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Foreword

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

The proceglures used to develop this document and those intended for its further maintenanee
described In the ISO/IEC Directives, Part 1. In particular, the different approval criteria neededfor
different types of ISO documents should be noted. This document was drafted in accordance 'with
editorial ryles of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).
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Introduction

This document is intended to be used by fire safety practitioners involved with fire safety engineering
calculation methods. Examples include fire safety engineers; authorities having jurisdiction such as:
territorial authority officials, fire service personnel, code enforcers and code developers. It is expected
that users of this document are appropriately qualified and competent in the field of fire safety
engineering. It is particularly important that users understand the parameters within which particular
methodologies may be used.

Algebraic formulae conforming to the requirements of this document are used with other engineering

caldulation methods during fire safety design. Such design is preceded by the establishment d
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ding the fire safety goals and objectives to be met, as well as performance criteria when

 to determine if these performance criteria will be met by a particular designiand if n
gn must be modified.

subjects of engineering calculations include the fire-safe design of entirely new built env
h as buildings, ships or vehicles as well as the assessment of the fire safety of exi
ironments.

algebraic formulae discussed in this document are very usefut-for estimating the conse
gn fire scenarios. Such formulae are particularly valuable for allowing the practitioner
ermine how a proposed fire safety design should be modified to meet performance crif
hiled numerical calculations can be delayed until final design documentation. Exampl
re algebraic formulae have been applicable include detéermination of heat transfer, both

s, calculation of smoke transport through vent’openings and analysis of compartment f
h as smoke filling and flashover.

h respect to flashover phenomena, algebraic formulae are often used to estimate the
himum) heat release rate required to produce flashover in the space under considera
ates can suggest restrictions on,flammable contents or an appropriate fire det

suplt;rll‘ession package to limit the maximum expected heat release rate to below that e
Huce flashover. These formulae are empirically developed from experiments done in relat
ilinear enclosures of similarsize and with walls and ceilings of similar thermal propertiep
ulated threshold flashoyerheat release rates do not incorporate the many variables that
osure fires. Consequently, these calculated values should be considered as preliminary

fa context,
a tentative

safety design is subject to specified design fire scenarios. Engineering calculation methods are

bt, how the

ironments,
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eria. Thus,
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radiant, from fire plumes, prediction of ceiling jet flow properties governing detector response

re hazards
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bction and
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ively small
. Thus, the
complicate
estimates.

imately, these estimates can be useful for checking the results of zone and the more com

prehensive

system of

ISO 16735 ISO 16736, ISO 16737 ISO/TS 13447 ISO/TS 24679 ISO/TS 29761 and other supportmg
technical reports that provide examples of and guidance on the application of these documents.

Each document supporting the Global Fire Safety Engineering Analysis and Information System includes
language in the introduction to tie said document to the steps in the fire safety engineering design
process outlined in ISO 23932. ISO 23932 requires that engineering methods are selected properly to
predict the fire consequences of specific scenarios and scenario elements (ISO 23932:2009, Clause 10).
Pursuant to the requirements of ISO 23932, this document provides the requirement governing
algebraic formulae for fire safety engineering. This step in the fire safety engineering process is shown
as a highlighted box in Figure 1 and described in ISO 23932.

© ISO 2016 - All rights reserved
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Scope of the project concerning fire safety
Clause 5

Identification of fire-safety objectives, functional

i requirements and performance criteria
| Clause 6
I
| v Life-cycle inspection
: Hazards identification - Clause 7 I shows significant changes?
I + LA ~2~]
I Fire-safety design plan
| Clause 8 N
o}
|
|
| Design fire and behavioural scenarios
I Clause 9 Fire-safety managemerit and audit
I ] Clause-14
|

: Selection of engineering methods
| Clause 10
: Implementca;\ltion of1c:iaesign plan
| Scenario based evaluation trial design ause
I Clause 11 |
I
|
: Performanc ves

No € ance . .
L criteria are satisfied? Final project report

Clause 12
NOTE From ISO 23932:2009, Claus¢ 4,

Vi

Figune 1 — Fire-safety engineering process: Design, implementation and maintenance
flowchart

© ISO 2016 - All rights reserved


https://standardsiso.com/api/?name=d5184ced5360103db5398cd70aed3881

INTERNATIONAL STANDARD ISO 24678-6:2016(E)

Fire safety engineering — Requirements governing
algebraic formulae —

Part 6:
Flashover related phenomena

1 (Scope

Thif document provides requirements to govern the application of explicit algebraic-formulg sets to the
calqulation of flashover-related phenomena.

