BS I1SO 16737:2012

Fire safety engineering —
Requirements governing
algebraic equations — Vent
flows

[
bSlo ..making excellence a habit.



BS ISO 16737:2012 BRITISH STANDARD

National foreword
This British Standard is the UK implementation of ISO 16737:2012.

The UK participation in its preparation was entrusted to Technical
Committee FSH/24, Fire safety engineering.

A list of organizations represented on this committee can be
obtained on request to its secretary.

This publication does not purport to include all the necessary
provisions of a contract. Users are responsible for its correct
application.

© The British Standards Institution 2013. Published by BSI Standards
Limited 2013

ISBN 978 0 580 69634 3
ICS 13.220.01

Compliance with a British Standard cannot confer immunity from
legal obligations.

This British Standard was published under the authority of the
Standards Policy and Strategy Committee on 31 August 2013.

Amendments issued since publication
Date Text affected




INTERNATIONAL @
STANDARD 16737

Second edition
2012-12-01

Fire safety engineering —
Requirements governing algebraic
equations — Vent flows

Ingénierie de la sécurité incendie — Exigences régissant les équations
algébriques — Ecoulements au travers d’une ouverture

-_— Reference number
=/ N— 1SO 16737:2012(E)

©1S0 2012


http://dx.doi.org/10.3403/30212295U
http://dx.doi.org/10.3403/30212295U

BS ISO 16737:2012
IS0 16737:2012(E)

COPYRIGHT PROTECTED DOCUMENT

© 1502012

All rights reserved. Unless otherwise specified, no part of this publication may be reproduced or utilized in any form or by any
means, electronic or mechanical, including photocopying and microfilm, without permission in writing from either ISO at the
address below or ISO’s member body in the country of the requester.

ISO copyright office

Case postale 56 « CH-1211 Geneva 20

Tel. + 41 22 749 01 11

Fax + 4122 749 09 47

E-mail copyright@iso.org

Web www.iso.org

Published in Switzerland

ii © ISO 2012 - All rights reserved



BS ISO 16737:2012
IS0 16737:2012(E)

Contents Page
FFOT@WOTM ........oooccceeee st iv
IV OQUICEION. ...ttt \%
1 SCOPI ...t 1
2 NOTITNATIVE TEECI@INCES ..........ccccocvoveeiessse st 1
3 Terms and AefiNItiONS ... s 1
4 Requirements governing description of physical phenomena 1
5 Requirements governing doCUmMeNtaAtION...............cciiiiscs s 2
6 Requirements governing HMItations ... 2
7 Requirements governing input PArameEter's ... 2
8 Requirements governing domain of applicability ... 3
Annex A (informative) General aspects of VENt flIOWS.............ccee e 4
Annex B (informative) Specific formulas for vent flows meeting requirements of AnnexA......... 10
BIDLEOZTAPIY . ... 35

© 1S0 2012 - All rights reserved iii



BS ISO 16737:2012
IS0 16737:2012(E)

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.

International Standards are drafted in accordance with the rules given in the ISO/IEC Directives, Part 2.

The main task of technical committees is to prepare International Standards. Draft International
Standards adopted by the technical committees are circulated to the member bodies for voting.
Publication as an International Standard requires approval by at least 75 % of the member bodies
casting a vote.

Attention is drawn to the possibility that some of the elements of this document may be the subject of
patent rights. ISO shall not be held responsible for identifying any or all such patent rights.

[SO 16737 was prepared by Technical Committee ISO/TC 92, Fire safety, Subcommittee SC 4, Fire
safety engineering.

This second edition cancels and replaces the first edition (ISO 16737:2006), which has been
technically revised.

iv © ISO 2012 - All rights reserved
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Introduction

This International Standard is intended to be used by fire safety practitioners who employ 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 International Standard 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 formulas conforming to the requirements of this International Standard are used with other
engineering calculation methods during fire safety design. Such design is preceded by the establishment
of a context, including the fire safety goals and objectives to be met, as well as performance criteria
when a tentative fire safety design is subject to specified design fire scenarios. Engineering calculation
methods are used to determine if these performance criteria will be met by a particular design and if
not, how the design must be modified.

The subjects of engineering calculations include the fire-safe design of entirely new built environments,
such as buildings, ships or vehicles as well as the assessment of the fire safety of existing built
environments.

The algebraic formulas discussed in this International Standard are very useful for quantifying
the consequences of design fire scenarios. Such formulas are particularly valuable for allowing the
practitioner to determine very quickly how a tentative fire safety design should be modified to meet
performance criteria, without having to spend time on detailed numerical calculations until the stage of
final design documentation. Examples of areas where algebraic formulas have been applicable include
determination of heat transfer, both convective and radiant, from fire plumes, prediction of ceiling
jet flow properties governing detector response times, calculation of smoke transport through vent
openings and analysis of enclosure fire hazards such as smoke filling and flashover.

The algebraic formulas discussed in this International Standard are essential for checking the results of
comprehensive numerical models that calculate fire growth and its consequences.

© IS0 2012 - All rights reserved v
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Fire safety engineering — Requirements governing
algebraic equations — Vent flows

1 Scope

1.1 This International Standard specifies requirements for the application of algebraic formula set for
the calculation of specific characteristics of vent flows.

1.2 This International Standard is an implementation of the general high-level requirements for the
case of fire dynamics calculations involving sets of algebraic formulas.

1.3 This International Standard is arranged in the form of a template, where specific information
relevant to algebraic vent flow formulas is provided to satisfy the following types of general 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 calculation method.

NOTE Examples of sets of algebraic formulae meeting all the requirements of this International Standard will
be provided in separate annexes for each different type of vent flow scenario. Currently, there are two informative

annexes containing general information on vent flows and specific algebraic formulas for practical engineering
calculations.

2 Normative references

The following referenced documents are indispensable for the application of this document. For dated
references, only the edition cited applies. For undated references, the latest edition of the referenced
document (including any amendments) applies.

[SO 13943, Fire safety — Vocabulary

ISO 16730, Fire safety engineering — Assessment, verification and validation of calculation methods

[SO 5725 (all parts), Accuracy (trueness and precision) of measurement methods and results

3 Terms and definitions

For the purposes of this document, the terms and definitions given in [SO 13943 apply. See each annex
for the terms and definitions specific to that annex.

4 Requirements governing description of physical phenomena

4.1 The buoyant flow through a vent resulting from a source fire in an enclosure having one or more
openings is a complex thermo-physical phenomenon that can be highly transient or nearly steady-state.
Vent flows may contain regions involved in flaming combustion and regions where there is no combustion

© IS0 2012 - All rights reserved 1
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taking place. In addition to buoyancy, vent flows can be influenced by dynamic forces due to external wind
or mechanical fans.

