b selected scattering results have been ttansformed as per Equ. 6.1. 

The first six angles have been used to calculate the radius of gyration of the ensembles. 

Table 6.4 shows the calculated average racHus of gyration of the soot agglomerates as a 

function of isolation tkne. In Table 6.4 the growth of the ethylene from 0.49 to 0.67 | lm is 

more substantial than that of the acetylene. Acetylene growth from 0.55 to 0.57 fXm is not 

significant enough to be considered incHcative of growth. Both soot resvUts are affected by 

uncertainty generated by noise from large agglomerates in the scattering volume. Acetylene 

is the most affected by this uncertainty as demonsttated by the results in Table 6.4. 

The results are the ratio of initial to final number concenttations after an hour of isolation are 

presented in Table 6.5. Isolating ethylene generated by fuel flow rates of 6.6 cm'^.s' and 7 

cm\s"' resulted in decreases of 13.4 and 12.4 times the number concenttation before 

isolation, respectively. This is significant compared with the reduction in initial number 

concenttations of 5.6 and 8.1 times for acetylene generated at fuel flow rates of 0.67 cm .s' 

and 0.79 cm^s"^ respectively. How the loss of soot agglomerates to the waUs or settHng on 

surfaces affects these figures is unknown. The number concenttations and ratios have a 

relative standard uncertainty of about 5 %. The low fuel flow rates were used in the soot 

growth experiments whUe the larger fuel flow rates were used in the Hght scattering 

experiments presented in Sec. 6.3.1. 
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Table 6.4: Tabulated results of the radius of gyration for cHfferent fuel 
flow rates of acetylene and ethylene used to generate soot. 

Acetylene 
Time (min) 

0 

5 

10 

45 

75 

<R,> (pm) 

0.55 

0.52 

0.62 

0.55 

0.57 

Ethylene 
Time (min) 

0 

5 

15 

20 

45 

<Rg> (^m) 

0.49 

0.52 

0.6 

0.57 

0.67 

Table 6.5: Acetylene and Ethylene soot number concenttations for 
steady state, and ratio of initial to final number concenttation after one 
hour of isolation. 

Acetylene Steady State 
FFR Num. Cone, 

(cm .̂s"̂ ) (p.cm" )̂ 

Ratio of Ethylene 
Num. FFR 

Cone. Ratio (cm .̂s"̂ ) 

Steady State 
Num. Cone. 

(p.cm') 

Ratio of 
NxHn. 

Cone. Ratio 

0.67 

0.79 

1.2x10' 

4.1x10' 

5.6 

8.1 

6.6 

7.0 

5.5x10' 

1.65x10' 

13.4 

12.5 

6.5 DISCUSSION 

The cHfferential mass scattering cross section has been measured and used to analyse various 

aspects of scattering by soot agglomerates. The forward scattering ratio incHcates that 

ethylene has the smaUer mean agglomerate size. RacHus of gyration measurements supports 

this. The fuel flow rate influences the size of soot agglomerates produced and the number, 

see Table 6.3 and Table 6.5. The truncated scattering cross section calculations compare 

weU with those measured by MulhoUand and Choi (1998) (Sec. 6.3.1.3). 

The polarisation ratio in Figure d.^ shows the cHstinct minimum typical of Rayleigh 

scattering; although the scattering by soot agglomerates is not Rayleigh scattering (Sec. 2.5). 
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The minimum at 90° in Figure 6.6 is a result of the removal of the agglomerate stmcture 

factor from the polarisation ratio due to its relative insensitivity to polarisation (Sec. 2.5,2). 

The results in Figures 6.5 and Figures 6.6 display the typical universaHty expected of soot 

agglomerates. 

The asymmetry ratio is related, C7(^(45°))/(jfe(l35°))- [^(l35°)/^(45°)p, to tiie fractal 

dimension of the soot agglomerates and both measures do not vary over a large range. This 

is another impHcation of the universal morphology of soot agglomerates and a result of thek 

large radk of gyration. The fractal dimensions in Table 6.2 compare weU for propylene 

measured in this stady and that measured by Koylu and Faeth (1994) for thek turbulent 

burner. The fractal cHmension result for acetylene is smaUer and that for heptane larger than 

what might be expected, given the typical range of 1.7 to 1.85 (Koylu et al., 1995; Sorensen 

and Feke, 1996). The heptane has a fractal dimension of 1.9 and a q-slope of 2. The fractal 

dimensions and q-slopes for the other soot agglomerates are sHghtiy less than 2. As a 

generaHsation of these results the flame-generated aerosols have a q-slopes of about 2 or less. 

Thek fractal dimensions vary about 1.8. 

Measurement of the mean racHus of gyration for post-flame soot has been demonsttated for 

acetylene and ethylene, with values of 0.8 p,m and 0.6 |lm respectively. The forward 

scattering ratio for soot at higher fuel flow rates incHcates the same cHfference in size. The 

growth ki the mean racHus of gyration from about 0.49 jO-m to 0.57 )lm of post-flame 

ethylene soot is observed. Growth is also observed for acetylene soot but is not as 

conclusive due to losses and scattering noise. 
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NUISANCE AEROSOT.S 

7.1 INTRODUCTION 

Common nuisance aerosols include steam, cooking generated aerosols, cigarette smoke and 

dust. WhUe cigarette smoke has been weU characterised and stacHed (Phalen et al., 1976), the 

other nuisance aerosols have atttacted far less Hght scattering attention untU the last decade 

or so. The majority of attention (anecdotal) has been from smoke detector manufacturers, 

who rarely pubHsh thek results. In fact, there are only two light scattering stacHes that have 

used what are classified in this stady as nuisance aerosols for smoke detection research 

(Aggarwal and MotevaUi, 1997; Loepf et al, 1997), Both of these stackes cHd not measure the 

size cHstribution of the aerosols they investigated. 

Aggarwal and MotevaUi (1997) demonsttated some cHscrimination of cHfferent non-flaming 

fke generated aerosols by Hght scattering by cHfferent smokes at about the same mass 

concenttation. They made use of a multiple-angle Hght scattering apparatas (Meacham and 

MotevaUi, 1992) although they limited thek reported work to a scattering angle of 6 =20°. 

They considered cookkig oU (com based) and bread (toasted) as aerosol sources. A^arwal 

and MotevaUi (1997) cHd not have any instruments for size analysis at thek cHsposal, although 

because the data were coUected at an angle (6 =20°) they would be sensitive to relative size 

cHfferences. 

Another stady by Loepfe et al. (1997), uskig a more advanced Hght scattering apparatas of 

sknUar design to that of Aggarwal and MotevaUi (1997), examined specificaUy the abUity of 

polarised Hght scattering to cHfferentiate fire and nuisance aerosols. To do this they measured 

the degree of Hnear polarisation, Equ. 2.34, for the EN54 (1982) test fires and nuisance 

aerosols steam, toasting bread, cooking oU and cancUe wax. They could separate the nuisance 
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aerosols based on thek degree of polarisation and identified a spUce m this measure at about 

155° for steam which might be used to (kfferentiate water aerosol from fire generated 

aerosols. They had mixed success separating other nuisance aerosols from the non-fire 

aerosols, cooking oU and pyrolysed beech wood blocks in particular. 

In this stady two of the nuisance aerosols, burning toast and overheating cooking oil, are 

generated by pyrolysis. The thkd and final nuisance aerosol was ISO Fine dust or Arizona 

road dust, a standardised dust (ISO 12103-1; A2). In this chapter the results of %ht 

scattering and size characterisation are presented. Light scattering results are presented in 

terms of the cHfferential mass scattering cross section [m^g'.sr'j. Such information can be 

used for predicting the response of a given detector to these three aerosols. The size 

distribution measurements are made for the first time in this stady to enable comparison 

between Mie theory precHctions and our measured cross sections. In the foUowing chapter 

the resvUts from aU of the smoke and nuisance aerosols are compared to examine cHfferent 

methods of cHscriminating between smoke and nuisance aerosols. 

7.2 METHOD 

7.2.1 NUISANCE AEROSOL GENERATION, SAMPLING AND TRANSPORT 

AU of the nmsance aerosols, burning toast, overheating cooking oU, and dust, were generated 

in the FE/DE, where they are commonly used as nuisance alarm aerosols for smoke detector 

evaluation. The concHtions under which they were generated are cHscussed here. The 

sampling and ttansport of the nuisance aerosols foUows the same procedures as described in 

Sec. 5.2.2 and Sec. 3.4. 

To generate the burning (pyrolysing) toast aerosol, a simulation of the normal occurrence 

takkig place in many kitchens aU over the world, two sHces of white bread were placed in a 

standard two-sHce pop-up toaster. The toaster had been wked on so that the toast would not 
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pop up. The smoke concenttation produced by the burning toast had a rapid rate of rise. 

The toaster was only powered for a short period compared with the sampling time, to avoid a 

tt-ansition to flaming. It is the early stage of burning toast that is of interest Hi this stady, not 

the ttansitional smoke aerosol. The CO level m the F E / D E was monitored as a check on 

die state of the burning toast. If the CO level rose too high then the toast was beginning to 

blacken and a ttansition to flaming would usuaUy foUow quickly. In the experiments of this 

stady, smoke was coUected at very low CO levels, kicHcating no carbonaceous aerosols. The 

other aspect of using the F E / D E is that the source behaviour is weU understood and 

repeatable. 

In Figure 7.1 the ttansmission curves for the upper laser in the F E / D E duct are shown for 

the nuisance aerosols. The vertical lines on the plots incHcate the time over which aerosol 

sampHng into the barrel took place. The ttansmission of the upper laser for the burning toast 

is seen in Figure 7.1a where the rapid reduction in Hght ttansmission corresponds to the fast 

evolution of smoke from the burning toast The toaster was powered at 60 seconds and 

sampHng took place from 260 to 400 seconds. To avoid the ttansition to flaming the power 

to the toaster was shut off at 360 seconds. Tlie production of nuisance aerosol caused by 

burning toast is rapid as can be seen in Figure 7,1a. This tends to increase uncertainties of 

measurements based on use of average mass concenttations ki the F E / D E , such as in 

extinction measurements. The F E / D E fan rate used throughout this stady was set to 7 Hz, 

which resulted in an ak velocity of about 0.2 m.s"\ 

To generate the over-heating cooking oU aerosol, a 5 cm'' sample of corn-based cooking oU 

was placed in a petri cHsh and pyrolysed on the hotplate, which was set at fuU power. It was 

the same hotplate used to pyrolyse the beech wood blocks (Sec, 5,2,1). Again the CO level 

in the F E / D E was monitored to ensure that the oU vapour was not close to ignition. The 

CO level during the oU vaporisation cHd not increase in our experiments. In Figure 7,1b 
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Figure 7,1: Light ttansmission through the nuisance aerosols generated 
by burning toast, over-heatmg cookkig oU, and dust. The time of 
sampling kito the ttansportation drum is also shown. 

CD 
CO 
CO 

D. 

a. 
3 
c 
o 

E 
CO 
c 
CO 

1.1 

1.0 

CD 0.9 
0) 
CO 
_1 

oJ 0.8 
Q. a. 
.t 0.7 

c 
o 
CO 0.6 -

CO 
c 
CO 

0.5 -

0.4 

c 
o 

E 
(0 

CO 

CO 
CO 

1.0 

0.8 

0.6 

0.4 

0,2 

0 100 200 300 400 500 600 700 

Time (seconds) 

Cooking Oil 

400 600 800 1000 1200 1400 1600 1800 

Time (seconds) 

Dust Upper Laser 
Dust Middle Laser 

100 200 300 400 

Time (seconds) 

500 600 700 

7.2:206 



Chapter 7 

the upper laser ttansmission is shown along with the sampHng period marked. It took a 

relatively long period to generate the cooking oU aerosol. Sampling into the drum began at 

1000 seconds and lasted for 300 seconds. 

The dust used as a nuisance aerosol was ISO Fkie Dust (12103-1; A2), manufactured by 

Powder Technology Inc. This dust has a mass mean cHameter of about 25 |Im. It was 

cHspensed kito the FE/DE flow before the fke test section by a screw feeder (AccuRate Inc., 

Dry Material Feeder), and a pressurised ejection head, which used a compressed ak Hne to 

kiject the dust into the F E / D E duct The screw speed was kept quite slow, a cHal speed 

setting of 1 was used and the compressed ak Hne was set at a pressure of 550 kPa (80 PSI). 

The FE /DE has honeycomb before the sensor section, which leads to a loss of particles 

larger than about 10 |im. Gravity fractionation of the dust was also observed by differences 

in the ttansmitted light beams at the top and midcHe heights of the sensor section. The net 

effect was that sampled dust aerosol had a different size cHstribution compared with the 

original ISO fine dust at the source. Some settHng in the barrel also occurred and further 

changed the size cHstribution of the final dust sample entering the LAOF. The gravity 

fractionation can be seen in Figure 7,1c along with the sampHng period to ckaw the dust into 

the drum. The dust cHspenser was started at 60 seconds and sampling into the drum started at 

120 seconds and lasted 300 seconds. 

7,2,2 MASS SIZE DISTRIBUTION, MASS AND NUMBER CONCENTRATION 

The aerosol characteristics of the nuisance aerosols were measured whUe sampHng from the 

FE/DE. The procedure and equipment used for the characterisation have been detaUed in 

the earHer chapters on the apparatas and smoke aerosol from non-flaming fires, see Sec 5,2. 

Those aspects are summarised here with attention to cHfferences specific to the nuisance 

aerosols. UnHke the smoke aerosol from non-flaming fures, no number cHstribution 
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measurements were made of the nuisance aerosols since the High Sensitivity Laser Aerosol 

Spectt-ometer (HSLAS, Particle Measurement Systems Inc.) was not avaUable. Mass size 

distributions were measured usmg die Mcro-Orifice Uniform Deposk Impactor (MOUDI) 

(Sec. 5.2.2.1). The continuous mass and number concenttations were also measured ki the 

FE/DE for the burning toast and overheating cooking oU nuisance aerosols. The same 

equipment and methods as detaUed ki Sec. 5.2 were used. 

7,2,3 L I G H T SCATTERING MEASUREMENTS 

The Hght scattering measurements foUow the same procedure as those presented for non-

flamkig fke generated smoke aerosol. The dmm is ttansported to the LAOF and a 

caHbration experiment is conducted as described in Appendix I. 

7.2.3.1 Theoretical Hght scattering methods 

Light scattering calculations have been made using Mie theory for comparison with the 

experimental measurements of the cHfferential mass scattering cross section. The computer 

code used is the polycHsperse algorithm developed from SCATMECH (Germer, 2001) and 

described in Sec. 2.4.3. Approximate refractive incHces of 1.5 -I- iO and 1.47 + iO are used for 

burning toast and overheating cooking oU nuisance aerosols, respectively (MulhoUand et al., 

1985b; National Toxicology Program, 2002). The ISO Fine Dust is estimated to have a 

refractive index of m = 1.47 + 14.8x10"\ The real part of the refractive index is assumed to 

be dominated by Si02 (m = 1.47), and the imaginary component is taken from a Hst of three 

values (7.0xl0'\ 4.8x10 ^ 2.1x10" )̂ by a multi laboratory test (Gerber and Hkidman, 1982). 

The dust particles are kregular in shape and as such are only expected to foUow Mie theory at 

forward angles (Holland and Gagne, 1970). 
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7.3 RESULTS 

7.3.1 SIZE DISTRIBUTION, MASS AND NUMBER CONCENTRATIONS IN T H E F E / D E 

The mass median aerodynamic cHameter and geometric standard deviation have been 

measured for the nuisance aerosols using the MOUDI whUe sampHng the aerosols as they 

flowed through the FE/DE. The mass cHstributions are presented as histograms in Figure 

7.2 and a log-probabUity plot is given in Figure 7.3 (Sec. 5.3.1.1). 

The mass based log-probabUity plot has been analysed to determine the size ckstribution 

parameters of the nuisance aerosols used in the Mie theory calculations. The log probabUity 

graph is Hnear over the range of the upper (95%) and lower (5%) confidence Hmits and 

incHcates that the size cHsttibutions of the nuisance aerosols are close to lognormal. The mass 

mecHan aerodynamic cHameter of the nuisance aerosols produced by toast, cooking oU and 

dust are 0.43 |Xm, 1.6 |Im, and 2.2 ^,m respectively. The quantified results of the size 

cHstributions are shown in Table 7.1. Repeat size distribution measurements were made for 

the dust and both results are given in Table 7.1. 

Results of the continuous monitoring of number and mass concenttations for toast and 

cookkig oU in the FE /DE are shown in Figure 7.4. The large peak in the number 

concenttation for the cooking oU at about 600 seconds is caused by the evolution of 

condensable species from the hot plate as described in Sec. 5.2.1. A time delay exists 

between the mass sampling and the number concenttation results because of the cHfferent 

ttansport Hnes of to the respective instruments and the relatively long time response of the 

TEOM. 
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Figure 7.2: The size-mass disttibution as a histogram of nuisance 
aerosols from a) burnmg toast as weU as cookkig oU and b) ISO fme 
dust measured in the FE/DE. 
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Figure 7.3: The log-probabUity graph of the size-mass distribution of 
nuisance aerosols measured in the FE/DE. 
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Table 7.1: Size cHstribution parameters determined from the MOUDI. 

Nuisance 
Aerosol 

Toast 

Cooking oU 

Dust 

Histogram 

Mass meckan Geometric 
aerodynamic standard 

diameter (|lm) deviation (GSD) 

0.43 

1.5 

2.3 

2.2 

1.7 

2.2 

1.8 

1.9 

Log-probabUity 

Mass median Geometric 
aerodynamic standard 

cHameter (|lm) deviation 
(GSD) 

0.43 

1.6 

2.2 

2.2 

1.6 

2.2 

1.8 

2.0 
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Figure 7.4: Results of the continuous number and mass concenttation 
monitorkig of toast and cooking oU aerosols in the FE/DE. 