Thif document is an implementation of the general requirements provided)in ISO 16730-1 fpr the case
of fjre dynamics calculations involving sets of explicit algebraic formulag.

Thif document is arranged in the form of a template, where specific information relevant tp algebraic
flashover formulae are provided to satisfy the following types of gereral requirements:

a) |description of physical phenomena addressed by the calculation method;
b) [documentation of the calculation procedure and its¢scientific basis;

c) |limitations of the calculation method;

d) |input parameters for the calculation method;

e) |domain of applicability of the calculatign method.

Annex A contains a set of algebraic forxmulae each of which calculate the minimum heat reldase rate to
caupe flashover in residential size ehclosures.

[\

Normative refereneces

The following documents’ are referred to in text in such a way that some or all of their content
conktitutes requirements of this document. For dated references, only the edition cited gpplies. For
undated referencesthe latest edition of the referenced document (including any amendmengs) applies.

ISO|16730-1, Fire safety engineering — Procedures and requirements for verification and vqlidation of
caldqulation methods — Part 1: General

3 Terms and definitions

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

ISO and [EC maintain terminological databases for use in standardization at the following addresses:

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

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

© IS0 2016 - All rights reserved 1
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3.1
critical he

at release rate for flashover

minimum heat release rate of a fire in an enclosure to cause flashover in that enclosure

4 Symbols

Symbols fo

r the calculations used to predict flashover onset in Annex A are listed in A.2.

5 Requirements governing description of physical phenomena

5.1 The
a result of
Heat and n

may increa
should be ¢

5.2 Flash
those chard

5.3 Scen
identified.

5.4 Beca
scenarios

guidance s
Annex A.

6 Requ

6.1 The
algebraic fi

6.2 Each

of the formjula, as well as explanatory notes and limitations unique to the formula being presented.

6.3 Each
formula ve

6.4 The
handbooks

bnset of flashover is a complex thermo-physical phenomenon that can be highly transient
burning in an enclosure, hot smoke layer develops in the upper part as stated in IS0 16
hass transfer in enclosure takes place. Radiative and convective heat transfer tofuel sur
se the heat release rate. To calculate the onset of flashover, interactions between phenom
onsidered.

cteristics inferred by association with calculated quantities.

hrio elements (e.g. two-layer environment) to which specificformulae apply shall be cle

ise different formulae describe different flashover characteristics (5.2) or apply to diffe

hall be given on the selection of appropriate\ nethods. A descriptive example is give

jrements governing documentation

procedure to be followed in performing calculations shall be described through a se
prmulae.

formula shall be presented in a separate clause containing a phrase that describes the ou

Fsions withidimensionless coefficients are preferred.

scientific basis for the formula set shall be provided through reference to recogni
the'peer-reviewed scientific literature or through derivations, as appropriate.

.As
35.
face
ena

over phenomena to be calculated and their useful ranges shall be clearly identified, includling

arly

fent

5.3), it shall be shown that if there is more thamohe method to calculate a given quanttity,

l in

t of

put

variable in the\formula set shall be clearly defined, along with appropriate SI units, although

zed

6.5 Examples shall demonstrate how the formula set is evaluated using values for all input parameters

consistent

7 Requ

with the requirements in Clause 6.

irements governing limitations

7.1 Quantitative limits on direct application of the algebraic-formula set to calculate output parameters,

consistent

with the scenarios described in Clause 6, shall be provided.

7.2 Cautions on the use of the algebraic-formula set within a more general calculation method shall
be provided, which shall include checking of consistency with the other relations used in the calculation

method an

2

d the numerical procedures employed.

