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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
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ribed in the ISO/IEC Directives, Part 1. In particular the different approval criteria needed for the
Fent types of ISO documents should be noted. This document was drafted in acéordance with the
rial rules of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).

Attention is drawn to the possibility that some of the elements of this documént may be the subject of
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The main changes compared to the.previous edition are as follows:

— ]

it rights. ISO shall not be held responsible for identifying any or all sueh-patent rights. Details of
atent rights identified during the development of the document will be in the Introdug¢tion and/or
e [SO list of patent declarations received (see www.iso.org/patents).

frade name used in this document is information given for the-éonvenience of users gnd does not
[itute an endorsement.

Ain explanation on the voluntary nature of standards, the meaning of ISO specifi¢ terms and
pssions related to conformity assessment, as well ‘as’information about ISO's adherence to the
d Trade Organization (WTO) principles in the Technical Barriers to Trade (TBT) see the following
www.iso.org/iso/foreword.html.

document was prepared by Technical Comuinittee ISO/TC 92, Fire safety, Subcommittge SC 3, Fire
t to people and environment.

third edition cancels and replaces the'second edition (ISO 19703:2010), which has been technically
ed.

edundant symbols havé been deleted;

issing symbols have been added;

nits of some S§ymbols in formulae and tables have been corrected to conform with [the ISO/IEC
irectives, Patt 2;

nnecessary formulae have been deleted;

jstakes in formulae have been corrected.
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Introduction

It is the view of committees ISO TC 92/SC 3, ISO TC 92/SC 4, and IEC TC 89 that commercial products
should not be regulated solely on the basis of the toxic potency of the effluent produced when the
product is combusted in a bench-scale test apparatus (physical fire model). Rather, the information that
characterizes the toxic potency of the effluent should be used in a fire risk or hazard assessment that
includes the other factors that contribute to determining the magnitude and impact of the effluent. It is

intended that the characterization of

a) the apparatus used to generate the effluent, and

b) the efflfient itself

be in a form

As describe
of a person {
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usable in such a fire safety assessment.

1 in ISO 13571, the time to incapacitation in a fire is determined by the integrated expq
o the fire effluent components. The toxic species concentrations depend.on both the yj
bnerated and the successive dilution in air. The former are commonly obtained us
apparatus (in which a specimen from a commercial product is burnied) or a real-scal
ommercial product. These yields, expressed as the mass of effluent component per

umed, are then inserted into a fluid mechanical model which)estimates the rate o
h, transport and dilution of the effluent throughout the building as the fire evolves.

nat has been demonstrated to produce yields comparable to those produced when th
urned. In addition to depending on the chemical composition, conformation and phy
f the test specimen, toxic-product yields are sensitive to the combustion conditions i
hus, one means of increasing the likelihood that the yields from a bench-scale apparaty
o operate it under combustion conditions similar to those expected when the real prq
scribed in ISO 19706, the important conditions include whether the fuel is flaming or

f toxic gases, the combustion efficiency and the equivalence ratio are likely to be sens
her in which the test specimen is sampled from the whole commercial product. T
culty or alternative ways.of obtaining a proper test specimen. That is not the subijg
bnt, which presumes.that a specimen has been selected for study and characterize
conditions and thesyields of effluent species for that specimen.

perimental fires-in which time-resolved data are available, the methods in this docu
bed to produce-€éither instantaneous or averaged values. The application can be influg
in the chemistry of the test specimen during combustion. For those fire tests limit
me-averaged gas concentrations, the calculated values produced by the methods in
e limited to being averages as well. In real fires, combustion conditions, the fuel chem|
hposition of fire effluent from many common materials and products vary continu
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heering analysis to produce accurate results, it is preferced that the yield data come from an
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degree of flame extension, the fuel/air equivalence ratio and the thermal environment.
Similarly, thiese parameters should be known fota real-scale fire test.
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correspond to the yields in a given real fire has much to do with the stage of the fire, the pace of fire

developmen

t and the chemical nature of the materials and products exposed.

This document provides definitions and equations for the calculation of toxic product yields and the fire
conditions under which they have been derived in terms of equivalence ratio and combustion efficiency.
Sample calculations for practical cases are provided.

Vi
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Generation and analysis of toxic gases in fire — Calculation
of species yields, equivalence ratios and combustion
efficiency in experimental fires

1 Scope

This
condiitions under which they have been derived in terms of equivalence ratio and combustia
Samjple calculations for practical cases are provided. The methods are intended to.be useq
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in reduced scale apparatus,

Normative references

Terms and definitions

ocument provides definitions and equations for the calculation of toxic product yieldg

r instantaneous or averaged values for those experimental fires in which time-resoly
able.

document is intended to provide guidance to fire researchers for
ecording appropriate experimental fire data,

alculating average yields of gases and smoke in fire effluentsin fire tests and fire-like

haracterizingburning behaviourin experimental firesin'terms of equivalence ratio and
fficiency using oxygen consumption and product generation data.

document does not provide guidance on the operating procedure of any partic

following documents are referred to in the text in such a way that some or all of t
fitutes requirements of thistdocument. For dated references, only the edition cited
ted references, the latest edition of the referenced document (including any amendme

3943, Fire safety — Vocabulary

he purposesof this document, the terms and definitions given in ISO 13943 and the foll

nd IECmaintain terminological databases for use in standardization at the following g

3

appajratus or interpretation of data obtained therein (e.g. toxicological significance of resu

and the fire
n efficiency.
| to produce
ved data are

combustion
combustion
ar piece of

s).

heir content
applies. For
hts) applies.

bwing apply.

ddresses:

]

E€Electropedia: available at http://www.electropedia.org/

I

3.1

SO Online browsing platform: available at http://www.iso.org/obp

mass concentration of gas
mass of gas per unit volume

Note 1 to entry: The mass concentration of a gas shall be derived directly from the measured volume fraction and
its molar mass or measured directly.

Note

© ISO

2 to entry: Mass concentration is typically expressed in units of grams per cubic metre.
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ntration of particles

mass of solid and liquid aerosol particles per unit volume

Note 1 to entry: Mass concentration of particles is typically expressed in units of grams per cubic metre.

3.3

molar mass
mass of 1 mole

Note 1 to entry: Molar mass is normally expressed in units of grams per mole.

34

recovery of
(in a specif
correspondi

Note 1 to ent

3.5

relative atd
average ma
(isotope 12Q

3.6
stoichiome
amount of o

Note 1 to ent]
gram or Kkilog

3.7
uncertaint)
uncertainty;
parameter, 4
that could r4

Note 1 to emtry: The description and propagation of uncertainty in measurements are described in

IEC Guide 98

[SOURCE: I§
measureme
the original

3.8
expanded y
quantity de

element
ed combustion product) degree of conversion of an element in the test spécimen

ng gas

Fy: It is the ratio of the actual yield to notional yield of the gas containing that element.

mic mass
5s of one atom of an element divided by one twelfth of the mass of one atom of cg

)

fric oxygen-to-fuel mass ratio
kygen needed by a material for complete combustipn

ry: Stoichiometric oxygen-to-fuel mass ratio is typically expressed in units of grams of oxyge
ram of burnt material.

I
of measurement

issociated with the result of a measurement, that characterizes the dispersion of the v
pasonably be attributed to the measurement

3[24].

0/IEC Guide 98-3:2008, 2.2.3, modified—The term has been changed from “uncertain
t)” to “uncertainty”; “uncertainty of measurement” has been added as an admitted ¢
Notes 1, 2 and-3to entry have been deleted and a new Note 1 to entry has been added.

ncergainty
ining'an interval about the result of a measurement that may be expected to encomp

to a

rbon

n per

hlues
1S0/
'y (of

erm;

ass a

large fracti

n of the distribution of values that could reasonably be attributed to the measuremen

Note 1 to entry: Adapted from ISO/IEC Guide 98-3:2008, 2.3.5.
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4 Symbols and units

Table 1 — Symbols

ISO 19703:2018(E)