1.4e+7 

1.2e+7 

"o 1.0e+7 

8.0e+6 

6.0e+6 

4.0e+6 

2.0e+6 

0.0 

e 
q 
c/j 
o 

'XL 
CO 

o. 
c 
o 

••s 
-̂̂  
c 
CD o c o 
o 
0) 

n 
E 
3 

— Burning Toast Number Cone 
• — Burning Toast Mass Cone, 

Plot A 
—kt .A - 0 

800 

600 ^ 
CT 

J. 
c 
g 

400 I 
c 
o 
o 
c 
o 
O 
0) 
(0 
CO - 200 

200 400 600 800 

2.5e+6 

2.0e+6 

1.5e+6 -

Time (seconds) 

E o 
CO 

o 
'XL 
CO 3. 
c 
g 
'15 

g 1.0e+6 
c 
o 
O 
0 
• | 5.0e+5 
3 

0.0 

Cooking Oil, Num. Cone. 
Cooking Oil, Mass Cone. 

Plot B 

160 

- 140 

- 120 

CD 

100 £ 
c 
o 

1-80 I c o o 

60 3 
<n 
V) 
<0 

40 5 

20 

500 1000 1500 

Time (seconds) 

2500 

7.3:212 



Chapter 7 

1.3.2 EXTINCTION MASS CROSS SECTION 

As has been described in Sec. 5.3.2, the extinction mass cross section has been determined 

for the nuisance aerosols generated. The results of this calculation are presented in 

Table 7.2 for the experiments conducted. Comparison of the organic aerosols from burning 

toast and cooking oU can be made with the results of Seader and Einhom's (1976). They 

found the smoke aerosols from non-flaming fires that they examined had an extinction mass 

cross section of 4.4 m .̂g^ for incident white light This equivalence argument makes use of 

the simUar organic nature and spherical shape of burning toast and cooking oU. The result 

for dust has not been reported before. 

Table 7.2: Results of extinction coefficient estimates. 

Fuel Mass Extinction Cross Section (m .̂g"') 

Burning Toast 3.5 

Cookkig o n 4 l 

Dust 4!0 

4.5 

7.3.3 ANGULAR LIGHT SCATTERING OF NUISANCE AEROSOLS 

Differential mass scattering cross section, 0\§) [m^.gVsf^], at the both W and HH 

polarisation settings have been measured for the nuisance aerosols. The Mie theory and 

experimental results are presented together. The refractive mcHces used in the calculated 

results are detaUed above in Sec. 7.2.3.1 and the size parameters used are from the log-

probabUity plot summarised in Table 7.1. 

The angular scattering results for burning toast are given in Figure 7.5a. The same 

measurements for overheating cooking oU and dust are shown in Figure 7.5b and 
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Figure 7.6, respectively. The forms of the scattering curves agree weU between the 

experimental and calculated cHfferential scattering cross sections. The observed scattering by 

the nuisance aerosols results in smooth curves, whUe Mie calculations precHct interference 

features for the larger particles from cooking oU and dust that are not observed. 

Light scattering calculations for aerosols generated by burning toast over-precHcts the 

observed scattering result at smaU angles and under-precHcts the scattering magnimde at the 

larger scattering angles, see Figure 7.5a. The general form of the observed and calculated 

angular cHstribution of the scattered light is very good for these smaUer aerosol particles. 

In the case of the overheating cooking oU and the aerosol dust the calculated results are lower 

than observed results at smaU scattering angles. The two polarisation experimental results for 

dust separate at larger angles more than the theory. This is probably due to ittegular particle 

shape (HoUand and Gagne, 1970). The mass concenttation over time is also Hkely to have 

some influence as cHscussed in Sec. 5.3.3.1. The cHfferences between calculated and 

observed results are to a degree, a consequence of uncertainty in the size cHstribution and to 

some extent the assumption that it is lognormal. 

7.3.3.1 Forward scattering and asymmetry ratios 

The toast nuisance aerosol shows typicaUy low forward scattering kidicative of a smaU 

particle when compared with the result for cooking oU and dust nuisance aerosols. The 

forward scattering ratio, Oyy (5°)/CJyy (20°), has been quantified in Table 7.3. It is a sknple 

measure of the slope of the scattering curve in the forward dkection, and a means of 

determkiing the relative size of particles. The results in Table 7.3 show that burning toast 

generates a small particle since the forward scattering ratio is 1.3. The overheating cookkig 

oU and dust aerosols are relatively larger with values of 3.4 and 7.1 respectively. This relative 
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Figure 7.5: Differential mass scattering cross section results for a) 
burning (pyrolysing) toast and b) overheating (pyrolysmg) cookmg oU at 
both W and HH polarisations. Mie calculations use the cHameters from 
Table 7.1 and m = 1.5 -f zO. 
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Figure 7.6: Differential mass scattering cross section results for ISO 
Fine Dust at both polarisation settings after sampHng from the FE /DE 
and dmm ttansport. Mie calculations use tiie cHameters from Table 7.1 
a n d m = 1.5 -H iO . 
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Table 7.3: Forward scattering ratio and asymmetry ratio for nuisance 
aerosols. 

Forward Scattering Ratio Asymmetry Ratio 

Nuisance 
Aerosol Experimental Theoretical Experimental Theoretical 

Toast 

Cooking OU 

Dust 

1.3 

3.4 

7.1 

1.4 

3.6 

7.9 

17.8 

13.6 

11.3 

13.8 

12.5 

26.0 
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sizing has high confidence given the size cHstribution information above. Comparison with 

the forward scattering ratio calculated from the theoretical results is also good. 

The asymmetry ratio, CĴ y (45°)/(3yy ( l35°) , for the nuisance aerosols are also given in 

Table 7.3. The asymmetry ratio burning toast (17.8) is larger than both the cookkig oU (13.6) 

and the dust (11.3) asymmetry rations. The interference features in the calculated scattering 

results sttongly influence comparison with the experimental asymmetry ratio. This leads to 

cHfferences between the experimental and theoretical asymmetry ratios. The experimental 

asymmetry ratio of dust is mteresting since these particles are irregular in shape. Decisive 

cHscrimination of the dust from the other nuisance aerosols is not conclusive given the results 

in Table 7.3 and as it is the only irregular shaped particle present in the particle set. 

7.3.3.2 Polarisation Ratio 

The polarisation ratio, p(6)= Ofjij(6)/Oyy(6), normaHsed at 6 = 5 ° for the nuisance 

aerosols is plotted ki Figure 7.7 and given ki Table 7.4 for p (90°) . The polarisation ratio 

of toast is typical of smaUer particles due to the H H component bekig smaUer that the W . 

In the case of the large dust particles the H H component also faUs below W as the 

scattering angles increase, see Figure 7.6, giving a polarisation ratio that also ckops sknilar to 

the smaUer toast particle. A comparison with the theoretical polarisation result at 90° is 

difficult because of the presence of interference features not observed ki the experiments. 

7.3.3.3 Truncated and total light scattering 

The experimental data ki Figure 7.5 and Figure 7.6 is used to determkie the truncated mass 

scattering cross section (Sec. 5.3.5). The Mie tiieory results are also calculated for 

comparison. In Table 7.5 these experimental and theoretical values of the tmncated 

scattering cross section are shown. As a fiinction of the total scattered Hght most of the Hght 

is scattered into forward angles, demonsttated by the peak at smaU angles in the angular 
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Figure 7.7: The normaHsed (at 5°) polarisation ratio of the nuisance 
aerosols. 
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Table 7.4: Polarisation ratio at 90° for the nuisance aerosols 

Polarisation Ratio 

0 20 40 60 80 100 120 140 160 

Scattering Angle (9) 

Nuisance 
Aerosol Experimental Theoretical 

Toast 

Cookkig OU 

Dust 

0.53 

0.86 

0.51 

0.58 

1.77 

0.91 
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Table 7.5: Truncated and total mass scattering cross sections for 
nuisance aerosols. 

Nuisance 
Aerosol 

Truncated mass scattering 
cross section (m .̂g"') 

Total mass scattering 
cross section (m .̂g'̂ ) 

Experimental Theoretical Theoretical 

Toast 

Cooking OU 

Dust 

4.6 

4.3 

2.4 

5.76 

3.16 

1.95 

5.89 

3.29 

2.05 

scattering results. So agreement between experiment and theory at these angles is crucial to 

agreement of truncated or total scattering cross sections. 

The calculated result for the aerosol generated by burning toast overestimates the scattering 

intensity at smaU angles. Thus the theoretical truncated mass scattering cross section, 

5.76 m^.g', over-estimates the experiments, 4.6 m .̂g"'. In the case of the cooking oU and dust 

nuisance aerosols the theory under-estimates the experimental values. The cooking oU has a 

measured scattering cross section of 4.3 m^g"' and the dust a measured value of 2.4 m .g'. 

7.3.4 SCATTERING PARAMETER 

7.3.4.1 q-slope 

In Figure 7.8 the cHfferential mass scattering cross section for the W polarisation has been 

plotted agakist the scattering parameter. The results emphasise the forward scattering slope 

and linear behaviour at large q. The smaU toast generated aerosol has a scattering curve 

typical of smaU particles. The dust aerosol results have less curvature than the toast and 

cooking oU aerosols. This is a result of the larger mean size of the dust aerosols and some 

irregular shape effects might also be present In Table 7.6 the q-slopes calculated itom. W 
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Figure 7.8: Differential mass scattering cross-section as a function of 
scattering parameter for nuisance aerosols at W polarisation setting, a) 
the fuU data plot and b) the "envelope" (variable range) data with 
regressions. 
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and HH experimental and theoretical data are shown. The q-slopes have been determined 

over the range of 12 < ^ < 18.3 flm'. 

The experimental q-slope results for the nuisance aerosols incHcate that the larger particles 

have W polarisation q-slopes approachkig -3 whUe the smaUer burning toast generated 

particles are closer to -4. The HH results of the regression analysis are lower than the W 

results for toast and cookkig oU; the larger dust particles have comparable q-slopes for the 

two polarisation settings. However, ki the case of the HH the correlation coefficients are 

much worse than ki the W case. This poor correlation is also present in the q-slope analysis 

of the results from Mie theory. The cHfference between the experimental and calculated 

results is most Hkely due to the interference features in the calculated large particle results. 

Table 7.6: Results of q-slope regression analysis for experimental and 
theoretical scattering results at both polarisation settings, W and HH. 
The Hnear correlation coefficient of each q-slope regression analysis is 
given in brackets next to each q-slope. 

Fuel 

Experimental q-slope Theoretical q-slope (negative) 
(negative) 

W H H W H H 

Toast 

Cooking OU 

ISO Fkie Dust 

4.1 (0.99) 

2.7 (0.92) 

2.9 (0.98) 

2.9 (0.89) 

2.2 (0.71) 

3.1 (0.89) 

3.3 (0.99) 

3.4 (0.54) 

3.2 (0.48) 

2.5 (0.89) 

2.2 (0.85) 

2.2 (0.55) 

7.3.4.2 Envelope approach to q-slope 

In Figure 7.8 the W data for each nuisance aerosol has been ecHted to best present the 

linear-envelope of the scattering function to which a Hnear (first order) regression has been 

appHed. The range of q values for which there is a sttong first-order Hnear behaviour defines 

the linear envelope. The envelope range is chosen to avoid deviations from the sttaight Hne. 

7.3:221 



Chapter 7 

The ranges used for the regression and the measured slopes are given in Table 7.7, only the 

W polarisation data are used. 

Table 7.7: Results of q-slope envelope regression analysis for 
experknental and theoretical scattering results ( W ) . The linear 
correlation coefficient of each q-slope regression analysis is given in 
brackets next to each negative q-slope. 

Experimental q-slope (negative) Theoretical q-slope (negative) 

Fuel q Ranges W W 

Toast 

Cooking OU 

ISO Fkie 
Dust 

10.7 to 18.3 

9.17 to 17.2 

9.17 to 18.3 

3.9 (0.99) 

3.5 (0.99) 

2.9 (0.99) 

3.3 (0.99) 

3.98 (0.85) 

3.4 (0.77) 

The foUowing compares the results from Table 7.6 witii those from Table 7.7 considering 

the different ranges of q used. The toast q-slope has not moved appreciably from a slope of 

-3.9 to -4.1, The cooking oU is the most affected by ike envelope range as three points at the 

largest scattering angles have been removed, the slope shifting form -2.7 to -3.5. The ignored 

points are apparendy a result of backward scattering phenomena. A very linear tendency in 

the dust data is apparent, as there has been no appreciable change in the slope. 

Comparison of theoretical results ki Table 7.7 with tiiose ki Table 7.6 are both kifluenced 

by the kiterference features in the calculated scattering results. The correlation coefficients 

incHcate clearly a reduction in the variation about the regression that results from using an 

envelope approach. 

7.4 DISCUSSION 

The cHfferential mass scattering cross section for three types of nuisance aerosol have been 

measured. The measurement of those particle size cHstributions and reUance on previously 
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reported refractive incHces has aUowed a comparison with calculated results based on Mie 

theory. Agreements in general ttend and magnitude between the calculated and experimental 

results is good overaU. In the case of the larger mass mecHan cHameter particles generated 

from overheating cookkig oU and dust, the calculated results show kiterference features 

(peaks and vaUeys) that are not observed in the experimental results. This is most Hkely a 

result of uncertainties associated with the size cHstribution measurements entered into the 

calculation. Factors associated with the detector, sensitivity and sttay Hght wiU also reduce 

the resolution of the peaks and vaUeys expected from calculated results. 

The analysis of the angular scattering data m terms of the scattering parameter, q, is 

insightful. A fixed range approach, the q-slope as defined above, has the cHsadvantage of 

being sensitive to scatterkig artefacts at larger scattering angels near 130°. The use of ranges 

subiectively chosen to emphasise the "envelope" appears the best way to highlight general 

behaviour of the scattering mechanisms as described by Sorrensen and Fischbak (2000). A 

smoke detector is more Hkely to operate with a fixed range. The principal result of the light 

scattering experiments on nuisance aerosols incHcates that the power of the scattering 

parameter dependence varies between about -3 and -4. 

Relative size is being measured with Hght scattering data quite reliably using forward 

scattering angles. The size cHstribution of the dust must contain particles that are substantial 

forward scatterers. These large particles result in a large forward scattering ratio that can 

separate the dust from the other nuisance aerosols. The experimental asymmetry ratio for 

kregular dust particles is sHghtiy lower than that of the calculated result for burning toast and 

overheating cooking oU. What is cHfficult to say is whether this is also a means of 

cHscriminating the ittegular particle from the spherical without investigating further. Given 

the results above there are no substantial cHfferences in the asymmetry ratio of the nuisance 

aerosols. The cHfferences in the calculated and experimental results are most apparent with 
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the dust. Investigation of tiie aerosol dust shape would address tiks. Consideration of 

calculated asymmetty ratio results from Mie tiieory is compHcated by die presence of 

interference feamres. 

The size distribution information ki tiie log-probabUity plot, Figure 7.3b, kidicates a good 

first order approxknation of a lognormal cHstribution given the Unearity or the plotted data. 

However, k is possible diat deviation could affect the interference behaviour predicted for 

the corn oU and dust aerosols. The effects of tiie particle material densities are not known 

and the shape factor of the dust particles has not been taken into account. In the case of 

cookkig oU the density of the oU can be estimated to be closer to 0.9 g.cm"^ than to 1 g.cm"^. 

Thus a corrected MMAD corresponding to a density of 0.9 g.cm'^ corresponds to a change in 

MMAD of about 5 % resulting in a median cHameter of 1.52 |Im from the measured 1.6 |i.m. 

This does not have significant affect on the scatterkig calculations. The same dust has been 

examined by other smckes (^oshiyuki et al., 1998) but its size and possibly shape cHstributions 

are changed by its production as an aerosol in this smdy. Yoshiyuki et al. (1998) have 

estimated the shape factor of 1.5 (ie. lying somewhere between aluminium oxide and talc, not 

measured) and the density of 2.2 g.cm"^ for Arizona road dust, an earHer version of ISO Fine 

Dust. These quantities reduce the aerodynamic cHameter measured in this smdy by about 

32 %, from 2.2 |J,m to about 1.5 |lm. The smaUer mean cHameter does not correlate weU with 

the large slope in the forward scattering observed in this smdy, subsequentiy the measured 

aerodynamic cHameter is used. The analysis of both shape and density of dust aerosol 

generated in this study is an area for future work. 
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DISCUSSION 

8.1 INTRODUCTION 

A consequence of the angular scatterkig measurements is that the nuisance aerosols and 

non-flaming and flaming smoke aerosols can aU be compared and thek scattering behaviour 

used to kivestigate means of discrimkiating between them. When such means of 

cHscrimination are reaHsed, then a detector can identify types of fires or nuisance events. This 

would lead to cHfferent responses to the fire events if necessary and avoiding nuisance alarms. 

The results of the last few chapters dealt separately with the cHfferent Hght scattering 

characteristics of the aerosols; here they are brought together and compared. 

This chapter focuses on bringing the Hght scattering results together and comparing them in 

terms of the main aim of this smdy: the measurement of angular Hght scattering 

characteristics of flame generated smoke, non-flaming smoke, and nuisance aerosols, and to 

assess the simUarities and (differences in thek characteristics. This means that this smdy is 

analogous to a survey of the Hght scattering characteristics of smoke and nuisance aerosols, 

with the subsequent analysis focusing on ckscrimination of the aerosols based on the 

surveyed data. This has been accompHshed by measurement of the cHfferential mass 

scattering cross section, which was made possible after the development of an appropriate 

caHbration method. Subsequent analysis by various means has demonsttated some of the 

cHfferent characteristics that are accessible in the Hght scattering data. These methods of 

analysis have used both fixed angle ratios, truncated scattering cross sections and Hnear slope 

over a scattering parameter range. Where appropriate such comparisons have kicluded 

results from Mie theory. The fixed angle methods are the forward scattering (Sec. 8.3.3), 

asymmetry ratio (Sec. 8.3.4) and polarisation ratios (Sec. 8.3.5). The results of the truncated 

scattering cross sections and extinction cross sections are also compared between aerosols 
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(Sec. 8.3.6). The scattering parameter range approach has used essentiaUy two ranges: one 

fixed range and the other a variable range chosen to ignore data with high variation about a 

fitted Hnear regression (Sec. 8.4). This latter method is referred to as the envelope approach. 