© ISO 2016 - All rights reserved
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8 Requirements governing input parameters

8.1 Input parameters for the set of algebraic-formulae shall be identified clearly, such as; geometric
dimensions of enclosure surfaces and vents, special location of vents, special location of fire source,
physical properties of boundaries, combustion properties and so on.

8.2 Sources of data for input parameters shall be identified or provided explicitly within the document.

8.3 The valid ranges for input parameters shall be listed as specified in ISO 16730-1.

9 [Requirements governing domain of applicability

9.1| One or more collections of measurement data shall be identified to establish the|domain of
applicability of the formula-set. These data shall have certain level of qualjty\ [€.g. repeatpbility and
reproducibility; see ISO 5725 (all parts)] assessed through a documented/standardized procgdure.

9.2] The domain of applicability of the algebraic formulae shall be @detérmined through domparison
with the measurement data of 9.1.

9.3| Potential sources of error that limit the set of algebraic fonmulae to the specific scenarjos given in
Clayse 6 shall be identified, for example, the assumption of uniform gas layers in an enclosed ppace.

© IS0 2016 - All rights reserved 3
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Annex A
(informative)

Algebraic formulae for calculating the minimum heat release rate
to cause flashover in residential size enclosures

A.1 Desgription of physical phenomena addressed by the formula set

A.1.1 Geperal

The formula sets discussed in Annex A were all empirically derived using temperature and heat
flux measyrements from tests where different fuels were burned in enclosures, 'of similar size pnd
constructi¢n. The tests were generally done to study enclosure fire behaviour ineluding the phenomenon
of flashovdr. Because combustion products from fires have substantially higher‘temperature than|the
ambient aif, the enclosure gases stratify with the less dense hot combustioniproducts forming a growing
hot layer i1} the ceiling volume of the enclosure. The consensus threshold heat release rate for flashgver
(Qfo) is reached when the measured temperature of hot layer exceeds-Certain values such as 500 °C to
600 °C (approximately 770 K to 870 K) and radiation heat flux to flodor surface exceeds 20 kW/m?2 which
is enough tjo ignite common combustible materials in a short time:.f1Z]

The range [of application is limited by the range in size of theé tests from which these formulae w
derived; ngmely, enclosures that have moderate volume. Allof these formulae were empirically derf
based on small- and residential-sized enclosures. The data sets[12][13] analysed show wide variat
because they are collected from similar experimental‘enclosures but using different fuel packages
enclosure lining materials. Note that the majority of algebraic relationships discussed in the follow

fere
ved
ons
and
fing

subclauses
formulae W
do it for ea

The formu

enclosure
found to b

fire model.

A1.2 Ge

Consider a
by a carele

have been derived from experiments in naturally ventilated enclosures. Only one of
ras developed for forced ventilation'conditions. To assess uncertainty, it will be necessar
Ch test article individually.

a sets; all normalized by the-opening factor A\/E, relate Qfo to the total interior area of

hind a factor proportional to the thermal inertia of the enclosure surfaces. The formula
bst represent data iS-identified using the available data and calculations of Qfo using a
[14]

neral description of calculation method

growing fire in a compartment such as a mattress in a bedroom that has just been ign
sslyndiscarded cigarette. Sufficient quantities of air are available for combustion in the e

the
y to

the

set
CFD

ted
hrly

stages of fj

ré-growth. The burning is said to be fuel-controlled because the combustion, including

the

resultant heat release rate, is primarily influenced by fuel factors such as fuel type (the mattress) and
its configuration (horizontal). Combustion products tend to collect in a layer under the ceiling because
they are hotter and therefore less dense than the ambient environment. There is often a fairly sharp
demarcation between a hot upper smoke layer and a relatively cool lower layer. As burning continues,
the hot layer increases in depth and temperature. This augments the radiative and convective heat
transfer to burning items below, which in turn increases their HRR resulting in an increase in the upper
layer temperature, further enhancing heat transfer rates to burning items and enclosure surfaces. If
sufficient fuel is present and arranged in such a way that the fire does continues to grow, the fire can
enter a transitional phase known as flashover.

