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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.

different types of ISO documents should be noted. This document was drafted in accordande\with the
editorial rules of the ISO/IEC Directives, Part 2. www.iso.org/directives

Attention is|drawn to the possibility that some of the elements of this document may-be the subj¢ct of
patent rights. ISO shall not be held responsible for identifying any or all such patent+ights. Detalils of
any patent rjights identified during the development of the document will be in thé)Introduction and/or
on the ISO list of patent declarations received. www.iso.org/patents

Any trade npme used in this document is information given for the conyvenience of users and doefs not
constitute ah endorsement.

The commitftee responsible for this document is ISO/TC 92, Fire safety, Subcommittee SC 3, Fire thre¢at to
people and environment.
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Introduction

Aerosols generated in fires are complex, non-homogeneous mixtures of liquid droplets of tar or water,
solid-phase carbonaceous agglomerated soot with adsorbed organic compounds, or mineral particles.
After formation through complex chemical and physical processes, fire aerosols continuously undergo
changesin physical size, structure, and chemical composition as the particles may coalesce, agglomerate,
absorb gases, evaporate or deposit on surfaces. The aerosol concentration, particle size, temperature,
and gas-phase composition also play a role in the rate of change.[11[2][3]

There are multiple mechanlsms by whlch f1re generated aerosols affect the f1re threat to people and
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ed partlcles themselves can be irritating, reducmg the ability of people to escape fro
these particles can adsorb and/or absorb toxic and irritant gases and vapours, providi
ansport past the respiratory tract natural defences and deep into the lungs.[21[6] Phird
respirable particles may effectively reduce the concentration of toxic gases @nd vapou
ent and can deposit them on surfaces. Fourth, aerosols may obscure visionypotentially
y of people to move effectively toward safety (see ISO 13571). Finally, the aerosol fra
bnts also has significant potential to adversely affect the environment,particularly whj
hirge and of long duration.[Z][4]

efore, it is important, within the context of the mechanisms ef geheration and evolutior]

measurements effectively, consistent with the hazardsand risks being evaluated. This |
lard provides details of a range of sampling and measurement methods and guidan
to use for particular applications, together with an interpretation scheme based
Fledge. This document also includes informatiye annexes that summarize the physic{
nerosol generation, aerosol movement and.fmodification with and away from the firg
bol contribution to fire growth through flame radiation, and the roles of particulates
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Fire chemistry — Generation and measurement of aerosols

1 Scope

This International Standard provides a guide to the generation of aerosol particles in fires, defines
apparatus and procedures for the sampling and measurement of aerosols, and provides procedures for
the interpretation and reporting of the data. It is intended to assist fire test designers and those making
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urements at unwanted fires to choose and use appropriate methods for aerosol meag
ring hazards to people and the environment.

International Standard identifies the scope, applicability, and limitations of €ach 1
pretation of the data from these measurements is strongly dependent on the.end use d

oenerated aerosols may present a direct risk of restricting escape from/fire by obscy
e, or they may produce chronic health and environmental hazards’/from chemical
hined in the aerosol (for example, toxic chemicals like polycyclic arematic hydrocarbo
nuclides form nuclear plant fires.) Aerosol particles may be inhaled to various depths
nding on their size and density, or may be released into the environment and deposited
itercourses.

rticular, this International Standard addresses the following aspects of aerosol ger
urement in fires:

\dsorbed/dissolved gas or vapour phase species;

Physical mechanisms involved in the {ransport of aerosols, dispersal in the
oagulation/agglomeration leading to wariation in particle sizes and fractions, “ther}
main cause of soot deposition), “diffusiophoresis” and, sedimentation.

[he interactions between gases ‘and vapours and aerosol: adsorption and removal of §
bas phase, transportation of adsorbed gases into the lungs;

$ampling and measurement methods, including their principles of operation, method

he data provided, and-ineach case their scope, field of application, advantages and dis

Metrology of the-measurement methods, and in the generation of “standard aerosq
elated uncertainties;

Physiologicatand environmental effects of aerosols insofar as these effects can be used

measurement method for specific applications; and

{azards of carbon particles present in the fire effluent as visible “smoke” throug

urement for

hethod. The
f the data.

ring an exit
compounds
S in soot or

in the lungs,
on land and

eration and
fire plume,
mophoresis”
pecies from
description,
hdvantages;
Is”, and the

Fo define the

n their size,

morphology, chemical nature, and the nature of the effluent in which they are (or were]

suspended.

This International Standard is not oriented toward the aerosols generated from controlled combustion.
(e.g. incineration). However, much of the material in this document is common to such aerosols.

2 Normative references

The following documents, in whole or in part, are normatively referenced in this document and are
indispensable for its application. For dated references, only the edition cited applies. For undated
references, the latest edition of the referenced document (including any amendments) applies.

[SO 13943, Fire safety — Vocabulary
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3 Terms

3.1 Term

:2013(E)

, definitions, symbols and abbreviated terms

s and definitions

For the purposes of this document, the terms and definitions given in ISO 13943 and the following apply.

3.1.1
aerosol

suspension of liquid droplets, or solid particles in a gas phase matrix which are generated by fires and
range in particle size from under 10 nm to over 10 pm

3.1.2
particles
solid-phase

Note 1 to en
containing a
“ashes”. Soot
10 nm and 50
agglomeratig

3.1.3

droplets
liquid-phase
combustion
like, spherid

Note 1 to ent

3.14
inhalable fj
mass fractid
and depend
respiratory

3.1.5
extrathora
mass fractid

3.1.6
thoracic frd
mass fractid

3.1.7

products present in aerosols

try: There are two categories of fire aerosol particles: unburned or partially. burned par
high proportion of carbon (i.e. “soot”), and relatively completely combusted,(sinall particle
particles of small diameter, (i.e. about 1 pm), typically consist of small elementdryspheres of be
nm in diameter. Formation of soot particles is dependent on many parameteps including nucle
n and surface growth. Oxidation of soot particles (i.e. further combustien}is also possible.

products present in aerosols, typically generated thtough pyrolysis (reduced ox
conditions) from both flaming and smouldering fires:and which may condense into t
ally-shaped droplets

y: Water produced from combustion may also condense around particles forming aerosol dro

raction
n of the total particles suspended in ait; which can be inhaled into the nose and the m
b on particle diameters, the velocity@nd direction of gas containing the particles, and o
frequency

Cic fraction
n of the inhaled particles’'which cannot penetrate beyond the larynx

jction
n of the inhaled’particles penetrating beyond the larynx

tracheobronchiefraction

mass fractid

n ofithe inhaled particles penetrating beyond the larynx but not penetrating into the

ciliated resy

iratory system

ticles
sized
ween
ation,

ygen
Orry-

plets.

outh
n the

non-

3.1.8

alveolar fraction
mass fraction of the inhaled particles which penetrates into the non-ciliated respiratory system

3.2 Symbols and abbreviated terms

Dp
Da

D

Physical diameter of a particle

Aerodynamic diameter of a particle

Electrical mobility equivalent diameter of a particle
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Dey Volume equivalent diameter of a particle

Dg Diameter of a spherical shell with the same mass and inertial component as the considered com-
bustion particle

Dso Mass median diameter of a set of particles

Dpp Diameter of primary particles of an agglomerate

Npp Number of primary particles constituting an agglomerate

Rg Gyration Radius of a particle

D¢ Fractal Dimension of a particle

kg Logarithm of the prefactor for fractal dimension of a particle

X Dynamic shape factor

p: Mass density of the particle

u Viscosity of the surrounding gas

L Optical path followed by light through the aerosol (m)

Kext Extinction coefficient of light by the aerosol (m-1)

4 Aerosol properties

4.1 | General

Fire effluents consist of combustion gasesiand vapours, water droplets and aerosols (solids and liquids

formeed during and after combustion) €ombustion. The aerosol component of fire effluents forms the

visiblle portion of smoke and is made up of particles and droplets of small size. Aerosols are|organic and

inorganic particles and droplets.produced during the incomplete combustion of fuels.

The liquid droplets present injaerosols are mainly spherical. Solid carbon particles have quasi-fractal

morphology, and can be present over a relatively large range of sizes. Inorganic mineral garticles can

have|various forms, depending on their initial form in the fuel and on the fire “history”.

The nature of fire-products are less dependent on the fuel type at high fire temperatures|(i.e. around

100 °C) than atlower temperatures and at high temperatures appear to depend on the locgl conditions

duripg formafion. It has been demonstrated that combustion of cellulose, tobacco, various pplymers can

genefate approximately the same yield[8] of soot at an imposed high temperature of 1000 °C.

With| dpen, well-ventilated fires, production of soot is therefore highly dependent on the tgmperatures

in theffame forsmoutdering)zone, the oxidation conditions (e-g-degree of airaccess to thetire), and the

exte

nt of aerosol agglomeration or re-oxidation.

The similarity of aerosol types during the combustion of different fuels can be partly explained by the
fact that many fuels are based on hydrocarbons or hydrocarbon polymers which have relatively similar
“cracking” patterns during thermal decomposition, generating common products such as methane,
ethane and ethylene, propane.

Depending on the end use of data from the measurement of the various properties of the aerosol portion
of fire effluents, these properties will have a varying prominence. For example:

a) For studying escape from fire, the aerosol opacity will affect human visibility (see ISO 13571). In
many fire scenarios, the impact of aerosols on visibility is one of the most important parameters in
determining the ability to escape. Pre-movement actions and movement speed are strongly dependent

© IS0 2013 - All rights reserved
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on the visibility in smoke-filled spaces. It has been suggested that above a certain opacity of smoke,
many would consider that escape would be seriously impeded. See Annex D for further details.

b) In fire modelling, soot yield is an important input parameter. It has a very significant effect on the
heat radiation properties of flames (often a sub-model of the main model), and therefore on the
general heat transfer by radiation, which can affect escape from a fire (see ISO 13571) and can
significantly influence fire growth and the occurrence of “flashover”. See Annex D for further details.

c¢) Thedirectphysiological effect of aerosols on people is related to the size fractions within the aerosol
and the morphology of the particles and droplets. It is therefore often more important to know the
particle and aerosol dlstrlbutlon by size rather than the total aerosol mass for the determlnatlon
of physiotegies : eqlt to
measurg, principally due to the processes ofagglomeratlon over short tlme 1ntervals Agglomer htion
can greptly affect the structure of the particles and droplets, as well as their density dnd optical
(i.e. obdcuration) properties. In addition, volatile species that may evaporate to a varyihg d¢gree
while being sampled and measured will influence the data recorded. Furthermore, measyiring
instruments operating on different principles will give different effective sizecfractions, angl the
methods cannot be assumed to be equivalent. The main parameter to consider for physiolggical
effect of aerosols is their deposition in the respiratory tract. Different classes of particle|size,
based dn their relation to physiological effects, have been defined: “PM10”, “PM2.5”, “inhalpble”
(Dp < 1P0 um), “thoracic” (Dp < 10 pm), “respirable” (Dp < 4 um), “ultrafine” (Dp < 0,1 pm)} and
“nanoparticulates” (Dp < 0,050 pm). See Annex C for further details¢

Mass concentration and particle and droplet size fraction can ‘dlso be valuable parameterf for
computational fluid dynamics (CFD) computer modelling of fire processes. This is especially tryie as
models bec¢me capable of simulating the evolution of the aergsols and the effects of the evolutign on
flame radiation.

4.2 Movement and evolution of fire aerosol

Knowing how and where to sample the fire effluent iscritical to obtaining an accurate and useful aefosol
distribution| Thus, it is important to take into.d@ccount the local transport processes that can resplt in
non-unifornp particle distributions.

The generatiion of particles begins within‘the flame or combustion zone in smouldering. Upon release
into the firg atmosphere, agglomeration can occur to varying degrees. In the fire plume, becaulse of
thermophorjesis (movement of particles due to a temperature gradient) and due to the upward,
buoyancy-driven movement of thefire plume, particles will be entrained and carried initially upwards
above the fite. Glowing carben\particles are the most important contributor to heat radiation frormp the
fire plume, gspecially because these particles are typically present in a relatively high concentration,
have an emissivity close‘te-blackbody (i.e. radiate over a very large spectral range), and are presgnt at
high temperjature.

Thermophoresis §s-a very important parameter governing the movement of aerosols in a hot fir¢ and

their depositien on any relatively cool surfaces. Thermophoretic movement may be considered afs the
mechanism Iting

in a movement of particles and droplets from hot to cold areas. This results in the observed deposition
of particles and droplets onto cool surfaces such as windows and walls in the structure containing
the fire. Hot zones can be relatively free of particles, but are potentially capable of generating them if
temperature conditions change. This is because, as the temperature drops, gaseous organic molecules
can condense to form aerosols. In fact, the very act of sampling from these areas of apparently low or
zero particles can give rise to measured particles through the intrusive (particularly cooling) effect of
the measuring apparatus.

