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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 proce
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lures used to develop this document and those intended for its further maintenanee
n the ISO/IEC Directives, Part 1. In particular, the different approval criteria needed fof
’pes of ISO document 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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expression
the World
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ailable at www.iso.org/patents. ISO shall not be held responS§ible for identifying any o
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hame used in this document is information given for the‘convenience of users and does
hn endorsement.

planation of the voluntary nature of standard$,*the meaning of ISO specific terms
s related to conformity assessment, as well as information about ISO's adherence
Trade Organization (WTO) principles incthe Technical Barriers to Trade (TBT),
g /iso/foreword.html.
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This firste
The main ¢
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a new

nent was prepared by Technical Committee ISO/TC 92, Fire safety, Subcommittee SC 4,
eering.

dition cancels and replaces ISO 16737:2012, which has been technically revised.
hanges are as follows:
in body has been simplified by making reference to ISO 24678-1;

mer Annexes Aand B have been merged into a new Annex A;

compafrisons withvexperimental data have been added in Annex A;

Annex B has been added to describe the examples of flow coefficient values.
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A list of all

pants in the ISO 24678 series can be found on the ISO website.

Any feedback or questions on this document should be directed to the user’s national standards body. A
complete listing of these bodies can be found at www.iso.org/members.html.
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Introduction

The ISO 24678 series is intended to be used by fire safety practitioners involved with fire safety
engineering calculation methods. It is expected that the 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
calculation methods during a fire safety design. Such a 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 trjial fire safety design is subject to specified design fire scenarios. Engineering calculatiqn methods
are|used to determine if these performance criteria are met by a particular design and(if ipt, how the
desjgn needs to be modified.

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

The algebraic formulae discussed in this document can be useful for-eéstimating the consgquences of
desjgn fire scenarios. Such formulae are valuable for allowing the practitioner to quickly|determine
how a proposed fire safety design needs to be modified to meet performance criteria and §o compare
am¢ng multiple trial designs. Detailed numerical calculations«can be carried out up untjl the final
des|gn documentation. Examples of areas where algebraig“formulae have been applicable include
detérmination of convective and radiative heat transfer from fire plumes, prediction of ceiling jet flow
properties governing detector response times, calculation of smoke transport through venf openings,
and| analysis of compartment fire hazards such as smoke filling and flashover. However, [the simple
modlels often have stringent limitations and are less.likely to include the effects of multiple phenomena
occlirring in the design scenarios.

Theg general principles of fire safety engineering are described in 1SO 23932-1, which pprovides a
performance-based methodology for engineers to assess the level of fire safety for new or exfisting built
environments. Fire safety is evaluated through an engineered approach based on the qugntification
of the behaviour of fire and based gn,knowledge of the consequences of such behaviour onflife safety,
property and the environment. ISO 23932-1 provides the process (i.e. necessary steps) and essential
elements for conducting a robustiperformance-based fire safety design.

[SO[23932-1 is supported ‘by a set of fire safety engineering documents on the methodp and data
needed for all the steps.in a fire safety engineering design as summarized in Figure 1 (faken from
[SO[23932-1:2018, Clause 4). This set of documents is referred to as the Global fire safety egngineering
anallysis and information system. This global approach and system of standards provides anfawareness

language in the 1ntroduct10n to tie that document to the steps in the f1re safety engmeermg design
process outlined in ISO 23932-1. IS0 23932-1 requires that engineering methods be selected properly to
predict the fire consequences of specific scenarios and scenario elements (ISO 23932-1:2018, Clause 12).
Pursuant to the requirements of ISO 23932-1, this document provides the requirements 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 23932-1.

© IS0 2023 - All rights reserved v
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Set FSE project scope
(IS0 23932-1:2018, Clause5)

!

Identify fire safety objectives

(ISO 23932-1:2018, Clause 6)?

{

Identify functional requirements
(IS0 23932-1:2018, Clause 7)*

i

Boyndaries of analysis

Select risk analysis approach
(ISO 23932-1:2018, Clause 8)°

!

Identify performance criteria
(ISO 23932-1:2018, Clause 9)*

Does
life-cycle
analysis show
changes?
(ISO 23932-1:2018,
Clause 16.3)

Create fire safety design plan
(IS0 23932-1:2018, Clause 10)

Determine design scenarios
(ISO 23932-1:2018, Clause 11)°

Execute fire safety management
(ISO 23932+1:2018, Clause 16)

No

Select engineering methods
(ISO 23932-1:2018, Clause 12)¢

Implement fire safety design plan
(1SO 23932-1:2018, Clause 15)

Evaluate design (scenario-based)
(ISO 23932-1:2018, Clause 13)°

Document in final report
(ISO 23932-1:2018, Clause 14)

No
Are
performance Are other
No criterid satisfied? Yes FSOs affected?

(IS0.23982-1:2018,
Clause 13.4)

(IS0 23932-1:2018,
Clause 13.5)

a  Seeals¢ ISQ/TR 16576 (Examples).
b Seealsg ISO 16732-1,1S0 16733-1, 1SO/TS 16733-2, ISO/TS 29761.

Yes

¢ SeealsoIS016732-1,1S0 16733-1,1SO/TS 16733-2, ISO/TS 29761.

d  See also ISO/TS 13447, 1SO 16730-1, ISO/TR 16730-2 to ISO/TR 16730-5 (Examples), ISO/TR 16738, ISO
24678-1,1S0 24678-2, SO 24678-3, 1SO 24678-4, 1SO 24678-5 (this document), ISO 24678-6, SO 24678-7 and

ISO 24678-9.
¢ SeealsoISO/TR 16738,1S0 16733-1,1SO/TS 16733-2.

NOTE Documents linked to large parts of the fire safety engineering design process: ISO 16732-1,
ISO 16733-1, ISO 24678-1, ISO 24679-1, ISO/TS 29761, 1SO/TR 16732-2 and ISO/TR 16732-3 (Examples),

ISO/TR 24679-2 to ISO/TR 24679-4, ISO/TR 24679-6, 1SO/TR 24679-8 (Examples).