4.2 General types of flow boundary conditions and other scenario elements to which the analysis is
applicable shall be described with the aid of diagrams.

4.3 Ventflow characteristics to be calculated and their useful ranges shall be clearly identified, including
those characteristics inferred by association with calculated quantities.

4.4 Scenario elements (e.g. two-layer environments, uniform mixture, etc.) to which specific formulas
apply shall be clearly identified.

4.5 Because different formulas describe different vent flow characteristics (4.3) or apply to different
scenarios (4.4), it shall be shown that if there is more than one method to calculate a given quantity, the
result is independent of the method used.

5 Requirements governing documentation

5.1 The procedure to be followed in performing calculations shall be described through a set of
algebraic formulas.

5.2 Each formula shall be presented in a separate clause containing a phrase that describes the output
of the formula, as well as explanatory notes and limitations unique to the formula being presented.

5.3 Each variable in the formula set shall be clearly defined, along with appropriate SI units, although
formula versions with dimensionless coefficients are preferred.

5.4 Thescientific basis for the formula set shall be provided through reference to recognized handbooks,
the peer-reviewed scientific literature or through derivations, as appropriate.

5.5 Examples shall demonstrate how the formula set is evaluated using values for all input parameters
consistent with the requirements in Clause 4.

6 Requirements governing limitations

6.1 Quantitative limits on direct application of the algebraic formula set to calculate output parameters,
consistent with the scenarios described in Clause 4, shall be provided.

6.2 Cautions on the use of the algebraic formula set within a more general calculation method shall
be provided, which shall include checks of consistency with the other relations used in the calculation
method and the numerical procedures employed.

7 Requirements governing input parameters

7.1 Input parameters for the set of algebraic formulas shall be identified clearly, such as layer
temperature, pressure and geometric dimensions.

7.2 Sources of data for input parameters shall be identified or provided explicitly within the standard.

7.3 The valid ranges for input parameters shall be listed as specified in ISO 16730.

2 © IS0 2012 - All rights reserved
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8 Requirements governing domain of applicability

8.1 One or more collections of measurement data shall be identified to establish the domain of
applicability of the formula set. These data shall have a level of quality (e.g. repeatability, reproducibility
- see [SO 57293) assessed through a documented/standardized procedure).

8.2 The domain of applicability of the algebraic formulas shall be determined through comparison with
the measurement data of 8.1.

8.3 Potential sources of error that limit the set of algebraic formulas to the specific scenarios given
in Clause 4 shall be identified, for example, the assumption of one or more uniform gas layers in an
enclosed space.

© IS0 2012 - All rights reserved 3
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Annex A
(informative)

General aspects of vent flows

A.1 Terms and definitions used in this annex

For the purposes of this document, the terms and definitions given in and the following apply.
Al11

boundary

surface that defines the extent of an enclosure

A.1.2

datum

elevation used as the reference elevation for evaluation of hydrostatic pressure profiles
A.1.3

enclosure

room, space or volume that is bounded by surfaces

A.l1.4

flow coefficient

empirical efficiency factor that accounts for the difference between the actual and the theoretical flow
rate through a vent

A1.5

hydrostatic pressure

atmospheric pressure gradient associated with height
A.l.6

interface position

smoke layer height

elevation of the smoke layer interface relative to datum, typically the elevation of the lowest boundary
of the enclosure

A1.7
neutral plane height

elevation at which the pressure inside an enclosure is the same as the pressure outside the enclosure

4 © IS0 2012 - All rights reserved
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A.1.8

pressure difference

difference between the pressure inside an enclosure and outside the enclosure at a specified elevation
A.19

smoke

airborne stream of solid and liquid particulates and gases evolved when a material undergoes pyrolysis
or combustion, together with the quantity of air that is entrained or otherwise mixed into the stream

A.1.10

smoke layer
hot upper layer
hot gas layer

relatively homogeneous volume of smoke that forms and accumulates beneath the boundary having the
highest elevation in an enclosure as a result of a fire

A.l1.11

smoke layer interface

horizontal plane separating the smoke layer from the lower layer
A.1.12

vent

opening in an enclosure boundary through which air and smoke can flow as a result of naturally or
mechanically induced forces

A.1.13
vent flow

flows of smoke or air through a vent in an enclosure boundary

A.2 Description of physical phenomena addressed by the formula set

A.2.1 Scope

This annex is intended to document the general methods that can be used to calculate mass flow rate
through a vent. The formula set is based on orifice flow theory.

A.2.2 General description of calculation method

The calculation methods permit calculation of flows through vents in enclosure boundaries arising from
pressure differences that develop between an enclosure and adjacent spaces as a result of temperature
differences between the enclosure and the adjacent spaces. Pressure differences may also result from
fire gas expansion, mechanical ventilation, wind or other forces acting on the enclosure boundaries and
vents, but these forces are not addressed in this International Standard. Given a pressure difference
across a vent and the temperatures of the enclosures that the vent connects, mass flow rate is calculated
by using orifice flow theory.

The properties ofan enclosure, such as smoke layer interface height, temperature, and other propertiesare
calculated by the principle of heat and mass conservation for the smoke layer as described in ISO 16735.

© IS0 2012 - All rights reserved 5
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A.2.3 Vent flow characteristics to be calculated

Formulas provide the mass flow rate, enthalpy and chemical species flow rate.

A.3 Symbols and abbreviated terms used in this annex

A area of vent (m2)

B width of vent (m)

Cp flow coefficient ()

g gravity acceleration (m s-2)

hy height of lower edge of vent above datum (m)

hy height of upper edge of vent above datum (m)

max(x1, x2) maximum of x1 and x»

qm,ij mass flow rate flowing out from enclosure i into enclosure j (kg s-1)
qm,ji mass flow rate flowing out from enclosure j into enclosure i (kg s-1)
pi(h) pressure in enclosure i at height h above datum (Pa)

pj(h) pressure in enclosure j at height h above datum (Pa)

T temperature (K)

To reference temperature (K)

v flow velocity (m s-1)

Di gas density of smoke (or air) in enclosure i (kg m-3)

Pj gas density of smoke (or air) in enclosure j (kg m=3)

0o gas density of smoke (or air) at reference temperature (kg m-3)
Apij(h) pressure difference between enclosure i and j at height h; that is, pi(h) - pj(h), (Pa)
& height used as integration variable (m)

A.4 Formula-set documentation

A.4.1 Listof formula sets

The velocity of flow through vents is calculated according to orifice flow theory based on application
of the Bernoulli equation. Methods to calculate vent flows are developed for the conditions shown in
Table A.1. For the case of vertical and horizontal vents, flow may be uni-directional or bi-directional. For
horizontal vents, bi-directional flow takes place only for special cases when the pressure difference is
small. Explicit formulas presented here are applicable to flow through vertical vents and uni-directional
flow through horizontal vents.