Symbol Quantity Typical unit
A extinction area of smoke square metre
Agror Asga | specific extinction area of smoke per unit mass of material burned square metres per gram
or square metres per
kilogram
Dwmo mass optical density (log1o analogue of Asga) square metres per gram
OT SQUAre meqres per
kilogram
FRE recovery fraction of element E in gas containing E dimenstenles$
AHy4de measured heat release in a combustion kildjoules per|gram
AH, net heat of combustion or enthalpy generated in complete combustion{kilojoules per|gram
I/1y fraction of light transmitted through smoke dimensionles$
L is the length of the light path through the smoke metre
MAE relative atomic mass of the element E dimensionless
Mg mass fraction of element E in the material dimensionless
Mfye mass of fuel gram
Mgas total mass of the gas of interest gram
Mm lpss total mass loss of material gram
mm,loss material mass loss rate grams per mihute
mo,att actual mass of oxygen available for combustion gram
rhO,al:t actual mass flow of oxygen available for combustion grams per mipute
mo,stoich stoichiometric mass of oxygeniequired for complete combustion gram
Mparj total mass of particles gram
Mgas molar mass of the gas.of interest grams per male
Mpoly molar mass of the pelymer unit grams per mdle
ng number of atomSs of element E in one molecule of gas dimensionles$
nE pdly number of atenis of element E in the polymer unit dimensionles$
Pamb ambientpressure kilopascal
Pstd standard pressure 101,3 kPa
Tc thérmodynamic temperature of the gas of interest at the point of kelvin
measurement
%4 volume of chamber cubic meter
Vet total volume of fire effluent cubic metre
Vair volume air flow cubic metres per minute
WO,cons measured mass fraction of oxygen consumed per unit mass of fuel dimensionless
Wo,der derived mass fraction of oxygen consumed per unit mass of fuel dimensionless
W0ex,poly mass fraction of oxygen in polymer that contributes to the formation |dimensionless
of oxygen-containing products
W0, gases mass fraction of oxygen consumed in the form of the major oxy- dimensionless
gen-containing products (Wo,co2 + Wo,co + Wo,H20)
WO,poly mass fraction of oxygen in the polymer dimensionless
Ygas measured mass yield of gas of interest dimensionless
Ypart measured mass yield of smoke particles dimensionless
a linear decadic absorption coefficient (or optical density) inverse metre

© ISO 2018 - All rights reserved
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Table 1 (continued)

Symbol Quantity Typical unit
ak light extinction coefficient inverse metre
X combustion efficiency dimensionless
Xcox combustion efficiency calculated from the generation efficiency of dimensionless
carbon in the fuel to oxides of carbon
X0 combustion efficiency calculated from oxygen depletion dimensionless
Xprod combustion efficiency calculated from the oxygen in the major com- |dimensionless
bustion products
¢ equivalence ratio dimensionless
n generation efficiency for oxides of carbon dimensionless
Pgas volume fraction of the gas of interest dimensionless
®o volume fraction oxygen in the air supply (0,209 5 for dry air) dimensianless
Pgas mass concentration of the gas of interest grams per cubic metrg
Pm,loss mass loss concentration of the material gifams per cubic metrg
P 0,act actual mass concentration of oxygen available for combustion grams per cubic metrg
Ppart mass concentration of the smoke particles grams per cubic metrg
Om,a mass specific extinction coefficient square metres per gram
or square metres per
kilogram
Wgas notional yield (mass fraction) of gas of interest dimensionless
Yo stoichiometric oxygen-to-fuel mass ratio dimensionless
5 Appropriate input data required for calculations
5.1 Datahandling

5.1.1 Undertainty

In calculatipg the fire parameters(described in this document, the uncertainty or error assoc
mponent shall be taken into account and they shall be combined in the correct mann
is derived from aceuracy (how close the measured value is to the true value) and pred
e values agree with each other). There are uncertainties relating to physically meag

with each c
Uncertainty
(how well t
parameters

Assuming a
errorsin ac

(e.g. mass loss'and gas concentrations).

| errors«o,be independent, the total error, 8q, is obtained by summing the squares d

ordanee*with the general Formula (1):

g2 V¥ (8q. Y

jated
erl1].
ision
ured

f the

oq= S —t6r
(80 J LSZ J

In other words, evaluate the error caused by each of the individual measurements, then combine them

by taking th

e root of the sum of the squares.

(M

In empirically derived equations, uncertainties in “constant” values shall be treated similarly to
measurement uncertainties. If a constant is truly constant, i.e. has negligible uncertainty, it can be

neglected.
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Significant figures and rounding off

When recording and reporting data, significant figures shall be handled properly. The general approach
is to carry one digit beyond the last certain one. When rounding off, the typical rule is to round up when
the figure to be dropped is 5 or more and round down when it is less than 5.

5.2

Test specimen information

5.2.1 Composition

Information shall he given where possible on the combustible fraction organic _an

inorganic

coml
or fo

Whe

addi

are g

mor

ustible components, inert components, elemental composition, empirical formula @n
Fmula weight.

Fe the combustible in a fire experiment is a single, homogenous material, perhaps wit
ives, the molecular formula of the material shall be provided. Commercial produc
fenerally non-homogeneous combinations of materials, with each component contai
polymers and possibly multiple additives. For complex materials representative of

[

q

products, the yields, effective heats of combustion, etc. vary with time~ as the various

become involved. For some of the following (global) calculations,%a ‘simplification is th
empirical formula for the composite.

5.2.2 Net heat of combustion

The net heat of combustion for combustible components shall be required for some of the
(e.g. pombustion efficiency).

5.3 | Fire conditions

5.3.1 Apparatus

Give [the name of the apparatus with(a brief description of mode of operation (e.g. flow-thr
state, calorimeter and closed chamber system). Refer to the appropriate standard or oth
relating to the procedure.

5.3.1 Set-up procedur¢

The fire conditions aresgenerally apparatus-dependent and largely dictated by the set-up p
the garticular appdratus. The following information shall be required:

a) fest specimen details, its mass, dimensions and orientation of the combustible;

b) thermalenvironment, in terms of the temperature (expressed in degrees Celsius) an

)

(iexpressed in kilowatts per square metre) to which test specimen is subjected;

d molecular

h dispersed
s, however,
ning one or
commercial
components
e use of an

calculations

ough steady
br reference

rocedure for

 irradiance

NOTE The temperature distribution and the radiation field in a test are frequently not un
a result, are rarely well documented. Sufficient information about the thermal and radiative

iform and, as
conditions is

intended to allow another person to reproduce the results using the same apparatus, compare the results

with results for the same specimen tested in another apparatus, etc.

oxygen concentration in the air supply (volume percent or volume fraction);

d) volume of chamber or air flow. For a closed system, give the air volume (expressed in litres or cubic
metres) and for an open system, give the air flow (expressed in litres per minute or in cubic metres
per minute) and the dynamics of the flow. In both cases, give information on the atmospheric

mixing conditions and the degree of homogeneity of the fire effluent.

© ISO 2018 - All rights reserved
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5.4 Data collection

5.4.1 Data acquisition

Time-resolved data or time-integrated data may be acquired. The method of data acquisition shall be
specified in the test protocol.

5.4.2 Measured data and observations

Most of the followmg data parameters shall be used to calculate yields, equivalence ratlos and
combustion e )
the operatignal procedure assoaated with a partlcular piece of apparatus The following are a tumber
of suggested typical units:

a) mass logss of the test specimen, derived by measuring the test specimen mass befére and jafter
test to give overall mass loss (expressed in milligrams, grams or kilograms) or miass loss fraption
(expresfed in mass percent, grams per gram or kilograms per kilogram), or'by measuring the
specimén mass throughout a test to give mass loss rate (expressed in milligrams per second, grams
per minute or kilograms per minute);

b) gas and vapour concentrations and oxygen depletion (expressed in'volume percent, volume
fraction, microlitres per litre, milligrams per litre or milligrams per.€ubic metre);

c) smoke particulate concentration (expressed in milligrams perlitre or milligrams per cubic mietre)
and smg@ke obscuration (expressed in optical density per metre or square metres per kilograny);

d) heatrelpase (expressed in kilojoules per gram), used to.calculate combustion efficiency, formg part
of the pfotocol for some apparatuses;

e) combustion mode, time to ignition (expressed in-minutes or seconds) and whether the specimen
flames ¢r not throughout the test.

6 Calculation of yields of fire gases.and smoke, stoichiometric oxygen-to-fuel
mass ratip and recovery of key elements
6.1 Calculation of measured.yields from fire gas concentration data

In experimgntal fires, the mass yield, Ygas, of a gas shall be calculated from the measured mass
concentratign of the gas of interest and the mass loss concentration of the material in accordancefwith
Formula (2)|(see NOTES<};-2 and 3):

D

YVpos = _1eas 2)
& Plm,1d5s
where

Pgas  is the mass concentration of the gas;
Pm,loss 1S the mass loss concentration of the material.

Alternatively, Ygas shall be calculated from the total mass of gas generated and the total mass loss of
material in accordance with Formula (3):

m

__gas
Vg =B 3)
mm,loss
where

6 © ISO 2018 - All rights reserved
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Mmgas  is the total mass of the gas;
Mm loss 1S the total mass loss of the material.

NOTE1 These calculations can be derived from instantaneous data or from data which assumes that the
gases are uniformly dispersed in a certain volume and that this volume is the same one in which the lost sample
mass is (evenly) dispersed. If the dispersion is not uniform, the equations still work if the lost mass and the gas
in question are dispersed equivalently. If a combustion gas is prone to surface losses within the apparatus, the
apparent yield depends on where the concentration is being measured.