Flashover is defined as “the rapid transition to a state of total surface involvement in a fire of
combustible material within an enclosure”. Essentially, almost all exposed combustible surfaces
ignite and burn during flashover. This results in a fully-developed fire. Flashover often represents the

4 © IS0 2016 - All rights reserved
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transition from fuel-controlled burning to ventilation-controlled burning where the heat release rate
is limited by oxygen availability, which is provided by the flow of fresh air into the compartment. After
flashover, there is typically no longer any separation between a hot upper layer and a cool lower layer.
Rather, a single well-mixed zone of hot gases exists. The heat release rate has reached a maximum and
remains relatively constant until a large fraction of the fuel in the compartment has been consumed.
Post-flashover burning represents the most hazardous stage of a compartment fire, and it is therefore
of great practical interest to be able to estimate the critical heat release rate at which a fire will show
transition to its flashover stage.

While the phenomenon of flashover is un1versally accepted the critical cond1t1ons def1n1ng the

tem
algé
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of W

A1
The

A1
Nor

A.2

e heat flux

he floor of 20 kW/m2 and appearance of flames exiting vents are all used to 51gnal the event of

lels are designed to predict vertical temperature gradients and the attainniént of y

braic formulae for flashover always use this criterion.

ghly speaking, the onset of flashover in an enclosure occurs when the radiant heat flux
ind 500 °C to 600 °C, noting that the radiant flux emitted by a 600 °C black body is about

3 Scenario elements to which the formula set is applicable

set of formulae is relevant to the prediction of the minimum heat release rate necessa

rind is neglected.

.4 Self-consistency of the formula sets

formula set is developed in self-consistent manner.

.5 Standards and other documents where the formula set is used

e specified.

Symbols

area of ventilation opening (m2)
area of floor (m2)

total interior area of the enclosure excluding opening area (m2)

L 1l 1 L L 2
dl'€d O Wdlls5 d11U CClLIIlg (1117

effective heat transfer coefficient (kW-m-2-K-1)

(kpc)r thermal inertia of floor lining (kJ2-m-4-K-2.s71)

(kpSwe thermal inertia of wall and ceiling linings (kJ2-m-4-K-2.s71)

H

Qﬁ,

height of ventilation opening (m)

mechanical ventilation rate (kg-s1)

critical (minimum) heat release rate to cause flashover (kW)

© ISO 2016 - All rights reserved
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peratures in the above range is most often used to indicate when flashover.occurs. Partifularly, the

o the floor

rages 20 kW/m2. This heat flux level corresponds, more or less, to-an upper layer temperature of

20 kW/m2.

"'y to cause
hover in a compartment. Except where noted, theseformulae apply to naturally ventilated fires,
hose where the effect of forced ventilation due to-HVAC systems is negligible. In additioy,

the effect
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heat release rate in an enclosure (kW)
reference heat release rate (=1 000 kW)

characteristic time for flashover occurrence (s)
characteristic time of fire growth (s)

opening factor (m>/2)

ratio of internal surface area to opening factor (m-1/2)

A.3 Formula-set documentation

A3.1 Ge

neral

The minimjum heat release rate required to cause flashover in a compartment is usually predicted by

using an ey
sometimes

ergy balance to calculate the upper layer temperature as a function of heat release rate
time) and then relating the onset of flashover to the attaininent of some critical condi
artment. For calculation purposes, flashover is usually @ssumed to occur when the ug

layer templerature rise is between 500 °C and 600 °C or the radiative heat flux to the floor exce

in the corrplf

approximaely 20 kW/m?2.

