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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.
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electrotdchnical standardization.

The progedures used to develop this document and those intended for its further maintenance are
described in the ISO/IEC Directives, Part 1. In particular the different approval criteria needed for the
different types of ISO documents should be noted. This document was drafted in accordance with the
editoriallrules of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).

Attention is drawn to the possibility that some of the elements of this document/may be the subject pf
hts. ISO shall not be held responsible for identifying any or all suchpatent rights. Details pf
any patept rights identified during the development of the document will be inthe Introduction and/¢r

Any trade name used in this document is information given for the gonvenience of users and does n¢t
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as well as information about ISO’s adherence to the World Trade Organization (WTO) principles in the

ittee responsible for this document is ISO/EC 92 Fire Safety, Subcommittee 3, Fire threat to
d environment.
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Introduction

Tenability of people in case of fire is an essential safety objective of regulations. Reasons that could lead
to compromised tenability conditions are loss of visibility, thermal and toxic effects. ISO 13571 is a tool
that has been developed to quantify the performance level related to these criteria in case of a fire.

This document presents application cases of ISO 13571. It is structured as follows:

— Clause 4 explains the principle of the application;

— Clause 5 presents the selection of performance criteria;
— Clause 6 presents the evaluation of the impact of fire to people according to ISO 1357 1;
— Clause 7 introduces the examples detailed in Annexes A, B, D and E.

Ekamples of application are presented in annexes. The first case of application-concerns comparison
of tenability in real-scale fire tests (Annex A and Annex B). The second case presents the methodology
(Annex C) and two example cases (Annex D and Annex E) for application 6f 1SO 13571 as performance
cliteria in Fire Safety Engineering studies according to ISO 23932. Annex F presents infornjation on
experimental production of input data.

© ISO 2016 - All rights reserved v
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Life-threatening components of fire —

Part 2:
Methodology and examples of tenability assessment

Scope

1

This document describes the practical application of ISO 13571 as a tool to evaluate‘effec
effluents on people. The method of application, performance criteria and evaluatien of the inf
ekplained and illustrated by two families of examples: application to real-scale\ tests (Ann
Alnnex B) and application to Fire Safety Engineering (Annex C, D and E).

2| Normative references

—

he following documents, in whole or in part, are normatively réferenced in this document
ndispensable for its application. For dated references, only the' edition cited applies. For
r¢ferences, the latest edition of the referenced document (including any amendments)

—

—

here are no normative references in this document.

Terms and definitions

3
Fpr the purposes of this document, the terins and definitions given in ISO 13943 and IS
a
a

ldresses:

— IEC Electropedia: available athttp://www.electropedia.org/

- SO Online browsing platform: available at http://www.iso.or

4 Principle

Smoke toxicity, to.a certain degree, is not a material property. Depending on the envi
Failability of okXygen, thermal attack, flow conditions and surface areas available for combug
chemistry of the combustion of a given material can proceed along various routes and produc
in very different quantities.[11[2][3] It is then a systemic parameter, which need a systemic app
stated in-ISO 19706.

o8]

et

tlis;also appropriate to keep the following points in mind:

's of fire
)pact are
bx A and

and are
undated
applies.

0 13571

bply. ISO and IEC maintain terminological databases for use in standardization at the flollowing

ronment,
tion, the
P species
roach, as

— The production rates of various gaseous species change according to the combustion regime. In

particular the influential parameters (not exhaustive) are:
— Fuel nature
— Oxygen availability

— Temperature

© ISO 2016 - All rights reserved
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— Flows received and lost

— The species produced by the combustion are carried away from the initial fire source, and their
effect is related to:

— Sensitivity and activity of people
— Concentrations (instantaneous)

— Exposure times (accumulation)

Furthertpore, the thermal effects related to the heat of the gases and smoke produced, along with;the
radiant fluxes, which they emit, play a role in the safety of people who are evacuating.

For a given design fire, it is therefore necessary to determine one or more exposure scenarigs, whigh
will makie it possible to answer questions about the effects on people according to:

— The fire source and its development;
— The ppecies produced by this fire source and their movement away from the original fire source;

— The pvacuation of the people, their path and the toxic and thermal elements to which they are subjeft
as a function of time.

Finally, if is useful to recall that toxic hazard in enclosures is mainly,caused by the combustion of the
contents|and furnishings in the enclosure rather than the enclosufe)itself in the early phases of a firg.
Furthermore, changes in regulations can lead to better insulation of the rooms, modification of the
ventilatipn, and resistance of windows to bursting, all of which notably change the conditions for the
accumulption of thermal energy and the generation of toxicspecies.

ve realistic fire sources in terms oft
— Kinetics

— Ppecies produced, in particular by including data concerning the toxic species related to the
burning of the contents‘and furnishings in building fires

— Beaple to process all thi€materials present and not just certain ones
— Congider all potential toxic species, not only CO, as is often seen in practice
— Congider theaspects of production kinetics, movement of gases, and availability of oxygen

— Be aple to\process several scenarios and their possible variations:

— 'Tvpi(‘nl" m;l‘rpri;llql/"riqu" materials

— Riskin the room of fire origin room and outside the room of origin
— Different fire regimes (smouldering, well ventilated, post-flashover)
— Evacuation plans

— Consider the various risks for people and the associated sanction criteria as a function of thermal
and toxic effects, both instantaneous and by accumulation.

2 © IS0 2016 - All rights reserved
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5 Performance criteria
The selection of criteria to consider is conducted in early phases of a project, before any detailed study.

These criteria will make it possible to determine whether a given exposure scenario (i.e. a fire scenario
combined with an evacuation scenario) is a success or failure. This concept depends above all on the
susceptibility of the people to the fire effluent. In the application of ISO 13571, the objective that a
person could realize his/her own evacuation without any assistance.

In fact, each person is different and according to their constitution, age, gender, possible underlying
cpnditions, etc. the FEC and FED which they can endure before being incapacitated varies. [[here is,
hpwever, no feedback from experience which can be used in statistical terms. Due to the laek-gf precise
khowledge in this field, approximating the distribution of individual susceptibilities by.a log-normal
djstribution with a median value of one as thresholds for the FED and FEC is proposed.|Half the
pppulation is therefore considered as being able to tolerate FED and FEC each havinga'value ofione, and
the other half is more sensitive and cannot tolerate values of FED and FEC equalfo.or above one.

an example of a safety criterion that provides protection for a larger, fraction of the population,
[§0 13571:2012, A.5.2 shows that a value 0,3 protects a significant portion‘0f the more sensitive people.

this value, 11,4 % of the population remains vulnerable to incapacitation by exposure td the fire
effluent. It should be kept in mind that one of the consequences of'the distribution describdd by the
[§0 13571:2012 standard for the sensitivity of individuals (log-nermal law) is that there is no value for
the criterion which is low enough to guarantee protection of all.occupants in an evacuation dituation.
signing a facility such that the FED and FEC values are keptto extremely low values is likely tp require
nmediate detection and suppression or to preclude othérwise desirable construction and fyrnishing
products. It is the regulator’s role to weigh these considerations.

—

6 Evaluation of the impact

L1 Effects of fire on people

Fa person and how that location might change during the course of the fire. The second is the|evolving

6

The impact of fire effluent on a personidepends on two interacting components. The first is the location
0

cpncentrations of the effluent constituents where the person is located.

Al fire safety assessment could be made considering the evolution of tenability for a persop who is
stationary at one position ifr'a room. This would apply to people who are asleep or medically ¢onfined.
Stich an application ingreal-scale fire tests is presented in Annex A. Assessment could also congider the
ekposure of a persofi-nioving along an egress path with its travel path in real-scale fire tests (Annex B)
of included in a Fire Safety Engineering approach (Annexes C to E).

The exposure models used are those described in ISO 13571:2012. In particular, they cover the foxic and
thermal models, but do so independently. For the toxic models, the effects of the asphyxiating and {rritating
gases are-¢onsidered separately. See ISO 19706 for more details on the relevance of these models

6,22 Models for toxic impact

Toxic effluents can have two principal mechanisms of action on people when considering acute
exposure. Depending on their nature, they are classified into two categories:

— asphyxiating gases (CO, HCN, etc.)
— irritating gases (HCI, HBr, etc.)

There are also indirect effects like those of the low oxygen concentration (hypoxia) or high CO;
concentration (hyperventilation). Other effects exist, like clogging of the respiratory tracts because of
the presence of soot.

© IS0 2016 - All rights reserved 3
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The evaluation of the effects related to exposure to smoke requires knowledge of the central concepts.
The References [4] and [3] present a review of the art of these concepts.

Because of the complexity of the problem, there are various models incorporating toxic effects.
Although all of them can be used, a first consensus was established on the models given in ISO 13571.
In the ISO 13571 models, the asphyxiating gases, incorporated using the calculation of a Fractional
Effective Dose (FED), and the irritating gases, incorporated using the calculation of Fractional Effective
Concentration (FEC), are considered separately.

Thus, the asphyxiating gases (mainly CO, and HCN) are considered from the perspective of an
accumulption mechanism, and the irritants (mainly HCI, HBr, HF, SO, NO, NOg, acrolein, and
formaldghyde) from that of their instantaneous effect. These assumptions are only valid whén
considerfing short-term acute effects at an incapacitating level of exposure. For irritants, othery-dose
related aspects need to be included when considering long exposures or lethality levels.

1

One of the limits of the ISO 13571 asphyxiant gas model is that it does not incorporate the rarefactign
of oxygen, Oz, which also has an asphyxiating effect. However, in many situations €his effect can he
considered to be minor compared with the effects of CO and HCN. CO3 is considered as producing|a
hyperventilation factor in ISO 13571.

6.3 Mpedels for thermal impact

Three mlechanisms are considered: hyperthermia linked to exceeding-the body’s thermal regulatign
capacity)skin burns, and burns in the bronchial tubes. In most caseS,bronchial tube burns take place at
higher exposure levels than skin burns.

There affe two models proposed in ISO 13571 one for radiant flux exposure and one for exposure
to convective heat exchange - and they are synthesizedin/the form of an FED making it possible to
calculatg the cumulative dose.

6.3.1 adiant flux exposure model

=
1

Two formulas are proposed in ISO 13571. Théfirst makes it possible to calculate the time to get secon
degree burns on the skin; the second makeés:it possible to calculate the time to reach the pain threshol

=

It should) be noted that the skin temperature depends on the applied flux density at the surface and the
ease with which the blood carriesraway the energy reaching under the skin. Because of this there is|a
thresholfl located around 2,5 kW.imm=2, below which exposure to the flux does not cause a significapt
temperafure increase of the skin and above which the temperature increase occurs quickly. A great¢r
exposur¢ can however be ‘@cceptable with the exposure time is short, especially when considering
passing before an openirigiéading to an area on fire. Further details can be found in ISO 13571.

6.3.2 emperature exposure model

lightly dressed (even naked) for calculating the time necessary to become incapacitated (for an afr

Two formulas-are included in ISO 13571, according to whether the subject is dressed normally ¢r
environmment at less than 10 % relative humidity). (F

6.3.3 Dose calculation model

The dose effect linked to the accumulation of the temperature is calculated using the thermal model
FED equation of ISO 13571.

7 Examples of application

Annex A presents an example of application of ISO 13571 to a series of real-scale fire tests performed on
houses with different designs of floors between the basement and the rest of the house, in two different
basement fire scenarios. The objective of the study was to better understand the impact of basement

4 © IS0 2016 - All rights reserved
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fires on the ability of occupants on the upper storeys to escape. [SO 13571 models are used to

monitor

tenability conditions at various locations in the upper storeys. The example gives a relative comparison
between different designs, using FED as the comparison criterion, without considering any specific

evacuation scenario.

Annex B presents the application of ISO 13571 to different real-scale fire scenarios on a single

sleeping

room. Analysis is based on the time to reach compromised tenability conditions using thermal and

toxic models of ISO 13571 and different evacuation strategies. The results identify the ma
comprising tenability for each scenario, according to occupant’s behaviour.

in factor

Alnnex T presents a methodology to apply ISO 13571 to Fire Safety Engineering studies. It
140 23932 and proposes a mathematical approach that allows obtaining tenability data as perf]
criteria. This methodology is based on a construction of a source term of toxic gases dn.addi
spurce term of heat release in the Design Fire Scenario studied. It proposes ways to obtain datd
fire stage and presents the input data in a matricial shape.

Annex D is a first application of methodology proposed in Annex C. The situatiomis a fire in a ha
cpnnected to a corridor equipped with mechanical smoke control devices. Tenability assessmg
corridor is studied according to the ISO 13571 models. Various scenarios. of occupant behay
gsted, such as different departure times, a travel trough the corridor\er turn back dependif
bnditions. The different evacuation strategies and occupant behaviour lead to contrasted r¢

w O o

Annex E is a second application of the methodology proposed in Annex C. The situation is a
¢staurant equipped with natural smoke control openings@nd an operating heating, ventilatin
bnditioning (HVAC) system. The fire starts in a hiddentechnical room (dishwashing room). T
bsessment is performed along two escape routes,“censidering various pre-movement del
fferent evacuation strategies and occupant behayiour lead to contrasted results: depending
hosen and pre-movement delay, tenability is driven by either thermal effects or toxic effectg
re also expressed as success (FED, FEC < 0,3);versus pre-movement delay.

O =

[ IR =)

me scenarios, tenability is driven by thermal effects, and in some other, toxic effects prevailg.

refers to
ormance
tion to a
for each

tel room
nt in the
riour are
g on the
bsults: in

fire in a
b, and air
enability
ays. The
on route
. Results
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Annex A
(informative)

Example of application to real-scale fire scenarios - FED and ASET
calculations for fire experiments conducted in a full-scale test
house under two basement fire scenarios

A.1 Ge¢neral

An experimental program was undertaken to study the fire performance of various_€ngineered flogr
systems|used in single-family houses as construction moves away from the traditional solid sawn
wood joiptsle]. The experimental program was conducted using a test facility représenting a two-storgy
detache( single-family house with a basement (referred to as the test house hefeafter). It involved full-
scale fir¢ experiments with unprotected floor assemblies located over the basement (unsheathed dn
the basement side) using two specific basement fire scenarios. The objective/of the study was to bett¢r
understdnd, from the perspective of tenability and structural integrity ofithe floor assemblies as egress
routes, the impact of basement fires on the ability of occupants on théupper storeys to escape.

The expgrimental program used a timeline approach to establish the sequence that affects the life
safety and egress of occupants under two specific basement.fire scenarios. This sequence includgd
fire initiption, smoke alarm activation, onset of untenable conditions on upper storeys, and structurfl
failure of the test floor assembly as a viable egress route airthe first storey. The experimental approagh
h
d
e
s

was designed to determine how long egress routes would remain viable from the perspective of bof
tenability and structural integrity of the test flooréassembly. With the use of engineered joists arf
trusses in floor construction, it is desirable that the time to incapacitation of occupants should not &
adversely affected. Structural failure of the fl6ors constructed with alternative engineered product
should njot occur prior to the time taken tofeach incapacitating levels of smoke, gases and heat. This
involved| FED and ASET calculations usingrexperimental data and comparison between ASET and the
floor failure time.