NOTE 2 In flow-through devices, the total effluent is generally well mixed at some distance downstream. For
closed-box combustion systems, it is not necessarily so, especially if there are large molecular weight differences
and large thermal gradients. If multiple fuels are involved, only some averaged combined yield can.be calculated.

NOTE 3 In setting up these calculations, uncertainties relating to lost sample mass/fluctustions in the
measjured concentration, etc. occur.

The uncertainty shall be monitored. The calculated yield shall take account‘\of and combine these
unceftainties, enabling a sound basis for comparing yields under different combustion conditions,
comparing yields from different materials and so on.

Whilst concentrations of the specific gas are most often neasured in volume fractions,
Formulae (4) and (5) show how to convert the volume fraction of@ gas to its mass concentrption:

M

Peas = Peas™ s, a1a dria13S ol t 273T’2 = 101%;? kPa @
whertte

Pgas is the mass concentratiof of the gas;

Pgas is the volume fraction of the gas;

Mgas is the molarmass of the gas;

Tc is the thermodynamic temperature of the gas at the point of measijirement;

Pamb is thejambient pressure;

273,15K is the standard thermodynamic temperature;

101,325 kPa is the standard pressure;

22,414 dmi3'mol-1  is the molar volume of an ideal gas at standard temperature and pressure.
Thuyg, for fire effluent at 20 °C and standard pressure, Formula (4) simplifies to Formula (5):
M

e (5)
895 B )4 055dm3 -mol !

EXAMPLE The calculations for a well-ventilated fire atmosphere where mass loss concentration of the
material is 25 g'm-3 and the volume fraction of carbon monoxide (CO) is 0,125% (or 0,001 25) at 20 °C are shown

in Formulae (6) and (7):

-1

Peo=0,00125x— 2B 001456g.dm~3=1,456g-m "> ©)
24,055dm" -mol ™

Y., =1,456g-m > /25g-m™>=0,0582 (7)

where

© ISO 2018 - All rights reserved 7
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pco

Yco

28,01 g'mol-1

:2018(E)

is the mass concentration of CO;

is the mass yield of CO (mass of CO per unit mass of material);

is the molar mass of CO.

The relative atomic mass, molar mass and gas concentration conversion factors for the major fire gases

are listed in

Tables 2 and 3.

Table 2 — Relative atomic mass of key fire gas elementsl[2]

Element Symbol Relative atomic mass?

Carbon C 12,011
Hydrogen H 1,0079
Oxygen 0 15,999
Nitrogen N 14,007
Chlorine Cl 35,453
Bromine Br 79,902
Fluorine 18,998
Sulfur 32,065
Phosphorus 30,973
Antimony Sb 121,76
a  Relative atomic mass values rounded to five significant figures.

Table 3 — Molar masses of common fire gases and volume fraction/mass concentration
conversion factors

Gas or vapour Formula| Molar Gas concentration conversion factors
massa (at 20 °C and 101,3 kPa)
gmol™l 14 Eonvert volume fractionto | To convert concentration|to
concentration, volume fraction,
multiply by density of the gas: | divide by density of the ghs:
Carbon diox]deb COy 44,01 1830 gm-3
Carbon mongpxideb co 28,01 1164 gm-3
Hydrogen cyfanide HCN 27,02 1124 gm-3
Nitrogen dioxide NOg2 46,01 1913 gm-3
Nitrous oxidg N20O 44,01 1831 g.m-3
Nitric oxide NO 30,01 1248 gm3
Ammonia NH3 17,03 708 g.m-3
Hydrogen chlloride HCl 36,46 1516 g.m-3
Hydrogen bromide HBr 80,91 3364 g.m3
Hydrogen fluoride HF 20,01 832 g.m3
Hydrogen sulfide H>S 34,08 1417 gm-3
Sulfur dioxide SO; 64,06 2663 gm3

Example calculations:
If o co=0,01(i.e. 1% or 104 pul/1),mco=0,01 x 1 164 gm-3 =11,64 gm-3.
If myen = 0,281 g'm=3, ¢ yen =0,281 gm=3 /1 124 g¢:'m=3 =0,000 25 (i.e. 0,025 % or 250 pl/1).

NOTE The concentration of a gas equals to volume fraction x density.

a  Molar mass values are rounded to two decimal places.

b C0O2/CO volume ratio equals the CO2/CO mass ratio divided by 1,571.
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Table 3 (continued)

Gas or vapour Formula| Molar Gas concentration conversion factors
massa (at 20 °Cand 101,3 kPa)
g:mol-1 To convert volume fraction to | To convert concentration to
concentration, volume fraction,
multiply by density of the gas: | divide by density of the gas:
Water H-0 18,01 749 g.m-3
Phosphoric acid H3PO4 97,99 4074 gm-3
Acrolein C3H40 56,06 2331 gm-3
Fornfaldehyde CH70 30,03 1248 gmms
Oxygen 02 32,00 1331 g.m-3

NOTE The concentration of a gas equals to volume fraction x density.
Exanpple calculations:
If @ co=0,01 (i.e. 1 % or 104 pl/1), mcp=0,01 x 1 164 gm-3 =11,64 g'm-3.
If ;1 ey = 0,281 gm=3, ¢ yeN =0,281 g'm=3 /1 124 g'm~3 =0,000 25 (i.e. 0,025 % or 250-ul/1).

a  Molar mass values are rounded to two decimal places.

b 02/CO volume ratio equals the CO2/CO mass ratio divided by 1,571.

6.2 | Calculation of notional gas yields

6.2.1 General

The pnotional yields of gases and vapours are a méasure of the maximum theoretical [combustion
product yields. They are based on the composition of the material and are entirely material-dependent.
Two primary methods for calculating notionalyields are described in 6.2.2 and 6.2.3.

6.2.2 From the elemental composition

Provjided the elemental composition of the base material is known (e.g. by elemental apalysis), the
maxjmum possible (notional) yield, Wgas, of fire gas corresponding to each specified element, E, is
calcylated in accordance with Formula (8):

M
7 _ gas
Y gas =MEgX

(8)

nE XmA,E

mg  is:thé mass fraction of element E in the material;

Mgas ™ 1s the molar mass of the gas which is under consideration;

ng is the number of atoms of element E in one molecule of the gas;
mpE is the relative atomic mass of the element E.
EXAMPLE The notional yield, ¥co, of CO from cellulose, (CcH1905)y, is calculated as given by Formula (9):

28,01g-mol !

1x12,011g-mol

=1,038 9)

where
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0,445 is the mass fraction of carbon in the cellulose;

28,01 g'mol-1  is the molar mass of CO;

1 is the number of atoms of carbon in one molecule of CO;
12,011 g'mol-1 is the molar mass of carbon.

Factors for calculating notional gas yields from the elemental composition and derived from the term

M
— 88  in Formula(8), are given in Table 4.

NEXmyg
Table 4 — Factors for calculating notional gas yields from the elemental compositionof
material
Gps or vapour Element E considered in base Factara
Formula Molar mass material
g-mol-1
CO7 44,01 carbon 3,664
Cco 28,01 carbon 2,332
H>0 18,02 hydrogen 8,939
HCN 27,02 nitrogen 1,929
NOy 46,01 nitrogen 3,284
N-20O 44,01 nitrogen 1,571
NO 30,01 nitrogen 2,142
NH3 17,03 nitrogen 1,216
HCI 36,46 chlorine 1,028
HBH 80,92 bromine 1,013
HF 20,01 fluorine 1,053
H>S 34,08 sulfur 1,063
H3Pd4 9798 phosphorus 3,163
SOy 64,06 sulfur 1,998
Acrolein (¢3H40) 56,06 carbon 1,556
Formaldg¢hyde 30,03 carbon 2,500
(CH20)
a  Factor |82 rounded to four significant figures.
ny xmA’E
6.2.3 From the'empirical formula

If the empirical formula of the material is known, the notional yield, ¥gas, shall be calculated from

Formula (10):

oy = N B (10
n M
E poly

where

NEpoly is the number of atoms of element E in the empirical formula;

Mpoly  is the molar mass of the empirical formula.
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(C3Hg) is calculated as shown in Formula (11):

3,,44,01 g-mol !