Figure 1 — Flow chart illustrating the fire safety engineering (FSE) design process (adapted

from ISO 23932-1:2018)
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Fire safety engineering — Requirements governing
algebraic formulae —

Part 5:
Vent flows
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ISO
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3.1
bou
sur

3.2
dat
eley

Scope

Normative references

following documents are referred to in the text in such a wdy that some or all of th
Stitutes requirements of this document. For dated referenees;“only the edition cited 4
ated references, the latest edition of the referenced documént (including any amendmen

13943, Fire safety — Vocabulary
24678-1, Fire safety engineering — Requirementsigoverning algebraic formulae — Part
iirements

Terms and definitions

the purposes of this document, the terms and definitions given in ISO 13943 and the follo
and I[EC maintain terminology.databases for use in standardization at the following addj

ISO Online browsing platforin: available at https://www.iso.org/obp

IEC Electropedia: available at https://www.electropedia.org/

ndary
face that defines the extent of an enclosure

LI

ation used as the reference elevation for evaluation of hydrostatic pressure profiles

5 document specifies the requirements governing the application of a set of’ explicit algebraic
formulae for the calculation of specific characteristics of vent flows.

Pir content
pplies. For
[s) applies.

1: General

ving apply.

esses:

Note 1 to entry: This is typically the lowest boundary of the enclosure.

3.3

effective flow area
flow area effective to air and smoke movement

3.4

flow coefficient
fraction of effective flow area over total area of a vent

3.5

hydrostatic pressure
atmospheric pressure profile associated with height

©IS
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3.6
neutral plane height

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

3.7
pressure difference

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

3.8
quasi-steady state
state in which it is assumed that the full effects of heat release rate changes at the fire source are

felt

everywherje in the flow field immediately

3.9

smoke layer height

interface ppsition

interface height

elevation of the smoke layer interface relative to a reference elevation

3.10
vent
opening inlan enclosure boundary through which air and smoke can flow'as a result of naturally
mechanically-induced forces

3.11
vent flow
flow of smgke or air through a vent in an enclosure boundary,

4 Requjrements governing the description;of physical phenomena

4.1 The requirements governing the descriptionof physical phenomena as specified in ISO 2467
apply, in addition to the requirements specified in the following subclauses.

4.2 The puoyant flow through a ventis-a complex thermo-physical phenomenon that can be hig
transient dr nearly steady-state. Vent\flows may contain regions involved in flaming combustion
regions whlere there is no combustiontaking place. In addition to buoyancy, vent flows can be influen
by dynamif forces due to exterpal wind or mechanical fans.

4.3 Physjcal phenomena,{€e.g. natural vent flow, mechanical smoke exhaust, pressurization sm
control) to|which specificformulae apply shall be clearly identified.

5 Requjrements governing the calculation process

or

(8-1

thly
and
ced

oke

The requirgnients specified in ISO 24678-1 governing the calculation process apply.

6 Requirements governing limitations

The requirements specified in ISO 24678-1 governing limitations apply.

7 Requirements governing input parameters

The requirements specified in ISO 24678-1 governing input parameters apply.

2 © IS0 2023 - All rights reserved
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8 Requirements governing the domain of applicability

The requirements specified in ISO 24678-1 governing the domain of applicability apply.

9 Example of documentation

An example of documentation meeting the requirements in Clauses 4 to 8 is provided in Annex A.
Annex B contains examples of flow coefficient values to be used as input to calculations of vent flow.

©1S0 2023 - All rights reserved 3
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Annex A
(informative)

Formulae for vent flows

A.1 Scope

This anne)Iis intended to document the methods to calculate mass flow rate through vents. The-formula

set covers the flow through vents connecting two enclosures with the same temperature, with-unifprm
but different temperatures, or with two-layered temperature profiles.
A.2 Symbols and abbreviated terms used in this annex
Agq equivalent area of multiple seral vents (m2)
Aj area of vent connecting enclosures i and j (m?2)
B width of a vent (m)
Bq equivalent width of multiple seral vents (m)
B;; width of vent connecting enclosures i and j (i)
cp specific heat of air and smoke (k]J/kg-K})
Cp flow coefficient (-)
g gravity acceleration (m/s?)
height above the datum(in)

ij height of vent connécting enclosures i and j (m)
h, height of lower‘edge of vent above the datum (m)
hy, height of the)bottom of middle segment above the datum (m)
h, neutral'plane height above the datum (m)
h; height of the bottom of top segment above the datum (m)
h, heightofupperedgeofrentabeve-the-datum{n)
Hl.j enthalpy flux from enclosure i to enclosure j (kW)
max(x;,x,)  maximum of x; and x,
min(xy,x,)  minimum of x; and x,
pi(h) pressure in enclosure i at height h above the datum (Pa)
pj(h) pressure in enclosure j at height h above the datum (Pa)
O, ij mass flow rate of smoke or air from enclosure i to j (kg/s)
4
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A, ijb

4m,ij,m

A, ijt

qw, ij
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mass flow rate of smoke or air from enclosure i to j through bottom segment (kg/s)

mass flow rate of smoke or air from enclosure i to j through middle segment (kg/s)

mass flow rate of smoke or air from enclosure i to j through top segment (kg/s)

mass flux of chemical species from enclosure i to enclosure j (kg/s)
air layer temperature in enclosure i (K)

temperature of enclosure i (K)

A3

A3

A3

(1)

ood

temperature of enclosure j or outside (K)

smoke layer temperature in enclosure i (K)

reference temperature, typically the outside temperature (K)
flow velocity from enclosure i to enclosure j (m/s)

mass fraction of chemical species in enclosure i (kg/kg)

smoke layer height in enclosure i (m)

gas density of air layer in enclosure i (kg/m)

gas density of smoke (or air) in enclosure’:tkg/m3)

gas density of smoke (or air) in enclosure j (kg/m3)

gas density of smoke layer in enclé'sure i (kg/m3)

gas density of smoke (or air)\at reference temperature (kg/m3)
pressure difference hetween enclosure i and j at height h; that is, pi(h)-pj(h) (P
minimum pressure.difference to cause uni-directional flow (Pa)

height used asjan integration variable (m)

Description-of physical phenomena addressed by the formula set

.1 General'descriptions of calculation method

1.1, (€alculation procedure

The

[s9)

)

methods permit calculation of flows through vents in enclosure houndaries arising fro
differences that develop between an enclosure and adjacent spaces as a result of temperature
differences. 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
document. 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.

n pressure

The properties of an enclosure, such as smoke layer height, temperature, and other properties
are calculated by the principle of heat and mass conservation for the smoke layer as described in

ISO 24678-4.