© ISO 2012 - All rights reserved
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Table A.1 — Conditions of vent flow calculation

uni-directional flow

bi-directional flow

Ap,J(h) AP,J(h)
qm,lj-
vertical vent T
A ql'ﬂ,IJ
Apij A
TPy
T p

P 9 | ' |

s 1 mIJ - !

horizontal T pi

vent

ql‘l‘l,JI

Flow is unstable. No explicit formula is
available at present.

A.4.2 Orifice flow — Uniform pressure distribution over vent area

When pressure difference is created by some actions such as external wind or mechanical fans, the flow
through the vent is given by:

9= CDA\/ 2piApij

(A1)

where Apjj = pi - pj and the assumption is made that the pressure difference across the vent is uniform

over the entire vent area as shown in Figure A.1:

© IS0 2012 - All rights reserved
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\ Apijzpi_pj

< _— P — G = CD A p;v

/_/_ vz\lepij/pi

Key
1 enclosure i
2 enclosure j

Figure A.1 — Streamlines and flow coefficient for isothermal orifice flow

A.4.3 Hydrostatic pressure difference

When a vertical temperature profile Tj(h) exists in enclosure as shown in Figure A.2, gas density pj at
height h above datum is calculated by

_opdy 353
P =y T T -2

The hydrostatic pressure in enclosure is calculated by integrating gas density over height to yield

P = pO)-[p(§)gd¢ (A3)

Hydrostatic pressure difference between enclosures i and j at height h is

Apij(h) = pi(h) _Pj(h)
h
= PO -p O} - [{P()-pyO)}edl .
0
h
= Ap;(0)- [{p()—py(O)}2d¢
0
(A4)
NOTE To derive Formula (A.2), smoke gas is approximated by an ideal gas whose property is identical to air

at normal atmospheric pressure.

8 © IS0 2012 - All rights reserved
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Ap,(h)=ph)-p|(hl

A | \

1 2

qm,l;

T | nji

H =

Key
1 enclosurei
2 enclosurej

Figure A.2 — Hydrostatic pressure difference between two adjacent enclosures

A.4.4 General flow equation — Flow through vertical vent with pressure difference

When the pressure difference across the vent is not uniform over the vent area, flow through the vent
is calculated by applying orifice flow theory to each part of the vent, as shown in Figure A.2. Given the
hydrostatic pressure difference by Formula (A.4), mass flow rates between enclosures are calculated by

hu
Gui = CoB [ 2P, (c)max(Ap(),0) dg (A.5)

Iy

Gy = CoB | 20, max(—Ap,(£).0) d¢ (A.6)

© IS0 2012 - All rights reserved 9
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Annex B
(informative)

Specific formulas for vent flows meeting requirements of Annex A

B.1 Description of physical phenomena addressed by the formula set

B.1.1 General

The formulas given in this annex permit the calculation of the mass flow rate of smoke through a
vent. Other methods may be used to calculate these quantities provided that such methods have been
validated and verified for the range of conditions to which such methods are applied.

B.1.2 Scenario elements to which the formula set is applicable

The set of formulas is applicable to vent flows driven by buoyancy caused by fire. Dynamic pressure
effects, such as wind, are not considered. Methods to calculate vent flow conditions are developed for
two types of temperature profiles: One is a uniform temperature profile while the other is a two-layered
profile as calculated by ISO 16735. The calculation conditions are summarized in Table B.1.

Table B.1 — Conditions of vent flow calculation formulas

Temperature

profile Arrangement of vent(s) Flow patterns Clause

Uniform Single vent B.3.1
I

10 © IS0 2012 - All rights reserved
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Table B.1 (continued)

Temper_a ture Arrangement of vent(s) Flow patterns Clause
profile

Single layer Single vertical vent B.3.2
(general case, flow may be either - T
uni-directional or bi-directional) |::>
Single vertical vent B.3.3
(special case, flow is bi-direc- |
tional) |:>
Multiple vertical vents B.3.4
(general case, flow may be either —|—
uni-directional or bi-directional) |:">

_SIL
Multiple vertical vents B.3.5
(special case of two small vertical _‘
vents in one enclosure, flow is bi- |:'>
directional) |
L e
Multiple serial vertical vents B.3.6
(Combination of multiple serial
vents into equivalent single vent)
Single horizontal vent B.3.7
(unsteady bi-directional flow) ﬁﬂ
o e
© ISO 2012 - All rights reserved 11
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Table B.1 (continued)

profile

Temperature

Arrangement of vent(s) Flow patterns Clause

Two layers

Single vertical vent B.3.8
(general case, flow may be either
uni-directional or bi-directional)

[l

Multiple vertical vents B.3.9
(general case, flow may be either -7
uni-directional or bi-directional) |::>

B.1.3 Vent flow characteristics to be calculated

Formulas provide mass flow rates of smoke and air through a vent.

B.1.4 Ven

t flow conditions to which formulas apply

Explicitformulas provide the flow of smoke through vertical and horizontal vents under specified conditions.

B.1.5 Self-consistency of the formula set

The formula set is developed in a self-consistent manner.

B.1.6 Standards and other documents where the formula set is used

ISO 16735:2

006, Fire safety engineering — Requirements governing algebraic equations — Smoke layers

B.2 Symbols and abbreviated terms used in this annex

In addition to the symbols and abbreviated terms used in Annex A, the following terms are used in this annex.

abs(x) absolute value of x

Aij area of vent connecting enclosures i and j (m?2)

By width of vent between enclosures i and j (m)

Cp specific heat of air and smoke (k] kg-1K-1)

h height above datum (m)

hm height of middle segment base above datum in case of two-layers environment (m)
hp height of neutral plane above datum (m)

hy height of top segment base above datum in case of two-layers environment (m)
H'ij enthalpy flux from enclosure i to enclosure j (kW)

min(x1, x2) |minimum of x1 and x2

‘I;n i mass flux of chemical species from enclosure i to enclosure j (kg s-1)

T temperature of enclosure i (K)

12
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Tj temperature of enclosure j (K)

Taji temperature of air layer in enclosure i (K)

Ta temperature of air layer in enclosure j (K)

Ts i temperature of smoke layer in enclosure i (K)

Ts,; temperature of smoke layer in enclosure j (K)

Wi mass fraction of chemical species in enclosure i (kg kg-1)
Pa,i gas density of air layer in enclosure i (kg m-3)

Pa,j gas density of air layer in enclosure j (kg m-3)

Ps.i gas density of smoke layer in enclosure i (kg m-3)

Ps;j gas density of smoke layer in enclosure j (kg m-3)

B.3 Formula-set documentation

B.3.1 Flow through vent connecting two enclosures of uniform, identical temperature

When a pressure difference, Apjj, is imposed across a vent with a uniform temperature profile as shown
in Figure B.1, the mass flow rate is calculated by

Qi = CDAn‘jxlzp Ap; (B.1)
Ap; = pi—p; (B.2)

Enthalpy and chemical species flows are calculated using mass flow rate

H'ij = cp(T; - T;))qm,ij (B3)
Qi = Wi Qi (B.4)
NOTE Formulae for enthalpy and chemical species flows are not repeated in subsequent clauses but

Formulae (B.3) and (B.4) are applicable for all cases in this annex.