== T =3,142
1 42,03g-mol”

Co,

where

¥ co,

is expressed in grams of CO2 per gram of polymer;

The notional yield, '}’COZ , of carbon dioxide (CO3) from polypropylene with the empirical formula

(11)

NOTH
by th
by th|
hydr

6.3

The1
of an|

Ygas;
corrg

=

whet

)

6.4

6.4.1

¥gas  is derived from/Formulae (8) to (11);

Tsthremumberof atoms of tarbom imone motecute of €O7;
is the number of atoms of carbon in the polymer unit;
14,01 g'mol-1  is the molar mass of COg;

12,03 g'mol-1  is the molar mass of the polymer unit.
The notional yield of a gas that contains more than one element frém the fuel molecule i
b least prevalent element (other than oxygen). Thus, the notional yieldcof HCN can be most ofte

e nitrogen content of the fuel. However, for a product gas like formaldehyde, it can be either {
gen fraction that provides the criterion, depending on the fuel comiposition.

Calculation of recovery of elements in key products

ecovery fraction of an element in a key combustion‘product (alternatively, the conversi
element in the test specimen to a corresponding gas ) shall be calculated from the med
of the gas of interest relative to its notionaklyield, Wgas. For a material containing ele

bsponds to Formula (12):

E, gas = Ygas/q’gas

(cas is derived from Eormulae (2) to (7);

JE, gas 1S the reCavery fraction or conversion efficiency of element E in gas containing
Calculation of stoichiometric oxygen-to-fuel mass ratio

General

s determined
n determined
he carbon or

bn efficiency
sured yield,
ment E, this

(12)

E.

Stoic

formetric oxygen-to-fuet ass Tatio 15 the armourt of OXygen needed by a Imateriat

or complete

combustion. Its derivation is somewhat more complex than notional gas yields and should be calculated
by one of the three primary methods as described in 6.4.2 to 6.4.4.

6.4.2 From the chemical equation for complete combustion

6.4.2.1 For fuels containing C, H, O, for complete combustion to carbon dioxide and water

For the complete combustion of fuels containing C, H, O, the products only consist of CO; and gaseous
H70. For organic fuels which contain oxygen, the requirement of oxygen from air for complete

© ISO

2018 - All rights reserved
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combustion is less than for those which do not contain oxygen. For a polymer with the general formula
CqHpO, Formulae (13) to (15) apply:

CygHpO + 202 = aCO2 + b/2 H20 (13)
and
2a+(b/2)—c
, - 2a+(b/2)-c (14)
2
where

z  isthe (stoichiometric) number of moles of O; required for complete combustion of one mol€of C;HpO¢;
a is the number of atoms of carbon in C4HpOg;
b  isthe number of atoms of hydrogen in C;HpO0,;
¢ isthe number of atoms of oxygen in C,HpO,.

The stoichigmetric oxygen-to-fuel mass ratio required for complete combustion is then calculated [from
Formula (15):

z%32,00
p = 213200 (15)
M ooty
where
Yo is the stoichiometric oxygen-to-fuel mass ratio, expressed in grams of oxygen| per

gram of polymer;

32,00 gqmol-1  is the molar mass of oxygeh.

EXAMPLE The stoichiometric combustion equation for polymethyl methacrylate (PMMA) is given by
Formulae (1€4) and (17):

C1,0H1,690,4 + 1,20 02 - CO2 + 0,80 H20 (16)

'Pozl—'zggi?)#:l,‘)w 17)
where

1,0 is'the number of atoms of carbon in C1,0H1,600,4;

1,6 1s the number of atoms of hydrogen in C1,0H1,600,4;

0,4 is the number of atoms of oxygen in C1,0H1,600,4;

1,20 is the (stoichiometric) number of moles of O3 required for complete combustion of one

mole of C1,0H1,600,4;

1,918 isthe calculated stoichiometric oxygen-to-fuel mass ratio of PMMA, expressed in grams
of oxygen per gram of PMMA.
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6.4.2.2 For fuels containing hetero-elements

For the complete combustion of fuels containing (organically-bound) elements in addition to C, H and O,
it is assumed that nitrogen generates gaseous Ny, halogens generate gaseous acid gases (HCI, HBr, etc.)
and sulfur generates gaseous SOy.

Combustion equations for this type of test material are more complex because, for example, hydrogen
from the material is used to form acid gases as well as water and sulfur consumes oxygen to form
SO2. For a halogenated material with the general formula of C4HpO0cNgCleBrfFgSp, the equation for
stoichiometric oxygen-to-fuel mass ratio is given by Formula (18):

20+ 2h—et{h—e—f 2

)
A= ’ . (18)

N

wherte

74 is the (stoichiometric) number of moles of O3 required for complete combustion of pne mole of

¢ is the number of atoms of carbon in CqHpO:NgCleBrsFgSp;

b isthe number of atoms of hydrogen in CqHpONgCleBrFsSp;
¢ isthe number of atoms of oxygen in CqHpONgCleBrFgSp;

q is the number of atoms of nitrogen in CqHpOcNgCleBrFgSp;
¢ is the number of atoms of chlorine in CgHpQNyCleBrgFgSp;
/| is the number of atoms of bromine in CGHpO0:NgCleBrsFgSp;
g is the number of atoms of fluoring in"CqHpO0cNgCleBrFgSp;

h is the number of atoms of sulphur in CgHpOcNgCleBrgFgSh.

EXANPLE The stoichiometric eomnbustion equation for unplasticized polyvinyl chloride (C2H3(l) is given by
Formulae (19) to (20):

(JpH3Cl + 2,5 02 - 2C0O7 ) H20 + HCI (19)
and
2,5%32¢00
= ~1,280 20
07 <825 (20)
where
2,5 is the (stoichiometric) number of moles of O; required for complete combustion of

one mole of CoH3Cl;
62,5 g'mol-1 is the molar mass of C2H3Cl;

1,280 is the calculated stoichiometric oxygen-to-fuel mass ratio for C2H3Cl, expressed in
grams of oxygen per gram of C2H3Cl.

6.4.3 From the net heat of combustion, AH,

It has been empirically determined that when a material burns, for every gram of oxygen consumed,
the heat released is approximately 13,1 kJ-g-1 (accurate to +5 %)[3]. Thus, if the net heat, AH,, generated
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in complete combustion is known (e.g. as measured by bomb calorimetry), the stoichiometric oxygen-
to-fuel mass ratio shall be calculated as given by Formula (21):

Yo=AH/13,1 (21)
where
AH. is the net heat or enthalpy per unit mass of fuel consumed, generated in complete combustion.

EXAMPLE

[t assumes that any water produced is in the gaseous state.

The calculation for pn]vc‘l’vrnnp isshown in Formnla (22]-

Yo =39,

where

39,2 K] 4

2,99

NOTE Fr

6.4.4 Fro

There is a |
mass ratio (
coefficient, |

l1"O,poly 3

where

mc
3,87 an
EXAMPLE

Yo =(0,

where

2/13,1=2,99

b-1  is the net heat of complete combustion for polystyrene;

is the calculated stoichiometric oxygen-to-fuel mass ratio for\polystyrene, expres
in grams of oxygen per gram of polystyrene.

om its chemical composition, ¥ for polystyrene is 3,07 g-g~1.

m the carbon content of the material

ess accurate correlation between the carbon:content and stoichiometric oxygen-td
f polymeric materials empirically derived frem the carbon content where the correl
R2,is 0,933, as shown in Formula (23):

(mc x 3,87) - 0,339 9

is the mass fraction of carbon in the material;
1 0,339 9 are empirigally-derived mathematical coefficients.
The calculationforpolymethyl methacrylate is given by Formula (24):
b0 x 3,87) - 03399 =198

0,60

(22)

sed

-fuel
htion

(23)

(24)

isthe mass fraction of carbon in PMMA;

1,98

NOTE

is the calculated stoichiometric oxygen-to-fuel mass ratio for PMMA, expressed in grams

07 per gram of PMMA.

From its chemical composition, %o for PMMA is 1,918 g-g-1.

The step-wise procedures for calculating notional gas yields and stoichiometric oxygen-to-fuel mass
ratio for a polymer containing C, O, H and X and for polyamide using chemical equation methods are
summarized in Table 5.

Three methods for calculating stoichiometric oxygen-to-fuel mass ratio for selected polymers are
compared in Table 6.
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Notional gas yields and stoichiometric oxygen-to-fuel mass ratio derived for a number of common
polymers are listed in Tables 7, 8 and 9.