A.3.1.2 Vent flow properties to be calculated

The formula set provides the mass, enthalpy and chemical species flow rates.

© IS0 2023 - All rights reserved
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A.3.2 Scenario elements to which the formula set is applicable

The set of formulae is applicable to quasi-steady state 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 24678-4. The calculation conditions are summarized

in Table A.1.

Table A.1 — Summary of calculation conditions of vent flows

Temperat

re

Arrangement of vent(s)
(=] J

flow patterns
r

profile

2

Uniform

a) Single vent

Single layel

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

c) Single vertical vent (special case, flow is bi-direction-
al)

<
N

d) Multiple vertical vents (general case, flow e
either uni-directional or bi-directional) $’\.

¥

e) Multiple vertical vents (special c §e-0f two small
vents in one enclosure, flow is hi&ectional)
>

f) Multiple serial ve@énts (combination of multiple

serial vents into eq ent single vent)

AN

g) Single @Qontal vent (stable uni-directional flow

only) Q~
%

Two layers

ingle vertical vent (general case, flow may be either
|uni-directional or bi-directional)

i) Multiple vertical vents (general case, flow may be
either uni-directional or bi-directional)

A.3.3 Self-consistency of the formula set

The formula set provided in this annex has been derived and reviewed by many researchers (see
Clause A.5) to ensure that calculation results from different formulae in the set are consistent (i.e. do

not produce conflicts).

© IS0 2023 - All rights reserved
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A.3.4 Standards and other documents where the formula set is used

[SO 24678-4 uses vent flow formulae to calculate smoke layer properties.

A.4 Formula-set documentation of calculation procedure

A.4.1 General aspects of vent flow

A.4.1.1 Classifications of vent flows

Thevelocity of flow through a vent is calculated according to the orifice flow theory based 6n

of

ernoulli's theory. Methods to calculate vent flows are developed for the conditiohy

hpplication
shown in

Table A.2. For the case of vertical and horizontal vents, flow may be uni-directional or bi-dlirectional.
Explicit formulae presented in this annex are applicable to bi-directional and uni-direct
through vertical vents and uni-directional flow through horizontal vents. For-horizonta

dire
thid

ctional flow takes place when the pressure difference is small. No general formula is 4
annex because the flow is unstable.

Table A.2 — Classifications of vent flows

onal flows
vents, bi-
vailable in

Uni-directional flows Bi-directional flows
Ap,(h) Ap,(h)
qm,ij
Vertical Ty
vent A
& Do
:3‘
qm,ij
dp, () 4 y \
Hqrizontal T] P | T] p,
vent T p i i
qm.ij o \w/ Ti’ pi
qm,ji
A.4{1.2 Orificeflow formula — uniform pressure difference over vent area

Wh

thrpugh the vent is given by Formula (A.1):

=L A 25 Ap
SN T PToPY

bn uniform pressure difference is created by actions such as mechanical fans, the mas

5 flow rate

(A1)

a =C Ay
ﬂm,l] vU“I]"I]

where Ap;; is calculated using Formula (A.2):

Apij =Db;-p;

(A2)

It is assumed that the pressure difference across the vent is uniform over the entire vent area as shown
in Figure A.1.

© IS0 2023 - All rights reserved
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Key
enclosy
enclosy

vent

Bow N R

Sstream

A413 @

When a ve
p;, at heigh

p;(h)

NOTE N
pressure.

re i

re j
lines

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

eneral flow formula - non-uniform pressure difference over vent area

rtical temperature profile T;(h) exists in enclosure i as shown in Figure A.2, the gas den§ity,
L h above the datum is calculated by FormulayA.3):

PoTo _ 353
T;(h) T;(h)

(h.3)

moke is approximated by an ideal gas whose property is identical to air at normal atmospHeric

© IS0 2023 - All rights reserved
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The hydrostatic pressure in enclosure i is calculated by integrating gas density over height, using

Formula (A.4):

h
pi(M)=p;(0)- [ p; (¢ )gd¢
0

(A4)

Hydrostatic pressure difference between enclosures i and j at height h is calculated using Formula (A.5):

Ap;; (h)=p; (h)~p; (h)

h
={p;(0)-p; (O}~ [{p; (¢)-p; (2} gd¢ (A.5)
0
h
=ap;(0)- [{pi(§)-p;(§)}9d¢
0
whg¢re the pressure difference at the datum is determined by Formula (A.6)}

Ap;; (0)=p; (0)-p;(0) (A.6)
Floy through a vertical vent is calculated by applying the orificé€ flow theory to each vertidal segment
of the vent. Given the hydrostatic pressure difference calculated using Formula (A.5), masq flow rates
beteen enclosures are calculated using Formulae (A.7) ad (A.8):

hu

G,y =CoB | 2p; (6)max(Ap;(5),0)dg (A7)
hy
hu

Gmji =CoB [ /2, (§Imax(~Ap; (£),00d¢ (A.8)

hy
Ap,(h) = p,(h) - p(h)
h h h
1 2
. Bm—
'::1 _qmji
;{
T(h) p(h) p(h) p(h)
Ap:,(o) = p,(o) - p,(o) !
Key
1 enclosure i
2 enclosurej
Figure A.2 — Hydrostatic pressure difference between two adjacent enclosures

© IS0 2023 - All rights reserved
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A.4.2 Flow through a vent connecting two enclosures of uniform, identical temperature

A.4.2.1 Scenario element

A vent is connecting two enclosures i and j. The temperatures of both enclosures are uniform and
identical. Pressure difference, Apij, is created across the vent as shown in Figure A.3.