The phenomenon of particle deposition can, for example, damage property at considerable distances
from the fire. The pattern of smoke deposits after a fire, typically as an inverted “V” from the source
can provide valuable evidence on the origin of the fire when arson is suspected. The same pattern can
also be used to determine areas of the fire scenario which are likely to be free from contamination by

4 © IS0 2013 - All rights reserved
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smoke - an important economic consideration for example with respect to restoration requirements
following a fire.

There are three other transport processes that can affect the distribution of aerosols within the airflow
away from a fire:

— Diffusiophoresis is the process by which suspended particles in a hot medium with a concentration
gradient move from areas of high concentration to areas of low concentration.

— Photophoresis characterizes reaction of the particle with light. In photophoresis, a particle absorbs
light and is heated by this absorbed energy in the highlighted direction. In reaction, the particle

then moves away from the ]ighf (fm/\mrd acooler rpginn)

— $edimentation is the downward movement of the particles due to gravity and to‘th¢ properties
f the surrounding matrix (especially viscosity). The rate of sedimentation is dependent on the
iscous properties of the overall flow, the temperature, and the aerosol size and mass. l.arge, heavy
articles settle quickly, whereas fine, low mass particles can remain suspended indefiritely.

In thle presence of an electrical field, movement of the particles (especially“carbon partigles) will be
modified. The effects of this phenomenon are largely influenced by gravity and thermoplhoresis. This
phenjomenon is the principle of measurement of some instruments described in this Standard.

The ggglomeration and coagulation processes, present during the‘formation of the aerosol mpay continue
at cansiderable distances from the fire source, although the-effects decrease as the aeropols become
diluted in increasing volumes of air. Thus, at relatively great.distances from the fire, large-njass clusters
of pdrticles may be formed and may sediment rapidly. As.an illustration of the importange of time in
decreasing the concentration of particles through coagulation effects, Table 1, [see Reference (2)], shows
the relationship between an initially monodispersed.aerosol over a range of initial concentrations and
the cprresponding times needed to double the diameter and halve the concentration of the p3rticles. This
shows that if such particles are to be sampled fox'meaningful measurement, rapid dilution |s necessary
to prieserve as much as possible the original particle size distribution and total aerosol mags.

Table 1 — Measured change of the'size and mass concentration of an initially monodispersed
aerosol due to-coagulation, according to Reference [2]

Initial concentration |Time to double the mean| Time to halve the mass
(particles/mk) diameter of aerosol concentration

1014 140 ps 20 us

1012 0,014 s 0,002 s

1010 1,4s 0,2s

108 140's 20s

106 4h 33 min

104 16 days 55h

102 4 years 231 days

Under conditions of fixed temperature, the aerosol size distribution tends towards a state known as “self
preserving”, i.e. equilibrium tends to exist between the rate of agglomeration and the rate of separation.[2]

4.3 Measurable properties of aerosols

4.3.1 Size and shape

Aerosol droplets are spherical at the time of their formation and typically remain spherical as they grow
by aggregation or condensation. The droplet diameters range from under 1 nm to more than 100 pm.

Carboneous particles formed initially are spherical, with diameters Dp, are homogenous, and have a
size range varying between 10 nm and 50 nm. The frequency distribution of such particles is normally

© IS0 2013 - All rights reserved 5


https://standardsiso.com/api/?name=97d6c72ee8b7bd2c4e85faabc62431f9

IS0 29904:2013(E)

Gaussian.[2][3] However, as these small particles stick together to form larger particles, aged and
agglomerated carbon particles in fire effluents are rarely spherical, their fractal structure being a result
of the growth process. Therefore, they need to be characterized using parameters other than those used
to describe a sphere. The main parameters used are the aerodynamic diameter and the electric mobility
diameter. These and some additional parameters are defined below.

4.3.1.1 Aerodynamic diameter

This diameter D, represents the diameter of a sphere of density 1 g/cm3 having the same settling velocity
in calm air as the aerosol particle being considered. For an unspecified particle, the following relation
links this diameter to the mass median diameter of the distribution:

Da - )% 'd50

4.3.1.2 Elgectrical mobility equivalent diameter

This diametpr represents the diameter of a sphere, having the same electric mobility Zp as the considered
particle, following the relation:

dc

D, =—]
™ 37uB
where

Cc  is|the Cunningham correction factor

B is|the dynamic mobility, which characterizes ferces produced by surrounding gas on the par-
tigle.

4.3.1.3 Vglume equivalent diameter

This diametler represents the diameter_of.a’sphere with the same mass as the considered particl¢ and
the same depsity.

o]

4.3.1.4 Gyration diameter

foun|

This diameter, Dg;represents the diameter of a spherical shell with the same mass and inertial moment
as the consjdefed combustion particle. This diameter is particularly useful in order to describg the
fractal morphology of combustion aerosol and will be described in 5.2.3.

4.3.1.5 Additional diameters

Other diameters can be used to define particles, see References [2] and [3] They include diameter of
primary particles Dpp, aggregate diameter Dagr (diameter of a sphere, which includes totally the particle),
Martin diameter, Feret diameter or Stokes diameter. Figure 1 presents these different diameters for a
carbon particle.

6 © IS0 2013 - All rights reserved
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4.3.1.6 Aerosol morphology

The
piong
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(DLA). A quasi-fractal relationship has been introduced in order to fully describe the mor
combustion aerosol-thirough the aggregation process from a small number of primary part

large
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Figure 1 — Different characteristic diameters of a carbon particle

chape of combustion aergsol particles and droplets has been intensively investigat

uced by flames have(a shape mainly governed by the “diffusion limited aggregation” j

number in the'mature aggregate:

bd since the

pering work of Witten arid Sander(9] and Julien and Botet.[10] Due to their mode of formation, particles

henomenon
phology of a
icles Np to a

This Telationship is regarded as a quasi-iractal as it 1S only possible to detine the morpnology of the
smallest primary particles and the highest limit for the agglomerated particles. Some measurements of
Dpp, Npp, Rg, Drand kg are presented in Annex A.

4.3.1.7 Aerosol size distribution

The parameters typically used to characterize the granulometric distribution of the aerosol are the mass
median aerodynamic diameter (MMAD), the standard deviation of the diameters, and the distribution
function. This distribution is generally assumed to fit a log/normal distribution.
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4.3.2 Aerosol global parameters

4.3.2.1 Optical extinction coefficient

The Bouguer-Beer-Lambert relation describes the attenuation of light through a suspension of particles,
usually normalized for fire studies for a unit path length. The law is dependent upon the wavelength
of the light, although an approximation is normally used and ignores this spectral dependence. The
extinction coefficient of light depends on soot concentration and the particles’ propensity to absorb
light, characterized by their specific extinction surface. The average attenuation of the light beam is
stated through the expression:

is

Kext IS

The extinct
through the

Kext (N'
where

N

m

fa@
d

CeXt(d,r

When the si

Cext ::

ext -L

the optical path (path followed by the light through smoke) (m)
the extinction coefficient of the light (m-1)

on coefficient of an aerosol depends on the extinction cross section of aggregates s
expression:

n)=N j F(d)C® (d,m)dd

is the particle concentration (m-3)

is the soot refractive index (/)

is the particle diameter distribution function (/)
is the particle diameter (m)

h) is the extinction cross.5ection for the particle diameter d (m-2sr-1)

E(m)d3

d
e parameter X ) =7 % is small enough, Cext is given by the Rayleigh approximation:

rated

(mz—‘l\

With E(m) =

m2 +2

il

The extinction coefficient is the main value used to represent smoke opacity. It provides information on
the ability of people to find egress paths, see exit signs, etc, in a smoke-filled building.
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4.3.2.2 Mass concentration of soot

An extinction coefficient value can be used to estimate the mass concentration of soot, as follows:

Cs isthe mass concentration of soot particles (kg.m=3)

is the specific extinction surface per massunit of soot (mz-kg-l) In the related literature,

4.3.2.3 Soot volume fraction

From the extinction coefficient, the soot volume fraction may be deduee@from:

A
g, = > 1 Kext
6 iIm mz—
m°+2
where

4.3.2.4 Sootyield

Soot
expr
ratio

expe
para

© ISO

os = 10 m2/g and more exactly, (9,6 + 3) m2/g[11] for hydrocarbon gas. This valte

ideal combustion conditions

is the wavelength of the source

yield is the ratio between the mass of soot and the mass loss of the fuel. This parameter
bssed for the fuel either in global way independently of conditions, or for given conditions

Fimentally, from integration of the extinction coefficient, or from direct measurement. T

depends on

numerous parameters and can be precisely known only for the simple combustibles under

is in general
(fuel oxygen

temperature, pressure). The soot yield generally varies over the phases of burning, from ignition to
extinction of the fuel. It is normally expressed in kg of soot per kg of fuel. The value can be

determined
he sootyield

meter is commonlyused as input data to the flame models that are used to calculate firg spread.
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4.3.2.5 Scattering coefficient

The scattering coefficient of aerosols depends on the scattering cross section of aggregates through
the expression:

K5 (N,m)=N j F(d)CS2(d,m)dd

where
N is the particle concentration (m-3)
m is the soot refractive index (/)
fld) is the particle diameter distribution function (/)
d is the particle diameter (m)

C5(d,m) 1s the scattering cross section for the particle diameter d (m-2sr-1)

K5%(d,m) is the scattering coefficient (m-1)

d
When the sige parameter x, =7 % is small enough, Csca is given by the Rayleigh approximation:

4

csea =Z7l—4F(m)d6
where
2
F(m)z‘_mz -1
m- +2
and
K3® =N3>

With the Rajyleigh approximation, the particular concentration is defined as:

2

ext

1| rm (55F)
412 EZ(m) Ksea

and primary particles are defined as:

1
. _[—4/13 F(m) K5 ]A

- 72:2 E (m) Kext

p

Different approaches are in use to provide a formula for the relationship between the scattering
coefficient of the aerosol and scattering cross section of primary particles, (i.e. the primary components
of fractal aggregates of the aerosol). These approaches can be separated on two families:

— Thefirstuses many approximations and hypotheses and has the advantage of providing an analytical
formulae linking the properties of a primary particle to that of an aggregate and the aerosol itself.

— The second uses powerful mathematical techniques in order to compute the scattering of aggregates
aerosols by solving Maxwell equations in an analytical or in a numerical way. In order of decreasing
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approximation the main techniques are the Rayleigh theory, the Rayleigh-Debye-Gans theory, and
the Rayleigh-Debye-Gans theory for fractal or polydispersed aggregates.[1]
C , d
The degree of approximation depends on the size parameter Xp=T P 2

Integral methods (Volume Integral Equation Method, Method of Moment, Discret Dipole SCATtering...)
or differentials methods (T-Matrix Method, Generalized Lorenz-Mie Theory for fractal aggregates, etc)
are also used for the resolution of Maxwell equations.[1][12][13]

4.3.2.6 Refractive index

The tefractive index is a mathematical function of real and imaginary parts and is definedjs:

m=n—i*k
wherte
n is the real part of the refractive index
k is the imaginary part of the refractive index

The refractive index is necessary to determine properties<&uch as the volume fraction [when using
experimental measurements. Inversion methods have beén developed to determine the refractive
index of aerosols using extinction and scattering coefficients from experimental studies gnd coupling
thesg¢ results with extinction and scattering coefficients’estimated with calculations that dan take into
accolint the fractal aggregate shape.

4.3.3 Warnings considering aerosols characteristic parameters

The majority of particles in fire effluenf\are rich in carbon. Nevertheless, it is important] to consider
aerosols other than carbon-based solid-particles which can be present in significant quantities. For
exanpple, these include solid mineral*particles derived from the burning item when the item contains
mingral fillers. In these cases, careshas to be taken with the expression of descriptive parameters of the
aerosol. Some of the relations presented previously are subject to caution when extended to hon-carbon-
basefl aerosols.

5 Methods of measurement

5.1 | Applications

The nature,of aerosol measurements in this International Standard is driven by fire safety objectives.
Thesle ebjectives include assessment of personal injury, reduction in escape possibilities, anid impact on
the envitronment. All areas normally have direct and indirect effects and a key parameter in most is the
transportation of adsorbed species. Some species like sulfur compounds or radioactive metals have a
high affinity for carbon aerosols. They can be transported in lungs (see above) or far from fire source

The main adverse physiological factors affecting people exposed to fire aerosols are the granulometric
distribution, the chemical nature and the morphology of the aerosols. Granulometric distribution affects
the penetration of the aerosol into the respiratory tract where its chemical nature and morphology are
the main adverse factors. The effect of larger particles is mainly due to their ability to act as a mechanical
blockage within the bronchioalveolar tree. These larger particles may also produce acute effects due to
tissue damage where they lodge, through the presence of adsorbed chemical species. Micronic particles
are difficult to expurgate and can accumulate in alveoli, where they can be ingested by phagocytosis
making them difficult to remove. This accumulation can cause loss of breathing capacity and possibly
promote cancers. There are both acute and sub-acute effects. The smallest nanometric particles have a
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toxic effect due more to their chemical nature rather than their morphology. Such effects are linked to
molecular biological processes, which are currently being studied.