A.2 Experiments

Brief degcriptions of the ekperiments are provided in the following sections. Further details of the
experimental setup canbefound in referencel®l.

A.2.1 FKacility

Each storey of the test house had a floor area of 95 m2 and a ceiling height of 2,4 m. The basement
was parftitioned to create a fire compartment representing a 27,6 m2 basement living area; the
remainingarea was not used during the experiments. The fire compartment had a rectangular exterigr
opening (2,0 m wide by 0,5 m high) covered with a removable non-combustible panel. The walls of
the fire compartment were lined with 12,7 mm thick regular gypsum board. The gypsum board met
ASTM C1396 and CAN/CSA-A82.27 material standards and consisted of a solid set gypsum core enclosed
in face paper and liner back paper with a weight of 7,8 kg/mZ2, a Flame Spread rating of 15 and Smoke
Developed rating of 0 in accordance with ASTM E84 (UL 723, UBC 8-1,NFPA 255, CAN/ULC-5102). An
enclosed stairwell connected the fire compartment to the first storey. At the top of this stairwell, a
0,81 m wide by 2,05 m high doorway led to the first storey. This doorway either had a door in the closed
position (closed basement doorway) or had no door at all (open basement doorway), depending on the
scenario being studied.

The first storey had an open-plan layout with no partitions. A test floor assembly was constructed on the
first storey directly above the basement fire compartment for each experiment. A range of engineered

6 © IS0 2016 - All rights reserved
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floor systems, including wood I-joist, steel C-joist, metal plate wood truss and metal web wood truss
assemblies as well as solid wood joist assemblies were used in the full-scale fire experiments. A 0,89 m
wide by 2,07 m high doorway led to the exterior. The staircase to the second storey was not enclosed.

The second storey had a corridor (measuring 4,45 m long by 1,10 m wide) and bedrooms. Two bedrooms
(each having a floor area of 16,8 m2) were used as target bedrooms in the experiments. The door to one
of the bedrooms was kept open whereas the door to the other bedroom remained closed. Each bedroom
doorway was 0,81 m wide by 2,05 m high.

2.2 Fire scenarios

TIvo fire scenarios were used in the full-scale fire experiments:

—+ the doorway from the first storey to the basement had no door (referred to as thé open hasement
doorway scenario);

—+ ahollow-core interior door was used in the doorway in the closed position«(referred to as the closed
basement doorway scenario).

simple and repeatable fuel package was developed for use in full-scale experiments to fuel afire that
imulated a basement living area fire. This fuel package consisted of'a-mock-up sofa construdted with
kg of flexible polyurethane foam without any upholstery fabric, and 190 kg of wood cribs bdside and
hderneath the mock-up sofa. The polyurethane blocks used were furniture grade flexible fdam with
chemical formula of CH1 91 09 263 No,055 and a density of 32,8 kg/m3. The fuel package wap located
the centre of the fire compartment in order to providesa‘greater challenge to the unprotected floor
bsemblies above. The mock-up sofa was ignited in aceerdance with the ASTM 1537 test pr¢tocol [Z]
nd the wood cribs provided the remaining fire load tesustain the fire for a desired period of fime.

LY LY S OW >

Tp provide the ventilation necessary for combustion and to simulate the fire-induced breakage and
cpmplete fall-out of the window glass, the non:combustible panel that initially covered the|exterior
window opening of the fire compartment was manually removed when the temperature|reached
3P0 °C at the opening. This condition was normally reached within 90 s to 120 s after ignitipn in the
ekxperiments. The exterior door on the fir¥st storey was opened at 180 s after ignition and leff open to
simulate some occupants evacuatinghe test house.

.2.3 Measurements

A

Vprious measurement devices were used and data was collected at 5 s intervals in the expgriments.
Ektensive thermocouple ‘atrays were installed throughout the test house to measure tempeg¢ratures.
Flame-sensing deviees“and floor deflection devices were installed on the test floor asgemblies.
Residential ionizatien and photoelectric smoke alarms were installed on each level and| in each
bpdroom.
M

easurements of smoke density and gas concentrations were focused on upper storeys. On|the first
storey, smoke and gas sampling ports were located at a quarter point at 0,9 m and 1,5 m apove the
floor, On-the second storey, smoke and gas sampling ports were located at the centre of the cdrridor at
0[9m and 1,5 m above the floor. Smoke and gas samples from these samplmg locatlons were connected
tdnond a-in 5 22 JDetailed
gas analysis using Fourler Transform Infrared (FTIR) spectrometers was only Conducted in a limited
number of experiments.

A.2.4 Fire development in the basement fire compartment

Figure A.1 and Figure A.2 show the temperature profiles measured at the centre of the four quadrants
of the basement fire room at the ceiling height for all of the tests. The polyurethane foam used for
the mock-up sofa dominated the initial fire growth. The fast development of the fire from ignition to
attainment of the first temperature peak was consistent for all of the tests. The temperatures at the
ceiling height exceeded 600 °C at approximately 120 s in all of the tests, indicating that the basement
fire compartment reached flashover conditions. Following this initial stage, the effects of ventilation
became more pronounced and the fire became wood-crib-dominated and also involved the unprotected

© IS0 2016 - All rights reserved 7
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floor assemblies. Both fire scenarios provided relatively severe and consistent fire exposure to the
unprotected floor assemblies in all experiments.
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Figure A.2 — Temperatures in basement fire compartment at 2,4 m height (closed basement
doorway)
A.3 Upper storey conditions and tenability analysis

edt, combustion products and smoke produced from fires can, either individually or collectively,
C itt i . it i ed using
temperatures, concentrations of combustion products and smoke optical densities measured during
the experiments to provide an estimation of the ASET with incapacitation as the end point. The analysis
focused on the conditions on the upper storeys of the test house. The conditions in the basement fire
room would not be survivable once flashover occurred.

Potential exposure to the toxic and asphyxiant gases, heat and smoke obscuration under the test
conditions was analysed independently. Each component was treated as acting independently on the
occupant to create incapacitating conditions and the ASET was the shortest of the times estimated from
consideration of exposure to combustion gas products, heat and smoke obscuration.
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A.3.1 Exposure to toxic gases

Inregards to the fuel package used in this study, with the combined flaming combustion of polyurethane
foam and wood cribs, the primary gaseous products were expected to be carbon monoxide (CO), carbon
dioxide (CO2) and hydrogen cyanide (HCN) in a vitiated oxygen (02) environment. Although HCN could
be produced from the combustion of the polyurethane foam in the fuel package, FTIR spectroscopy
measurements in selected tests indicated that the HCN concentrations on the upper storeys were
well below 30 ppm. These concentrations would not be a concern for occupant life safety on the upper
storeys in the timeframe for 1ncapac1tat10n by co exposure. As the polyurethane foam has a chemical

formula @

acid halide irritants in the combustlon gases Other potentlal 1rr1tant gases transported to the upp«lr
such as NO, NO7 and acrolein, were below the detection limits of the FTIR spectrometers usgd
periments.. Therefore, the analysis for the upper storeys involved CO and CO; and |oxygédn
only. Figure A.3 shows exemplar concentration-time profiles for CO, CO2 and Oz measurdd

storeys,
in the ex
vitiation
during ekperiments.
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Figure A.3 — Exemplar CO, CO2 and O3 concentrations measured at a quarter point on the first

10

storey at 1,5 m height
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The fractional effective dose for incapacitation due to CO was calculated as follows with the CO»-
induced hyperventilation factor:

t [CO]xAt %CO
FED. .= ex Z
in,CO tz 35000 p[ 5
0
Since data were collected at 5 s intervals in the experiments, At = 0,0833 min. The uncertainty in the

calculation of FED. is estimated to be * 40 %, which takes into consideration of 20 % uncertainty

in,CO
for hyperventilation factor in addition to the normal 35 % uncertainty for FED
Thble A.1 shows the calculated times for the fractional effective dose to reach two typical values
(FED = 1 for healthy adults of average susceptibility, and FED = 0,3 for some susceptible| people),
including the uncertainty in the estimated times. The times associated with other FED valugs can be
calculated, if required.
Table A.1 — Time (in seconds) to the specified FED for exposure.to CO with CO
hyperventilation
1st storey SW quadrant 2nd storey corridor
FED in, co = 0,3 | 1,0 0,3 1,0
Tests with open basement doorway
Solid wood joist 205+ 10 235+ 15 225+ 10 255415
Wood I-joist A 209+5 240 (-15,%5) 225+ 10 247 415
Steel C-joist 220 (-10, +5) 2603720 245 + 10 280 4 20
Metal-plate wood truss 2067 232 +13 235+7 2604 10
198 £ 10 233 (<15, +5) 208 +12 241 410
Wood I-joist B 198 + 10 228+5 207 £15 241 410
20310 23310 218+ 10 248 415
Metal web wood truss 225 £25 2657 230+ 25 275410
Tests with closed basement doorway
Solid wood joist 466 = 60 676 + 90 362 =30 501470
Metal web wood truss 400 (=55, +40) 510 (=25, +2) 375+ 35 >1p
(=50,+3)
504
Wood I-joist A 329 £ 40 484 +£70 364 + 35
(=70, +60)
NOTE Calculated besed on concentrations at 1,5 m height above the floor
al  Upper range of uncertainty in timing is unavailable due to commencement of fire suppression
Fpr thétests with the open basement doorway, the calculated time difference between FEDin co = 0,3
apdiFED, ., = 1,0 was 40 s or less at any measurement location for any given test. The cal¢ulations

Hhe

were associated with the fixed positions where the concentrations were measured and an occupant
would move through different locations in real fire situations. The time difference between the second
storey and first storey reaching either of the two doses was less than 30 s for any given test. Moreover,
the time difference between tests reaching either of the two doses was less than 40 s at any measurement
location. These results indicate a consistent time frame for reaching the incapacitation doses for
exposure to CO in this fire scenario.

For the experiments with the closed basement doorway, the calculated times were at least 60 % longer

to reach FED; ¢o = 0,3 and at least doubled to reach FED; co = L compared with the open basement

doorway experiments. The closed door impeded the migration of smoke and hot fire gases into the
upper storey(s) and delayed the onset of untenable conditions.
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The fractional effective doses for incapacitation due to O vitiation alone, and due to asphyxiant effect
of CO7 alone, were also calculated using the methodology given in referencel8l. Under the experimental
conditions of this study, these calculations indicated that the effect of Oy vitiation and the asphyxiant
effect of CO2 would cause incapacitation at a later time than the toxic effect of CO.

A.3.2 Exposure to heat

Figure A.4 and Figure A.5 show exemplar temperature profiles measured on the first and second
storeys during the experiments. The temperatures depended on the locations inside the test house. In

the bedr

The preg
conditio}
fire gase
untenab

oom with the door closed, the temperatures never exceeded 50 °C in any experiment

ence of the closed door in the basement doorway made a significant difference in the théxm
1s on the first and second storeys. The closed door impeded the migration of smoke™and h
s into the upper storeys until it was breached by the fire, and thereby delayed the,onset
e thermal conditions on the upper storeys.

Assuminfg unclothed or lightly clothed subjects, the fractional effective dose for incapacitation due {

the conv

FED

The uncq

stratifica
convectq

Radiant

ected heat exposure was calculated using the following equation:

t 3.4
= T—At
t0 5)( 107

In,heat

rtainty in the calculation of FED is estimated to be £.25 %. Since there was temperatuj

in,heat
ition, the temperatures at the 1,4 m height on each Storey were used for the analysis
d heat exposure, as this simulated the height of the nose/mouth of an average height individug

heat is important when the hot smoke layer is over’200 °C, which corresponds to the thresho

radiant heat flux of 2,5 kW-m~2 to produce second degree burning of skinl2l. The calculation indicate

that the
a major
exposur

convected heat exposure would result in ingapacitation before the radiant heat began to plz
role on the first and second storeys. Convected heat was the most important source of he
e for occupants on the first and second.storeys for the fire scenarios used.

h1
bt
bf

e

—
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Figure A.4 — Exemplar temperature profiles on upper storeys (open basement doorway)
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Figure A.5 — Exemplar temperature profiles on upper storeys (closed basement doorway)

The convective heat exposure depended on the location in the test house. In the closed bedroom, heat

exposure would not cause incapacitation (FED; ;... < 0,07 in all experiments). On the first storey, in

the corridor or in the open bedroom on the second storey, the calculated times to incapacitation due to
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= 0,3 and FED,

in,heat in,heat
the uncertainty in the estimated times. Depending on the test conditions (floor assembly type, condition
of doorway to the basement) and locations in the test house, the heat exposure could cause incapacitation
before CO exposure or vice versa.

exposure to the convected heat are given in Table A.2 for FED =1, including

For the tests with the open basement doorway, the calculated times to reach the heat incapacitation
doses on the first storey were comparable to those for CO exposure and, in most cases, the time

difference for FED;; heat tO change from 0,3 to 1,0 was also much shorter than that for FED;; co-In the

C“-wiﬂnw onthao cocand ctaray avennt for onn tact tha calonlatnd tianc for haat Avnaciirn 0 *each the
G0 0tREe-56 €G-S5t rey—exeepttoronetesstae-taretareatHRe SToreateXxpoesure—+6-+4

ficapacitation doses were longer than those for CO exposure.

—

Fpr the tests with the closed basement doorway, the incapacitation doses for heat expostue on the first
storey were reached much later than for the CO exposure. The calculated times for helat incappcitation
Were at least double that for the tests with the open basement doorway. The closed\door to the hasement
hpeded the heat transfer to the upper storey(s) and delayed the onset of untenable heat conditions.
he CO exposure dominated incapacitation on both storeys.

— =

Table A.2 — Time (in seconds) to the specified FED for exposure to convective heat

1st storey SW quadrant 2nd storey corridor 2nd storey open bedroom
HED in, heat = 0,3 1,0 0,3 1,0 0,3 1,0
Tests with open basementdoorway
Yolid wood joist 2307 280 £ 15 320+ 15 435 +30 455+ 30 690 % 60
Wood I-joist A 2053 213+3 252 +G 330+ 25 370 £ 30 (FED[< 0,8)
Steel C-joist 207 2 215+3 25045 290+ 10 325+15 460 (35, +2)
Nletal-plate wood truss|220 + 3 2405 270 £ 10 320 £ 15 345+ 15 ?0600 )
2022 211+£3 229+3 254 £10 315+ 20 (FED|< 0,8)
Wood I-joist B 193 +2 19942 217 £3 238+6 293+ 15 (FED|< 0,8)
209 £2 216 =2 234 +3 298 £ 25 393+30 (FED|< 0,4)
Nletal web wood truss|192 + 2 207 +5 225%5 255+10 305+ 15 (FED|< 0,9)
Tests with closed basement doorway
Solid wood joist 1086 30 1196 (-10, +5) | 1171 (-55,+35) | 1241 (-10, +5) | 1263 + 10 (FED|< 0,5)
Nletal web wood truss482 + 1 486 1 507 +2 (FED<0,5) |(FED<0,1) (FED|< 0,1)
Wood I-joist A 786+ 1 796 1 (FED<0,2) |[(FED<0,2) [(FED<0,1) (FED[< 0,1)
NOTE Calculated based on temperatures at 1,4 m height above the floor
al  Upper range-of uncertainty in timing is unavailable due to commencement of fire suppression

.3.3 Wisual obscuration by smoke
i i i i l impede

evacuation by the occupants.