1 2

Top, T.(=T),p,(=p)
qmi'
L >
A /
J 1

p; \ p;

e L L

Key
1 enclosyrei
2 enclosyrej

Figure A.3 — Pressure difference across vertical vent and corresponding flow in case of
uniform, identical temperature

A.4.2.2 Mass flow rate through a vent

When a pr¢ssure difference is imposed across a vent with a uniform temperature profile, the mass fllow

rate is calcplated using Formula (A.9):

Im,ij = FpAij\J2PiAPj; (A.9)

where[Formulae (A.J0)yand (A.11) apply:

Ap;; =p; —p; (At10)
343
Pi === (Al11)

A.4.2.3 Enthalpy flow rate through a vent
Enthalpy flow rate is calculated using the mass flow rate as shown in Formula (A.12):

Hj =cp(T; =Ty Yam i (A.12)

NOTE Formula (A.12) is not repeated in the following subclauses but it is applicable to all cases in this annex.

10 © IS0 2023 - All rights reserved
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The flow rate of chemical species through a vent is calculated using the mass flow rate as shown in

Formula (A.13):
qw,ij = Yiqm,ij

NOTE

A4

different temperatures — General case

A.4|3.1 Scenario element

As

(A.13)

Formula (A.13) is not repeated in the following subclauses but it is applicable to all cases in this annex.

ut

chown in Figure A.4, flow patterns are classified in accordance with the neutral plane height.

When the neutral plane locates below the lower edge of the vent (h, < h)~flow is unidirectional from
enclosure i to enclosure j. When the neutral plane locates within the rapge '6f vent (h, <h, <fh,), flow is
bi-directional. When the neutral plane locates above the upper edge ©f the vent (h, < h,), flow is uni-
dirgctional from enclosure j to enclosure i.[281.[29]

1 2 I/,l 1 /I,' 2 - i’gmﬂlz_g__ _ 3
T, p " Tap T, q . ! T, py T.p, T,p -
mij __ |
g B} / ______ 3
- qm,ji ':= =
qm,ji =
- o~
q. .= 0 ¥ ___ :_3____ /) /; K
! / 'Qsl ,/ / 1 2
|{ap,(0) [ ap,(0) PR VYN ()
Key]
enclosure i
enclosure j

neutral plane

case of T>Tj, (p; < p))

A.4|3:2 ™ Gas densities of enclosures

Figure A.4 —Pressure difference across a vertical vent and corresponding flow direfctions in

The gas densities of enclosures are calculated using Formulae (A.14) and (A.15):

_353

Pi T,
_353

Pj="

]

© IS0 2023 - All rights reserved
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A.4.3.3 Neutral plane height above the datum
The neutral plane height above the datum is calculated using Formula (A.16):

h, :L(O) (A.16)
(pi —pj)g

A.4.3.4 Mass flow rates

The mass flow rates are calculated by the following formulae according to temperature difference. In

case of T; >'7’]—('p,7-p]')—5'e-e-li‘0ﬂrru13'e'ﬁrr7ﬂ—m'd'ﬁrr8;
2
30 By 2pi (P =P g {lhy =1 Y% ~(h =h )2} (o <hy)

Qg = 2o By 201 (p; — P g (hy 1y V¥ (hy <hy <h,) al17)
0 (h, <h,)
0 (hy <hy)

Amji = %CDBij 2pi(pj—pi)gChy —h )2 (A <h, <hy) (Aj18)
2 CoBy 20, (0~ P )g U =1/ =(hy ~hd) by <hy)

and in casq of T; < T} (p; > pj), see Formulae (A.19) and.(4;20):

0 (h, <h)
= 2c.B. 2 _ h. —h )32 h <h_ <h Al19
Am,jj = SCD ii2Pi(pi—pj)g{h, —h) (h <h, <hy) (A{19)

2
0By 201 (pi =09 {(hy —m)¥* ~Chy = )%} (hy<hy)
2
SC0By20; (2P0 Alhy =y Y% =(h=hy )%} (hy <)

2
dmji = ECDBij V2pi(pi—pjlg (hy—hy )2 (h <h, <hy) (A}20)
0 (h,<h,)

qm_ij

Q:m] =
J2pi(p; =) By (hy —h )*/?
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* A ji

qmji (A.22)
J2p;(p; = pi) By (hy —h )2

Formulae (A.21) and (A.22) are plotted in Figure A.5 against non-dimensional neutral plane height; see
Formula (A.23):

h, —h
h, = -0 1 (A.23)
hu - hl
Y
2
1 2 1
> < > <
T— — =3
qm,ij — qm,ij _g
ﬁ- T I 7
1 s
Ve
3 ad
74
0
-1 2 X
Key
X non-dimensional neutral plane frejght, h;
Y non-dimensional mass flow rates, q:n
1 uni-directional flow
2 bi-directional flow
—— non-dimensional mass flow rate from enclosure i to enclosure j, qr*m]
— 4 — non-dimefisional mass flow rate from enclosure j to enclosure i, q:nJi
Figure A,5— Non-dimensional mass flow rates through a vertical vent in case of T; > [[; (p; < p))

A.4.7 FIow through single vertical vent connecting two enclosures of uniform but
different temperatures — Special case of single vent in one enclosure

A.4.4.1 Scenario element

In case of an enclosure with a single vent as shown in Figure A.6, the mass flow rate out of the enclosure,
qm,jp 1S equal to the incoming mass flow rate, gy, ;.