A recentiy developed kituitive model for Hght scatterkig by spherical particles (Sorensen and 

Fischbach, 2000) has dkect relevance to tiks study. In fact, tiie data from tiks stady provides 

an exceUent experimental examination of that model over a broader range of scattering 

parameter values and aerosol phase shift parameters than originaUy published by Sorensen 

and Fischbach (2000). This chapter presents a comparison of the results of this stady with 

those of Sorensen and Fischbach (2000). FinaUy, comment is made on the analysis methods 

as means of cHscrimination in smoke detection. 

8.2 DIFFERENTIAL MASS SCATTERING CROSS SECTION 

8.2.1 CALIBRATION AND MEASUREMENT 

This stady has taken the opportunity to fiirther develop a Hght scattering apparatas, the Large 

Agglomerate Optical FaciHty, that has in the past examined mass specific light extinction of 

soot agglomerates (MuUioUand and Bryner, 1994; Mulholland and Choi, 1998). This 

development was the means of measuring the angular scattering of an aerosol in a mass 

specific manner by reference to an absolute caHbration. That is to say, a caHbration method 

based on an exact Hght scattering theory for a known aerosol to which that theory is 

completely appHcable. 

The cHfferential mass scattering cross section, o (6 ) [ m^.g\sr'' ], has been measured by 

caHbrating the LAOF with polystyrene spheres in a method analogous to that used by 

MuUioUand and Choi (1998), who used polystyrene spheres to caHbrate tiie LAOF for Hght 

extinction measurements. Other work (HoUand and Draper, 1967; HoUand and Gagne, 

1970) has also made cHfferential mass scattering cross section measurements based on a 
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complex caHbration method substantiaUy different from the method used in this stady, see 

Chapter 4. 

The mass scatterkig approach has tiie benefit of bekig easUy related to standard 

measurements used in fire science for smoke concenttation. For example, the mass 

concenttation of smoke is measured by Hght extinction methods (MulhoUand, 1995). The 

total scattering cross section is equivalent to an extinction measurement provided the 

particles do not absorb Hght (Sec. 2.4.2). Measurement of tiie angular distribution of 

scattered Hght finds dkect appHcation Hi the design and testing of Hght scattering smoke 

detectors. The benefit of a mass specific scattering measure is that the design stage can 

incorporate typical smoke mass concenttations to precHct detector response. For example, 

the European fire detector standard EN54 (EN54, 1982) stipulates that a sensitive detector 

must operate at extinction (obscuration) levels corresponding to smoke concenttations of 

less than 26 mg.m"^ of non-flaming fires and about 14 mgrn"* for soot (Seader and Einhom, 

1976; Mulholland, 1995; MuUioUand and Croarkin, 2000). Very sensitive detection designs 

(commercial "mission critical" protection) aim to operate in the range of about 0.02 mg.m"^ 

to 0.2 mg.m'^ for non-flaming smoke aerosol and 0.01 mg.m"' to 0.12 mg.m"' for soot To 

determine the angular scattering per unit volume one needs only to mvUtiply the mass specific 

scattering cross section by the aerosol mass concenttation. The scattering volume needs to 

be known to determine the actaal cHfferential scattering cross section in units of m . 

The caHbration method has demonsttated that measurement of 0\§) results ki good 

agreement with theory. In particular for the nominaUy 800 nm diameter polystyrene spheres 

used to test the caHbration, the standard combined uncertakity (one standard deviation) of 

these measurements has been determined at 20 % and 12 % for the vertical-vertical and 

horizontal-horizontal polarisations respectively. The dynamic range of the measurements 

was typically two to three orders of magnitade. The higher uncertainty for the vertical-
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vertical polarisation incHcates that there is some systematic uncertakity in this polarisation 

measurement. That uncertakity is beHeved to be associated primarily with the optical and 

polarisation dkection aHgnment (Sec. 4,6.4.2). The other mam component of the 

uncertainty independent of polarisation settings is the mass concenttation variation with tkne 

in the polystyrene sphere rate of production as an aerosol. 

The use of this caHbration method has been weU demonsttated in this stady and the 

utiHsation of it reHes whoUy on the weU-characterised polystyrene spheres commonly 

avaUable and the appHcation of Mie theory to them (Marx and MuUioUand, 1983; Mulholland 

et al., 1985a). This approach requkes a relatively modest cost because of the availabiHty of 

stable, low-cost lasers and monosize polymer spheres. This is a particularly accessible and 

relatively sttaightforward means of characterising the optical properties of aerosols. In a 

practical field version of the LAOF it would be possible to characterise extinction, total 

scattering and cHfferential scattering cross section (MulhoUand and Choi, 1998; Weinert et al., 

2002). From this information the absorption cross section would foUow and thus an 

inckcation of the aerosol particles complex component of the refractive index (Equ. 2.21). 

The measurement of an orientation averaged scattering cross section per unit mass dkectiy 

provides the quantity needed for radiative ttansport analysis. This is to be conttasted with 

the widely used method of estimating the refractive kidex and determinkig an effective 

sphere size and then using Mie theory to compute the cross section. The uncertainty in the 

cross section computed ki this manner can be much greater than for this experimental 

approach. The standard uncertainty (one standard deviation) in die repeat light scattermg 

experiments ckawing from aerosol the drum was determkied at 28 % and 31 % for vertical-

vertical and horizontal-horizontal polarisations respectively (Sec. 5.3.3.2). This uncertakity is 

dominated by the change m time of the mass concenttation. 
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Figure 8.1: The total scattering cross section per mass of a polycHsperse 
(C7 =2.0) ensemble of particles with refractive index of m= 1.5. The 

mass median cHameter of the ensemble is given by the abscissas. The 
scatterkig is plotted against the logarithm of the mass meckan diameter. 
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The specific mass scattering approach is more beneficial to smoke aerosols than number 

based measurements. The vanation in the total scattering cross section per unit mass of a 

polycHsperse cloud of aerosols as a function of die mass median diameter (MMD) of the 

ensemble is given in Figure 8.1. The results in Figure 8.1 were calculated by plackig the 

SCATMECH (Germer, 2001) based algoritiim ki a loop to change the MMD of the 

cHstribution, then by recording each cHsttibutions total scattering result. The geometric 

standard deviation of the size cHstribution was 2.0 and the refractive index was set at 1.5 with 

no complex component The total scattering by a polycHspersion with MMD of between 0.1 

|J,m and 0.4 |lm varies ckamaticaUy over that range. Less sensitive response occxirs between 

0.4 |Im and about 1.0 |Xm and the total scattering per uikt mass reaches its maximum in this 

range. WTien computed as a function of the number concenttation this region is more 

sensitive to the logarithm of the number cHameter. As the particle size increases beyond a 

MMD of 1.0 p,m the sensitivity of the total scattering cross section per mass also increases 

until about 10 |Im. 

The measurement of the cHfferential mass scattering cross section is particularly useful in the 

fire science and engineering fields. The natural size range of smoke aerosols also highlights 

the versatUity of the mass specific measurement 

8.3 LIGHT SCATTERING CHARACTERISATION 

8.3.1 OVERVIEW 

The foUowing sections adckess the results of this stady with the akn of comparing the Hght 

scattering characteristics of soot agglomerates, non-flaming fire generated smoke aerosols, 

and nuisance aerosols. This comparison makes use of the measured size cHstributions and 

analysis of the angular scattering data. Smoke aerosol from non-flamkig fires can vary 

ckamaticaUy ki size due to variation in the amount of condensable vapour available to form 

smoke particles. Factors that affect this include the ak flow rate over a smouldering fuel 
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(MuUioUand and Liu, 1980; Hotta and Horiuchi, 1985) or the magnitade of heatkig appHed to 

a pyrolysed material (Bankston et a l , 1981). The fuels examined in this stady cover a 

reasonable range of sizes. 

In the case of possible nuisance aerosols the variabUity is high in both the source of the 

aerosols and the particle characteristics. This stady has made use of some examples of the 

most common nuisance aerosols, principaUy those associated with cooking. The dust was 

included as an example of an kregularly shaped nuisance aerosol that might occur in say an 

industrial sitaation. There are many other types of kregularly shaped nuisance aerosols, such 

as dust from inside a buUding that would be cHfferent from the sUica (sand) based dust (ISO 

Fine dust) used in these stacHes. WhUe the aerosols used in this stady are not representative 

of aU possibUities the methods used and developed in this stady make other aerosols and 

thek Hght scattering characteristics accessible. 

The agglomerate stmcture of soot from flaming fires has been stacked in the past decades 

and techikques have been appHed ki this stady to characterise the Hght scattering by soot 

Much of this knowledge about Hght scattering by soot agglomerates is not weU known to the 

fire science/engineering community. 

Discrimination uskig the magnitade of Hght scattered at a particular angle is the most 

commonly used method in smoke detection. This is driven by the fact that low cost 

sttategies can be knplemented when based on a skigle angle, as opposed to relying on 

multiple detectors that kicrease costs in the detector and associated electtonics. The maki 

point of research kito fixed angle smoke detector design is whether the signal of the Hght 

scatterkig smoke particles is Hi a measurable range and is common to a large range of smoke 

aerosols types (Meacham and MotevaUi, 1992; Aggarwal and MotevaUi, 1997; Nagashima et 

al., 1999). This generaUy requkes tiiat tiie detector be placed ki a position such diat 
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5°<6 <90°, where signal-to-noise and gaki aspects are manageable at relatively low cost. 

The great majority of home kistaUed photoelectiic smoke detectors make use of this type of 

detector design. Other systems such as aspkated detectors are akned at getting the highest 

sensitivity at low concenttations. Thus some have used integrating techniques. Increasingly 

sophisticated and cheaper optoelecteonics is leadkig to other approaches kivolving multiple 

angle and polarisation detection methods. Subsequentiy, it is becoming more common in 

prototype designs to use polarised angular bght scattering. 

8.3.2 AEROSOL PARTICLE SIZE 

It has also been a common approach in smoke detector research to concenttate heavUy on 

the size of scattering particles, due principaUy to detector dependence on particle size 

(MulhoUand and Liu, 1980). The tendency of smoke detector work to concenttate on 

particle size is a consequence of the fundamental sensitivities of the smoke detectors. 

Ionisation smoke detectors, probably the most common household smoke detector, are 

sensitive to the product of the number concenttation and the particle cHameter. This product 

is also known as the first moment of the size cHstribution. The response of a photoelectric 

smoke detector is principaUy dependent on the aerosol particle volume, which is proportional 

to the thkd moment of the size cHstribution. This leads to ionisation detectors being most 

sensitive to aerosols witii high number concenttations of smaUer particles and photoelectric 

detectors being sensitive to larger particles (Lee and MuUioUand, 1977; MulhoUand and Liu, 

1980). This behaviour is coupled with the generaHsation about non-flaming fires produckig 

large particles and those from flaming fires producing smaU particles. This generaHsation 

appears somewhat anecdotal and has been quoted by Meacham and MotevaUi (1992) and 

referenced to an early ecHtion of MuUioUand (1988) although there is no such generaHsation 

made there. The generaHsation is common to the smoke detector commimity. This could 

result from the size dependent behaviour of ionisation and photoelectric smoke detectors. 
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observed by many practitioners in the detector community. For example, the findings of 

Aggarwal and MotevaUi (1997) are a result of cHfferent size cHstribution moments of the 

smoke aerosols; thek ionisation instruments were more sensitive to aerosols for which thek 

Hght scattering apparatas was the least sensitive. SimUarly, the Rayleigh-like results observed 

by Loepfe et al. (1997) for soot but not non-flaming smoke and nuisance aerosols tends to 

reinforce the size generaHsation, without appreciating the fractal aspects of light scattering by 

soot in thek results. The size dependent behaviour of detectors (MuUioUand and Liu, 1980) 

has subsequentiy been appHed to incorrecdy generaHse the size of the soot and non-flaming 

smoke aerosols. This size generaHsation is not correct in that post-flame soot can be quite 

large (Samson et al., 1987; Sorensen and Feke, 1996). 

8.3.2.1 Size distribution of smoke and nuisance aerosols 

Light scattering dependence on size and the modern ease of appHcation of Mie theory has 

also meant that the size of smoke particles has played an knportant role ki Hght scattering 

smoke detector research (Meacham and MotevaUi, 1992; Aggarwal and MotevaUi, 1997; 

Nagashima et al., 1999). This is not necessarily for tiie best since this has lead to complex 

stmctures Hke post-flame soot agglomerates bekig considered as spherical particles 

(Nagashkna et al., 1999), as was case witii in early soot experiments (Erikson et al., 1964; 

DalzeU et al., 1970). The size distributions have been measured for the non-flaming smoke 

and nuisance aerosols to compare and demonsttate consistency with Mie theory. The size 

cHstribution of soot generated by flaming fires was not measured due to the difficulties of 

equating the aerodynamic properties of a sphere to an agglomerate. 

Table 8.1: The size distribution parameters of both the non-flaming fire 
generated smoke and nuisance aerosols measured with the M O U D I 
cascade impactor. 
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Fuel or Nuisance Source 

Chapter 

Mass Median 
Aerodynamic Diameter 

(pm) 

Geometric Standard 
Deviation 

Beech Wood 

Cotton Lamp Wick 

Polyurethane 

Toast 

Cooking OU 

Dust 

1.5 

0.31 

2.0 

0.43 

1.6 

2.2 

1.9 

1.7 

1.6 

1.6 

2.2 

1.8 

Figure 8.2: Log-probabUity plot of the size cHstribution of the non-
flaming smoke and nuisance aerosols. 
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Figure 8.2 presents the size cHstributions of aU tiie non-flamkig smoke and nuisance aerosols 

as a log-probabUity plot. In Table 8.1 die results from tiie MOUDI cascade impactor have 

been presented for both non-flamkig fire generated smoke and nuisance aerosols. Figure 8.2 
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demonsttates tiiat withki die 16"' and 84'*" percentiles the log-probabUity plots are weU 

represented by sttaight Hnes. This indicates lognormal distributions are a vaHd approximation 

for these particles size distributions. At percentUes of 90 % and greater the data deviates 

from linear behaviour, kicHcating tiiat there may be a long taU Hi some of the size 

cHstributions, such as polyurethane smoke aerosol. 

From Table 8.1 it can be seen that there is no consistent source based cHfference in the size 

of smoke and nuisance aerosols examkied. For example, cotton lamp wick and burning toast 

generate aerosols that have very sknUar size cHstributions. Similarly the size cHstribution 

parameters of aerosols generated by pyrolysed beech wood and overheating cooking oU are 

comparable with each other. This result incHcates that the size of smoke and nmsance 

aerosols can be simUar size and that any cHscrimination of smoke from nuisance aerosol 

based on size is not a robust means of cHscrimination. It cannot be considered to work in a 

wide range of possible aerosol exposures. The ISO Fine dust has some uncertainty in the 

size cHstribution measurement because of its non-spherical shape and density. The shape and 

density effects have not been measured in this stady. The shape factor is not known and can 

only be estimated for the dust that is coUected in aerosol form (Sec. 7.4). 

The size cHstribution parameters measured in this stady are complementary to those of past 

StacHes (Helsper et al., 1980; Bankston et al., 1981; MuUioUand and OhlemiUer, 1982; Cheng 

et al., 1995; MuUioUand, 1995). To summarise these fincHngs smoke aerosols from non-

flaming fires ranges from about 0.1 |lm to about 5 p,m on a volume or mass cHameter basis. 

In the present stady it is found that the mass mecHan cHameter ranges from 0.3 |im to 2 |im 

with the majority of the mass cHstributed in the range from 0.1 (im to 6 J4,m. 
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8.3.3 FORWARD SCATTERING RATIO 

A visual comparison of size affects on scattermg can be seen in the smaU angle scattering of 

selected aerosol's Hght scatterkig data presented in Figure 8.3. It is weU recogmsed that the 

forward scatterkig is sensitive to die size of particles (Hodkkison, 1962; Kerker, 1969). A 

complete comparison of the forward scattering ratio for aU of the aerosols examined in this 

stady is given in Table 8.2. The ratio of forward scattering angles, Oyy {5°)/Oyy (20°), is 

used to approximate the slope of the angular scattering. From this ratio the sttength of the 

forward scattering can be compared as a measure of relative size for spherical particles and 

very loosely as the number of primary particles in the agglomerate. With the adcktion of the 

impactor data these results are given higher confidence. The results in Table 8.2 show that 

many but not aU of the soots can be ckscriminated from the other aerosols. Overlap occurs 

between the aerosol sets; for example, dust with its large value, 7.1, and ethylene with its 

smaUer ratio, 3.8. 

The cotton lamp wick and toast generated aerosols, have slopes typical of particles that are 

smaU in size. That is to say smaU particles cause scattering that approaches Rayleigh 

scattering at forward angles, Oyy (5°)/ o^ (20°) ~ 1, as demonsttated for the cotton lamp 

wick smoke aerosol in Figure 8.3. The large particles have more pronounced forward 

scatterkig shown by the high forward angle ratio in Table 8.2. It is important to note that 

smoke aerosol generated by smouldering cotton lamp wick is a clear exception to the 

generaHsation mentioned above about smoke aerosols from non-flamkig fires (Sec. 8.3.2). 

In the case of the post-flame soot agglomerates of this stady the forward scatterkig slope is 

large, a resvUt of the large number of primary particles makkig up the agglomerate and thus 

the large racHus of gyration. For an agglomerate made up of a smaU number of primary 
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Figure 8.3: Differential mass scattermg cross section as a function of 
scattermg parameter, q, for a selection of non-flamkig fire generated 
smoke and nuisance aerosols. 
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Table 8.2: Forward scattering ratio of the aerosol particles examined in 
this stady. 