The indirect effect of aerosols on health and the environment can be linked to their environmental
impact generally. Two aspects are frequently taken into consideration here: the effect of aerosols
themselves and the effect of adsorbed species. Aerosols from large fires, especially of long duration
may be transported far from the fire source. Many industrial or wildland fires have been reported as
depositing aerosols some hundreds of kilometres from the source, but generally the most significant
area of deposition is within a few kilometres around the source. Deposition of aerosols on vegetables
can decrease photosynthesis depending on the optical properties of the aerosol, and adsorbed chemical
species can have alasting and detrimental effect on plants and surface water. These aspects are currently
being studiddand guidance on these processes and the mitigation of their effects are being developed
within ISO TC92/SC3/WG6.
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ories of aerosol measurement

surement of concentration

ration of an aerosolis defined as some integrated measure per unit volume. For exal
humber concentration is the total number of particles (regardless of size) per unit vo
s concentration/is the total aerosol mass per unit volume. Other concentration mea
sol diameter;surface area, light scattering, and electrical charge per unit volume. Typi
ent dewvice will be constrained to provide a single measure of concentration over a
brovide\a concentration measurement over a number of limited size ranges. Optical pa
b effective in giving the number concentration and even the particle size distributi

particles gr

pater than about 300 nm. Condensation particle counters are effective in providin
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number concentration for particles greater than about 10 nm. Gravimetric sampling of aerosols can be
tailored to provide mass concentration measurements of particles below a certain size through inertial
impaction of large particles.

A limited number of large particles can dominate mass concentration, surface area concentration, or
light scattering concentration. Conversely, under-counting, or not sampling a small number of large
particles may not affect the number distribution appreciably. Likewise, not weighing a large quantity of
very small particles may not affect the mass concentration appreciably.

Typically, direct concentration measurements are performed on extracted fire aerosol samples drawn
into an instrument, or onto a filter. In situ measurements tend to be indirect measurements, such as
by light extinction. The benefit of an in situ measurement like light extinction is its simplicity and the
fact that it does not disturb the aerosol or flow. However, light extinction is spatially averaged over
a path length. Extractive sampling may disturb flows, and is subject to biases due to non-isokinetic
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sampling, diffusive losses in sampling lines, sedimentation and impaction losses, and electrostatic
losses depending on sampling line materials and aerosol electrical charge. In general, particle losses
in sampling tubes must be considered for any aerosol measurements. The design of the experimental
setup, and the sampling system should be tailored to minimize the losses of particles in the size range of
interest. For instance, beyond the shortest possible sampling lines, metallic or conductive plastic tubing
will minimize electrostatic losses, large radius bends and short horizontal lines will reduce impaction
and sedimentation losses, and large volumetric flow rates will reduce diffusion losses. The temperature
and humidity of the aerosol as it flows to instrumentation and gets mixed with any dilution air may
affect its particle size distribution. Heated lines will reduce condensation when extracting fire aerosols
at temperatures above the ambient. Dilution air at the same temperature and relative humidity will

reduce evaporation and condensation of volatiles and water.

The ferosol concentration measured may be an average value over a time interval, or
resolved, depending on the instrumentation used. Time averaging over a test is usuallycal
iting quantity is prescribed such as the total smoke production from a burning sam
a yigld is computed from the total sample mass loss. Gravimetric filter sampling may 1
averaging in order to accumulate sufficient mass to weigh the deposit accurately. Likewise,

ay be time-
ed for when
ble, or when
equire time
gravimetric

cascade impactor sampling must be over a time interval long enough to accumulate sufficient mass on

the separate stages, related to the size range of interest.

5.2. Measurement of size distribution

The perosol size distribution is a statistical representationof’the quantity of all the p
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iple of a histogram plot. A frequency distribution or cumulative distribution curve ar¢
psentations of size distributionsbecause the mathematical properties allow for comput
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5.2.3 Measurement of morphological characteristics

The morphology of the particles is an important characteristic of combustion aerosols, especially in
order to describe their potential toxicity. Since the 1980s, soot particles have been described as quasi-
fractal objects. Several experimental procedures of determination of fractal parameters of combustion
aerosols are presented hereafter. The presented list is not exhaustive, and additional approaches can be
found in the literature.[14] However, these are not always adaptable to fire measurements. For example,
Angular Light Scattering,[13] which is widely used to measure soot morphology in combustion, needs to
be adapted to fire effluents.
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5.2.3.1 Micrograph analysis of combustion particles

The firstapproach is simple and the most cited in the literature. This procedure is based on in situ sampling
and image analysis of a combustion particles micrograph. The first point of this procedure is most utilized
one and several works described sampling procedure, one may cited three commonly used procedures.

5.2.3.1.1 In situ sampling

5.2.3.1.1.1 Thermophoretic precipitator (TP)

This procedure, largel 16
a thermal pyecipitator for measuring dust concentrations in mines. It is based on the motion of particles
from a cold fo hot surface inside a temperature gradient. This physical phenomenon has been recently
used in the ¢ombustion community[1Z][18] for soot characterization inside flames or in plunié of vafious
laminar and turbulent flames. In this case, the TEM grid, mounted on thermophoretic probe is ins¢rted
briefly into the flame zone using a pneumatic piston. Use of this device has been widely used in the
literature buit it is currently still at a prototype stage. Also of note is the recent commercial device of
the Fraunhqfer Institute of Toxicology and Experimental Medicine (ITEM). ThisTunit is composed of a
sampling tupe, which heats the aerosol to 180 °C and a thermophoretic precipitation zone composed of
a TEM grid fixed on a “Peltier-effect” cooler. This device has been used to study hanoparticles genefated
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ium smelter.[19] The main advantage of thermophoretic sampling is the low-influe
meter on thermophoretic collection efficiency for sub-michon particles. Moreover, d
f particles on TEM grids allows direct observation, without any post-treatment of part|

Electrostatic precipitator (EP)

procedure is based on the motion of a charged particle inside an electrical field. In
arged particles experienced electrostatic:ferces directly linked to the flow conditio
and intensity of the electric field. This physical behaviour of charged particles is us
[rial Mobility Analyser (DMA) for production of size-selected aerosol or for size distrib
ht of submicron particles. A commercial device, called the Nanometer Aerosol Sar
[20] has been recently developed by TSI, in order to sample submicron aerosols din
sion Electron Microscope (TEM]) grids. Due to its design, this device is especially suit
th a diameter lower than 100:hm but modification is possible to extend this size range

Filtration sampling-(FS)

roach for aerosol sampling, in order to analyse particle morphology, is based on filtrs
 is similar td the gravimetric method presented in 5.6.2. The major difference i
edium, which(is, in this case, a “nuclepore” membrane composed of polycarbonate. In
bre membrxdne is placed inside a filter housing and a sampling period is chosen such
concentration of particles can be measured before aggregation of particles occurs 3
e membrane. After sampling a carbon film is applied to the surface of the membrane
ré’filter is dissolved by a flow of chloroform in order to transfer the particles on a TEM
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Spurny(21] describesthismethod:

The main advantage of this method is its capability of measuring a wide range of particle sizes. With different
pore-sized filters, nanoparticles (<0,1 um) or large particles (>10 pm) can be sampled using the same method.
The main disadvantage of this procedure is the post-treatment of the “nucleopore” filter. In contrast with
thermophoretic or electrostatic precipitators, the method is based on carbon film deposition/chloroform
dissolution, which may in certain cases modify the morphology of the studied particles.

5.2.3.1.2 Transmission Electron Microscopy (TEM) Image analysis procedure

After sampling a combustion aerosol, a large number of TEM micrographs must be retrieved in order
to be representative of the global population of combustion aerosol. Primary particle diameter Dpp is
determined directly on TEM micrographs and calibrated polystyrene sphere latex (PSL) is used in order
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to calibrate the micrograph pixels to a nanometer scale Then grey-levels micrographs are converted to
binary format for image analysis:

a) The primary particle surface Spp, is determined using its diameter,

b) The number of pixels composing the particles is determined and brings the 2D-projected pixel
surface of the aggregate Sag 2D,

c) The 2D-projected number of primary particles which compose the particles is then computed using
the previously determined surfaces of the primary particle and of the aggregate;

— ng?ﬂ
pp 2D S

pp
d) The 3D number of primary particles is then computed using an empirical relation:A22](43][24]

Nop3p =ka .Ng‘pm

yhere k; and a are empirical, non-dimensional constants, respectively-ranging from 1,15 to 1,16 for
k4 and from 1,09 to 1,10 for a.

e) The 2D-projected gyration radius Rg2p is computed on the TEM micrograph by meaning the square
dlistance rj between the centre of mass of the aggregate and.the different primary partjcle:

=3
|
-

pp2D
f) The 3D gyration radius Rg 3p is also computed from empirical relationship and using iteration
method on Ds:

1/2
| Dg+2.00 R
g3D D¢ +2 - Mg2D
The final results are several experimental sets of (Npp 3D, Rg 3p), which allow the fractal relatjon between
thes¢ two parameters to be established. General representation is on a log-log scale betwgen Np, and
the natio Dg/Dypp, In this case the slope of the linear regression applied to experimental rsults is the

fractpl dimension Dr and the‘intercept is the logarithm of the prefactor k. An example of ekperimental
result is presented on Eiguire 2, where the fractal dimension is 1,85, and the fractal prefactgr is 2,32.

>
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Figure 2 — General representation between Ny, and the ratio Dg/Dp),

Similaranalysis can be performed by other micréscopy techniques. One can cite Atomic Force Microgcopy
(AFM) as spitable for nanometric particles) This technique allows knowledge of 3D parameters,
where TEM|allows only enables determination of 2-D projections. The third dimension allows direct
determinatipn of the 3D gyration radius;Rg 3p, and the 3D number of primary particles.

5.2.3.2 DMA-ELPI serial analysis

TEM analys
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monodisper
The first te
diameter, w
sketch of thg

is of combustioni-aerosols is a powerful but time consuming method of determinatipn of
One way is-a.cdomparison of the response of an Electrical Low Pressure Impactor
sed mobility‘diameter soot particle classified using a Differential Mobility Analysdr.[25]
Chnique,¢he ELPI, provides a measure of number distribution in terms of aerodynainical
hile thetDM A describes a monodispersed aerosol in terms of electrical mobility diamefer. A
p experimental device is detailed on Figure 3.[25]
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In the transition regime (particle diameter similar to the mean free path of the molecule of the gas), the

aerodynamic and electrical mobility diameters of fractal aggregates are defined as follow:
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tal dimension of 2,4, in good agreement with previous measurements.

og (D,) A

1,9

Then the fractal dimension can be retrieved by several ELPI measurements’'of DMA classified

combustion particles. An example of log(Da)
this relationship is proportional to the fractal dimension and the a’ constant. Ifthis case a’

afra

1,7

Figure 4 — Calculation of fractal dimension by DMA-ELPI serial analysis
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This second approach of measurement of the fractal dimension has an advantage, in that it allows
measurement in quasi real-time. This direct method allows determination of fractal dimension at
various times during a fire. It must be noted, however, that this procedure is based on a set of theoretical

hypotheses,

which is currently the subject of debate.[1]

5.2.4 Chemical measurements

5.2.4.1 Chemical nature of aerosols

Following an approprlate samplmg procedure (see above for samplmg techmques) aerosols can be
characterizedc
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impling, the host materials (e.g. filter pads) can be washed with a solvent, and the adsd
can‘thus be extracted in the liquid phase (solid-liquid extraction). The analysis of pro

trapped in |

ucts

iquid solvents can provide information on many adsorbed species originally trappdd on

the aerosol. Appropriate selections of the extraction solvent and choice of analytical technique are
vital. Liquid-phase techniques are, in general, suitable for such purposes and also presented in Table 2.
References [26] and [90] give full details on some of these analytical techniques.
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Table 2 — Analysis of some gases trapped in carbon aerosols

Trapped species Desorption liquid Analyzed species Analytical technique
SOy H20 + 3 % H209 S042 HPIC
- Ry HPIC,
HCI, HBr H,0 Cl;, Br Titrimetry
3 HPIC,
HF NaOH1M F ISE
HCN NaOH 0,1 M CN- HPIC,
Spectrocolorimetry
- — GC=H1S,
Drganic compounds CS2 Same in liquid phase GC-HID
Som¢ compounds can also be extracted by thermal desorption (TSA) or pressure desorptign (PSA) and
analysed in the gas phase. This technique is appropriate for organic compounds-such as aliphatic and
aromatic hydrocarbons, aldehydes and ketones, with carbon numbers up te420. Commor] techniques
used| for the analysis are gas chromatography coupled with flame-ionization detector [(GC-FID) or
coupled with mass-spectrometry (GC-MS). Annex B presents information on the quantity|of adsorbed
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Initial considerations for sampling and analysis of aerosols
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the flame or fire effluent. In making this chaice, it is critical to ensure that the me
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5.3.2 Considerations for interpreting the measurements

There are additional measurements that must be measured close to the aerosol measurement point
location(s). These include the fire effluent temperature, relative humidity, velocity and dynamic pressure,
flow of smoke at the measurement point, and possibly the gas composition of the effluent. With such
data, it is possible to establish oxygen and carbon balances for the fuels if the elemental composition of
the fuel is known.