In ISO 13571, the minimum visible brightness difference between an object and its background is used
to estimate the smoke obscuration limit at which occupants cannot see their hands in front of their
faces (a distance of 0,5 m or less). These calculations indicate that occupants cannot see their hands in
front of their faces and become disoriented at a smoke optical density (OD) of 1,7.

During the experiments, the smoke optical density was measured at 0,9 and 1,5 m heights above the
floor on the first and second storeys (simulating the height of the nose/mouth of an average height
individual crawling and standing, respectively). Figure A.6 shows exemplar smoke optical density-
time profiles with a 0,5 m optical path length. It was observed that in the experiments with the open

© IS0 2016 - All rights reserved 15


https://standardsiso.com/api/?name=5fd1bf275393850a6d254c48e375214a

ISO/TR 13571-2:2016(E)

basement doorway, the optical density temporarily decreased

first storey was opened at 180 s, and then increased again.

shortly after the exterior door on the

Figur

Table A.3 shows the times to reach various optical density levels at the 1,5 m height, which were vet
similar from one experiment(to another. The increase in the optical density was faster with the opq
t doorway than with the closed basement doorway. It is worth noting that the smoke densif
sed for the firSt)storey had a narrow working range and could not measure the smok
obscuration of OD =/b"and beyond. It is reasonable to assume that the first storey lost the visibilit
shortly Qefore the Second storey, given the comparable times for reaching the OD’s of 0,5 and 0,85 ¢
both storeys. It canbe seen from Table A.1 and Table A.3 that the times when the optical density reache

1,7 were| generally very close to the times when FED.

basemen
meters

some sugceptible persons.
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Table A.3 — Time (in seconds) to the specified smoke optical density

1ststorey SW quadrant |2nd storey corridor
oD = 0,5 0,85 0,5 0,85 1 1,7
Tests with open basement doorway
Solid wood joist 155 170 170 185 185 200
Wood [-joist A 158 168 173 178 183 198
Steel C-joist 160 n.a. 180 190 195 210
Mtil.dl'pldl,t: WUUd LI uUusSS 100 Il.d. 175 180 190 ZOG
147 155 160 167 170 185
Wood I-joist B 133 153 150 158 161 178
168 n.a. 168 178 184 198
Nletal web wood truss 134 140 155 165 170 330
Tests with closed basement doorway
Jolid wood joist 187/3422 |n.a. 247 277 297 377
Nletal web wood truss 220 325 265 330 360 450
Wood [-joist A 186 n.a. 254 304 319 374

NOTE Determined based on optical density measurements at 1,5 m height above the floor

NOTE n.a. - notavailable due to limited measurement range of the smokémeters used for the first storey

al 0D =0,5 first reached at 187 s on the first storey but OD then defpeased due to the exterior door was opene
then reached again at 342 s

H at 180 s,

A.3.4 Summary of tenability analysis
T

r¢lationship. The uncertainty in the timning of the optical density measurementis 5 s.

hble A.4 summarizes the estimated times to the‘onset of various conditions. With the fast-gro
ced in the experiments, the resulting uncertainty in the estimated time is much smaller

hcertainty in the calculated fractionalceffective dose (FED; ., orFED; ,...) due to the 1

Table A.4 — Summary of time to specified FED;, and OD (in seconds)

wing fire
than the
onlinear

Test oD =17 FEDin, co or FEDin, heat = 0,3 FEDin, co or FEDin, hejt = 1
21d storey 1st storey 2nd storey 1st storey |2nd storey
Tests with open basement doorway
Yolid wood joist 200£5 205 +10 225+ 10 235+15 255 +|15
Wood I-joist A 198 £ 5 205+3 225+ 10 213+3 247 #15
Steel C-joist 2105 207 £2 245+ 10 215+3 280 +p0
Nletal-plate wood truss |200+5 206 +7 235+7 232 +13 260 #110
185+5 198 + 10 208 +12 211+3 241 + |10
Weodt-jotstB +78=+5 198+16 207 ++5 199+2 24++10
198 £ 5 203 +10 218+ 10 216 £ 2 248 + 15
Metal web wood truss 3305 192 +2 230 +25 207 £5 255+10

Tests with closed basement doorway

temperatures)

a  Upper range of uncertainty in timing is unavailable due to commencement of fire suppression

NOTE Values determined using the measurements at 1,5 m height (for gas concentrations and OD) or 1,4 m height (for

NOTE The number with the Italic font represents the calculated time for reaching the CO incapacitation dose, while the
number in bold represents the calculated time for reaching the heat incapacitation dose, whichever occurred first
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Table A.4 (continued)
Test 0D = 1,7 FEDin, co or FED]n' heat = 0,3 FEDin, co or FEDln' heat = 1
es
2nd storey 1st storey 2nd storey 1st storey 2nd storey
Solid wood joist 377 +5 466 + 60 362 + 30 676 = 90 501 +70
510
Metal web wood truss 4505 400 (=55, +40) |375+ 35 4861
(=50, +3)
Wood I-joist A 374 +5 329 £ 40 364 + 35 484 + 70 504 (-70,+60)
NOTE V iul:'b L‘IULUI Illillcli ubiug l,‘[ll;‘ ITICdSUT CTIIICIILS dU 1,5 11T ilUig}lL LfUI gdb COIICCIILT dLiUIlb d[ll.i UDJ Ol 1,“1‘ 1T ilcigilL LfLr
temperatyres)
NOTE The number with the Italic font represents the calculated time for reaching the CO incapacitation dose, while the
number i bold represents the calculated time for reaching the heat incapacitation dose, whichever occurred first
a  Uppel range of uncertainty in timing is unavailable due to commencement of fire suppression

Smoke obscuration was the firsthazard to arise in most of the experiments. Although smoke obscuratign
would n¢t directly cause incapacitation, it could impede evacuation and prolong exposure of occupants
to other hazards.

The calcplated times for reaching the specific FED, either due to the heat-exposure or due to the JO
exposur¢ (exacerbated by COz-induced hyperventilation), whichevercoecurred first, are listed |n
Table A.4. Heat exposure tended to be more severe on the first storey than on the second storey. In
most cades, the time difference for heat exposure and CO exposure-to reach the specific FED was npt
significapt with the open basement doorway.

For the pxperiments with the open basement doorway, the time for FED to change from 0,3 to |1
was no tpore than 40 s. The times to reach each FED levebwere also very consistent for the different
experimgnts. The tenability data indicates that, regardless what test floor assemblies were used, the
untenable conditions (for incapacitation) were reached in a consistent timeframe soon after smolte
obscuration. Depending on the susceptibility and.docation of occupants, the untenable conditions
generally occurred within 180 s to 240 s after ignition under this fire scenario (shortly after smoke
obscuratjion).

The pregence of the closed door to the(basement limited the air available for combustion and algo
reduced [the rate at which combustion products were conveyed to the upper storeys. The ASET was at
least doybled for an occupant of average susceptibility (FED = 1) and was increased by at least 60 % f¢r
a more spsceptible occupant (FED.=/0,3) with the closed basement doorway, compared to the scenarjo
with the|lopen basement doorway-

For the |closed bedroom“on' the second storey, based on the temperature measurements in gll
experiments and the heat-exposure calculation, the conditions in the closed bedroom would not reagh
untenable conditions@ssociated with FED = 0,3 or 1.

The location of the ¢ccupant in the test house has an effect on the time available for escape. The analysjs
focused ¢n thefire conditions affecting tenability, as measured on the first and second storeys of the tept
facility, gnd'the impact on any occupant assumed to be present at the time of ignition. Each calculatign
was assqciated with a particular position where the concentration or temperature was measured. |n
real fire situations, the occupant would move through different locations during egress. Therefore, the
time to incapacitation would be in-between the times calculated for different locations.

A.4 The sequence of events

Table A.5 summarizes the chronological sequence of the fire events in the full-scale experiments — fire
initiation, smoke alarm activation, onset of untenable conditions, and structural failure of the test floor
assembly. In all experiments except one, fire events followed a chronological sequence: initiation and
growth of the fire, activation of smoke alarms, loss of tenable conditions in open areas on upper storeys,
and finally structural failure of the test floor assembly over the basement (loss of the main egress route
on first storey). However the time gap between the onset of untenable conditions and the structural
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failure of the floor assembly was smaller for the engineered floor assemblies than for the solid wood
joist assembly used in the experiments. In the closed basement doorway scenario, one engineered floor
assembly experienced structural failure before untenable conditions (FED = 1) were reached in the
open areas on the upper storeys. In the second storey bedroom where the door to the bedroom was
kept closed, untenable conditions were not reached in any of the experiments.

The FED and ASET calculations along with this timeline approach enabled the establishment of the key
sequence of the fire events in the experiments to better understand the impact of the basement fires on
the ability of occupants on the upper storeys to escape in houses with alternative floor construction.

Table A.5 — Summary of sequence of events (in seconds)

Hloor Assembly Type Test First Alarm|OD = 1,7 l;sEtZto:re(;f’ 3-1 gr]?(]i)stj)rg}’/:; V getlfhllj:;u ral
Tests with open basement doorway
Solid wood joist UF-01 40 200 205-235 225=255 740
Wood I-joist A UF-03 48 198 205-213 225-247 490
Steel C-joist UF-04 30 210 207-215 245-280 462
Nletal-plate wood truss UF-05 40 200 206-232 235-260 469
UF-06 45 185 198:211 208-241 387
Wood I-joist B UF-06R 38 178 198<199 207-241 380
UF-06RR 43 198 203-216 218-248 414
Nletal web wood truss UF-07 40 330 192-207 230-255 325
Tests with closed basement doorway
Yolid wood joist UF-02 42 377 466-676 362-501 1270
Nletal web wood truss UF-08 50 450 400-486 375-510 474
Wood I-joist A UF-09 44 374 329-484 364-504 778
NOTE Values determined using the measurements at 1,5 m height (for gas concentrations and OD) or 1,4 m Qeight (for
tpmperatures)
NOTE The number with the Italic fontrepresents the calculated time for reaching the CO incapacitation dose,|while the
number in bold represents the calculated-time for reaching the heat incapacitation dose, whichever occurred firsf
NOTE All values shown in the table\are before fire suppression
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Annex B
(informative)

Example of application to real-scale fire scenarios - FED
calculations for fire experiments conducted in a full-scale test of

single sleeping rooms

B.1 General

Small rooms fires are frequent situations that could lead to fatal consequences. People have to

alerted, 1
are linkd
presents
single-rg

The studied room is a small 9 m2 room, equipped with finishes and*furniture as in everyday lif
Various pcenarios of ignition source, origin and events such as door,openings have been tested. Tk

room ha
paramet

B.2 Dg

The test
of 2,5 m
The doo}
connecte

Door

A

hen evacuated before reaching conditions that are not tenable. Adverse effeets-of fire on peop

a series of tests performed in order to estimate tenability conditions a¢ecording to ISO 13571
om fire situations. This Annex is issued from Reference [10].

b been instrumented with a large number of sensors, in ordétyto measure physical and chemic
ers of such fire scenarios, and then to produce tenability‘data.

e scription of test enclosure

bd room is a realistic 9 m2 sleeping room (3'm x 3 m ground surface) with a ceiling heigl
The tested configuration is made of this single room served by a corridor through a dod
opening is 0,83 m wide and 2,04 m high. A window is placed on another wall, facing a spag
d with the outside. All this arrangement is shown on Figure B.1.

Smoke
movement if
window breaks

Smoke
vent #1

Tested
room
Window
Area
Access connected to
corridor the outside corridor

Tested room

e
e
d to thermal and/or toxic effects, enhanced by the loss of visibility as andndirect one. Annex|B
n

Nt

]

Area connected to the outsidel

|

a) Top view b) Cut sectional view according to A-A’

Figure B.1 — top and cut sectional view of the test arrangement

To mimic real life conditions, the test room is decorated, furnished and equipped with objects

encountered in everyday life, e.g. a wardrobe, clothes, a desk with paper, books, towels, bed pillow and

bed linen. An angle of the room is equipped with a corner sink. Apart from ceiling, a large part of the

finishing work is made of PVC products, with the aim of studying the impact of using such chlorinated

materials in fire scenarios. Furniture and the everyday life objects are bought in retail stores. They are

20
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made of standard materials such as those usually encountered. This arrangement is almost identical for
both sets of tests.

Finishing work: Two walls of the test room are made of concrete, while the two others are made of
gypsum. All are covered with BA13 gypsum board, which are changed between each series of tests to
avoid contamination. The ceiling is materialized at a height of 2,50 m by PPF15 gypsum boards held by
steel wires connected to the roof slab. This ceiling covers the test room and the adjacent corridor. As for
the walls, ceiling boards are changed between each series of tests to avoid contamination. No decorative
coating is applied on the ceiling. The floor of the test room is covered with PVC floor covering. The
walls of the test room are covered with a PVC wall covering. The window is a PVC double-glazed frame,
1/20 m x 1,25 m in size, and is topped by a box with a rolling shutter, also in PVC.

Plumbing: The test room is equipped with a corner ceramic sink with metal tap and\its system of
spinning sewage (in PVC) running along one of the interior sides up to a C-PVC, 150 mm diametpr down-
pmer pipe in the next corner of the room. In addition, the corner with the cornersink (see below) is
Juipped with PVC panelling on whole height, 1 m wide on each wall from the cgrner.

o O

ectricity: The test room is equipped with a PVC raceway and fittings, placed at the bottom of the walls
kcept for the door where the raceway runs around the door. The raceway is connected to|a socket
itlet under the desk, and another one under the bedside table. A switch\is installed at a standpard hand
gvel at the door. The raceway is empty (neither cables nor insulated’eonductors inside).

I =0 o |d

irnishing: The room is furnished with a bed made of a pine spring-bed, a mattress (cotton-polyester
dbric external liner, polyurethane foam padding and polyester), a pillow and a quilt (Cotton-iolyester
dbric, polyester lining), both equipped with a cotton pillowcase. The room also contains a beddide table
1 solid pine (with fibreboard backside panel) with a lamp, a wardrobe (fibreboard backside panel),
h office desk (fibreboard backside panel) over whichlis a wooden shelf, a metallic wastepapé¢r basket
placed on the floor next to the desk, an office chair (folypropylene seat shell) and a cotton rug.|All these
tems were supplied from major retailers, withinlong term and traceable collections.

Y=

[

I addition to finishing and furniture, objects‘f everyday life were placed in the test room. Clgthes are
afranged in the wardrobe and a gym bageontaining a wool sweater is placed on it. The wardrqbe is left
ajar for tests. A towel and a bottle of shower gel are placed on the sink. Paper and CD cases are arranged
oh the desktop. Books, magazine ra€ks with magazines, small storage boxes and a box of c¢real are
placed on the shelf.

Dietection: Two different models of smoke alarms are placed in the centre of the ceiling. The sanje couple
of alarms is also placed on the centre of corridor’s ceiling.