Fuels or Nuisance 
Aerosols 

Beech Wood 

Cotton Lamp Wick 

Poljrurethane 

Toast 

Cooking OU 

ISO Fkie Dust 

aw(5°) /avv(20°) 

2.0 

1.1 

3.0 

1.3 

3.4 

7.1 

Flaming Fuels 

Propylene 

Heptane 

Acetylene 

Ethylene 

aw(5°) /cTw(20°) 

6.3 

6.4 

8.7 

3.8 
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spheres, die smaU angle scattering gives smaUer numbers (eg. ethylene ki Table 8.2). For 

very smaU agglomerates tiie slope approaches one at smaU values of q . This is die so-caUed 

Guinear regime of scattering as tiie radius of gyration or scatterkig parameter becomes smaU, 

qR^ < 1 (Equ. 2.43). The slope of forward scattering does not approach a constant, 

o{q)°^ S{0)-^ 1, for the post-flame soot agglomerates because they are so large that the 

lengtii scale of the scatterkig is very smaU in comparison witii thek racHus of gyration. Also 

die Hght scatterkig apparatas does not have the resolution at smaU values of q. Thus even at 

smaU angles the post-flame soot is Hi a large q-regkne, qR^ > 1, particulariy for acetylene, 

propylene and heptane (Sec. 2.5.2.3). The etiiylene does show some ttansitional behaviour 

between cHfferent q-regknes at smaUer q. This sttong forward scattering is typical of post 

flame soot agglomerates (Koylu and Faeth, 1994a), as opposed to kiflame soot agglomerates 

(Gangopadhyay et a l , 1991) low in a flame. Shortiy after the soot inception zone soot has 

only a low number of primary particles making up the agglomerate and thus smaU racHus of 

gyration. 

8.3.3.1 Soot agglomerate size and post-flame growth 

The mean racHus of gyration of soot generated at low fiiel flow rates for acetylene and 

ethylene were measured to be about 0.8 )lm and 0.6 |lm, respectively. These were measured 

using the Guiltier regime approximation. The mean racHus of gyration was larger than these 

results for the soot experiments in Table 8.2 since those were performed at larger fuel flow 

rates. The LAOF does not have the abiHty to operate at the smaU angles requked to measure 

the rackus of gyration of these larger soot agglomerates. 

The Guinier regime approximation has also been appHed to the growth of acetylene and 

ethylene. This work was essentiaUy a secondary investigation aimed at examining the viabUity 

of monitoring post-flame soot agglomerate growth with angular scattering. The ethylene 
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results in Sec. 6.4 demonsttate clearly the influence of the agglomerate scattering on the 

forward scattering results as described by the Guinier regime. The growth results incHcate 

that the acetylene has akeady grown to a large agglomerate racHus of gyration by the time it 

enters the LAOF. 

Quantification of the racHus of gyration of the soots was compHcated by thek large size (le. 

the Guiner regime does not apply) and poor statistics associated with scattering by large 

agglomerates in the ensemble of particles. As time passed during the soot growth 

experiments the number of these large soot agglomerates increases makmg the noise level 

increase over tkne and dominating the scattering at smaU angles. This meant that after about 

45 minutes the racHus of gyration data had large uncertainty. 

8.3.4 A S Y M M E T R Y R A T I O 

Tlie asymmetty ratio, C5j^(45°)/Oj^(l35°), is based on tiie amount of %h t scattered kito 

forward to backward angles relative to 90°. In Table 8.3 tiie asymmetry ratio of the aerosols 

examined ki this stady are presented. The ckfference between values for soot and the other 

aerosols is most strikkig. This difference is a dkect result of tiie large soot agglomerates 

having very different morphologies to tiie otiier aerosols. For soot the scattering cross 

sections at 45° are about 4 to 6 times tiiose of tiie magnitade at 135°. The differences ki 

magnitade are far greater for spherical particles. Very smaU particles tiiat scatter Hght in tiie 

Rayleigh regkne wUl give asymmetty ratios of 1 for die W polarisation. The asymmetry 

ratio is a method of discrimkiating soot from the other aerosols. 

Tlie asymmetty ratio is a method of discrimkiation tiiat finds its physical basis most easUy 

described by a scatterkig parameter representation of scattering results. When tiie particles 

scattering Hght are large soot agglomerates tiien tiie stiiicture factor has a power law 

dependence on the scatterkig parameter and fractal dknension. Described by a sttaight Hne 
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on a Log-Log plot. As a result of tiks power law dependence, die asymmetry ratio vanes 

over a smaU range for different soots fiiel sources. This scatterkig behaviour of large soot 

agglomerates is universal due to tiiek fractal natare, dius die asymmetry ratio for tiie soot 

agglomerates m our stady are aU very sknUar. IdeaUy such agglomerates would have 

asymmetry ratios ranging from about 4.5 to 4.9 for fractal dknensions of typicaUy 1.7 to 1.8 

(Sec. 6.5). 

In the case of the polycHsperse smoke and nuisance aerosols the ensemble of cHameters 

compHcates the light scattering and thus the regime of the scattering parameter the 

asymmetry ratio corresponds to. This point is dealt with more thoroughly in the section on 

the scattering parameter and scaHng method below. The asymmetry ratios of the smoke 

aerosols ki Table 8.3 do not show size dependence. The fact that the angle on which the 

numerator of the asymmetry ratio is dependent, 6 =45°, means that forward scattering 

effects in the asymmetry ratio values are negligible. The sHghdy lower value of the 

asymmetry ratio for the ISO Fine Dust niksance aerosol might be due to kregular (non-

spherical) shape but the cHfference is not substantial enough to be conclusive. 

Table 8.3: Asymmetry ratio of the aerosol particles examined in this 
stady. 

Fuels and 
Nuisance Aerosols 

Beech Wood 

Cotton Lamp Wick 

Polyurethane 

Toast 

Cooking OU 

ISO Fkie Dust 

<Tw(45°) /aw(135°) 

15.5 

15.7 

13.2 

17.8 

13.6 

11.3 

Flaming Fuels 

Propylene 

Heptane 

Acetylene 

Ethylene 

aw(45°) /cTw(135°) 

4.9 

5.6 

4.0 

4.5 

8.3:240 



Chapter 8 

8.3.5 POLARISATION RATIO 

The polansation ratio, pi^)= Oyyi^)lof^fj{§), is anotiier way of observmg differences 

between soot agglomerates and spherical particles. One approach that has worked weU is 

tiiat detaUed in the work by Loepfe et al. (1997) where they measured the degree of Hnear 

polarisation (Equ. 2.34), which is related to the polarisation ratio used Hi this stady. Loepfe 

et al. (1997) found the highest degree of polarisation corresponded to soot particles, a 

mecHum value existed for cotton lamp wick smoke, and that fke lowest values were found for 

the pyrolysed wood smoke. In Figure 8.4a the polarisation ratio is plotted and the degree of 

Hnear polarisation is also shown in Figure 8.4b along with the theoretical result for Rayleigh 

scattering. The impHcation made in the work by Loepfe et aL is that soot is a smaU Rayleigh 

scattering particle. The high degree of linear polarisation at 90° incHcated to them that the 

flame generated smoke aerosol size was "smaU compared to the wavelength of the incident 

beam". On the conttary, the post-flame soot agglomerates are far from smaU in size 

compared with the wavelength of incident Hght. The primary particles making up the 

agglomerates are very smaU compared with the wavelength, having nearly monocHsperse sizes 

with mean cHameters ranging from about 10 nm to 80 nm (Koylu and Faeth, 1994b; 

MuUioUand, 1995). From Sec. 2.5.5 and Equ. 2.41 tiie Hght scattering by soot agglomerates 

can be written in terms of a Rayleigh scattering component from the smaU primary particles 

and an agglomerate scattering term due to the kiterference in the far field. That is (Mountaki 

and MuUioUand, 1988), 

OXX^ (Sag •0,)xX but (S^^ )yy - (5,g ) fJH 

where O^ is the Rayleigh-Uke scatterkig component and X denotes a given polansation. The 

term S arises from the interference in the far field of the scattering by the kicHvidual 

primary particles making up the agglomerate. The term, S^^ , can vary by a few orders of 
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Figure 8.4: a) The normaHsed (at 5°) polarisation ratio and b) 
normaHsed degree of linear polarisation of the aerosols examined in this 
stady. The result for a Rayleigh scattering has been included in figure 
(b). 
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magnitade whUe for Rayleigh scattermg {p X^ is mdependent of angle. Smce S^^ is not 

sttongly dependent on tiie polansatton dkection, die polarisation ratio is primarily caused by 

the Rayleigh-Hke scattering by die primary spheres and results m a minknum at 6 = 90° as 

seen in Figure 8.4b and simUarly tiie degree of Hnear polarisation has a maxknum near 

6 = 90°. Thus, soot agglomerate scattering appears to be Rayleigh-Hke Hi terms of the 

polarisation ratio and related measures, although tiie scatterkig for an agglomerate is not that 

of a Rayleigh particle. 

As can be seen in Figure 8.4a and 8.4b the non-flamkig fire and nuisance source aerosols 

examkied are not easUy distinguished from each other. The results of this stady are 

comparable to tiiose of Loepfe et al. (1997), not just for the soot but also for the non-flaming 

fire fuels smouldering cotton lamp wick and pyrolysed beech wood. Loepfe et al. (1997) also 

noted the dynamic change in thek Hght scattering results for toast aerosol as it burnt 

8.3.6 T R U N C A T E D SCATTERING AND E X T I N C T I O N 

The truncated mass scattering cross section, Oj^, has been calculated from the experimental 

results of the smoke and nuisance aerosols examined. These mass scattering cross section 

results are presented in Table 8.4. Extinction mass scattering cross section, Og, results 

fr'om experiments in the F E / D E (Sec. 5.3.2) on the non-flaming fire generated smoke 

aerosols are also presented for comparison ki Table 8.4. In the case of the smoke aerosols 

from non-flaming fires the absorption is expected to be negHgible due to a smaU imaginary 

component of the refractive kidex (MulhoUand et al., 1985b). For non-absorbkig particles 

the extinction cross section wiU be equal to the total scatterkig cross section for these 

aerosols (Equ. 2.21). 

The cHfferences between O^., measured in the LAOF, and O^, measured in the FE/DE, 

show the effects of experimental cHfferences and uncertainties. It would be far better ki the 
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fiitare to measure the extinction cross section and total scattering cross section m the LAOF 

as has been done ki the past for soot (MuUioUand and Choi, 1998). Seader and Emhom 

(1976) found that the mass extinction coefficient for a white light source over a wide 

selection of smokes generated by non-flamkig fires was about 4.4 m^.g"'. In Table 8.4 the 

results for beech wood and cotton lamp wick, Oj, are high compared witii the extinction 

value, a cHfference that is caused by the experimental uncertakities ki both measurements. 

The values of the extinction, CJ £., are about that of Seader and Einhom (1976) except for the 

polyurethane smoke aerosol. The low value of Oj for the ISO Fine Dust might be a result 

of some absorption by the kon oxide 

Table 8.4: The truncated mass scattering cross section (MSCS) of the 
aerosol particles examined in this stady and extinction mass cross 
sections. The asterix (*) denotes absorbing particle. 

Fuels and Truncated Extinction Flaming Fuels Truncated 
Nuisance MSCS MCS MSCS 
Aerosols o^ (mlg^) O^ (mlg^) O^ (mlg*) 

Beech Wood 5^2 4^2 Propylene* 2 3 

(repeat expmts.) 

Cotton Lamp 
Wick 

Polyurethane 

Toast 

5.3 

4.2 

4.6 

4.4 

2.8 

3.5 

Heptane* 

Acetylene* 

Ethylene* 

2.2 

1.6 

1.4 

Cookkig OU 4.3 4.1 

ISO Fkie Dust^ 2.4 4.0 
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component of the dust, but this is mconclusive given the uncertainties of the measurements. 

The soot results for Oj are m fak agreement widi MuUioUand and Choi (1998) for acetylene 

and ethylene, 1.65 m .̂g^ and 1.58 m^.g' respectively. 

8.3.7 COMPARISON OF EXPERIMENTAL AND M I E THEORY RESULTS 

The quaHtative comparison of the experknental and calculated Mie results is exceUent. The 

comparison of experimental with calculated Mie results has been possible due maiiUy to the 

size ckstribution measurements made. As mentioned above the lognormal cHstribution is 

apparentiy a vaHd approxknation but it is not necessarily the actual particle size cHstribution 

leading to some uncertainty ki the Mie calculations. The experimental imcertakities also 

contribute to the cHfferences seen between Mie theory and experimental results (Sec. 4.6 and 

Sec, 5.2.2.3.1). The work of MulhoUand et aL (1985b) has been the source of refractive 

index data for smoke aerosols from non-flaming fires. Inclusion of the complex part of the 

refractive index determined by MuUioUand et al. (1985b) was found to have negligible 

influence on the computed results. Variation of the mean size used in the computation was 

far more dominant. This was also the case for the nuisance aerosols. 

A factor compHcating comparison between experiment and calculated results has been the 

interference phenomena in theoretical results and the lack of such phenomena in the 

experimental results. This has sttongly influenced the different ratios used for analysis of the 

calculated angular scattering results. The interference peaks and vaUeys have also 

compHcated the analysis of the scattering parameter dependence. 

The analysis of the light scattering results above inckcates that there are some methods better 

suited to differentiate between soot and other aerosols. The most promiskig are the 

polarisation and asymmetry ratios, which have thek reasons for working bound up in a 

structure factor and scattering parameter formaHsm. This being the case the impHcation is 
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that shape is a preferred sttategy for cHscnmmation. TraditionaUy size has been the method 

of cHscrimkiating between particles. The plots of the ckfferential mass scattering cross section 

as a function of the scattering parameter for the non-flaming smoke and nuisance aerosols, 

such as those in Figure 8.3, show behaviour that is aestheticaUy pleasing to the eye and 

positively intriguing. Another approach to ckscrimination based on the scattering parameter 

is the subject of the foUowing section. This method also aUows the testing of a recent model 

for scattering by spherical particles that is based on the scattering parameter. 

8.4 LIGHT SCATTERING AS A FUNCTION OF SCATTERING PARAMETER 

8.4.1 SCATTERING PARAMETER 

Depicting the scattering in terms of scatterkig angle, 6 , has been the ttacHtional method of 

analysing scattering data, which is the approach taken in the last section (Sec. 8.3). SimUarly 

the scattering angle has been the simplest parameter for Hght scattering smoke detector 

design when considering placement of detectors at particular locations about the scattering 

volume. The scattering parameter, q = AnX^ sin(l9/2), on the other hand has remakied an 

instrument of high-energy scattering, crystaUographic and dynamic light scattering stacHes 

(Sorensen, 2001). The scattering parameter represents the reciprocal length scale of the 

scattering process and as such has a sttong relationship to the geometry of the scattering 

particle (Sec. 2.5). The relationship the scattering parameter has with light scatterkig by 

complex structures, in this case soot agglomerates, has brought it into the toolbox of 

researchers involved with kght scattering by smaU particles. However, it has so far remakied 

Hi the area of particles with fractal morphologies (soot agglomerates) and is yet to be widely 

accepted into the domain of Hght scattering problems associated with spherical particles, that 

is untU recentiy (Sorensen and Fischbach, 2000). 

The strikkig morphological cHfferences between soot and non-flammg fire generated aerosols 

were the impetas for this stady. As this stady has progressed it became clear that the 
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scatterkig parameter was the means to understancHng the scattenng by both the soot 

agglomerates and the sphencal smoke aerosols. The scattering parameter representation is 

presented here with the purpose of using it as a means of cHscrimination, as the angular and 

polarisation analyses have been used Hi the last section. Another timely benefit of the Hght 

scatterkig survey of smoke and nuisance aerosols has been the opportamty to compare 

resiUts with and test the model proposed by Sorensen and Fischbach (2000). 

8.4.2 SCAUNG APPROACH 

The recent scattering description based on the scaHng approach put forward by Sorensen et 

al. (Oh and Sorensen, 1999; Sorensen and Fischbach, 2000) is a vehicle by which the results 

of this stady are easUy understood. The scaling and Fourier methods both describe the 

behaviour of Hght scattering by soot agglomerates and are weU imderstood (Sec. 2.5). This is 

not the case for spherical particles with cHameters close to the wavelength of the incident 

Hght. Sorensen and Fischbach (2000) demonsttated the q dependence of the envelope of 

Hght scattering using Mie theory for single sized particles. They also tested it agakist a 

relatively smaU set of experimental data from a polycksperse aerosol of water mist. In the 

case of particles with smaU phase shift parameter, 

r^=kdJ\m-\\, (8.1) 

the overaU form of scattering is described by (Sorensen and Fischbach, 2000), 

/ \ 11 for qR<\ ._ ^. 
S{q)°^\, . . andsmaU> (8-^) 

^̂ ^ \{qR)-' for qR>\ 

For tiie case of spheres witii large phase shift parameter die scaHng method gives tiie 

proportional behaviour of the scattering as (Sorensen and Fischbach, 2000), 
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for q < /~' 

Skl)°^\ k^Y for r^ >q> /?"' and large } . (8.3) 

[R^iqRY for q>r 

Note that die stiaicture factor, S(q), is dkecdy proportional to the differential mass 

scattering cross section, o(q). Determmkig tiie slope at large values of q for o(q) plotted 

as a log-log graph, yields the kidices on which tiie q dependence of tiie scattering reHes. The 

slopes determined in this manner from experimental results can then be compared to what is 

expected from the scaHng method results of Sorensen and Fischbach (2000). In this stady 

the slope of the log-log graph over a fixed range for aU the aerosols is being referred to as the 

q-slope. The envelope q-slope is a slope computed over a variable range. The fractal 

cHmension refers to the slope determkied for soot agglomerates. The q-slope of a spherical 

particle is related to the scaling exponents given in the preceding ckscussion. 

Sorensen and Fischbach (2000) presented results of Hght scattering by water droplets of 

about 0.5 |im in diameter. With these results they compared thek scaHng method, namely 

Equ. 8.3. The number of data points in the cHfferent scale regimes (slopes of -2 and -4) were 

no more than three points. This stady presented the results of a dkect fit to a larger 

experimental data set and over a wider range of q values. In the next section these results are 

compared between the cHfferent aerosols. 

8.4.2.1 Comparison of q-slope results 

In Table 8.5 the q-slope values of the vertical-vertical polarisation for non-flaming fire 

generated smoke and nuisance aerosols are presented. These q-slopes were determined by 

applying a Unear regression over the fixed range of 12 <q<lS |J,m"' (75°< 6 < 135°), the 

linear correlation coefficient, r^, and slopes from Mie theory are also given. In Table 8.6 
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Table 8.5: Q-slope of aerosols examkied ki this stady for a frxed range, 
both experimental values and ki tiie case of spherical particles theoretical 
values from Mie theory. The phase shift parameter is also given for the 
spherical particles. 

