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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 rig
liaison
Comm

The m

technigal committee may propose the publication of a Technical Report of one of the following types:

Oty
re

0 ty

byt not immediate possibility of an agreement on an International Standard;

Oty

aq an International Standard (“state of the art”, for example).

Techn

ht to be. rnprnennfpd on that committee_International nrgani7nfinnej gn\/nrnmpnf:\l and non-govern

ssion (IEC) on all matters of electrotechnical standardization.

hin task of ISO technical committees is to prepare International Standards, but in exceptional circum
pe 1, when the required support cannot be obtained for the publication of an International Standar
beated efforts;

be 2, when the subject is still under technical development or where for @ny other reason there is

pe 3, when a technical committee has collected data of a differeqt kind from that which is normally

ental, in

with 1SO, also take part in the work. ISO collaborates closely with the International Electrotechnical

stances a

i, despite

he future

published

cal Reports of types 1 and 2 are subject to review withinstiree years of publication, to decide whegther they

can be¢ transformed into International Standards. Technical Reports of type 3 do not necessarily hgve to be

review|

ISO/TR 13387-4, which is a Technical Report of typg;2, was prepared by Technical Committee 1ISO/T(

safety,

It is oe of eight parts which outlines important aspects which need to be considered in making a fur
approdch to the provision of fire safety in-buildings. The approach ignores any constraints which might a
consequence of regulations or codes; following the approach will not, therefore, necessarily mean compli
national regulations.

ISO/TR 13387 consists of the following parts, under the general title Fire safety engineering:

0 Part 1: Application of-firé performance concepts to design objectives

P4

O O o o o o O

Annex

Part 2: Design firesscenarios and design fires

PTrt 4: Initiation and development of fire and generation of fire effluents

bd until the data they provide are considered to be ng@’longer valid or useful.

Subcommittee SC 4, Fire safety engineering:

Wt 3: Assessment and verification of mathematical fire models

C 92, Fire

damental

pply as a
ance with

Part 5: Movement of fire effluents
Part 6: Structural response and fire spread beyond the enclosure of origin
Part 7: Detection, activation and suppression

Part 8: Life safety — Occupant behaviour, location and condition

A of this part of ISO/TR 13387 is for information only.
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Evaluation of the initiation and development of fire and the generation of smoke and toxic species is an essential
step in the fire safety design of buildings, processes, etc. These phenomena have been actively studied especially
during the last twenty years. Calculation methods and computer codes have been developed to make the
necessary evaluations. At the same time, advances in experimental techniques have made it possible to produce

of the

input dat
models.

In most @

use of materials and by controlling the amount and location of possible ignition sources. It is not, however, p

to prever

productio
classifica
test. Sim
countries

smoke ar[_‘d toxic species. In most of the existing building regulations, ignitability, flame spreadyburning rate,

A more modern approach for prescriptive regulations is to establish the classification scheme based on sma

tests in
scenariog
those bag

In this dg
part of a
parts as (¢

Clause 6

physical and chemical processes involved in:

O initia
O fired
O smo

0 toxic

Clause 7
the gene

Quantitat
applicatid

for thae calculation methads - and to run |argn scale-tests—for accnccing the \lnlirﬁfy and-limitation

f the existing fire safety regulations, measures are taken to prevent the ignition of a fire by.'controll
t all ignitions, and therefore measures are taken to control the fire development and\the geners

and toxic-species production are controlled by what are known as reactioh-to-fire and flami
ions. These are to a great extent empirical and based on product performafce in a specific smal

tuch a fashion that relative performance in one or more fulléscale fire scenarios is replicated
are sufficiently representative of real fire scenarios, the classification system becomes more reliab
ed on performance in small-scale tests alone.
cument, the initiation and development of fire and the,generation of hazardous species is considg
plobal fire safety evaluation system. This part of ISO/TR 13387 is intended for use together with th
escribed in clause 6. For some applications, this part alone may be sufficient.

of this part of ISO/TR 13387 describes and provides guidance on the methods available to descr|

lion of fire;
evelopment;
e generation;

Lspecies generation.

ation of smoke and gaseous species.

n of\data under different conditions may result in significant errors.

ng the
pssible
tion of
smoke
nability
I-scale

lar regulations have been set on building contents, e.g. upholstered furniture; stored goods, etc., if some

|-scale
If the
le than

red as
e other

be the

is a discussien.of the engineering methods available to evaluate the initiation and development of fire and

ve infermation may be related to specific test conditions and/or specific commercial products, and thus the
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Fire safety engineering —

Part 4:
Initiation and development of fire and generation of fire effluents

1 Scppe

This part of ISO/TR 13387 is intended to provide guidance to designers, regulators and fire safety profesy
the usg of engineering methods for the prediction of the initiation of fire,*the generation of fire effluent
development of fire inside the room of origin. It is not intended as a detailed design guide, but could be us
basis fpr the development of such a guide.

This part of ISO/TR 13387 provides a framework for critically reviewing the suitability of an engineering n
assesging the potential for the initiation and development of fire.and the generation of fire effluents. It alsg
guidance on the means to assess the effectiveness of fire~safety measures meant to reduce the pro
ignitior], to control fire development and to reduce the accumulation of heat, smoke and toxic products on

ionals on
5 and the
ed as the

ethod for
provides
pability of
products

causing non-thermal damage. The methods for calculating the effects of design fires for use in the dgsign and

assesgment of fire safety of a building are also addressed.

2 Normative references

The following normative documents«contain provisions which, through reference in this text, constitute pro
this part of ISO/TR 13387. For.dated references, subsequent amendments to, or revisions of, any
publicgtions do not apply. However, parties to agreements based on this part of ISO/TR 13387 are enco
investigate the possibility of ‘applying the most recent additions of the normative documents indicated b
undatgd references, the-latest addition of the normative document referred to applies. Members of 1ISO
maintajn registers of currently valid international standards.

ISO 31-0:1992, Quantities and units — Part 0: General principles.

ISO 1400:1992, S/ units and recommendations for the use of their multiples and certain other units.

visions of
of these
Liraged to
elow. For
and IEC

ISO 5660-1:1993, Fire tests — Reaction to fire — Part 1. Rate of heat release from building products

— (Cone

calorimeter method).
ISO 7345:1987, Thermal insulation — Physical quantities and definitions.

ISO 9705:1993, Fire tests — Full-scale room test for surface products.

ISO/TR 11696-1, Use of reaction to fire tests — Part 1: Application of results to predict fire performance of building

products by mathematical modelling.

ISO/TR 13387-1, Fire safety engineering — Part 1: Application of fire performance concepts to design objectives.

ISO/TR 13387-2, Fire safety engineering — Part 2: Design fire scenarios and design fires.
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ISO/TR 13387-3, Fire safety engineering — Part 3: Assessment and verification of mathematical fire models.
ISO/TR 13387-5, Fire safety engineering — Part 5: Movement of fire effluents.

ISO/TR 13387-6, Fire safety engineering — Part 6: Structural response and fire spread beyond the enclosure of
origin.

ISO/TR 13387-7, Fire safety engineering — Part 7: Detection, activation and suppression.

ISO/TR 13387-8, Fire safety engineering — Part 8: Life safety — Occupant behaviour, location and condition.

ISO 13571, Fire hazard analysis — Life-threatening components of fire.

ISO 13943, Fire safety — Vocabulary.

3 Terms and definitions

For the purposes of this part of ISO/TR 13387, the terms and definitions given in 1SO43943 and ISO/TR 1B387-1
and the following apply.

3.1

emissivity
the ratio |of the power per unit area radiated from a surface to that radiated from a black body at thg same
temperatyire

3.2
extinctior] coefficient
a constarjt determining the decay of the light intensity in smoke per unit path length, given by K = (1/1) In (15/1)

It is exprgssed in m1,

3.3
fire expogure

a proces$ by which, or the extent to which, humans, animals, materials, products or assemblies are subjected to the
conditiong created by a fire

3.4
heat flux
the rate gt which heat crosses a-surface per unit area of surface, expressed in W/m?2

In ISO 1400 and ISO 31-0,this is referred to as "density of heat flow rate".

35
heat of combustion
the energy which-unit mass of material or product is capable of releasing by complete combustion, expressed in
J/kg

3.6
heat of gasification

the quantity of energy required to change a unit mass of material from condensed phase to vapour without change
of temperature, expressed in J/kg

3.7
ignition temperature

the minimum temperature measured on a material at which sustained combustion can be initiated under specific
test conditions, expressed in K

3.8
opening factor

A iy
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It is expressed in m1/2,

For the meanings of the symbols, see clause 4.

