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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 m
electrotechnical standardization.

The procedures used to develop this document and those intended for its further mainten
described in the ISO/IEC Directives, Part 1. In particular, the different approval criteria neede
d|fferent types of ISO documents should be noted. This document was drafted in accordance
eglitorial rules of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).

Aftention is drawn to the possibility that some of the elements of this documént may be the s
pfatent rights. ISO shall not be held responsible for identifying any or all such patent rights. I
a
0

n the ISO list of patent declarations received (see www.iso.org/patents),

Ahy trade name used in this document is information given for thé.convenience of users and
c¢nstitute an endorsement.

For an explanation of the voluntary nature of standards, the meaning of ISO specific te
expressions related to conformity assessment, as well\as information about ISO's adheren
World Trade Organization (WTQO) principles in the Technical Barriers to Trade (TBT), see www
ido/foreword.html.

This document was prepared by Technical Committee ISO/TC 92, Fire safety, Subcommittee §
sqfety engineering.

Allist of all parts in the ISO 16733 series:¢ah be found on the ISO website.

Apy feedback or questions on this dociment should be directed to the user’s national standard
mplete listing of these bodies can’be found at www.iso.org/members.html.
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Introduction

This document provides guidance for the specification of design fires for use in fire safety engineering

analysis.

A design fire is linked to a specific scenario that is tailored to the fire-safety design objective.

There can be several fire safety objectives being addressed, including safety of life (for occupants

and resc

ue personnel), conservation of property, protection of the environment and preservation of

heritage. A different set of design fire scenarios and design fires can be required to assess the adequacy
of a proposed design for each objective.

The prodedure for the selection of the design Iire scenarios 1s described 1n ISU 16733-1. The design
fire can pe thought of as an engineering representation of a fire or a “load” that is used to determine
the conspquences of a given fire scenario. The set of assumed fire characteristics are referred)to as

“the des
Formula

It is imp
analysis.
design s

Users of]
engineern
may be u

ISO 2393
for new
based on

such belaviour on life safety, property, heritage and the, environment. ISO 23932-1 provides the

process

programjme.

ISO 2393
data nee
and shoy
between|

Each dod
the fire
and desi

apply to

This doc

gn fire”. In this document, various formulae are presented to calculate different phenomen|
e other than those presented here can also be applicable for a given application.

o

ortant that the design fire be appropriate to the objectives of the fire-safety engineering
It should challenge the fire safety systems in a specific built environment ahd result in a finpl
lution that satisfies performance criteria associated with all the relevantidesign objectives.

this document should be appropriately qualified and competent in’ the field of fire safety
ing. It is important that users understand the parameters within which specific methodologigs
sed.

2-1 provides a performance-based methodology for engineers to assess the level of fire safety
or existing built environments. Fire safety is evaluatéd through an engineered approagh
the quantification of the behaviour of fire and based on knowledge of the consequences pf

necessary steps) and essential elements for designing a robust, performance-based fire safety

2-1is supported by a set of ISO fire safety engineering standards available on the methods arjd
Hed for the steps in a fire safety engineering design summarized in ISO 23932-1:2018, Clause|4
vn in Figure 1. This system of standards provides an awareness of the interrelationships
fire evaluations when using theset of ISO fire safety engineering standards.

ument includes language in.the introductory material of the document to tie it to the steps In
afety engineering desigi process outlined in ISO 23932-1. Selection of design fire scenarigs
bn fires form part of conformance with ISO 23932-1, and all the requirements of ISO 23932t1
hny application of this document.

iment provides a more comprehensive treatment of the content of ISO 16733-1:2015, Annex (

Vi
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Fire safety engineering — Selection of design fire scenarios
and design fires —

Part 2:
esign fires

=

Scope

This document provides guidance for the specification of design fires for use in fire-safety engineering
halysis of building and structures in the built environment. The design fire is iitended to be used in an
engineering analysis to determine consequences in fire safety engineering (FSE) analyses.

o)

2| Normative references

The following documents, in whole or in part, are normatively referenced in this document. Hor dated
¢ferences, only the edition cited applies. For undated referefices, the latest edition of the referenced
dpcument (including any amendments) applies.

—

p—

40 13943, Fire safety — Vocabulary

3| Terms and definitions
For the purposes of this document, the terms'and definitions given in ISO 13943 and the following apply.
[0 and [EC maintain terminological databases for use in standardization at the following addresses:

— SO Online browsing platformravailable at https://www.iso.org/obp

— IEC Electropedia: available.at http://www.electropedia.org/

31
cpmbustion efficiency
rgtio of the amount-of heat release in incomplete combustion to the theoretical heat of fomplete
c¢mbustion

Npte 1 to entry: Combustion efficiency can be calculated only for cases where complete combusti¢gn can be
defined.

Npte 2 to-entry: Combustion efficiency is dimensionless and is usually expressed as a percentage.

312
design fire
quantitative description of assumed fire characteristics within a design fire scenario (3.3)

Note 1 to entry: Typically, an idealized description of the variation with time of important fire variables, such as
heat release rate and toxic species yields, along with other important input data for modelling such as the fire
load density.

© IS0 2021 - All rights reserved 1
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3.3
design fire scenario
specific fire scenario (3.9) on which a deterministic fire safety engineering analysis is conducted

Note 1 to entry: As the number of possible fire scenarios can be very large, it is necessary to select the most
important scenarios (the design fire scenarios) for analysis. The selection of design fire scenarios is tailored to
the fire-safety design objectives, and accounts for the likelihood and consequences of potential scenarios.

3.4

effective heat of combustion
heat relegsedfromraburmng test specimremr ima giver timre intervatdivided by the mass tost fronr the
test spedimen in the same time period

Note 1 to|entry: This is the same as the net heat of combustion if all the test specimen is converted to,volatile
combustipn products and if all the combustion products are fully oxidized.

Note 2 toentry: The typical units are kilojoules per gram (k]-g1).

3.5
extinctipn coefficient
natural Jogarithm of the ratio of incident light intensity to transmitted light\intensity, per unit light
path length

Note 1 tojentry: Typical units are reciprocal metres (m-1).

3.6
fire growth
stage of fire development during which the heat release rate‘(8:15) and the temperature of the fire aye
increasing

3.7
fire load
quantity|of heat which can be released by the complete combustion of all the combustible materials infa
volume, including the facings of all bounding surfaces

Note 1 tolentry: Fire load may be based on effective heat of combustion (3.4), gross heat of combustion (3.14), pr
net heat df combustion as required by the specifier.

Note 2 tolentry: The word “load” can®eused to denote force or power or energy. In this context, it is being us¢d
to denotelenergy.

Note 3 tofentry: The typical udits-are kilojoules (k]) or megajoules (M]).

3.8
fire load density
fire load [3.7) perauiit area

Note 1 to jentry{The typical units are kilojoules per square metre (k]-m~2).

3.9
fire scenario

qualitative description of the course of a fire with time, identifying key events that characterize the fire
and differentiate it from other possible fires

Note 1 to entry: The fire scenario description typically includes the ignition and fire growth processes, the fully
developed fire (3.13) stage, the fire decay stage, and the environment and systems that will impact on the course
of the fire. Unlike deterministic fire analysis, where fire scenarios are individually selected and used as design
fire scenarios (3.3), in fire risk assessment, fire scenarios are used as representative fire scenarios (3.10) within
fire scenario clusters.

[SOURCE: ISO 13943:2008, 4.129, modified]
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3.10
representative fire scenario

specific fire scenario (3.9) selected from a fire scenario cluster (3.11) such that the consequence of
the representative fire scenario can be used as a reasonable estimate of the average consequence of

scenarios in the fire scenario cluster

3.11
fire scenario cluster

subset of fire scenarios (3.9), usually defined as part of a complete partitioning of the universe of possible

fire scenarios

Npte 1 to entry: The subset is usually defined so that the calculation of fire risk as the sum over all\firg
clusters of fire scenario cluster frequency multiplied by representative fire scenario (3.10) consegquence
impose an undue calculation burden.

—

3{12
flashover

scenario
does not

tijansition to a state of total surface involvement in a fire of combustible materials within an efpclosure

3{13
fully developed fire
state of total involvement of combustible materials in a fire

3|14
heat of combustion
thermal energy produced by combustion of unit mass of.a given substance

Npte 1 to entry: The typical units are kilojoules per gram (kj-g1).

3|15
hpat release rate
rate of thermal energy production generated by combustion

Npte 1 to entry: The typical units are watts (W).

3|16

tqrget

person, object or environmehnt intended to be protected from the effects of fire and its
(§moke, corrosive gas, ete)\and/or fire suppression effluents

[«5)

4 Symbols

A, total-area of enclosure (walls, ceiling and floor, including openings), m?
A total area of enclosure (walls, ceiling and floor, excluding openings), m?2

horizontal burning area of the fuel, m?

effluents

A
Aq floor area, m?
A,  areaof opening, m?

b thermal inertia of linings, ]/(m?2s!/2K)

c distance of target from the centre of the flame, m
c specific heat, J/(kg K)

D fire diameter, m

© IS0 2021 - All rights reserved
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fa
f5 (s)

represents the mathematical constant - Euler's number
flapping length

flapping angle

probability distribution for RSET

probability distribution for ASET

fire load energy density, M]/m+

non-dimensionless form of fire

heat of gasification of the fuel, k]/kg

average effective heat transfer coefficient, kW/(m?2 K)

heat flux, W/m?

net heat flux, W/m?

vertical distance between the fire source and the ceiling, m
height of an opening, m

length of the compartment, m

length of the design area involved in fire, m

vertical flame height, m

horizontal flame length, m

rate of mass loss of fuel, kg/s

mass loss rate of fuel under well ventilated free burn conditions, kg/s
mass of fuel burned during the growth phase, kg

rate of entry of airoutflow from the enclosure, kg/s

mass flow of gases entrained into the fire plume, kg/s

mass lossrate for smouldering combustion, g/min
totalkmass of fuel burned, kg

mass loss rate per unit area, kg/(s m?)

opening factor, m1/2

total external heat flux from the smoke and heated enclosure boundary surfaces, kW
fire load density per unit floor area, MJ/m?

heat flux, kW/m?

heat release rate, kW

convective part of the heat release rate, W/m?