Careful and appropriate selection of materials used for sampling lines and the chemical properties of
trapping substrates (including filters) is essential. These may differ from the materials used in other
areas of aerosol measurement. For example, the materials used in fire effluent sampling must be
resistant to “aggressive” acidic compounds. Another consideration in the selection of materials is the
possible heating of the entire sampling train to avoid condensation of effluent vapours. Any cool point
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could further agglomerate aerosols. Care must also be taken to ensure such sampling systems are leak-
free and where losses are inevitable these should be quantified where possible. The concepts of limits of
quantification and limits of detection are equally applicable to aerosols as they are for gases.

5.4 Selection of methods

The particle or droplet size range applicable to commonly used measurement techniques is given below

in Figure 5. Table 3, following Figure 5, summarizes the main measurement techniques used to measure

aerosols in fire, with some of their important characteristics.

Light extinction

Video and holographic

imqge nrocessing
T =3

Light scattering

Photon correlator

Doppler methods

SMPS + CNC

Differential Electric mobility Analyser

Aerodynamic particle sizex, (APS)

Cascade impactors

100

Fijgure 5 — Size range of the most common aerosol measurement techniques

Table 3 — Summary of.techniques for measurement of fire aerosols

| { Diameter (um)

Eqse of
Principle Kind of method | Information provided Usage Diameter Re_sol- Max Ease of | inter-
range (um) | ution conc. usagea ;:lret-
afion
In situg Extinction coefficient, Modelling, Not lim-
Light extinction Non intrusive Soot concentration and ) 0,1-1 NA ited +++ F++
time-depéndent soot yield Regulation
ln/situ, Extinction coefficient, Limited
Light scattering Not intrusive particles size distribu- Modelling >1 NA by sienal ++ ++
Time-dependent tion ysig
) In situ, . Low
Microphotography-/ Soot concentration and
ombroscopy DORTAUUSIVE size distribution ) E ) coneen A *
Time-dependent trations
In situ, . Low
. . Soot concentration and
Holography Non intrusive . A - >10 - concen- ++ +
. size distribution -
Time-dependent trations
Photon correlation Ir.l situ, . Soot concentration and Low
Non intrusive . N . Research 0,01-1 - concen- + +
spectrometry . size distribution -
Time-dependent trations
Inssitu, Soot concentration and Low
Doppler method Non intrusive size distribution Research >1 - concen- + +
Time-dependent trations
a  Flexibility, to use on different fire models.
b Standard cascade impactors.
¢ Low-pressure impactors (DLPI).
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Ease of
Principle Kind of method | Information provided Usage rl:;ag?atﬁ:;) Il{li?;’:; Cl\gzi ii:;:: IS:::_'
ation
Direct gravimetric Extractive, Soot main concentra- | Comparisons, Total NA Limited e e
method integrated tion and soot yield Modelling by device
] Granulometric distribu- 03-30b
Cascade impactor Extractive, tion Toxicit ' + 01-1 ++ ++
p integrated Y 0,02 - 30¢ &
(aerodynamic diameter) !
Electtical low pres- Extractive uranu10meFr1c alstripu-
sure dascade impac- time-dependt’ent tion Toxicity 0,02-30 + 01-1g + ++
tor (ELPI) (aerodynamic diameter)
Tapg¢red Element . . .
Oscillating Micro- tinf;tgscgfgém SootC};lte-lgf?E{azglven Regulation 0,5-100 NA - 4++ +
balgnce (TEOM) P
Crygtal vibration Extractive, Sootyield at a given Regulation 0.5-100 NA ) it .
firequency time-dependent cut-off size !
Scahning mobil- Extracti Granulome_tric distribu- Research,
ity Particle Sizer timg—ds;er‘;g(’ent tion 0,01L-1 4+ - 44+ ++
(SMPS) (electric diameter) Nanoaerosols
Engine Exhaust Extracti Granulome_tric distribu- Research,
Pdrticle Sizer timégsgeglgént tion 0,005-0,56 ++ - I+ +
(EEPS-FMPS) (electric diameter) Nanoaerosols
) ] Extractive GranulomeFric distribu-
Aerodynamic Parti- method, tion Research 0,5-20 ++ <1000 A++ ++
cleg Sizer (APS) ime-d 1 part/cm3
time-dependent | 3er0dynamic diameter)
a  Hlexibility, to use on different fire models.
b Jtandard cascade impactors.
¢ How-pressure impactors (DLPI).

5.5

5.5.1

General

In situ measurement methods

In siqu measurement methods are based on optical techniques such as light extinction (ghotometry),
laser] scattering, orimage processing. Traditionally, these measurements are made through windows
in the apparatusdnerder to separate smoke from the delicate optics. However, during a t¢st, soot can
be deposited onrthe windows, resulting in baseline drift. This requires post-test corrections to the
optidal data..-More recently, windowless design has become possible due to the availability ¢f very small
dianfeter laser light sources. To avoid particle deposition on the optics, a very small hole is drilled in the

appajratus wall; and long, narrow lightbeam tubes are affixed to the exterior. Especially if fhe inside of
the a&mMWMﬂmMmmﬁMﬂMaakage of the

effluent. Any particles will deposit on the tube walls instead of on the optics further out from the duct.

5.5.2 Light extinction (photometry)

5.5.2.1 Principle

Measurement of both light extinction and light scattering allows the determination of some geometrical
parameters of aerosols such as the number of primary particles, N, the component particles in aggregates
as defined in Figure 1, and the diameter of primary particles.

As with light transmission measurements, light scattering in the beam is compared with the light
scattering in the absence of smoke by using a reference gas (often helium) with a low scattering cross
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section. If smoke enters the optical path between the light source and the detector, part of the luminous
flux is lost under the influence of several phenomena:

The direct absorption of the light beam through the soot particles simply physically blocking the

light path. This occurs with particles of a size between a few micrometers to a few millimetres.

comparable to the wavelength of the diffracted beam.

beam.

The value

smoke, mainly its extinction coefficient, but also its geometrical characteristics. The wavelengthq
5 important and will influence the measurements. There are two types of light sourcg
pters” available on the market:

light beam i
the “opacim

Monoch
He-Nel

Polychr
light, by

one stalbple source of white light working at a colour temperature of {2900 = 100) K can be proy
bilized voltage supply.
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Those based
for slowly ch
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detecting fa
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need to be ¢

5.5.2.2 M;q

5.5.2.2.1

Figure 6 sh
ISO 5660-2.

attenuation

hSers).

pmatic sources, typically white light, which are closer in spectral ¢entent to normal am

Experimental aspects

asured depends on the mass concentration of smoke and on the intrinsic characterist

romatic lasers, which illuminate with one single wavelength (e.g. 350.nn1 or 632 nn

t do not allow an exact use of the Beer-Lambert law. Rasbash and Phillips[27Z] indicated

a polychromatic light source, the choice of detector is'also important. Different dete
tive to different wavelengths of light. In addition, the detectors vary in their response
on a selenium oxide photocell tend to have a reldtively slow response time and are su
langing events. Those based on a silicon photodiode has a preferential sensitivity to re
d radiation up to 1100 nm wavelength and héave fast response time, particularly suitab
5t moving or changing transients in a more'dynamic situation such as chimney stacks.
ftering properties of light are wavelength dependent, so measurements with He-Ne 1
prrected for direct comparison to_scattering measured with a white light source.

pthod description

pws an example of-a stack-mounted light extinction system. The system is that us
[t consists of a He=Ne laser beam as light source and two detectors, one for measureme
and one for c@empensation. This kind of system is frequently used in fire laboratories.

4

The diffraction or scattering of the light beam on the small particles and soot that have a size

The spectral absorption by coloured gases which have absorption bands in the spectrum of the light
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ESSSSSay

Key

1 ap

2 Beam splitter

3 Rurge air orifices

4  Tilter slot

5 pal glass

6 eramic fibre packing

Figure 6 — Example of stack-mounted light extinction system (ISO 5660-2)

Befofe use, the system can be calibrated using filtetrs of known light attenuation at the wavelength of the
sourte. The parameters measured are described below.

5.5.2.3 Parameters measured

5.5.2.3.1 Extinction coefficient\(k). This parameter is obtained continuously during|a test. The
integration of this parameter répresents the total opacity produced during the fire test.

5.5.2.3.2 Mass of soot-particles per gaseous volume. This parameter is obtained by posf-processing
after|the test. It providesthe opportunity to determine the soot yield as a function of time.

5.5.2.3.3 Specific Extinction Area (SEA). This parameter is defined as the ratio of the extinftion area of
smolte to the mass loss of the specimen that is associated with the production of that smoke (]SO 5660-2).

5.5.21.4Advantages and disadvantages

The advantages of the technique are principally that it provides a dynamic measurement with low
response time and thatitis non-intrusive. The technique is easy to use, and is often present in general fire
test laboratories and for many fire test standards the results are sometimes used directly in regulations
(transportation especially). The apparatus is relatively inexpensive, simple to maintain and calibrate,
and does not require a high level of skill to operate.

The principal disadvantage is that only total aerosol data are obtained, without information on any
granulometric aspects. The technique is subject to some interference when used for particles, especially
those listed below:

— Lightemission from the fire, if itis too close to the experimental device, can distort the measurement
made by the detector by overvaluing the luminous transmission reaching the detector.
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— Gases, especially NOp, can absorb light. White light used as described does not give accurate
measurement when the data are interpreted using the Beer/Lambert law equation.

— Scattering or diffraction methods using monochromatic illumination have the potential for large
errors when the wavelength of the light source is comparable to the particle sizes.

— If the optical system contains windows, measurements can be affected by soot deposit during
measurement.

Data available on the accuracy of these methods indicate a repeatability of SEA over 20 %
(r = 28,83+0,14xSEA) and a reproducibility on SEA over 90 % (R = 15,03+0,56xSEA), as stated in

ISO 5660-2ifEAﬁpmpnmauahmmﬂamLmsLamemmmm£aemsdlhaLmamdmamlable
on bias of the measurement technique.
5.5.2.5 Applications

A monochrpmatic source is prescribed in the tests carried out to conform withHISO 5660f2. A
polychromatic source is prescribed in the tests carried out to conform with ISO 21367 or ISO 5659

1
N

5.5.3 Laseér scattering

5.5.3.1 Prjinciple

When a laser beam is passed through an aerosol the beam will beiscattered. A scattering coeffici¢nt is
measured in a fixed direction and the following relationship applies:

I5%(0) 3 1K 5 (6)V.AQ

where

sca 6) is the flux of the scattered beam

Ve is the volume of the cell

AQ is the solid angle between the beam and the detector.

Ve and AQ fare difficult to obtai and in practice they are determined by using a reference gas of kpown
scattering characteristics:

IRG (0) 5 10K kG (O AL

Moreover, aprosel scattering laser beam measurements are frequently obtained by using a polafized
beam. The formula is then:

1w () _ Ky (6)
15,(0) K&,(6)

The subscript vv denotes the polarization state vv, where the polarization is orthogonal to the scattering
plane. Note that the scattering angle 6=90° is a value often chosen experimentally for practical
reasons, although some apparatus allow these scattering measurements over a range of angles using a
rotating detector.
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5.5.3.2 Method description
Figures 7 a) and 7 b) show a typical example of a stack-mounted light extinction and scattering system.

It uses a He-Ne laser beam as a light source and two detectors for measurement of attenuation and for
compensation. This kind of system is frequently used in fire research laboratories.

. r8
i
R i

T

B
[
.IV

)]

a) Example of extinction scattering (at 90°) measurement system benchf12]
Key
aser beam (He-Ne)

\erosol outlet

hotodetector for scattering measurement in the parallel scattering plane

hotodetector for scattering measurement in the perpendicular scattering.plane

I I L ]

ressure drop
ptical path
Aerosol inlet

R N O U A WN

Photodetector for extinction measurement
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b) Example of scattering measurement system bench with a retating detector platform[1]
Key
1 Ar*laseq PR Polarizer,
2 Hood exit C Comparator
3 Rotating[platform BS . Beam splitter
4 Detector] L “Lense
5 Detector] S Diaphragm
6  Photomyltiplier tube
7  High-volfage supply
8  Lock-in gmplifier
9  A-D converter

10 Oscillosdope

—

11 Computd

Figure 7

5.5.3.3 P;T'ameters obtained

5.5.3.3.1 Particle concentration and particle or aerosol diameter. These parameters are determined
with both extinction and scattering coefficients measurements for a given refractive index value.