© IS0 2012 - All rights reserved 13
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1 2
T, pi
TJ.: TI , pJ: pI:p
G j———P>
p Y p,
@ @
4p,; = P-p,

Key
1 enclosurei
2 enclosure j

Figure B.1 — Pressure difference across vertical vent and corresponding flow direction in case
of uniform temperature

B.3.2 Flow through single vertical vent connecting two enclosures of uniform but differ-
ent temperatures — General case

As shown in Figure B.1, flow patterns are classified in accordance with the position of the neutral plane.
When the neutral plane exists below the lower edge of the vent, flow is unidirectional from enclosure i to
j- When the neutral plane is in the range of opening height, flow is bi-directional. When the neutral plane
is above the upper edge of the opening, flow is unidirectional from enclosure j to i [1], [2]. The height of
the neutral plane is given by (B.7). Flow rates qm,ij, qm,ji are given in Formulae (B.8) to (B.11). Calculation
results from this formula set are presented in Figure B.4 in non-dimensional form.

1 2 1 2 1 2

° /. e ° / °
T P g 7. p, T p T p,

qITI,IJ-
qm,u > - _ S
<
m Gy <
o / -
4p,=0) f 4p,=(0) 2p,=(0)

Key
1 enclosure i
2 enclosure j

Figure B.2 — Pressure difference across vertical vent and corresponding flow directions (p; < pj)

B.3.2.1 Gas densities of enclosures

14 © IS0 2012 - All rights reserved
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p; =

35

T
j

(98]

53

T

B.3.2.2 Height of neutral plane above floor
Apij(o)

ho =

n

(p; —

pj)g

B.3.2.3 Mass flow rate

In the case of Ti > Tj (pi < pj),

qm,ij =

2

ECD Bij\IZPi(pj - p)gi(h, — hn)3/2 —(h - hn)3/2}
2
ECD Bij \lzpi(pj - p)g(h, — hn)3/2

0

-Gy Bij 2pj(pj - p)g(h, _h1)3/2

-G, Bij ij(pj - p)gi(h, — hl)3/2 —(h, - hu)3/2}

In the case of T; < Tj (pi > pj),

Anij =

Auji =

%CDB@ 2p(p;—py)g (h,—h)"
2 CoB\ 2P = p)g ((h,— )" = (h, =)'}
chB”m (O, =) = (h =h,)"%}
%CDBH\/m (h, —h )"

0

B.3.2.4 Example of calculation

BS ISO 16737:2012
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(h, <h)
(h <h,<h,)

(h,<h,)

(h, <Hh)
(h<h,<h)

(h,<h,)

(h,<h)
(h <h <h,)
(h,<h,)

(h,<h)

(h <h, <h,)

(h,<h,)

(B.5)

(B.6)

(B.7)

(B.8)

(B.9)

(B.10)

(B.11)

The flow rate through a doorway (0,9 m wide, 2,0 m high) is calculated. It is assumed that Tj is 80 °C
(353 K) and Tjis 20 °C (293 K). Pressure in enclosure j is higher than that in enclosure i at the floor level
by 2 Pa [Apjj(0) =-2 Pa] as shown in Figure B.3.

© IS0 2012 - All rights reserved
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h
1 2
7;=80°C (353K) TJ:20°E (293K)
q?
€
T i
_Q:
o qm,ji S
(hl:OIT])
dp0=-2pa P

Key
1 enclosurei
2 enclosure j

Figure B.3 — Mass flow rates for Tj = 80 °C (353K), Tj = 20 °C (293K), Bjj= 0,9 m, hy =2 m,
h; = 0 m, Ap;;(0) =-2 Pa

B.3.2.4.1 Gas densities of enclosure

Using Formulae (B.5) and (B.6), the gas densities of smoke in the two enclosures are:

o= BB w12
p, = 3T§ = % = 1,205 (B.13)

J
B.3.2.4.2 Height of neutral plane above floor
Using Formula (B.7), the height of neutral plane is,

Ap- (0 _
po= 2O 2 — 0,997 (B.14)
(p-p)g  (1L0-1,205x9.8

B.3.2.4.3 Mass flow rates

As the height of the neutral plane, hy, is between hy and hj, flow is bi-directional. Using Formulae (B.8)
and (B.9), mass flow rates to and from enclosure j are calculated as follows.

2
qnij = ECDBU\/ 2pi(pj -p)g(h, _hn)3/2

= %x0,7x0,9\/2,0x(1,205—1,0)><9,8 X (2,0-0,997)*” (B.15)

0,846

16 © IS0 2012 - All rights reserved
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2
Aunji = ECD Bij\/ 2pj(pj -pg(h, _hl)3/2

= §x0,7><0,9\/2><1,205><(1,205—1,00)><9,8 x(0,997 —0,0)>? (B.16)
= 0,919
NOTE As for general cases, a non-dimensional diagram is provided in Figure B.4. The non-dimensional

mass flow rates,

x i
qm,i' = 3 (B17)
: \/2pi(pj_pi)Bij(hu_hl)3/2
* G ji
Dnji = ’ (B.18)
: \/ij(pj_pi)Bij(hu ~h)"”
are plotted against non-dimensional neutral plane height
o= hy =y (B.19)
hu - hl
2

i
|
P’ﬂ
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|

0
-1 0 1 2
2
Key
1 non-dimensional mass flow rate, ‘I:n
2

non-dimensional neutral plane height, hm

3 uni-directional flow
bi-directional flow

Figure B.4 — Non-dimensional diagram for mass flow rate through vertical vent in case of T; > Tj
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B.3.3 Flow through single vertical vent connecting two enclosures of uniform but differ-
ent temperatures — Special case of single opening in one enclosure

B.3.3.1 General

If an enclosure has only one opening as shown in Figure B.5, the mass flow rate out of the enclosure, g, ij,
is equal to the incoming mass flow rate, qm ji. As a special case of B.3.2, the neutral plane hy, is located so
that the mass balance is satisfied in enclosure i.