© ISO 2021 - All rights reserved
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Qfo minimum heat release rate to cause flashover, kW
QH non-dimensional heat release rate

maximum heat release rate, kW

QV ventilation-controlled heat release rate, kW

0 heat release rate per unit area, kW/m?

r stoichiometric air requirement for complete combustion of fuel, expressed as the'njass ratio
of air to fuel

rq horizontal distance between the vertical axis of the fire and the point along the ceiling where
the thermal flux is calculated, m

ry radial distance away from the fire, m
s fire spread rate, m/s
t time, s

ty burning time, s
ty time required to reach the reference heat releasg rate Qo ,S
t time at which the heat release rate reaches‘awmaximum value, s
tim limiting time, h
tior  total burning time, s
T, room temperature, °C
T¢ reduced near-field temperature due to flapping, °C
nf  near-field temperature, °C
W width of the c@mpartment, m
§r

radiative fraction of the total energy

y dimensionless constant

Yo, _«mass fraction of oxygen in the plume flow, kg/kg

Yg ¢~ mass fraction of oxygen in the gases feeding the flame, kg/kg

\ % mass fraction of ovvagen under ambient free-burning conditions ka/kg
()'oo J O o 7 o/ (=]
z height along the flame axis, m

Z, virtual origin of the axis, m
z' vertical position of the virtual heat source, m

o fire growth coefficient, kW/s?2
o convective heat transfer coefficient

r dimensionless ventilation parameter

© IS0 2021 - All rights reserved 5
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AH chemical heat of combustion, k]/kg
AH g, effective heat of combustion, k]/kg
AH,, heat of combustion based on oxygen consumption, MJ/kg (~13,1 for hydrocarbons)

& emissivity of the fire

€,  surface emissivity of the member
Om surface temperature of the member, “C [see Formula (21)]
Oy parametric fire gas temperature, °C

pp | density of boundary, kg/m3

© Stefan Boltzmann constant

A thermal conductivity, W/(m K)

74 duration of the decay burning stage, s
T duration of the growing fire stage, s
T duration of the steady burning stage, s
configuration factor

combustion efficiency

5 Therole of design fires in fire safety design

Design flire specifications play a critical role™n fire safety engineering. It is important that tk
procedures described in ISO 23932-1 be:followed. This means that the fire safety objectives ar
performance criteria are stated and the televant design scenarios are identified using ISO 16733-1 fi
fire scenprios and ISO/TS 29761 for behavioural scenarios.

Figure 1] taken from ISO 23932-1,illustrates the fire safety design process. The specification of desig
fires follpws the scenario selection step and provides input data for the selected engineering method
Followinlg identification of the’ design fire scenarios in accordance with ISO 16733-1, the assume
charactefistics of the fire-on’which the scenario quantification will be based shall be described. T}
assumed fire characteristics and the associated fire development over time are generally referred to :
the “design fire”.

This dodument_issapplicable to design fires that are quantifiable in engineering terms and therefor

intende o form part of a deterministic or combined deterministic/probabilistic analysis.

1S

g

1
LS

A
rt

uncertainty usmg statlstlcal technlques in both lnputs and outputs

This document is also intended to accommodate a range of different analysis methods, including use of
computational fluid dynamics models (CFD), zone models, or simple hand calculations. Each approach
can require the use of different parts of this document. Some calculations may be handled within the
analysis model, such as determining the ventilation limit or determining effect of suppression systems,
while simpler analysis methods can require these elements to be estimated separately. Where computer
models are used for the analysis, it is important for the engineer to understand the model limitations
and which fire or other phenomena are included and not included. The model or tool selected for use

should be appropriate for the overall analysis as described in ISO 23932-1:2018 Clause 11.

6 © IS0 2021 - All rights reserved
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The nature of the fire scenario can require the application of selected clauses of this document rather
than all parts. For example, where the fire scenario predominantly concerns:

— agrowing or developing fire, refer to Clause 8.
— asmouldering fire, refer to Clause 9.

— afully developed fire affecting structure, refer to Clause 10.

© IS0 2021 - All rights reserved 7
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Set FSE project scope
(Clause 5)

v

Identify fire safety objectives
(Clause 6)

Identify functional requirements
(Clause 7)?

v

(
(
(
(

Boundaries of analysis

Select risk analysis approach
(Clause 8)°

(

Identify performance criteria
(Clause 9)?

\

o
\

Create fire safety design plan
(Clause 10)

A

Determine design scenarios
(Clause 11)¢

Does
life-cycle
analysis show
changes?

(Subclause
16.3)

No Yes

Y

(

Execute fire sdafety management ]

(Clause 16)

Select engineering methods
(Clause 12)d

A

A

(

Implément fire safety design planj

(Clause 15)

(
(
(

Evaluate design
(Clause 13)°

;

A

No

Are péerformance

criteria satisfied?
(Subclause
13.4)

Yes

(

Document in final report
(Clause 14)

)

No

Are other
> FSOs affected?

(Subclause
13.5)

a2 Seealso ISO/TR 16576 (Examples).
b Seealso ISO 16732-1,1S0 16733-1, 1SO/TS 29761.
¢ SeealsoIS016732-1,1S0 16733-1,ISO/TS 29761.

d  See also ISO/TS 13447, ISO 16730-1, ISO/TR 16730-2, ISO/TR 16730-3, ISO/TR 16730-4, ISO/TR 16730-5
(Examples), ISO 16734, 1S0 16735, 1S0 16736, 1S0 16737, 1SO/TR 16738, ISO 24678-6.

¢ SeealsoISO/TR16738,1S0 16733-1.

Figure 1 — Flow chart illustrating the fire safety design process
and selection of design fire scenarios (Source: 1SO 23932-1)
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Clause 11 covers several specific correlations for external fire exposures.

Clause 12 discusses the use of fire tests for developing design fires when engineering calculation
methods are not available or not applicable.

Where analysis involving probabilistic aspects of design fires are envisaged, readers should also refer
to Clause 13 in addition to the relevant subclauses of Clauses 8-12.

The design fire can include descriptions of the heat release rate, gas temperature or heat fluxes as well
as the ylelds of smoke and other combustlon products The most 1mportant parameter of the design
f1' : : . re for the

1) To calculate the fire growth and heat release from first principles based on an understanding of the
product materials and geometry, chemistry and underlying combustion processes:

This is generally difficult and can currently be considered insufficiently reliable for general use in
fire safety engineering. It is not discussed further in this document.

2) To construct composite heat release rate curves from the individual'eomponents.

This is more applicable when information is known regardifigthe specific contents dnd their
arrangement within the built environment. This requires tonsideration and estimation of fire
spread from the ignition source to other nearby items and the relevant timeline for this to|occur.

3) To assume a generalized heat release rate curve (e.g. t3fire).

This may include a representative fire growth rate for different well-defined occupandies. This
could be based on experimental data. It does not require fire spread from individual items to be
assessed and is therefore very simple to apply: This approach may be prescribed in some|codes of
practice (see Annex A).

[

nitially, the engineer should determine the design heat release rate curve, without intervention, as
would apply if the fire were allowed to“develop in well-ventilated, open-air conditions. Interjventions
r¢sult in a potential change in the course of the fire. They could include:

— manual fire-fighting actions by’occupants or by trained fire-fighters;
— automatic or manually©perated fire suppression systems;
— restricted ventilation or changes in ventilation during the course of the fire (e.g. glass bregking);

— burning enhancement due to thermal feedback from the hot gases and enclosure surfaces tp the fuel
surface.

The selectedyapproach will depend on what is known about the fire scenario and the items |nvolved.
The methed of analysis may also determine the approach being dependent of what input inforfnation is
ayailable:

Alcomplete description of the design fire from ignition to decay is estimated using the specified initial
conditions and a series of simple calculations to estimate parameters such as the sprinkler activation
time, transition to flashover and duration of any fully developed burning.

Alternatively, the design fire can be a combination of quantified initial conditions and subsequent fire
development determined iteratively or by calculation using more detailed models that account for
phenomena such as transient effects of changing ventilation on smoke production or thermal feedback
effects from a hot layer to the fuel surface.

As with the design fire scenario, it is important that the design fire be appropriate to the relevant fire-
safety objectives. For example, if safety of life is an objective, and the built environment includes a
smoke control system, a design fire should be selected that challenges the smoke control system. If the
severity of the design fire is underestimated, then the application of engineering methods to predict

© IS0 2021 - All rights reserved 9
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the effects of the fire can produce results that do not accurately reflect the true impact of fires and can
underestimate the hazard. Conversely, if the severity is overestimated, unnecessary expense can result.
It is important to appreciate that in real life, due to uncertainties associated with the fuel, ventilation
and other factors, the actual severity of the fire varies according to statistical distribution.

6 Considerations based on methods of analysis

It is common for fire models to include some of the dynamic changes and stage transitions expected
over the duration of the fire. For example, when a fire model constrains the heat release rate within a

compart
fracture
elements
model as

Whereas
enclosur
requires
discusse
the gas t
enclosur
load.

For a giy
the temp
methods|

7 Elements of a design fire

7.1 Geg

Fire can
extinctid
of comby

A full sp¢

— inciy
radi
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ment to match the available oxygen supply. Other dynamic effects may not be included such 3
and fallout of glazing within the compartment walls. The engineer is required to assess Whiq

well as those required as input to the model.

most advanced models require the heat release rate of the fire as input to a calculation of t
e temperature or other fire properties, there is a class of models that is simpler in nature an
less sophisticated input data. For example, the parametric fire curves for post-flashover fir¢
d in subclause 10.3 do not require estimates of the heat release rate of the fire as input. Instea
emperature is predicted directly, employing simpler information, such\as the geometry of t}
e and its ventilation openings, the thermal properties of room linifig materials and the fu

en design fire scenario, the parameters determined in Clalfse 8 can be employed to predi
erature/heat flux evolution versus time and the associated-effluents using various calculatig
ranging in their complexity from simple to advanced.

neral

grow from ignition through to afully developed stage and finally decay and eventu
n. The design fire is described by the’values of variables, such as the heat release rate and yie
stion species, over the life of thefire.

cification of a design fire (see Figure 2) can include the following phases:

ient stage (A): characterized by a variety of sources, which can be smouldering, flaming
Ant.

th stage (B): covering the fire propagation period up to flashover or full fuel involvement.

developed stage (C): characterized by a substantially steady burning rate determined fro
r the ventilation supply or the fuel surface area. During this stage, the heat output within 4
psureis'generally the lesser of the ventilation-controlled heat output and the fuel-surface-are
rolled’ (under free burn conditions) heat output. If the fuel bed-controlled rate exceeds t}

of the design fire are required for a specific analysis allowing for those predicted by the fir
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lation-controlled rate, then the difference can potentially contribute to burning external to tkh

e
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y stage (D): covering the period of declining fire intensity until extinction.
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Figure 2 — Example of design fire

Design fire s¢haracteristics can be subsequently modified based upon the stepwise resulfs of the
analysis. For'example, in case of a fire in a small/medium sized compartment, if the single-item fire
grows sufficiently intense that flashover in an enclosure is likely, it is necessary to modify the design
fire 4£q ‘reflect the characteristics of a ventilation-controlled or fuel-bed-controlled, fully-dgveloped
fireZas well as involvement of additional burning items, if present. Similarly, events such as gprinkler
activation and window breakage can influence the subsequent description of the design fire.

Consequently, a design fire can be a description of the fire over the full duration of the fire. This
description may include the following:

— parameters provided by the design-fire scenario (size of the room, location of the fire, combustible
material under consideration, etc.);

— parameters required to evaluate the fire development (heat release rate and other parameters,
depending on the assessment model to be used);

— events that result in a change in any of the above parameters.
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res are usually characterized in terms of one or more of the following variables with respect to

time (as needed by the fire safety objective(s) and consequently by the analysis):

— heat

release rate;

— combustion product species generation rate;

— smoke production rate;

— flam

e height/volume;

— burn

— temperature/heat flux.

The appi1
assessm

and defipition metrics compared to a design fire for assessing structural fire resistance.

7.2 In

A smoul
enclosur
and soot
and toxigq

The follo

— natufre of the fuel and the propensity to form char;

— loca

— strength and characteristics of the ignition source.