Empiricall
flashover

surfaces (4
flashover d

/ and theoretically, the most important factors affecting the minimum heat release rate
Qfo) are the area (4) and height (H) of any compartment vents, the total area of inte

A7), and the thermal properties of the enclosure lining materials. For this reason,

Formula (A.1):
Qfo B f AT (
AH |7 aH

where the(total area of internal surfaces (A7) may be determined by net surface area of enclog

boundary
surfaces, w
area from {

A.3.2 Ba
Using a te
simple exp

Qp
H

=750

valls, floors and ceilings. Some formula includes opening area in the total area of inte
he total area ofinternal surfaces.

brauskas’formulae

mperature rise of 575 °C as criterion for onset of flashover, Babrauskas[13] proposed

and
[ion
per
eds

for
‘nal

the

orrelations that have appeared in the literature can be expressed consistently in the form in

\.1)

ure
‘nal

hile some do not, Eor'conservative design calculations, it is recommended to exclude opering

the
Uer:

ression in Formula (A.2) for estimating the minimum heat release rate to produce flasho

(A.2)

The coefficient was derived from theoretical assumption that half of the enclosure surface is effective
for heat absorption. Comparisons with experiments were carried out for full-scale and model scale
experiments conducted in compartments in the range shown in Table A.1. In most of the experiments,

© ISO 2016 - All rights reserved
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enclosure boundary was made with high density materials. After the comparison, the formula was

corrected to Formula (A.3):

= 650(1+0,005—L— (A.3)

Q

A\/_ A\/_
In order to account for the effect of internal surface area, Babrauskasl[16] also gives a more complicated
expression, Formula (A.4), that considers transient heat loss to enclosure surfaces:

Q 0,799
o _1 520exp ’ J196|  (A4)
AH

-2/3 —0¢6.
1-0,92exp| -11,9
i [

mula (A.4) has been compared with four additional room scale experiments conducted in an
enclosure, 2,26 m x 3,94 m x 2,31 m.

1-0,94exp —33{

]
o
=

Table A.1 — Range of experimental datasets compared with Babrauskas’ formula [Forrhula (A.4)]

Internal surface area Openingfactor Ratio of internal surface
At 4 \/ﬁ area and opening factor
5 [
(m?) (m5/2) Ay / Al
(m-1/2)
Moflel scale experiments 0,84 to 6,0 0,06 to 0,68 9to 50
Ful] scale experiments 40to 127 0,78 to 7,51 16 to 65
Additional room scale 43,5 to 442 2,40 to 3,67 11,8 to 12[0
exgerimentsa
a 12,26 mx394mx231m(WxLxH).

A.3.3 Thomas’ formula

Thdmasl1Z] used an energy balance that considered heat losses to the bounding surfaces arjd enthalpy
flow through compartment vents. The two adjustable constants were fixed by correlating the model
preflictions with data,ffom flashover experiments by Hagglund[18] in compartments made pf concrete
and lightweight cénctete shown in Table A.2. The resulting expression is as per Formula (A.}):

A
=378 +7,8—L_ (A.5)

L
AVH A\/E

© IS0 2016 - All rights reserved 7
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Table A.2 — Range of Higglund’s experimental datasets compared with Thomas’ formula

[Formula (A.5)]

Internal surface area Opening factor Ratio of internal surface
At A \/E area and opening factor
2
(m?2) (m5/2) Ap /A\/E
(m-1/2)
Room scale, series 1
56,1to 57,5 0,22t0 1,78 31,5to 258
(29mx3,75m x 2,70 m)
Room scalgq, series 2
93,0 to 96,9 0,89 to 5,34 17,4 to 109
(6,0 m x 3,45 m x 2,70 m)
Room scald, series 3
88,9t092,0 1,78 to 5,34 16,7 to 51,7
(59 mx 3,70 m x 2,60 m)
A.3.4 M(Caffrey’s formula
McCaffrey,|et al.[19] used a regression analysis to develop an empirical correlation to predict the ugper
layer gas femperature in compartment fires. Assuming that flashover dccurs when an upper lgyer
temperatufe attains 600 °C, the correlation can be used to derive the expression for Qfo showh in

Formula (A.6):

QU
aH

where the ¢ffective heat transfer coefficient to the interior'surfaces can be estimated from Formula (4

fﬂ (kpc)wc +A_f (kpc)f (
A\ e A\ e ‘

The charadteristic time for flashover occurrence t. is determined as 1 000 s for typical cases.