©1S0 2023 - All rights reserved 13
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By |

qm,ji

Key
1
2

enclosy

enclosy

Figure A

A442 @

The gas de

A4.43 N

The neutrd

Formula (A

rei

re j (outside)

A.4.4.4 Mass flow rates

The mass f}

qm,ij =

Qmji

.6 — Pressure difference across single vertical vent and corresponding flow rates
case of T;>T;, (p; < py)

as densities of enclosure and outside space

hsities p; and p; are calculated using Formulae (A.14) and (A.15).

eutral plane height above the datum

I plane height, h,,, is located so that the mass balance, q,, ;; = qp, i is satisfied as show
.24):

h, —h

Hp; /p:)

low rates are calculated-by the following Formulae (A.25) and (A.26):

2 (p;/pi)

Z Cpy2Pi (Pgpi)g — 13 By (hy —h )2 (A

1+(p; / p;)
3/2
2 3/2
=-Cha2pi(pP;—pilg Bj; (hy —hy) (A
1/3 y L
i 1+(p; /pi)"

n

h in

24)

25)

26)

NOTE
equal.

A.4.4.5 Mass flow rates through vents in an enclosure with sufficiently high temperature

Calculation by either Formula (A.25) or Formula (A.26) is sufficient because both mass flow rates are

If the temperature of enclosure i, T}, is higher than 300 °C, and if the temperature of enclosure j is close
to ambient temperature, T; = T, the coefficients in Formulae (A.25) and (A.26) are fairly constant. As a

result, the following usefu{

Am,ij = 9mji

relationship applies:[30]

~0,52B;; (h, —h))*/?

The term Bl-j(hu—hl)E"/2 is called the opening factor or ventilation parameter (m>/2).

14

(A.

27)
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A.4.5 Flow through multiple vertical vents connecting two enclosures of uniform but

different temperatures

A.4.5.1 Scenario element

In practical situations, an enclosure may have several vents as shown in Figure A.7.

1

q ﬁ,
T,p, m'U’2_5L>

hu,Z

hl,Z

3 L qmji,l

~
hl,l

}_7 Ap,(0)

Key]

1 |enclosure i
2 |enclosurej
3 |ventflow 1
4 |vent flow 2

Figure A.7 — Pressure difference across vertical two vents and corresponding flow directions

in‘case of T; >Tj, (p; < p))

A.4|5.2 Gas densities of enelosures

The gas densities of the two€nclosures are calculated using Formulae (A.14) and (A.15).

A.4]{5.3 Neutral plane height above the datum
The neutral plané height is calculated using Formula (A.16).

A.4|5.4 _Mass flow rates

Mags“4tow rates are calculated in a similar way to that described in A.4.3. Formulae (A.17) tq

(A.20) are

applied to each vent.

© IS0 2023 - All rights reserved
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A.4.6 Flow through multiple vertical vents connecting two enclosures of uniform but

different temperatures — Special case of two small vents in an enclosure

A.4.6.1 Scenario element

An enclosure has two small vents at different heights as shown in Figure A.8. The enclosure temperature
is T;, while the outside temperature is T, In this case, the pressure difference between the enclosure
and the outside space is given by Formula (A.28):

Ap; (W=(p; —p;)g(hy —h)

(A.

At steady s
see Formu

Key
1 enclosy
2 enclosy

(A

tate, the neutral plane is located so that incoming and outgoing mass flow rates are balan
a (A.29):
1
b 4 (hyj —hji)+hj;
1+-L (L2
pi Ay
1 2
A / Bp;(h)
q,, 71—
m,ij —/> NS
7'1" pi /// T‘j’ p]
3 ///
- - <
A | a <
AN Rl
D — —
1 Imiy -
<
(b, )glh,- h,)

re i (shaft)

re (outside)

3  neutral

pramnc

28)

Ced;

29)

Figure A.8 — Pressure difference and flow pattern across an enclosure with two small vents in

case of T;> Tj, (p; < p))

A.4.6.2 Gas densities of the enclosure and outside space

The gas densities of the enclosure and outside space are calculated by Formulae (A.14) and (A.15).

16
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A.4.6.3 Equivalent vent area

The equivalent vent area is calculated to account for total flow resistance of the two vents using

Formula (A.30):

Ay, = ! (A.30)

* 1, P 1
\/(—)2 +—L (=)
Aji pi A

A.4.6.4 Mass flow rate

Using the equivalent vent area, incoming and outgoing mass flow rates are calculjted using

Formula (A.31):

Tm,ij = mji =CpAeq \/ij(pj —pi)g(h; —hy;) (A.31)

A.4.7 Flow through multiple serial vents

A.4|7.1 Scenario element

In practical smoke control design, multiple vents are combined into'an equivalent single vent fo yield the
sanje mass flow rate under a specific pressure difference. ThiS\approximation is useful in cplculations
in realistic built environments that can potentially have mahy vents.

As ghown in Figure A.9 a), three enclosures are connectédin series. The pressures of enclosiires i and k
arejgiven. The lower and upper heights of the vents arecommon to both vents, while the width of vents
can|be different. Temperatures of enclosures i and, kare uniform but can be different. The tdmperature
in enclosure j is not needed, as it does not influence the final calculation results. To calculafe the mass
flow rate, the two serial vents are combined inte an equivalent vent as shown in Figure A.9 ).

©1S0 2023 - All rights reserved 17
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1 ,Il 2 II
/ T,p. -
Ti' Pi qm’ij j p qm,jk_ ! Tk’ pk
4
4 I
é i
‘ qm:ﬁ z~§ : E qm ki 'c:
/ | ] | 3
}_7 Ap,(0) }_, Ap,(0)
a) Original configuration
1 2 3
T p; §' Lo Py '
4
,Q:
< qm,ki QE
,'E | =1
[
b) Approximation to single vent by equivalent vent width

Key
1 enclosyrei
2 enclosyrej
3 enclosyre k
4 neutral|plane

NOTE  Lower and uppegheights, h, and h;, are common to all vents. Vent widths B;; and Bj;, can be different.