.3 Test design fire scenario

.3.1 Fuel load

Il combustible elements used in the Composition of the interior of the test room were weighed, and
able, the
rates the
proportion

of wooden products about 54 %, followed by PVCbased products o

Table B.1 — fuel mass load in the tested room

Item Mass (kg) Proportion
Wood and wooden products 130,3 54 %
PVC-based materials 82,5 34 %
Paper, chipboard 7,3 3%
PU foams 4,3 2%
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Table B.1 (continued)

Item Mass (kg) Proportion
Other plastics 9,7 4%
Misc. (cotton, wool, etc.) 71 3%
Total 241,2 100 %

B.3.2 Fire scenarios and tests analysed

Two ser{es of TestS [rom referenceiitiare presented. The HTST Test (- Test 1C Consists Im a nig
dwelling|scenario in a closed room. Ignition sequence is performed on the mattress equipped with-i
beddingcomponents. The test room is decorated, furnished and equipped with objects of everyday lif
as descr]bed previously. Ignition source is a #5 crib according to British Standard BS 680711} Roo
door renjains closed during all test duration.

The secdnd test (“Tests 2B”) is the situation of a ventilated fire in a small living space. The windo
remains/closed, but the door is opened 2 min 30 s after ignition, to consider the delay of reconnaissang
pre-movpment and escape of an occupant. Ignition sequence consists in a scenarig of an accidental fi1
in the wastepaper basket, at the foot of the office desk. The test room finishing work is renewed. The
the room is decorated, furnished and equipped with identical objects ofceveryday life, as describg
previoudly. Two paper basket are put under the office desk. Both are filled'with 500 g of creased pap:¢
balls and a match-like flame burner ignites the fire in one of the wastepaper baskets.

B.3.3 Exposure scenarios

For test |C, the exposure scenario corresponds to a person asleep. Fire starts on mattress, for examp
because pf a non-extinguished cigarette. The person does ngt wake up, door and window remain close
during the entire scenario.

For test 2B, the scenario is an accidental fire, startingfrfom a wastepaper basket. Two exposure scenari
are consfdered. In the first one, it is assumed that the occupant leaves the room quickly, about 2 m
30 s after fire ignition. He opens the door, which remains opened during all the remaining duration

the scengrio. In the second one, the studied hypothesis includes another occupant, who remains in tk
middle of the room during the entire scefiario, after the first one has left.

These simple evacuation scenarios are*adequate for such small configuration and are representative
the results of the statistical analysis’presented at first paragraph.

B.4 Results and interpretations - Test 1C

B.4.1 Results

This stapdardizederib consists of small wood sticks, with a tissue at the base. This fabric is impregnate
with apgroximatly 1,4 ml of propanol just before the test, then ignited. The crib is placed on the qui
cover, approximately in the centre of the mattress. Events and observations during test are detailed

S® 0 =

Qs o P

eI

d
It
n

Table B.2 -TFést is cfnppnr‘] after more than 28 min: no flames are visible for more than 10 min and

sensors present a slow evolution (e.g. temperatures are slowly decreasing).

Table B.2 — Time events table for test 1C

Time Event
(hh:mm:ss)
00:00:00 Crib ignition
00:00:16 First visible smoke on the camera covering the bed
00:00:26 Door closing
00:00:44 First visible flames on the camera covering the bed
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Table B.2 (continued)

Time Event
(hh:mm:ss)
00:02:10 First smoke alarm of the room activates
00:03:27 Smoke alarms starts to have a modification in sound produced
00:04:00 Smoke alarms of the corridor activates
End of test.
00:28:31
Intervention order to firpfighfprc

he Figures B.2a) to e) show the yields of carbon monoxide (CO), carbon dioxide (CO2), hydrogen
banide (HCN) and hydrogen chloride (HCl) observed during the duration of the(test

padboard (Point FT2) or other locations when specified. The yield of carbon monoxide at
bgins to rise significantly approximately 2 min after ignition of the source (Figure.B.2a). It

=0 ST o0 4

hearity. The evolution of CO2 concentration at the headboard is muchfaster than CO (Figure B.2b):
ire is initially well ventilated. Three min 30 s after ignition, the [CQ]/[CO2] ratio increases {n favour
F carbon monoxide (Figure B.2c). The fire turns gradually to under-ventilated conditions. After 3 min,
e hydrogen cyanide (HCN) concentration increases at the headboard (Figure B.2d). This intrease is
likely due to the degradation of the polyurethane foam of the{mattress. The concentration of hydrogen
chloride (HCI) in the room is likely due to the combustioinof PVC products. It increases measurably
fjom 11 min after ignition (Figure B.2e) to the end of the.test. HCI concentration, however, remains very
Igw (near detection limits), which explains the large dispersion in measurements. Results also highlight
the presence of nitrogen monoxide (NO). Traces of ammonia (NH3) were observed too, where|nitrogen
oxide (NO2) was under limit of quantification (see Figure B.2f) for ammonia and nitrogen njonoxide.
gure B.2g) presents results for other gases. Ithighlights significant concentrations of hydrdcarbons,
hich correspond to the release of unburnt.pyrolysis gases. The contribution of irritant gages other
lhan HCI on the FEC is deemed negligible, and the FEC has been calculated from HCI valpes only.
gure B.2h) presents the variation of diexygen concentration. It shows a rapid stabilization df oxygen
1} the enclosure at 16 %. This concéntration is in the order of magnitude of critical conceptrations

stop combustion at such temperatures. It means that fire probably stopped because of the lack of
xygen available for combustion.

—

& O

O S ™o

o o =

—

he Figures B.3a) to b) present results for the temperature measured with the thermocouplg trees at
o locations in the room/(Figure B.3a) for point ATC3, close to the door, and Figure B.3b) for point
['C4, on the mattress:These two series of results are very close and the system should be considered
5 horizontally hemogenous. Temperature rises quickly to about 160 °C -180 °C, then decyeases to
tabilize around ™50 °C. During the first 3 min of the test, temperature increases at ceiling arld smoke
dyer develop$/but a fresh air layer remains in the lower volume of the room. Between 3 min and 7 min,
vertical tetriperature gradient exists, but temperature started to increase on the lower volumle. Smoke
starts temix with air and stratification is broken, which is confirmed by visual observation. Aftler 8 min,
tgmperature is homogeneous in the room from floor to ceiling. Temperature decreases slowly at this
tinre-from 80 °C to 50 °C during the next 20 min. Results are consistent with preliminary simulations,

adel 1 A - pa | 1 pa |
WITITa peakat =+ NI ana a stow aecay.

D = o o

Figure B.4) presents results of smoke opacity. Unfortunately, the opacimeters located at 1,1 m and 0,7 m
stopped working after respectively 2 min 17 s and 2 min 30 s. The signal starts to grow for all sensors
between 1 min 41 s and 2 min 30 s, as smoke is filling the room. The optical density then increases with
the fire growth until around 4 min, which corresponds to the peak temperature and an oxygen level
of 16 %, as seen respectively on Figures B.3) and B.2h). The opacity presents later a second significant
increase with a maximum at 12 min, when all other variables are stagnant or decreasing. These
measurements show the changing nature of the soot and increased production rates when combustion
changed to under ventilated regime. After this second maximum, values decrease slowly to the end of
the test. The fire source is probably too weak for the size of the room to lead to a strongly stratified
situation. At the beginning, the smoke is well stratified, then thermal convection tends to homogenize
the concentration of smoke in the room.
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The extent of degradation is used to estimate the amount of burned polyurethane foam. This quantity
is about 1 kg. The slatted bed base was slightly impacted during the combustion of the mattress. Finally,
the bed frame has been slightly degraded. The wall closest to the fire shows slight damage to the PVC
panelling. This localized degradation could explain the presence of hydrogen chloride (HCI) in the
smoke from the 11th minute after ignition. The rest of the room seems unaffected, except for the soot
deposit on all horizontal surfaces.
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Figure B.2 — measurement results for gases, test 1C
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Figure B.3 — measurement results for temperatures, test 1C
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Figure B.4 — measurement results for opacimeters, test 1C

Interpretation according to ISO 13571

The scer]ario of the test 1C is an accidental fire on a mattress, ignited by an occupant smoking, the

falling a

leep. The occupant does not wake up and does not evacuate. The openings (doors, window

remain dlosed. Figure B.5 shows the interpretation of the résults according to ISO 13571, considerir
the exposed individual with head at the pillow level. Figure’B.5a) shows the results of FED/FEC, whi
Figure B|5b) interprets these results in terms of proportien of the population that is affected, assumir
alognormal distribution of the sensitivity in populatjon. In this interpretation, the effects of asphyxial
(narcoti¢) gases (CO, HCN) are predominant. The effécts of temperature impact a lower percentage

populati
curve of
those of
min. Suc

bn (except between 4 min and 7 min whén the thermal impact curve is slightly higher than t}
impact from asphyxiant gases). Finally, the irritating effects are not significant, among whic
nydrogen chloride due to the combustion of PVC. Oxygen concentration reaches about 16 % in

are activiated early, about 3 min before the onset of asphyxiating effects.

Smoke o
after 3

tical density reaches yalues that could compromise evacuation for an unknown travel pat
in (DO = 0,06 according.tol12]or DO = 0,08 according tol13]), when limit for a known path is n

reached [DO = 0,2 accordingtof12]).

Within the frame of this)test, the conditions of its execution and the interpretation of measuremel
data acc¢rding to ISOA3571, it is possible to conclude:

— At the end of the test, about 9 out of 10 people facing this exposure scenario are in compromise

ten

ilityleonditions, as a result of the action of the asphyxiant gases (CO and HCN);

 oxygen concentration is likely ta‘compromise tenability. It should be noted that smoke alarns

n
5

)
g
e
g
ht
bf
e
h
4
bt

Nt

d

— Approximately one in six people facing this exposure scenario are in compromised tenabilit
conditions because of thermal effects;

y

— Less than 1 in 100 people facing this exposure scenario are in compromised tenability conditions
due to the action of irritating gases, including hydrogen chloride.
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Figure B.5 — interpretation of the test 1C according to ISO 13571

B.5 Results and interpretation - Test 2B

B.5.1 ‘Results

Ignition is carried out in the right-side wastepaper basKet with a piastic trash bag and 500 g of creased
paper balls. The wastepaper basket is placed under the edge of the vertical wall to the right of office. A
second identical wastepaper basket is placed next to it under the desk. Ignition is achieved with a small
flame simulating a match similar to the EN 597-2 source. The simulated match is placed on the top of
the wastepaper basket to cause ignition of the paper. The beginning of the application corresponds to
the start of the test (to). Test staff then leaves the test room and closes the door.

Events and observations during test are detailed in Table B.3. Test is stopped when 200 °C is reached
in the corridor. This is obtained at 6 min and tenability assessment is therefore performed between
0 min and 6 min. Additional information is however available for further model validation purposes
from thermocouples and heat flux meters between 6 min and firefighters intervention.
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Table B.3 — events table for test 2B

Time
(hh:mm:ss)
00:00:00 |Beginning of ignition sequence.

Event

00:00:48 |End of ignition sequence. Staff leaves the room.
00:01:14 |Door closing.

00:02:01 |[Activation of smoke alarm in room.

00:02:15 Visible flames going out of the volume under the desk

00:02:31 |Second paper basket ignites.

00:03:12 |Door opening, 1 min 58 s after its closing.

00:03:22 |Fire grows and flame reaches the shelf.

00:03:31 |Activation of smoke alarm in corridor.

00:03:42 |Flashes of flames from the back side of the desk.

00:04:55 |After 10 s of softening, the shell of the seat finally produces flaming drops.
00:04:59 |PVC wall panels start to collapse.

Smoke opacimeters are saturated.

00:05:00
No optical density data afterwards.
200°C reached in the corridor.
00:05:54
First flames visible from the corridor, at the top.of the door frame.
End of test.
00:06:00

Intervention order given to firefighters,
00:06:15 |Growth to flashover.

00:06:34 |Visible flames, probably from the'bed on fire.
00:08:10 |Firefighters intervention.

Figure B|6 presents all the gases measurements results for test 2B. Oxygen decays as CO2 concentratign
increasep up to flashover, and reaches 8\9% at ceiling height (Figures B.6a to 17c). Very few CO fs
producegl during the first minutes, and ‘then CO rises quickly at 5 min 30 s, in pre-flashover phas
Hydrogep chloride (HCl) only appear's.ih small quantities when flashover conditions are reached fepw
seconds pefore end of test (Figures'B.6d and B.6g). Nitrogen monoxide (NO) is present at early staggés
of fire, ag for hydrogen cyanide (HCN), as seen in Figures B.6e and B.6h. These two trends highlight the
combustjion of nitrogen-contdining species, with different local combustion conditions to produce both
species. Ammonia is visible®on the same figures in first stage of the test, but it is probably consumgd
after 5 min 30 s, when tefiiperature conditions change in the room. The contribution of irritant gasgs
other than HCl on the’FEC is deemed negligible. Therefore the FEC has been calculated from HCI valugs
only, from the begifining to 6 min. Unburnt hydrocarbons remain very low during test, highlighting|a
complet¢ combustion of pyrolysis gases before flashover (Figures B.6f and B.6i).

®

Figure B|7 preSents temperature measurements at each location of thermocouples trees. Temperature
of gases|inZupper parts starts to increase after 3 min. Until 5 min 30 s, the system is stratified, with
also no temperature rise at 1,1 m and 0,8 m. The interface is located between 1,1 m and 1,4 m. Then,
temperature rises rapidly in one minute, to reach about 700 °C to 900 °C at each location and each height.
Regarding temperatures, flashover conditions are reached from 6 min 15 s. Temperature in the corridor
follows the same trend, with a difference of about 100 °C with the room. Again, it is interesting to note
that the experimental observations on the fire behaviour meet forecasts of numerical simulations
before the intervention of firefighters. The temperature in the room has reached more than 900 °C
at the ceiling: the simulation indicates temperatures of the same order, with a flashover occurring in
the same time period. Figure B.8 presents the measured total heat fluxes. Flashover conditions are
reached when a heat flux from ceiling to floor reaches between 10 kW/mZ2 and 20 kW/m2, according to
literaturel14]. These conditions are reached after 6 min 15 s. Previously, the heat flux sensor located at
door sees an important increase of heat flux, corresponding to an important but localized fire growth,
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from 5 min 30 s to 6 min 15 s. Post-flashover conditions at the end of test present heat fluxes over
100 kW/m?2 at 8 min.