Smoulde
surface

carbon r:llbonoxide as a result of incomplete-Combustion. The development of untenable conditions due to

poor visi
resident

7.3 Gn

ing area;

opriateness of the selection of the design fire depends on the objectives of the,engineering
ent. For example, a design fire for smoke control purposes can have different,characteristi¢s

Cipient stage

lering fire typically produces very little heat but can, over a sufficiently long period, fill gn
e with unburned combustible gases, toxic products of combustion such as carbon monoxide
Entrainment into these smouldering fires is low, resulting’in-high rates of release of smoke
species per unit of mass burned[1].

wing factors affect the likelihood of onset of smouldering combustion:

air currents;

Fing fires can readily transform inte flaming fires, particularly when air flow across the
s increased. The principal hazard associated with smouldering fires is the production pf

ility is also a significant hazard that it is important to consider in the analysis, particularly |n
al occupancies.

owth stage

The fac‘jrrs determiningthe characteristic rate of fire growth for flaming fires include the following:

— nat
— geor

— size

re of combustibles and burning properties (e.g. heat of combustion, heat of gasification, etc.);
hetricarrangement of the fuel;

hhd geometry of the enclosure (fire growth can vary for the same combustibles burning inside

ane

nclosure compared to burning in the open; see also /.6.5);

— strength and characteristics of the ignition source;

— ignitability of the fuel;

— ventilation;

— external heat flux;

— exposed surface area (and surface area to mass ratio).

12
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The initial rate of fire growth is subsequently modified by events that occur during the design fire
scenario. These events can modify the heat release rate and smoke generation rate of the fire either
positively or negatively. Typical events and their effects on the fire are the following:

— flashover transition to a state of full involvement in the fire com-
partment;

— low hot layer interface acceleration;

— sprinkler activation steady or declining;

— manual fire suppression steady or declining;

— fuel exhaustion decay;

— changes in ventilation transition between fuel controldrd ventilation control;

— flaming debris subsequent ignition(s) of other items.

Itlis important that a determination of the rate of initial fire growth includes these aspects. Firfe models
are available that can predict rate of fire growth on simple fuel gepmetries under defined conditions.
Ekperimental data are also available [2:3] to assist in the determinatioh of rate of fire growth 2'?1 typical
fyel packages.

Flirther guidance on determining the fire growth rate and-heat release rate for single or multjple fuels
iggiven in 8.3, and for power law design fire curves in 8.3.4.

N

4 Flashover

o3|

ashover is the rapid transition from a localized fire to the involvement of all exposed sufrfaces of
mbustible materials within an enclosuresIt‘occurs somewhat commonly in small and medium size
enclosures. In large volume compartments, flashover can not occur. In these cases, the fire coyld either
r¢main localized or progressively spread to adjacent fuel (travelling fires). Depending on the|purpose
of the assessment, such non-uniform'fires can also need to be selected as a complementary d¢sign fire
(9ee Clause 10 on structural design fires, for example).

(@)

The effect of flashover on thédesign fire is to modify the heat release rate and other charactefistics to
those appropriate to a fully~developed fire. This can include changes in the yields of species generated
by the fire. For example,the rate of generation of carbon monoxide and soot increases as the cofnbustion
environment becomes.ventilation limited.

Flirther guidanee\on determining the time for the occurrence of flashover is given in 8.4.

Species yields-are discussed in 9.1.

715 . Fually developed stage

ijir‘n]]y’ Fn"nuring F]achnvnr’ fires tend to rapirﬂy reach a Fn”y ann]npnd cfagn where the hedt release
rate is a maximum and is limited either by the fuel area or the available ventilation. For some specific
fuel configurations (e.g. cribs) the burning can also be limited by porosity. The maximum heat release
rate within a compartment following flashover may be taken as the lesser of the ventilation-controlled,
porosity-controlled (if applicable) and fuel-surface-area-controlled heat release rates.

The ventilation-controlled rate of burning in a compartment can be determined from consideration
of air/oxygen flowing into the compartment, whereas the burning rate of fuel-bed-controlled fires is
dependent upon the nature and surface area of the fuel.

The duration of burning will be mainly dependent on the amount of fuel available and the rate at which
it can be pyrolyzed. When flashover does not occur within a compartment and travelling fire develops,
the fire can also reach a fully developed stage where the fire has reached its maximum intensity.
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Further guidance on determining the maximum heat release rate and the duration of burning is given
in 8.5 and 8.7 respectively.

7.6 Events that change a design fire

7.6.1 General

During the period of fire development there are various events that can change the way in which the
fire develops in the future. Some of these are mentioned in this subclause. However, this list is not
exhaustife.

7.6.2 Suppression systems

Suppresdion systems, if installed, could be either automatically or manually operatednSuppressign
systems [can operate at any time during the fire but are normally expected to operateiduring the pre-
flashovef stage. Depending on the type of suppression system present and other circumstances, the fife
can be affected in one of the following ways:

a) fire ¢ontinues to grow at a reduced rate;
b) fire growth stops and the heat release rate remains constant;
c) fire growth stops and the heat release rate decreases.

The perflormance of a suppression system can be affected by several factors, including the height pf
installatjon relative to the fire source location, particularlyfor sprinkler systems. There can he
shielding of the combustibles from the suppression agent. The'volume of the compartment and locatign
and size pf ventilation openings including leakage paths ¢an-also be important, particularly for gaseous
fire suppression systems. Manual suppression by occupants can also occur and can affect the fife
developrhent depending on training, agent availabilityyand timeliness of application.

The heatrelease rate following activation of ax$prinkler system can be taken as remaining constant,
unless itfcan be demonstrated that the sprinkler system has been designed to suppress the fire within/a
specified period. In the latter case, the heatrelease rate can be assumed to decrease in a linear manner
over the gpecified period following activation of the sprinkler.

Similarly, activation of a total flogding gaseous fire suppression system designed in accordance with
the releyant ISO or national standard can be assumed to suppress the fire soon after the design
concentrjation of extinguishingagent has been reached.

Further guidance on detérmining the effect of suppression systems on the design fire curve is given |n
8.6.1.

7.6.3 Intervention by fire services

The fire pervices may intervene at any time during the development of the fire, but it is likely that thgy
can contfolthe fire only if it is within the capabilities of the appliances in attendance. The effect of the
fire services on the fire is dependent on factors such as the means of notification of the fire, the location
and distance of the built environment from fire stations, the resources available to the fire services, site
access conditions and adequacy of the water supplies. It is important that the design fire challenges the
capability of fire services to carry out rescue and firefighting activities and therefore it may differ from
other design fires intended to challenge other fire safety systems. For example, a longer fire growth
stage can result in more challenging conditions at the time of fire service arrival compared to a fire
that is in decline. It can also be necessary to consider the effect of the fire on fire services personnel to
assess their effectiveness in carrying out rescue or fire-fighting activities. Fire services may also use
fans to redirect smoke and improve conditions for firefighting.
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Unless an appropriate model for fire brigade intervention and effectiveness is used (for example, see
References [4] and [5]), special care should be taken when accounting for fire brigade intervention, as
the actual effects of their intervening actions are not generally predictable in models.

Further guidance on determining the effect of intervention by fire services on the design fire curve is
given in 8.6.2.

7.6.4 Changes in ventilation

Early in the fire development period, smoke management systems may be used to improve the
ej:vironment during the evacuation period. These systems may either rely on mechanical cemponents
stich as fans, or on natural ventilation using high level openings. In both cases, a means ofprioviding low
lgvel make-up air is required. Design of smoke management systems is a specialized aréa;and there are
virious design guides available to the engineerle-8l. The design of these systems is oatside the scope of
this document.

Changes in fixed ventilation can also occur during the fire that influence the future developmént of the
fire. These changes can be the result of glass breaking and falling out, or when openings form in parts
of the wall or roof construction due to burn through or collapse. These provide an additional $ource of
afr/oxygen which can either increase the intensity of burning, or else(aid in the removal of combustion
products from the compartment.

Flirther guidance on determining the effect of changes in ventilation on the design fire curve is given
i 8.6.3.

716.5 Enclosure effects

Flre growth rates can be influenced by thermal feedback to the surface of the fuel due to the flames,
thhe hot gases and other surfaces. Care is required interpreting fire test data which are often pbtained
uhder well-ventilated open burning conditiongand are therefore representative of large, well-ventilated
rgoms (compared to the size of the fire). tn smaller, confined enclosures, radiation feedback to the
fyel can accelerate the fire growth and«inicrease the mass loss rate and total heat release rjate from
the fuel. The size of this effect also depends on the type of fuel (e.g. cellulosic, plastic, hydr¢carbon).
Flirthermore, under some conditions-the combustion products can mix with the incoming air flow and
ldad to a reduction in the oxygen concentration in the gases feeding the flame. This is turn can reduce
thhe mass loss rate.

Flirther guidance on detérmining the effect of the enclosure on the pyrolysis of the fuel is giver in 8.6.4.

716.6 Combustible-construction materials

Where enclosdres have combustible linings and structural elements exposed to the fire (e.gl timber)
they can proyide additional fuel that changes the fire dynamics, thus increasing early fire hazard as
well as the.overall severity of the enclosure fire. These changes can be affected by the locqtion and
siirfacesarea of the combustible materials or by the failure of any protective linings such as| gypsum
plasterboard. In the case of cross-laminated timber, new layers of virgin wood can be exposgd in the
exent of dphnnding of lamella This can occur ifthe adhesive nsed does not maintain erpngfh when its
temperature increases, leading to situations where the fire shows regrowth after lamella debonding[2l.
Large quantities of combustible materials on the walls and ceiling can also lead to more pronounced
external flames from openings in the walls with a higher risk of external fire spread.

Further guidance on assessing the influence of combustible walls and ceilings on the design fire curve
is given in 8.3.5.

7.7 Extinction and decay stage

When most of the fuel in an enclosure has been consumed, or when a fuel package burns out without
reaching flashover and spreading to adjacent items, the rate of burning eventually decreases.
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In the absence of specific information, the heat release rate of the design fire may be taken to commence
decay when 80 % of the available fire load has been consumed. The rate of decay may be taken as a
linear decline over a time period, such that the integral of the heat release rate over the decay period
equals the 20 % of remaining energy in the available fuel.

Further guidance on determining the decay part of the design fire curve is given in 8.8.

8 Con

structing a design fire curve

8.1 PTcedure
This clayse applies to enclosure fires and may be modified or simplified in cases where tlie fire

not with
followin
some of {

Step 1 - identify relevant parameters provided by the design fire scenario (e.g. room dimensions, size

ventilati
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Step 3 -
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activatio, barrier or glazing failure, manual fire-fighting, etc).