3.9

pyrolysis
a process of simultaneous phase and chemical-species change caused by heat

3.10
smoke

point

minimu
from th

3.11
specifi

heat capacity divided by mass, expressed in J/(kg-K)

3.12
thermd

ratio of

It is ex

3.13
thermd
K
thermd

It is ex

3.14
thermgd
the prg

Itis eq

3.15
total cr
the av
smoke|

3.16
ventila;

A1

It is ex

M Nelgnt of a faminar axisymimetric anfusion flame (el VOITUMmeTric mass 1055 Tate) at which Smok
e tip of a flame, expressed in m

C heat capacity

| conductivity
heat flux to temperature gradient, defined by the relation g" =-kxOT

bressed in W/(m-K).

| diffusivity
| conductivity divided by the density and the specific heat.Capacity, given by k = k/pc

bressed in m2/s.

| inertia
duct of the thermal conductivity, the densityand the specific heat capacity, given by kpc

Lial to the square of thermal effusivity:as defined in 1ISO 7345. It is expressed in J2/(m4-K2.s).

oss-sectional area of smoké
brage cross-sectional area)of smoke particles perpendicular to the light path multiplied by the n
particles, expressed ifi m2

ion factor
2

bressed:in m5/2,

For the

meanings of the symbols, see clause 4.

4 Symbols and abbreviated terms

A
Ama
Ar

Ar

area of an opening, expressed in m?2
surface area of fuel, expressed in m?2
floor area, expressed in m?2

total area of the bounding surfaces in an enclosure, expressed in m?2

1999(E)

escapes

umber of
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a Qoty . expressed in W-s—2

Fo opening factor, expressed in m1/2

Fy ventilation factor, expressed in m/2

fx yield of species X, where X = CO, CO,, etc.

g acceleration due to gravity, expressed in m/s?2
h, height of an opening, expressed in m

I intensity of light after passing through smoke, expressed in W/m?2

Iy intensity of light in clean air, expressed in W/m?
k thermal conductivity, expressed in W/(m-K)

K extinction coefficient, expressed in m—1

K thermal diffusivity, expressed in W/(m-K)

I optical path length, expressed in m
L thickness of a specimen, expressed in m
m smoke density, expressed in dB/m

Mfuel mass loss rate of fuel, expressed in kg/s

my generation rate of species X, where X = CO, €05, etc., expressed in kg/s

N total number of smoke particles

n number density of smoke particles, éxpressed in m—3

Q fuel to air equivalence ratio

Q heat release rate, expressed in W

Q'0 heat release rate‘ab the growth time in t2 fires, expressed in W; usually taken as 1 MW
qg" heat flux (density of heat flow rate), expressed in W/m?2

Oext external heat flux, expressed in W/m?

Uioss Heat loss from the surface by convection or radiation, expressed in W/m?2

p density, expressed in kg/m3

o effective absorption cross-section of a smoke particle, expressed in m?2

T temperature, expressed in °C

Tig ignition temperature, expressed in °C

T the lowest temperature at which a flammable mixture at its lean limit may burn, expressed in °C
Ty initial surface temperature, expressed in °C
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the lowest temperature at which a flammable mixture at its rich limit may burn, expressed in °C

time, expressed in s
growth time in a t2 fire, expressed in s
time to ignition (ignition delay), expressed in s

time constant, expressed in s

5 Su

The aj
global
total d
and th
addres
extent

In 1ISO
three |
subsyg
Figure

volume flow rate, expressed in m3/s
volumetric production rate of species X, where X = CO, CO,, etc., expressed in m3/s
flame height, expressed in m

position of pyrolysis front, expressed in m

bsystem 1 of the total design system

proach adopted in the work of ISO/TC92/SC4 is to consider the global objective of fire safety de
design, described in more detail in ISO/TR 13387-1, is sub-divided into what are called "subsyster
bsign. A key principle is that inter-relation and interdependeng¢e )of the various subsystems are ap
at the consequences of all the events in any one subsystem on all other subsystems are iden
sed. Another key principle is that the design is time-based'{o reflect the fact that real fires vary in se
Wwith time. Ignition represents zero time.

TR 13387-1, the total fire safety design is illustrated by an information bus analogy. The informatio
pyers: global information, evaluation informatién and process information. In this information bus
tem 1 (SS1) concerns the initiation and development of fire and generation of fire effluent and is illy
1. SS1 draws on other subsystems for the prescription or characterization of a fire and, in turn,

information for the other subsystems to empley. Definitions of terms concerning the global information bus

in ISO

For ex
the ca
rescue
employ
by SS4
of acti
develo
of orig

The eV

TR 13387-1.

ample, SS1 provides the information on heat, smoke and species generation, which is then used b
culation of smoke movement ‘out of the room and in the building and by SS5 to assess evacu
provisions. SS1 also_calculates the temperature history in the enclosure of fire origin, whic
ed by SS3 to predict the structural behaviour. The temperature and flow profiles in the room are
to predict the detection of fire, as well as the activation of smoke control and suppression systems.
vation of active~Control systems is then fed back by SS4 to SS1 for the prediction of subse
pment and smokeé and species generation. The initiation of a fire and its development outside the

h are also-calculated by SS1.

aluations, and processes needed to do the evaluations, are discussed in detail in clause 6.

sign. The
ns" of the
breciated,
lified and
erity and

h bus has
analogy,
strated in
provides
are given

y SS2 for
ation and
h then is
employed
The time
juent fire
bnclosure

6 Subsystem 1 evaluations

6.1 General

In this clause, various fire phenomena and consequences of fire will be discussed. The required input information
and the possible output information will be identified. Areas for which shortages in engineering methods and lack of
knowledge are known to exist will be addressed. The text makes reference to existing acknowledged literature,
whenever such is available.
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6.2 Initiation of fire
6.2.1 Evaluation of initiation of fire

In deterministic fire safety engineering design, ignition is often simply assumed to occur and no calculations on the
ignition process are performed. In other instances, especially when the combustible contents and the distribution of
ignition sources in the room of fire origin are known, performing calculations on the ignition process can provide
valuable information on the possible fire development in the room. Evaluation of ignition is needed especially when
the fire safety engineer has to evaluate whether one product can be replaced by another, all other design
parameters being fixed. Often the task is to consider if a potential ignition source is likely to cause ignition of
adjacent items, i.e. if the first item ignited will cause a second item to be ignited, and thereby the fire to spread to a
hazardous extent.



https://standardsiso.com/api/?name=fa86450917cf60d75abfe045f46d839f

©1SO ISO/TR 13387-4:1999(E)

SC4 GLOBAL INFORMATION BUS

Prescribed/Estimated design parameters
1 |Building

2 {Environmental
3 {Fire loads
4
5

o
olololo

0100101
010107101

Fire scenarios
Occupant

Simulation_dynamics (Profile/Time)
6 |Building condition
7 |Contents condition L
8 |Effluent/Species C
9 |Occupant condition
10 |Occupant location
11 |Pressure/Velocity Q
12 |{Size of fire/Smoke
13 [Thermal

e
o

O
0—[

010
01010
@
oTeTe
o

Intervention effects
14 |Alarm activation

15 |Control activation

16 {Suppression activation

17 |Fire brigade intervention

SS1 EVALUATIONS

Initiation of fire

Fire development
Smoke generation ®
Species_generation | e

o
o —1E—1OrO0O

W 9 e

P 193

SS1 PROCESSES

Radiative heat transfer
Convective heat transfer
Conductive heat transfer
Gasification (pyrolysis)
Fuel/Air mixing

Ignition

Combustion
Smouldering

Mass loss rate

10 |Heat release rate

11 |Flame projection

12 |Flame spread

13 {Smoke yield

14 |Smoke maturation

15 |Speciesyyield

ANsN RN
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]
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Figure 1 — lllustration of the global information, evaluation and process buses for SS1
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The probability of ignition is a subset of design fires which is addressed in ISO/TR 13387-2. Assessment of the
probability of ignition is needed when making decisions about the design fire scenarios and event trees used in risk
assessment. Probabilistic design and risk assessment are discussed in more detail in ISO/TR 13387-1.

This subclause discusses ignition of items which are in one way or another exposed to heating from an external
source. This source of heat can be of various intensities and shapes, varying from (say) a match flame to an
actively burning fuel package. Fire development as discussed in 6.3 can be considered to be a series of non-
simultaneous ignitions, each of which generally behaves in the theoretical manner discussed herein.

Figure 2 identifies parameters having an influence on the ignition of various kinds of fuel. A condition for ignition is
that both a flammable substance and an ignition source exist. The flammable substance may appear in a number of
different forms. The heat transfer from the ignition source to the flammable substance may also take different forms,
the processes being, in addition, sensitive to the local environment around the source and the exposed substance.

6.2.1.1 Ipput

The evaljiation of the initiation of a fire (see Figure 1) requires as input information from the-global informatjon the
following;

O building parameters (e.g. lining materials, their thermal and chemical properties{. their location with respect to
heat|sources);

O fire Ipads (building contents, thermal and chemical properties of building €ontents, location with respect fo heat
sourges);

O fire gcenarios (properties of ignition sources, their number and théir [ocations);

O thermal profile (radiative, conductive and convective heat fluxes, gas temperature, initial fuel temperaturg)

O size pf fire/lextent of smoke (area exposed to a burningfire).