Figure B.9 presents results for optical density. The smoke opacimeter device fails after 5 min, no optical
density values are available then after. First smoke rise is detected on the highest sensor (2,30 m) after
3 min 20 s, then followed by the 1,90 m sensor at 3 min 35 s and by the 1,50 m sensor at 3 min 52 s.
After 4 min, the 1,50 m high sensor indicates a variable signal that could correspond to the presence of
the interface between air and smoke. There is no smoke under 1,10 m during the whole measurement
period. For the period of data collection, it is interesting to note the gradient of optical density (and
hence concentration of soot) from top to bottom, with an interface established close to 1,5 m.
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e) FTIR gases concentration (HCN, NO, NH3), point FT1 (middle of the room, 1,5 m high)
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h) FTIR gases concentration (HCN, NO, NH3), point FT2 (door, 1,5 m high)
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Figure B.6 — measurement results forgases, test 2B
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Figure B.7 — measurement results for temperatures, test 2B
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Figure B.8 — measurement results for total heat fluxes, test 2B
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Figure B.9 — measurement results for opacimeters, test 2B

B.5.2 Interpretation according to ISO 13571

The scerjario 2B torresponds to an accidental fire in a couple of wastepaper baskets full of paper. In
occupanfy scenario 2B-I, two minutes after having closed the door, the occupant gets out of the room
and leavgsthe door opened. The window remains closed. In scenario 2B-II, a first occupant escapes |n
the very same conditions as in scenario 2B-I. A second occupant doesn’t evacuate and is standing in the
middle of the room. Within the frame of this test 2B, the conditions of its execution and interpretation
of measured data according to ISO 13571, it is possible to conclude:

— In scenario 2B-I: except for people with marginal sensitivity to the effects of fire, people who leave
the room before 3 min 15 s after the beginning of a fire (or 2 min after closing the door and about
1 min after the activation of the alarm of the test room) do not suffer from deterioration of tenability
conditions (See Figure B.10);

— In scenario 2B-II: in such a scenario, the first and main impact on remaining people is the thermal
effect of fire effluents. It occurs after 4 min, with a tenability being quickly compromised for the
whole population within the following 2 min (See Figure B.11a and Figure B.11b). Asphyxiant and
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irritant gases effects appear around 6 min, when the tenability is already compromised for the
whole population by thermal effects. Smoke opacity remains low under 1,50 m for the first 5 min.
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Figure B.11 — interpretation according to ISO 13571:Scenario 2B-11
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Annex C
(informative)

Methodology for application of ISO 13571 in Fire Safety
Engineering approach

le practical methodology making it possible to fulfil the objectives cited in Clause 5 is an a@ tation of
the methodology covered in ISO 23932, developed in referencell3l]. It adds to the gene Qlethodology
[ Fire Safety Engineering the elements necessary for the consideration of toxicity,
irrent understanding. The methodology is presented in Figure C.1. Choice of th agnl
ndicated in this methodology is made prior to the study to be performed. (b<o

Building studied E N

o

ithin the limit of
ptance criterion
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Selection of acceptance criteria O
Risk analysis %
(trees, qualitative, parametric) \
consideration of the specifics for the rooms
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Figure C.1 — Methodology for considering the adverse effects of fire on people
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C.1 Risk analysis

During the risk analysis and scenario establishment phase (see ISO 16732 for further details), the
traditional scenario selection approach includes an assessment of the risk linked to the smoke’s toxicity,
for example in the evaluation of the severity of a given scenario. The first step consists of using a risk
analysis to uncover the fire scenarios to be studied. Various methods exist like:

Methods based on failure trees or bow ties

Qualitative methods (HAZOP, FMEA, etc.)

— Met]llods making use of parametric studies

Some of
with an {

The parg
like zond
from am

Effe
Effe
Stat
Vent

Locd

Then, mg
of the fin

Thus, by
classify 1
Whatevsd
Alis

The

Currentl
is havin
enclosur

Scen

these methodologies have been developed for industrial use and need to be adapted'to agré
environment such like dwelling or Public Building.

Is
Is

metric study is particularly interesting because it makes it possible - by usingisimplified too
models - to explore all possible scenarios by using a statistical sampling of.several thousand
bng these. This type of method then makes it possible to consider:

'ts of atmospheric conditions inside the room (temperature, pressur€, relative humidity)
'ts of outside atmospheric conditions (temperature, pressure, wind, etc.)

e of the building’s openings (doors, windows - open, closed,-part open)

ilation conditions in the areas (AHU, CMV, smoke control, etc.)

lization, power and kinetics of primary fire sources

thod allows evaluating the consequences in terms of toxicity, temperature in the original room

e source and in adjacent or distant rooms.

considering the probabilities of occurrence and severity of consequences, it is possible {
he rooms in descending order of risk/

r the method used, the output data'from this step are:
L of rooms to be consideredsfer an in-depth study
fire scenarios associated.with each of the rooms

, five scenario typeS- divided in two groups - have been uncovered by a general risk analysj
b sufficiently widespread interest for appearing in most of the risk analyses for fires |n
es. They are;

arios from)group S1 (risk evaluated in the area where the fire source started):

Scenario Sla: smouldering fire

Coanarin C1he vaznll vzn lranao 1ra corre
ECTA T 0o Wi vttt

T

Scenarios from group S2 (risk evaluated in the area adjacent to initial room of the fire source):

Scenario S2a: smouldering fire

Scenario S2b: well ventilated fire not leading to a flashover

Scenario S2c: well ventilated fire leading to a flashover in the initial room of the fire source

Construction of the corresponding fire sources is discussed in the following paragraphs:

— Paragraph C.2.1 for the heat release rate of the fire source

42
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— Paragraph C.2.2, for the rate of production of species associated with each fire regime.

C.2 Source terms of heat and gases

C.2.1 Construction of the heat release rate for the fire source

To establish a toxicity source term for the smoke, it is necessary to first establish a heat release rate
source term. The fire development curve (power as a function of time) can then be supplemented by
a toxic product production curve. Currently three fire regimes are considered in this methodology.
Dirawn from ISO 19706, the following fire stages are proposed:

- Smouldering fire

- Well-ventilated fire (growth phase)

- Under-ventilated fire (for example, post flashover)

This number of fire stages can however be easily extended, if a finer analysis.proves necessary] The fire
stages cited above are used as “building blocks” for reproducing the camplete kinetics corregponding
t¢ a given scenario for a given room. Thus, all the scenarios demonstrated by the risk analysl]s for the
rpoms identified as calling for specific study are built using these “building blocks”.

The transition points in the kinetics of these fire sources, which-mark the passage from one flire stage
t¢ another, can be determined using analytical formulas.dn some cases, using simplified numerical
njodels can usefully help in determining typical magnitudes like the heat release rate necegsary for
r¢aching flashover, or the post flashover heat release tate, depending in particular on the gpenings.
References[16][17][18][19] give various methods for establishment of this heat production sourcg term.

(2.2 Determination of the mass fractions of species produced

—

t{ should be noted that this part of the methodology, making it possible to determine the fra¢tions by
ass of species produced for each combustion regime and for each material involved can be done well
efore or at worst in parallel with thetrisk analysis and building up of the dynamic of the source fire
urces.

==

Thus as time and experiencegoes by, a more and more complete database will gradually| make it
ppssible to reduce the assembly effort that such a database represents.

However, it is appropniate to keep in mind that such a database will be representative of the mhaterials
produced at a given‘period. It will need to be periodically revised to make sure it is representative.
Further, it shouldenly be used by experienced users, because of its scope of application and agsociated
limits and because of their experience can make reliable choices concerning the values to be pised in a
glven study.

Cj2.2,.1>Species production matrices

Ak the same time as the energy production kinetics - determined using the fire scenario and|building
blocks presented in the preceding chapter - the source fire source is characterized by production of
characteristic species of each combustion regime.

Each material can be characterized by species production “spectrum”: one for each combustion stage.
Organization into a matrix makes it possible to easily use these data for simplified characterization,
but neglects the necessary synergies of the species produced by a group of material simultaneously
involved in the fire source.

Species production matrix, covering three combustion stages, considering 10 gaseous species as
proposed for acute toxicity in ISO 13571 is shown in Figure C.2.
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Well Ventilated Fire

Material M Smouldering Fire (SF) (WVE) Post Flashover Fire (PPF)
1 I
CO2 COzsE COz2wvE COzprr
co COsr COwvr COprr
HCN HCNsg HCNwvr HCNper
HCl HClse HClwvr HClpee
H Ill‘ HBrsg HBrwve HBrpgr
HF HFsrp HFwvr HFprr
N2 NOzsk NOzwvs NOzprr
502 S0zsF SO0z wvr SOzeFr
Acrdlein . . .
(CH2=CH-CHO) Acrolein se Acrolein wve Acrolein prr
Forglﬁzl i(:)l;yde Formaldehyde sr Formaldehyde wvr Formaldehyde prr
| ______

Figune C.2 — Production matrix for the material M in a model with 10 gaseous species and

In a rodg
construd

L

where:

[ Jioom

P;

L

In a first
present 1

i

three combustion stages with yields éxpressed in kg-kg-1

m, n different materials are present. In a_$implified approach, a general matrix can L
ted for the room in the following manner:

designates the species production matrix for the room being considered

designates the proportion of material i in the room (unitless)

designatesithe species production matrix for material i

approximation the proportion P; can be considered as the ratio of the mass of the materi
nthe room to the total mass of all the materials present. A more detailed analysis is howevy

h1
b

possible

fnl(ing into account the mass loss rates of the materials in nlnncfinn in the characteristl

C

environments of the different fire stages. The concept of available exchange surface then becomes
important.

The species production matrix for the room can also include scenario data. Thus in the first stages of
the fire, only few materials are involved in variable proportion according to the location of the fire
source. On the other hand, when flashover occurs all the materials present participate in the production
of gaseous species (in practice they even began to contribute to gas generation by pyrolysis before their
effective ignition). It is therefore useful to be able to include the scenario data in the species production
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matrix for the room being studied with the matrix calculation done as follows (in a three stages fire
model which would be smouldering, followed by a well-ventilated stage, then a post-flashover stage):

n 1 n 0 n 0
[ Jroom =22 Paso=L Ju [0 2 Pawvm L Ty |21+ 2 Paprm <] Iy |©
i=1 1O =1 HO| =1 1
where:
[ | designates the species production matrix for the room being considered
JI‘OOI’ﬂ
Pj sk designates the proportion of material 7 in the room, involved in the smouldefing fire stage

(unitless)

Pl wvE designates the proportion of material i in the room, involved in the well ventilated flire stage

(unitless)
P} PFF designates the proportion of material 7 in the room, involved in(the post-flashover flire stage
(unitless)
[ ] designates the species production matrix for material i
M

i

|

gure C.3 shows an example of a complex scenario of a bed burning alone in an empty room. In the

chart, first three phases apart from the decline are detailed in species production terms.
35 N\
3.0 | W i "
F Post flashover fire:
= 25 PU foam + fabric + wood
E 1 Well ventilated fire: Species production #3
< PU foam + fabric
% 20 Species productipn #2
b
£ i
215 {
s Smoulderingfireg
T PU foam only-
1.0 Speciesgproduction ;
#1 :
0.5 |
0.0+ ; .
0 400 500 600 700 800 900 1000

Time (s)

Figure C.3 — Example of fire source including multiple stages
(ateach stage, the materials involved are different and so are the species produced)

C.2.2.2 Assignment of the species production rates in the matrices

Referring to several types of sources can populate the species production rates that go into these
matrices:

— By reference to theoretical values:
— Values extracted from the literature, as References[20][21];

— From fire stages and associated [CO]/[CO;] ratios proposed in ISO 19706;
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— From theoretical species production rates from Element analysis as proposed in ISO 19703.

— By reference to experimental values such as:

— Values obtained at bench scale with tube furnace ISO/TS 19700, plus ISO 19702 under various
specified ventilation and temperature conditions;

— Values obtained at bench scale with ISO 5660-1, coupled with ISO 19702, under controlled
atmosphere and various heat fluxes;

NOTE
documen

Forthet
be consig
isnotgu
In most

thereforsg
always ¢

Furthery
entirety
consider
various
studied,

of CO an{d the second time for the production of CO,. The calculated rate is therefore a maximum for

each of t

Some ad

fire regime, which to some extent allows balancing the counts. These ratios are the following:

— Smo
—  Well
— Post

For the

studied:
studied.
quantify|

Ideally,
equation
be know

wl-scale and real-scale tests e g 1SQO 16[].(]':;

Scalling studies using ISO 29903.

Cone calorimeter with controlled atmosphere is not standardized at the date of production of thiis
. Further details on this bench could be obtained in References(22] and[23].

heoretical values, it should however be kept in mind that the adequacy of the value's found should
lered with prudence. For example in the literature, when the species production table is found, [it
hiranteed that the referenced material is identical to the material that oneqwishes to characterize.
fases, it will involve material close to the studied material, but not identical. The values should
e be considered with prudence. Further, the test conditions used ¢o;supply said table are n¢t
early stated even though it is only right to use the relevant data for'each fire regime.

hore, the values provided by ISO 19703 are theoretical ratesbased on the assumption that the
of the available quantity for a given atom (C, H, O, N, etc.yis\converted into the gaseous specig¢s
ed. There is no consideration of the fire regime in theseformulas, no rule for balancing betwegn
rompetitive species. Thus, CO and CO; both use the’carbon atoms present in the materipl
but the calculation formulas are disjoint and carbofatoms used twice: once for the productign

he gaseous species and a high upper bound.

Hitional items are however found in ISO-19706, like for example the [CO]/[CO2] ratios for eagh

pnldering fire: [CO]/[CO2}=0,1t0 1

ventilated fire: [CO]/[CO2] < 0,05

flashover fire: [@0}/1CO2] =0,1t0 0,4

pxperimental valu€s, make sure that the tests performed are pertinent to the fire regime

for a test to be uSeful, the combustion environment has to be representative of the fire regime
Thus, the results of the tests conducted with under-ventilated conditions are not usable to
the gaseous $pecies produced with well-ventilated fire conditions.

for eaghymaterial it would be appropriate to determine the typical combustion reactign
in a given environment: the stoichiometric coefficients balancing these equations would then
n@nd make it possible to determine the production rates for each species from them. However

pragmat

1 [ 5 T T B : 1 =] b - 1 : +1 1 : e 0 1
Cdlly, TULIS PUSSIDIC LU UTLETIIIIC LITEST PIUOUUCLIUIT TAdLES Dy SPCLITS Ul LIIT UAS1S U LESLS Ullt r

well specified conditions.

The experimental methods proposed from ISO/TR 16312-2, References[24] and[23] allowing

measure

ment of these species production rates are described in Annex F, Table C.1 proposes

recommended test conditions for measuring the gaseous species produced. They are inspired by the
definitions from ISO 19706 and combine a thermal degradation with ISO 5660-1 cone calorimeter under
controlled atmosphere with measurement of gaseous species done using ISO 19702 (or alternatively

ISO 1970
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Table C.1 — Cone calorimeter test conditions under controlled atmosphere and analysed with
Fourier Transform Infrared spectrometry

Heat flux density at the sample 02
Fire stage surface Oxygen Concentration
(kW/m?2) (%)
Smouldering Fire (SF) CHF -5 21%
Well Ventilated Fire (WVF) 50 21%
Post Flashover Fire (PPF) 75 15 %
(HF: Critical Heat Flux, critical flux for ignition

2.3 Quantification of source term (calculations)

C

Fpr this part of the methodology, any CFD software capable of simulating combustion, trac¢ species
propagation and outputting data on the concentrations, temperatures and radiative fluxes can/be used.
T
p

b incorporate the various combustion regimes and the associated species production spe¢tra, it is
bssible to assign a tracer species for each fire regime existing in the firg;s€énario.

actual fire models, each stage could therefore be characterized by-a tracer species specific to the
r¢gime, and which does not interfere with the other aspects of the CFD calculation and the compbustion.
This tracer species is produced only when the fire stage, which bt represents is reached, and at a mass
production rate corresponding to the mass loss rate linked to'the heat release rate of the fire Jource by
the enthalpy of combustion. An example with three fire regimes and three tracer species is $hown in

Flgure C.4.

et

0,30 Vol

Post flashover fire:
Tracer species #3

0,25

e
o
=]

Entire fire source

Mass flow rate (kg/s)
o
=
v

Tracer species #1
=== Tracer species #2
Tracer species #3

o
=
15y

0;05 +

0,008 ¥ —a— A v v . ry )
0 100 200 300 400 500 600 700 800 900 1000
Time (s)

Figure C.4 — Tracer species mass production rate

Al thesetracer—species follow the gas movements as catcutated by the CFD—software used and it
therefore becomes possible to determine the concentration of each tracer species at any point in space
and for each time step used. The concentration in actual gaseous species is then calculated by simple
linear combination.