Step 6 -

Step 7 - dletermine the duration of the decay.period and time of extinguishment (when the fuel is total

consumedg

Figure 3

n an enclosure. A design fire curve for the heat release rate should be constructedjusing tk
b procedure. Note that depending on the methodology or fire model selected for the analysi
he steps below may be calculated by the model.

bn openings, suppression system characteristics, location and type of fuiel-€tc).

dentify an appropriate heat release rate for the first item ignited. Either use data for individu
use a general power law growth rate appropriate to the situation. If using individual item dat]
le when (if at all) other items ignite and develop a composite.design fire curve.

letermine when flashover occurs (if at all).

determine the maximum heat release rate based)on the available ventilation and t}
htion of fuel.

modify the design fire curve if events occur that impact on the fire development (eg. sprinkl

letermine the duration of burning until'the start of the decay stage.

d).

is intended to help readers-fo'identify and navigate the relevant parts of this document.
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Probabilistic design fires (Clause 13)

Constructing a
design fire curve
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multiple fuels?
(Step 2 Subclause 8.3)
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, fuel sources? (Subclause 8.3.3)

Will flashover occur?
(Step 3 Subclause 8.4)

Will the fire spread to combustible.wall
or ceiling linings? (Subclause 83-5)

Consider species generated.appropriate to the
combustion environmént{Subclause 8.4)

A
What is the expected
maximum heat release
rate? (Step 4 Subclause
8.5)
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or fuel contrelled? (Subclause 8.5.1, 8.5.2)

A
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that change the design
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8.6)

Burningitate enhancement due to
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(Step 6 Subclause 8.7)
Automatic suppression (Subclause
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Manual fire-fighting (Subclause 8.6.2)
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Figure 3 — Constructing a design fire curve - navigation flow chart

8{2-_ Step 1 — Parameters provided by the design fire scenario

Design fire scenarios can be determined from the application of ISO 16733-1.

For each of the design scenarios identified, a specific location(s) in the room or major space is also
identified for that scenario. The most likely location can be identified through fire risk assessment or
inferred by engineering judgment from the typical locations of the already-identified initial fuel items.
The most challenging location is one where special circumstance adversely affect the performance of
fire safety measures. Examples include the following:

— locations very close to room occupants (sometimes referred to as “intimate with ignition”),
particularly vulnerable property, or exposed structural elements (for example, in a parking garage),
such that there is insufficient time and space for fire safety measures to act effectively;
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— locations in corners or other spaces where partial enclosure leads to an enhanced fire growth rate;

— locations thatare shielded from fire-safety systems, or where the performance of fire safety systems

can be adversely affected by the spatial configuration of the built environment, e.g. spaces with
significant ceiling height;

a

— locations near doorways, or other openings connecting spaces, that permit fires to spread to multiple

spaces before compartmentalization provisions can effectively respond.

The criticality of the location of the design fire can also depend on the purpose of the analysis. For

examplej

— In a pmoke control assessment of a residential corridor, a critical location for the design firecean |
in clpsest proximity to a stair since it would increase the risk of smoke spread into the stair ar
thergfore potentially the requirement for a higher smoke extract from the corridor;

— In anp evacuation assessment of an office, a critical location of the fire can be neat to the locatid

where the exit with the highest capacity is provided or with the shortest travel distance from whery

the thajority of occupants are;

— In astructural fire assessment of a multi-use building, a critical location of the fire can be in t
areafs of the building with the most onerous arrangement of fuel load.and ventilation and adjace
to a gritical member for the global stability of the structure (such as-a.transfer truss).

Once thellocations of the design fires are selected, the physical parameters associated with the locatid
can be identified, such as room dimensions, geometry and the rélevant properties of the constructia
material
should also be identified.

8.3 Step 2 — Fires involving single or multiple fuels

8.3.1 eneral

When the fuel package for the design fire Scenario is well-defined and unlikely to change over tk
design life of the built environment, then the actual burning characteristics of the fuel package can k
used as the design fire.

The heatrelease characteristics-for’a range of common items have been determined by a number
laboratofies using apparatus,sueh as the furniture calorimeter or other oxygen consumption base
calorimeftry[10-12], These meastrements are generally undertaken by burning the object under 4§
instrumé¢nted hood under weéll-ventilated conditions. It should be noted that the rate of fire growt
on objecfs such as upholstered furniture in actual fires within an enclosure can readily exceed th
determifed under free-burning conditions in the open (such as under a hood). The preheating ag
radiation} feedback from the hot layer can enhance the fire growth rate and possibly lead to unde
ventilatgd firesawrith increased smoke and toxic species production. See 9.1.

The design-fire can be based on the actual burning characteristics of a reference fuel package if it ca

. Available ventilation due to room openings or mechanical systems and their initial statys

d

le
nt

n
n

1e

be demonsttated-that:

— the fire characteristics are unlikely to be exceeded during the design life of the built environment

by the actual fuel package (or the probability of exceedance is acceptability small);

— the conditions under which the fire characteristics have been determined are representative of the

conditions likely to exist during the design fire scenario being analysed;

— fire is unlikely to spread to other fuel packages that have not been considered.

Alternatively, when the fuel package for the design fire is not well defined or can reasonably change over
the design life of the built environment, then an appropriate design fractile value from an applicable
statistical distribution (if available) for variables such as fire growth rate, fire load density, etc. should
be selected. In some cases, it can be appropriate to approximate the fire growth rate as a power law fire
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as described in 8.3.4. The use of appropriate fire models can also help to inform the rate of fire growth.
See also Clause 13 if a probabilistic approach is to be used.

8.3.2 Develop the design fire curve for first item

A common approach is to describe the initial pre-flashover fire growth for a flaming fire by using a t2
fire, assuming the energy release increases proportionally with the square of the time (see 8.3.4). This
would be applicable for a reasonably large flaming ignition source. If the actual burning characteristics

of a specific fuel package are to be used as the design fire, experimental data may be used for the heat-
release characteristics as described in Clause 12

I1} some fire scenarios, slowly developing small non-flaming fires could be a critical scenario (e|g. where
s¢nsitive electronic equipment is to be protected). Smouldering fires are discussed in 8(3.6.

8(3.3 Ignition of other items

re spread from the first item ignited to other nearby items should be considered, and if appropriate,
cluded in the description of the design fire. The possibility of ignition depends mainly on thg incident
bat flux received and the ignitability characteristics of the target.

=)

The incident radiant heat flux received by a nearby object due to the flames of a burning itepn can be
calculated. The radiation received depends on the shape of the flame and its properties. Fojmula (1)
can be used where the distance of the target from the centré of the flame is at least twice the flame
dlameter. It is based on uniform heat emission from a peint source approximating the flgme. The
rgdiative fraction can vary from about 0,15 for low soot.fuels such as methane up to about 0,§ for high
¢ot flames such as polystyrenell3l. It also depends on.the diameter of the flame and generally reduces
a$ the diameter increases. This is due to soot blocking the radiation.

s X.Q
412

%)

(1)
where

g" isthe heat flux, kW/m?
Q is the total heat release rate, kW

X, s the radiatiyefraction of the total energy (-)

€ isthe distance of target from the centre of the flame, m

The minimuniFequired heat flux for the ignition of many combustible objects is typically in therange 10
20 kW/mé?,fgnition of combustible wall and ceiling linings is discussed in 8.3.5.

The surface temperature required to be reached by solid fuels for piloted ignition is typically in the
rgnge250 to 450 °C with autoignition temperatures exceeding 500 °C. The time needed for ignition to
otcur depends on when these temperatures are reached which is affected by the heating characteristics
and the properties of the materials and whether they are thermally ‘thin’ or ‘thick’. Indicative ignition
times of thick solids are given in Table 1[13], Other values may apply depending on the type of product.

Table 1 — Indicative ignition times of thermally thick solids [13]

Heat flux (kW/m?2) Time (s) Material
10 300 Plexiglass, polyurethane foam, acrylate carpet
20 70 Wool carpet
20 150 Gypsum board
20 250 Wood particleboard
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Table 1 (continued)

Heat flux (kW/m?2) Time (s) Material
30 5 Polyisocyanurate foam
30 70 Wool / nylon carpet
30 150 Hardboard (cellulosic)

Design fires that include the ignition of secondary items can be approximated by combining heat release

rate curves for individual items offset by the time for the secondary items to ignite.

8.3.4 J’ower law design fire curves

In the absence of knowledge about the specific fuels present within the enclosure, for design-purposes,

a power law design fire may be used.

Most firgds that do not involve flammable liquids, gases or light-weight combustibles, such as polymerijic
foams, gfow relatively slowly at first. As the fire increases in size, the rate of fire growth accelerates.
This ratq of fire growth is generally expressed in terms of an energy-release rate-Ffor design purposes,
an expohential or power-law rate of energy release is often used. This should represent an upper

bound td the large range of possible, actual fire growth rates in the scenario..The most commonly use
relationghip is what is known as a “t" fire” where n = 2. In such a fire, the ‘hieat release rate is given |
Formulal(2):

Qt)Fot?, 0<t<ty, @

o is the fire growth coefficient, kW/s2
t is the time, s
t is the time at which the heat release rate reaches a maximum value, s

Q(t is the heat release rate, KW-

t2 fires dan lead to values that ex¢eed the maximum possible heat release rate from the fuel within

given copnpartment. Therefore, the maximum value of Q for the heat release rate within a compartmept

should b limited by Q

max ?

controlldd fires. Furthermeore, in large fuel beds, the fuel first ignited can be burnt out before the lapt

part of the fuel packagé.is ignited. These factors should be considered.

These griowth rates have been derived from the growth times given in NFPA 204[14] for each categor]

Readers ghould be aware that, depending on the exact composition and configuration of the fuel, thEI‘

ignition source used in the experlment Therefore caution should be apphed in using Table 2.

Table 2 — Typical fire growth categories of various fuel types

which is the lower of the values established for ventilation- or fuel-begl-

=<

@ 09 @

Fuel type examples Fire growth category Fire growth rate (kW/s2)

Upholstered furniture or stacked furniture Ultrafast 0,19
against combustible linings; lightweight furnish-
ings; packing materials in piles; non-FR retarded
plastic foam storage; cardboard or plastic boxes

in stored vertically
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Table 2 (continued)

Fuel type examples Fire growth category Fire growth rate (kW/s2)
Bedding; displays and padded workstation parti- Fast 0,047
tioning
Office furniture; shop counters Medium 0,012
Floor coverings Slow 0,003

It is necessary to consider the factors described above in the selection of the appropriate category for a
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NEPA 204[14] and the SFPE Handbook[2]. Other useful sources of informatiof\include May

r:tom corner fire test. The smoke generation froni.combustible wall and ceiling linings shoul

S o—cORSaGe aoe Rt Tt o st et o e gquir e S trie Com st T oot Eo
5 o) S5 s | tS) PP*YP [S)

rowth.

br well-defined design fire scenarios, where the geometric arrangement and type of|fuel i
hme spread model. Guidance on the rate of fire growth in stored goods may also be obtai

pkin[13] and Hietaniemi and Mikkolal1l,

3.5 Wall and ceiling linings

bmbustible wall and ceiling linings have the potential to significantly increase the rate of fir
nd the potential for flashover within an enclosure and this(should be considered. It is
assume an ignition source located within a corner as it rgpresents a more severe exposu

idially outward from the corner and spread across thecelling.

he burning characteristics of wall and ceiling liningimaterials may be determined using the IS

nsidered, along with the potential for flaming:droplets to occur.

brformance-based design for assessing internal surface finishes by calculation is not very
5 it is more usual to refer to prescriptive codes and national requirements for these. Ho
Iculations are to be made, two approaches may be considered:

L represent the fire growth rate-of the burning wall/ceiling by a power law design fire as des
8.3.4;

ratel1Z],

bmbustible wallsyand ceilings can also strongly influence compartment fire dynamics
bveloped fires‘(elg. unprotected or insufficiently protected mass timber construction). In thd
ution is reqaired as the combustible surfaces can contribute to the overall fuel load and
bverity. Traditional approaches for specifying fire resistance ratings can not be applicable ¥
hildingsstructure is combustible. Design fires for structural fire engineering such as those d
Clause 10 can not be applicable in these cases.

y of fire

. known,

le fire growth rate can be based on experimental data or numerical simulation using‘an apiropriate

ed from
Field and

b growth
common
re to the

ljoining wall surfaces, producing a longer flame. If the corner flame reaches the ceiling it cajn spread

0 9705-1
d also be

common
wever, if

cribed in

L use a pyrolysis and (flame spread model to calculate the burning surface area and heaft release

in fully
se cases,
the fire
when the
iscussed

8.