5.5.3.3.2 Refractive index. This parameter can be determined using inversion methods from both
extinction and scattering coefficients measurements.

5.5.3.4 Advantages and disadvantages

Coupling these measurements with granulometric measurements allows the use ofaninversion technique
to determine refractive index of aerosols by taking into account the fractal shape of the aerosol.

Light scattering measurements are more difficult than extinction measurements because of the small
values against a relatively high “noise” signal and because the scattering angles must be fixed.
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5.5.3.5 Applications

Few applications are found in industry.

5.5.4 Other in situ measurement methods

Other in situ methods are all based on optical principles. The main techniques cited in the published
literature are:

5.6

Microphotography and ombroscopy (a light reflecting technique which can scan the particles

( U U OIULIO U D, U SAY

olography. This technique allows measurements with a high depth of field - i.e. a three
risualization. It is carried out in two steps: The first step is the generation\of a hol
¢stablished techniques which illuminate the particles with pulsed laser lightand record
of the particle on a single photographic plate. The second step is the restitution of the p4
in three dimensions and analysis of the image. The technique is time-consuming, c
imited by the granulometricminimum size of particlesand difficultyifhadapting tolow coj

of aerosols. There is a size limitation related to the optical path'length by the relati
here 4, isthe wavelength of the laser and /is the length between the sensitive plate ang
during the image-saving step. In common installations, it'i§ limited to particles larger tH

Doppler velocimetry. Light diffused by a moving particle is analysed by a detector, which
frequency shift due to the particle’s velocity and direction of travel with respect of the d
main Doppler technique used is the Phase Doppler Anemometry (PDA) technique. Intey
such a technique is complex. Details are avaitable in the literature.[28][29]

Photon correlation spectroscopy.[30] Feri'submicron aerosols, the intensity fluctuation
ight is related to the Brownian motion (i.e. the motion caused by collision with mole
jerosol particles. This technique~eah work in extreme conditions of temperature
Nevertheless, it has only been adapted for use with monodispersed aerosols. Research
in progress to extend its use te polydispersed aerosols.

Laser induced incandescence (LII). LII is an optical method which allows getting

thereby allowing a better visualization of their shape). These techniques rely on the light sensitivity
eTistl e e TE i el Pt —T arg commonly

dimensional
gram using
many facets
rticle image
bmplex, and
ncentrations
n DS > Aol
the particle
an 10 pm.

records the
etector. The
pretation of

5 of diffused
cules) of the
br pressure.
is currently

hn image of

the soot volume fractign'in one or two dimensions by measuring the increased Plan
dlue to incandescenCe,“when the soot is heated by laser radiation. The LII signal is ap

q

I
i

Extractive measurement methods

ck radiation
roximately

proportional to thesoot volume fraction. LIl can additionally be used for measuring the $oot particle
gize by determining the decay of the LII signal. Smaller particles cool faster and thus hgve a shorter
LII decay timé. Practical applications have been demonstrated. There are disadvantagegs in that LII
s a line-@f-sight technique and that there is a need to suppress the luminosity of the background.

5.6.1 Sampling methods

The principal challenge with aerosol sampling is to maintain a faithful representation of the particles
throughout the sampling process before detection. In particular, the aerosols in fire effluents are
typically present in conditions of high temperature, moisture and pressure, which are very different
from the working conditions of the detector systems.

Animportant constraint comes from the requirements for sampling rate. This constraintis characterized
using R, the ratio of the sampling velocity to the velocity of the particles. For greatest accuracy, the
sampling velocity should be identical to the velocity of the particles being sampled. This is known as
“isokinetic” sampling. If R is greater than unity (i.e. the sampling velocity is greater than the original
velocity of the particles being sampled), the results will be distorted by the inclusion of heavier particles
in the sample. If R is less than unity, the reverse will apply (i.e. heavier particles could be missed from

© IS0 2013 - All rights reserved 27


https://standardsiso.com/api/?name=97d6c72ee8b7bd2c4e85faabc62431f9

IS0 29904:2013(E)

the sample). Sampling velocities lower or higher than the velocities of the particles in the sampled
atmosphere are termed "subkinetic” or “superisokinetic” sampling, respectively. For small particles, the
effect is negligible. Effects of sublineticism and superisokinetism are shown in Figure 8.

e
Us

Superisokinetic sampling

=

A B
U

Us —

Wo— R:K:f
Us

Isokinetic sampling

_—
[}

—

R:K>f
Us

Subisokinetic sampling

Figure 8 — Effect of sampling: isokinetic, superisokinetic'and subisokinetic [2]

h is therefore to determine the extent to which the extracted sample is representative of
volume from which it is being sampled. This ineludes how well the aerosol is mixed in the
g sampled, as well as the character of the sample extraction flow. On the other hand, the
h undergo coagulation or agglomeration processes within the sampling system that will
fy their characteristics. Crane and Evans[31] and Pui, Romay-Novas and Liul32] have studied
sportation efficiency as a function of the geometry of pipes. It has been proved that this
optimized when bent pipes with-a radius curve greater than 4 are used. Transporthtion

The problen
the flow or
volume beir]
particles ca
largely mod
aerosol trar]
efficiency i

efficiency is
The Stokes
in a fluid fl

also function of the Stokes numbetr of the particle, and decreases for high Stokes nu
wumber is a dimensionless number corresponding to the behaviour of particles suspe
pw. The Stokes number is-defined as the ratio of the stopping distance of a particlg

ers.
nded
to a

characteristlic dimension of the obstacle.

5.6.1.1 Ngzzle and probe

For extractije methods, thie characteristics of the sampling nozzle are vital to ensure correct isokinetic
sampling. Dlameter, geometry, and positioning of the nozzle have to be defined to limit the effect gf the
nozzle on thle movement of particles in the sampled flow. Depending on the fire effluents being studied,
it is also essential toensure that isokinetism is preserved through the duration of the fire. For all these
parameters)it must be assumed that the flow is laminar flow, as characterized in terms of the Reynolds
Number, a méasure of the degree of laminar flow or turbulent flow. If the aerosol measurement prqbe is
inserted into an exhaust duct (for example in ISO 5660-T or ISO 9705 tests], conservation of a laminar
flow has to be ensured during the entire test. Under normal operating velocities in a fire test with a
straight exhaust duct, well-mixed flow can be ensured if the nozzle is placed at a distance of at least
10 times the diameter of the duct downstream of any obstructions and five times upstream of any
obstructions. If possible, a laminar flow is better than a well-mixed turbulent flow for this purpose.

In fire effluents, knowledge of the temperature and pressure at the sampling point is also an essential
parameter for interpretation of results. This requires additional sensors (e.g. thermocouples) to be
placed close to the extracting point, but their positioning must be designed to limit perturbations to
the effluent flow. In addition, the materials of which the nozzle and probe are constructed must be
compatible with the fire effluents, e.g. resistant to corrosion, removable, and washable. Metallic parts
must also be electrically grounded to limit electrostatic attraction effects and unwanted depositions.
Common materials used for nozzles are stainless steel, borosilicate glass, and quartz.
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The nozzle must also ideally be thin and sharp in order to limit perturbations in the main effluent
stream. However, there may be mechanical reasons which will limit the thinness of the probe due to the
need to have a nozzle “chamfer” which is of sufficient size to remain robust under the fire conditions. It
is also necessary to ensure that the uncertainty about the actual sampling area is less than 10 % in order
to meet the criteria for isokinetic sampling. To achieve this, it is recommended that a nozzle of inner
diameter greater than 6 mm is used. For gas velocities greater than 20 m/s, it is possible to use 4 mm
diameter nozzles. To minimize disruptions caused by the hole in the nozzle, the following requirements
shall be observed:

— The internal diameter of the nozzle must be consistent over a length of at least one inner diameter
and at least 10 mm from the end of the nozzle.

— Any change in the internal diameter must be tapered and have an angle less than 30°.

— Bends are allowed only when they are placed after at least 30 mm of straight section. [Their radius
f curvature must be at least one and a half times the internal diameter.

— Any changes in the external diameter of the probe and located less than-50 mm to the ¢rifice of the
nozzle must be tapered and have an angle of less than 30°.

— INo obstructions associated with sampling equipment are to be present upstream of the orifice of
the nozzle. Obstructions can be present downstream if they are(well over 50 mm from fhe hole and
if the maximum size of the obstacle is one and a half times the probe size.

30°

|
)
|

30 min.

10

>

Figure 9 — Examples of nozzles geometries

Some¢ probes can‘be’designed to catch the total aerosol, whereas others are adapted to select only the
smallest aergsql particles. To limit the size range of aerosols particles sampled, techniques such as

« .

minfi-cyclones” or “inertial impactors” can be used.

5.6.1.2~ Sampling train and sampling line

The sample path from the nozzle to the measurement device, must be designed to limit variations of
the main characteristics of the aerosol particles (e.g. concentration, distribution size and morphology).
With this objective, and due to the high humidity of fire effluents, it is essential to use heated devices
and sample tubes or pipes. In addition, an important consideration is that aerosols are sensitive to
temperature and thermophoresis phenomena. The temperature of the sampling train therefore has to
be high enough to limit condensation but low enough to limit its effects on aerosols characteristics.
Temperatures between 50 °C and 100 °C are generally used. The pipes must have a smooth polished
internal surface, and must be so designed to enable them to be inspected and cleaned regularly. Their
compatibility with corrosive effluents from fire must also be considered. Metallic parts have to be linked
to an electric ground to limit electrostatic depositions.
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lution

Aerosols produced in combustion generally have a very wide range of characteristics. Furthermore,
particle concentration and the temperature and relative humidity of the flow can change radically with
time and with position. Depending on the aerosol characteristics, particle distributions may change
through coagulation, condensation, and nucleation during sampling. Often, it is advisable to sample as
fast as possible to reduce any changes in the morphological properties of the particles and modifications
by agglomeration. These latter may require rapid dilution of the sample. The main difficulties occur
when sampling a concentrated aerosol which has to be diluted to prevent the above effects occurring
and where the aerosols are present in a high temperature environment that is saturated with moisture
and condensable vapours. When diluting a sample, therefore, three fundamental parameters have to be

considered:
diluted sam
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the residence time In the sample train, the degree of dilution, and the temperature g
ble.

re of residence time is often the most significant and depends on the extractign eondit
rel though the sampling train, condensation of water and other vapgdurs can ¢
n the composition of the aerosol and effluent stream. Another phenomenon to consic
in the sampling lines during extraction. This phenomenon can quickly/become impo

cessitating dilution of the sample.

nstrumentation is available to carry out required dilutions,dvhich is achieved in eithe
bs. A one-stage dilutor consists of an “ejector” which injects aerosol into a coaxial hg
hber [Figure 10 a)]. For a two-stage dilutor [Figure 10 b)],;the first dilution stage is ach
ated tube technology, which has been proven to be an‘effective tool in aerosol studies
o and dilution temperature of the first dilution stage are adjustable and controlled. Dil
sample temperature eliminates the effect of volatile and semi-volatile vapours, while c
ximizes the effect of nucleation and condensation. The second dilution stage is an ej
ed in a single stage dilutor, but which also agts as the sample pump and returns the sa
emperature. The dilution ratio of the ejector diluter is also controlled and adjustable. |
e been carried out to quantify the impact of such dilutions on nucleation, aggregatid
sit in these devices.

ndevicesareavailable. One can cite the fine particles sampler,[33] heated simple injector
lisk diluters.[35]
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b) Two-stage aerosol dilution systeni

Key

1  Aerosolin 6 - {Pressure sensors

2 Porous tube 7 ' Dilution air (hot air)

3 [ooling air out 8  Pressure drop

4 [ooling air in (cold air) 9  Primary dilution stage - Pofous tube
5  Primary dilution air (hot air) 10 Secondary dilution stage

Figure 10

5.6.1.4 Sampling quality

Lossgs in the sampling and analysis/detection stages should be estimated, although in [many cases
this will be difficult. It is thetefore important to limit as far as possible any changes to| the aerosol
charjcteristics. In fire testing) it is therefore important to consider the effect of the desigh of the test
appafratus on the nature 'of'the aerosols produced by the physical fire model used, prior fo sampling.
For ¢xample baffles, plates, and other intrusions used to produce a uniform flow in devjces like the
ISO $660-1 or ISO 9705 calorimeters will affect the characteristics of the aerosol fractiop generated,
particularly the particle size distribution. Orifice plates used to measure flow will also mqdify aerosol
characteristics, \WVariations in temperature, pressure, and relative humidity and in the dilution of the
efflupnt will'alVaffect the characteristics of the aerosol; and such effects must be taken into pccount. For
othef fire'tnodels, parameters like coagulation time can become important and the time hjstory of the
aero$ols may be needed to assist in interpreting the results.