Table 5 — Example calculations for notional gas yields and stoichiometric oxygen-to-fuel mass
ratio for a polymer containing C, O, H, X and for polyamide using chemical equation methods

Polymer

Empirical formula

Contains C, H, O, X
CqHpOcXy

Polyamide
C12H2202N2

(C1H1,8300,17No,17)P

Molar mass of polymer

(12 xa) + (1 xb) + (16 x c) + (mpx x d)2

(12 x 12) + (1 x 22) + (16 x 2) + (14 x 2) =

-to-fuel mass ratio of
polymer
poly, grams per gram

MPU}J grams 226
(= 18,83 relative to each,f atom)
Notional yield CO; a/l x 44/Mpely 12 x44/226 = 2,336 g-g1
bd [0, » §Fams per gram
Notional yield CO a/1 x 28/Mpoly 12 x 28/226 =1,487 gg-1
Yco, grams per gram
Notional yield H,0 b/2 x 18/Mpoly 22/2% 18/226 =0,876g-g -1
'PIHZO , grams per gram
Stoichiometric oxy- (2a+b/2-0)/2 (24 + 11 - 2)/2 = 16,5|mol
gen-to-fuel mass ratio,
z moles 03¢
Stoichiometric oxy- zmol x 32/Mpoly 16,5 x 32/226 = 2,336 g-g -1

na,x is the relative atomic mass of the element X, expressed in grams per mole.

b Hmpirical formula re-based to one carbon atom.
¢ This assumes that nitrogen in the material is converted to N3. In practice, a small proportion is convertg¢d to nitrogen
prodficts containing hydrogen or oxygen. The exroris considered to be small.
Thable 6 — Examples of stoichiometric oxygen-to-fuel mass ratio derived by three methods
Stoichiometric oxygen -tg-fuel mass
ratio of polymer, ¥
Mass 1Y g.g—l ,poly
Gemeric polvmer tvpé Empirical AH.ab.c fraction of
poly yp formula kJ-g-1 carbon in . From | From
polymer mc | € ement? From AHd carbon
composi- contente
tion

Polyethylene CoHy 43,1to 43,6 0,857 3,420 3,29 to 3,32 2,98
Polystyrene CgHg 39,2t0 39,9 0,923 3,080 2,99 to 3,05 3,23
Polymethylmethacrylate CsHgO- 249 to 25,2 0,600 1,920 190to0 192 1,98
Polycarbonate C16H1403 29,7 to 29,8 0,754 2,260 2,27 2,58
Polyethylene terephtha- C10HgO4 21,3t0 22,0 0,625 1,665 1,63 to 1,68 2,08
late
Polyester, unsaturated Cs,77H6,2501,63| 20,3 to 28,5 0,682 2,051 1,55t0 2,18 2,30
Polyvinyl chloride CoH3Cl 16,4 to 16,9 0,384 1,280 1,25t0 1,29 1,15

a
b
c
d

e

Reference [4].
Reference [5].

Reference [6].

Calculation uses 13,1 as a divisorl[3].

From empirical correlation derived from data given in References [4],[5] and [6]; see Formula (23) where
%o,poly = (mc x 3,87) - 0,339 9 and RZ = 0,933.

© ISO 2018 - All rights reserved
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Table 6 (continued)
Stoichiometric oxygen -to-fuel mass
ratio of polymer, ¥,
Mass P g,§_1 O.poly
Generic polvmer tvpe Empirical AHabc fraction of
poly yp formula kJ-g-1 carbon in From From
polymer mc element?l From AH.d carbon
composi- contente
tion

Polytetrafluoroethylene CoF4 6,2 to 5,00 0,240 0,640 0,473 0,59
Polyacrylonitrile C3H3N 30,8to0 31,0 0,679 2,270 2,35t0 2,37 2,29
Polyamide CeH11NO 29,5 to 30,8 0,637 2,330 2,25t0 2,35 2,13
Polyurethange foam, rigid | C6,3H71NO21 | ~27 to 22,7 0,662 2,100 2,06to0 1,73 2,27
Polyurethanje foam, — 23,2to 31,6 — — 1,77 to 2,41 —
flexible
Wool — 20,7 to 26,6 — — 1,58 t0-2,03 —
Cellulosics (¢.g. pine- CH1,700,83 16,0 to 20,4 0,445 1,197 1,22yto 1,56 1,39
wood)
a  Referenc¢ [4].
b Referencg [5].
¢ Referenc¢ [6].

d  Calculatign uses 13,1 as a divisorl3l.

e  From enjpirical correlation derived from data given in Referenees [4],[5] and [6]; see Formula (23) where

Wo,poly = (mc ¥ 3,87) - 0,339 9 and R2 = 0,933.
Table 7 — Notional gas yields and stoichiometri¢’‘oxygen-to-fuel mass ratio for common
polymers
containing C, H, O; in the structure
Notional gas yieldsP
. Empirical | Mass fraction
Matlerial ¥Poa ¥Ycoz ¥co
formula of carbon in

polymer mc ggl ggl ggl

Polyethyleng CH» 0,857 3,421 3,140 2,000
Polypropylene CH> 0,857 3,421 3,140 2,000
Polystyrene CH 0,923 3,070 3,380 2,150
Polymethylmethacrylate CH1,600,40 0,600 1,920 2,200 1,400
Cellulose CH1,700,83 0,445 1,197 1,630 1,040

a  Stoichion

etric gxygen-to-fuel mass ratio, Yo, (used to calculate the equivalence ratio, ¢) has been calculated frofn the
chemical composition of the polymer and the equation for complete combustion.

EXAMPLE 1 Staichiometric oxygen-to-fiiel mass ratio for complete combustion of polyethylene:

CHz+1,5

Wo=2,34

07 =CO2 + H20;

14,03 g + 48,00 g—48,00/14,03;
Yo=3421ggl

EXAMPLE 2 Stoichiometric oxygen-to-fuel mass ratio for complete combustion of polyester:
CH1,400,22 + 1,240 = CO, + 0,7 H,0;
16,92 g + 39,70 g—39,70/16,92;

6g-gl

b Notional gas yields, expressed in grams per gram: ¥ o, =mcx 3,67

Yeo=me x 2,33,

¢ Thevalues given in this table are examples only and not necessarily characteristic of the whole family of polymers.

16
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Table 7 (continued)
Notional gas yieldsb
. Empirical | Mass fraction
Material ¥oa ¥coz ¥Yco
formula of carbon in
polymer mc ggl ggl ggl
Viscose CH1,700,83 0,44,5 1,197 1,630 1,040
Polyesterc CH1,400,22 0,709 2,340 2,600 1,650
Polyethylene terephthalate| CHg,8000,40 0,625 1,667 2,292 1,458
Polycarbonate CHo,8800,19 0,754 2,260 2,760 1,760

a  {toichiometric oxygen-to-fuel mass ratio, Yo, (used to calculate the equivalence ratio, ¢p) has been calgulated from the
chemjical composition of the polymer and the equation for complete combustion.

EXAMPLE 1 Stoichiometric oxygen-to-fuel mass ratio for complete combustion of polyethylene:
[Hy + 1,5 02 = CO2 + H0;

4,03 g+ 48,00 g—48,00/14,03;

Po=3421ggL.

EXAMPLE 2 Stoichiometric oxygen-to-fuel mass ratio for complete combustion of polyester:
[H1,400,22 + 1,240, = CO2 + 0,7 H20;

6,92 g+ 39,70 g-39,70/16,92;

o = 2,346 g-g-1.

b Notional gas yields, expressed in grams per gram: ¥ o, =meX3,67;
Yco=mox 2,33.

¢ The values given in this table are examples only and not necessarily characteristic of the whole family of|polymers.

[Fable 8 — Notional gas yields and stoichiometric oxygen-to-fuel mass ratio for common
polymers
containing C, H, O, N in the structure

Notional gas yieldsd
Material  |Empirical formulaa #ob ¥ co, ¥co ey | ¥no,
mc my
g.g—l g.g—l g.g—l g.g—l g.g—l

Polyljacryloni- CHNG,33 0,681 0,264 2,270 2,500 1,590 0,510 0,870
trile
PAN
Polyamide CH1,800,17No,17 0,637 0,126 2,330 2,330 1,480 0,240 0,415
Polyprethane CH1,800,35N0,06 0,593 0,042 2,010 2,170 1,380 0,080 0,140
foamny, flexible
Polyprethane CH1,200,22No,10 0,662 0,077 2,100 2,430 1,545 0,150 0,250
foan,rigid

a  The values given in this table are examples only and not necessarily characteristic of the whole family of polymers.

b Stoichiometric oxygen-to-fuel mass ratio, ¥o, (used to calculate equivalence ratio, ¢) has been calculated from the
chemical composition of the polymer and the equation for complete combustion.

¢ Approximate values for wool.
d  Notional gas yields: ‘PCOZ =mc x 3,67;
WYeo=mc x 2,33;

WHen = my x 1,93;

'}INOZ =mMmp X 3,29.