NOTE This information is also needed for evaluating\the ignition of second, etc., items. Therefore, e.g. the [size of
fire/extent|of smoke is an input or output, depending on when it is used during an evaluation.

6.2.1.2 Qutput

The evalyation of the initiation of a fire (see Figure 1) provides the following information to the global information:
O fire gcenarios (object first ignited, time to ignition);

O size pf fire/ extent of smoke (area first ignited, size of initial flame).
6.2.2 Gds phase ignition

The process of ignitien.to give flames requires mixtures of gas phase combustibles at an appropriate fuel-to-air ratio
and eithefr local temperature fields higher than the auto-ignition limit or a pilot source. The necessary conditipns for
any gasepus mixtlre of fuel are usually expressed as ignitability regions as in Figure 3. If a fuel is not natyrally in
the gas pghase, ‘energy must be applied to the substance to bring it to the gaseous state. For liquids, the ampunt of
energy rqquired depends on the vaporisation rate and the way in which the liquid is distributed or the material upon
which the liquid is absorbed, i.e. bulk liquids will not ignite until the bulk temperature equals or exceeds the flash
point. If the liquid is atomised, its ignition propensity will approach the ignitability of gaseous mixtures of the same
material, depending on the degree of atomisation and the temperature of the environment. If the liquid is absorbed
in a porous medium, the energy demand for ignition will depend on how fast the porous material will absorb energy
and heat up. In this case, the thermal properties of the porous medium will dominate the process.

In the case of gaseous or liquid fuels, the engineering task is usually to consider whether a flammable mixture can
be created in the space of concern. In the case of solids, the task can usually be reduced to evaluating whether the
surface temperature will become high enough to cause ignition, and no gas phase considerations are needed as we
can seein 6.2.3.
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Figure 3 |— Effect of temperature on the limits of flammability of a flammable vapour/air mixture at constant

initial pressure (11
Useful information on gas phase ignition can he-found in references [1] and [2].

6.2.2.1 Ipput

The evalpiation of gas phase ignition “may require, as input, specific information on the following process

product properties:

O fuel properties, e.g. latent’heat of gasification, flash point, flammability limits, vaporisation or pyrolysis

defined temperatures.and thermal-exposure histories;

Temperature

©1SO

ps and

rate at

O radidtive, convective and conductive heat transfer to the surfaces to estimate the fuel flow rate and the thermal

conditions in.the space of interest;

O fueI/Tir rhixing, e.g. the air flow in the space to estimate the dilution of the gaseous fuel;

O properties of potential ignition sources, e.g. temperature and spark energy.

Detailed discussions of the flammability of gas mixtures and ignition of liquid fuels, as well as tabulations of fuel

properties, can be found in various publications, e.g. the SFPE Handbookl3l.

6.2.2.2 Output

The output of the evaluation is the time to ignition or whether ignition will occur at all.
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6.2.3 Ignition model for solids

Because most accidental fires in buildings are initiated on solid materials, this subclause is restricted to surveying
the parameters that dominate the ignition of materials in the solid phase.

Heat transferred from a source to a target results in a rise in the temperature of the target. The conditions for
ignition are produced when pyrolyzates from the target mix with air to produce ignitable mixtures at temperatures
that could locally exceed spontaneous-ignition temperatures. The presence of any kind of pilot source will generally
cause ignition as soon as the fuel/air ratio permits. Factors that control this process are the mode of ignition, the
rate of heat transfer from the source, the target composition, the target location, the thermal and optical properties
of the farget and the availability of air. For common ignition sources (hot object, intense electric arc, strjouldering
material or flame), two types of ignition are possible: (1) glowing ignition (exothermic reaction at théJsuiface of a
material with air) and (2) flaming ignition (ignition that occurs in the gas phase mixture of pyrolyzates|and air).
Materials that ignite to glowing ignition may smoulder (combustion that occurs and propagates inthe bulkl material)
for some period. If conditions are appropriate, smouldering may undergo a transition to flaming'ignition and rapid fire
spread. Materials that are ignited to flaming ignition may sustain the flaming mode and, ifcgonditions are fight, may
spread to a larger size. Conversely, if the ignition experience is short, the flaming mode may be transient, and either
converft to glowing or smouldering, or simply self-extinguish. As with the ignition progess, the transient or pustained
behavipur of the post-ignition condition is controlled by the composition and constitution of the material.

Regardless of ignition source, the response of a material to heating is dominated by the physical properties of the
material. A detailed discussion of the ignition of solids can be found in reference [4]. Useful information can also be
found |n [5] and [6]. ISO/TC92/SC1 is working on a document describing the theoretical background of the 1SO
reaction-to-fire tests (ISO/TR 11696-1). The document includes a“discussion of ignition under radjant heat
exposure.

The thirmal theory of ignition assumes that each material can"be characterised by a critical ignition terhperature
Tig [71. By using simple heat-conduction theory, one can show‘that, for thermally thick material behaviour, the ignition
delay is given by:

tig| 0 kOC(Tig = To)/( Gt — Clibss )2 (1)

For thermally thin material behaviour, i.e. if the temperature in the material is approximately uniform, the ignition
delay ig given by:

tig O pCL(Tig = To)(dext — Gioss ) @

The lo$s term ¢jgss contains all the-losses by re-radiation and convection.

The prpduct property term.kpe(T;, — To)2 or pcL(Tig — Tp) can be determined experimentally. This parametef has also
been dalled a flux time-product (FTP)[8LIO], and the square root of the parameter a thermal-response parameter
(TRP)HLOL.

When |deriving>the equations above, all the properties have been taken as constants. In reality, the properties
depend on temperature and other ambient conditions. For example under slow heating the surface may| pyrolyze
suffici JaIIy, the
experin | ignition
temperature is con5|derably higher.

It may also be difficult to know whether the product is thermally thin or thick. The condition L >> (Ktig)ll2 is widely
used for characterising products with thermally thick behaviour. Another practical rule of thumb is that a product is
considered to show thermally thick behaviour if the physical thickness L is > 0,6p gy , Where L is in mm, the density
pin kg/m3 and the heat flux gg,; in kw/m2 [8l.

The loss term (555 depends on the ambient conditions, specimen size and orientation, etc. For example, different
convective cooling of the surface may significantly influence the ignition delay time. One must therefore be very
careful when applying the numerical data obtained even in standardised tests like the ISO ignitability test or the
cone calorimeter. Proper corrections can be made if the conditions are sufficiently well defined.
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At ignition, the loss term (¢jiss) IS equal to the critical heat flux for ignition. This is derived by extrapolation from a
limited number of tests at different levels of radiant heat flux. However, the true minimum heat flux for ignition may
be lower or higher because of the changes in the physical and chemical properties of the surface under extended
exposure. The significance of this discrepancy depends to a great extent on the application of the data.

Special attention has to be given if the product under consideration melts. Some polymers that have low melting
temperatures will melt away from moderate- to low-intensity ignition sources before the target attains its ignition
temperature. It is therefore possible that product information based on some standard tests may not guarantee low
flammability; under a higher exposure, the product may ignite easily.

The critical flux for ignition and the effective ignition temperature may be influenced by adding fire retardants to the
solid. Fof some fire retardants, the effect may be to decrease the time to ignition under specific conditiorfs. The
benefit of| the retardants is seen as a reduced burning rate.

In the above discussion, the intensity of the radiant source was assumed adequate to positivelysignite a|target.
Normally] pure radiant sources would not cause the primary ignition in an accidental fire sequéence. Howeyer, fire
spread frpm an initially ignited item may occur by means of radiant heat transfer. Factors that define the fradiant
intensity pf a source fire are flame area and thickness. The flame volume determines the flame emissivity, which is
a numbef between 0 and 1. For hydrocarbon fuels, flames thicker than 1 m will generally have an enfissivity
approaching 1. This factor dictates the efficiency with which radiant energy is transferred between sourge and
target. The flame size, along with the distance and angular intercepts between source and target, determines the
view factor, which is also a number between 0 and 1.

View factprs for various ideal shapes of hot objects can be found in reference{11]. Very often, flames from pqol fires
are treatdd as radiating cylinders the height of which depends on the buthing rate or the heat release rate.