T P TP,
° ® 2

qm,ij -?
_Cj
- qm,ji <&

Key
1 enclosure i
2 enclosure j

Figure B.5 — Pressure difference across single vertical vent and corresponding flow rates in
case of Ti > Tj (pi < pj)

B.3.3.2 Height of neutral plane above floor
h, —h,

u

—t — — + h B.20
1+(p;/ p)"* 1 (520

n

B.3.3.3 Mass flow rate

3/2

2 (p;/p)"”
Qni = ECszpi(pj -p)g m Bij(hu _hl)3/2 (B.21)
j i
5 . 3/2
Anji = ECDxlzpj(pj -p)g W Bij(hu - hl)3/2 (B.22)
j i

NOTE1 Asthe mass flow rates are equal, calculation of either (B.21) or (B.22) is sufficient.

NOTE 2  Ifthe enclosure temperature Tj is greater than 300 °C, the coefficient multiplying Bjjchy-h1)3/2 is fairly
constant, which results in the following useful relationship [3I:

Qi = Yni = 0’52Bij(hu_hl)3/2 (B.23)

The term Bjj(hy-h1)3/2 is called opening factor (m5/2).
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B.3.4 Flow through multiple vertical vents connecting two enclosures of uniform but
different temperatures

B.3.4.1 General

In practical situations, an enclosure may have several openings. Mass flow rates of vent flow are
calculated in a similar way to B.3.2, but Formulae (B.7) to (B.11) are applied to each vent.

B.3.4.2 Example of calculation

As shown in Figure B.6, two vents connect enclosures i and j. Dimensions of vent 1 are Bjj1 = 0,9 m
(width), h;1 = 0,7 m (lower height), and hy,1 = 1,2 m (upper height). Dimensions of vent 2 are Bjj,2 = 2,0 m
(width), h; 1 = 1,8 m (lower height) and hy,2 = 4,0 m (upper height). It is assumed that Tj is 80 °C (353 K)
and Tjis 20 °C (293 K). Pressure in enclosure j is higher than that in enclosure i at the floor level by 5 Pa
[Ap;(0) = -5 Pa].

B.3.4.2.1 Gas densities of two enclosures

Using Formulae (B.5) and (B.6), the gas densities of the two enclosures are:

o= 30 w2
oo By w29

]
B.3.4.2.2 Height of neutral plane above floor
Using Formula (B.7), the height of neutral plane is:

Ap- (0 _
po= A > — 2,491 (B.26)
(P—p)g  (1,000-1,205)x9.8

B.3.4.2.3 Mass flow rates

Mass flow rates are calculated for each vent. For vent 1, the neutral plane is higher than the upper height
of vent. Thus the flow is uni-directional from enclosure j to enclosure i. By applying the last formula of
Formula (B.9), the mass flow rate is calculated as

2
Aujiyp = ECD Bij,nlzpj(pj -p)gith, — }11,1)3/2 —(h,— hu,1)3/2}

- %xO,7><0,9\/2><1,205><(1,205—1,00)><9,8>< (B.27)

{(2,491-0,7)"* —(2,491-1,2)"*}

= 0,859
For vent 2, the neutral plane is located within the vent. Thus the flow is bi-directional. Applying the
second formula of Formula (B.8), the mass flow rate from enclosure i to j is calculated as

2
Ao ~ ECD Bij,z \ 2pi(pj -p;)g (hu,Z —h, )3/2

= % X 0,7%2,04/2 x1,000x (1,205 —1,000)x9,8 X (4,0—2,491)*> (B.28)

= 3,46
Applying the second formula of Formula (B.9), the mass flow rate from enclosure j to i is calculated as
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[ ) / { ]
TI: Pi qmyljlz— rl: Pi
A
= qm,Jl,Z ~
/ &
= 3{ é‘ qm’“’] ; .4::'
1 ) =l 2
Apijz(O)
- 2c B J2 — h —h,)"
Anjo> ~ E p D2 pj(pj p)g (h,—h,)
= %xO,7><2,O\/2><1,205><(1,205—1,000)><9,8><(2,491—1,8)3/2 (B.29)
= 118
Key
1 enclosure i
2 enclosure j
3 vent 1
4 vent 2

Figure B.6 — Pressure difference across vertical two vents and corresponding flow
direction (p; < pj)

B.3.5 Flow through multiple vertical vents connecting two enclosures of uniform but
different temperatures — Special case of two small vents

B.3.5.1 Scope of calculation formulas

As a special case, a shaft enclosure has two small vents at different heights as shown in Figure B.7. The
internal temperature is Tj, while the outside temperature is Tj. In this case, the pressure difference
between the inside and outside space is given by

Apij(h) = (pi_pj)g(hn_h) (B.30)

At steady-state, the height of the neutral plane, hy, is located so that incoming and outgoing mass flow
rates are balanced.

ho o= — (b —h)+h (B.31)

L Py
i AZ
In this case, the general formulae are simplified using the concept of effective flow area.
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3
=
i -

1 L 2
I p I S N By o
A1 J:C
// qm,jl E

/
P;-plglhy-h

Keys
1 shaft (enclosure i)
outside (enclosure j)

pressure difference Apij(h)

BSwWw N

neutral plane

Figure B.7 — Pressure difference across shaft enclosure and corresponding flow directions
(pi < pj)

B.3.5.2 Effective flow area

The effective flow area is calculated to account for total flow resistance of two openings.

1
A4, = (B.32)
1 P 1
J () +EH
4 pi 4
B.3.5.3 Mass flow rate
Using the effective flow area, incoming and outgoing mass flow rates are calculated by
Goii = dmji = Codp \/ij(Pj - pglh,—n) (B.33)

B.3.5.4 Example of calculation

The upper and lower opening areas are A1 = 1,0 m2 and Az = 2,0 m2. The upper vent is located 20 m above
the lower vent. The shaft temperature is 80 °C (353 K) and the outside air temperature is 20 °C (293 K).