Example for carbon monoxide, CO:

[CO](xy,zt) = [TracersF](xyzt) X COSFroom+ [Tracerywrlxyzt X COvwFroom + [Tracerprr] (xyzt) X
COPFF.room

where:
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[COl(x,y,2,t) designates the carbon monoxide concentration (kg-kg-1; kg of CO per kg of atmosphere)
at time tand pointx, y, z

[Tracersr](xyzt) designates the atmospheric concentration of the tracer species which represents the
smouldering fire regime (kg-kg-1; kg of tracer species per kg of atmosphere) at time
tand pointx, y, z

[Tracerywr](x,y,zt) designates the atmospheric concentration of the tracer species which represents the
well ventilated fire regime (kg-kg-1; kg of tracer species per kg of atmosphere) at

timetandpointx v 7z
) ot T

[Tracerpfr] (xy,zt) designates the atmospheric concentration of the tracer species which represents the
post-flashover fire regime (kg-kg-1; kg of tracer species per kg of atmospheré) at tinje
tand pointx,y, z

COSF.roorh designates the carbon monoxide production rate in the species production matrjx
for the room for the smouldering fire regime (kg-kg-1; kg of CO produced per kg pf
burned matter)

COvWFE.rdom designates the carbon monoxide production rate in the species production matrjx
for the room for the well-ventilated fire regime (kg-kg<tpkg of CO produced per kg
of burned matter)

COPFF.rodm designates the carbon monoxide production ratein the species production matrix
for the room for the post-flashover fire regimé\(kg-kg-1; kg of CO produced per kg pf
burned matter)

=

The samp type of equation applies for all the gaseous speciés considered in the model.
The datg output from this step are:

— Thelspatial-temporal cartography of the gaseous species concentrations for consideration of the
toxi¢ effects

— Spatfial-temporal cartography of the temperature of the gases and radiative fluxes, for consideratign
of thle thermal effects

C.3 Evacuation

Knowing the cartography ofthe elements generating effects on people, it becomes possible to calculate
the evacuation scenario$~according to ISO/TR 16738. Two types of tools could be used to estimate
evacuatipn calculation (time and route).

The firstitype covess the analytical formulas as described in Reference [26] and which include:

— Timg¢ for detecting the fire

—  Pre-movementtime

— Time to move to reach a zone of relative or absolute safety (in the case of a zone of relative safety,
other times will need to be included for reaching a zone of absolute safety)

The CFD calculation results make it possible to get the thermal, toxic and visibility effects at each point
in space and time. These can have an impact on the evacuation path and speed and should therefore be
consideredI[8].

Itis also important to include the behavioural aspects, especially those of group affiliation, precedence,
etc. which have a notable impact on the evacuation. Further, Referencel26] reports that behaviour in the
face of fire and smoke is complex and balances the perception of danger against the estimated ability of
reaching an exit through exposure to that danger. Thus, despite the knowledge of the dangers connected
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with smoke, a large portion of people in an evacuation situation persists in crossing the smoke-filled
zones they encounter. Referencel26] therefore reminds that people are often prepared to have to cross
smoke, and that the percentages found by experience range from 60 % in small residential buildings to
about 95 % in the case of the bomb attack on the World Trade Center in 1993.

Two main reasons are discussed:

— Knowing that smoke is dangerous does not correspond to knowing how to correctly evaluate the
danger level;

lanh] £ & £ - =l " 1 L 1 1l 1 £o11 1 - L0 - 4 s :
-1 ' IdCU U KIHIOWIITG ULldl d TIT4AI Dy CXIU 1S UDCYyUIIU LT SHIUVKC-ITIICU ZUIIC 15 SUITICITIIU TTTULL dthl’l fOI‘
driving a behaviour of attempting to cross through it.

Other sources of information concerning human behavioural responses to fire and smoke [could be
fqund in References[27],[28] and[29]. Referencel30] states also that typically when people state that they
hnicked, that just means that they were scared, but not that they became crazy ot irrational.

p

The second type of tools covers the numerous software packages for evacuation calculation, which
njay or may not be coupled to CFD calculation software in order to nieasure evacuation [times. It
should be noted that these enable a parametric approach by testing for.a given evacuation|strategy
mlany evacuation scenarios by using populations selected and placed randomly in the varioyis rooms
agcessible to people in the building study. It should however be keptin’'mind that the software ¢lo not all
operate on the same scientific bases and can lead to different results.

he output data from this step is the one or more evacuatioh $cenarios allowing access to the positions
F people as a function of time.

© -

(4.4 Conclusions

he methodology example proposed in complement to ISO 23932 above makes it possible to|consider
xicity in fire safety engineering studies, incorporating:

g =

—+ Extensive number of gaseous species; modularly, enabling subsequent development if necgssary

— All the combustibles with characteristic concentrations as a function of the fire regimes and fire
scenarios

— Dispersion of species _locally and at a distance by CFD calculation, for determinipg [tox;;
therm;] = f(x,y,z,t,1)

— Thermal effects:and visibility

— Evacuationscenarios incorporating the results of the CFD step

—3

his methodology makes it possible to deduce all of these data from more realistic exposure qcenarios
nd to_evaluate instantaneous effects and the effects from accumulation of toxic species and| thermal
stress during the evacuation phase using the thermal and toxic models from the ISO 13571 stapdards.

o8]
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modular structure will make it possible all the same to improve the incorporation of the fire’s effects,
as knowledge improves and data accumulates.

Thus:
— Additional gases can be simply introduced in the species production matrix by adding new rows

— The fire steps can be more detailed, including sub-phases for incorporating more finely the power
rise of the fire source and the recruitment of new materials. The matrices can accept as many
columns as necessary for processing very detailed scenarios.
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— Similarly, the species production is currently correlated to the heat generation rate and could
therefore need to detail more finely the fire scenarios steps to incorporate the propensity of certain
species to be released early for example.

— Models incorporating effects are separated from other parts of the methodology and can therefore
be refined independently. The same is true for the evacuation.

Some improvements could also be undertaken with the improvement of calculation means: the strong
coupling evacuation/fire development is an example of this. For now remaining in the research domain
and impractical for routine use because of the statistical considerations that go with this problem and
the calc|lation time, this coupling nonetheless remains a long term objective and one for which it fis
appropriate to prepare solid bases now.
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Annex D
(informative)

Example of application to Fire Safety Engineering-Case Nr
hotel room and corridor

1-

w|

St

.1 Description of case study

nnex D presents the application of the methodology to a practical case. The choice fell to a fiy
udy in a hotel type building. The hotel has a set of standard dimension roomis served by
rridor.

.1.1 Hotel room

hder ceiling height. For the purposes of the simulation, done withia 9,20 m resolution, these dir
re rounded to 6,80 m x 3,20 m x 2,80 m.

he room includes a bathroom and CMV equipped toilets. It includes:

- Asingle 1,3 m x 1,8 m window whose lower part is about 0,6 m above the floor. For the pu
the simulation, in terms of resolution, these dimensions are rounded to 1,40 m x 1,80 m

- A 0,85 m x 2,0 m door opening onto the corridor. For the purposes of the simulation, in
resolution, these dimensions are roundedo 0,80 m x 2,00 m

pgether the furniture represents a heatrelease load of about 10 000 M] (evaluated on the ba
HV), mostly from particleboard (whose enthalpy of combustion, AHg, is about 16 800 kJ/kg).
tlease load per unit surface area isabout 460 MJ/m?2.

.1.2 Corridor

brridor dimensions are 20 m x 1,6 m. In compliance with smoke control classical design, it is ¢
ith an air supply opening and an air extraction opening.

he room door islecated in the middle of the corridor, centred at 10 m from corridor extremit

.1.3 Comfort mechanical ventilation - AHU

he bathroom and also the toilets are equipped with CMV (15 m3/h each). The room p
quipped with an AHU (30 m3/h supply, high up). According to various regulations, the AHU is

e impact
h central

he room occupies about 22 m2. The measured dimensions are about'6,75 m x 3,30 m by aboyit 2,70 m

nensions

'poses of

terms of

5is of the
The heat

equipped

brtion is
stopped

porn detecting a fire (the opinion is that it does not contribute to smoke removal). Since fireby

eak caps

were very rarely seen, It was thought that the CMV continues to run after the fire starts (continuous
operation of the fan).

D.1.4 Smoke control

Hypothesis is made on a typical hotel which is equipped with a fire safety system. Triggering the fire
alarm can be time delayed; the triggering of an actuated fire alarm is done without time delay. Therefore
in the corridor, extraction is started upon detecting the fire.
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Its flow rate is equal to 0,5 m3/s per actual exit unit. The corridor has a width of 1,60 m, there are
two actual exit units, and hence a volumetric flow rate of 1 m/s3 between an air inlet opening and an
extraction opening. The two openings are arranged:

— One

at about 2,5 m from the beginning of the corridor

— The other at about 17,5 m.

D.1.5 Smoke detectors

In the cd
rooms: i
being st

D.1.6 S

The roo
Figure D

ummary

11 shows a view of the rooms being modelled.

TT1dOTS: the TSt detector 15 installed b m from the end and then every 10 m to 12 m. In.the
the surface area is < 80 m2, then there is one detector, otherwise one per 60 m2. In the.cage
ldied, two detectors are therefore placed in the corridor at 5 m and 15 m.

s described above (room + corridor) have been modelled using FDS software version p.

I
AHU Window

Fire Source —h

QO
@
Door
Blower
S

>

K3

Smoke
detector

CMV

N\

Aspiration

Virtual

52

sensors

Blower ‘
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|

Figure D.1 — General- and closed-up views of the room and the corridor
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D.2 Performance criteria

A limit value of 0,3 for FEC, FEDtoxic and FEDthermal according to ISO 13571 is chosen as reference for

determining the success or failure of a given evacuation scenario.

D.2.1 Risk analysis

Out of concern for simplification in the context of this sample application, a single scenario is studied,
which has not been the subject of a complete risk analysis on an existing hotel. The selection of the fire

scenario was made among the tvpical scenarios coming from a generic risk analysis.

Table D.1 — Selected scenario for hotel room example case

Fire source Scenario Comments

Well ventilated fire leading to a flash-
over

Scenario S2c Risk evaluated.in the courtro

The scenario considered here (See Table D.1) is an intentionally set fire. [n/a.rented room, an

s¢ts fire to the mattress and then flees after blocking the door open which thereby enables th
of the fire source with oxygen (in addition to that from the AHU) and_the propagation of the

t¢ the central corridor. The fire next spreads to adjoining items, thereby involving other matei
lhen gradually spreads to the entire room. Upon detection of smoke in the corridor, the AHU i
bt the CMV.

==

D.3 Construction of the fire source Kkinetics

I light of the scenario considered, the source fire:saurce is broken down as follows:

— Growth with Q = +.t2 until reaching QFO (heat release rate at flashover calculated per M

open, by the method of Petterson):

release rate calculated perPetterson formula, door and window open)

— Extinction (withifverted Q = xt?, rapid)
— AHc function of the combustibles present (tabulated)
— (aloulated rate of toxic species production changing for the various phases of the fire

NOTE In the state-of-the-art, there is no reliable criterion that makes it possible to determine th
W

bccupant
e supply
effluents
ials, and
5 cut, but

[cCaffrey,

resolutions per various authors, anddf compatible with QMAX calculated with only the dador being

—+ At flashover, the window glass-breaks and sudden growth from QFO to QMAX (post-flashgver heat

— Combustion time.according to the available heat release load (with 80 % combustion effficiency)

P moment

hén, breakage of the window glass occurs. First, it depends on many parameters, and second, with| constant

reasonable assumption, which it would be appropriate to look at in detail earlier in an actual study

D.3.1 Growth Q = +xt?

In the scenario studied, the value selected is that of the polyurethane mattress, with a = 0,046

D.3.2 Maximum release rates, QM ax Petterson method

According to the Petterson method, Q. =0,09-A, X\/EXAHC
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In the case of an expert report prepared for real hotel room, the total heat release load was about 10
000 MJ, for about 600 kg combustible material which represents about 16 700 k]/kg. The ratio between
LHV (used for calculating the heat release load) and the chemical combustion enthalpy is on average
about 0,7. The enthalpy of combustion selected is therefore about 11 800 kJ/kg.

Under these conditions, and including the door and window as defined above:

— With door alone: QMAX =2596 kW or 2,6 MW

— With door and window (after flashover occurs): Omv =5924 kW or 59 MW

D.3.3 lIIeat release rate at flashover per McCaffrey

The heaf release rate necessary to lead to flashover is calculated by McCaffrey’s method aédording to
the solutfion of various authors, as stated in Table D.2.
Table ID.2 — Heat release rate necessary for flashover, solution according to different authors
S . Heat release rate necessary for Waiting time
olution
flashover (ct2 curve)

Thomas $olution 1,7 MW 190 s

Drysdald solution 2,8 MW 244 s

Peacock polution 3,4 MW 269 s

Hagglundl and Babrauskas solution 2,2 MW 216s

The valups calculated here are compatible with the maximum rate calculated with door alone. Therefore

a flashoy
(door + v

D.3.4 I

The valy
exhauste

er does occur, the window breaks at that moment-and a rise from QMAX (door only) to QMA
yindow).
Decline Q =+ x(t, - t)°

e selected for *is the largest sigw’ of rapid decline, once a majority of the fuel has besg
d, or 0,1876 kW/s2. Under these'canditions, the decline lasts about 3 min (178 seconds).

D.3.5 Length of the plateau

Consider

ing the value chosen for «, the growth period, from 0 s to QMAX (door open) takes place

about 235 s. Total energy-released by the combustion is then about 204 M] (obtained by integration

the heat

0 kW is
(door + V

The tota

release rate ogep the interval [0 ; 235 s]). Similarly, the decline from @y, (door + window) {

done in abeut 178 s and represents about 351 MJ. The rise from QMAX (door only) to QMA
vindow);*estimated to take place in 30 s, represents about 128 M].

<

<

e

lreatload is about 10 000 M]J and the combustion efficiency considered is 80 %. There therefor

remains about 7 300 M] avallable Tor combustion during the rlashover. Lonsidering that the QMAX (door

+ window) was previously calculated at 5,9 MW, the plateau therefore lasts about 20 min.