Flame size for most fuels is directly proportional to the mass burning:rate or heat release rate. Correlation can then
be created to enable the calculation of the minimum safe distance from a burning item(12],

6.2.3.1 Ipput

The evalliation of the ignitability of solids may require,.as input, specific information on the following processes and
product properties:

O fuel Jproperties (thickness, surface emissivity, thermal conductivity, density, specific heat capacity, |gnition
tempgerature under various conditions, critical radiant flux for piloted ignition);

O radidtive, convective and condugtive heat transfer to the surfaces to estimate the fuel flow rate and the thermal
conditions in the space of interest;

O propgrties of potential ignition sources, e.g. temperature and spark energy, size of flame.
6.2.3.2 Qutput
The outpyit of the evaluation may be either the time to ignition or whether ignition is possible at all.

6.2.4 Ignition to~smouldering

Materialslwhich-are-prone-to-smouldering-haveparticular chemical-compositions,—form-char-on-decomposition and
are generally low density (e.g. flexible polyurethane foams, cotton batting and pulverized-paper insulation). Contact
with ignition sources such as cigarettes or hot surfaces can result in ignition which, if sustained, will propagate as
smouldering combustion.

For cellulosic materials, the initiation of smouldering requires that the cellulose be converted to char, and this can
occur after prolonged exposure to temperatures above 100 °C[13],

The same requirements have to be met for smouldering ignition of synthetic polymers to occur. In addition, these
materials require a prolonged, low-intensity ignition source. Note that many of the conditions that promote
smouldering combustion are similar to those necessary for self-ignition and spontaneous combustion, i.e. a material
that is susceptible to oxidation, and an environment where the heat generated by oxidation is contained by a
medium of low heat loss potential. Self-heating parameters are summarised succinctly in reference [14] and
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exhaustively in [15]. Many other sources of useful information on the assessment of self-ignition potential are

available.

In the literature, the input data needed for evaluation of smouldering ignition is scarce. The self-ignition propensity is
usually evaluated by a series of small-scale tests from which parameters are derived to enable evaluation of the
critical storage temperature of a larger volume of the same product. The scaling laws are based on fundamental

theory, and the extrapolation to larger scale has turned out to be remarkably reliable in a great n
applications.

6.3 Fire development

umber of

6.3.1 Evaluation of fire development

Evalugtion of fire development is closely linked to the quantification of a design fire discussed in
ISO/TR 13387-2. There are basically two distinctly different methods of determining the désign fire fo
scenatfo. One is based on knowledge of the amount, type and distribution of combustible materig
compdrtment of fire origin. The other is based on knowledge of the type of occupancy,’ where very little
about the details of the fire load.

The dgsign fire and the fire development are usually quantified by the heat release\rate (HRR) as a functig
Once the heat release rate is known, the flame height and the gas temperaturés,in the room can be estima
methogls discussed later in this subclause. The external heating of a secend object can then be calcul
development of the fire can then be considered to be a sequence of non-simultaneous ignitions, which

detail in
I a given
Is in the
is known

n of time.
ted using
hted. The
generally

behave in the theoretical manner discussed in 7.1. A design fire can therefore be arrived at, using ¢gata from

experiments to estimate the heat release rate and using methods ottlified in 7.1 for calculating the time to i

In some cases, more detailed methods can be used to simulaté.fire development. These may be needed
when gvaluating the relative fire safety of products in a specific application. Guidance on models of this ki
given ip the following subclauses describing the processes of fire development. It should, however, be note

gnition.

especially
nd will be
ed that for

design| purposes the need for accurate data is not asigh as for predicting the results of a single experiment. One

may never cover all the possible fire situations and,“therefore, characteristic data based on statistical ¢
given gccupancy must be applied.

Referghce [16] provides a useful discussion:about modelling fire growth from ignition to full involvement.
6.3.1.1 Input

The evfaluation of the development-of a fire (see Figure 1) requires as input information the following:

O bdilding parameters (eZg,lining materials, thermal and chemical properties, location);

O f

re loads (building ¢contents, thermal and chemical properties of building contents, location);

ata for a

ire);

O firg scenarigs,(e.g. experimentally determined characteristics of the first item ignited);

O thermal‘\profile (radiative, conductive and convective heat fluxes, gas temperature, initial fuel temperat
O buitdirg-eondition{conditions-of the-bildingproductse-g—tue-topre-heating):

O contents condition (conditions of the building contents, e.g. due to pre-heating).

6.3.1.2 Output

The output data are:

O Size of fire/smoke (e.g. burning area, flame height, heat release rate, mass loss rate, smoke density in the

room);

O thermal profile (temperature and heat flux distribution in the room of origin);
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O pressure/velocity profile (e.g. pressure at smoke vents, flow through vents, velocity in the ceiling jet);

O  build

ing response;

0 contents response.

6.3.2 Individual processes of fire development

©1SO

In the following subclauses, we will discuss various components of fire development. The various processes are not
always in the same form as in the bus illustration in Figure 1. For example, the different heat transfer mechanisms
are listed in Figure 1 but not explicitly discussed here, because they are assumed to be general engineering

knowledd

In some
single tog
possible
measures

6.3.2.1 H
The most

The burn
Unfortuna

time dep¢ndent and the net flux is affected by the flux from the flames, efthe burning item itself. The fuel v

block (ab|
the flame|
total heat

Often thg
calorimet
tens of m
specimer]
to make
condition
products

Where it
assumed

Q=

where thg
The valug
in differe
therefore

e.

bngineering tools like the zone models, descriptions of different component processes are compileg
I, making it possible to simulate the consequences of fire development. On many occasions,-howeV

0 consider the processes independently to draw the necessary conclusions concerning’the required
or the acceptability of a design.

urning rate
important descriptor of a fire is the burning rate, which is quantitatively expressed as a heat release

ng rate may be calculated if the net heat flux to the surface and the latent heat of gasification are
itely, neither of them are easily obtained for practical materials, because the properties of the fu

5orb) the radiation transmitted from the flame, and typically enly“a small fraction of the energy releg
can reach the surface. For horizontal pool fires, the net flux.to the surface is only of the order of 1 9
release rate.

e only reliable way to estimate the burning rate\is to use experimental data. Oxygen consu
brs have been used to measure the burning rates of large-scale objects with rates of heat release ¢
egawattsl17]. Small-scale systems exist to measure the mass loss and heat release rates per unit
s under well defined conditions. By applying,modelling techniques of varying complexity, it is then p
reasonable estimates of the burning.rates of larger objects, also under conditions differing fr
5 under which the input data was obtained. Useful sets of information on the burning rates of materi
can be found in [10], [18] and [19].

is not possible to characterize the combustible contents of the room of fire origin, fire growth i
to increase with the square;of timel29] using the relationship:

Q, (t/t)?

b so-called grewth time ty is the time to reach a heat release rate QO. Often in the literature (i)ot9
e of a can.be determined, in principle, based on statistical or experimental information on fire growt
ht occupancies. So far, experimental and statistical data are scarce, and engineering judgen
needed to determine the fire growth rate.

into a
er, it is
safety

rate.

known.
els are
apours
sed by

of the

mption
fup to
area of
pssible
bm the
hls and

5 often

®3)

2=q.
h rates

hent is

A parabolic fire is assumed to grow to a constant value when the fire becomes either fuel or ventilation limited. The
burning rates at later phases of fire development are discussed in 6.3.3 and 6.3.4.

Sometimes the fire growth rate can be expressed as an exponentially growing fire. In fact, a fire spreading upward
is more likely to grow exponentially than parabolically[21],

The idealised fire growth expressions have been criticised as being unrealistic22]. However, for design purposes,
when the exact type, location and geometry of the fire load is not known, no alternative approach has been

proposed
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6.3.2.1.1 Input

Depending on the complexity of the model, the following input data are needed to estimate the burning rates of real
objects:

O thermal conductivity, specific heat capacity and density of the product;
0 heat of gasification;

O heat of combustion;

O rafiative fraction of rate of heat release (typically 30 %);

O mass loss rate or rate of heat release per unit area (from small-scale tests under a known exposure);
O mass loss rate and/or heat release rate (from large-scale tests on real objects).

6.3.2.1.2 Output

The oltput data from the burning-rate evaluation are:

O mass loss rate;

O haat release rate;

O syrface regression rate.

6.3.2.4 Smouldering

For cqllulosic fuels, smouldering typically yields more«smoke and unburned species per unit mass of |fuel than
flaming, but, because the fuel mass loss rate is low, the total-species generation rate is low. Smouldering|may also
provid¢ a pathway to flaming at a later stage of the fire.

Smoul@lering usually occurs in low-density .organic materials. Smouldering may be initiated by self-ignition or by a
heat spurce embedded in the material or-causing a heat flux at the appropriate level. A low heat flux may not be
sufficignt to ignite a smouldering fire and a high flux may immediately cause a flaming fire.

In fire |safety engineering, consideration of smouldering is needed if the generation of visible smoke jand toxic
speciep is of interest at an early stage of the fire. Fire detection systems are often required to resgond to a
smouldering fire.