© ISO 2018 - All rights reserved 17


https://standardsiso.com/api/?name=b318ff5d131f8b87957df59e12fe0ea5

ISO 19703:

2018(E)

Table 8 (continued)

Notional gas yieldsd
Material Empirical formulaa Yob llucoz ¥co YHeN ¥ no 2
mc my
ggt | &gl | ggl | ggl | sg!
Polyisocya- CH1,000,19N0,11 0,682 0,088 2,100 2,430 1,545 0,171 0,286
nurate foam,
rigid
Aramid fibres CHo,7100,14N0,14 0,710 0,118 2,094 2,600 1,650 0,230 0,390
Woolc €Hrsz00 3N Z7ST 03T 049t N="0;155T—1596 1,866 1145 8,299 6490
S=0,039
0=0,249

a  The valug

b Stoichion
chemical com

bosition of the polymer and the equation for complete combustion.

s given in this table are examples only and not necessarily characteristic of the whole familyef pelymer

etric oxygen-to-fuel mass ratio, ¥p, (used to calculate equivalence ratio, ¢) has been.dalculated froy

12)

n the

¢ Approxinjate values for wool.
d  Notional gas yields: ¥ o, =mcx 3,67
Yeo =mg % 2,33;
Phen =my x 1,93;
lI’NO2 =mp X 3,29.
Table 9 — Notional gas yields and stoichiometric oxygen-to-fuel mass ratio for common
polymers containing C, H, O, Xin'the structurea
Notional yieldsf
Matdrial ng{:&izl mc mc| mg Yob | o Yco Yuar | Yur
g.g_l 2 g.g_l g-g_l g-g_l
Polyvinyl chloride (PVC)| CHq,5Clo,50 | 0,384 |~0,567 — 1,280 | 1,410 | 0,895 | 0,585 =
Polyvinyl chloride CH1,5Clo,50 +| 0596 0,28 — 1,917¢ | 2,060 | 1,300 | 0,290 —
plasticized 50 % DOPc
Poly tetra flyoroethyl- CF; 0,240 — 0,75 0,64d | 0,880 | 0,560 — 0,f90
ene (PTFE) 0,32e
a  The stoichiometric number of moles of oxygen required for complete combustion of halogenated polymers is as follows
[see Formula [18)]:
_ 2a—c (bfe—f—g)/z

The general f(

b Stoichion
chemical com

2
rmula fersthe polymer is CgHpOcNgCleBrFg.

etri€_oxygen-to-fuel mass ratio, %o, (used to calculate equivalence ratio, ¢) has been calculated froj
bosition of the polymer and the equation for complete combustion.

h the

C

The formula for dioctylphthalate (DOP) is C24H3604; ¥pop = 2,553 g-g~1.

d  Oxygen-to-fuel mass ratio assumes no H»0 in the reaction, i.e. CF2 + 02 - CO2 + F3.
e Oxygen-to-fuel mass ratio assumes HO0 in the reaction, i.e. CF + %20, + (H20) = CO2 + 2HF.
f Notional gas yields: ‘PCOZ =mc¢ x 3,67;
Yeo=meg x 2,33;
el =mc1 x 1,03;
Y yr =mg x 1,05 (assumes H0 in the reaction as in table footnote e).
18 © ISO 2018 - All rights reserved
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6.5 Calculation of smoke yields

6.5.1 General
Smoke is an aerosol consisting of liquid droplets, solid particles and two-phase combinations of the

two. It can be measured as a function of its gravimetric properties (the mass of smoke particles), of its
light-obscuring properties or by combination of gravimetric and optical measurements [Z][8].

6.5.2 Smoke yields based on mass of smoke particulates

systems use
haracterize

e filter-based sampling devices, whilst other methods are more sophisticated and can
the smoke by fractionating the particles into different sizes.

The yield of smoke as particles shall be calculated from its mass concentration (grams per ¢ubic metre)
and the mass loss concentration of the material (grams per cubic metre) as giveén-by Formula (25):

| Ppart
¥ are =22 (25)
pm,loss
where

Ypart  is the measured mass yield of smoke particles;
fpart  is the mass concentration of the smoke particles;
fAm,loss 1S the massloss concentration of the material.

Altennatively, Ypart shall be calculated from the tatal mass of particles generated and the total mass loss
of material as given by Formula (26):

m
|, part
part — (26)
m

et

m,loss

wherte

=

npart 1S the total mass-of particles;

=

im,loss 1S the totalmaterial mass loss.

6.5.3 Smoke yields based on light obscuring properties

Smoke can’also be quantified in terms of its extinction coefficient, ak, derived from Bquguer's law
[Formulae'(27) and (28)], which describes the attenuation of monochromatic light by smoke:

I/To=¢e (L) (27)
ak:%xln(lo/l) (28)
where
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ai is the light extinction coefficient, expressed as inverse metres;

Io
I
L

is the intensity of incident light;
is the intensity of transmitted light (at the detector);

is the length of the light path through the smoke.

Correlations have been established between visibility in smoke and its extinction coefficient, such that
their product is a constant, but the value of the constant depends on the contrast and illumination of the
target being viewed.

In some stu
a, formally (

1
o=—xl]
L

ax 2,30

where

a

2,303

lies, base-10 logarithms are used to calculate the optical density per unit light path‘le
lesignated the linear decadic absorption coefficient, as given by Formulae (29) and (3(

3glO(Io/I)

B = ai

is the linear decadic absorption coefficient (optical den§ity), expressed as inverse me

is the base-10 logarithm conversion factor that givés-the extinction coefficient, ay, in

Formula (28).

The extinction area, 4, of the smoke is the total effective ¢ross-sectional area of all the smoke par

and this is 1

and (32):

A=agx

or

A=2,30

where

elated to the volume, V, of the chamber in\which it is contained as given by Formulae

4

BxaxV

A st

V ist

The specifid

!

e extinctionarea of the smoke;
e volume-of the chamber in which the smoke is contained.

extinction area (Aqf or Asga) is a normalized parameter relating the extinction ar

smoke to th

hgth,
):

(29)

(30)

tres;

ficles

L (31)

(31)

(32)

ea of

b mass of material burned by Formula (33):

Aot =A/Mm loss OF AsEa = A/Mm loss

where Agror Asga is the extinction area of smoke per kilogram of material burned.

The relationships in Formula (33) can also be expressed as Formula (34):

Asf = ax

x Veff/mm,loss or Asga = ak x Veff/mm,loss

where Vgfris the total volume of effluent.

NOTE

20

Vetrand V are equal under static condition but different under flowing condition.

(33)

(34)
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The relationships in Formula (34) can also be expressed as Formula (35):

Agf= ak/Pm,loss OF ASEA = Qk/Pm,loss

(35)

A parameter known as the mass optical density, Dmo, is the logip analogue and usually refers to mass
in grams rather than kilograms. The specific extinction areas (Agf or Asga) can be converted to values
based on loge and kilograms as given by Formula (36):

Asf=Dwmo % 2,303 x 1 000 or Asga = Dmo x 2,303 x 1 000

(36)

Varigq
and |

6.5.4

Both
smoj

computational models). A relationship between optical properties and ‘mass concentrati

deve
Agai
mass
extin

~

The

confidence interval) of 1,1 m2.g -1.

NOTH
it dep
varia

=l | - dnn o =l Tode b Tl - - h R D oL
usS ULHICT UTTIVALIUILS dAI'T USTU I LT HICT ATUT' T TTIC Yy dI'T gIVEIN T ITTUT T UTLdIl IIT INCITT

0.

Relationship between mass measurement and light obscuration

te. However, the mass concentration of smoke is sometimes useful (e.g. for input to fig

oped for post-flame generated smoke for a wide range of fuels under well-ventilated c
N, Bouguer's law is the basis, relating the ratio of the transmitted and incident inten|
concentration, ppart , of the smoke, the path length, L, throdgh the smoke and the s
ction coefficient, oy q, using Formula (37):

Io = exp(-0m,a X Ppart * L)

estimated mean value for opy is 8,7 m2-g-1 with an expanded uncertaintyl[24] (3

The value of 8,7 m2-g-1 becomes 10 m?-g-1 when corrected from He-Ne laser light to visib
ends on the smoke produced being primarily carbonaceous soot. The value is stated to be sma
ble for smoke generated under smouldéring or pyrolytic conditions as a result of the low light

ences [7],[8]

large- and bench-scale test procedures tend to monitor the optical/ohscurational properties of

bld and zone
bn has been
pnditions[8l.
sities to the
becific mass

(37)

t the 95 %

le light[8] and
ller and more
hbsorption of

this tlype of smoke and variability in sma@ke'droplet size.
Soot|yields obtained during under-ventilated burning of polymeric fuels in a small-scalg apparatus
have|been shown to be higherthan those under well-ventilated conditions by a factor of apEroximately
2 + 0} 5[8].
7 Calculation ef@quivalence ratio
7.1 | General
The gquivalence ratio, ¢, is defined as the actual fuel-to-air mass ratio divided by the stpichiometric
fuel-to=air mass ratio, in accordance with Formula (38). In this document, fuel-to-oxygen ratios are
usedratherthanfuel-to-airratioes:
(mfuel /mO,act)
¢= (38)
(mfuel /mO,stoich)

where

Meyel is the mass of fuel;

mo,act  is the actual mass of oxygen available for combustion;

mo,stoich 1S the stoichiometric mass of oxygen required for complete combustion.
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Formula (38) rearranges to Formulae (39) and (40):

o= (mfuel /mO,act )X(mO,stoich /mfuel)

0=(Mpye /Moact )% 0

(39)

(40)

where ¥ is the oxygen-to-fuel mass ratio for stoichiometric combustion (mg stoich/Mfuel), also referred

to as the sto

ichiometric oxygen-to-fuel mass ratio.