Using Formulae (B.5) and (B.6), the gas densities of air (or smoke) in the two enclosures are:

- 3

1
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353 353
o= =2 = 222 = 1205 B.35
Py T 203 (B.35)

J

The effective flow area is calculated by Formula (B.32) as:

4, = 1 = ! = 0,877 (B.36)

1, P 1, 1, 1205 1.
\/(Al) +E(Z) \/(1,0) 1000(2 0)

i

The mass flow rate is calculated by Formula (B.33) as

Gog = Gmy = 0,7%0,877,2x1,205x(1,205-1,00)x9,8x20 = 6,04 (B.37)

NOTE For practical calculations, the density fraction, pj/pj, in Formula (B.32) can be taken as 1,0. In this example,
1

= 0,894 (B.38)

e T, 1., .
\/(Al) +) \/<1 0 G OO)

which results in less than 2 % error in comparison with the exact value calculated by Formula (B.36).

B.3.6 Flow through multiple serial vents

B.3.6.1 Scope of calculation formula

In practical smoke control design, multiple vents are combined into an equivalent single vent to yield the
same mass flow rate under specific pressure difference. This approximation is useful in calculations in
realistic built environment that might have several vents.

As shown in Figure B.8, three enclosures are connected in series. Given the pressure of enclosures i and
k, mass flow rates are calculated. The lower and upper heights of the vents are common to both vents,
while the width of vents may differ from each other. Temperatures of enclosures i and k are uniform,
but may differ from each other. The temperature in enclosure j is not needed, as it does not influence the
final calculation results.
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1 2 3
L / ® / o ____
I p . ;’ T. p, qm‘jk—# Te. P
m,1) I
R4 .Q:
o qm,]l =) qm,kj _QE
.‘:E
/ —
=
4p,(0) 4p;,(0)

Key
1 enclosurei
2 enclosurej

3 enclosure k

Figure B.8 a — Pressure difference across serial two openings and approximation by single
opening (in case of T; > Tj > Tk): Original configuration (lower and upper heights, h, and hy, are
common to all vents. Vent widths Bjj and Bjk can be different)

T. pi

Aﬁ,k(O)

Key
1 enclosure i
2 enclosure k

Figure B.8 b — Pressure difference across serial two openings and approximation by single
opening (in case of T; > Tj > Tx): Approximation by single vent by effective flow width

B.3.6.2 Effective vent width

The mass flow rates between enclosures i and k are calculated by basic Formulae (B.7) to (B.11) where
the vent width Bjj is replaced by the effective width:

B, = ! (B.39)

1, 1,
\/(Bij) +(Bfk)

J
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NOTE To combine more than two vents in series, the formula can be applied recursively:

B _ 1 (B.40)

ij,k---m,n 1
2
—)" +
\/( Bij ) (

B.3.6.3 Example of calculation

LY LIRS
B.k) (Bn)

J m

Enclosures i, j and k are connected by two vents in series. Vent height is hy = 2,1 m, iy = 0 m. Vent
widths are Bjj = Bjx = 1 m. Temperatures of enclosures are T; = 200 °C (473 K), Tx = 20 °C (293 K). The
pressure difference between enclosures i and k is Apik (0) = - 6 Pa at the floor level.

Using Formulae (B.5) and (B.6), the gas densities of smoke in the two enclosures are:

o= B0 g )
SR RS w52
k

Using Formula (B.39), the effective vent width is
1

_ 1
Lo 1o Lo 1o
\/( 5) ") \/<1’0) (o)
Using Formulae (B.7), (B.8) and (B.9), mass flow rates are calculated as:

hoo= _4nO 6 = 1,335 (B.44)

2
ik = ECD B\ 2p;(p—pi)g (A, _hn)3/2

B =

ik

= 0,707 (B.43)

= % x 0,7x0,707,/ 2x0,746x(1,205—0,746)x9,8 x (2,1-1,335)"" (B.45)
= 0,57
G = 3o B 29 (P~ PIE (h=h)"
= % x 0,7%0,707,/ 2x1,205x(1,205-0,746)x9,8 x (1,335—0)*" (B.46)
= 1,68
NOTE The exact solution considering two separate vents is: qmj = 0,44, qmji = 1,24, qmjk = 0,76 and

qm,kj = 1,56.For general cases, mass flow rates calculated by exact calculation and by effective width are compared
in Figure B.9 for the same temperature profile (T; = 200 °C, Tj = 110 °C and Tk = 20 °C). The pressure difference
between enclosures at floor level varies in the range of -12 to 4 Pa. The flow rates qn jk and qm ji are calculated by
using the effective vent width, while the flow rates qm jj, m,ji, Gm,jk and gmk;j are calculated for two independent
vents coupled with mass balance of enclosure j. The error is sufficiently small enough to be acceptable for most
engineering calculations.
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200°C 110°C 20°C

Key
1 mass flow rate [kg/s]
pressure difference at floor level, Apik(0)[Pa]

3 approximation by effective width
exact calculation

Figure B.9 — Comparison of calculated results with exact solutions (in the case of Tj = 473 K,
Tj = 383 K, Tx = 293 K for various pressure differences between enclosures i and k)

B.3.7 Flow through horizontal vent connecting two enclosures of uniform but differ-
ent temperatures

Flow through a horizontal vent can be calculated in a manner similar to the case of flow through a
vertical vent connecting two uniform temperature enclosures.

vy = G, Aij\/ 2p, Apij , (if Apij > Apflood)
(B.47)

However, caution should be used, since there is a minimum pressure difference for flooding. If the
pressure difference is too small, bi-directional flow may arise as shown in Figure B.10. The critical
condition Apfipod for the onset of bi-directional flow is still under investigation. Examples of formulae
are those developed by Yamada et al. [4] and Cooper [5]. An explicit formula for flow rate under the bi-
directional flow situation is not well established at present.
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T p; A i p, 1

ApIJ

T, pi oy \ T, p I
T

(pi<p) A ( pi>p)

(Ap,;> Aptioos) (Ap;;<Apfiood)

Key
1 velocity profile

Figure B.10 — Pressure difference across vertical vent and corresponding flow direction (p; < pj)

B.3.8 Two-layer environment — Flow through single vertical vent connecting two enclo-
sures

In a two-layer environment, the flow through a vent is rather complicated. As shown in Figure B.11, flow
through a vent is calculated in three segments. The bottom segment is in contact with the air layer on
both sides. The middle segment is in contact with smoke and air on either side. The top segment is in
contact with smoke on both sides.

Mass flow rates are calculated by applying the basic Formulae (B.7) to (B.11) to each segment
independently. The heights of middle and top segment bases are determined by

h, = min(hh,) (B.48)

m

h, = max(h,h) (B.49)

t

to be used as datums in calculation formulae.