The mpdels used to describe smouldering are often quite complex. Therefore, smouldering fires are often fjuantified
based |on experimentalMdata. Like flaming fires, smouldering fires can also be described by the rate of heat release
or masgs loss rateyas a function of time, although the burning rate is orders of magnitude lower. Exgerimental
information is_often in the form of the velocity of spread of the smouldering front. Combining the spread velocity with
density datarand estimates of the combustion process allows estimation of the mass loss rate or the rate of heat
reIeasT of the fire.

Reference [23] is a useful source of information on the smouldering properties of various substances. Typical heat
release rates of smouldering fires are given in [24].

Transition from smouldering to flaming combustion is undoubtedly a common process in fire growth scenarios. In
many cases, smouldering can persist for hours before transition, and this fact can be crucial in situations where the
initiation site is hidden, or separated from areas of activity. Increased air flow in the direction of smoulder
propagation is critical for transition to flaming. This effect is influenced by pre-heating of virgin fuel by the air that
passes over the active smouldering region. A practical example of this phenomenon occurs when a smouldering
front breaks out of the side of an upholstered chair, and immediately encounters excess air for the combustion zone
and a heated convection plume on the vertical exterior surfaces of the chair. Another transition mechanism is
analogous to the conditions of self-heating. Because smouldering is an oxygen-deficient process, the temperature
of the smouldering front is relatively low. However, surface layers insulate the internal reaction zone so that internal
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temperatures become quite high and the reaction region porous. This porosity enhances air transfer to the interior,
thus intensifying the reaction to produce persistent local flaming.

The transition to flaming is so sensitive to ambient conditions, variations in the porosity, etc., that it is practically
impossible to predict the time it takes for smouldering to turn into flaming combustion. For building design, this kind
of consideration is seldom needed, although for life safety assessment in the room of origin one may need to
assume an extended period of smouldering.

6.3.2.2.1 Input

The input data used to describe a smouldering fire may include:

O the Velocity of spread of the smouldering front;

O the density and chemical composition of the fuel,

O the qombustion efficiency and the heat of combustion of the fuel.
6.3.2.2.2| Output

The outpuit information describing a smouldering fire may be:

O the mass loss rate or the heat release rate of the fire.

6.3.2.3 Klame size

The size [of the visible flame can be used to further calculate the radiative heat flux from the fire to a remote [object.
It is also heeded to determine the appropriate expressions for the.temperature and velocity distributions in ¢r near
the fire plume, i.e. different expressions are needed if the point of interest is inside the visible flame, ins|de the
convectivie plume above the fire or completely outside of the:fire plume.
The flame size is directly proportional to the rate of heatrrelease in the fire. Typically, the rate of heat relegse per
unit volurpe of flame is in the range 0,5 MW/m3 to 2.MW/m3 of visible flame. Various expressions are availgble for
the flamg height as a function of the rate of heat release, as discussed in [25]. Reference [26] includes infofmation
on flame kizes and the subsequent view factorsof large open hydrocarbon pool fires.
6.3.2.3.1{ Input

The inpuf information needed to calculate the flame size is:

O heat|release rate and diameter of the fire;

O heatjrelease rate per-unit width of a wall fire.

6.3.2.3.2| Output

The outpuit from_the evaluation of the flame size is:

O size pfthe flame, especially the flame height.

6.3.2.4 Flame heat fluxes

The impact of fire on the building fabric or building contents depends to great extent on the heat flux received by the
object. The heat flux received depends on the view factor (the geometric characteristics of radiation exchange) and
the flame properties, such as the temperature profile and optical properties (emissivity), depending on the nature of
the fuel, the fuel/air ratio and the shape and dimensions of the flame.

There are no easy-to-use hand-calculation methods for accurately estimating the heat flux from a flame of arbitrary
size and shape. In the case of small flames, both the convective and radiative components may vary considerably,
depending on the size and shape of the flame and the way it makes contact with the object. For example, the flux
from a 100 kW flame against a wall is of the order of 25 kW/m2, but a 10 kW flame impinging on a ceiling may cause
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a heat flux of the order of 60 kW/m?2 to the stagnation point. The thicker the flame becomes, the higher the flux. For
example, a 0,5 m x 0,5 m gas burner in a corner with a heat release rate of 300 kW may cause a flux of 100 kW/m2.
In a fully developed room fire, considerably higher heat flux levels can be found. A recent review includes

experimental data on heat fluxes in different experimental conditions[27].
6.3.2.4.1 Input

The input information needed to evaluate the flame heat flux may include:

O heat release rate and type of fuel;

O size of the fire source and position with respect to the object;

O thermal properties of the object.
6.3.2.4.2 Output

The oJtput of the heat flux evaluation is:
0 total heat flux and/or its components;

O hegat transfer coefficients between the flame and the surface.

6.3.2.9 Flame spread on solids

Flame|spread on walls, ceilings and floors in rooms is a complicated pfocess, depending both on the properties of

accor

the su{ace products and the ambient conditions in the room. The problem is usually divided into two differ
upwar

) flame spread case, air flow is in the same direction as flame spread. In the opposed-flow (count

ENnt cases

ing to the different relative directions of air flow and flame prépagationl28l.[29]. |n the wind-aided (cgncurrent,

ercurrent,

downward or lateral) flame spread case, air flow is in the opposite direction to flame spread. The formgr case is

usually orders of magnitude faster than the latter.

The heat flux from the flame to the surface in front©f the proceeding flame front in opposed-flow flanme spread

depengls to some extent on the gas phase thermal properties of the pyrolyzed fuel. These properties are

difficult to

measure independently, and therefore experimental data from lateral flame spread tests are needg¢d in the
engineering models describing opposed-flow Spread on walls. A detailed discussion of the lateral flanle spread

model$ using standard test data can be found e.g. in ISO/TR 11696-1.

When flames are spreading on a hotizontal surface like a mattress, the source flame may become so high
that the radiative flux from the flame)becomes high enough to dominate the spread process compared to g

and thick
as phase

condugtion. In such cases, the lateral spread can be described by using data available from the cone calorimeter

(ISO 5p60), i.e. the time to ignition characterising the thermal response, the ignition temperature of the fu
and the rate of heat release-determining the size of the flames. There is still only a limited nhumber of ex
the sugcess of these kinds of models. Therefore, calibration of the models against experimental data is
important before extehding the use of the models outside the product category.

el surface
hmples of
pxtremely

During| recent years, considerable advances have been made in the development of thermal models fqr upward
flame $pread;-Fhe basic equation used is:
AKXy </ X — X
L Lid 4
dt T @
where
X, IS the position of the pyrolysis front;

p

X is the flame height;

T is atime constant which is usually taken as the time to ignition at an appropriate heat flux levell6]

The flame height is proportional to the total heat release rate per unit width of wall. A number of analytical and
numerical schemes exist to solve equation (4) and to obtain the associated heat release rate. The model and its
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applications are discussed in more detail in ISO/TR 11696-1. The majority of the models based on equation (4) use
the results of the cone calorimeter test as input data. Typically, data taken at irradiance levels between 25 kW/m?2
and 35 kW/m2 have proven applicable.

The models based on equation (4) can be used e.g. to consider whether the fire will spread or not. When the heat
release rate is calculated as a function of time, one may also estimate whether flashover will occur and, if it occurs,
the time to flashover.

Recently, work has also been done to implement flame spread in computational fluid-dynamics models. Although in
principle one could use more fundamental input data, the most promising practical applications are those in which
the lining response and pyrolysis under thermal exposure are taken from the same standard tests as those in the
model digcussed above.

One sholild note that the flame spread models do not account for flaming droplets which may accempany flame
spread oyer thermoplastics, nor falling pieces that may accompany flame spread on charring materials at|a later
stage of the fire.

6.3.2.5.1| Input

The inpuf data needed for evaluating flame spread are e.g.:
O timelto ignition and rate of heat release per unit area as a function of time at@g-appropriate irradiance leyel;
O the flame spread parameter derived from a standard lateral flame spread.test.
6.3.2.5.2| Output

The outpuit of a flame spread evaluation is e.g.:

O burn|ng area as a function of time;

O heat|release rate of a spreading fire;

O size pf the spreading flames (flame height).

6.3.3 Rdom effects on fire growth

If the firelis initially sufficiently small and,'sufficiently far from the walls, it can be treated as if it were in the gpen. If
the fire i close to a wall, the entrainment from the side of the wall is limited, causing the flames to become|longer

and the femperatures in the plume-to become higher. This may be of importance, e.g. if the ceiling is made of
ignitable pr burning-dripping material.

The secgnd effect of the-roem is the accumulation of a hot gas layer in the upper part of the room. The hot gas
entrained from the upper’ layer into the plume is warmer than air, and hence the temperature in the|plume
decreaseps more slowly-as a function of height. If the flame is so high that combustion takes place in the vitigted air
of the smoke layer; combustion efficiency may be reduced and a Iarger fraction of the combustible vapour
e on all
50 high

Hot walls, heated by a flame close to the wall or by the upper layer, may also radiate back to the fuel surface,
causing the fuel flux to increase and the fire to grow faster than without the presence of the wall.