A
- 740,/h,. A\/Tﬁ ¢

\.6)

.7):

\.7)

The range|of enclosure sizes is shown in Table A.3. The thermal inertia of internal linings vafied
between hligh (concrete), medium-(calcium silicate board, gypsum board) and low values (alumjna-
silica blocH, aerated concrete).
Table A.3 — Range of experimental datasets compared with McCaffrey’s formula [Formula (AL6)]
Internal surface area Opening factor Ratio of internal surfacp
At A \/ﬁ area and opening factor
2
(mZ2) (m5/2) A/ AJH
(m-1/2)
\S J
Room scale, series 1
56,1to0 57,5 0,22t0 1,78 31,5to 258
(29mx3,75m x 2,70 m)
Room scale, series 2
93,0t096,9 0,89 to 5,34 17,4 to 109
(6,0 m x 3,75 m x 2,70 m)
Room scale, series 3
88,9t092,0 1,78 to 5,34 16,7 to 51,7
(59mx 3,70 m x 2,60 m)

© ISO 2016 - All rights reserved
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A.3.5 Hagglund’s formula

Hagglund[20] used zone model calculations to develop Formula (A.8):

3
A
=1050—L L

Qp 2
N aVH | A, [aVH

+0,247

The experimental data sets in Table A.2 was utilized for comparison.

(A.8)

A3

For
for

6__Foote’s formula for mnrhanira"y ventilated fire

mechanically ventilated room fires, Formula (A.9), for the minimum heat release-r

tenfperature of 600 °C, the initial ambient temperature of 25 °C, and the effective he

coe

ficient of 0,023 kW/(m2 K).

Qg =214,[Ap m

Formula (A.9) was derived from mechanically ventilated enclosure fires conducted in a ¢

cell

thid

con
Refi

Table A.4 — Range of experimental datasets compared with Foote’s formula [Formu

dition is shown in Table A.4. Details of the fuel sources @nd'ventilation variations are c
brence [21].

hite needed

flashover, is presented by Foote, et.all21] by assuming that flashover occurs_dt|the ypper layer

ht transfer

(A9)

crete test

The test cell dimensions were 4,5 m high, 4,0 m wide and 6,0 milong. The walls and ceilirjg are 0,1 m
k refractory with a calculated thermal penetration time of 2,5 h. The floor is concrete. Experimental

ntained in

la (A.9)]

Internal surface |Mechanical ventilation | Ratio of intern
area rate area and meq
ATt y

m
(m2) (kg/s) A /T

[m2/(kg

ventilation rate

al surface
hanical

s

Ro

(4,0 m x 6,0 m x 4,5 m)

m scale 138 0,11 to 0,325 115 to 3}
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.7 Scientific basis for the formula-set

formulae were all'derived using data from experimental fire test cells that were instrumlented with

'mocouple rakes and gas flow detectors at vent openings. The test cell linings varied fro
concrete to-polystyrene, where the most common lining was gypsum board. Test cell

m plywood
imensions

e similar.in size where the size range averaged close to the dimensions of ISO 9705 tegting room.
vever,seme tests were conducted in test articles with vertical dimensions as small as 0,3|m. Indeed,
elscale tests conducted by Hasemil22] produce data that fall in the same range as datja from the

larder-rooms. There was generally one vent opening for most of the small scale and ISO room/|scale tests.

Of these formulae, Formula (A.6) in A.3.4 is recommended to the user because it trends well with the
other formulae, and because it contains a term for the effective heat transfer coefficient which accounts
for At heat losses resembling the predictions calculated by a CFD fire models as will be demonstrated
in A.3.8.