The height of the neutral plane shall be calculated for each segment. Using the pressure difference
between enclosures i and j at the segment base, the heights of the neutral plane relative to the segment
base are calculated by

Apij(hm)

h, = —-T (B.50)
(p; — pj)g
for the middle segment, and
Ap.(h
hoo= _Apy(h) (B.51)
(p; _pj)g

for the top segment.
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1 bottom segment
middle segment

top segment

Figure B.11 — Pressure difference and mass flow profile in two-layer environment

B.3.8.1 Mass flow rates in bottom segment

Mass flow rates in the bottom segment (h < hy,) are calculated by the formulae in B.3.2 for a vertical
vent connecting two enclosures of uniform but different temperatures. The following replacements are
necessary to apply Formulae (B.7) to (B.11)

T - T, (B.52)
T, - T, (B.53)
h, — min(h,h_) (B.54)

B.3.8.2 Mass flow rates in middle segment

Mass flow rates in the middle segment (hy, < h < hy) can be calculated by Formulae (B.7) to (B.11) after
the following replacements:

T {T (h < hy) (B.55)
. ' .
T; (h>h)
T. (h<h)
T — ¢ 17 (B.56)
! {TJ (h, > hy)
h, — max(h —h_,0) (B.57)
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h, — min(h—h_h —h_) (B.58)

u

The height of the neutral plane above the segment base is calculated by

Apij(hm)

——— (h<h)
(ps,i - pa,j )g
L= Ap- () (B.59)
_PU) (h.>h)
(pa,i - ps,j )g
using the pressure difference at the segment base
Apy(h,) = Api(0)=(p,; — pu)gh,, (B.60)

B.3.8.3 Mass flow rates in top segment

Similar to the previous two segments, flow in the top segment (hy < h) can be calculated by Formulae (B.7)
to (B.11) after the following replacements:

T - T, (B.61)
I, - T, (B.62)
h, — max(h —h,0) (B.63)
h, — h,—h, (B.64)

Similar to the middle segment, the height of the neutral plane is calculated relative to the segment base as

Ap..(h
' — (B.65)
(ps,i - ps,j)g
using the pressure difference at the base of the top segment,
(psi_pa')g(ht_hm)a (hl<h)
Apy(h) = Apy(h,,) - ’ ’ : (B.66)
J : (pa,i - ps,j)g(ht - hm)a (hl 2 hJ)

B.3.8.4 Example of calculation

As shown in Figure B.12, smoke layers are formed in the upper parts of two enclosures. The interface
heights are 0,8 m and 1,6 m in enclosures i and j, respectively. Smoke layer temperatures are 80 °C
(353 K) and 40 °C (313K). Lower layer temperatures are 30 °C (303 K) and 20 °C (293 K). It is given that
the pressure in enclosure j is higher than that in enclosure i by 1 Pa [Apj; (0) = -1 Pa]. The vent width is
0,9 m and the vent height is 2,0 m (h; = 0,0 m, hy = 2,0 m). Calculations of mass flow rate are carried out
for each segment.
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1 2
T, =80°C (353K) TS’J=L0°E (313K)
LN
T ijt T —
R PN 5 1 G0 bl S S — - SR
CE> qm,ij,m ! > qmlj
- . =
(:': /4 \E
i > = L -
E Ao ji <
m ? < qm ji,b
< 7,230° 303K g 7, 220°C (293K)
-1 0 1 2 Ao
4p,(0)=-1 Pa (given) | | P
I 1

Key
1 enclosure i
2 enclosure j
3 bottom segment h < hyy,
4 middle segment hy, < h < ht
5 top segment hy < h

Figure B.12 — Example of calculation of mass flow rates in two-layer environment

B.3.8.4.1 Mass flow rate in the bottom segment

The height of the bottom segmentis 0 < h < hy (= 0,8 m) for this case. Using Formulae (B.5) and (B.6)

py = 0L e
R oo

J
The height of the neutral plane is calculated by Formula (B.7) as
Apij(o) -1

./ A AN = 2,566 (B.69)
(Pai —P.)g (1,165-1,205)x9,8

n

which is larger than segment height hy,. Thus the flow is unidirectional from enclosure j to i. Using the
last formula of Formula (B.9), we get

2
qm,ji,b = g C‘D Bvent\/ 2pa,j(pa,j - pa,i)g {hs/z - (hn - hm)3/2}

= §x0,7><0,9\/ 2x1,205x% (1,205—1,165)%9,8{2,566>> — (2,566 —0,8)*} (B.70)

= 0,718
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B.3.8.4.2 Mass flow rates in the middle segment

The height of the middle segmentis hy, (= 0,8 m) < h < h¢(=1,6 m) for this case. The pressure difference
at the base of the middle segment is calculated by Formula (B.60).

Apij(hm) = Apij(o) - (pa,i - pa,j) gh,

= —-1-(1,165-1,205)x9,8x0,8 (B.71)
= —-0,689
Using Formulae (B.6) and (B.59), the height of the neutral plane for this segment is located at:
353 353
. = — = — = 1,000 B.72
Pa T 5 (B.72)
Ap..(h -
po= l) 0,086 — 0,343 (B.73)
(ps,i _pa,j)g (1,000—1,205))(9’8

above the base of the middle segment. As 0 < h, < hy - hy, flow is bi-directional. Using the second
formula in Formula (B.8) and second formula in Formula (B.9), the mass flow rates are

2
qm,ij,m = ECD Bvent\/ 2ps,i(pa,j - ps,i) g {(h_] - hl) - hn}3/2

- %xo,7><0,9><\/2><1,0><(1,205—1,000)><9,8 x{(1,6—0,8)—0,343}> (B.74)

= 0,260

2
qm,ji,m = E CDBvem \/2pa,j (pa,j - ps,i )g hs/z

= %x0,7x0,9x\/ 2x1,205%(1,205—1,000)x9,8 x0,343"> (B.75)

= 0,186
B.3.8.4.3 Mass flow rate in the top segment

The height of the top segment is hy (= 1,6 m) < h for this case. The pressure difference at the base of the
top segment is calculated by Formula (B.66) as

Apij(ht) = Apij(hm)_(ps,i - pa,j)g(ht —h,)
= -0,689-(1,000—-1,205)%x9,8x0,8 (B.76)
= 0,917
Using Formulae (B.6) and (B.65), the height of neutral plane above the base of top segment is
353 353
o= == = == = 1128 B.77
Ps; T 33 (B.77)

J
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Ap;(h;) B 0,917
(P —Psj) 8 (1,000—1,128)x9,8

Nyl
|
|

= -0,731.

n

(B.78)

The negative sign indicates that the neutral plane is 0,731m below the segment base. As h, < 0, flow is
uni-directional. Using the first formula in Formula (B.8), the result is:

2
Anjic = ECD Bij\/ zps,i(ps,j - ps,i)g ({(hu - hj) _hn}3/2 _(_hn)3/2)

2
= §X0,7X0,9X (B.79)

J 2x1,0x(1,128-1,0)x9,8 ({(2,0—1,6)— (=0,731)}** = {~(=0,731)}"”)

= 0,384
B.3.8.4.4 Total mass flow rates between enclosures

Total mass flow rate through vents is given by the sum of the flow rates in the three segments.