6.3.4 Ventilation-controlled fires

After flashover, the mass loss rate can become so high that there is not enough oxygen available to burn all the
fuel. The mass loss rate in the room remains approximately constant and the openings usually restrict the inflow of
air to keep the heat release rate inside the room constant as well. The design fire at this point can be characterised
by a constant rate of heat release, and the gas temperatures inside the room then depend on the heat balance
between the generation of heat (combustion) and the loss of heat through the openings and to the boundaries. The
temperature may often be assumed homogeneous inside the room.
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Several methods have been developed to describe the temperatures in a ventilation-controlled fully developed fire.
Typically, the burning rate in an enclosure has been found to depend on the ventilation factor:

Fy = A, x (h,)V2 5)
The gas temperature in the enclosure depends on the thermal properties of the boundaries and an opening factor:

Fo = A, x (h)Y2/A; (6)

where pyTsthetotatarear of thecompartment-ernctosmy surfaces:

A disciission of the maximum temperatures to be found in fully developed fires can be found in reférence|[30]. The
referernce also contains a brief discussion of the parametric time-temperature curves of ventilation-contrdlled fires.
The pgrametric time-temperature curves express the temperature of a fully developed fire as,a function of time, the
thermgl properties of the room boundaries, and the opening factor. These curves are alreadyybeing applied, e.g. in
the strlictural Eurocodes for designing fire-resistive structures.

According to reference [5], the highest temperature for wood crib fires in smallC'enclosures can be found if
A,(h,)¥2/A; = 0,08 mY2. For smaller values, there is excess fuel and for higher values excess air. For values more
than apout 0,11 m1/2, the fire is fuel controlled. It has also been suggested-that wood crib fires beqome fuel
controfed when A, (h,)2/A; ¢ > 0,08 m¥/2 [31], Reference [32] presents a¢more detailed model for assessing the
burning rates of wood cribs. It is shown that the fire is fuel controlled if(the burning rate of the crib is Jless than
0,12A, hv)1’2. For a room of normal height with a normal-size door, thisdimiting value is well above the bufning rate
requirgd to cause flashover, indicating that flashover may occur befgrethe fire is fully developed.
6.3.4.1 Input

When [assessing the burning rates and temperatures of<ventilation-controlled fully developed fires, the|following
information is needed:

O firg load density in the room;

O dimensions of the room and the openings therein;

O thermal properties of the bounding walls, floor and ceiling.

6.3.4.2 Output

The oytput of the evaluation. of a fully developed ventilation-controlled fire include:
0 maximum burning-rate;

O maximum heatrelease rate inside the room;

O temperature as a function of time inside the room.

6.3.5 Pecay of a fire

As the fire load begins to be exhausted, the burning rate starts to decrease. The decay period typically begins after
80 % of the fuel has burned. However, if the fire load is to a significant extent as wall and ceiling linings, the decay
period may begin later and consequently be much shorter. The decay period is usually considered together with and
as a direct continuation of the ventilation-controlled fully developed fire and, therefore, the same calculation
methods apply as described in the previous subclause.
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6.4 Smoke production
6.4.1 Evaluation of smoke production

Smoke is produced in all fires. It evolves from all kinds of combustible building materials used in load-bearing
constructions, insulation, surface linings, installations or building contents like furniture or stored goods. The rate of
smoke production is dependent on many factors. Smoke poses a threat to occupants and to fire brigade personnel,
causing reduced visibility and endangering evacuation and rescue. The smoke particulate may cause irritation and
subsequent incapacitation and, at worst, death.

According to the definition in ISO 13943, smoke is a visible suspension of solid and/or liquid particles in gases
resulting from combustion or pyrolysis. Reference [33] defines smoke as the smoke aerosol or condensedt-phase
component of the products of combustion. Sometimes, however, the evolved gases have been inclided| in the
definition|as well(341,

Here, only the particulates are discussed. These particles are not at all homogeneous, neithér in size|nor in
compositjon. As described later, the rate of smoke production, and thereby the smoke particulate, vary with the
material ¢f origin, exposure and combustion conditions, and with time.

Smoke particles reduce visibility due to light absorption and scattering. Consequentlys people may have difficulty in
finding egcape routes. A practical way to quantify visibility is the distance at whichyan object is no longer pisible.
Dependirl]g on smoke movement, the hazardous area can be large and the smeky environment can exparnd very
fast.

Corrosive effects on building structures and contents have become an @rea of great concern and have prompted a
number df regulating bodies to restrict or prohibit the use of materials.id€ntified as generating corrosive smake, i.e.
halogenafed cable and wire insulations.

Most of the technical literature on smoke production from buildiAg materials presents experimental results in small-
scale tes}s. There is not much information available in the ‘scientific literature concerning modelling or predictive
correlations between small-scale smoke data and real fires or large-scale test results[35][36]. The scale dependence
of the rat¢ of smoke production is generally not very well*known.

Different |systems of units are used to describe_the smoke density, causing a potential for misinterpretgtion of

experimeptal data. The different systems of\units are described in annex A. It is recommended here to Jse the
natural-lggarithm-based system of units, i.e.\t@ characterise the optical smoke density by its extinction coefficient:

Kz—i'lnll—o @)

lp |s the intensity-0f light in clean air;
I he intensity, 'of light after passing a distance | (optical path length) through the smoke.

The reaspn for(selecting this system of units is that the majority of data quantitatively characterising the |smoke
production‘propensity of products is now generated in these units. The smoke production propensity of a material is
now described In units of m4/S. 1f the burning rate 1S measured, the SmoKe production propensity can be scaled to
m2/kg of material burned, or m2/J if only the rate of heat release is measured.

One should also note that the extinction coefficient depends on the wavelength of light. According to [37], the
extinction coefficient is inversely proportional to the wavelength. If the data is measured with a system operating in
the near-infrared, the true extinction coefficient at the wavelength of visible light is somewhat higher.

The unit of area is appropriate since it describes the effective cross-sectional area of the smoke particles. By

combining the quantitative information on the amount of smoke produced with the burning-rate information, one is
able to estimate the smoke density in locations away from the fire source as is described in ISO/TR 13387-5.
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Another method of describing the amount of smoke produced is by the smoke yield, i.e. by the mass of smoke
generated per mass of fuel burned. If the fuel mass loss rate is known, one is then able to estimate the mass of
smoke generated. The data on smoke yield has the advantage, compared to the above-mentioned smoke
generation rates, that no confusion in the units is possible.

6.4.1.1 Input
The evaluation of smoke generation requires as input information the following:

O building parameters (e.qg. lining materials, chemical properties, location);

O fi

re loads (building contents, chemical properties, location);

O firge scenarios (e.g. experimentally determined characteristics of the first item ignited, including rate [of smoke
prpduction);

O ernvironmental parameters (e.g. humidity).

6.4.1.2 Output

The following output information is produced:

O Sige of fire/smoke (rate of smoke production either as specific are per@nit time or mass per unit time).
6.4.2 Factors influencing smoke production

6.4.2.1] Composition of product

The chemical nature of the burning material has a systematic effect on the smoke production. Some pure fuels (e.g.
carborl monoxide, formaldehyde and methyl alcohol) de not produce smoke if burned with sufficient ventilation.
Other prganic materials burning under identical conditions may give substantial amounts of smoke, depg¢nding on
their dhemical nature. Organic liquids which are~oxygenated (such as ethyl alcohol) give less smioke than
corresponding hydrocarbons. If the hydrocarbens are unsaturated, the smoke production is higher than with
corresponding saturated hydrocarbons. Simitar observations are true for solids. Oxygenated fuels, such [as wood,
give less smoke than do hydrocarbon polymers such as polyethylene. Aromatic compounds, such as polystyrene,
produde by far the greatest amounts of sniokel35],

6.4.2.2 Environment

The smoke production may also ‘depend on the burning environment. Experimental studies have shown snjoke yield
to be dependent on variables such as radiant heat flux, oxygen concentration, ventilation, sample orientgtion and
geomeltry, and the moistlire content of the samplel35]. Most of these conditions can also vary betweer] different
phases of a fire. However, two distinct phases of smoke production should be considered, one related to|the early
stages| of fire (presflashover, perhaps only a single item involved), and another related to the post-flashovgr fire (all
items ¢f a compartment are burning under ventilation-controlled conditions).

The rgte 0f burning and the area involved in burning must always be considered when determining the smoke
produdtion. A material or product producing rather small amounts of smoke per fuel area may have a spbstantial
smoke production due to a rapid surface spread of flames. This is of special importance when comparing fires (or
tests) of different sizes. At low O, concentrations, the smoke yield may increase significantly. In a compartment fire,
the smoke generation rate has been found to increase when the fuel-to-air equivalence ratio is close to or higher
than one (see 6.5.2).