A3

.8 Comparison with other experimental data

The above expressions have been compared with experimental measurements of the heat release rate
at flashover by Babrauskas, et al.[12] and Peacock, et al.[23] Most of the experiments were carried out in
a compartment lined with large thermal inertia materials such as concrete and brick. Internal surface
area was in the range of 46,0 m2 to 127,7 m2 with an average of 65,3mZ2. Opening factor was in the range

of 0

,78 m5/2 to 7,52m>/2 with an average of 2,52 m>5/2,
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A comparison of the heat release rate at flashover calculated with the above formulae and the
experimental datal12][23] is given in Figure A.1. For Formula (A.6), it was assumed h7 = 0,023 kW m—2

K-1. Formula (A.8) does not exhibit a physically correct trend for small values of A, /A\/E
Formula (A.2), though adequate as a rule of thumb estimate, do not exhibit an increase in Qfo /A\/E

with A / A\/E as is observed experimentally as well as in both zone and CFD simulations. In contrast,

Formulae (A.4), (A.5) and (A.6) exhibit very similar estimates of Qfo / A\/E for 20 m1/2< A, / A\/ﬁ <

80 m-1/2, The difference between these three formulae is negligible in comparison to the scatter in the
experimental data

Dimensionpl analysis [i.e. Formula (A.1)] gives the functional form of the relationship between|the
critical heat release rate for flashover and the compartment vent areas and height. Correlation yith
experimental data has been used to postulate several different forms of this function {represented
by Formulge (A.4) to (A.6)] and it can be seen from Figure A.1 that the different calcilation metHods
exhibit simlilar trends and represent the experimental data points fairly well.

1600 T

1400 1
1200 1

1000 4

Y 8001
600 1
400 1

200 4

of

1  experimental datal12]
2 experimental datal22]
Y Qp/AH}2 (kW m:5/2)
X Ar/AHY? (m142)

NOTE Jee References [12] and [23].

Figure A.1 — Comparison of predictive methods for critical heat release rate for flashover and
experimental data with large thermal inertia walls

A.3.9 Discussion on the effect of thermal properties of wall enclosures

Additional calculations were conducted with a CFD modell14] to assess the impact of thermal properties
of the wall lining materials on heat release rate at flashover. Simulations were performed for the
standard ASTM room (2,42 m x 3,63 m x 2,42 m, with single opening of 0,78 m wide x 2,15 m high)
compartment[13] lined with three different materials. The compartment had a single ventilation
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opening, and the heat release rate was assumed to grow at three different “t-squared” growth rates, as

per

Formula (A.10).

._. LZ
0=0y(-)

g

(A.10)

The fire growth rate was set for 1 m x 1 m fire area using the properties of polyurethane and slow
(tg = 600 s), medium (t; = 300 s) and fast (t; = 150 s) t2-fire growth as defined in ISO 16733-1:2015,
Annex C.

The r , - . _ .
) lining material] and Figure A.5 (hlghly 1nsu1at1ng lining). In addition, Formula (A.6J-was applied

h appropriate effective heat transfer coefficient (h¢) to estimate Qf /A\/7 for the same¢ enclosure

Key

o<W N

CFD, small room,.500 °C
CFD, small room;600 °C
McCaffrey’s formula
Qfo/AHYZ (KW m-5/2)
ArfAH1/2 (m-1/2)

ctive (cold-

pberties. Since the trends of the estimates are similar to the CFD estimates, Formula (A.p) could be
pbmmended as the best candidate for general application of the formula sets.
2500
A
[ 02 o
2004+ & 3
1500 |
Y [ (A8) o
1000 - ﬂ
N A _ #
0 | (A
L (A5)
(A.6)
U O S A e
0 5 10 15 20 25 30 35 40
X

E Wall lining tor CFD modelling and Formula (A.6) 1s gypsum.

Figure A.2 — Comparison of CFD modelling results and estimates (diamonds) with

Formulae (A.2) to (A.6) plots for onset of flashover
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2500
a1
[ o2
00+ ¢ 3 &
A
I . A
1500
Y \(AB) o

1000 1 =
I A

oo | (8] I
[ (A5) 5‘
I (A.6)
I L B B e e
0 5 10 15 20 25 30 35 40
X
Key
1 CFD, snpall room, 500 °C
2  CFD, s:Iall room, 600 °C
3 McCaffrey’s formula
Y Qp/AH}/? (kW m5/2)
X A7/AHY/2 (m-1/2)

NOTE1  alllining for CFD modelling and Formula (A.6] estimates is cold-wall (ambient) temperature.
NOTEZ  The Qp, estimate at AL / A\/; = 34, 8.is/off scale.