3.6 Smouldering fires

There are at present no quantitative methods available for the prediction of potential for smouldering.
It is important that consideration be given to the presence of materials that are prone to smouldering,
such as upholstered furniture, bedding and cellulosic materials (particularly those treated with
chemicals). It is also important that consideration be given to the presence of potential ignition sources
capable of promoting smouldering, such as cigarettes, hot objects and electrical sparks.
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The mass loss rate for a smouldering fire for an upholstered chair comprising cotton and polyurethane
in a closed compartment was found to be represented by Formula (3)[18], Other correlations can also be
applicable.

S =
where
mS

t

0,1t+0,0185t2, 0<t<60
73 60<t<120

(3)

£l | o £ 1d 3 1 43 L 3
O LIIT 111dS5O0 TUSOS T'dilU 1UL SITITUUIUTT llls LUINIUuUusSt1ivll, 5/ IIIIIT

s the time, min

8.4 Step 3 — Flashover

8.4.1 (eneral

The ons
Because

et of flashover is a complex thermo-physical phenomenon that cah be highly transien
of burning in an enclosure, a hot smoke layer develops in the upper(part of the enclosure (sq

ISO 24678-6). Heat and mass transfer take place in the enclosure. Radiative and convective heat transf

to fuel s
interacti

Iirfaces can increase the mass loss and heat release rate. To calculate the onset of flashovd
bns between phenomena should be considered.

The gengral criteria for assuming the occurrence of flashover within an enclosure or room are t

followin
— 15t

— 500
the

5(19,20].
4 :

p 20 kW/m? for radiation flux from a hot upper gas@ayer to the floor;

’C to 600 °C for the temperature in the upper layer of gases is normally sufficient for generatir
radiation flux required and is a simpler criterion, applicable to only to small/medium sizg

rooms.

These conditions are usually enough to incredse the rate of surface flame spread and to ignite commg

combust

With res
threshol
These fo
enclosur

ble materials in a short timel21];

pect to flashover phenomenayalgebraic formulae in ISO 24678-6 may be used to estimate t}
l (minimum) heat release(rate required to produce flashover in the space under consideratio
‘mulae are empirically developed from experiments performed in relatively small (rectilinea
s of similar size,and with walls and ceilings of similar thermal properties. Thus, t}

calculatdd threshold heat release rates needed to reach flashover do not incorporate many variablg
that conjplicate enclosure’ fires. Consequently, the calculated values should be considered as on

prelimin|

ary estimates:

It should be notéd that flashover is more likely for small and medium size compartments. For larg

compart
adjacent

ments, fire is more likely to either remain localized (see 10.2) or progressively spread {
combustible fuel (known as travelling fire, see 10.4).

o

T

1

18
d

n

1

)

1

y

8.4.2 Empirical correlations for critical heat release rate for onset of flashover

The onset of flashover is a highly complicated phenomenon and its prediction can require detailed
numerical analysis. Simple correlations have been proposed for small compartments. McCaffrey’s
Formula (4) is often used for this purpose (see ISO 24678-6).

s, _ Ay
Va5 i

22

(4)
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where

Qfo is the minimum heat release rate to cause flashover, kW

A, isthe area of ventilation opening, m?

(0]
Ap is the total area of the enclosure, excluding openings, m?

hy is the average effective heat transfer coefficient, kW/(m? K)

H_ 1s the height of the ventilation opening, m

(0]

8{5 Step 4 — Maximum heat release rate

8|5.1 General

The maximum heat release rate of the fire inside an enclosure can generally be.taken as the lesger of the
yel-controlled heat release or the ventilation-controlled heat release rateIn the case of cribs| the crib
pprosity can sometimes also govern the maximum heat release rate.

-

5.2 Fuel-controlled fires

] 0

el-controlled fires occur less frequently than ventilation-eontrolled fires and can be expegted only
1] particular situations, such as: occupancies with a highdével of ventilation; very large compartments
where fuel burns progressively through the compartiment; or with fuel configurations where the
stirface area of combustibles is limited in respect to thé-volume of the enclosure.

—

The burning rate of fuel-controlled fires is dependent upon the nature and surface area of the fuel. In
nlost practical applications, these factors are difficult to determine. For simple, well defined gepmetries
sfich as timber cribs, relationships have been‘developed relating fuel pyrolysis rate to initial fuel mass
br unit area and the remaining fuel massg-per unit area [5].

p
The maximum heat release rate for aduel-controlled fire can be estimated from either:

- full scale tests where the peakheat release rate can be directly measured; or

— small scale tests to determine the heat release rate per unit area for the product or material in
question. The maximum heat release rate is then given by Formula (5).

Qurax =0 4 (5)
where

Qmax 1S the maximum heat release rate, kW

Q" is the heat release rate per unit area, kW/m?

A¢ is the horizontal burning area of the fuel, m?

If the mass loss rate per unit area data is provided, the maximum heat release rate is given by:

Qmax =m”AfAHeff (6)
AH, ¢ =y AH, (7)
where
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m'  is the mass loss rate per unit area, kg/(s m?2)
AH g is the effective heat of combustion, k]/kg

X is the combustion efficiency (-)

AH_ is the chemical heat of combustion, k]/kg

Heat release rate per unit area or mass loss rate per unit area data may be measured with negligible
radiation_feedback from the Qnrrmlndingc These effects can need to be considered as discussed in

8.6.4.

Where npultiple items are present, adding the respective maximum heat release rates per unit for gll
productqd and assuming all items are burning at the same time provides a conservative estimate of the
maximuin heat release rate.

8.5.3 Ventilation-controlled fires

The ventfilation-controlled rate of burning in a compartment can be determined\from consideration pf
air flow|ng into the compartment. Research has indicated[®] that the rate)of air flow into a fire

compartment is proportional to the ventilation factor, Vh . Fora compartment with a single opening
and assuming the inflow and outflow are equal, the mass flow can be estimated from Formula (8).

Myue=0,5 4, H, ()

where

m, 4 is the rate of entry of air outflow from the en¢losure, kg/s

. . 2
, | isthe area of an opening, m

H, | is the height of an opening, m

The mags rate of fuel burning can then’be estimated from the combustion reaction, since under
ventilatipn-controlled conditions the fuel/air ratio is greater than the stoichiometric ratio. The energy
release rhte can be determined!Z] from consideration of the effective heat of combustion of the fuel.

The aboye approach based @n)the ventilation factor underestimates fire severity in compartments
with separate ventilation «0penings at floor and ceiling levels. It can also be inappropriate for large
compartments.

Since thd energy released per kg of oxygen is 13 100 kJ/kg-0, or 3 000 k]/kg-air for a wide range of fuel
the ventillation-cantrolled heat release rate for a single opening can be estimated from Formula (9).

Q, =500 4 \JH, (9)

[72)
-

where

QV is the ventilation-controlled heat release rate, kW

. . 2
A, is the area of the opening, m

H, is the height of opening, m
Formula (9) gives the maximum possible heat release inside the enclosure. The actual heat release can
be less if not all oxygen in the enclosure is consumed. It also ignores the fuel mass loss in the mass

balance for the enclosure. Multiple openings may be represented by a single opening using the sum of
the area of all the openings and the average height of the openings.
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For more complicated arrangements (e.g. connected compartments) where Formula (9) is not applicable,
the ventilation-controlled heat release rate may instead be derived from the available oxygen in fire
plume entrained gases. This relationship is commonly adopted in multi-compartment computer zone
models with a smoothing function added to account for the lower oxygen limit[22.23],

Q, ~m,Yy,AH, (10)

where

fi,; 15 the mass fTow of gases entramed mto the fire plume, Kg/s
Yy, isthe mass fraction of oxygen in the plume flow, kg/kg

AH), is the heat of combustion based on oxygen consumption (~13,1 MJ/kg for,bydrocarhons)

8/5.4 Mechanical ventilation

Fan-duct systems are commonly used in buildings for the purposes of heating, ventildtion, air
conditioning, pressurization and exhaust. Mechanical smoke contral systems may also be provided
tq operate only in the event of fire. The mass flows of air/smoke.should be included in smoke-filling
calculations including accounting for the location/elevation of the flow inlet or outlet as wgll as the
temperature/density of the air/smoke. It can also be important toconsider the possibility of pliig-holing
when using a smoke extract system. Plug-holing is when €resh air is pulled into the smokeg exhaust
when the rate of exhaust is high relative to the depth of thelsmoke layer. This effect can be mitigated by
irfcreasing the number of outlets and thereby reducing the flow per outlet. As stated previously, design
of smoke management systems is a specialized area and there are various design guides available to the
ehgineer(20-22],

8l6 Step 5 — Modifying the design fire‘¢urve

8(6.1 Suppression systems

Stippression systems may be installéd as part of a fire safety design requiring estimates of their response
d effect on the fire development process to be determined. Suppression systems may include water-
hsed systems such as firessprinklers and water mist or gaseous agents using inert gases or chemical
bents to suppress a fire.(The following applies to common water-based fire sprinkler systems|

L oTL

I1} scenarios where @-water spray fire sprinkler system is assumed to activate, the heat relg¢ase rate
nfay be adjusted to-account for the effect the sprinkler system has on the heat release rate of the fire.
The maximum heat release rate can generally be taken as the heat release of the fire at the|time the
sprinkler activates. The response time for a sprinkler should be determined assuming a hedt release
rate for thezgrowing fire as described in 8.3. Computer models are available that calculate gprinkler
r¢sponse-time. Alternatively, a conservative estimate can be obtained from applying simple corfrelations

[frasuppresstonralgorithimisintendes obe rerttispartiettarty-tmpoertant-that-altimitations
associated with the algorithm are complied with to ensure that the water spray characteristics are
sufficient for penetrating the thermal plume generated from the fire. If the effect of the sprinkler
system on suppressing or controlling the fire is included in the analysis, it is also particularly important
to ensure that the design of the sprinkler system is appropriate for the application and in accordance
with other relevant standards. It can be necessary to explicitly consider the reliability and efficacy of
the sprinkler system as part of a more general fire risk assessment.
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While not precluding other approaches, this document generally recommends the following approach
following activation of a sprinkler:

— when the sprinkler is predicted to activate at a heat release rate of 5 MW or higher, then the
sprinklers should be assumed to have no effect on the fire development (unless experimental data
supports an alternative approach);

— when the sprinkler is predicted to activate at a heat release rate of less than 5 MW, then the heat
release rate should be assumed to remain constant at that level thereafter (until the fuel has been
consumed).