Figure A|9 — Pressure difference across serial two vents and equivalent single vent in case|of
T;>T;>Ty, (Pi<Pj<Pk)

A.4.7.2 Gas densities of two enclosures

The gas densities of enclosures are calculated using Formulae (A.32) and (A.33):

353
= A.32
jof T, (A.32)
353
pr=2 (A.33)
Ty
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A.4.7.3 Equivalent vent width
The equivalent vent width is calculated using Formula (A.34):

B - 1 (A.34)

eq
15 1 5

. + -
\/(Bi}') (Bl'k)

To combine more than two vents in series, Formula (A.34) may be applied recursively; see

Formula (A.35):

- ! (A.35)

eq
1 ., 1 1
\/(—) H— et ()
Bij Bjk an
A.4|7.4 Mass Flow Rate

Theg mass flow rates between enclosures i and k are calculated by the Eopmula (A.17) t¢ (A.20) by
replacing vent width B;; with the equivalent width B, and the gas density of enclosure j, p;, yvith that of
enclosure k, p;.

eq’

A.4.8 Flow through horizontal vent connecting two enclosures of uniform but different
temperatures

A.4|8.1 Scenario element

For|a flow through horizontal vents such as in roofssthe mass flow rates can be calculated |n a similar
way to vertical vents as shown in Figure A.10 .a)."However, if the pressure difference i§ small, bi-
dirgctional flow can arise as shown in Figure @:10 b). The minimum pressure difference, [Apf,,4, for
unitdirectional flow is still under investigation. Examples of formulae are those developed py Yamada
et dl.13] and Cooper.[32] An example of an explicit formula for flow rate under the bi-directi¢nal flow is
proposed for a small vent,[33] but a gengeral formula is not available yet. In this subclause, onjly a simple
formula for uni-directional flow is given.

b A 2

J ] qm,ji

3
Ap, |
L\
Til p,' qm,ij

T,b

i’ i qm,ij \

4, (bi<p) 1
(<) 1
a) uni-directional flow, Apy 404 < Ap;; b) bi-directional flow, Ap;; < Apyy544
Key

1  enclosurei
2 enclosurej
3 velocity profile

Figure A.10 — Pressure difference across a vertical vent and corresponding flow directions in
case of T; > T}, (p; < p))
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A.4.8.2 Gas density of an enclosure

The gas density of enclosure i is calculated by Formula (A.14).

A.4.8.3 Mass Flow Rate

Flow through a horizontal vent can be calculated by the orifice flow Formula (A.1). If the pressure
difference is sufficiently large to cause uni-directional flow, Ap;; > Apyyq, Formula (A.36) applies:

Im,ij =CpAij\ 2P;i ADjj

(A.

36)

A4.9 Tv}o-layered environment — Flow through single vertical vent connecting two

enclosur

A49.1 S

In a two-1g

S

cenario element

yered environment, the flow through a vent is complicated. As shown |in Figure A.11, flow

ers
top

p of

through a yent is calculated in three segments. The bottom segment is in contact with the air lay
on both sides. The middle segment is in contact with the smoke and air layefs on either side. The
segment is|in contact with the smoke layers on both sides.
T 4‘ 4‘ // 3 Ts,i Ts.j
s,i g sj
2 qu,lj,m — > : /
— - ) i) — T, .
T, T, ~ i _?L’ = J_% << i //
N~ i Ta,i K Ta,j QE : : ///
5 | 5 Q-L 1 kO : vy
Ap,(0) Ap, (0) ap, (h,) Ap, (h)
Key
1 bottom|segment
2 middlefsegment
3  top segment
4 smoke |ayer
5 airlayer
Figure A.11 & Pressure difference and mass flow profile in two-layered environment in cas(

Tc'.' > Tc'.'; (Dc'.' < pc,!‘] and T-;'.' > T-;'.'; (D-;’.' < Da’;]

A.4.9.2 Heights of the bottom of each segment

The heights of the bottom of middle and top segments are determined by Formulae (A.37) and (A.38):

hy, = min(z,, z)

h = max(z,; z)

20

(A.

(A.

37)

38)
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.9.3 Gas densities of layers

The densities of smoke and air layers are calculated by Formulae (A.39), (A.40), (A.41) and (A.42):

353
P (A.39)
a,l Ta'i
353
Poj = (A40)
T,
353
Psi =7 (A.41)
S,I Ts,l
353
= (A.42)
S)J TSJ
A.4{9.4 Mass flow rates in the bottom segment
Mags flow rates in the bottom segment (h < h,)) are calculated by the Formulae (A.17) to (A.20) in A.4.3

for
sub

The

A4

Majs
sub

a vertical vent connecting two enclosures of uniform but different temperatures. Th

stitutions [Formulae (A.43) to (A.45)] are necessary to apply Formulae (A.17) to (A.20):
Ti =T,

h, =min(h,,h,,)

neutral plane height above the datum‘is-calculated by Formula (A.46):
B Ap;; (0)
! (pa,i - pa,j )g

9.5 Mass flow rates in the middle segment

s flow rates in the tiddle segment (h,, < h < h,) are calculated using Formulae (A.17) to |

e following

(A.43)

(A.44)

(A.45)

(A.46)

A.20) with

(A47)

(A.48)

©IS

Stitutions as shoiwar in Formulae (A.47) to (A.50):
T = Tsz (Zi SZj)
! T/ (z; >Zj)
o G
L‘S:j CZ] Lj 7

hy =max(h —h,,,0)
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h, =min(h, —hy, b, —h ) (A.50)

The neutral plane height above the bottom of the middle segment is calculated using Formula (A.51):

Ap;i (h
—P,]( m) (zi<z;)
(ps,i - pa,j )g
h, = (A.51)
Apij (hm )
- (Zl > Zj )
(Pa;i —Psj)a
where the pressure difference at the bottom of the middle segment is calculated using Formula (A.32):
Api(h) = Ap;(0)=(Pai —Paj)9hm (Al52)