Formula (41) applies for systems which measure mass loss rate:

¢ =(my,
where
mm,loss

mO,act

and where t
Mg act
where

v

air
Po
1331g

loss /mO,act )X‘PO

is the material mass loss rate;

is the actual mass flow of oxygen available for combustion.

he mass flow of oxygen is calculated from Formula (42):

Vi X0ox1331g-m™>

is the volume air flow;

is the volume fraction of oxygen in the air supply (0,209 5 for dry air);

m-3  is the density of oxygen at 20 °C and 1 atm.

Alternatively, for systems that measuresmass loss concentration, Formula (43) applies:

o= (pm,
where

Pm,loss

PO,act

Joss / Po,act )X'P 0

is the material mass loss concentration;

is the'actual mass concentration of oxygen available for combustion, calculated from
@0, 'x 1331 gm-3.

For fuel lean mixtures (small or well-ventilated fires) ¢ < 1.

(41)

(42)

(43)

For stoichiometric mixtures ¢=1.
For fuel rich mixtures (ventilation-controlled fires) ¢>1.
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NOTE In all fires, ranging from real-scale test fires to the burning of test specimens in bench-scale apparatus,
both spatial and temporal variations in equivalence ratio occur. Any measurement of equivalence ratio (or any
other fire parameter), therefore, represents the results of some degree of averaging. This has been expressed
in terms of a “global” equivalence ratiol10]. The relationships between local transient equivalence ratios and
global equivalence ratio estimates depend upon the extent of averaging within the system. The concept was
originally developed to represent equivalence ratio measurements in the upper layer of enclosure fires over
limited time periods, but has been extended to encompass the total fuel mass loss over the whole fire duration
and the total air mass passing into the combustion zone. While combustion products yields are determined by
the local availability of oxygen and fuel, the necessary detailed measurements are rarely performed and there is
no general algorithm for combining the local yields of a gas into an overall yield for the full test specimen.

7.2 DPerivation-of¢-forflow-through;steady-state-experimental systems———

For ¢xperimental fires where rates of air supply (oxygen) and mass loss rate (fuel ‘arg controlled
(e.g. [flow-through and steady-state systems, such as a moving-tube furnace), determinfng a global
equiyalence ratio is relatively straightforward, provided the specimen combustsisteadily and leaves
no rgsidue or leaves a residue of similar chemical composition to the initial spécimen. Exanpples of tube
furnace devices are described in DIN 53436-1[11], DIN 53436-2[12], DIN 53436-3[13], BS 7990[14] and
ISO/TS 19700(25]. Examples of the calculation in this type of apparatus aregiven in Table 1.

Table 10 — Example calculations of equivalence ratio for a tube furnace for a hydnocarbon
polymer and a cellulosic polymer

Characteristic Desired ventilation condition
Well-ventilated.flaming Ventilation-controlled flaming
Apparatus sétting
Fuel|mass loss rate (nominal grams 1,000 1,000
per thinute)
Primary air flow, (cubic metres per 0,018 0 0,004 0
minute) 18,0 4.0

Primary air flow, (litres per minute)

Oxygen supply (cubic metres per (0,2095x0,0180 x 1 331) =5,019 | (0,2095 % 0,004 0 x 1[331) =1,112
mingte)? 1,000/5,019 = 0,199 1,000/1,112 = §,899
Fuelito-oxygen mass ratio: (mgyel/
mo,a )
Stoichiometric oxygen-to-fuel mass ratio, Yo
Hydrocarbon polymerb 3,422 3,422

Cellulosigpelymerc 1,198 1,198

Equivalence ratio, ¢ = (mfyel/mo,act) * Yo

NOTE 1 Thisstable highlights the strong influence of polymer type on the value of ¢ (and consequent ventilatjon condition)
for a fixed airflow and mass loss rate.

NOTE 2~In tube furnaces, the mass loss of specimen is not monitored continuously (although it can be e§timated from
the comrcentratiomrsofcontbustion PT UduLLb). T‘uub, trtirese SYSCCITS OITC geITeT all_y obtatmsamraver age glu‘u:l equivalence
ratio for the test. Furthermore, since the oxygen is depleted at the downstream portion of the specimen, the systems
do not measure a local equivalence ratio. For a uniform specimen that burns or pyrolyzes evenly, this can equate to the
instantaneous value of ¢. For a non-uniform specimen or one that burns in stages or one that leaves a residue that is
different from the initial specimen, this might not be the case. The example above is for determining the average value.

NOTE 3 For some bench-scale non-steady state flow-through systems, where the fuel-to-air ratio varies rapidly during the
test, the fire type and/or model cannot usually be described in terms of equivalence ratio. However, in a room fire test, it
can be possible to characterize a portion of the test by a time-averaged global equivalence ratio, as is described in Note 2 of
this table.

a  The oxygen fraction is lower than 0,209 5 if room air is used.
b Hydrocarbon polymer (empirical formula, CHy; Wo = 3,422).

¢ Cellulosic polymer (empirical formula, CcH1905; Wo = 1,198).
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Table 10 (continued)

Characteristic Desired ventilation condition
Well-ventilated flaming Ventilation-controlled flaming
Hydrocarbon polymerb 0,199 x 3,422 =0,68 0,899 x 3,422 = 3,08
Cellulosic polymerec 0,199 x 1,198 = 0,24 0,899 x 1,198 =1,08
Actual ventilation condition
Hydrocarbon polymerb well-ventilated ventilation-controlled
Cellulosic polymerc well-ventilated stoichiometric
NOTE 1 This[abte g gTS Te STroT : f tion)

for a fixed air|flow and mass loss rate.

NOTE 2 In tpbe furnaces, the mass loss of specimen is not monitored continuously (although it can be estimated|from
the concentrations of combustion products). Thus, in these systems one generally obtains an average global'équivallence
ratio for the fest. Furthermore, since the oxygen is depleted at the downstream portion of the specitnen, the sy?tems
do not measufre a local equivalence ratio. For a uniform specimen that burns or pyrolyzes evenly, this can equate to the
instantaneou$ value of ¢. For a non-uniform specimen or one that burns in stages or one that leates a residue that is
different fronj the initial specimen, this might not be the case. The example above is for determining the average valug.

NOTE 3 For Jome bench-scale non-steady state flow-through systems, where the fuel-to-air.fatio varies rapidly during the
test, the fire §ype and/or model cannot usually be described in terms of equivalence ratiok However, in a room fire tgst, it
can be possible to characterize a portion of the test by a time-averaged global equivalencératio, as is described in Notg 2 of
this table.

a  The oxygen fraction is lower than 0,209 5 if room air is used.

b Hydrocarpon polymer (empirical formula, CHy; Wo = 3,422).

¢ Cellulosid polymer (empirical formula, C6H1005; Yo = 1,198).

7.3 Derivation of ¢ for flow-through, calorimeter‘experimental systems

There is a family of devices in which the air flow_isymetered and constant and the specimen m4ss is
monitored ¢ontinuously. When the sample mass loss rate is steady, as can be experienced wijith a
thermoplastic material or liquid fuel, the equivalénce ratio is also steady and the analysis in 7.1 applies.
When the mass loss varies during a test (as\is'the case of most furnishing or internal finish produicts),
a time-depepdent form of Formula (40) is used, where the mass loss during a time interval determines
the global efjuivalence ratio for that interval. The implementation and accuracy of oxygen contrdl can
thus be fairly easy or difficult according to the type of fire test devices used.

Examples of this type of deviceare the fire propagation apparatus (FPA)[12][16] used in two Amefican
standards (ASTM E 2058[17]cand NFPA 287[18]) and the ventilation-controlled cone calorimeter[19].

NOTE1 Cdlculation of thé-global equivalence ratio in the conventional ISO 5660-1[20] device is more complex.
Some of the gxhaust air-flow passes the test specimen and is entrained in the fire plume; some of the exhaust air
flow can be eptrained'dewnstream of the combustion zone. Thus, the use of the total exhaust flow in Formula (40)
results in an| artifieially low value of ¢. However, since the standard air flow always results in highly [over-
ventilated combustion, it is not intended that this device be used for determining toxic product yields except
possibly for thelsmallest of real-scale fires.