It should also be recognized that there can be fires that do not become large enough to activate|a
sprinkler system but nonetheless are large enough to be hazardous to the building occupants.

8.6.2 ire service intervention

In scenafrios where fire service intervention is to be assumed then the impact of the fire service on the
charactefistics of the design fire will require consideration of:

— capapility and training of the fire service personnel and whether fire serviee personnel are availabje
at thie time of the fire;

— the ilesponse time, i.e. time from being notified of a fire until fire service arrival at the fire scene;

— the fime to put water (or other agent) on the fire depends on liow accessible the building is for fire
trucks, the nature of the access within or around the buildinig to reach the fire location, the tinje
required to setup, locate the fire, run hoses and apply watér to the fire;

The effeqtiveness of fire-fighting, and the potential impactitcan have on the design fire usually depends
on how Hig the fire is at the time water (or other agent).is applied.

8.6.3 (hanges in ventilation

It can be jmportant to consider any changes in'ventilation to the fire that can occur. This can be the result
of occupgints leaving egress doors open or closed as they leave the building; window glass breaking dye
to heat; parts of the building envelope-burning through, providing a new source of air/oxygen. Sone
changes |n ventilation can be by design, such as fans operating when smoke is detected, or make-up ajir
vents being powered open, etc. The designer shall identify and document all assumptions made. If thege
types ofchange in ventilation are’to be included in calculations, the designer shall carefully consider
the capability of the model used and the appropriate means for including this behaviour.

8.6.4 nclosure effects'on mass loss rate of fuel

It should be noted-that the rate of fire growth on objects such as upholstered furniture in actual firgs
within ap enclesure can readily exceed that determined under free burning conditions in the opg¢n
(such as hinderan exhaust hood). The preheating and radiation feedback from the hot layer can enhange
the fire growth rate. This effect is more significant for liquid pool fires where the fuel surface arga
is fully exposed-te —etrclos tre—gases—and-strfaces: =v—camrbetess—tmports or—wood—erib
fires, where a large proportion of the fuel surface area is internal to the crib and less exposed to the
enclosure surfaces. Fuels with low heat of gasification (such as liquids fuels and thermoplastic) are
also more responsive to thermal feedback from the compartment compared to solids with higher heat
of gasification. Enclosure feedback effects are not very important early in the fire development when
the compartment temperatures are low; however, they can be very important in post-flashover fires.
Additionally, the enclosure effects can become decreasingly dominant as the size of a compartment
increases.

CTOStT e C2asc C cy C€a

Depending on the flow characteristics through openings in the enclosure, shear mixing between the
outflow and inflow can result. When some of the combustion products in the outflow are entrained
back into the inflow, a reduction in the oxygen concentration of the gases feeding the flame can occur.
This produces a counter effect by decreasing the mass loss rate approximately in proportion to the
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reduction in oxygen from ambient levels. These effects on the mass loss rate of the fuel are described
by Formula (11) where the first term on the right-hand side represents the vitiated oxygen effect
on the flame flux, while the second term represents the thermal feedback from the smoke and the
compartment wall surfacesl[2423];

y .
thg =itg , — 4 dext (11)
A Lg
where
mg . is the mass loss rate of fuel under well ventilated free burn conditions, kg/s
Yo is the mass fraction of oxygen in the gases feeding the flame
Y, .. isthe mass fraction of oxygen under ambient free-burning conditions
q . is the total external heat flux from the smoke and heated enclosuxé-boundary surfhces, kW
ex
Lg is the heat of gasification of the fuel, k]/kg

8{7 Step 6 — Fire duration

8(7.1 Duration of the fire growth stage

Ubing the growth coefficient, a, for the growing fire as described in 8.3.4 and the maximum hegt release
rate, Q. , from 8.5, the duration of the growing firg stage for a “t2 fire” can be given by Formtila (12).

Qmax (1 2)

T =
gw o

8(7.2 Duration of the steady burning stage

The mass of fuel burned during the/growth phase may then be calculated from Formula (13).

faw ot
m, = Q  jr—_8v (13)
7, AHeff (BAHeff)
where AH . is theleffective heat of combustion of the fuel (kJ/kg)
Eptimate the total fuel mass from the fire load energy density (FLED, g¢4) and the floor area (5 ) from
Formula (44):
Andsq

Assuming 80 % of the fuel is burnt during the growth and steady burning stages, the duration of the
steady burning stage may then be calculated from Formula (15).

0,8m_.—m
T = & (15)
Qmax /AHeff
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8.8 Step 7 — Decay

Assuming a linear rate of decay from Q
Formula (16).

0,4m__AH
T =t eff (16)

Qmax

hax to zero, the duration of the decay stage can then be given by

9 Spe fes plUdULt;Ull

9.1 Species yields

Species Yields from burning materials depends on the material composition and on thé¢ombustign
environrphent (air supply) and the presence of fire retardants or chemical agents in thefuel. In cas¢s
where tHe air supply is restricted, combustion is incomplete and higher yields of products such as 4O
and soot|are produced in preference to CO,. Many data values given in the literature are applicable fo
well ventilated flaming fires and are not appropriate for ventilated-limited or pdstflashover fires.

Generatipn of combustion products in the form of species are typically spéeified as a yield defined as
the masyq of species i produced per mass of fuel burned. The most common species considered in fire
safety enjgineering are soot (see Table 3) and carbon monoxide (see Table 4). However, other specig¢s
such as Water vapour, carbon dioxide and hydrogen cyanide can alsgbe of interest. Further informatign
on specigs yields can be found in the literaturel2él along with its afiplication to fire safety engineeringl$

—

The determination of species, their concentrations and quantities may be required as a source term |n
the case where the consequences of the fire and its impact.@n people and the external environment ate
to be assessed. In this case appropriate data should be used and its validity checked.

Table 3 — Suggested yield of soot

Material Well-ventilated flaming | Well-ventilated smoul- | Under-ventilated fires
fires dering fires
Soot yield(g/g) Soot yield (g/g)
Cellulosic 0,01:20,025 [15] 0,01-0,17 [15] —
Plastics 0;01-0,17 [13] 0,01-0,19 [13] —
Mixed|fuel from Ref [2Z] 0,07 — 0,14

Table 4 — Suggested yield of CO

Material Well-ventilated flaming | Well-ventilated smoul- | Under-ventilated and
fires dering fires post-flashover fires
COvyield (g/g) COyield (g/g)
GeHulosic 0,2 [20] 0,5 [3] 0,3 [20]
Mixed fuel from Ref [2Z] 0,04 — 0,4

10 Design fires for structural fire engineering

10.1 General

An overview of the most commonly used design fires (noting that the review is not exhaustive) for the
purposes of structural fire analysis is presented here. This subclause only describes fire scenarios/
models that are relevant to the conventional building environment (office, residential, stadiums, arenas
etc). As a result, different types of fires that could occur in other structures in the built environment
(such as tunnels, bridges, etc.) are not covered here.

28 © IS0 2021 - All rights reserved


https://standardsiso.com/api/?name=7f746bbbdb8eb83799f3436171e99f97

ISO/TS 16733-2:2021(E)

Furthermore, the contents of this clause give design fires in terms of deterministic relationships for
temperature and heat fluxes due to their current prevalence. It is recognized that structural design
fires could also be described in terms of the underlying fire loads, ventilation and heat release within
enclosures. It is not intended for this document to preclude the use of these alternative approaches.

1

0.2 Localized fires

A localized fire can be considered where flashover is unlikely to occur, and a travelling fire is not
possible. Depending on the fire size and the dimensions of the compartment, a localized fire can or can

n
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ferature. Currently, the most widely used are those of EN 1991-1-2:2002[32] to determine whg
b not impinge the ceiling (such as a bin fire in an airport or an open-air fire) and when theydqg
le ceiling (such as in a car park). These two cases are illustrated in Figure 4. These models h
brived from experimental tests and therefore are semi-empirical.
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a) Flame does not impinge the ceiling b) Flame impinges the ceiling

2
flame axis
diameter of the fire (m)
height along the flame axis'(m)
vertical flame height (n1)
horizontal flame length (m)
vertical distanee-between the fire source and the ceiling (m)

horizontal distance between the vertical axis of the fire and the point along the ceiling
where thethermal flux is calculated (m)

Figure 4 — Flame impinging and not impinging the ceiling[35]

10.2.1 Flames not impinging the ceiling

For fires not impinging the ceiling of a compartment, the following method can be used to determine
the temperature in the fire plume as a function of height. The flame height can be calculated using
ISO 16734.
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The temperature in the plume along the vertical flame axis is given by Formula (17), taken from EN1991
-1-2:2002, Annex C[35],

2
z 5
6),)=min| 20+0,25Q7 (z-z,) 3,900 |°C (17)
with z,=-1,02 D+0,00524 Q%>
where
Q s the total heat release rate, W
QC s the convective part of the heat release rate, typically between 0,66Q to 0,8Q, W
z 1s the height along the flame axis, m
z, s the virtual origin of the axis, m
The equdtions are recommended for a diameter of the fire D < 10 m; and the-heat release rate of the fife
Q <50 MW.

10.2.2 Flames impinging the ceiling

The follo
area levd
design. |

Ly=
with
QH =

where

wing is one model that can be used to determine the heat flux received by the ceiling surfage
1 when flames impact the ceiling. Other formulael28kimay also be used where applicable to the
he horizontal flame length, Ly;, can be determinedfrom Formula (18).

0,33

2,9H(Qy) H (18)

e
1,11x100 H25

s the horizontalflame length, m
s the vertical'distance between the fire source and the ceiling, m
s a non-dimensional heat release rate

s/he total heat release rate of the fire, kW
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The heat flux h” (W/m?) received at a distance r from the flame axis at ceiling level can be determined

from Formula (19).
100 000 for y<0,30
h’=4136300-121 000y for 0,30< y<1,0 (19)
15 000y_3'7 for y>1,0

with
Iy L+ Haz
= Ly+H+Z
where

rq is the horizontal distance from the vertical flame axis to the point along the ceiling where the
thermal flux is calculated, m

z' isthe vertical position of the virtual heat source, see Formula (20)

y isthe dimensionless constant
2'=2,4D(Qf° -Q}* | when 0, <1 (20)
Z’:2,4D(1—le)/5 ) when QD >1

where

Qp=Q/(1,11-106-H%%)

The net heat flux at ceiling level, hr'let j.can be determined using Formula (21).
o =H'=01, (8, ~20) - 3¢;0] (8, +273)" ~293* 21)

where

o . is the convective heat transfer coefficient
& is thelgntissivity of the fire
€_ isthe surface emissivity of the member

is the configuration factor (= 1 when ceiling is exposed to flame)

3]
6, is the surface temperature of the member, °C
o

is the Stefan Boltzmann constant

10.3 Parametric fires

One of the most popular fully developed design fire models used in structural fire engineering is the
EN 1991-1-2 parametric fires based on the concept of heat balance inside a compartment.