5.6.2 Direct gravimetric method

5.6.2.1 Principle

The gravimetric method is relatively simple. The smoke to be analysed is sampled, diluted if necessary,
(see 5.6.1), and filtered with a high efficiency filter. The filter is weighed before and after sampling.
The mass difference and the ratio between total flow and sampled flow are used to calculate the total
soot/aerosol yield.

5.6.2.2 Method description

The device consists of a sampling line, a filter holder containing a high-efficiency filter, a mass
flowmeter, and a pump. The filter is stored in dry conditions and weighed before a test. After the sample
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has been collected, it is removed from the device and dried in a desiccator before being weighed. The
mass difference gives the mass quantity of aerosol trapped. For a reliable measurement, the entire
sampling line and filter have to be heated at a constant temperature over 80 °C, to prevent water vapour
condensation. A mass-flow controller and meter are used to provide a constant flow through the filter. It
is very important in this technique to have a sampling flow velocity that is similar to that in the sampled
effluent stream. The filter holder must be conically shaped, with angles not exceeding 30°. The filter
holder can be placed either directly in the flow of the effluent stream or outside the stream. In the former
case, temperature effects on the filter can be important and may limit the choice of filter material. In the
latter case, a sampling probe transfers the sample from the duct flow to the filter (Figure 11), and the
recommendations in 5.6.1 have to be considered.

yA

n o
( = 5 [T =6
U

Key

1 Exhaust flow

2 Sampling probe

3 Filter hopising

4  High effifiency filter
5 Mass flovmeter

6  To pump

Figure 11 — Direct gravimetric method

5.6.2.3 Parameters produced

The method is a mass concentration method. It provides the “total soot” production. The results can be
expressed relative to the flow of effluent (i.e. average mass concentration in kg:m-3) or relative to the
mass of the tested material as a fuel mass loss (i.e. mass of “soot” per mass of fuel in kg/kg). An additional
option is to use the trapped aerosol for further chemical analysis of adsorbed species. See 5.2.4 for
details on chemical measurements.

5.6.2.4 Advantages and disadvantages

The method is relatively accurate and very easy to use. The main disadvantages are the lack of data on
particle distribution size or on kinetics of the deposit.

32 © IS0 2013 - All rights reserved


https://standardsiso.com/api/?name=97d6c72ee8b7bd2c4e85faabc62431f9

IS0 29904:2013(E)

5.6.2.5 Applications

The method is often used in bench-scale tests, especially the cone calorimeter ISO 5660-2 to
determine soot yield.

5.6.3 Cascade impactors

5.6.3.1 Principle

The equipment most commonly used to study aerosol size distribution is the multistage cascade
impactor.[2](3] ration of th vices i n the inertial properties of particles. The aerosol
enters an inlet cone and cascades through succeeding orifice stages with successively-higher orifice
velodities from the first to the last stage. From each stage, a high velocity is produced which is deviated
at 90P. This has the effect of depositing or “impacting” particles that cannot remain in the stream at each
stage. The diameters of the orifices decrease from the first stage to the last stage oefithie impgctor, so that
particles “unimpacted” at stage N, are accelerated slightly more at stage N+1 toward a new collecting
surfdce, see Figure 12.

The inertia of a particle is a function of three parameters: shape, density’and velocity. The sttape and the
densjty of a particle are unknown in most cases for a given aerosol¢The particle size ass¢ciated with
each(stage of the impactor is therefore expressed across an “aerodynamic diameter,” which encompasses
thes¢ two latter parameters. The density of the particle is theréfore considered to be eqpal to unity,
and the information that characterizes particles is linked té/the Mass-Median Aerodynamical Model
(MMAD), as defined in 4.3.1.

Each| stage of the impactor is characterized by a cut:off size, denoted as Dsg o,. The|cut-off size
corrg¢sponds to the aerodynamic diameter of particles:trapped with an efficiency of 50 % wjthin a given
stage¢. Another way to characterize a stage is through the geometric mean diameter, the square root of
the groduct of the cut-off size of the given stage\and the previous stage.
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Figure 12 — Cascade impactor and impactor stages

5.6.3.2 Method description

In order to pbtain the best possible accuracy, the sampling and analysis apparatus must be set yip to
reduce as n¢arly as possiblethe effect of the apparatus on the particle characteristics. Each part of the
apparatus can be considered as a potential trap, having its own transmission efficiency. The analytical
device itselflcan be considered to some extent as being potentially capable of modifying the compodition
of the aerospl.

The measufements are normally achieved by collecting the impacting filters after sampling and
measuring tfHeyweight difference between the start and finish of the collection period. The filters
are dried and welghed before a test. After a test, they are removed from the Impactor and dried in a
dessicator before being weighed a second time. The mass difference gives the mass quantity of aerosol
trapped between the stage and the previous stage. As shown above, this interval is characterized using
the cut-off diameters of both stages. The final stage is a high-efficiency filter, which collects all particles
remaining from the previous stage.

Normal cascade impactors are limited to a range of particle sizes between about 300 nm and 30 pm.
To measure smaller sizes, the impactor can be designed so that the pressure in the device is lower than
atmospheric. In this case, devices are able to reach sizes from about 20 nm to 30 um, with typically 12 stages.

For some devices, the particles’ number concentration with time can be determined by electrical
measurement. Such a device is the Electrical Low Pressure Impactor (ELPI), see Figure 13. Before
entering the modified cascade impactor, particles are charged by a high voltage corona discharge. Each
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impaction stage is effectively an electrometer, which counts the charges associated with the particles.
There is a link between the charge on a particle and its aerodynamical diameter.

1

Key
Aerosol in
oronacharger
igh voltage source
;I:)n trap voltage source
Flectrometers
omputer and.control electronics
Impactors withrinsulators and contact needles

R N O U A WN

Yacuumspummp

Figln‘p 13 — Electrical Low Pressure Impactor (Fl Pl) prinr‘iplp

5.6.3.3 Parameters produced

The cascade impactor provides information on total granulometric mass distribution per stage. This
allows building a size distribution (7.1). ELPI devices also provide the number size distribution through
kinetic measurements. Particles are quantified as a mass / diameter ratio, but the relationships can vary
depending on the nature of the aerosol considered.

Itisalsopossibletoanalysetheindividualimpactorsurfacesafteratest.Inaddition tobeingcharacterized
by the cut-off diameter of the stage, these particles can be characterized by their morphology and by
their chemistry. See 5.2.3 for details on morphological characteristics measurements and 5.2.4 for
details on chemical measurements. Valuable information can be obtained from a morphological analysis
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or a chemical analysis of the trapped particles to check if the nature of an aerosol is similar for each
size range. This information is particularly important for polydispersed aerosols and has significant

implications

for the toxicity of the aerosol.

5.6.3.4 Advantages and disadvantages

The method allows a relatively simple analysis of granulometric distribution or to enable the
separation of the aerosol into its particle fractions. It has been used for many years for measurements
in controlled combustion.

The link between impaction characteristics and a particle’s diameter must consider the particle’s shape
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fo and f1 are the initial and actual oscillating frequency of the element (Hz).
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Figure 14 — Tapered Element Oscillating Microbalance (TEOM)

The fdevice provides the total mass of aerosol collected in real time, from the smallest [up to about
100 pm. A selection cycloire is commonly used at the input of the device to select the maximum size of
particles to be measuted.

The Crystal Vibration Frequency device is based on very similar principles. In this case, thie oscillating
element is replaced by a piezo-electric crystal, which produces oscillations when electrically connected.
The presenee.of particles on the crystal produces a variation of frequency that is linked with the
particle’s size

5.6.5 Scanning Mobility Particle Sizer (SMPS)

5.6.5.1 Principle

This method is mostly applied to measure the particle size distribution of nanoparticles in aerosols.
[11[2][3] The SMPS consists of a neutralizer, a diffusion mobility analyser (DMA), and a condensation
particle counter (CPC) at continuous flux. The neutralizer ensures entering a neutral aerosol before its
ionization. The DMA set up suspended particles in the gas stream following their electric mobility and
the CPC downstream detects these pre-selected particles, as seen on Figure 15.

The size distribution of the aerosol is calculated from the number of particles detected by the CPC and
the transfer function of the DMA, using an inversion data technique. However, although the SMPS is often
considered to be an established technique, there remain a number of uncertainties in its use associated
with the measurement of a size distribution, which have not currently been assessed.
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5.6.5.2 Method description

The neutralized sampled effluent is ionized by a radioactive source, commonly containing 210Po or 85Kr.
The largest particles are then removed by impaction. This prevents these large particles, which can
accumulate more than one charge, from interfering with the measurements. The effluent then enters
the DMA, where the aerosols are separated by their electrical mobility in a continuous electrostatic
field. The diameter profile of the particles at the outlet is a function of the electrostatic field. Particles
selected in this way then enter a condensation particle counter, where they nucleate condensation of a
saturated vapour, commonly obtained by heating a liquid pool of butanol across the flow. The butanol
vapour condenses to produce droplets of about 10 um and these droplets are counted by an optical
system. This count is independent of the initial size of particles.

— 1

!

3 1

Key
1 lonizatidn - 210Po
2 DMA clagsification
3 CPC counting

Figure 15 — Scanhning mobility particle sizer (SMPS)

5.6.5.3 Plrameters produced

The instrunpent is designed©o measure particle number, size, surface area, and mass of particles and
the main regult is concentration in particles/m3. One of the important characteristics of these devigtes is
that separatlion is madeson DMA on the basis of electrical diameter of the particles. The method i able
to measure |n real tilme particles from 10 nm to 1 um.

For fractal pbjects like carbon soot, SMPS devices over-estimate the mass and surface area of|non-
spherical pdrticles. Recent studies[3Z] now allow the inclusion of the fractal nature of soot particles
when using a SMPS device.

5.6.5.4 Advantages and disadvantages

The main advantage of the SMPS is its resolution and range of measurement, especially for fine particles.
The finer the particle, the more important its electric mobility will be.

A major disadvantage of this method is the multiple charge effect. During ionization in the DMA, and
depending on its diameter, a particle has a significant probability of acquiring multiple charges (2, 3, or
4). Due to the principle of the SMPS method, the size distribution in terms of mobility diameter is based
on the assumption of all particles being singly charged. Any multiple charged particles (especially for
particles higher in size than 150 nm to 200 nm) will be erroneously detected with smaller particles
having a single charge. A further disadvantage of the SMPS method is the integration time of the system.
A SMPS is a scanning device which progressively integrates the particle sizes. A valid size distribution
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measurement takes at least 30 s. Thus, short-term, transient phenomena (occurring over a second or
so) are not integrated using this device. The presence of a radioactive source for ionization results in
problems with transportation of the device between organizations.

5.6.6 Engine Exhaust Particle Sizer (EEPS) and Fast Mobility Particle Sizer (FMPS)

The SMPS device described above is particularly suitable for studying the size distribution of particles
with a diameter of less than 1 um. This “granulometer” has been widely used, and the theoretical
considerations linking electrical mobility diameter and morphological parameters are available in
the literature.[3Z] On the other hand, the major disadvantage of the SMPS is that it does not do real
time scanning. Recently, a device has been developed in order to use the physical principle of the DMA,
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Figure 16 — Engine Exhaust Particle Sizer (EEPS)

5.6.6.2 Pﬁrameters produced

This instrument is designed to measure number size distribution in terms of electrical mobility
diameter from 5,6 nm to 560 nm in real-time. The concentration range of the FMPS ranges from 1.102-
1.107 particles/cm3 at 5,6 nm to 1.101-1.105 particles/cm3 at 560 nm.

5.6.6.3 Advantages and disadvantages

The main advantage of these devices is their real-time response and their ease of operation. These
devices represent an “all-in-one granulometer.” In contrast to the SMPS, no radioactive source is needed,
and the measuring device is ready to use in few minutes.

A disadvantage of these devices is the high frequency of maintenance. An additional problem is that
EEPS and FMPS are sensitive to large particles or fibrous particles, which may produce a bridge between
electrometers.
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5.6.7 Aerodynamic Particle Sizer (APS)

5.6.7.1 Principle

The Aerodynamic Particle Sizer (APS)[38] performs a granulometric classification of particles in the
range from 0.5 pm to 20 pm using a time-of-flight technique that measures aerodynamic diameter in
real time (Figure 17). Because time-of-flight aerodynamic sizing is dependent on the particle shape
and is unaffected by an index of refraction or Mie scattering, it is superior to sizing by light scattering
methods. In addition, the monotonic response curve of the time-of-flight measurement ensures high-

resol

ution sizing over the entire particle size range.
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Figure 17 — Aerodynamic Particle Sizer (APSI38])

The use of two partially overlapping laser beams results in each particle generating a single, two-
crested signal. Peak-to-peak time-of-flight between the two beams is measured with a resolution of
a few nanoseconds The amplitude of the signal is logged for light-scattering intensity. The smallest
particles may have only one detectable crest and are stored separately. Particles with more than two
crests, indicative of coincidence, are also stored separately, but are not used to build aerodynamic-size
or light-scattering distributions.