NOTE3  Yee Reference [12].

Figure A.3 — Comparison of CFD modelling results and Formula (A.6) estimates (diamonds)
with Formulae (A.2) to (A.6) plots for onset of flashover
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2500
I a1
82
2000+ & 3
1500 ':
1000 T
L \ (A_Z) /
l \_//—#
0 | (A4)
L i m|
[ (45) 2 "
I (A.6) A S
0 “
0 5 10 15 20 25 30 35 40
X
Key
1 |CFD, small room, 500 °C
2 |CFD, small room, 600 °C
3 |McCaffrey’s formula
Y [Qp/AHY/2 (kW m-5/2)
X |A7/AH1/2 (m-1/2)

NOTE Wall lining for CFD modelling and Formula (A.6) estimate is adiabatic.

Figure A.4 — Comparison of CFD modelling results and estimates (diamonds) with

Formulae (A.2) to (A.6) plots for onset of flashover

Figlires A.2 to A.4 show thatthe CFD data for the gypsum wall lining material matches the experimental

dat

it

esti
mo;E;lling and the estimates calculated using Formula (A.6) bracket the experimental dat

h most closely, and that the experimental data are bracketed by the CFD results and For
ates for the adiabatic lining and the highly conductive linings. Because Qf, predictions

pears that Formula (A.6) has the best capability to produce acceptable estimates

mula (A.6)
using CFD
h similarly,
of Qf for

preliminary engineering analysis.

A4
Th

Formula-set limitations

app]if‘ah'nn of formula-setislimited tao the Fn”nun'ng situations:

A.4.1 Normal ambient air

All formulae apply only to normal-air (21 % oxygen by volume), atmospheric pressure environments
with ambient temperatures close to “room temperature”. The formulae do not apply directly to
environments with oxygen concentrations different from 21 % by volume. Also, the formulae do not
apply when ambient temperatures are outside the range of approximately 0 °C to 40 °C.

A.4.2 Enclosure lining materials

Since the correlations were developed largely from compartment fires having “typical” moderately-
conductive wall lining materials, they may not apply to compartments with highly conductive or highly
insulating walls. However, Formula A.7 can be used to estimate the heat loss through wall and ceiling
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areas with various thermal properties. The CFD does better calculations because this modelling does
account for changes in the thermal properties of the lining materials during fire growth.

The correlation does not consider flame spread over wall and ceiling surfaces. Thus the use of formula
is limited to rooms with non-combustible or not easily ignitable materials.

A.4.3 Rectilinear room

The correlations apply to typical rectilinear compartments that do not have large aspect ratios. The
algebraic formulae should not be applied to compartments with aspect ratios (the ratio of compartment
depth to compartment width as defined in Figure A.6) greater than approximately 3. The correlations
were deveJoped from experimental data for compartments with “normal” ceiling heights (&3 m)
so they shpuld not be applied to high-ceiling spaces. The correlations also should not be applied to
compartments larger than approximately 4 m by 4 m because few experiments were conhductefl in
compartments larger than this.

A.5 Formula set input parameters

A.5.1 Opening factor

Opening fqctor is calculated from the geometry of opening. For an enclosure with a single openjfing,
opening faftor is directly calculated by the height H and area A of the opening. For an enclosure yith
multiple openings as shown in Figure A.5, effective values of the pdrareters A and H can be calculgted
by Formulde (A.11) and (A.12):[24]

4=, (Al11)
i=]
1 n
H= ZZHI.AI. (al12)
i=1

where n is fhe number of openings, 4; and Hyare the area and height of the i-th opening.

Figure A.5 — Calculation of effective opening factor for an enclosure with multiple openings

If the heights of openings above floor are different, mass flow rate of air m incoming to enclosure can
be calculated assuming room temperature of 500 °C using the methods in ISO 16737:2012, Annex B.
Then the equivalent opening factor is defined by Formula (A.13):

AVH =m /0,52 (A.13)

which gives the same amount of air flow into compartment.
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