The method assumes that a fully developed fire will develop in a compartment (i.e. temperatures will
be relatively uniform) and that the fire is either ventilation-controlled or fuel-controlled and that the
fire lasts as long as fuel is still available within the compartment (burnout). The parametric fire model
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takes into account the compartment size, fuel load, ventilation conditions and the thermal properties of
compartment walls and ceilings.

The parametric curves are applicable when the flow of hot gases in and out of the enclosure is controlled
by openings (vents) in the walls of the enclosure. Hence, they are not applicable to enclosures with
significant flow through horizontal openings in floors or ceilings.

EN 1991-1-2 limits the application of the parametric fires to compartments with a floor area of up to
500m2, without openings in the roof, a maximum compartment height of 4m and compartments with
mainly cellulosic type fire loads. There are also limits on the thermal absorptivity of the enclosure
surface, ppening factor and the fire load density.

The pargdmetric fire curves have two distinct phases:
1) A hepting phase where the gas temperature rises with the increase of time.

2) A copling phase. A linear slope is assumed for the cooling phase of the fire.

10.3.1 Heating phase
During the heating phase of a fire, the parametric fire curve (©5) is given by-Formula (22).

0, =R0+1325(1-0,324e70:2t'~0,204e717t" 0,472 1Y) (22)

0, 1sthe parametric fire gas temperature, °C

e Tepresents the mathematical constant - Euler'ssnumber
The pargmetric time (in hours) is given by Formula\(23).

t'=tll (23)

With the|dimensionless ventilation parameter given by Formula (24):

| (0/p)"

e A (24)
(p,04/1160)>

In case of I'=1 the equation-dpproximates the standard temperature-time curve.

The thermal inertia aflirings (for an enclosure surface with single layer of material) can be given using
Formula|(25):

b=\/pbcp7» (25)

with the Tollowing [imits: 100 < b < Z 200 J/{m?s7%K]
where

b isthe thermal inertia of linings, J/(m?2s1/2K)

The density o the specific heat, Cp and the thermal conductivity, A, of the boundary may be taken at
ambient temperature.
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When multiple materials are present in an enclosure, the thermal inertia of the enclosure is determined
by considering the combined effect of different thermal inertia in walls, ceiling and floor (see
BS EN 1991-1-2 for more details), using Formula (26):

_ Ih4

b= (26)
At _Ao
where
1 tetlag £l 13 43 £l o :th 1 d Tiasd PR |
U] 10 LIIT LIITT IIIdT ITITT Uiad Ul LUIIT J UuouIliual _y llllllls IIIdicliarl
A, isthe total area of enclosure (walls, ceiling and floor, including openings), m?
A, isthe opening area, m?
The opening factor, 0, can be determined using Formula (27):
A JH
0: 014‘t [0} (27)

where

O is the opening factor, m1/2
A, isthe total area of enclosure (walls, ceiling and.floor, including openings), m?

with the following limits: 0,02 < O < 0,20 m1/2, Note, that national application documents of (different
untries in Europe may sometimes amend thesevalues.

(@)

1p.3.2 Heating duration and maximum temperature
The maximum temperature @,  in the heating phase happens for t':t;nax [see Formula (28)]

£ =t (28)

With ¢, =max[(0,21034,4/0);t;,., | and q, 4 =q; 4 A / A, where 50<q, 4 <1000 (M]/m?)|

where

drq is thedesign value of the fire load density related to the surface area of the floor, 4

tim IS the limiting time, h

rate, 20'min in case of medium fire growth rate and 15 min in case of fast fire growth rate.

N{)te that-t};,, needs to be input in hours in the above equation. ¢;;,, is 25 min in case of slow firg growth

When tmax =tlim the fire is fuel-controlled and not ventilation-controlled. In this case, instead of

Formula (6), Formula (29) needs to be used to calculate the time:

t’'=t’ (29)

lim
where

(O /DY

0,04/ 11607 o
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3 94
Opypy =0,1x1073 —= (31)
bim

In case of (0 > 0,04 and ¢,4< 75 and b < 1 160), "
Formula (32):

- =75 —
k=1t 0-0,04 \ 94 1160-b (32)
0,04 75 1160

10.3.3 (ooling phase

shall be multiplied by factor k given by the

lim

Linear tgmperature-time curves for the cooling phase after the heating phase of parametric fire‘curves
are given} in Formula (33).

Depending on the value of t;nax three different linear curves for gas temperature @g are defined gs

follows:
O,nax —625(t"—t, . x)fort, . <0,5
O = Opnay —250(3~ 0y ) (€'~ X) fOr 0,5<t, . <2 (33)
O\ pax —250(t"—t, . x)fort,  >2
where
tmax[F(0,2X1073 g, 4 /O)T (34)
With:

x=1/0 if tmax > blim ©OF

’

m 1—‘/tmax if tmax :tlim

10.4 Fires in large compartments (travelling fires)

In very large compartments,flashover may not occur and fire tends to travel rather than burn uniforml|y
and simyltaneously. In large . eompartments, fire dynamics are expected to be limited by fuel and be legs
influenc¢d by the thermal-inertia of the linings since the fire will be generally more remote from wallls
and openings. Severalprevious studies[22-31] assessing the structural fire response of buildings undér
uniform [and travelling fires have demonstrated that travelling fires can be onerous for the structufe
given thgt they caw'produce different thermal and structural responses compared to uniform fires. As
a result, fesedrehers have put forward methodologies for representing the effects of travelling fires for
structurplAfire design purposes (such as Reference[32]).

The exposure is idealized for structural fire design purposes with the aim of removing complexities
and simplifying its use, but equally capturing the key phenomena experienced by non-uniform fires.

A major concept behind the travelling fire methodology (TFM) is that the fire induced field is split for a
compartment (over the longest direction into two regions), into the near-field (flames) and the far-field
(smoke). This results in the generation of spatially non-uniform and transient temperature curves for
the whole floor as shown in Figure 5. The near-field represents the burning region of the fire where
the flames directly impinge on the ceiling and assumes the peak flame temperatures. The far-field
represents the region remote from the burning area where the structure is mainly heated by hot smoke
moving away from the fire source.
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The available TFMs are flexible in allowing any available or future correlation to be used to describe

the near-field or far-field temperature depending on the complexity and accuracy required.

1200 °C bbbt

0 °C &5

Y - |
Kpy s\&\
1 near field %)
2 far field $\\.Q
3 trailing edge .
. Bece A\Q)
4 leading edge o
&8  burntout fuel \{:\
I  unburntfuel C}\Q
—— fire spread, s ‘.
___ gastemperatures O®
Figure 5 —(ﬁétration of a travelling fire and distribution of gas temperatures
N\
The travellin concept can consider a range of possible fire dynamics by covering a wide range
of fire sizes ending on the fire coverage (4;) of the total floor area. The TFM typically agsumes a
ré¢ctangu hape of the floor plate/compartment and therefore a fire can be characterized ip a form,
Fl, u;s{ rmula (35):
DL A
d
= (35)
35
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TFM assumes a uniform fuel load across the fire path, g; 4 (kJ/m2), and a constant heat release rate per

unit area Q" (kW/m?2). Based on a given burn area, A¢ (m?), the total heat release rate can then be
calculated using Formula (36):

Q=40 (36)

Therefore, as the fire spreads, according to Formula (37), each fire area would have a constant burning

time of:

tb—

In the mlethodologies currently available, fire is assumed to spread at a constant fire\spread rate, |s,

I d
O (37)
Q

along a lfnear fire path (other fire paths are possible and can be expressed in similax ways). For linear
fire sprefpd, the speed can be defined using Formula (38):
L
i
S=—t 3 3
; (38)
For a lingarly travelling fire, the total burning time can then be calculated using Formula (39):
— 1 g
Leot =f E+1 (39
As aresylt, smaller fires experience longer burning duratieh compared to larger fires. The total burning
time has|a major influence in the final temperature of protected steel and concrete structures.
For the pear field, the concept of the flapping angle[32] has been introduced which assumes that
structurfl members will actually experience lower average gas temperatures rather than the pedk
flame temperatures observed in fires. Based-on this work, the flapping length can be determined using
Formula|(40):
f=L} +2Htan| f, = “40)
! 2180
The redyced average near-field temperature can then be determined using Formula (41)-(46):
T o (2r,, + L )22T, -1 )2/3
7 <+ Tor (21 ;) ] Xz+32,§18]<3 (2R 1) al)
where
f )
r, =1 42
2=} (43)
I =max(0,r,—L; /2) (43)
I, =max(Ly /2,1) (44)
T (=1200 (45)
3/2
= _ 538 (46)
H(T-T,
where

36
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T; is the reduced near-field temperature due to flapping, °C
is the room temperature, °C

T,s isthe near-field temperature, °C

is the radial distance away from the fire, m

L¢  isthe vertical flame height, m

H 1s the vertical distance between the fire source and the ceiling, m

f is the flapping length of the flame

o

1} the TFM the flapping angle of £6,5° is typically assumed.

eference [32] proposes a simple to use analytical expression incorporating\the Alpert’s equation
nd the far-field temperatures can be determined using Formula (47). Compared with other pvailable
lutions, Alpert’s correlation provides results within the acceptable limitsyof accuracy and, therefore,
as chosen for simplicity.

g

. e 2/3
5,38 LL WQ

H | |[x+0,5L L —%
. Tee > T
T ¢ if . .
» | |x+0,5 L Iy —%,|<0,5Ly;
for x<L— %, =s-t; L’; =min[L* ,(s-t)/L]

(47)

T (x,t)=<T_ +

max o
t

x>L—x,=L; L, =1+(L—s-t) /L

where

L isthe length of'the compartment, m
W is the widthof the compartment, m

Ah alternativéapproach of the travelling fire considering the flame extension under the ceilinjg can be
fqund in Reference [33].

1{1-External design fires

There are two types of fires involving direct flaming exposure that can harm the external surface (or
facade) of a built environment: fires originating within the built environment and those originating
outside it. An example of the former is when flames from a fully developed internal fire issue from
an opening and thereafter transfer heat to an external surface (or facade). An example of the latter is
when flames from a fire in miscellaneous storage or waste adjacent to the built environment transfer
heat to the external surface. In both cases, flame heat transfer can lead to ignition of combustible
content in the external surface and subsequent sustained flame spread. This can cause considerable
damage to the external wall and lead to propagation of fire to the interior via openings in the external
envelope at locations and distances remote from the original source fire. In addition, flames from a
fire in an adjacent built environment can expose an external surface with convective and radiant heat,
again leading to ignition of combustible content in the external surface and subsequent sustained flame
spread.
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Generally, the highest imposed total heat transfer from flames to external surfaces, and, therefore,
the greatest risk of damage or sustained flame spread, occurs as the result of fire sources outside and
adjacent to the external surface. It is important to select an external design fire that is representative of
the maximum heat-flux exposure to be expected from the design fire scenario of concern.

Flames issuing from an opening in the external surface of a built environment can be characterized by
a heat flux profile on the external surface along the length of the flame. The jet of flame issuing from
a window of a compartment fully involved in fire can be characterized by the flame length and the
temperature along the jet. Expressions have been derived for both of these variables and are in use
in some national codes[3435], A recent review of the literature and the available correlations for flame
length afjd heat flux on the wall above window openings is availablel36l,

12 Firg tests

In some [cases, engineering calculation methods are not available, e.g. for estimating fire growth |n
complex material systems or for estimating the response of a given fire to proposed pretection systems,
such as dprinklers, because of the complexity of the interactions involved. For such cases, the only way
to prediqt the outcome of a given scenario is to make use of one or more reference-scale test methods
or ad hog¢ test methods developed for the purpose. This type of test method is\intended to represent{a
possible ['real” fire situation by exhibiting a wide range of “real” fire phenomeria in a full-scale geometfy
while mgintaining a well-defined, well-documented and well-controlled test environment.