5.6.7.3 Parameters produced

This instrument is designed to measure a particle aerodynamic diameter distribution from 0,5 pm
to 20 um, and provides qualitative information on particles under 0,5 pm. One of the important
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characteristics of such devices is that separation is made on the basis of the aerodynamic diameter of
the particles.

5.6.7.4 Advantages and disadvantages

The method is very easy to use and allows wide range of sizes to be measured in real time. Nevertheless,
itis notadapted to nanoparticles, and information for particles under 0,5 pm has to be used with caution.
Moreover, due to its operating principle, APS is only designed to detect low concentrations of the order

of 1000 particles/cm3.

5.6.8 __Other extractive measurement methods

Othefr extractive methods cited in the literature are:

eta gauges, which allow a time-dependent measurement of the mass of an aeresol inj

pacted on a

ollection filter. The physical principle is based on electron attachment to ap-aerosol that has been

eposited on a substrate. It is based on the assumption that electron attdchment is prg
he mass of the deposited aerosol. Limitations occur due to varying-dimensions of ag
omogeneity of the substrate, and the dependence of the measurement on the atomid

portional to
rosols, non-
numbers of

he chemical elements in the aerosol. The method is particularly infhienced by high atonpic numbers.

iffusion Mobility Analyser (DMA) electric classifications,-presented for SMPS and E
bove, can also be used with detectors other than the condensation particle counter (CP
uitable technologies of CPC are also available. Another.detector type cited in the litel
lectrometer-filter.

ultistage liquid impinger device, consisting of\a glass cylindrical vessel typically
0 mm and height 20 mm (the sizes can be varied) divided horizontally into three ch

EPS devices
C). Different
rature is the

of diameter
hmbers. The

articulate-laden gas stream (with the flow:depending on the actual apparatus used) enters the top

¢hamber via a relatively large jet and flows over a wetted disk that traps particles larger
The gas stream then enters the central’*¢hamber, via a smaller-sized jet and impinges
yvetted disc. Particle sizes between 2;pm and 10 pum are trapped here. The gas stream
into the lower chamber via a smaller jet and through a third wetted disc, trapping paf
}E‘S um to 5 pm range. The trapping process is analogous to the principle of particle tra

ng and the results are, thefefore, particularly significant in inhalation hazard studies.|

flow system similar to thatused with the particle concentration/gravimetry technique
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6 Aerosol measurement metrology

6.1 | Standard. aerosol generators for calibration of instrumentation

6.1.1 Need for standard aerosols

To epstire a proper aerosol measurement, standard aerosols are needed. Standard aefosols must
represent the three main characteristics of an aerosol: its concentration, its granulometric distribution,
and its morphology. Various devices are used to produce these controlled aerosols. Parameters
governing the selection of a standard aerosol generator are dimensions, range, maximum and minimum
concentrations to be produced, chemical nature and phase state (liquid or solid aerosol), morphology of
the aerosol particles, and electrical charge state and/or electrical neutrality of the aerosol.

6.1.2 Polymer ball generators

The simplest way to produce a monodispersed aerosol is to disperse spherical balls of polystyrene or
polyvinyl latex in aliquid and then evaporate the liquid. Standard liquids are available for granulometric
ranges from 10 nm to 30 pum. The standard deviation of such dispersions is, in general, very good.
Nevertheless, there are some difficulties with this technique. The first is the possible formation of
doublets and triplets of the latex particles in the solution. Using only high dilutions of latex in the solvent
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liquid reduces this effect.[40] The second difficulty concerns the removal of the liquid to retain only the
latex balls. The liquid has to be very pure, and its removal must be performed without modifying the
latex aerosol.

Few other materials are adapted to this technique because of various incompatibilities and interactions
with the liquid phase needed for such generators.

6.1.3 Spark discharge generators

From the work of Helsper et al. [41] the spark discharge generator (Figure 18) is able to produce a
nanostructured aerosol of particles by electrical arc discharge between two electrodes.[42] As the
electrodes dre consumed, the space between them is Kept constant, ensuring a stable and reprodycible
arc and thergfore aerosol generation. The arc necessary for the production of particles is the resultof the
discharge ofa capacitor/resistor oscillator, whose frequency is controlled via a variable resistor) To avoid
oxidation of|the electrodes, a flow of inert argon gas flows around the arc. The primary particles foymed
as a result of the arc can then form aerosol clusters, the extent of which depends on their.¢concentrdtion.
This clustertforming agglomeration can be partially reduced and controlled by subSéquent dilutipn of
the generated aerosol in filtered air.

Key

1  Graphite|electrode connetcted to the ground

2 Argon

3 Compregdsed air

4  Graphite|electrode connected to a high voltage generator
5 Argon + pir+ graphite particles (30 to 300 nm)

Figure 18 — Spark discharge principle

When the frequency of the spark increases, the particle size distribution shifts to higher diameters, and
the total concentration increases. This increase in the median diameter with the frequency of electrical
discharge between the two electrodes is linked to the particle concentration generated within the arc
chamber. In practice, as the frequency of the arc increases, the number of primary particles produced
may become so great that the charges between adjacent particles may lead to them agglomerating.

Figure 19 shows the influence of the chemical nature of the electrodes. The physicochemical properties
of the materials used for the electrodes have a great influence on the nature of the aerosols generated.
Carbon electrodes have weaker electrical and thermal conductivities, and the generation of primary
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particles is more effective because the energy dissipated between the electrodes is relatively low. This
leads to particle size distributions shifted towards larger diameters by the process of coagulation.
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Other generators

't dispersion of calibrated powdets' is currently under development, but is subijg
ulties, especially because it is)difficult to produce monodispersed powders. N
llometric distribution in the resulting aerosol can be very close to the original pow
ical composition may not-be‘altered significantly. Such direct dispersion of powders

rctrodes

ct to many
evertheless,
der, and the
is normally

rmed in two steps. The first step consists of feeding the powder into an enclosure at a constant

through a disperser./Fhe second step is the dispersion of the powder as an aerosol. T}
ly used is based on‘a;pneumatic principle.

ersion of liquid droplets in aerosols is also possible with various techniques. The md

ition betyweén 1,7 and 2,5 and a mass concentration between 1 g/m3 and 50 g/m3. Othe
been adapted to produce a monodispersed liquid aerosol and include the rotating dif
e, vibrating needle, and methods used in electrostatic spraying.

le technique

st cited is a
ric standard
I techniques
k, vibrating

6.2

Qualification (Verification) of generators

Qualification of standard aerosol generators is essential to ensure their repeatability, reproducibility
and time stability (drift). The most common technique is to deposit the entire generated aerosol on a
filter and to check, with a gravimetric method (as presented in 5.6.2) the relationship between expected
and measured weight, as presented on Figures 20 a) and 20 b).
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Duration : 15 min
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a) Exanjple of qualification of the linearity of a spark discharge generator by comparison
between frequency of sparks and mass of aerosols generdted in 15 min
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b) Example of qualification of drift of a spark discharge generator

Figure 20

6.3 Calibration methods exigencies

To calibrate a device for measuring aerosols in fire effluents, it is important to produce an aerosol with
characteristics as close as possible to the characteristics of the aerosols ion the fire effluent. With this
objective, itis possible to produce aerosols very close in granulometric distribution and concentration to the
fire aerosols to be measured, but the accurate representation of particle morphology is difficult to achieve.

When a suitable generator has been established, it is connected to the fire model or directly to the
sampling and measuring device, with care taken to ensure the connections are appropriate. For example,
it is especially important to regulate the pressure between the generator and the calibrated device.
For extractive measurements, the recommendations of 5.6.1 must be applied, and the devices must be
heated under the same conditions as for fire aerosol measurement. For example, for devices like cascade
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impactors, the cut-off diameter of each stage depends on temperature and is given at ambient conditions
by manufacturers. It has to be measured in real end-use fire model conditions and the results corrected.

Depending on the characteristics of the calibrated device and on the parameters obtained, such
calibration ensures the validation of the installation. Nevertheless, calibration can never reproduce all
aspects of aerosols produced in fire, and deviations have to be taken into account based on the physical
and chemical properties of the aerosols.

6.4 Validation

6.4 Combparison-amongagdevices
v A | o 1=]

Validation of an aerosol measurement can be performed by comparing the data obtained\frpm different
deviges based on different measurement principles. With aerosol measurement, it‘is.-also(essential to
undgrstand the scope and limitations of the various sampling and measurement methods if § meaningful
interjpretation is to be made and results compared. The Figure 21 a) shows-a)successful [comparison
between SMPS and APS devices for a bi-dispersed aerosol. Each system is based on a differjent physical
meaguring principle. SMPS uses amodel to interpretelectric mobility diaméter measured in aerodynamic
diameter. The Figure 21 b) shows a comparison between SMPS and EEPS for a 11,55 nm|region scan
during combustion of PA-6 in cone calorimeter.[43]
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a) Example of comparison between SMPS and APS measurements
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b) Example of comparison between SMPS and EEPS (DMS) measurements for 11,55 nm region[43]

Figure 21

6.4.2 Conjparison between laboratories

There are fev data on interlaboratory trials in the measurement of fire effluents. Reference [36] presents
results obtajned for three materials tested at SP (Sweden) and LNE (France) laboratories. The fire npodel
was the ISO p660-1 cone caldritheter, and the materials studied were an expanded polystyrene, a flgxible
polyurethane foam, and a‘nitrile rubber. SP used a low-pressure cascade impactor, whereas LNE jused
a classical cpscade impactor. The comparisons for the three materials are presented in Figure 22| The

results show a good agreement on distribution for micronic particles.
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Figure 22 — Example of comparison between laboratories

6.4.3 Interpretation of scale effects and comparison with literature

Blomgqvistl4| compared particle distribution data from fire\tests with the data compiled by Butler
and Mulholland.[44] The mass median aerodynamic diameter (MMAD), as described by Hinds,[45] was
calculated for a set of cone calorimeter tests, for an enclgsure test with a sofa,[46] and for a test whiere a
complete automobile was burned.[47]

The data afe presented in Figure 23 as panticle yields versus MMAD. The quantitative particle
distribution|results compiled by Butler and Mutholland consist of data from various sources and vafious
fire sizes, bit they are all from flaming combustion. From these data, only data from fires with [solid
fuels have been included in the figure. The*data includes fuels such as different types of wood matgrials
and polymers from various studies and/authors.
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igure 23 — Smoke yield versus median aerodynamic diameter according to refe

ed by Butler
sts produce

Atrend, where the aerodynamic diameter increases with increasing smoke yield, was obsery
and Mulholland. It can be seen that the tested wpod products from the cone calorimeter tg
low particle yields with a particle mass distribution with a small MMAD. This is in line wjith the “low
end”[group of wood data from Butler and Mulholland. Further, there are two additional data points for
woodl from Butler and Mulholland, the highest of these was from a large, underventilated wood crib fire.

brominated
bir chemical

The
lami
com
“SP
cone
thersg

interpreted data from flaming{combustion with melamine and an FR-4 laminate

hate) are at the “high end” of the plot. Both of these products burn poorly due to th
osition, and especially the.FR-4 laminate produced a very high particle yield. The data point for
olystyrene” showed a high particle yield and a large MMAD. This product did not jgnite in the
calorimeter test. The-higher values compared to the data provided by Butler and Mulholland are
fore to be expected-

Thet
be di
calor
aron

le to differences in the chemical composition of the materials, as the combustion in a st

rend of increasing MMAD with increasing particle yield for the cone calorimeter tests sh

imeter test{is well ventilated. Strongly oxygenated materials, such as wood, burn wj
atic pelymers such as polystyrene burn poorly and give a high soot yield.[48] The

ould mainly
hndard cone
ell, whereas
combustion

ire becomes

condjfitionsq@are also of importance for the particle yield, with higher yields obtained as the f
less wél ventilated.[48]

Data from large-scale tests conforms well to the particle mass size distribution results seen from the
cone calorimeter tests and the data from Butler and Mulholland. Both large-scale tests show an MMAD
slightly above 0.4 pm, and the result from the automobile fire fits well in the overall particle yield-
MMAD trend. In the case of the sofa-enclosure fire tests it was not possible to calculate a particle yield
as the mass-loss from the sofa was unknown.

7 Presentation of results

7.1 Calculations

The main descriptive parameters that characterize an aerosol concentration are the number of particles
per cubic meter or the mass concentration. These parameters are directly given or interpreted from
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the devices described in this International Standard. The main descriptive parameters produced in an
aerosol analysis concerning its granulometric distribution are its mass median aerodynamic diameter
(MMAD) and its geometrical standard deviation. Reference [49] details the calculation methods
presented below. The morphologic characteristics of an aerosol are complex to express. Refer to 5.2.3
for more details.