6.4.2.3 Combustion

Smoke is basically a product of incomplete combustion. In smouldering combustion, volatiles are evolved at
elevated temperatures. Upon mixing with cool air, they condense to spherical droplets, which appear as a light-
coloured smoke aerosol. The size of the spherical droplets from smouldering combustion is generally of the order of
roughly 1 mm, i.e. larger than from flaming combustion.
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Flaming combustion produces a black carbon-rich smoke, in which the particles have a very irregular shape. The
smoke particles from flaming combustion are formed in the gas phase and in regions where the oxygen
concentrations are low enough to cause incomplete combustion. For cellulosic materials, the amount of smoke per
unit mass is less with flaming combustion than with smouldering combustion. With plastics, however, no such
generalisation can be made. For wood and similar cellulosic materials, the production of smoke is increased
dramatically with restricted ventilation; for other types of fuel, little is known.

6.4.2.4 Fire and flame retardants

Quantitative smoke data regarding fire retardant (FR) treated materials or products is scarcel38l. One also has to be
very careful with the use of data from products with generic names, because the differences in actual treatments
may cause significant differences in smoke production properties. The yields of smoke for FR products,may be
higher than for corresponding untreated products. However, in real-scale tests it has been demonstrated |that, if
sufficiently effective FR agents are used, any effects of increased yields of smoke are more than compensgted for
by decreased burning rates of polymeric materials.

6.4.2.5 $moke maturation

It is gengrally known that the particle size increases as a function of time due to agglomeration after collision of
particles ith each other. The literature considering this effect is scarce and still on_a felatively theoretical level. A
model to ftake into account the smoke maturation has been developed(39], but it has-probably never been applied in
practical fire safety engineering.

6.4.3 Avpilable smoke data

Despite the large number of laboratories using different fire-testing<methods, published smoke data are $carce.
Smoke yield data for a large number of materials can be found in [10]. A large number of smoke obscuration|values
have begn tabulated in [40]. Compilations from cone calorimeter-measurements have been published forl a few
materials|in [41], for upholstered furniture materials in [19], [41J and [42], for fire-retarded materials in [21], nd for
some building products in [35] and [43]. References to the qlder literature on smoke evolution can be found in| [44].

Data on the smoke production of different materials afe~available mainly from small-scale testing (specific |optical
density, nass optical density). However, when using such data, it should be noted that there are subgtantial
differencgs for the same or similar materials undet almost similar burning and testing conditions[35l. It shquld be
emphasiged that these smoke data represent.@‘general level rather than "absolute” properties for different materials
and prodlicts. Measurement of smoke is essentially dependent on the equipment used, and interpretation qf time-
dependent curves is not very simple.

In laboratory experiments, the produetion of smoke and its optical properties are often measured simultarjeously
with othef fire properties as heat, release rate and flame spread. The measurements are usually dynamic|in full-
scale tesfing, i.e. they are perfermed in a flow-through system. In small-scale testing, they may be either dynamic,
as in the pone calorimeter,(of, 'static, i.e. the smoke is accumulated in a closed box. Small-scale tests are nedessary
as practigal tools. Full-scale tests are generally considered to be more reliable and are needed to establish the utility
of the smill-scale tests

The use|of smoeke” point data to characterise the smoke production propensity of products has alsg@ been
considergd[19.\A recent paperl43] describes the methodology, but it is not yet at a level applicable for fire| safety
engineering-at large. Standard methods are available for measuring the smoke points of gaseous and liquid
fuelsl46l butmotsotitfuets:

6.4.4 Prediction of smoke production in large-scale fires

Quantitative prediction of the rate of smoke production using basic principles for commercially available construction
products is not possible at the moment. Therefore, test-based correlation models are needed to be able to use
small-scale test data in determining the fire hazard of products.

The prediction of smoke production has been studied much less than the prediction of heat release, and with limited
success so farl35L[36], However, there seems to be some evidence that the early stages of certain full-scale
scenarios can be predicted, although the post-flashover smoke production cannot be resolved yet. As one main
recommendation to obtain correlations between small-scale and large-scale data, flow-through systems have been
suggested[35],
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Smoke data in units where the specimen mass is normalised are preferred for correlations with full scale, but are
often hard to determine in full-scale fires. In cases where mass-normalised data have not been obtained for the full
scale, parameters describing the burning rate should be included in correlations between small-scale and full-scale
smoke production. An alternative is to normalise the smoke production in small scale and full scale to the heat
release rate.

One possible way to develop useful correlations is to use smoke mass yields. The mass concentration information
could then be translated into optical densities. According to [47], the total cross-sectional area of smoke (see
annex A for definitions) particulate per mass of smoke is about 7600 m2/kg of smoke for flaming fires and
4400 m2/kg of smoke for smouldering fires. More recent data suggest that a typical value for flaming fires would be
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O fire loads (building contents, chemical properties, location);

O fire scenarios (e.g. experimentally determined characteristics of the first item ignited, including rate of smoke
production);

O environmental parameters (e.g. humidity).

6.5.1.2 Output

The following output information is produced:

O Effluent/species (rate of species production).
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6.5.2 Carbon monoxide

Carbon monoxide is produced both from smouldering and from flaming combustion. The production of CO from
smouldering fires is a very complex combustion process. Although it has been the object of numerous studies, the
state of knowledge is still insufficient to enable the calculation of CO production with the confidence needed for the
assessment of the threat to life in a design fire. This part of ISO/TR 13387 will, therefore, focus on CO production
only from flaming combustion.

The production of CO from the flaming combustion of materials is largely dependent upon the supply of oxygen.
Oxygen available to a fire can be limited either by lowering the oxygen concentration in the incoming air supply or
by a reduction in the volume flow of air to a fire.

The formation of CO is related to the fuel-to-air equivalence ratio, which is defined as:

Q= K9tuel/ KGair ®)
{k9tuel / KGair )stoich

where "stoich" denotes conditions at which the ratio between fuel and oxygen is that-fequired for cgmplete
combustipn with no excess oxygen. Thus, when ¢= 1, exactly stoichiometric conditions*exist between fuel gnd air.
For valugs of @< 1, the fire is well ventilated; for values of ¢> 1, the fire is fuel-rich andwentilation-controlled.| These
latter conitions are ones that favour the formation of CO[101.148],[49],

NOTE Some investigators use an air-to-fuel equivalence ratio, rather than one of fuel-to-airl®l. In that event, the aif-to-fuel
equivalenge ratio would be equal to 1/@as used here.

Productign of CO is generally expressed in terms of its yield, i.e. the“mass of CO produced per unit mass pf fuel,
kgco/kdgle- The rate of CO production can be calculated from the yield and the fuel mass burning rate. Forfuse in
the modellling of the toxicological effects of CO, the rate of formation of CO in mass produced per unit time nust be
converted to concentration by volume over time.

Studies(1P1148] have shown that under well ventilated cénditions (¢<< 1), yields of CO are very low. Thesq yields
remain negligible until ¢ reaches about 0,5. Thereafter, the yields of CO increase rapidly as values of ¢ in¢rease,
reaching fa plateau for most materials in the range ftom 0,1 to 0,2 at an equivalence ratio of somewhat greater than
1,0.

For roomf approximately the size of that in the ISO 9705 room fire test, flashover occurs at about the time ywhen @
reaches 0,5[101. This is also the point-at.which CO yields begin to rise dramatically. Thus, a rapid increase| in CO
yield ocqurs almost simultaneously._with flashover. At flashover, the rate of CO production also ingreases
dramatically since it is dependent‘en the mass burning rate, which increases rapidly at flashover. Thus, thge rapid
rise in CQ production at flashever'is due both to the fire becoming ventilation controlled and to the very rapid rise in
the masg burning rate. These-phenomena have been observed with large-scale fire tests involving fully fufnished
rooms[49}150],

From the|aspect of.the“toxic hazard due to CO, there is little concern with well ventilated fires since both yields and
rates of CO production are quite low. Although a model has been proposed to calculate CO yields as a fungtion of
equivaler{ce ratio} only modest agreement with experimental data has been shownl3ll. Moreover, most firels pass
through the-range ¢= 0,5 to ¢= 1,0 quite rapidly. Once ¢@reaches a value greater than 1,0, the CO yield bgcomes
fair|y constant—The prnrlnr‘rinn rate_is then dnpnndanf nnI\J/ on-the mass hllrning rate. For a cnffir‘innfl\ll la ge fire
whose flame radiative heat flux and material-vapour mass generation rate have approached their asymptotic values,
the mass burning rate remains fairly constant and, thus, the CO production rate is also constant(4°].

6.5.2.1 Processes

The CO production rate mco can be estimated from equation (9):

Mo =fco Miel C)
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where
fco  istheyield of CO;
Mie IS the fuel mass burning rate, usually in kg/s.