D.3.6 Summary

The fire source thus calculated is characterized by the curve of Figure D.2. Schematically this fire is
broken down into three phases:

— Afirst, well ventilated, growth phase from 0 s to 235 s principally involving a polyurethane mattress

— A second phase of rising to a flashover and then flashover, under ventilated, and involving all the
materials in the room, and extending from 235 sto 1470 s

54
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— A third phase of well ventilated descent involving all the materials in the room and lasting from
1470sto1650s

The total duration of the fire in the room (excluding any propagation outside) is therefore about
27 min 30 s.

Heat release rate (MW)

0 T T T T T -
0 300 600 900 1200 1500 1800
Time (s)
Well- . . Well-
ventilated fire Underventilated fire ventilated fire

Figure D.2 — Heat release rate for the firé source of the hotel room

4 Determination of the fractions by mass of species produced

ill therefore include three columns, for whi¢H the first and third columns are equivalent, as $hown in

D

Ffom Figure D.2, three fire stages can be separated. The species production matrix for each|material
\

Flgure D.3 below. Out of concern for simplification in this example, only five gases are concerngd.

Well Ventilated  Post Flashover — Well Ventilated

Muterial i — Fire (WVF1) Fire (PPF) Fire (WVF2)
(60) COwvr COprr COwvr
CO2 CO2wvr CO2 prr CO2 wvr
HCN HCNwvr HCNpgr HCNwvr
HCl HClwvr HClper HClwvr
NO2 L NO2 wvr NO2 prr NO2 wvr —

Figure D.3 — Structure of matrix used in the example

Oply) the principal materials are considered in this example. They are listed in Table D.L. These
materials represent more than 80 % oI the overall heat release load. wWithout experimental data for
these materials, measured according to the test conditions, the corresponding matrices have been
determined in order to obtain combustible production rates compatible with the bulk formula of the
materials and the ventilation conditions, all based on conservative assumptions.
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Table D.2 — Main materials of the hotel room as a function of the heat release load

Material Heat load P:ggﬁf::: loof at(l;e
Particleboard + melamine decoration (furniture, cabinets, etc.) 3700 M] 37 %
Wood (pine, oak, etc.; especially for box springs) 2300 M]J 23%
Polypropylene + Latex (carpet backing) polyamide (area carpet) 900 M] 9 %
Polyurethane (mattress, sofa, chair, etc.) 800 M]J 8 %
Loaded palyester (hathtub bhathroom elements) 500 M] 5%

The follgwing assumptions are considered:

— Soot
prog

—  Assig

nitrggen, N2[31]. Thus, in the cone calorimeter, values as low as about 3 % have been found. Also it js

cons
NOy

— In th
sele
of th

To deter
the folloy

— Allt
pres
was

— Sinc

— Wit}

production was negligible Carbon normally consumed by soot is therefore available for
uction of CO, CO2 and HCN and therefore leads to maximizing them.

nificant portion of the nitrogen coming from the material is released in the form of molecular

idered here that 10 % of the nitrogen initially present in the material is<réléased in the form pf
and HCN.

e branches applicable to the CO/CO3 ratios depending on the ventilation conditions, the valye
ted is the one which tends to favour the production of carbon monoxide (CO) to the detriment
e less toxic carbon dioxide (CO2). Thus:

Well ventilated fire: [CO]/[CO2] = 0,05
Post flashover fire:  [CO]/[CO2] = 0,4

mine the values necessary to establish the species production matrices in a practical manner,
ving methodology was used:

he species produced (here there are fiyé)f them: CO, CO2, HC], HCN, and NO3) share elements
ents in the bulk formula of the material considered (C;H,O:N4Cle). No part of these elements
considered to be linked to other gases.

e HCN enters into the balance for carbon and nitrogen, it was considered first. Thus:
[he remaining nitrogen{N) will be entirely converted to NO>.

The remaining carbon)will be entirely converted to CO and CO; in the relative proportions
pbbeying the ratig-JCO]/[COz] chosen for a given combustion regime.

out more precise information, the rate of release for HCN is determined as follows:

For the ynder ventilated fire (post-flashover), the value is extracted from databases for tube
furnacé tests on similar materials under air at 600 °C according to the NF X 70-100-1 andj2
standards. As an example, the average HCN production the polyurethane foam during thege

d

Fésts is 25 mg/g (25 mg of HCN produced from 1 g of material burnt). This assumption is basg

on the fact that the ventilation conditions in the tube furnace (air renewal at 2 I/min) are not
sufficient for assuring a well-ventilated flame.

— For the well ventilated fire: HCN is a product of incomplete combustion and seldom appears
under conditions of sufficient ventilation[31l: Even if it is produced at the base of the flames, it
is re-burnt and the final products are principally nitrogen oxides (NOx). However it does not
disappear completely because evening conditions of globally sufficient ventilation one can
expect to find zones in the flame where the ventilation is not sufficient. Thus, to reflect this
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point, it is estimated that 1/10 the value used for the under ventilated fire is produced in a well-

ventilated fire.

— The NO; concentration is calculated on the basis of the nitrogen remaining after consumption by

HCN. Other nitrogen species are of course produced (notably NOx and NH3):
— These other species are not considered in this example.

— Using NO7 as a substitute for the NOy is conservative, as the critical concentrations fo
even well below those of NOIZ2].

concentration of NO; produced is conservative.
— HClis calculated on the basis of the available chlorine.

—+ CO and COy are calculated on the basis of the carbon remaining afteb consumptior]
production of HCN, and in the relative proportions obeying the ratio [§0]/[COz2] chosen fo
combustion regime.

et

f is clearly understood that the present methodology for calculating the levels of species [
4 a simplified example relying on conservative assumptions. The representativeness of th
lculated by following this simplified methodology is net‘guaranteed, and therefore
bplicability outside of this illustrative example.

v A =

—

he Figure D.4 presents the matrices obtained for the various materials:

r NOo, is

— The HCN value used come from tube furnace tests where many other nitrogen species besides
NOyx and NH3 are produced. Consequently, using the remaining nitrogen tocCealcilate the

for the
ra given

roduced
e values
excludes
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Particleboard + Well Ventilated Post Flashover Well Ventilated
melamine Fire (WVF1) Fire (PPF) Fire (WVE2)
CO (kg'kg'®) 0,071 0,375 0,071
CO: (kgkg?) 1,427 0,939 1,427
HCN (kgkg™?) 0,001 0,007 0,001
HCl (kg-kg ') 0,000 0,000 0,000
NO: (kg-kg 1) 0,014 0,003 0,014
Wood Well Ventilated Post Flashover Well Ventilated
— Fire (WVF1) Fire (PPF) Fire (WVF2)
CO (kg'kg1) 0,076 0,401 0,076
CO: (kgkg?) 1,513 1,002 1,513
HCN (kgkg™?) 0,000 0,000 0,000
HCl (kg-kg?) 0,000 0,000 0,000
NO: (kg-kg 1) 0,000 0,000 0,000
]wm l+ i Well Ventilated Post Flashover WellVentilated
ariaE Fire (WVF1) Fire (PPF) Bire (WVF2)
CO (kgkg?) 0,136 0,717 0,136
CO: (kgkg'Y) 2,717 1,792 2,717
HCN (kgkg™?) 0,001 Q;008 0,001
HCl (kg-kg'?) 0,000 0,000 0,000
NO: (kgkg ) 0,013 0,001 0,013
Polyurethane Well Ventilated Post Flashover Well Ventilated
foam Fire (WVF1) Fire (PPF) Fire (WVF2)
CO (kg'kg'®) 0,101 0,524 0,101
CO: (kgkg?) 2,014 1,311 2,014
HCN (kgkg™?) 0,003 0,025 0,003
HCI (kg-kg 1) 0,000 0,000 0,000
NO: (kg-kg D) 0,009 0,000 0,009
€0 (kg-kg?) 0,121 0,639 0,121
CO: (kgkg'?) 2,413 1,598 2,413
HENTkgRg™) 07000 0,000 0000
HCl (kg-kg?) 0,000 0,000 0,000
NO: (kg-kg 1) 0,000 0,000 0,000

Figure D.4 — Input data used in the example, for various materials
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The data from the fire scenario making it possible to calculate the characteristic matrix for the room
are given in the Table D.3.

significantly. The bed’s box springs is also affected, but to a lesser extent.

each according to its relative weight.

In the first part of the fire (setting fire to the mattress), only the polyurethane foam contributes

In the second part (post-flashover), all the materials contribute to the heat release load of the room,

In the last part (descent), all the materials contribute except for the mattress which, since it was the

1

—

: £ £ h PR | 1 +1 h 1
PlHHIIAly SOUTILT O LT TITC, WdS CULITPITLTCTY CUIISUITICU TIT LT pPldtcdU PpiidSc.

Table D.3 — Contribution of the materials present, according to
the stage of development of the fire in the room

Material Gl:::\l’rtll; * Plateau Descent
Particleboard + melamine decoration 0% 47 % 50 %
Wood (pine, oak, etc.) 10 % 29% 31%
Polyurethane (mattress) 90 % 7 % 0%
Polypropylene + Latex (carpet backing) 0% 8% 8 %
Loaded polyester (bathtub) 0% 6% 7%
Polyamide (carpet) 0% 4% 4%
Total 100 % 100 % 100 %

Each of the materials (contribution).

Each of the development stages of the fire (consumption);

|1 of these contributions are calculated for compatibjlity with the heat load, which represents;

With the assignment of these proportionality factors, it is possible to calculate the species pr]

oduction

atrix for the room using the following formula:
n 1 n 0 n 0
[ Jroom =2 Pas LG | 0|+ 2 Pawvm*L Ly |1+ 2 Parrm [ Iy [0
i=1 Ol =1 Ol =1 i
his is the resulting@natrix for the hotel room, as stated in Figure D.5.
Well Post Well
Room Ventilated Flashover Ventilated
Fire (WVF1) Fire (PPF) Fire (WVF2)
CO (kg-kg?) 0,098 0,449 0,084
CO2 (kg:-kg-1) 1964 1122 1,679
HCN (kg-kg1) 0,002 0,006 0,000
HCI (kg-kg'1) 0,000 0,000 0,000
NO2 (kg-kg1) 0,008 0,001 0,008

Figure D.5 — Matrix for the whole hotel room

The HCN value at the post flashover fire stage is 0,006 kg.kg-1, which could seem low in comparison with
the value 0,025 kg.kg-1 assigned to the polyurethane foam for this phase. However, it only contributes
7 % to the release of species at this stage of the fire (compared to 90 % in the first phase), and this value,
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which appears to be low, does not mean a low production in terms of total quantity released. In fact, the

heat rele

ase rate is much greater in the post flashover phase of fire than in the first phase, and the mass

production rate of gas is therefore also higher. From this it follows that the total HCN production does
follow the quantity likely to be released by the polyurethane foam (and the other HCN contributors).

As an example, the CO; value for the well-ventilated fire WVF1 is calculated in the following way

— 10 % contribution from the wood, with a production rate of 1,573 g.g-1

— 90 % of the polyurethane foam with a production rate of 2,014 g.g-1

It follow

This mat
of each t
consider

D.5 Ev

The evad
people W
in fact v
moment

The first

one minyte after the fire alarm is triggered; this is very short and corresponds, for example, to an aleft

person W
and is nd
removal
speed of

The seco|
at about
worsene
speed of

b that [CO2]wyr1 = 0,1 x 1,573 +0,9 x 2,014 = 1,964 g.g-1.

rix calculated for the room makes it possible to now calculate, as a function of the ‘quantity
racer species measured at one point and one moment, the final quantity for each of|the gases
ed.

acuation and effects of the fire

uation scenario in the selected example is deliberately simplified. This\example considers two
ho start their evacuation at different moments: The time referred to as pre-movement cdn
hry enormously according to the individuals, and the activitie§ they were involved in at the
the alarm sounds.

person who goes right through the corridor decides to leave’100 s after the fire starts, or abofit

rho knows the area well, the fire instructions and theidangers inherent in this type of situatio
t involved in an engrossing activity. Despite the quick reaction and the starting of the smoke
device, the visibility conditions have already noticeably worsened (see Figure D.6). Also, the
the person is impacted, and speed of their m¢vement is reduced to 0,5 m.s-1[26],

kol

nd person, which takes his same path, decides to do so much later. He starts to take the corrid¢r
400 s, or nearly six minutes after the alarm sounds. Here again the visibility conditions haye
d (see Figure D.7) but not much worse than for the person who evacuated early. Also the sanje
movement, 0,5 m.s-1, is used.

Direction of movement
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D DL X AL - £ 3] - clealas - 21 —l o 4. 0.0
rigul© U.0 — WUISCIIITg U1 UIT VISIUIIILY I UIT LUITIUuUL di g * 11U S

© ISO 2016 - All rights reserved


https://standardsiso.com/api/?name=5fd1bf275393850a6d254c48e375214a

ISO/TR 13571-2:2016(E)

0

Figure D.7 — Worsening of the visibility in the corridor at tg + 400 s

der these evacuation conditions, the trace species levels and the temperatures and chars

Icteristic

flows, as encountered during the person’s passage, are considered and thé’FED (asphyxidting and

thermal) and FEC (irritating) are calculated continuously. The results are presented grap}
Filgure D.8 (for beginning of evacuation at 100 s) and Figure D.9 (for begifining of evacuation af

The first occupant who travels the corridor at t = 100 s does not encounter any specific diffic
nkar the door: the fire has not yet reached flashover and the concentrations found in the corrid
t¢ the first phase of the fire. Since the conditions are well ventilated, there is relatively little C(
FEDasphyxiating is only rising slowly and remains well below thélimit of one or even 0,3. While p
fijont of the door, this person is subject to significant thermal‘effects, but not incapacitating: F}
uhdergoes a sudden rise at this point, but remains belew 0,3. In contrast, this person is sulf
fgirly significant concentration of irritating gases, which could compromise their evacuation.
r¢aches 0,57, which is below 1, but above 0,3. Son1€’ people could be incapacitated at this p
ifritant effects are those who could compromise tenhability.

ghses: the FEC is systematically below_that experienced by the first occupant. In fact at 4
ploportion of gas coming from the firsg phiase of well-ventilated fire has become very small. Th¢
ere transported away from the fireé.source and taken by the smoke removal ventilation. The
cpncentration in the core door is lew. In contrast, the gases coming from the second phase of th
very present. Hence, the first phase of the fire is, in proportion, a greater contributor of irritat
(NO2) than the second phase,which is characterized by a greater production of asphyxiating g
CN). Close to the door,(thermal ambiance is excessive and this criteria compromises the t
fifrst for this scenario.

0,87
== FED asphyxiant (100 s)

=== FEC irritant (100 s)
0,67

==~ FED thermal (100 s)

lically in
400 s).

Ity until
are due
and the

assing in

D thermal

ject to a

The FEC

bint, and

The second occupant who travels in the corridor later is subject to a lower proportion of irritating

DO s, the
bSe gases
residual
e fire are
ng gases
ases (CO,
enability

0,4

FED-FEC

0,2

0'0 i o o o o I fo-v] R Bk — — _'
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Distance travelled in the corridor (m)

Figure D.8 — Progression of the FED and FEC according to distance travelled in the corridor -

case of early start at to+100s
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Furtherthore, the evacuation as dealt with in these first two examples-is partially decorrelated fro
the effedts: only the visibility was briefly considered for adjusting the speed of movement of the tw

occupan
even if a

dissuaddd them from it. This point remains however to be argued, as Reference [26] states that in mo
cases, pgople in an evacuation situation expect to have to;cross smoke filled zones and even though the

know th
does not|

prove a qufficiently strong motivation to venture into the smoke.