A.4.9.6 Mass flow rates in the top segment

Similarly t¢ the previous two segments, mass flow rates in the top segment (h, <.h) lare calculated uging
Formulae (A.17) to (A.20) with substitutions as shown in Formulae (A.53) to (A:56):

T; =T, (A[53)
T, =T, (A]54)
hy =mdx(h —h, ,0) (Al55)
h, =h|—h, (Al56)

The neutrdl plane height above the bottom of the top segment is calculated using Formula (A.57):

Ap;; (h
hn:——p']( ) (Al57)
(F S,I _ps,j )g

where the pressure difference at the,bottom of the top segment is calculated using Formula (A.58):

(Psi5Paj)9(h —hy ), (z;<z;)

(Al58)
(pa,i _ps,j )g(ht _hm )' (Zi ZZ]')

Apij(ht ):Apij(hm)_{

A.4.10 Two-layered@nvironment — Flow through multiple vertical vents connecting two

enclosures
A.4.10.1 Slenario element

In case of multiple vents in a two-layered environment, as shown in Figure A.12, the same
Formulae (A.37) to (A.58) as given in A.4.9 are applied to each vent independently.
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Ap,(0)

Key
enclosure i
enclosure j
vent 1

vent 2
smoke layer

N U1 A W N

air layer

Figure A.12 — Calculation in case of multiple vents in two-layered environmept

A.4{10.2 Heights of the bottom of each segment

The heights of the bottom of each segment are‘calculated using Formulae (A.37) and (A.38).

A.4{10.3 Gas densities of layers

The gas densities of smoke and air-layers are calculated using Formulae (A.39) to (A.42).

A.4{10.4 Mass flow rates in bottom segment

Thq substitutions of Fermulae (A.43) to (A.45) for Formulae (A.17) to (A.20) are made to cdlculate the
mags flow rates in the'\bottom segment.

A.4{10.5 Massflow rates in middle segment

Thd substitutions of Formulae (A.47) to (A.50) for Formulae (A.17) to (A.20) are made to cqlculate the
mags flowrates in the middle segment.

A.4.10.6 Mass flow rates in top segment

The substitutions of Formulae (A.53) to (A.56) for Formulae (A.17) to (A.20) are made to calculate the
mass flow rates in the top segment.

A.5 Scientific basis for the formula set

Vent flow has been analysed in relation to quantitative prediction of enclosure fires. Early studies
include the prediction of fully developed fire temperatures by Kawagoel29 based on the suggestions of
Sekine. Extensions were made to a two-layered environment by Prahl et al.[34] and Rockett.[33] For these
early studies, flow formulae were derived by fundamental flow theory. Direct full scale measurements
were carried out in the 1980s by Steckler et al.[3¢l[371[38] and Nakaya et al[29] These measurements
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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.[40]

A.6 Formula set limitations

A.6.1 Uniformity of smoke layer

The formula set assumes uniform or a two-layered profile of enclosure temperatures adjacent to
the vent. When this assumption is not valid, direct use of the integral by Formulae (A.7) and (A.8) is
recommended

A.6.2 Dymnamic pressure
The effect pf dynamic pressure caused by external wind or mechanical fans is not consideped. In quch

cases, the dynamic pressure distribution should be carefully considered.

A.7 Formula set input parameters

A.7.1 Pressure difference across vents

The paranjeter, Ap;(0), is defined as the pressure difference at the datum, which is normally takep at
the lowest poundary elevation.

A.7.2 Englosure temperature profile adjacent to vents
The tempefature profile adjacent to vents needs to be eitheruniform or two-layered. In case of unifprm

profile, thg temperature of each enclosure shall be spegified. In a two-layered case, smoke layer heilght,
smoke laydr temperatures and air layer temperatures\shall all be specified.

A.7.3 Flow coefficient of vents

The flow ceefficient C} is typically 0,7 for simiple vents. For various vents, example values are colle¢ted
in Annex B

A.8 Formula set domain efapplicability

A.8.1 Gepneral

The domain of applicability of the formula set in this annex can be determined from the scientific
literature ffeferenceS'given in Clause A.5.

A.8.2 Comparison with experiments

A.8.2.1 Flow through single vertical vent connecting two enclosures of uniform but different
temperatures — Special case of single vent in one enclosure

Kawagoel#ll carried out full-scale fire experiments of a concrete block structure. The room dimension
was approximately 3 m x 3 m. Ceiling height was 2,4 m. A single vent was equipped in one of the walls.
The size was 1,05 m x 1,8 m. The velocity profile at the vent was measured by Pitot tubes. During the
post flashover period, the vertical temperature profile of the fire room and the velocity profile at a vent
were measured. Similarly, Harmathy carried out experiments under uniform fire room temperaturel42]
as reviewed by Prahl and Emmons[34l. Figure A.13 shows the results of measurements compared with
calculations using Formulae (A.25) and (A.26). Using the data, a comparison was made for normalized
mass flow rate, qm’ij/Bij(hu-hl)l/Z. Both data are consistent, but smaller than calculated results.
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0,6

0,4

0 T T T T T T T
0 200 400 600 800 X

Key
enclosure temperature (°C)

normalized mass flow rate (-)

measured by Kawagoe, inflow to enclosure (kg/s)

measured by Kawagoe, outflow from enclosure {kg/s)

O @ O < X

measured by Harmathy (kg/s)
1 calculated using Formula (A.25)

Figure A.13 — Comparison of calculation results with experiments by Kawagoel#1lland by
Harmathy[42]

A.8]2.2 Two-layered environment — Flow through a single vertical vent in single room
experiments by Quintiere et al.