Dnii = Djim T iy = 0,261+0,384 = 0,644 (B.80)
uji = YGujio T 9njim = 0,720+0,185 = 0,903 (B.81)
NOTE If mixing at the air-smoke interface is neglected, mass flow in the middle segment gn, jj is identical to

the flow rate coming into the smoke layer in enclosure j. Similarly, qn ji is identical to the air flow rate coming into
the lower layer in enclosure i.

B.3.9 Two-layer environment — Flow through multiple vertical vents connecting two
enclosures

B.3.9.1 General

In the case of multiple vents in a two-layer environment, as shown in Figure B.13, the same procedure as
given in B.3.8 is applied to each vent independently.

4p,(0] (given)
Key
1 vent 1
2 vent 2

Figure B.13 — Calculation in case of multiple vents in two-layer environment

© IS0 2012 - All rights reserved 31



BS ISO 16737:2012
IS0 16737:2012(E)

B.3.9.2 Example of calculation

As shown in Figure B.14, smoke layers are formed in the upper parts of two enclosures. The smoke layer
heights and layer temperatures are the same as for the example in B.3.8.4. There are two vents between
enclosures. The range of height of vent 1 is hj; = 0 m to hy,1 = 0,7 m. The range of height of vent 2 is
h,2 =1,4mto hy2 =2,0 m. The widths of the two vents are Bjj 1 = Bjj 2 = 0,9 m. Calculations of mass flow

rate are carried out for each vent.

[ 7,.=80°C (353K) | 7, ,260°C (313K)

|

I

|

|

L.
v
—_——

oh

2
I Z:2,0m

LY

0.8m
h,=1.4m
|
|
|
|
|
|
|
|
\I\I;P
|
|
|
|
|
|
|
l
h =
i

hi=
Q
3
=
|
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7,230°C (303K)

-1 0 1 2 Ap
4p,(0)=-1 Pa (given) | | o g

hUj:O,_fITI

Key

1 bottom segment h < hpy,

2 middle segment hyy, < h < h¢
3 top segment hy < h

4 vent 1

5 vent 2

Figure B.14 — Example of calculation of mass flow rates in a two-layer environment with
multiple vents

B.3.9.2.1 Mass flow rate in vent 1

As the mass flow rates in the middle and top segments are zero, the calculation is carried out only
for the bottom segment. The neutral plane height for the bottom segment is 2,566 m as calculated by
Formula (B.69). The flow rate is calculated in the same way as Formula (B.70), but differing by the

interval of height.

2
qm,ji,l = ECD Bij,l\/ 2pa,j(pa,j - pa,i)g {(hn _}’1,1)3/2 - (hn _hu,1)3/2}

= %xo, 7x0,9,/ 2x1,205% (1,205-1,165)x9,8{(2,566 —0)** — (2,566 —0,7)**}  (B.82)

= 0,635
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B.3.9.2.2 Mass flow rate in vent 2

Mass flow rates in the middle and top segments are to be calculated. The neutral plane height for the
middle segment is 0,343 m above the segment base as calculated by Formula (B.73). The flow rate is
calculated in the same way as Formula (B.74), but differing by the interval of height.

2
Qojim = ECD Bij,Z\/ 2ps,i(pa,j - ps,i)g ({(hj = (h, +hn)}3/2 - {(h1,z —(h, + hn)}m)

= §x0,7><0,9><\/2><1,0><(1,205—1,000)><9,8 X (B.83)

({(1,6 —(0,8+0,343)}"% — {(1,4—(0,8+0, 343)}3/2)

= 0,150
The mass flow rate in the top segment is identical to that presented for the example in B.3.4.7 as
calculated by Formula (B.79).

iy = 0,384 (B.84)

B.4 Scientific basis for the formula set

Vent flow has been analysed in relation to quantitative prediction of enclosure fires. Early studies
include prediction of fully-developed fire temperatures by Kawagoe [4] based on the suggestions of
Sekine. Extensions were made to a two-layer environment by Prahl et al. [7] and Rockett [8]. For these
early studies, flow equations were derived by fundamental flow theory. Direct full scale measurements
were carried out in the 1980s by Steckler et al. [9], [10], [11] and Nakaya et al. [12]. These measurements
determined that the flow coefficient is in the range of 0,68 to 0,73, and typically 0,7. Further historical
aspects are reviewed by Beyler [13].

B.5 Formula-set limitations

The formula set cannot be applied in the following situations:

B.5.1 Uniformity of smoke layer

The formula set assumes uniform or a two-layer profile of enclosure temperature adjacent to the vent.
When this assumption is not valid, use of the general flow formula in Annex A is recommended.

B.5.2 Dynamic pressure

The effect of dynamic pressure caused by external wind or mechanical fans is not taken into account. In
such cases, there shall be careful consideration of the dynamic pressure distribution.

B.6 Output parameters

The formula set outputs mass flow rate through the vent in kg/s. When bi-directional flow exists, the

position of the neutral plane is also calculated.

B.7 Formula-set input parameters

B.7.1 Pressure difference across vents

The parameter, Apijj, is defined as the pressure difference at the datum, which is normally taken as the
lowest boundary elevation.
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B.7.2 Enclosure temperature profile adjacent to vent

The temperature profile adjacent to a vent shall either be uniform or two-layered. In case of a uniform
profile, the temperature of each enclosure shall be specified. In the two-layered case, interface position,
smoke layer temperature and air layer temperature shall all be specified.

B.8 Domain of applicability of the formula set

The domain of applicability of the formula set can be determined from the studies by Steckler et al. [9]
and Nakaya et al. [12] and by other authors. Steckler’s experiments were carried out in a room of 2,8 m
by 2,8 m wide and 2,13 m high. Doorway opening width was 0,74 m, while the doorway height varied
in the range of 0,46 m to 1,38 m. The heat release rate of the fire was in the range of 31,6 kW to 158 kW.
The enclosure temperature was 250 °C at maximum. Nakaya’s experiments correspond to a somewhat
larger room of 3,45 m by 3,55 m wide, 2,12 m high. The opening height was 1,6 m or 1,7 m. The opening
width varied in the range of 0,29 m to 0,89 m. Enclosure temperatures were in the range of 50 °C in the
two-layer case to 1 000 °C in the well-mixed case at maximum.
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