Fuel or 
Nuisance 

Source 

Beech Wood 

Cotton Lamp 
Wick 

Polyurethane 

Toast 

Cooking OU 

Dust 

Experimental 
12 <^<18|im"' 

q-slope 
(negative) 

3.1 

4.2 

3.1 

4.1 

2.8 

2.9 

Linear correlation 
coefficient r̂  

0.98 

0.99 

0.91 

0.99 

0.92 

0.98 

Mie Theory 
12 <^<18pm' ' 

q-slope 
(negative) 

3.7 

3.2 

3.9 

3.3 

3.6 

3.2 

Linear correlation 
coefficient r̂  

0.73 

0.99 

0.65 

0.99 

0.5 

0.48 

Table 8.6: The fixed range q-slope and fractal dimensions for post-
flame soot agglomerates. 

Fuel q-slope (negative) Fractal Dimension Fractal Dimension 

12 <^<18| im-' 8 <^<18pm-' (Koylu and Faeth, 
1994a) 

Propylene 

Heptane 

Acetylene 

Ethylene 

1.8 

2.0 

1.7 

1.7 

1.8 

1.9 

1.6 

1.7 

1.84 

— 

1.85 

1.83 
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Table 8.7: The phase shift parameters based on number mean and mass 
median diameters for the non-flaming smoke aerosols and nuisance 
aerosols. 

Fuel or Nuisance Source 

Beech Wood 

Cotton Lamp Wick 

Polyurethane 

Toast 

Cookkig OU 

ISO Fkie Dust 

Phase Shift Parameter y 

2.2 

0.7 

5.1 

1.1 

1.2 

3.6 

n Phase Shift Parameter y^ 

7.5 

1.5 

9.9 

2.1 

7.6 

10.3 

the slope for flamkig fire generated soot agglomerates is shown along with the fractal 

cHmension determined over the range of 8 < ^ < 18 |lm". 

Another parameter necessary for comparison of experimental results with Equ. 8.2 and 8.3 

is the phase shift parameter. In Table 8.7 tiie phase parameters of die non-flamkig fire and 

nuisance source aerosols are presented. The number diameter is used for, >„ :dp =<i„, 

determkied after applykig the Hatch-Cholate equation, Equ. 2.8, to tiie mass median 

aerodynamic diameter (MMAD), d^. SknUariy tiie phase shift parameter rekted to tiie mass 

median diameter is > „ : ^^ = ^„ • The number based phase shift parameter, } „, results ki a 

close range of values relatively smaU values when compared to tiie mass based phase shift 

parameter, >„ . The mass based diameter is proportional to tiie volume diameter and tiius 

more physicaUy relevant to tiie phase shift parameters role as described by Sorensen and 

Fischbach (2000). 
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The results of the slope over die fixed range in Table 8.5 shows tiiat the aerosols with smaU 

phase shift parameters, > „,, have slopes of about -4 as would be expected from Equ. 8.2 for 

qR>\. On the otiier hand, larger values of ) ^ lead to slopes closer to -3 whUe a value of -2 

or -4 would be expected from Equ. 8.3. The larger aerosols have q-slopes that are 

influenced by the beginning of backscattering phenomena leading to Hnear correlation 

coefficients less than 0.98. 

There is a substantial cHfference between the experimental and calculated Mie theory results 

of the slope for both smaU and large phase shift parameter aerosols in Table 8.5. For the 

large ) ^ aerosols, interference phenomena in the calculated results makes q-slope calculation 

cHfficult, as shown by the smaU values of the Hnear correlation coefficient in Table 8.5. The 

linear correlation coefficient is very good for the Mie theory results for smaU particles (cotton 

lamp wick and toast sources), but the Mie theory q-slope values are very cHfferent from the 

experimental results and what would be expected from Equ. 8.2. Figure 8.5 shows cleariy 

that experimental results faU faster than that precHcted by Mie tiieory at large q for these smaU 

') ^ aerosols. The calculated result for these smaUer particles is apparentiy counter to the 

findings of Sorensen and Fischbach (2000). Probably a result of the cHfferent ranges used ki 

this stady and that of Sorensen and Fischbach (2000). 

In Table 8.6, the agglomerate fixed range slopes do not vary greatiy from the fractal 

cHmension figures as would be expected given the large post-flame soot agglomerates. The 

values determkied faU near the range of expected values of around -1.7 to -1.8 (Koylu and 

Faetii, 1994a; Sorensen and Feke, 1996). The results of fractal dimension measurements on 

post-flame soots by Koylu and Faetii (1994a) are shown ki Table 8.6 for comparison, they 

agree weU with the values measured in this stady. The Hnear correlation coefficient for 
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Table 8.8: The q-slope envelope of the scattering data, the range used to 
determkie the q-slope is varied, for non-flaming smoke aerosols and 
nuisance aerosols. The linear correlation coefficient is given in 
parenthesis. 

Fuel or Nuisance Range in q 
Source 

Experimental Theoretical 
Envelope (negative) Envelope (negative) 

W W 

Beech Wood 

Cotton Lamp Wick 

Polyurethane 

Toast 

Cooking OU 

ISO Fkie Dust 

6.79 to 18.3 

11.4 to 18.3 

8.4 to 17.2 

10.7 to 18.3 

9.17 to 17.2 

9.17 to 18.3 

3.2 (0.99) 

4.1 (0.99) 

3.6 (0.99) 

3.9 (0.99) 

3.5 (0.99) 

2.9 (0.99) 

3.1 (0.91) 

3.1 (0.99) 

3.5 (0.83) 

3.3 (0.99) 

4.0 (0.85) 

3.4 (0.77) 

Figure 8.5: Plot of experimental and Mie theory results of nuisance 
aerosol generated by burning toast. 
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aU of the experimental resuks is very good and highHghts die first order Hneanty of die 

scatterkig from the large agglomerates at large q values. 

Table 8.8 presents die results of tiie envelope slope (tiie slope computed usmg a variable 

range of q) determkied using different ranges of q for the polydisperse non-flamkig smoke 

and nuisance aerosols. These range are shown in Table 8.8 along with the Hnear correlation 

coefficient of the regression and Mie theory results of the envelopes' slope. The ranges used 

to fit a Hnear regression was chosen to avoid data values that ttend upwards at about 

g = 17|i.m"^ (see cookkig oU results in Figme 8.3), but to also avoid the influence of 

ttansitions at /" < q < R~ . This is a somewhat subjective process. The results for the two 

smaU aerosols are about -4 and thek theoretical results are essentiaUy unchanged from those 

results in Table 8.5. The results for aerosols with large phase shift parameters have 

increased closer to -4. This is a dkect result of reducing the variation of data-points about 

the regression. Interestingly even though the ranges of the large } ̂  have moved to smaUer q 

values no reduction of the slopes has occurred as would be expected for a sttong -2 influence 

on slope. The values for dust in both Table 8.5 and Table 8.8 reflect the aerosol has a very 

Unear scattering response on a log-log plot. This is a result of both large mean size and wide 

cHstribution, but the effect of kregular shape on this result would requke further stady. Mie 

theory results for the larger aerosols in Table 8.8 are improved in terms of the knear 

correlation coefficient and closer to the experimental results. 

A possible fault with the subjective method of determkiing the q-slope of the envelope is that 

it can extend to smaUer values of q that kittoduce scatterkig data from a ckfferent length scale 

regime (e.g. /"' <q< R^ ki Equ. 8.3). The large linear correlation coefficient for the 

results in Table 8.8 tend to indicate that this is not happening, although it might be having 
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some effect Hi the case of the aerosol from burnmg toast. Extension of that range to smaUer 

q does lead to smaUer q-slope values. 

8.4.3 SCALING METHOD AND ENSEMBLE AVERAGING 

From the results of Sorrensen and Fischbach (2000), monocHsperse particles with large phase 

shift parameters have a wide range of q at which the slope of -2 is dominant. The value of -4 

appHes once the large q threshold is reached, q > T^ as described by Equ. 8.3. Larger values 

of the phase shift parameter move the occurrence of the transition of slope from -2 to -4, to 

larger values of q (Sorensen and Fischbach, 2000). This has the effect of producing q-slopes 

of about -3 to -3.6 for the aerosols with large mean phase shift parameters in our stady. This 

is a consequence of averaging over the ensemble of ckfferent sized particles with varying 

slopes between -2 and -4 at large q. Very large phase shift parameters apparentiy weight the 

slope closer to -2 away from -4, as is demonsttated by the dust aerosol. 

Empirically then the result for ensembles of particles characterised by a large phase shift 

parameters is, 

(Twfe) oc < 

1 for ^ < /"' 

q-^ for r'>q>R'\ (8.4) 

q ••) lor Q> / " ' "̂  \ for ^ 
I R 

In the large q regkne the angled brackets represent an average over the ensemble of the size 

distribution, thus the subscript R. The kitermecHate q-regime, /"' > q> R~\ is not easUy 

examined with results from aerosols examined in this stady skice it is harder to define its 

range. Nevertheless, an examination of a number of q-slopes Hi die intermediate range 

results ki q-slopes of about 1.5 to 2.5 for the aerosols examkied ki this stady. 
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In tiie case of tiie smaU particles from cotton lamp wick and toast, die phase shift parameters 

are smaU enough over the ensemble of particles to have a negHgible slope of-2. In tius stady, 

die differential mass scattering cross section of polydisperse aerosols witii smaU ) ^, foUow 

Equ. 8.2 witii apparentiy Httie effect from tiie larger sizes Hi tiie disttibution. The 

subjectiveness of scatterkig parameter range choice is not such a problem witii smaU particles 

because it has a very weU defined slope at large q. 

The analysis conducted ki tiks section (Sec. 8.4) has demonsttated the discrknination 

between smokes aerosols from flaming fires from the other aerosols examined in this stady. 

This has been accompHshed by using the scattering parameter as opposed to the scattering 

angle used in Sec. 8.3. The scatterkig parameter analysis has also aUowed comparison with a 

recent scattering model with a larger data set than origkiaUy avaUable to the authors of that 

model (Sorensen and Fischbach, 2000). In the next section the appHcation of the various 

methods of analysing the scattering data for cHscrknkiation is adckessed. 

8.5 DISCRIMINATION AND APPLICATION TO SMOKE DETECTION 

8.5.1 LIGHT SCATTERING RATIOS 

The forward scattering ratio could not reliably be used for cHscrimination of soot 

agglomerates from other aerosols. Large post-flame soot scatters a great deal of Hght into the 

near forward angles thus they tend to give forward scattering ratios similar to large aerosols. 

The measure itself is not simply executed for most smoke detectors, as it requkes detectors at 

very smaU angles with smaU fields of view. The forward scattering ratio is not able to 

cHfferentiate the nuisance aerosols from the non-flaming fire generated smoke aerosols 

examined in this stady. The ratio does separate the aerosols based on thek size. 

The asymmetry ratio can cHstinguish soot from the other aerosols due to the fact that the 

asymmetry ratio reflects fractal scatterkig by the large post-flame soot. Simply picture the 
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ymmetry ratio as a fiinction of the scattering parameter, cT(7.6//m" j/<T(l8.3//m" j , or 

observe the sttaight line connecting these points and the fact that its slope is approximately 

equal to the fractal cHmension of the soot. The nature of the universaHty in Hght scattering by 

soot is also reflected by the similar values determined for the soot examined in this stady. 

The asymmetry ratio does not ckstkiguish the nuisance aerosols from the non-flaming smoke 

aerosol. 

The polarisation ratio about 90° is also able to cHstinguish the soot agglomerates from the 

other aerosols ki this stady and has been observed ki other stackes (Loepfe et al., 1997). The 

polarisation insensitivity of the agglomerate stmcture factor due to kiterference in the far 

field is die reason for this (Sec. 8.3.5 or Sec. 2.5.2). As witii the other ratio approaches the 

polarisation ratio does not categoricaUy cHstinguish between the nuisance and smoke aerosols 

from non-flankng fires. That is not to say tiiat discrimkiation of particular aerosols is not 

possible, Loepfe et al. (1997) have shown tiiat die degree of polansation at 150° might be 

used to isolate water mist from smoke aerosols. 

The kiabUity of the Hght scattering ratios to cHscrimmate nuisance from non-flamkig fire 

generated aerosols is a result of tiie morphological sknUarities between these aerosols. The 

kregular aerosol examkied ki tiks stady is tiie ISO fine dust, but scattering effects due to tiks 

irregularity is not conclusively observed. 

8.5.2 Q - S L O P E 

The q-slope results ki Table 8.5, 8.6 and 8.8 kidicate quite sttongly tiiat tiiere is a means of 

distinguishkig soot generated ki flamkig fires from diat of smoke aerosols generated ki non-

flamkig fires. The q-slope for die particles examkied here does differentiate between 

particles witii smaU and large phase shift parameters, and tiius mean size differences between 

particles examkied. Unfortanately tiiere is no clear discrimkiation between tiie smoke 
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aerosols from non-flaming fires and nuisance aerosols using the q-slope because of the 

morphological simUarities. 

Use of the q-slope for ckscrimination of flaming fkes from other aerosols in smoke detection 

is a novel approach. A smoke detector's abiHty to identify a threat as a flaming fire is of most 

benefit in sitaations where flaming fires pose a unique and critical risk. A particular risk of 

this nature might requke special preparations or particular actions from respondents. This 

would most likely occur, but is not restricted to an industrial sitaation. A cHscriminating 

detector based on the q-slope approach would fimction as normal with the adcHtion that it 

would have a separate alarm signal for detection of a flaming fire. As demonsttated in this 

stady it would stUl be susceptible to nuisance alarms from some aerosols. 

The practical design of such a detector would be very cHfferent from the apparatas used ki 

this stady, and ki fact might requke an array of detectors to determine the slope in the 

backward angles. This poses many difficulties as the backward angles scatter %ht weakly and 

stt-ay Hght can reduce signal to noise ckamaticaUy. It is the aspects associated with the 

scattering chamber design, detectors and signal handling electtonics of a smoke detector that 

is the cmcial factor as to whetiier it would make k to market. Sknply put, tiie design must be 

cost effective and that usuaUy means low cost This would be aided by identifykig particular 

angles for detector positions that could be used to determkie the q-slope efficientiy, skice die 

fewer the detectors the lower the cost. SknUariy, advances ki optoelecttonic components 

would be used in developing a practical detector design. 

8.6 FINAL COMMENTS 

In closkig this discussion k must be said tiiat tiiere are stiU other approaches to discrimkiating 

particles based on morphology as opposed to just size. For example, complete polarisation 

stadies of the scattering (MueUer) matrix might be of use for kregular particles, differences of 
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irregular sUica particles were observed by HoUand and Grange (1970). Such an approach for 

industtial instaUations seems appropriate, however the crux of the problem for Hght 

scattering smoke detection is the nuisance aerosols diat are very sknilar to smoke aerosols. 

The pyrolysis based nuisance aerosol from bunkng toast are exttemely similar to those 

expected in a non-flamkig fke, and to cigarette smoke which is anotiier common nuisance 

aerosol as weU as a fke ignition source. Cookkig oU fkes themselves are very common causes 

of fires ki homes (Wijayaskighe and Makey, 1997). Given this compHcating nature of some 

nuisance aerosols multi-parameter detection is a serious research and development dkection, 

such as combining gas (CO) and aerosol detection. 

Light scattering ckscrimination is based on cHfferences in morphology and as such wUl not see 

the cHfference between particles with simUar optical properties and physical characteristics. 

On the other hand, a priori information on specific particles can be coUected to target a 

particular scattering characteristic of an aerosol. This means characterising a common 

nuisance aerosol in an envkonment and buUcHng a system to ignore it, given appropriate 

safety margins. This seems Hke a lot of effort to go to when other fire safety measures are 

avaUable, such as human behavioural aspects and envkonment design. On the otiier hand 

critical risk sitaations do exist. 
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CONCLIISTONS 

9.1 CONCLUSIONS 

This stady has developed and demonsttated a novel gravimetoc caHbration method, uskig 

polystyrene spheres, for angular Hght scattering measurement The caHbration development 

was a necessary step in quantifying the scattering by smoke and nuisance aerosols usmg a 

system with low incident beam power compared with gas caHbration methods. The 

caHbration method leads dkectiy to an absolute measure of the cHfferential mass scattering 

cross section [m -g" -ster"̂ ] of unknown aerosols. The ckfferential mass scattering cross 

section has been measured for various non-flaming and flaming fire generated smoke 

aerosols, as weU as nuisance aerosols created in the Fke Emulator/Detector Evaluator at the 

National Institate of Standards and Technology (USA). These measurements have been 

determined for two linear polarisation settings (vertical and horizontal to the scattering plane) 

and a scattering angle range of 5° to 135° at a wavelength of 632.8 nm. The cHfferential 

scattering cross section measured in terms of aerosol mass faciHtates comparison with theory 

and puts the measure in terms of a uikt commonly utiHsed by fire safety/protection 

practitioners. The measurement of the differential scattering of various smoke and nuisance 

aerosols is a valuable database of information for smoke detector designers. Analysis of the 

ckfferential scattering has lead to some astounding findings and verified others. 

It has been amply verified in this stady that Hght scattering by smoke aerosols generated in a 

flaming fire (soot) are cHstinguishable from tiiose of a non-flaming smoke or nuisance 

aerosol. A novel method of cHscrimination based on analysis of scattering results as a 

function of the scatterkig parameter, q, has been demonsttated. This method measures the 

slope, for large values of q, of the ckfferential scattering versus the scattering parameter on a 
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log-log graph. Soots from flaming fires were found to have slopes rangmg between -1.6 and 

-2 whUe the other aerosols were found to have slopes of between about -2.8 and -A.2. The 

latter results apply to non-flamkig smoke and nuisance aerosols, and are the first time this 

measure has been reported for nataral aerosols. The results for soot are in general agreement 

with values measured in past stacHes. Discrimination is then possible based on q-slopes of 

about - 2 for soot while the spherical aerosols lead to slopes of -2.5 or steeper negative 

slopes. 