NOTE 2  Forsome bench-scale non-steady state flow through systems, where the fuel-to-air ratio varies rapidly
during the test, the fire type and/or model cannot usually be described in terms of equivalence ratio. However,
in a room fire test, it can be possible to characterize a portion of the test by a time-averaged global equivalence
ratio, as is described in the Note in 7.1.

7.4 Derivation of ¢ for closed chamber systems

For a closed cabinet apparatus, an instantaneous global equivalence ratio can only be calculated from
the sample mass loss rate (or the cumulative concentrations of carbonaceous by-products, mainly CO;
and CO) and the oxygen concentration in the chamber, provided the oxygen depletion is small and the
air is well mixed. Generally, with these types of apparatus, however, the sample mass is not monitored,
there is a significant decrease in oxygen concentration and it is possible for the mixing of the chamber
gases to not be sufficient to create a homogeneous atmosphere during the test. Thus, determination
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of the instantaneous equivalence ratio is not possible and one shall determine an average global
equivalence ratio based on the overall mass loss and oxygen depletion.

The operator should be aware that the yields of toxic products are likely to change when significant
vitiation occurs in the vicinity of the flames above the test specimen, with large increases in several
important toxic products. Thus, it is possible for the average global equivalence ratio to not be indicative
of the toxicologically most important fraction of the specimen combustion.

7.5 Derivation of ¢ in room fire tests

When the air inflow and the mass of the test specimen(s) are monitored continuously, Formula (41) is
used|to determine a time-varying global equivalence ratio. However, all of the incoming pir does not
necepsarily approach the combustion zone. Thus, as with ISO 5660-1[20], it is possible for'the{determined
equiYalence ratio values to not relate directly to those in a more closely controlled bench-s¢ale device.

| air derived
rarbons and

hpproach is to calculate ¢ from Formula (43) using measurements of the totalfuel ang
the composition of fire effluent samples (in terms of the oxides of carbofy soot, hydro
en content).

One
from|

oxXyg

8 Calculation of combustion efficiency

8.1 | General

Coml ction to the

theo

pustion efficiency, y, is defined as the ratio of the heat released in a combustion reg
retical heat of complete combustion.

perfectly efficient combustor, the atoms in thefuel would be converted to the thermoflynamically
stable by-products (carbon to carbon dioxide, hydrogen to water, nitrogen to nitrogen gas, etc.)
he heat released would equal the enthalpy of reaction. However, this rarely happens in accidental
and the processes are less than 100 % efficient.

Inaj
most
and {
fires

This|is partially due to considerabte\variations in local fuel and oxidizer concentragions in the

imm
by sf
whet
redu

pdiate vicinity of diffusion flames; such that combustion efficiency tends to be less thg
oichiometry, even under well-ventilated (low-¢) conditions. Under vitiated (high-¢]}
e the rate of oxygen supply is less than the rate of fuel supply, then combustion efficien
red. Furthermore, a material can burn inefficiently because of its chemical structure ¢

is fla

Combustion efficieneyis generally reported as a global value, averaged over the full burnin
can e misleading)when considering toxicological implications, since most of the impact }
perigds when the~combustion efficiency is low).

Therg aredifferent (but interrelated) ways of defining combustion efficiency. It can be basg

a)

e-retarded in someway.

hefraction of possible heat that is released,

in predicted
conditions,
cy is further
r because it

b time. (This
results from

don

b) the fraction of the maximum oxygen consumption that occurs, or

c)

the fraction of the maximum oxides of carbon that are formed.

The first of these is most important in calculating thermal hazard, the latter two in characterizing
the toxicity of the fire atmosphere. The three methods of calculation are described in 8.2 to 8.4 and
methods for b) and ¢) summarized in Table 11. Worked examples are given in Table 12.

NOTE When experimental data are used to calculate combustion efficiency values, they are subject to
experimental variations and can, therefore generate values greater than 1.
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release efficiency

The formula for heat release efficiency is given by Formula (44):

X =AHyc

where

X is

g
AHact IS

NOTE
pressure and|

The enthalp
calorimeter.
released wa
fractiontot

t/AHc

the combustion efficiency, expressed as a ratio or as a percent;

(44)

is the net heat of combustion and defined as the enthalpy, per unit mass of fuel consumed,

enerated in complete combustion with the water produced being in the gaseous state;

the actual measured heat release of the combustion.

Enthalpy and heat release can be used interchangeably since the burning process isusually at con

does not perform any mechanical work.

y (net heat) of complete combustion of a sample can be determined in an oxygen
The measurement of the actual heat release in a test apparatus is more complex. The
Irms the ambient gases, heats some or all of the apparatus itself ahd can radiate a signif]

to be accurate.

Research le
burning is

materials. T
oxygen cong
change in o}
is importan

8.3 Oxyg

8.3.1 Gen

This ratio, y
from the ap
of the test s
the stoichio

a)

compos

b) differen
differen

hpproximately 13,1 kilojoules per gram of oxygen“consumed (*5 %) for most or
hus, for systems where the total amount of oxygénis known, AH. can be determined
entration measurements. (In a flow-through apparatus, both the flow of air/oxygen an|
kygen concentration shall be measured. In-aiclosed system, only the latter is needed,

to take care that the final value is taken after the chamber atmosphere has equilibrat|

en consumption efficiency

eral

b2, shall be determined githér directly from the change in oxygen concentration or indir
pearance of oxygen imcembustion products. Each requires knowing the empirical for
imple, which might'not be available, such that the measured gas data can be compared
metric data. y g2(ean differ from y because

as notedl above, the heat release per mole of oxygen consumed during burning is a function o

ition, and

t comibustion conditions can produce the same global thermal efficiency, but pro

stant

omb
heat
icant

he external world. Thus, a true calorimetric measurement is €xtremely difficult and unlikely

nding to the development of the cone calorimeter, showed that the heat release during

banic
from

d the

but it
ed).

ectly
mula
with

f fuel

duce

toxygenated product yield distributions.

In carrying out calculations based on the empirical formula of the sample, a typical assumption is that
the empirical formula of the mass lost during burning is the same as that of the original product. This is
not the case for layered products or those composed of a mixture of components. The calculation also
tends to be inaccurate to the extent that there is a solid residue, particularly a carbonaceous residue.

8.3.2 Oxygen depletion method

This method calculates combustion efficiency by direct measurement of oxygen depletion in the fire
atmosphere and calculating the mass fraction of oxygen consumed as given by Formula (45):

X 0 =wo,cons/ ¥o (45)

where
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is the combustion efficiency ratio calculated from oxygen depletion;

wo,cons 1S the measured mass fraction of oxygen consumed per unit mass of fuel;

Yo

8.3.3

is the stoichiometric oxygen-to-fuel mass ratio.

Oxygen-in-products method

8.3.3.1 General

This is-an-indirect method where the total amount of combined oxygen inthe majnr nvygnn_containing
combustion products (CO2, CO and H30) is calculated and the amount of oxygen contribufled from the
base|polymer or fuel is subtracted to give a derived mass fraction of oxygen consumed:
Xprod = Wo,der/ Yo (46)
wherre
Xprod is the combustion efficiency calculated from the oxygen contained in the majoif combus-
tion products;
Wo,der 1S a derived mass fraction of oxygen consumed peyunit mass of fuel:
WQ,der = W0,gases ~ WOex,poly (47)
Wwhere
W0,gases 1S the measured mass fraction of oxygen consumed per unit mass of[polymer in
the form of the major oxygen-containing products (WO'CO2 +W0,c0 T WoH,0 );
Woex,poly 1S the mass fractiefrof oxygen in the burned polymer (fuel) that confributes to
the oxygen-containing products.
8.3.3.2 Oxygen in CO2, CO and:H20 (w0 gases)
This|procedure calculates.and’then sums the oxygen content in the major products.
Step (1 is to calculate théyields of CO2, CO and H0, in accordance with Formulae (48) to (50), from the
meagured gas volumefraction, the corresponding density as listed in Table 3 for each gas ahd fuel mass
loss ¢oncentratiof(Pm loss):
YCOZ = ((pCOZ x 1830 g'm=3)/pm,loss (48)
Yc65 (@co x 1164 gm=3)/pm loss (49)
YI—IZO = ((PHZO x 749 g'm=3) /pm,loss (50)
where
Y istheyield, expressed as a mass fraction, for each product gas;
¢ isthe volume fraction of each product gas.
1830 gm3, 1 164 g'm-3 and 749 g-m-3 are the densities of CO2, CO and H20 gases, respectively (see
Table 3).
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