Referende-scale test methods are used either directly, to evaluate-specific trial design strategies, ¢r
indirectlly, to evaluate the accuracy of a particular engineering €aleulation method which, if found fo
be suitalple, is then used to evaluate a range of design strategies. In all cases, proper interpretation pf
results from reference-scale test methods is particularly impertant to ensure validity for the particular
design application. For example, if a reference-scale testVenvironment is used to evaluate a tripl
sprinklef protection strategy in a warehouse, it is impaortant that the test results be analysed to verify
that the $uccess of fire protection is not influenced by factors, such as oxygen depletion, that might not
be presept during an actual fire.

Fire testy may also be conducted to measure.important design fire parameters for a fuel package, su¢h
as the hdat release rate, with the intention0finputting the results to a computer model for evaluating
subsequént fire behaviour and hazardous conditions. The engineer should consider any possible effects
of the rdom size and lining materials that differ from the test environment, especially for thermpl
feedbacK and oxygen depletion effects'that could result in a different heat release rate in the actual fife
situation.

In some [cases, it is necessary-to employ a combination of test results and calculations. Generally, the
efficiency of the calculation\method is determined by assessing the results of the test, and a calculatign
is performed for the realjcase scenario, taking into account a safety factor to deal with the accuracy pf
the method obtained‘ifithe comparison with the test results.

13 Propabilistic aspects of design fires

13.1 General

Given the inherent randomness of fire starts and initial conditions and the nature of some of the factors
affecting the development and severity of fire, a probabilistic analysis should always be considered.
This section provides an overview of selected probabilistic analysis methods, relating to design fires.
More detailed guidance on fire risk assessment and probabilistic analysis is provided in ISO 16732.

In general, probabilistic approaches treat selected design fire input and output parameters as ranges
of statistically distributed values, instead of the single fixed values typically used in deterministic
approaches. In addition, the impact of fire protection measures (e.g. a sprinkler system) can be
accounted for based on the probability of their successful operation (reliability) and efficacy. The
objective for the use of such an approach in performance-based design is typically to account for the
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variability and/or uncertainty in the input parameters and to investigate their impact on fire severity,
smoke production and other important characteristics of fire development.

The approaches by which design fires can be incorporated into probabilistic analysis include:

— inclusion of statistical representativeness/distribution characteristics to important input
parameters;

— simulations using distributed input and sampling methods;

— _stochastic mnrh:]c;

he first two approaches use deterministic equations to address the fire phenomena and-intrqduce the
robabilistic element through input parameters. In contrast, the third group treats the fire'phgnomena,
lly or partially, as a stochastic process with lesser or no use of deterministic approxfimations
(dquations).

=T

1B.2 Inclusion of statistical representativeness/distribution characteristics

et

fclusion of statistical representativeness characteristics of important input parameters is a
r¢latively simple manner of explicit probability treatment. However;.in a majority of cases |t is only
partial. This approach is similar to the worst credible scenario”approach. However, an explicit
gpantification of parameter representativeness is provided. It should be pointed out that the sfatistical
r¢presentativeness relates only to the parameter(s) in questioh rather than the design fire as|a whole.
For example, the assumed fire load density may be taken’as representative of 90 % cages (90th
percentile) for the occupancy in question. However, even if one of the input parameters is selected as
the upper 90th percentile value, the design fire as suchidoes not necessarily represent 90 % of|the fires
ir] the given occupancy type, as the fire is affected@®y further parameters, such as fuel confijguration
ahd ventilation, etc. The value for these other parameters can also be selected from a repregentative
statistical distribution. On the other hand, selecting most or all input parameters from upper|extreme
irftervals can result in an overly severe fire with a very low probability of occurrence.

1B.3 Simulations using distributed input and sampling techniques

p—

1 general, this group of metheds includes more or less any combination of distributpd input
hrameters (statistically or arbitrarily), a sampling method (Monte Carlo, Latin hypercube, efc.) and a
bterministic simulation algorithm (zone, CFD or other type of fire model). Such an approach addresses
nmlore appropriately the ¢ariability and uncertainty in input parameters which can cause difficulties
1] identification of one representative value for each input parameter when using the deterministic
r¢presentation of a'design fire. In general, the representativeness of the results increases [with the
nfimber of samplediinput points.

oo

—

et

1) relation te.design fires, these methods can be used to account for variability and/or uncerftainty of
irfput parameters, for example fire growth rate, or the random nature of certain input parameters, such
as$ spatial-configuration of fuel items. The higher number of runs, each with uniquely sampled input
variables, the higher the accuracy/representativeness of the simulation results, assuming the variability
apddincertainty in the input parameters is addressed correctly. Due to the high number of repetitions,
required software tools are used to carry out such types of simulations. The main drawback can be a
high computational time demand, especially when advanced fire models are employed, e.g. CFD models.

Monte Carlo employs repeated random sampling from predefined input variable sets or distributions,
which are then used in calculation algorithms. Subsequently, results are aggregated, and their
respective distributions analysed.

Latin hypercube divides the cumulative distribution function/curve into n equal intervals and draws
randomly from these intervals; each from the intervals is randomly sampled the same number of times.
This sampling technique reduces the number of samples required for the results to start converging in
comparison to Monte Carlo sampling.

Various analysis tools developed using these techniques are found in the literaturel37-39],
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13.4 Stochastic models

Stochastic models can approximate the design fire in various ways, depending on how they address the
evolvement of random quantities in time and/or space, and if and how they incorporate deterministic
representation of the underlying fire physics, chemistry and thermodynamics. In general, stochastic
models involve rather complex calculations and potentially with a great number of repetitions.
Therefore, they are not used in a simple hand-calculation format. In addition, the required probability
values and distributions are often difficult to source or derive; hence, some of the approaches presented
have a rather narrow field of application. Due to the complexity of this topic, this section is limited
to a brief overview of the modelling approaches available in relation to the design fire. Stochastic fire
models gre based on the following stochastic processes[42l:

om walk;

— Markov models - chains and processes;
— Network models - branching processes;
— Stochastic differential equations;

The representation of the design fire depends on the type of the stochastic fire model. It ranges from|a
set of didcrete probabilities associated with the fire attaining a specific growth phase, through spatipl
fire sprepd, to the prediction of the actual heat release rate in time. As-with deterministic design fire
models, the selection of the approach depends on the complexity of the task at hand and the level pf
detail refuired.

The Randlom walk model treats the fire process, or a part thereef; as a series of random steps governing
its development. A random step is made every short period and this step represent either fife
propagation or extinguishment/burn out. The fire propagation step is assigned a probability, Dsp anjd
the fire pxtinguishment step is assigned a probability;, pr.,, and since there is no other step p0551bl|e,
P+ Pre =1. By defining the step of a random walk, for¥ example, this basic approach can be adapted fgr

the predjction of probable fire duration, heat release rate, area damaged, etc. The fire can grow until
extinguighment occurs or all available fuel has been consumed. The step probabilities p, and py, are
not consfant values in reality and they chahge with the course of fire. More details on random walk
model cdn be found in the literaturel41l,

The Mankov model is a stochastictmodel treating the stages of fire growth as states, phases ¢r
realmsl4}-43], At each time interval\(é.g. a minute), the probabilities of the fire being in any of the stat¢s
are upddted through the state transition probabilities as the duration of the fire progresses. Givgn
the natufe of the Markov process (a memoryless process), the transition probability is not affected by
the past|behaviour, i.e. the probability of the fire progressing into another state is not affected by ifs
durationfor the number of state changes that have already occurred.

A commgn set of stdtes was proposed by Berlin[44] with six states defined as realms for residentipl
occupangies: no-fire state, sustained burning, vigorous burning, interactive burning, remote burning
and full foom\involvement. The realms were defined by critical events characterized by heat releasge
rate, flathe-height and upper room gas temperature.

Network models are more advanced stochastic models which take into account the time-dependence
of state transition probabilities and spread of fire within the built environment[4>46l, Network models
are more appropriate for stochastic simulation of spatial fire spread than Markov models, as rooms,
corridors, etc. are modelled as nodes of a fire spread network which is then turned into a probabilistic
network. There can be multiple ways of fire spread between the nodes as well as fire growth within a
node itself. Network models consider fire spread between two given rooms by breaching compartment
boundaries (after reaching a flashover state) or along multiple virtual divisions of a larger space (e.g.
a corridor). Fire growth and fire spread are represented by links, each associated with a probability of
the fire taking the path; more advanced models pair the link’s portability with the time it takes for the
fire to complete the spatial or phase transition.
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Stochastic differential equations are a modelling approach in which the deterministic differential
equations representing fire phenomena are transformed into stochastic differential equations by
replacing one or more terms by a stochastic process; this is also known as the introduction of random
perturbations. By doing so, uncertainties and variability associated with many input parameters are
accounted for and the output variables exhibit similar behaviour (fluctuations) as in real fire situations.

13.5 Results of probabilistic analysis and their evaluation

The results of a probablllstlc analy51s take a form of a statlstlcal distribution or a discrete value
agse edwith-aprebab OF P ay-be ed-on-an-abselute-oreguivalence-
based acceptance criteria ba51s An example of acceptance based on absolute cr1ter1a is the.commparison
of design hazard and performance distributions, for example stress vs. strength, required'safe egress
time (RSET) vs. available safe egress time (ASET), etc. If the overlap of the top design hatard and
bpttom performance percentiles is sufficiently small, or if there is no overlap, the design is considered
agceptable. In the case where RSET and ASET are both random variables represented by prpbability
d|stributions, the overlap area between the two curves in Figure 6 is an indicator of the probpbility of
fdilure.

Y

s |

2

time
probability
RSET
ASET

N R < X

Figure 6 — Probability versus time for two random variables

The reliability calculation considers the combinations of all the values assumed by the two random
variables, ASET (x) and RSET (s). The probability of ASET being larger than RSET is given in Formula

(48)H7):
Pr(x>5)J- fi(s U £, (x dx}ds (48)

where
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f;(s) isthe probability distribution for RSET

f; (x) isthe probability distribution for ASET

An equivalence-based approach assumes acceptance when the performance of the engineered design
is the same or better than the prescriptive one. Usually, the level of risk is compared (e.g. a comparison
of the probabilities of fire fatality, compartment boundary, or structural member failure). Further
guidance and examples of the interpretation of probabilistic analysis results can be found in ISO 16732-1

and ISO 16732-2.

14 Dodumentation

ISO 23932-1 requires the documentation of the selection of engineering methods used for‘éyaluatign
in a fire pafety design report. The report is required to present enough detailed information to allow
its evaluption in terms of meeting the FSOs when assessed against design scenarios/identified using
ISO 16733-1 and the associated design fires from application of this document. The exact form pf

documerjtation (reporting) may vary by jurisdiction and by project.
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