The q-slope analysis of scattering by non-flaming smoke and nmsance aerosols has also 

aUowed testing of the scaling approach of scattering by spheres (Sorensen and Fischbach, 

2000). In the case of soot particles the q-slope corresponds to the fractal cHmension of thek 

agglomerate stmcture, whUe the other aerosols spHt into two classes dependent on thek 

phase shift parameters. The phase shift parameter in this stady is principaUy a function of 

size, in particular the mecHan mass (or volume) cHameter of the aerosol cHstribution. The 

scattering measurements for aerosols with smaU phase shift parameter are in agreement with 

the scaHng approach. For aerosols with larger phase shift parameters this stady has found q-

slopes of about -3 for large values of q, whUe the scaling approach precHcts values of about 

-4 based on the polycHsperse aerosol data presented by Sorensen and Fischbach (2000). The 

scattering is of the form CTyy {q)'^ (^" / ^̂ ^ <1>1~\ where the angled brackets represent 

the ensemble average over the size cHstribution of the particles. 

Differential mass scattering cross sections have been measured and compared with theory for 

the non-flaming smoke and nuisance aerosols. This was made possible by determination of 

the size ckstribution measurement of those aerosols. These comparisons have not been made 

ki past StacHes of Hght scattering by smoke aerosols. The size measurements have revealed 

that the non-flaming smoke and nuisance aerosols can have very similar size characteristics. 
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One example is smoke aerosols generated by smouldering cotton lamp wick and nuisance 

aerosols from burning toast. The smaU meckan mass cHameter of the smoke aerosol from 

smouldering cotton lamp wick is a demonsttation of the weakness in the common 

generaHsation that smoke aerosols from flaming fires are much smaUer than those from non-

flaming fkes. 

The cHfferential Hght scattering has been analysed using ratios commonly employed in other 

stackes. The asymmetry ratio and polarisation ratio has been verified as means of 

discriminating soot from the other aerosols examined. Pleasingly similar values of the 

asymmetry ratio were measured for aU of the large post-flame soot agglomerates. This is a 

reflection of the fractal universaHty of those particles morphology. SimUarly the polarisation 

ratio aUows cHscrimination of soot, particularly at scattering angles near 90°. Polarisation 

ckscrimination is a result of the polarisation insensitivity of the soot agglomerate structure 

factor, S \g), due to interference of Hght scattering by the primary particles in the far field. 

In terms of particle size, the forward scattering ratio separates smaU size particles from large 

particles; soot agglomerates give similar values to aerosols with large mean sizes. ISO Fine 

dust can be separated from the other nuisance aerosols and the non-flaming smoke aerosol 

because of its large forward scattering ratio. The forward scatterkig ratio ki the case of the 

dust is sknUar to that of the soot agglomerates, simUariy etiiylene results in a smaU value 

sknilar to the non-flaming smoke and nuisance aerosols. Discrimination of soot from the 

other aerosols based on size was not possible. 

Discrimination of non-flaming smoke and nuisance aerosols in this stady has not been 

consistentiy possible. This is a result of die pyrolysis or heat based nuisance aerosols havkig 

physicaUy sknUar morphology to the smoke aerosols generated in non-flamkig fires. Light 

scatterkig approaches rely on the ckfferences between the scattering signals caused by particle 
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morphology or refractive index ckfferences. It does not appear that Hght scattering results 

presented in this stady are adequate by themselves to make definitive separation of aU of the 

non-flaming smoke and nuisance aerosols examined. Light scattering results do cHstinguish 

soot aerosols from the other aerosols. 

9.2 FUTURE WORK 

The q-slope approach would benefit from more work with different nuisance aerosols. Also 

higher scattering angles and other wavelengths to determine the generakty of the present 

resiUts should be pursued. The use of other wavelengths in particular has appHcation since 

near infrared is the wavelength utiHsed by most detector manufacturers. 

The scaHng approach to Hght scattering would benefit from an experimental Hght scattering 

stady uskig known oUs in an aerosol form with weU characterised size cHsttibutions. The 

phase shift parameter dependence could be effectively examkied witii this wider range of 

known aerosols. 
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APPENDIX T 

I. INTRODUCTION 

This appendix acts as a summary and guide to the experimental procedure sections m the 

body of this dissertation and presents detaUs on die experimental procedure not covered Hi 

the text. The majority of this information is concerned witii the Hght scattering 

measurements made with the Large Agglomerate Optical FacUity (LAOF). 

II. CALIBRATION 

POLYSTYRENE SPHERE PREPERATION 

The creation of a suspension of polystyrene spheres for caHbration experiments was detaUed 

in Sec. 4.3.1.1. This section presents essentiaUy the same kiformation for the polystyrene 

spheres used in the caHbration verification experiments that is 802 nm diameter polystyrene 

spheres. 

The caHbration verification working suspension is produced by mixing between 30 and 35 

ckops, about 1 ml, of the polystyrene sphere base suspension and cHIuting it with 50 ml of 

fUtered and de-ionised water (filtered with 0.22 |lm pore size filter). The working suspension 

was then briefly agitated in an ulttasonic bath for about 1 minute to mix the polystyrene 

spheres into the water, before being poured into a larger container (250 ml). This larger 

storage container was used to store the working polystyrene suspension so that a large 

quantity was at hand for multiple experiments. An amoimt of about 35 ml of the working 

suspension was poured into the clean reservok of the nebuHser on the caHbration aerosol 

generator. 
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CALIBRATION LIGHT SCATTERING MEASUREMENTS 

A total of two caHbration experiments were conducted in an experiment with an unknown 

aerosol, one before and one after the unknown aerosol. A single caHbration constant was 

determined and then appHed to the volume corrected detector signal of the unknown smoke 

aerosol. The caHbration constant appHed was usuaUy the result of the first caHbration 

measurements, the second caHbration measurements was a check of the first. If there was a 

ckfference greater than a standard deviation between the two caHbration constants then the 

whole set of experiments were cHscarded, this never occurred except where background 

artefacts appeared ki the measured signal, because of reflections or miss-alignments of the 

optics. 

III. MASS MEASUREMENT 

MASS FLOWRATE 

The mass flow rate through the LAOF is conttoUed by a mass flow conttoUer system that is 

checked uskig a bubble flow meter (GUibrator-2 Primary Flow CaHbrator, GUian Instruments 

Inc.) before and after each filter measurement The flow rate used in tiks stady was about 

1.66x10"'* m-\s (10 L.mki). This flow is usuaUy checked at tiie by-pass valve below the filter 

holder as the flow thought the LAOF is assumed to be unaffected by leakage. The flow is 

only checked periodicaUy at tiie LAOF mlet to check for leaks; usuaUy after some part of tiie 

apparatas has been disturbed say by cleankig A difference of less tiian 4 % of tiie flow rate 

at tiie by-pass valve is normaUy measured at die LAOF mlet, a higher difference is kidicative 

a leak out of the LAOF. 

WEIGHING FILTERS 

Some detaUs on die filters are given m Sec. 4.3.1.2. After coUection of an aerosol sample 

each filter was weighed on the micro-baknce (Sartorius MC5, max 5.1g) before and after 

coUection of the smoke particles of interest: 
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1. Remove the fUter from its petti cHsh and wave gentiy between two paraUel 

electt-ostatic neutt-aUzers (Polonium (Po) 210 isotope). This mkkmized charge 

effects, which can cause instabiHties and uncertakities ki the weighkig process. 

2. Place the sample on the micro-balance and close the balances door 

3. Wait about 30 seconds for the balance to stabUize then record the filter weight If 

the balance reading was stiU fluctaating after 30 seconds, then there were probably 

charging or external vibrations affecting the reading. More time would be needed to 

aUow the balance to settle. 

4. Replace the filter in the petri cHsh. 

IV. LIGHT SCATTERING MEASUREMENTS 

The experimental procedure for setting-up many of the elements of the Large Agglomerate 

Optical FaciHty (LAOF) are detaUed in the Apparatus chapter. The experimental steps for 

making ckfferential (angular) Hght scattering measurements are described here and are the 

same for any aerosol flowing in the LAOF. The only aspect that varies significantiy in 

procedure is the aerosol ttansport to the LAOF. These ttansport factors have been 

cHscussed in the chapters of the ckssertation dealing with each type of aerosol examined. 

DIFFERENTIAL SCATTERING MEASUREMENTS 

Prior to an experiment it is best to aUow both the laser and mass-flow conttoUer to warm up 

about 30 minutes prior to beginning an experiment The first step is to determkie the 

detectors angular zero position before the aerosol is inttoduced into the LAOF. The zerokig 

procedure is described in Sec 3.3.1 and is achieved by using the conttoUing computer 

program DAMP 16. This computer program stays in conttol of the detector position and 

records the detector signal, U(6), throughout measurement of the cHfferential scattering. At 
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this stage die background signal, Uyy(6) and U;,„(6), witii no aerosol present is measured. 

The main mfluence of tiks background signal is measured at the forward angles. This sttay 

Hght has a smaU amount of polansation dependence particularly at the smaU angles, thus both 

polarisation background signals are measured. The main laboratory Hghts are tamed off at 

during the angular scans. 

Once this is accompkshed a new pre-weighed filter is placed in the filter holder and then the 

flow rate through the LAOF measured. At this pokit the apparatas is ready for an aerosol to 

be inttoduced in to the LAOF. The visible cue of the laser scattering by the aerosol is used 

as a gauge that the aerosol is flowing in a weU-nkxed manner through the LAOF. When the 

concenttation was stable in the LAOF the by-pass valve was closed and the mass fUter valve 

opened (see Figure 3.2). At the same tkne that the mass filter valve was opened a stopwatch 

was started to record the coUection time of the mass sample of smoke aerosol. The signal 

from the detector positioned at its resting position of 5° is used at this stage to ensure that 

the signal ampHfication is at a reasonable level. If it is not the voltage pre-ampHfier cirant is 

used to adjust it, the lock-ki ampHfier being at is lowest sensitivity because of the sttong 

scattering signal at the smaU angle. Any changes to the pre-ampHfier voltage at this stage 

means that the background wiU have to be measured again. The polariser positions are set, 

based on the results of the test settings using the polarising beam spHtter cHscussed in Sec. 

3.3.1. The apparatas is now ready for the measurement of the cHfferential scattering by the 

aerosol. 

The computer program, DAMP 16, has its instmctions entered into two configuration files. 

One fUe conttols the angles at which to stop and the number of measurements to make at 

those angles. The other configuration file conttols operating parameters of the 

analogue-to-ckgital converter instaUed in the computer. As the detector scans across the 

angular span, 5° to 135° in nominaUy 5° steps with the exception of a measurement at 8° as 
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weU, the sensitivity of the ampHfier is changed and the output is recorded on the conttoUing 

computer. A measurement is also typicaUy made at 8° to mcrease forward angle data. Ten 

measurements are made at each angle ki quick succession, taking about 7 seconds to move 

between angles and make the measurements. The measurements at each angle are initiated 

by pressing a key on the conttoUing computers keyboard. This manual initiation is necessary 

so that the sensitivity of the lock-in ampHfier can be adjusted to aUow measurement of the 

scattering signal whUe it faUs some two to three orders of magnitade as the detector moves 

from small to large angles. This raw data (*.RAW) is saved to the conttoUing computer along 

with a working data file (*.DAT) that contains the average of the ten measurements and thek 

standard deviation. It is this working data file (*.DAT) that is used in data reduction (volume 

correction) and analysis. 

When the first angular scan at one polarisation is complete, a second scan is conducted at the 

other polarisation by setting the retarder and analyser to the appropriate settings. Apart from 

the retarder and analyser, aU the other optical components are not changed for this second 

scan. The filter is kept ki place to continue to coUect aerosol particles to make sure there is a 

measurable mass on the filter. The aerosol flow is not cHsturbed ki any way. The conttoUing 

computer needs to have new output filenames entered, when this is done the same process as 

that described for the first scan is repeated. 

When the second scan is complete the aerosol is aUowed to flow through the system for a 

short period before the filter is isolated and die mass coUection timer stopped. At this pokit 

a measurement of the aerosol sampHng rate (equal to the flow rate across die filter) through 

the LAOF is made with a bubble flow meter and recorded. 

268 



APPENDIX TT 

The foUowing pages contain the reviewed papers generated by this stady. The papers 

are: 

Wekiert, D. W., Cleary, T. C, and MuUioUand, G. W. (2002). Light Scattering 
Characteristics and Size Distribution of Smoke and Nuisance aerosols. Fire Safety 
Science - Proceedings of the Seventh International Symposium , To be published. 

Cleary, T.G., Wemert, D.W. and MuUioUand, G.W. (2002) Moment metiiod for obtamkig 
particle size measures of test smokes. NIST Technical Report, National Institate of 
Standards and Technology (NIST), Gaidiersburg, MD, USA.. To be published 

The fkst paper has been fuUy reviewed and wUl be pubHshed in the Fke Safety Science 

— Proceedings of the Seventh International Symposium by the International 

Association of Fke Safety Science. The second paper has undergone an internal NIST 

review and wUl initiaUy be pubkshed as a NIST Technical Report. Two other papers 

have been presented (absttact review) to the international smoke detector community. 

Those papers are: 

Wekiert, D. W., Cleary, T. C , and MuUioUand, G. W.(2001). Size disttibution and Hght 
scattering properties of test smokes. AUBE '01: 12th International Conference on 
Automatic Fire Detection , 58-70. National Institate of Standards and Technology, 
Gaidiersburg, MD, USA. 

Wekiert, D. W., and MuUioUand, G. W.(2001). An apparatas for Hght scattering stadies of 
smoke particles. AUBE '01: 12th International Conference on Automatic Fire Detection , 
31-42. National Institate of Standards and Technology, Gaithersburg, MD, USA. 
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ABSTRACT 

This paper presents the differential mass scattering cross section [m^-g"'-sr"'] of various 
non-flaming and flaming fire generated smoke aerosols as well as nuisance aerosols 
created in the Fire Emulator/Detector Evaluator. These measurements have been 
determined for two linear polarizations and the scattering angle range of 5° to 135° at a 
wavelength of 632.8 nm. Small diameter particles have been separated from large 
particles using the forward scattering information. Discrimination of soot generated by 
flaming fuels from both smoke aerosols generated by non-flaming fires and nuisance 
aerosols is demonstrated by the ratio of forward (45°) to backward scattering (135°), the 
polarization ratio, and dependence on scattering parameter, q = 4;rA~' sin (9/2). 

KEY WORDS: detection, smoke, nuisance, light scattering, size distribution 

INTRODUCTION 

Much of the potential benefit of automatic smoke detection systems is offset by the 
problem of repeated unwanted alarms. The ability of a system to discriminate the types of 
airborne particles arising from different fire types, from potential fires and from nuisance 
aerosols would be of great practical benefit. This study examines light scattering 
characteristics of smoke and nuisance aerosols for two main goals: (i) to characterize the 
particles generated and (ii) to investigate the similarities or differences between particles 
generated. The first point is of benefit to detector response modeling and testing. The 
latter goal is aimed at examining different discrimination approaches for fire and non-fire 
generated aerosols using light scattering. Discrimination of light scattering signals 
generated by the smoke and nuisance aerosols is important information to consider when 
reducing the incidence of alarms caused by nuisance aerosols. 

To obtain detailed information on the light scattering characteristics of smoke aerosols 
this study has used an approach that measures the angular distribution of scattered light. 
This measure is expressed as the differential (angular distribution) scattering cross 
section per mass, CT(0 ), which has the units of area per unit mass of scattering aerosol per 
solid angle of detector view [m^g'-sr'] and will be referred to as the differential mass 
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scattering cross section. The mass specific scattering measurement is a novel aspect of 
this work, it enables one to estimate the light scattering of smoke based on a measurement 
of mass concentration. Previous studies have been conducted with smoke aerosols using 
normalized scattering data [1] or single angle response [2,3]. In this study soot generated 
by flaming fires is distinguished from both smoke generated by non-flaming fires and 
nuisance aerosols using various means. In particular we apply two methods, polarization 
ratio and q dependent scattering {q = AnX'^ sin(9/2)), that are inspired by fundamental 

differences between light scattering from soot agglomerates and other non-agglomerate 
aerosols. 

The general form of agglomerate light scattering [4] can be expressed in terms of a power 
law relation that reduces to, 
ayy{e)^ q~° fox q>R'\ (1) 

where R is the agglomerate characteristic radius (e.g. radius of gyration), and D is the 
fractal dimension characterizing the spatial mass distribution of the agglomerate. Various 
studies for in-flame and post-flame soot have reported fractal dimensions to be about 1.7 
to 1.85 using laser scattering techniques [5,6]. Universality in morphology and 
subsequent scattering is related to the fact that all soot shares the same fundamental 
mechanisms of agglomerate growth [7]. 

There has been relatively little study regarding the q-dependence of scattering by spheres 
until recent work by Sorensen and Fischbach [8]. This is surprising given the extensive 
application of Mie theory to the study of light scattering by spheres. 

Size distribution measurements were also conducted, as size is an important quantity on 
which the light scattering depends. Size information is also of benefit for assessing 
response of detectors based on other principles such as ionization detectors, or examining 
smoke aerosol kinetics. The size information presented here in terms of aerodynamic 
diameter is complementary to that published previously [9-11]. 

SMOKE AND NUISANCE AEROSOL GENERATION AND SAMPLING 

The majority of smoke and nuisance aerosols examined in this study were generated in 
the Fire Emulator/Detector Evaluator (FE/DE), a facility designed to emulate the smoke 
of a fire for fire detector assessment [12,13]. The operating principle of the FE/DE is that 
of a single pass wind tunnel, into which a smoke or nuisance aerosol is released. A test 
sensor section contains smoke detectors and instmments to measure various parameters 
including the light transmission through the generated aerosol, the air velocity (typically 
0.2 m/s), temperature, and response of a measuring ionization chamber (MIC). A 
sampling line was inserted into this section to sample smoke and nuisance aerosol for size 
distribution measurement and fransport to the light scattering apparatus. The sampling 
was done at a flow rate of about 8.7 m/s (light scattering) and 13 m/s (size distribution) 
from 50 mm below the top of the sensor secfion's duct, which had a height of 304 mm. 