7.1.1 Mas

s Median Aerodynamic Diameter (MMAD)

To calculate MMAD, construct a ‘Cumulative Percent Found - Less Than Stated Particle Size’ table and
calculate the total mass of test substance collected in the cascade impactor. Start with the test substance
collected on the stage that captures the smallest particle size fraction, and divide this mass of the test

substance b
percent opp|
step for eac
found to the
size versus
best fitting
the best fit.
Median Aer

7.1.2 Geo

To calculate
Diameter. P
calculation
crosses the
follows: GSI}

To verify gr
mass per stg
Dy, is the loy

y the total mass found above. Multiply this quotient by 100 to convert to percent. Ente
osite the effective cut-off diameter of the stage above it in the impactor stack. Repea
h of the remaining stages in ascending order. For each stage, add the percentage of
percentage of mass of the stages below it. Plot the percentage of mass less than the s
barticle size in a probability scale against a log particle-size scale, and draw-a straigh
the plotted points. A weighted least squares regression analysis may-be used to ac
Note the particle size at which the line crosses the 50 % mark. Thisis the estimated
dynamic Diameter (MMAD).

metric Standard Deviation (GSD)

GSD, refer to the log probability graph used to calculate the Mass Median Aerodyn
rovided that the line is a good fit to the data, the size\distribution is log normal, an
f the Geometric Standard Deviation is appropriate. Note that particle size at which th
B4.1 % mark. Note the particle size at which the Jine’crosses the 50 % mark and calculd
=84.1 % mark / 50 % mark.

ge (fu’) is evaluated as a histogram. 4logD,, is equal the difference logDp+1 - logDyp, whq
ver cut-size limit and Dp+1 the higher cut-size limit of the corresponding impactor §

Calculate the histogram fy’ by equation:
' 1| mass [ stage
fH = —-X#
Ng Alog Dp

Calculate th
diameter (D,

y (D)

and use the

e log-normal mass_distribution y’(Dae) = 1/Nf X y(Dae) as a function of the aerodyn
o) Using by equatiom

2
log D), v—log MMAD

2xlog2 GSD

normgahzation factor (Np):

" this
[ this
mass
rated
[ line
hieve
Mass

amic
1 the
b line
te as

hphically that the aerosol is in fact unimodal and log-normally distributed, the normallized

breas
tage.

amic

> mass

N, =
i log

GSDx~21

The algorithm for the calculation of particle size characteristics is taken from relevant reference works
on aerosol physics[20l[51] and proves to be generally applicable.l6] The size distributions shown in
Figure 24 are constructed utilizing these equations.
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Figure 24 — Principle of characterization of aerosol atmosphere

The [elative mass with an aerodynamic diametér < 3 um (“Respirable mass fraction”)[52][53][54] is
calcylated from the regression line. For probit transformation and linear regression, algorithms published
by Rosiello et al.[55] can be suitable. The MMAD was calculated using published formulas.[51][6][56]

7.2 | Measurement report

The feport of an aerosol measurement shall contain:

— Description of the ifistallation, including diameters of the sampling lines or tubs, distance
between the fire and the §ahipling point.

— Flow of the sample.

Nt

— Description.of the device used and the operating conditions (temperature and pressurg).
— Description of the ambient conditions in terms of temperature, pressure, and relative Humidity.

— Thé direct data produced by the device, for example, Dy, for SMPS and D, for cascade impactors.

— Description ofthe nature of the interpretation and of the calculations used, including allassumptions,
especially those regarding particle morphology.

Results of the calculated data with uncertainties.

An example of a suitable report is presented in Annex E.

7.3 Uncertainties

Uncertainties during aerosol measurement in fire tests stem from a variety of difficulties in obtaining a
representative result. Trueness errors for concentration and granulometric distribution can have their
origins in soot deposited or impacted on undesired surfaces. This difficulty can be limited by the care
taken in choosing and using the particular measurement device. Temperature and moisture can also
cause systematic errors. Repeatability and reproducibility uncertainties can come from the fire model
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and/or aerosol generation itself, but also from ambient conditions (temperature, pressure, and relative

humidity) and from the measuring device, all of which may allow unwanted effects such as coagulation
or sedimentation of the aerosol.

Measurements normally deliver average values. The distribution of aerosol concentration (soot volume
fraction) is needed when the soot volume fraction variation leads to large uncertainties in the values.
An example of soot volume fraction distribution is given in Figure 25, with a shape defined by truncated
Gaussian curve associated to Dirac value for soot’s absence. The effect of uncertainties of the refractive
index m on the determination of Fv from extinction measurements has been shown by Joyeux.[57]
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Figure 25 +— Example of soot volume fraction distribution in one location on the centreline axis
of a jet flamel57]
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Experimental measurements of Dpp, Npp, Rg, D and ks

Table A.1 — Published values of Dy, N and Rg

Fuel Flame type Dpp (nm) Np Rg (nm) _ (Rg ference
}
Acetylene - 20-30 - - ‘AQ\ [58]
Acetylene Turbulent diffusion flame 47 417 472 ‘l/ [59]
Acetylene Turbulent diffusion flame 17-34 50-180 - O\QV [60]
Acetylene Turbulent diffusion flame 64-66 70 27 [61]
Benzene Turbulent diffusion flame 50 552 |() 824 [59]
Butadiene Turbulent diffusion flame 42 -, O - 62][63]
Cyclohexane Turbulent diffusion flame 42 - d\ - 62](63]
Ethylene Laminar diffusion flame 30-37 (\Y - [64]
Ethylene Turbulent diffusion flame 32 N \/467 452 [39]
Ethylene Turbulent diffusion flame 19-35 *0\\ 20-50 20-60 [60]
Fthylene / air Laminar diffusion flame 18-37, N 5-190 - [18]
Hydrocarbons Laminar flame ‘\2%\'4‘0 - - [65]
Isopropanol Turbulent diffusion flame . @*‘ 31 255 330 [59]
Kerosene Turbulent diffusion flame r\\\ N 19-30 - - [66]
Methane / oxygen Premixed flame \L\V 20 - - [67]
n-Heptane Turbulent diffusionflarhe 35 260 359 [59]
Propane Turbulent diffu.sixn)fiame 30 364 366 [39]
Piopane / oxygen Prerﬂ@ffame 15-26 - - [68]
Propylene Turbl)lesr.)i‘ffusion flame 41 460 518 [59]
Toluene Tma'dlt diffusion flame 14-20 - - [69]
Toluene ‘\%\r-l;ulent diffusion flame 51 526 807 [59]
Toluene (-\(O‘Turbulent diffusion flame 52-65 100 260 [20]
Toluene / ethyler}&Qm\/ Premixed flame 20-25 - - [71]
Diesel‘o\(\ Diesel engine Nearly 30 - - [72]
O@v Turbulent diffusion flame Nearly 45 - - [Z3]
,Eéﬁx er Diffusion flame 13-43 - - [e1]
lumer Turbulent diffusionflame 42.54 [61]
Table A.2 — Values of Drand k¢ given by various authors
Fuel Region Flame type Method D¢ kf Reference
Acetylene Flame Laminar diffusion flame 2D TEM 1,8 1,7 [74]
Acetylene Flame Turbulent diffusion flame 2D TEM 1,82 2,41 [22][23]
Acetylene Flame Turbulent nonpremixed flame 2D TEM 1,82 19+0,3 [60]
Acetylene Plume Laminar diffusion flame 2D TEM 1,85-1,93 1,68-2,31 [61]
Acetylene Plume Turbulent diffusion flame 2D TEM 1,79 - [75]
Acetylene - ethylene Flame Laminar diffusion flame ALS 1,75 2,78 [22][23]
Acetylene - ethylene Plume Laminar diffusion flame 2D TEM 1,66 2,35 [Z5]
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Table A.2 (continued)

Fuel Region Flame type Method D¢ kf Reference
Butane - - Light scat. 1,96 - [76]
Butane Plume Diffusion flame SEM 1,97 - [77]

Diesel - - 2D TEM 1,7 - [28]
Ethylene Flame Laminar diffusion flame 2D TEM 1,72 2,8 [18]
Ethylene Flame Premixed flame DMA-ELPI 2,15 - [79]
Ethylene Flame Turbulent nonpremixed flame 2D TEM 1,74 2,2+0,4 [60]
Ethylene Plume Turbulent diffusion flame 2D TEM 1,73 - 75

Isopropdnol Plume Turbulent diffusion flame 2D TEM 1,7 - A [
Methape - Premixed flame 2D TEM 1,74 2,45 ,\Q }311
Methane|/ air Flame Premixed laminar flame ALS/TEM 1,80-1,95 - .V [81]
Methane / ¢xygen - - Light scat. 1,73 ,\O)\) [Z6
n-Heptgne Plume Turbulent diffusion flame 2D TEM 1,73 q\;) [75]
Propane Plume Turbulent diffusion flame 2D TEM 1,74 ~ 1:) . [Z5
Propyldne Plume Turbulent diffusion flame 2D TEM 1,7!%(\\:’ - [Z5
Toluere Plume Turbulent diffusion flame 2D TEM /},@\ - [Z5]
Toluere Plume Turbulent diffusion flame 2D TEM \@%—1,86 1,89-2,66 [61
Hydrocarpons Flame Turbulent diffusion flame ALS \\<< N 1,86 2,25 [22](43]
Hydrocarpons Plume Turbulent diffusion flame 2D T]SQ@‘ 1,67 2,33 [Z5]

Diese E;lﬁi:llle Diesel engine ‘%- LPI 2,3 - [72

Diese] Plume Diffusion flame . G’.® SEM 2,04 - [77]
Fuel o}l Plume Diffusion flame N SEM 1,88 - [ZZ
Polymer Plume Turbulent diffusion‘fl‘aﬁ‘ns) 2D TEM 1,74-1,78 2,63-2,84 [61]

Wood Plume Diffusion fLa{(e)\b SEM 2,35 - [77]
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Annex B
(informative)

Adsorption of combustion gases on particles

Weak chemical forces can lead to the adsorption of toxic combustion gases on the surface of soot particles
and the addition of these gases to aerosol droplets. Inhalation of the aerosol provides a mechanism for

the transport of the toxicants past the body’s defences, as described further in Annex C.

Carbpnaceous soot particles have a behaviour similar to activated charcoal, which isinwidespread use

asagas/vapour adsorber. The structure of these particles is porous, with a large surface ofteg
mainly of aromatic rings. The pi electrons of these aromatic rings can produce-an electros
and flacilitate the formation of van der Waals bonds. Because of the relatively large surface ¢
particles, the quantities of combustion gases that can be adsorbed are considerable.

n composed
tatic charge
irea of these

The adsorption of species on carbonaceous soot particles occurs with\adow thermodynanpic enthalpy,

i.e. the bonds are weak. The strength of the bonding is dependent ontemperature and press
adsofbed initially can be re-released readily if the temperaturedncreases, if pressure dec
the presence of a solvent with greater affinity for the adsorbed-speécies than the soot. This dy
can e characterized by adsorption isotherms and isobars (and isosteres), which show the
between the forces between the particles and adsorbed)species with respect to temp
pressure changes. However, as a practical matter, these’plots are difficult to establish exp
particularly when considering gases and particles infire effluents.

The first layer of gas adsorbed at the surface of the particle is the known as the Langmuir |
the dnly layer present for non-porous media and for surfaces with micropores smaller than
entirfe adsorbed content can normally be recovered.

For spolids with macropores (over 25 nin), there can be many layers of molecules adsorbed.
can be expressed in terms of adsorbed gas volume plotted against pressure. Examples
single layer, macroporous adsorbant aerosol and polar aerosol are presented in Figure B.1.
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Figure B.1 — Examples of adsorption isotherms on non-porous, macroporous and polar aerosol
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Po is the saturating vapour pressure of the adsorbed gas and p its partial pressure of the gas. The
quantity of gas adsorbed by a given quantity of aerosol is described by the Freundlich equation for
monolayer Langmuir adsorption. The Freundlich equation is:

X _gophn VoK. pin
m
where
X is the mass of adsorbed gas,
m .D t}u: II1d 595 Uf adoux ]lJClllt aCl UDU},
%4 is the adsorbed volume,

K and npre dimensionless constants that are characteristic of the adsorbant/gas pairThese values
are dependent on the temperature and are determined experimentally,

n is between 1 and 2.

For multilayer adsorption, Brunauer, Emmet and Teller proposed in 1935 a madel where there are multiple
adsorption lpyers after the first one. The relation they established is knowf as a BET isotherm and allows
calculation ¢f the volume of species adsorbable on the surface. A BET430therm is defined as follows|

Vocp
(b0 --p)[1+(c_1)[%0 ﬂ

Vi is the volume adsorbed on a layer,

V=

where

¢ isalconstant specific to the aerosol/gas pair.

The graphicpl representation of this relation is a straight line, as shown in Figure B.2.
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