In order

effects, g new scenario is studied, considering that the occupant start to evacuate at 400 s, then decid¢
to turn back and not cross the smoke, perceived as very dense and not providing visibility into th
condition of the corridor behind it. Byxmaking the assumption that the occupant decides to turn bac
even though the occupant has gone)6 m in the corridor, Figure D.10 presents curves obtained for th

FED and

13571-2:2016(E)

0,87

=#= FED asphyxiant (400 s)

=&= FEC irritant (400 s)
0,6

==~ FED thermal (400 s)

0,44

FED - FEC

0,27

—

1 2 3 4 9 11 12 13 14 15 16 17 18 19 20

0,0

Distance travelled in the corridor (m)

D.9 — Progression of the FED and FEC according to distance trayelled in the corridor
case of late start at t9+400s

s considered. On the other hand, both occupants continted to move forward in the corrida
Ind including when the concentration of irritants and-thermal effects experienced could hay

ht smoke kills will nonetheless pass through it. In fact knowing that smoke can prove dead
mean knowing how to estimate to what extent and further the knowledge of a nearby exit cg

to study the effect of a change in behaviour linked to the quantity of smoke and the perceivg

FEC experienced by the.occupant.

027G

—— FED asphyxiant (400s)
== FEC irritant (400 s)
=== FED thermal (400 s)

0,1

d
S
e
k
e

FED-FEC

Location reached along the corridor (m)

Figure D.10 — Progression of FED and FEC, according to point reached in the corridor - case of
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late start at tp+400s and turn back after 6 m
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Figure D.10 shows that the decision was beneficial for the occupant: the quantities of asphyxiants and
irritants encountered are insufficient to cause incapacitation. Similarly, the thermal dose received
stays far below the limit value of 0,3. The occupant would therefore be able to continue their evacuation
towards another exit.

Note however, as emphasized above, this type of behaviour is not necessarily the most common despite
being very suitable to the situation.

In Figure D.10, it is also appropriate to remark that the FEDthermal progresses less quickly than
FEDasphyxiating: This point supports the fact that when one is sufficiently far from the fire source to

n
t

Dt experience 1ts direct thermal effects (convective and radiative), then the danger related
xicity becomes dominant.
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Annex E
(informative)

Example of application to Fire Safety Engineering - Case Nr 2 -

restaurant

E.1 Inktroduction Q
)

This annex presents the application of the methodology to a second practical case. Only i él{s samp
applicatibn the scenario of a fire in the dishwashing room at this restaurant, located \in immediate
contact With the public, is considered. Furthermore, only the main rooms are given i'\ ail.

E.2 Properties of the rooms O\

The restpurant has an entry hall leading into the “scramble”, a zone w e@he plates, meal trays arn
table setftings are laid-out. The restaurant has a kitchen block opening onto the scramble and a diniry
room which has a total surface area of about 570 mZ2. The cash registers are located at the interfa(

between
the dinin
the meal

NO

(¢

&L

= @0 .

these two zones. The room studied in this example is t ndry room, in direct contact wit

g hall, and in the area surrounding it the trays are aer\ d on a conveyor system at the end p

Numbers on Figure E.1 indicate escape routes. s\\}
Z

V4 I Open kitchen ”

)

Entrance

Dishwashing
room

Openings

64

Dining room

Figure E.1 — Plan the restaurant being studied - Ground-floor
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E.2.1 Dishwashing room

The dishwashing room is 5,75 m x 5,25 m with a height under the ceiling of about 2,70 m. The extraction
hoods which are there serve both for extraction of steam and smoke removal because they are equipped
with a smoke removal blower with a minimal resistance of 400 °C for two hours with a protected power
supply. The extraction is done with a nominal flow rate of 3 500 m3/h. The blower is implemented in
the upper part with a flow rate of 3 000 m3/h. Apart from the door to the room, which is closed during
service, the only opening is the tray pass-through which is 0,75 m x 0,75 m and located at a height 1 m
above the ground.

El2.2 Open kitchen

The open kitchen has smoke removal at a rate of 6 500 m3/h, through cooking steam evacuatipn hoods
and is also equipped with a 400 °C-two hours smoke removal blower with protected power supply. It is
s¢parated from the dining room by a ceiling screen with a height of more than 50,cm.

2.3 Dining room

E
The dining room has a surface area of 570 m2 and a height under the €eiling varying from 3,25 m to
3[50 m. The long axis of the dining room is about 32 m. It has:

- three smoke removal openings with dimensions of 0,59 m x 112 m

- two vents with respective dimensions of 1 m x 1 m and,2m x 1 m
he smoke removal openings are located on the right fa¢ade of the building.

dditionally, this dining room is equipped with a Air Handling Unit (AHU) delivering a flow [rate of 9
DO m3/h. Air circulation is provided in the upperpart of the room by:

o x> -

- 16 blower vents (eight vents of 0,036 m2.and eight vents of 0,26 m2)

- two extraction vents with 0,325 m(geometric surface area and one extraction vent (café space)
with 0,16 m2 geometric surface atea

r

2.4 Grid

—3

he grid used in the simulatipn is a homogeneous cubic Cartesian grid, whose unit cells are 25 cm on a
side. In full rigor, the influence of this grid should have been studied to evaluate the impact on|the final
r¢sult. However, considering that the fire sources used are imposed standard fire sources (in|contrast
fire sources with.calculated development), this resolution is suited for the study of the moviement of
the smoke and gasTeleased. The grid is therefore made up of about 300 000 unit cells.

(g

el

.3 Performance criteria

Alccording to ISO 13571, a limit value of 0,3 for the FEC, FED¢oxic and FEDthermal is chosen as ileference
fqridetermining the success or failure of a given evacuation scenario.

E.4 Risk analysis

The risk analysis enable to uncover several areas of this restaurant which could present an immediate
risk to the public. Out of concern for simplification in the context of this sample application, a single
scenario is studied, which is that of fire starting in the dishwashing room of the restaurant, identified
as one of the two significant scenarios in the initial study[13]. This scenario is described in Table E.1.
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Table E.1 — Selected scenario for example case 2

Fire source Scenario Comments

Well ventilated fire leading to a flashover | Scenario S2c | Risk evaluated outside of the dishwashing room

The main equipment for this room is the washing machine which has three paths over which the baskets
carrying the trays, plates and table settings move. These paths have polyamide rollers (about 40, for a
total of about 70 kg of material). The interior of the machine comprises electronic cards in epoxy and
cables and conductors in polyolefin conduits. The mass involved is however minor compared to the
other combustibles.

The wasghing baskets are polypropylene. The meal trays are fibreglass reinforced polyester, Other
combustfible materials are present in the room in minor quantities (food waste, trash bags, eto.};’mopt
of the furniture is stainless steel for obvious reasons of hygiene and ease of maintenance. The washing
baskets are stored high on a shelf located above one of the washing machine paths, and représent abouit
30 kg of fombustible material. The meal trays are nearby (about 20 kg combustible material).

It should be noted that the kitchen staff is not continuously present in this room, A'fire breaking otit
could th¢refore benefit from some lapse of time before being discovered.

The foll

— Follgwing a machine failure in the absence of personnel, the electricelements overheat and lead to
the ignition of the initial fire source.

— This
propg
com

— Becs
fire

— AttH
occy
vent]

— The
the
mec
the ¢

— Leng
— The

— Cons
15 n
rem

ing is therefore the selected fire scenario:

initial fire source propagates to the polypropylene<baskets immediately involved ard
agates from basket to basket at a moderate speed; The polyamide rollers participate in the
bustion as the fire source extends. The heat release;rate increases.

use of the nature of the combustibles from thetray carriers (thermofusible polypropylene) the
bives rise to the appearance of an inflamed layet. The rise in power of the fire source accelerates.

is stage, the FPETOOLS 2.0 fire simulatéptool from NIST indicates the possibility of a flashover
rring in this room in consideration of-the characteristic parameters of the room (combustiblg,
ilations, geometry, etc.) At this moment:

maximum heat release rate.depends on the supply of combustion agent, and therefore gn
pentilation (mechanical ventilation in presence of the opening). It should be noted that the
hanical ventilation for thiisToom, which participates in the smoke removal, does not stop during
ntire time of the fire:

th of the combustien depends on the quantity of combustible and the available services.
end of the combustion is reached when the majority of combustible is exhausted

idering-the heat release load present and the length of the incident resulting from it (less thgn
nin.), the closed-door to the dishwashing room is considered to resist the fire and therefore
hin“ closed during the entire length of the fire. Furthermore, since no combustible materipl

outs

enclosed in the dishwashing.

It should

be noted that in the restaurant:

— The AHU for the dining room and the washroom, and also the washroom and grill hoods, which have
a blower resisting 400 °C for two hours, operate at high speed the entire duration of the fire. No
emergency cutoff device is provided for stopping their operation in case of triggering natural smoke
removal.

— The

vents, openings and/or units leading to the outside are actuated or open 2 min 30 s after the

start of the fire (detection time + time preparing for movement + travel time for the first people
arriving at the doors, and the staff at the vent and opening actuating system).

66
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— The door on the cafeteria side is more directly impacted by the smoke so it is considered that it is
restricted to never being opened.

E.5 Construction of the fire source kinetics

Here, Petterson method used in the previous application example cannot be used as is because of the
presence of mechanical ventilation. The system encountered here is complex, because it has:

— A forced air supply using mechanical ventilation with an entering flow rate of 3 000 m3/h;

- A forced extraction with an exiting flow rate of 3 500 m3/h;

- A passive opening (the tray pass-through) located 1 m above the ground and |whosg size is
0,75m x 0,75 m.

bnsidering the temperature rise because of the fire source, the density difference of th¢ hot air
ktracted relative to the fresh air supplied, the two mechanical ventilation systems and th¢ passive
bening, the system is beyond a simple analysis. As an alternative to the anmalytical methods pieviously
ced, the source fire source will therefore be entirely determined usingZene type simulation Joftware.
nce the room is likely to go from a two-zone situation (hot layer and cold layer) to a one-zone pituation
oom overcome with smoke), Ozone software for the University of.liége is chosen.

nc O o MO

—

El5.1 Fire source features

The data to be supplied to the Ozone software to define the fire source are:
— The fire source growth factor, seen previously

— The maximum surface area affected by the eXtension of the fire source
—+ The maximum heat release rate per unitsurface area

— The heat release load per unit surfacearea

—+ The average enthalpy of combustion

—+ The combustion efficiency:

—+ The combustion model

El5.2 Growth Q Lext?
I the scenarie, studied, the value selected for a is that corresponding to polyurethane pallefs, which

are similar in.chemical nature and arrangement to the polypropylene tray carriers present in| the dish
washing rqQom, in other words a = 0,0469 kW/s2.

E|5.2:1" Maximum surface area affected by the extension of the fire source

Considering the formation of a flaming pool due to the polypropylene tray carrier, and the placement
of the washing machine in the room (in U-shape), the assumption of a maximum surface area of 15 m2,
which is half of the room, seems to be a reasonable assumption.

E.5.2.2 Maximum heat release rate per rnit rurface

The maximum heat release rate used is 500 kW/m?2: this value is the high-end value for the range
currently used for smoke removal studies. In fact, the combustibles present are highly energetic.
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Heat release load per unit surface area

All of the materials in total have a heat release load of about 3500 M]. This heat release load is distributed
over the entire surface extent of the fire source, which is 15 m2. The factor 3 a1 introduced by Ozone at

this stage, and which has the value 1,15, is incorporated in the calculation. The heat load per unit surface
area is then about 205 MJ/m?2.

E.5.2.4

Average enthalpy of combustion

The calc
average

NOTE
therefore|
useful to

Ta

E.5.2.5

This par
which is
given col

The enth
Thus theg

E.5.2.6

Ifation of the average enthalpy ol combustion 1s done by using the data stated In Iable E.2. 11
[weighted) heat of combustion resulting from these data are about 30 MJ/kg.

The heat of combustion depends on the conditions under which the combustion takes, place ar

bive an indication.

ble E.2 — Heat of combustion for the principal materials involved in thefire source

_ Mass Heat of con_lbustion
Material (kg) (chemical)
(k]/kg)
Polyamide 70 27950
Polypropylene 30 37700
Polyester/fibreglass 20 22 440

Combustion efficiency

determined with a calorimetric bomb and¢he actual enthalpy of combustion observed in
mbustion regime.

alpy of combustion calculated in, the-previous chapter already incorporates this paramete
value of 80 % supplied by default by the software is to be replaced by the value 100 %.

Combustion model

Three cdmbustion models are available in the software Ozone used:

— No (
whe

— Exte
loss
encl

ombustion, in which/no influence of the ventilation is considered and principally applicab
h the heat releaserates and the mass loss have been measured.

rnal Flaming,.in which the influence of the ventilation is considered, but does not limit the ma
Flow ratéassociated with the heat release rate. Additional combustion takes place outside of t}
hsure,

— Exte

varies according to the regime reached. The value calculated here, and assumed constant, itistherefor

hmeter makes it possible to corporate the difference which exists between the heating powe¢

eI
a

=

bS

hded Duration, in which the influence of the ventilation is considered and limits the mass lo

bS

rate

and heat release rate, leading to a modilication of the length of the fire in the room.

In reality, the pyrolysis rate is linked both to the oxygen availability and the net quantity of energy
transferred to the materials. Also, it’s the Extended Duration model which seems best suited to the

physical

68

reality of the fire in this room.
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E.6 Calculation of the heat release rate

The fire source calculated by Ozone is characterized by the Figure E.2. The progression of the oxygen

concentration in the room, assumed uniform, makes it possible to identify the different combustion
regimes:

— Between 0 and 220 s, the oxygen concentration is above 15 %, the combustion regime is well
ventilated.

— After 220 s, the oxygen concentration drops below 15 % and the combustion regime enters an under
ventilated phase.

— At270s,flashover conditionsarereachedintheroomand the heatreleaserateincreasesdramatically.

— Starting at 990 s, the oxygen concentration returns above 15 % and the combustion regim¢ returns
to a well ventilated phase.

8 w1 25%
=8= HRR (MW)

i Oxygen concentration (mel/ml)
/ 15%

>
+10%

Heat release (MW)

+5%

Oxygen concentration [MOL/MOL]

T 0%
600 900 1200
Time (s)

Underventilated fire Well-ventilated

Well-ventilated
fire fire

Figure E.2 — Heat release rate and oxygen concentration for the fire source in the
dishwashing room

E.7 Participation of the materials, phases of the fire source

Alccording to the-sCénario given above, the Table E.3 presents materials involved in fire as fupction of
time. Considering’the development of the fire, the following assumptions are made:

—+ Polyptopylene trays contribute especially to phases 1 and 2, and relatively less to phase 3 gince the
majority of the polypropylene has already burned in the earlier phases.

— CThe polyamide rollers contribute significantly more in phase 3 than in phases 1 and 2.

— Polyester/fibreglass trays only contribute when flashover is reached, meaning starting with phase 3.
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