The non-flaming fuels examined in the FE/DE for this study were beech wood blocks, 
cotton lamp wick, and polyurethane foam. The wood blocks are those specified in EN54 
(part 9, test fire 2) [14], similarly the cotton lamp wick is the same fuel as specified in 
EN54 (part 9, test fire 3) and is also used in UL217 [15]. These fiiels were stored in a 
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temperature and humidity controlled conditioning room. The polyurethane was cut from a 
seat cushion of an armchair. Wood pyrolysis smoke was generated by eight beech wood 
blocks each 35 mm x 20 mm x 10 mm, anranged on a 250 cm^ 750 kW hot plate set on 
full power. The cotton lamp wicks smoke was generated by a staged-wick-ignition device 
[13] that was loaded with 32 wicks all about 210 mm long. Polyurethane foam was 
ignited to smolder by a heating wire inserted into the foam; it was turned off once the 
foam reached a self-sustained smoldering state. This was not always successful. If the 
smolder did not self sustain the test was stopped. 

Two flaming fuels with different states, propylene gas and liquid heptane, were used in 
the FE/DE to generate "black" smoke or soot. The propylene gives a high soot yield from 
a diffusion flame and is ideal for use with the gas burner attached to the FE/DE, which 
can then output a large amount of soot at moderate fuel flow rate. Soot concentration is 
controlled by varying the burner fuel flow rate and by venting excess soot. Heptane soot 
was generated by a small pool fire located in the same section of the FE/DE where non-
flaming fuels were placed. A 25 cm^ pool of heptane is poured on top of 100 cm^ of 
water contained in a Pyrex petri dish surrounded by a metal overflow dish. The water 
helps reduce the effects of the heptane boiling and splashing out of the dish. It also raises 
the heptane to the lip of the dish reducing lip effect on this small pool fire. Two other 
types of soot were generated by burning acetylene and ethylene in a separate co-flow 
diffusion burner used in earlier soot studies [16,17]. This burner was connected directly 
to the light scattering apparatus providing a repeatable alternative source of soot; it was 
not a part of the FE/DE. 

Some common nuisance aerosols were also generated in the FE/DE and characterized. 
These aerosols were generated by burning (pyrolyzed) toast, over-heating (pyrolyzed) 
cooking oil and from a fine grain dust (ISO Fine Dust 121031 ;A2). The toast and 
cooking oil aerosols represent both a common nuisance and a hazard, as both have the 
potential to become fire events. Nuisance toast smoke was generated by placing two 
slices of white bread in a standard two-slice popup toaster, the lever of which was fixed 
to the power on position. The smoke concentration produced in this case had a very rapid 
rate of rise. The toaster was only powered for a short period compared to the sampling 
time, to avoid a transition to flaming. For the cooking oil, a 5 cm^ sample of corn-based 
cooking oil was placed in a petri dish and pyrolyzed on the hotplate, which was set at full 
power. The dust was introduced to the FE/DE by a screw feeder typical of dry-powder 
delivery systems. Loss of dust particles larger than about 10 |xm was caused by a 
honeycomb flow stabilizer before the sensor section. Gravity fractionation of the dust was 
also observed by differences in the transmitted light beams at the top and middle heights 
of the sensor section. Thus, the fmal sampled dust aerosol had a different size distribution 
compared to the original ISO fine dust. 

The smoke aerosol was collected and transported into another laboratory where the light 
scattering apparatus was situated. The transportation method used was a 0.2 m̂  drum into 
which about 0.12 m^ of smoke was drawn at a rate of 333 cm /̂s (20 L/min). The drum 
collection method results in some settling of larger particles and wall losses in the drum. 
Some coagulation growth (aging) of the particles in the drum will also occur. The settling 
of particles mainly affect particles bigger than about 3 jim and the aging of the smoke 
particle mainly influences the number of particles. Affects on the volume or mass of the 
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smoke particles, to which light scattering is sensitive, is small in comparison to the aging 
affect on number concentrafion [11]. The size distributions of the smoke and nuisance 
aerosols were determined with a cascade impactor sampling directly from the FE/DE. 
The parameters of the distributions, the mass median aerodynamic diameter (MMAD) 
and geometric standard deviation (GSD), are given in Table 1. 

Table 1: Table of smoke and nuisance aerosol particles characteristics: mass median 
aerodynamic diameter (MMAD) and geomefric standard deviadon (GSD); the forward 
angle scattering ratio and asymmetry ratio for each source is shown as well as the ^-slope. 

Aerosols 
Source or 

Fuel 

Mass Median 
Aerodynamic 

Diameter 
(Jim) 

Geometric 
Standard 
Deviation 

avv(5°)/ 
avv(20°) 

avv(45°)/ 
Ovv(135°) 

Slope 
(negative) 

for 
^ > 12 Mxn'̂  

Beech Wood 
Cotton Lamp 
Wick 
Polyurethane 
Toast 
Cooking Oil 
Dust 
Propylene 
Heptane 
Acetylene 
Ethylene 

1.5 
0.31 

2.0 
0.43 
1.6 
2.2 
— 
— 
~ 

1.9 
1.7 

1.6 
1.6 
2.2 
1.8 
— 
— 
— 

2.0 
1.1 

3.0 
1.3 
3.4 
7.1 
6.3 
64 
8.7 
3.8 

15.5 
15.7 

13.2 
17.8 
13.6 
11.3 
4.9 
5.6 
4.0 
4.5 

2.7 
4.2 

3.1 
4.1 
2.8 
2.9 
1.8 
2.0 
1.7 
1.7 

Generating 
Polarizer 

HeNe Laser 

Inlet tubes 

Half-waveplate 
Retarder, 
Polarization Rotator. 

Light trap 

Chopper, Lock-in Amp 

Entrance window 

Rotation stage 
Mass Filter 

Fig. 1: The LAOF light scattering apparatus used to measure the differential mass 
scattering cross section. 
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LIGHT SCATTERING CHARACTERISTICS 

The light scattering measurements have been made with the Large Agglomerate Optical 
Facility (LAOF) [17] shown in Fig. 1. The LAOF determines the smoke particle's 
differenfial mass scattering cross sections for different polarizations, Oyy (6) and 

Ofjfj (6), at the He-Ne wavelength of 632.8 nm for scattering angles between 5° to 135°. 

The first subscript denotes the incident polarization and the second denotes scattered 
polarization measured; V for vertical and H for horizontal to the scattering plane. The 
differential mass scattering cross sections measured by the LAOF have been calibrated 
using polystyrene (PS) spheres of nominally 500 nm diameter. The detector signal has 
been calibrated by normalizing to the absolute mass scattering cross section determined 
using Mie theory [18] for nominally 500 nm diameter monodisperse polystyrene spheres. 
The spheres have a density of 1050 kg/m^ and a refractive index of 1.59 [19]. To 
determine the calibration constant, a logarithm weighted least square method is used, 
such that: 

ln/i: = —Xln 

V 

(2) 

; 
where K is the calibration constant, Ej is the experimental result and Tj is the 

theoretical result at the j'th scattering angle dj. Mie theory gives the differential mass 

scattering cross section of spherical particles as the series expansion [18], 

g 
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• Oyy Experimental Result 
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o OHH Experimental Result 

• ••• OHH Mie Theory 
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Scattering Angle (6°) 

120 140 160 

Fig. 2: The differential mass scattering cross section of nominally 800 nm polystyrene 
spheres compared to the theoretical result from Mie Theory. 
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<^W{Q) = 
2n-l-l - ^ zn -I-1 / J 

L~( :\V'n^n+bjJ (3a) 

(e)= — 
pp^pi^ 

^fiH\^J~ . , , 2 
2n-l-l X zn -I-1 / NJ 

—f --^{^n^n+b„7lJ (3b) 

here a„ and fe„ are the Mie scattering coefficients that are dependent on the particle size, 

wavelength and refractive index of scattering particle. The angular functions are 7C„ and 

T„ ; k ̂  Injl is the wave number and I the wavelength; p^ is the particle bulk 

density and V^ the particles volume. The measured differential mass scattering cross 

section of an aerosol is determined from the volume corrected detector signal, u{6), and 

aerosol mass concentration, M , using (polarization notation suppressed), 
M(0) 

G{e) = ^ . (4) 
MK ^ ' 

The calibration was verified by generating a different size of polystyrene sphere and 
comparing this result to Mie theory. Nominally 800 nm diameter spheres were chosen for 
their similarity to smoke aerosol sizes. The results of one such calibration verification is 
shown in Fig. 2. The agreement between experiment and theory in Fig. 2 is good, while 
the logarithmic scale hides some variation. An uncertainty analysis (Type A, with 95 % 
confidence level) gives a relative uncertainty of about 40 % and 26 %, measured about 
the theoretical result for cjyy (0) and C7^^ (0) respectively. There are two main sources 

of this uncertainty, the manual adjustment of polarization direction and variation in mass 
concenfration of polystyrene particles during the 20 minute collection period. 

In Fig. 3 the differential mass scattering cross sections are shown for a selection of smoke 
and nuisance aerosols generated in the FE/DE. The peaks and valleys obtained from 
monodisperse particles are "averaged out" by the relatively broad size distributions 
(geometric standard deviation of about 2) for the polydisperse smokes shown in Fig.3. In 

Table 1 the effects of size can be seen in a forward scattering ratio Gyy ( 5 ° ) / a^ (20°). 

Small particles have weaker forward scattering than larger particles and as particle size 
decreases the forward scattering will become less dependent on angle. 

A widely used parameter for characterizing aerosol polarization is the polarization ratio, 
defined as 

p((,) = ^ . (5) 

In Fig. 4 the polarization ratio, normalized to 1 at a scattering angle of 5°, has been 
plotted for all of the aerosol sources examined. The normalization removes a spread of 
values that occurred at 5° due to the manual setting of the polarization, which mainly 
affected the VV uncertainty. The results for soot from flaming fuels are very different 
from the non-flaming and nuisance aerosols near 0 =90°. The reason for this minimum 
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is related to the agglomerate morphology of the soot as discussed below. Another ratio 
approach which shows discrimination between soot and the other aerosols is the 
asymmetry ratio defined by the ratio of forward (45°) to backward angles (135°). The 
results for this ratio are also given in Table 1. While flaming and non-flaming smoke can 
be distinguished by these methods, it can be seen from Fig. 4 and Table 1 that these 
methods do not allow complete discrimination between non-flaming smokes and nuisance 
aerosols. 
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Fig. 3: Differential mass scattering cross sections of selected smoke and nuisance 
aerosols generated in the FE/DE. 
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Another representation of scattering data is in terms of the elastic scattering wave vector 
magnitude or scattering parameter, q. Although this is a common parameter in scattering 
studies for soot it appears to only recently be considered with more traditional Mie 
scattering studies for spherical particles [8]. In Fig. 5, Oyy (0) is plotted as a function of 
log q, and the slopes of all of the smoke and nuisance aerosols for 12 p.m'' < q <18.3 
|im"' (75° <6 < 135°) are shown in Table 1. The slopes range from about -2 for soot to 
between -3 to -4 for the other aerosols. The fractal dimension of the soot agglomerates is 
equal to negative this slope (see Eq. 1) [16]. Differentiation between soot agglomerates 
and the other generated aerosols seen in Table 1 is due to the fractal nature of these 
agglomerates, as will be discussed below. 

DISCUSSION 

The differential mass scattering cross sections presented in Fig. 2 and 3 is calculated from 
gravimetric and angular scattering measurements. This mass based measure has an 
advantage in that the results can be used for assessing the response of a light scattering 
smoke detector, given the aerosol mass concentration (Eq. 4). 

The light scattering data presented in Table 1 and Fig. 3 shows that aerosols with small 
particle size, such as the smoke aerosol from cotton lamp wick and burning toast, can be 
distinguished from larger aerosol particles examined. Discriminating smoke from 
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Fig, 4: The polarization ratio, p{d), normalized to 1 at 0 =5° for all of the aerosol 

sources examined in this study. 
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nuisance aerosols would be difficult using the data in Table 1 and the polarization ratio 
shown in Fig. 4. For example, the difficulty separating cotton lamp wick from toast 
smoke or cooking oil from polyurethane. The possibility exists that more data closer to 
scattering angles of 180° would improve the ability to differentiate. However, it does not 
seem likely based on our data, that light scattering by itself will allow distinction between 
all nuisance and non-flaming fire generated aerosols. 

Discrimination of soot from the other aerosols presented here is possible by various 
means because of the great differences in morphology. Light interacts with the electrons 
in matter, thus how mass is distributed in a particle affects the scattering of light. The 
spatial distribution of mass in a soot agglomerate is very different to that of condensed 
hydrocarbon droplets (spheres) generated by non-flaming fires and pyrolysis generated 
nuisance aerosols examined in this work. Droplet particles scatter light as described by 
Mie scattering theory. In the case of irregular dust particles, the scattering has similarities 
with Mie scattering although at backward angles Mie theory is not necessarily an 
acceptable approximation [20]. Soot scatters light in a fundamentally different manner to 
the other particles (see Eq. 1). 

This leads to a novel means of discriminating between the soot agglomerates and the 
solid structures of other smoke and nuisance aerosols. The ^-slopes results given in 
Table 1 indicate that the smoke and nuisance aerosols examined have g-slopes of about -
3 to -4, while slopes of about -2 to -1.7 characterize soot. More backward scattering 
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data,0> 135°, would be of benefit in this type of discrimination. Transitions in the 
scattering of spherical particles occur in the range of ^-slopes of between -2 to -4 [8]. In 
this study, there is an increase in the ^-slope uncertainty at high values of q, due to mass 
loss from the drum. 

The scattering mechanism of agglomerate particles can also be represented as (angular 
notation suppressed) [7], 

<^xx=iK,Sr)^ but ( 5 , p v ^ - ( 5 „ p ^ ^ (6) 

where S^ is the Rayleigh-like scattering component and X denotes a given polarization. 

The term 5^^ arises from the interference in the far field of the scattering by the 

individual primary particles making up the agglomerate. The term, S^,^, can vary by a 

few orders of magnitude (Fig. 3) while for Rayleigh scattering, (5^)^^ , is independent of 

angle. Since S^^ is not strongly dependent on the polarization direction, the polarization 

ratio is primarily determined by the Rayleigh-like scattering from the primary spheres and 
results in a minimum at 0 = 90° as seen in Fig. 4. Thus, soot agglomerate scattering 
appears to be Rayleigh-like in terms of the polarization ratio although the differential 
scattering for a vertical polarization direction is not at all similar to Rayleigh theory. 

This fundamental difference in scattering mechanisms allows the polarization ratio to be 
used to discriminate between flame generated and other non-agglomerate aerosols. 
Practical use of soot discrimination would be for identification of a flaming fire (high 
hazard) vs non-flaming fire (lower hazard), possibly changing response actions. The 
polarization approach has previously been used to measure the degree of linear 
polarization for EN54 test smokes over an angular range of 5° to 165° [1]. Loepfe et. al. 
[1] found the highest degree of polarization corresponded to soot particles, a medium 
value existed for cotton lamp wick smoke, and that the lowest values were found for the 
pyrolysed wood smoke. The implication of the work by Loepfe et. al. [1] is that soot is a 

small Rayleigh scattering particle. The two to three orders of variation in cr̂ y {6) and 

Eq. 6, demonstrates that this is not the case. 

Another well-used measure that differentiates soot from the other aerosols examined is 

the asymmetry ratio. In Table 1 the ratios of 45° to 135° for a{6)yy are used but others 

are possible. The discrimination seen in this forward to backward ratio is a subsequence 
of the power law scattering, Eq. 1, being compared to spherical particle scattering [8]. 

The effect of size (reported in Table 1) on the light scattering results of Fig. 3 is mainly 
apparent in the forward scattering, as represented by the small angle ratio data in Table 1. 
Small particles result in scattering that approaches Rayleigh scattering at forward angles, 
cTw (5°y<7w (20°) ~ 1- The large particles have more pronounced forward scattering 
represented by the high forward angle ratio in Table 1. The particle size distribution 
parameters given in Table 1 indicates that smoke and nuisance aerosols in some 
comparisons are different (e.g. cotton from wood or dust) and in others cases similar 
(cotton and toast, dust and polyurethane). Discrimination based on size alone is not 
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sufficient to separate the smoke and nuisance aerosols examined. Combining light 
scattering methods could be of benefit. 

CONCLUSION 
This study has presented quantitative results for the differential mass scattering cross 
section [m -g" -ster' ] of various non-flaming and flaming fire generated smoke aerosols 
and nuisance aerosols created in the Fire Emulator/Detector Evaluator. These 
measurements have been determined for two linear polarizations and a scattering angle 
range of 5° to 135° at a wavelength of 632.8 nm. The differential scattering cross section 
was measured in terms of aerosol mass to facilitate comparison with theory. 

Analysis of scattering data by various means shows that the smoke aerosol generated by a 
flaming fire (soot) is distinguishable from that of a non-flaming fire or nuisance aerosol. 
This discrimination is possible due to the soot agglomerate structure, scattering light in a 
different manner to that of the other aerosols examined in this study. These 
discrimination methods involve calculating a ratio of forward (45°) to backward 
scattering (135°), determining the polarization ratio p(9) near a scattering angle of 90° 

and the scattering parameter approach using the slope of ayy(^)vs log q for 12|im" 

' < ^ < 18.3 (J.m"' (75°< 0 < 135°). The scattering parameter approach would benefit 

from more work with different nuisance aerosols, higher scattering angles and other 
wavelengths to determine the generality of the present results. 