Under post-flashover conditions in the absence of definitive values, f-5 may be assigned a value of 0,2.

Equation (9) gives the rate of CO production in units of mass per unit time. To be useful in the modelling of toxic

hazard-these units must be converted to ppm (parts per million) by volume in the enclosure \With Lea-£ j1al to the

density of CO (1,25 kg/m3 at standard temperature and pressure) the volumetric production rate can be’gxpressed
as Vg = Meo /Pco.
6.5.2.1.1 Input
Required are:

O mass burning rate e ;

O  cdrbon monoxide yield f-q.

6.5.2.1.2 Output

Produged is:

O cdrbon monoxide generation rate mcg or Veg -

6.5.3 [Carbon dioxide

For well ventilated fires, i.e. ¢<<1, essentially all the fuel carbon is oxidised to CO,. Thus, the yield pf CO, is
essentjally quantified. With ventilation-contrelled fires, the production efficiency is still high (90 % to 95 %);|however,
more darbon appears as CO, soot and uhburned organic species. It is important to note that the mass of |carbon is
conselved under all combustion conditions.

6.5.3.1] Processes

The yield of CO, from the burning of a fuel is most readily calculated by multiplying the maximum possjble yield,
obtaingd from its chemical'composition, by its production efficiency which in the case of CO, is very high, |i.e. about
90 % tp 95 %[101, If the'¢hemical composition of the fuel is known, the maximum yield fcoo is given by:

_ 44
'¢o, = Nlecular mass of simple empirical chemical formula of fuel (i.e. CH,O\N,..)

O-the of CO plying e-fuel-mass-buming rate.
The resulting mass production rate must then be converted to units of ppm (or preferably percent) of CO,
accumulated per unit time, analogous to those operations performed for CO.

6.5.3.1.1 Input
Required are:
O empirical chemical formula of fuel (use CH, for natural fuel if exact formula is unknown);

O mass burning rate g -
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6.5.3.1.2 Output

Produced is:

0 carbon dioxide generation rate g, or V002 .

6.5.4 Hydrogen cyanide

In contrast to the extensive work with carbon monoxide, there have been insufficient studies of HCN formation to

enable its generation in fires to be quantified mathematically. The maximum possible yields of HCN can be
estimated;-however _these are notlikely to be suitable for use in calculations of the threat to life of fires

6.5.4.1 PRrocesses
The maximum possible yield of HCN (i.e. assuming all nitrogen is converted to HCN) may be calculated as:

27
Molecular mass of simple empirical chemical formula of fuel (Cy,H,;,0 y.N)

fucn(max.) =

The production efficiency of HCN and its dependence on the various fire parametérs are not known. Thus, only
maximum yields and rates of production based on mass burning rates can be calculated using methods anglogous
to those for CO,.

6.5.4.1.1| Input

Required|are:

O empirical chemical formula of fuel;

O mas$ burning rate g .

6.5.4.1.2| Output

Produced is:

O  maximum possible HCN production rate-fiycy Of Ve -

6.5.5 Hydrogen halides

The maximum possible yields_of the hydrogen halides can be calculated as with other species. Since the progluction
efficiencigs for the formation\of’ HF, HCI and HBr are likely to be close to 1, maximum production yields waould be
expected|in fires. It should bé noted that hydrogen halide concentrations also decay rather quickly in the présence
of sorptive surfaces an@.water droplets present in most fire effluents at temperatures below 100 °C. Thus mgximum
possible ¢oncentrations are rarely actually measured!2],

6.5.5.1 PRrocesses

The maximadm possible yields of hydrogen halides may be calculated, as with CO,, from:

£ = Molecular mass of halide
HX ™ Molecular mass of simple empirical chemical formula of fuel (Cy,HywOyaN/ wX)

As with CO, the yield of HX must be converted to production rate by multiplying by the fuel mass burning rate. The
resulting mass production rate must then be converted to units of ppm produced per unit time, again analogous to
those operations for CO.

One should, however, note that hydrogen halides may be generated by thermal degradation even before ignition

and, consequently, this simple approach may lead to errors. When halides are contained in the fuel, it is necessary
to make assumptions concerning hydrogen consumption to be able to write the stoichiometric reaction. For
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instance, fluorine F,, due to its strong electronegativity, combines in priority with hydrogen to form HF. Chlorine Cl,
then combines with hydrogen to form HCl and, finally, hydrogen is oxidised to form water vapour H,O.

6.5.5.1.1 Input

Required are:

O empirical chemical formula of fuel,

O mass burning rate my,e;

0 in
6.5.5.1
Produg
O m

O m

7 En
7.1 G

During

ormation on the chemical processes involved.

.2 Output

ed are:

hximum possible HF, HCI or HBr production rate myyx or vy ;

bximum possible HF, HCI or HBr accumulation rate.
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A fourth type of fire development model is the probabilistic model, which does not make direct use of the physical
and chemical principles involved in fires, but makes statistical predictions about the transition from one stage to
another. The course of a fire is described as a series of discrete stages that summarise the nature of the fire. Time-
dependent probabilities are ascribed to the possibility of the fire changing from one stage to another. These are
determined from a knowledge of extensive experimental data and fire incident statistics.

It should be noted that all these models can be combined in various ways (deterministic with probabilistic, two-zone
with field models, etc.) to form hybrid models. Whatever the calculation method is, the principles of ISO/TR 13387-3

should

be followed to assess the applicability of the method.
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In spite of the development of calculation models, experiments still have a significant role in fire safety engineering.
They are needed to produce input data for calculation models, to produce reference data to add confidence to the
results of calculations and often also as a direct means of getting answers to design problems.

7.2 Estimation formulae

The hand calculation methods can be divided into three categories: those that deal with heat transfer, those that
deal with combustion and those that estimate the resulting conditions. These methods have variable limits of
application which should be checked by the user.

7.2.1 Heat transfer

There ar¢ three mechanisms by which heat is transferred from one object to another: radiation, convectipn and
conductign. Classical textbooks on heat transfer provide innumerable hand calculation expressions forcalqulating
heat fluxg¢s to and from solids, liquids and gases as well as expressions for estimating the resulting tempgrature
profiles ip a target. These analytical expressions are usually arrived at by setting up the enérgy balarce, by
assuming constant properties and homogeneity in the media involved and by ignoring the heattransfer mechanisms
which se¢m to be of least importance in each case.

The radigtive heat flux from flames, hot gases and heated surfaces impinging on a solid surface can be esfimated
using clagsical heat transfer theory and view factors. The same applies for convettive heat transfer to soligs and
conductife heat transfer through solids. The surface temperature of a solid subjected to a radiative, convegtive or
conductije heat flux can be calculated by hand, assuming the solid to be ‘either semi-infinite or consisting of a
lumped thermal capacity.

7.2.2 Fire development and species generation

Calculating fire growth and the amount of heat evolved from the primary fire source requires knowledge of the type
and amopnt of fuel involved. Burning rates can be estimated<on the basis of data from small-scale testg or by
interpolajng the results of large-scale tests. For example, the-heat evolved can be calculated if the area of & liquid
spill is knpwn. If the amount of liquid is known, the time to:burn-out can be calculated.

Fire growth information for solids and other burning objects is available from several sources. Heat release rates for
many items of furniture, curtains and different\types of material are available, and the results can be ysed to
estimate the heat release rates of items in the:same category. Correlations are available, e.g. to estimate the effect
of mass pnd other factors on the peak burnihg rates of furniture. Relevant input information is also availgble for
many other processes of fire development as discussed in 6.2.

Computef programmes with materjal databases are also available to assist the user in choosing an appropriate heat
release fate curve. There are~also user-friendly computer programmes with collections of routines based on
analytical equations. These_in¢lude expressions for mass flow through openings, the buoyant pressure|of hot
gases, sgecies concentrations, flame sizes and room temperatures.

For fully developed firgs'in small rooms, parametric temperature-time curves have been developed[®l[30] | These
curves nged as inpUts the opening factor and the thermal inertia of the bounding walls.

7.3 Computermodels

Zone andfietd modefs — described im more detaif im ISO/TR 13387-5— camn be usSed o simutate fire devetopment
and species generation, but their main application is in the evaluation of the consequences of fire. A limited number
of submodels have been included in some of the zone models to calculate e.g. the spread of fire on a horizontal
surface like a mattress or the burning of a wood crib. Usually, however, the development of the fire has to be given
as an input.

Research organisations are developing methods which allow the development of a fire to be simulated in a more
flexible way. For example, there are ongoing efforts to include flame spread in the CFD models. These models are
still at the research stage and can be used for engineering purposes usually by the developers of the models only.

Deterministic models, implemented also as computer codes, describing fire growth in a specific scenario are
available. For example, there are several models which simulate fire growth in the standard room/corner test
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