While forward scattering separates small size particles from large particles, our results 
indicates that this does not translate to a differentiation between non-flaming and 
nuisance aerosols. It does not appear that light scattering results presented in this study 
are adequate by themselves to make definitive separation of the non-flaming and nuisance 
aerosols examined. Light scattering results do distinguish soot aerosols from the other 
aerosols. 
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Moment Method for Obtaining Particle Size Measures of Test Smokes 

Abstract 
The number concentration, ionization chamber output, and mass concentration were recorded continuously 
for five different test smokes generated in the fire emulator/detector evaluator. The number and the mass 
concentrations are direct measures of the zeroth and third moments of the aerosol size distribution, while 
the ionization chamber output is correlated to a measurement of the first moment. The ratio of the first to 
zeroth moment and the cube root of the ratio of the third to zeroth moment yielded the count mean diameter 
(dio) and the diameter of average mass (djo) with peak values ranging from 0.20 ^m to 0.75 |xm for dio and 
0.25 |rm to 1.0 fxm for djo for the smolder/pyrolysis smokes generated. Assuming a log-normal size 
distribution, estimates of the geometric standard deviation were computed from the two moment average 
diameter measurements. Additionally, comparisons of the mass median diameter estimated from moment 
analysis to the mass median aerodynamic diameter obtained from an 11-stage cascade impactor were made. 
1. Introduction 
Prediction of smoke detector response requires an understanding of the aerosol transport to a detector's 
sensing volume, the sensing principle (including raw sensor output as a function of the environment and 
detector logic), and the concentration, physical properties and size distribution of the aerosol. The main 
sensing principles used in current smoke detectors are light scattering by smoke particles in photoelectric 
detectors and current decrease due to ion scavenging of smoke particles in ionization smoke detectors. 
These two detector types have much different response characteristics as function of particle size [1]. Real 
fire smokes and nuisance source aerosols exhibit both fluctuating concentration and changing particle size 
distribution as the local conditions producing the aerosol change ,and/or particle growth through 
coagulation or agglomeration takes place. A relatively simple method to continuously monitor the particle 
statistics along with the concentration as a function of time and possibly at multiple locations would 
facilitate detector response model, and CFD smoke transport and growth model verification. Such a 
method is described here which relies on standard aerosol and smoke detector test equipment with no 
complicated data inversion required. The impetus for choosing the moment method based on the zeroth, 
first, and third moments is two-fold. First, these moments are obtained by standard equipment. Second, 
they yield a moment averaged diameter (count mean diameter) that is directly related to ionization detector 
response normalized by the number concentration, while the third moment (mass concentration) is related to 
the light extinction through the specific extinction coefficient, and remains unchanged by coagulation or 
agglomeration. 

2. Moment Analysis 
Moment distributions describe the particle size distribution in terms of a specific weighting function (i.e. 
weighted by number, volume, surface area, etc.) The general form of a moment average of a particular 
moment distribution is given by [Hinds, 1999]: 

dqp = 
^ZnidfdP^ 

1/ 

I«/^? J 

Where p and q are integers defining the pth moment average of the qth moment distribution. When p = 1 
and q = 0 the count mean diameter is obtained, and when p = 3 and q = 0 the diameter of average mass is 
obtained. A third diameter of interest is the mass median aerodynamic diameter which is directly obtained 
from gravimetric analysis of inertially-separated particles in a cascade impactor. The aerodynamic diameter 
is defined as a unit density sphere with the same inertial characteristics of the real particle. 



Defining the functional form of the aerosol size distribution allows for a more complete and compact 
description of the size distribution. Frequently aerosols are described by the log-normal size distribution 
because it tends to fit a wide range of skewed aerosol size distributions found in nature, and its form is 
convenient for analysis. It is fiinctionally similar to the normal distribution in that it is a two-parameter 
distribution with the logarithm of the diameter being normally distributed. The frequency fiinction is 

( 

df = 
•yjlTtdp In cr„ exp 

i^ndp-\ndgf 

2(ln 0-^)2 
dd. 

Where dg, the geometric mean diameter, and Og, the geometric standard deviation, are given by 

\r,c7g = 
N-l 

K̂ 

The benefit of fitting the distribution to the log-normal form is that any moment average can be computed 
quite simply with the use of a conversion equation first derived by Hatch and Choate [1929]. That 
conversion equation is 

'qp 
c/„exp 

, \ 
q + - In^cT 

g 

The mass median diameter is obtained by setting p = 0 and q = 3 in the above equation. For a log-normal 
distribution it is possible to obtain the geometric mean diameter and the geometric standard deviation by 
measuring 3 moments of the distribution. For the case of the diameter of average mass and the count mean 
diameter, the geometric standard deviation is given by 

(7g = exp(ln^30 - In J] 0 K^ 

Real aerosol distributions will only approximate the log-normal distribution and significant errors can arise 
when predicting higher order moment averages of distributions that are not well characterized by the log-
normal distribution. 

3. Experimental Method 
The test smokes were sampled in the NIST fire emulator/detector evaluator, a single-pass flow tunnel in 
which smokes are generated or inttoduced [Cleary et al. 1999, 2001]. A horizontal-flow test section 
approximately 4 m downstream from the point where the aerosols are generated or introduced is the 
location where detectors are placed for evaluation and where the aerosols were sampled in this study. The 
tunnel cross-section is 0.30 m high by 0.60 m wide. The aerosols are well mixed in the cross-section by the 
time they reach the test section. Mean flow velocity in the tunnel was fixed at approximately 20 cm/s for 
these tests. Five test smokes were generated and sampled; smoldering cotton wicks from a staged wick 
ignition device, smoldering polyurethane foam from an upholstered chair seat cushion, beech wood blocks 
heated on an electrical hot plate, com oil placed in a glass dish and heated on an electrical hot plate, and 
bread toasted in a two-slice toaster. 



The smoldering cotton wicks are the same fiiel specified in EN 54 part 9 test fire 3 [1982]. The staged wack 
ignition device allows for computer controlled ignition of 8 sets of up to 4 individual vWcks 20 cm long in a 
predetermined sequence [Cleary et al., 2001]. Here, after an initial 60 second delay, four sets of 2 wicks 
were ignited at 200 s intervals, followed 200 s later by two sets of 4 wicks at a 200 s interval. The long 
time between subsequent ignitions allows for the ignited wicks to approach a steady burning rate. 

A slab of flexible polyurethane foam approximately 15 cm by 10 cm by 7 cm was removed from a chair seat 
cushion. The chair was a duplicate of the smoldering chair specified for the Home Smoke Alarm Tests 
being performed by NIST for several sponsors [Peacock et al„ 2001]. A nichrome wire loop was inserted 
in a slit in the foam and after a 60 second delay from the start of data recording 10 volts of alternating 
current was applied to the loop. The wire heating was sufficient to cause self-sustaining smolder of the 
foam slab. The smoke production from repeats of this test varies significantiy over the test time. 

Eight beech wood blocks nominally 3.5 cm by 2.0 cm by 1.0 cm were placed on a square (15.8 cm by 15.8 
cm) 750 watt hot plate. The wood blocks are the same fuel source used in EN 54 part 9 test fire 2 [1982], 
while the number of blocks, hot plate size and power output are differ. After an initial 60 seconds from the 
start of data collection, the hot plate was turned on to full power causing the wood blocks to pyrolyze. The 
hot plate was turned off at 1200 s. 

Approximately 5.0 cm'' of com oil was placed in a 10 cm diameter glass petri dish and heated by the same 
hot plate used to heat the wood blocks above. Sixty seconds after the data collection started, the oil was 
continuously heated until it was transformed into a highly-viscous, blackened residue. The power to the 
hotplate was turned off at 1610 s. 

A single slice of white sandwich bread was placed in a two-slice toaster, which had been modified by 
disabling the pop-up power cutoff sv̂ atch. After 120 of background data collection, power was applied to 
the toaster continuously until the bread was charred black. Power was turned off at 390 s. 

The zeroth moment is just the number concentration of smoke particles. It was measured by a continuous 
flow condensation particle counter (CPC - TSI model 3022a'). This device counts all particles greater than 
10 nm over a concentration range of less than 1 particle/cm^ to 5 x lO' particles/cm^ With an uncertainty of 
3 %. The ambient particle concenfration was diluted with particle-free air by a factor of approximately 
100:1 so that the upper limit of the instmment was not surpassed. The recorded number concentration was 
multiplied by the dilution factor for each test to recover the actual number concentration. The flow was 
sampled from a 7 mm ID copper tube with the opening midway across the tunnel at the upper laser height, 
pointing in the direction of the oncoming flow. 

The first moment was obtained by applying the simple ionization chamber theory of Hosemann [1970] to 
the current output from a measuring ionization chamber (MIC) placed on the tunnel ceiling at the test 
section. The opening to the flow starts 2 cm below the ceiling and extends down to 6 cm below the ceiling. 
The voltage potential and flow through the MIC were typical values of 17 volts and 30 l/min. The first 
moment (Mi) is approximated by 

1 2-A/ / 

^ K ^o l-A/, 
lo 

Where AI is the current reduction from the initial current lo, and K is a chamber constant. Helsper et 
a/.[1983] report a MIC chamber constant of 0.033 cm^ for smolder smokes whose size distributions were 
independently measured. The MIC in this study was operated at nominally the same conditions and their 
chamber constant was used in the analysis. 

' Certain commercial equipment, instruments, or materials are identified to specify adequately the 
experimental procedure. Such identification does not imply recommendation or endorsement by the 
National Institute of Standards and Technology. 



Alternatively, a device was built consisting of a residential smoke detector with the outer housing removed 
and placed mside a 15 cm diameter plenum 20 cm long. Two openings at each end of the plenum allow for 

smoke to be sucked through it and conversely 
through the ionization chamber. At a flow of 15 
l/min , the ion chamber current monitored from the 
voltage follower of the smoke detector IC chip. 
Figure 1 shows the response of the MIC and the 
ionization chamber in the plenum when exposed to 
the staged wick ignition source described above. 
The residential ion chamber responds almost 
identically compared to the MIC with the properly 
scaled magnitude change identical, but with a 
slight lag in response. This device would suitable 
for, and has been used in field experiments. In the 
analysis foUovring, the MIC output is used since it 
responds faster. 
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Figure 1. Comparison of MIC current to residential 
ion chamber voltage during cotton smoke exposure. 

The third moment was obtained from direct 
measurement of the mass concentration from a 
tapered element oscillating microbalance (TEOM), 
a device that continuously monitors the aerosol 
mass concentration. The instmment resolution is 
0.2 mg/m^ with a range up to several g/m^ which 

is well within the smoke concentration ranges being investigated. In the analysis particle density was 
assumed to be equal to 1 g/cm^ since direct measurement of the particle density was not made. Therefore, 
the diameter of average mass is an apparent diameter that under-predicts the tme diameter if the bulk 
density is less than 1 g/cm^ or over-predicts the tme diameter if the bulk density is greater than 1 g/cm\ 
The smoke was sampled at the same location as the CPC. The velocity in the sampling tube was higher than 
the tunnel flow velocity which will tend to bias the measurement toward a smaller than tme mass 
concentration, however, given the small particle sizes for these aerosols, this sampling bias should be 
negligible. 

An 11 stage cascade impactor [micro-orifice uniform deposit impactor, [Marple et al., 1991]) was used to 
obtain time averaged mass median aerodynamic diameter of repeated runs of the five sources tested. The 
aerodynamic diameter cutoff values range from 18 |im to 0.056 p,m, while a zefluor filter collects all 
particle mass with diameters less than 0.056 p.m. 

4. Results and Analysis 
Figure 2 is a graph of the cotton smolder smoke measurements made inside the test section and through 
exfraction of smoke from the tunnel. All measurements follow the dynamic change of the smoke 
concentration in time. Figure 3 shows the computed count mean diameter (dio), diameter of average mass 
(dso) and the geometric standard deviation (Og) assuming an log-normal distribution. Even though the wick 
ignition process produces the cyclic concenfration change, the computed dso is relatively steady, and rises 
from about 0.20 pm to 0.24 pm during the test. The count mean diameter, die, fluctuates more pronounced 
which appears to be due in part to instrument response differences. The time-smoothed value rises from 
about 0.19 fim to 0.21 \im during the test. The computed geomefric standard deviation also fluctuates, 
however, the time-smoothed value of 1.4 was relatively stable throughout the test. 

Figure 4 is a graph of the polyurethane smolder smoke measurements made inside the test section and 
through exfraction of smoke from the tunnel. The number concenfration shows an early peak at 240 s 
before any mass concentration was recorded. The MIC also shows an early peak at 230 s which suggest a 
large quantity of relatively small particles were generated early during foam heating. At 660 s the power to 
the igniter coil was turned off and smoke production ceased by 800 s. This particular slab of foam did not 
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Figure 2. Cotton smolder smoke from staged 
wick ignition device. 
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continue to smolder as other neariy identical slabs 
did. Figure 5 shows the computed moment-
averaged diameters. There was a steady rise in dsc 
from 0.10 ̂ im at 250 s to 0.75 ^m at 450 s where it 
leveled out until rising again at 600 s with a rapid 
increase occurring at 700 s. After an initial jump 
to 0.25 M-m at 300 s dio rose steadily until 700 s 
where it to began to rapidly increase. Beginning 
at 300 s the computed geometric standard 
deviation rose from about 1.5 to 2.2 at 400 s then 
fell to a steady value of about 1.5. 

Figure 6 is a graph of the smoldering wood block 
measurements made inside the test section and 
through exfraction of the smoke from the ttmnel. 
The striking observation in the number count is the 
strong peak at 600 s which is also seen in an early 
peak in the MIC output. This early peak is 
associated with residue on the hot plate from 
previous tests. By about 800 s the smoke 
contribution is from the smoldering wood blocks 
alone. The sharp decrease in mass concentration 
by 1500 s was due to filter clogging in the TEOM 
rendering the data beyond 1400 s invalid. Figure 
7 shows the computed moment-averaged 
diameters. Both dio and dso rise from 600 s to 
1000 s where they remain constant until beginning 
to fall at 1300 s. The computed geometric 
standard deviation is relatively steady value of 
about 2.2 during the test. 

Figure 8 is a graph of the heated com oil smoke 
measurements made inside the test section and 
through extraction of the smoke from the tunnel. 
Again, an early peak in number concentration was 
observed similar to the wood blocks test. Notice 
that by the time the hot plate is turned off (1610 s) 
most of the smoke production had ceased. Figure 
9 shows the computed moment-averaged 
diameters. The early oscillation in dlO from 400 
to 500 s show is due to randomly fluctuating MIC 
and CPC values before any real smoke production. 
The resolution of instruments used here is not 
sufficient to resolve the particle size statistics of 
ambient air. Both dso and djo begin to rise at 700 s 
and peak at 1400 s before falling to a steady value 
at 1500 s. The computed geometric standard 
deviation show the widest range (1.5 to 3) of any 
source examined for valid moment data. 

Figure 10 is a graph of the toasting bread smoke 
measurements made inside the test section and 
through extraction of the smoke from the tunnel. 
Both number concenfration and the MIC output 
rise prior to any measurable smoke mass and 
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Figure 6. Wood smolder smoke. 
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Figure 8. Cooking oil smoke. 
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Figure 10. Toasting bread smoke. 
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mean diameter (d ) for toast smoke. 



appears to be particles shed from the toaster heating elements. As the bread darkens then chars, the mass 
concentration and extinction coefficient rise rapidly. The source produced both the highest number count 
and mass concentration of all sources examined. Figure 11 show the computed moment-averaged 
diameters. The count mean diameter starts at about 0.05 \un then steadily rises to 0.6 pm at 450 s then drops 
back down to 0.10 jim at 550 s before measurement resolution is lost. The diameter of average mass starts 
at 0.05 \im at 300 s then steadily rises to a peak of 0.55 ^m at 465 s before dropping off. The computation 
of valid geometric standard deviations was prevented for most of the test when dio was greater than djo. It 
appears that the rapid mass concentration change causes a pronounced shift in the djo curve allowing dio to 
surpass it. 
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Figure 12. Cascade Impactor results for test smokes. 

The impactor data is presented in Figure 12 in a 
standard analysis form. The percent mass that 
passes a particular stage is plotted against the 
stage cutoff aerodynamic diameter. The 50 % 
less than indicated size value interpolated from a 
straight line passing through the data is the mass 
median aerodynamic diameter (MMAD). If a 
straight line fits the data accurately, it is an 
indication that a size distribution is uni-modal 
and would fit a log-normal distribution. The 
geometric standard deviation is estimated by the 
ratio of the diameter at 84.1 less than indicated 
size to the mass median aerodynamic diameter. 
The mass median diameter and geomefric 
standard deviation for each smoke sample are 
tabulated in Table 1. 

From a time-averaged computed diameter of 
average mass and geometric standard deviation, a 
prediction of the mass median diameter was made 
using the Hatch-Choate equations. The averaging 

time period was equal to the cascade impactor collection time of a repeated ran to facilitate comparison. 
This prediction is tabulated in Table 1 along with dso and Og. The predicted mass median diameter is nearly 
equivalent to a mass median aerodynamic diameter since the particles are most likely spherical and 1 g/cm' 
was the assumed density for the dso computation. The predictions compare favorably with the impactor 
MMAD. The biggest deviation is in the polyurethane foam prediction, which is understandable since this 
test is highly variable and dso was changing dramatically over the impactor sampling time. The computed 
and impactor geomefric standard deviations compare favorably. 

Tablet. 
Smoke 

Cotton Wick 
PU foam 
Wood 
Com Oil 
Toast 

Mean D30 
(nm) 
0.24 
1.0 

0.53 
0.50 
0.32 

Mean CTg 

1.4 
1.6 

2.25 
2.5 
1.6* 

Predicted MMAD 
(nm) 
0.28 
1.4 
1.4 
1.8 

0.45 

Impactor MMAD 
(nm) 
0.31 
2.0 
1.5 
1.6 

0.43 

<Jg 

1.7 
1.6 
1.9 
2.2 
1.6 

*the geomefric standard deviation estimated from the impactor data was used. 



4. Conclusions 
From the results of this study, it is concluded that the moment method described here is robust and produces 
two continuous size estimates that are consistent and compare favorably with independent measurements of 
the test smoke size distributions. The early aerosol production from the cooking oil, toasting bread, and 
wood blocks sources was characterized by large number of small particles, most-likely associated with 
residual material burning off heated surfaces. All test smokes fit a log-normal size distribution in the latter 
stages of test mns after the initial aerosol generation (the size distribution of the initial smoke was not 
characterized.) 

The test smokes examined represent a range sources that can cause typical smoke detectors to alarm. It is 
not surprising that the smoke size distribution evolves in time since source material changes as it heated and 
degrades or bums. The exception is the stable particle size distribution from the smoldering cotton smoke 
when all wicks are burning in a self-sustained smolder. Analyzing the size distribution of soot from flaming 
fuels by the method described here is not as straight forward since soot has a fractal agglomerate stmcture. 
More work is planned for soot. 

While this method was validated in a laboratory setting, it is easily to implement in a field-test setting. In 
fact, measurement of the number concentration, mass concentration, and ion chamber output have been 
made in several field tests as part of an ongoing test program on residential smoke detection. 
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