Single room experiments-Avere conducted by Quintiere et all#3 The room dimepsion was
2,8m x 2,8 m x 2,18 m-~('height). A single vent was equipped on a wall. A line burner with methane gas
y veloped in

e range of
to 0,46 m,

mperature

ower layer
3 3 3 e shown in
Figure A.14 in comparison with experimental data. In case of inflow air, calculated results scatter along
the median value of measurements. In case of outflow smoke, calculated values are slightly larger than
measurements.
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A.14 — Comparisons of calculation results with experiments by Quintiere et al.[43]

wo Rooms experiments by Nakaya et al.

al. carried out two-roomis: ‘experiments.[29 The size of the burn room was 3,41
B,45 m (depth) x 2,12 m>fheight). The adjacent room size was 3,45 m (width) x 3,4
,17 m (height). Single.vent was equipped between burn room and adjacent room. The

was varied. Another-vent was equipped between adjacent room and outside. The size

th) x 1,8 m (height):

b was a propané gas burner of 0,6 m x 0,6 m. The burner strength was varied in the ra
00 kW. Femperature of the burn room was almost uniform, while the temperature off

clo-

fom

fom

b m
Kize
was

nge
the

adjacent room was.two-layered. The mass flow rate through the vent was measured but assujned

that inflov
Formula (4

; and outflow rates are identical. The incoming mass flow rates were calculated u

bing

.18) The comparison results are shown in Figure A.15. The calculated results are slig

htly

larger tha
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Figure A.15 — Comparison of calculation results with experiments by Nakaya et

2.4 Model scale experiments by Kochedet al.

mulae (A.43) to (A.58) in A.4.9 are compared with a series of model scale experiments

et q
(wi
wel
veld
wel
ass

apply Formulae (A.37)t0(A.58). The pressure difference at floor level was calculated so that

and|

Thd
are

being lowerthan in experiments.

.[44] The model box was 1,0 m x 1,3-1i1. The ceiling height was 0,8 m. A doorway openin
ith) x 0,65 m (height) was equipped. A propane gas burner was set in the box. Heat re
e varied in the range of 7,5 kW to 21,7 kW. Using a particle image velocimetry (PIV) 3
city profile at the doorway.opening was measured. The mass flow rates and neutral pl4
e determined from the medsured velocity profile. The vertical temperature profile was
hown in Figure A.16 a). Two-layered profiles are fitted to measured temperature profiles

outflow mass flew.rates are balanced.

calculated résults are shown in Figure A.16 b) in comparison with measured data. Mass
calculated\as being slightly larger than in experiments. Neutral plane heights are ca

71.139]

by Koched
b of 0,26 m
lease rates
ystem, the
ine heights
measured
in order to
the inflow

flow rates
culated as
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A

——  D=217kW

----- hpproximation by two-layered profile

measured neutral plane height (m)

calculated neutral plane height (m)

Figure A.16 — Comparisoen of calculation results with experiments by Koched et al.[44]

A.9 Calqulation examples

A.9.1 Flgw through single vertical vent connecting two enclosures of uniform but

different temperatures — General case

A.9.1.1 CaIculation conditions

As an example for A.4.3, the flow rate through a doorway (0,9 m wide, 2,0 m high) is calculated. It is
assumed that T; is 80 °C (353 K) and T; is 20 °C (293 K). Pressure in enclosure j is higher than that in
enclosure i at the floor level by 2 Pa (Ap;;(0) = -2 Pa) as shown in Figure A.17.

28
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I‘_| Api,' (0) =-2Pa Y

enclosure i
enclosure j

Figure A.17 — Calculation example of mass flow rates in uniform temperatur

1.2 Gas densities of enclosures

gas densities of the two enclosures are caleilated by Formulae (A.59) and (A.60)
mulae (A.14) and (A.15):

whg

A9
Thd

pr=22223%3 1 000
T, 353

1

_353_353

Pj T, 293

=1,205

re p;and p; are expressgdin kg/m3.

1.3 Neutral plane-height above the datum

neutral planecheight above the datum is calculated by Formulae (A.61) [based on Formu

Ap: (0 _
h, = o) _ 2 =0,997
(pi=p;lg (1,0-1,205)x9,8

whg

reh is expressed in m.

[based on

(A.59)

(A.60)

a (A.16)]:

(A.61)

A.9.1.4 Mass flow rates

As the neutral plane height, h,, is between h, and hj, flow is bi-directional. Based on Formulae (A.17)
and (A.18), mass flow rates to and from enclosure j are calculated using Formulae (A.62) and (A.63):

2 3/2
m,ij =§CDBij \ 2Pi (Pj —Pi )g(hu —hy,) /

:§x0,7><0,9\/ 2x1,00x(1,205—1,0)x9,8 x(2,0-0,997) 3/

=0,846

© IS0 2023 - All rights reserved
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2 3/2
m,ji ZECD Bij\/zpj (Pj _pi)g(hn —hy) /

:§x0,7x0,9\/2><1,205x(1,205—1,00)><9,8 x(0,997-0,0)%/? (A.63)

=0,919
where g, ;and q,, ;; are expressed in kg/s.

A.9.2 Flow through multiple vertical vents connecting two enclosures of uniform but
different temperatures

A.9.2.1 (alculation conditions

As an example for A.4.5, flow through multiple vertical vents connecting two enclosures is’calculafted.
Consider two vents connecting enclosures i and j as shown in Figure A.7. Dimensiehs-of vent 1|are
B;;1=0,9 m (width), h;;=0,7 m (lower height), and h, ;=1,2 m (upper height). Dimensions of vent 2]are
B;; ,=2,0 m|(width), h; ,=1,8 m (lower height) and h, ,=4,0 m (upper height). It is assbmed that T; is 8] °C
[3]53 K) anfl T;is 20 °C (293 K). Pressure in enclosure j is higher than that in enclosure i at the floor lgvel

by 5 Pa: Ag;(0)= -5 Pa.

A.9.2.2 (as densities of enclosures

The gas densities of the two enclosures are calculated by Formulae (A.64) and (A.65) [based on
Formulae (A.14) and (A.15)]:

=
P :%3:%:1,000 Ale4)
353 353

where p; and p; are expressed in kg/m3.

A.9.2.3 Neutral plane height aboye the datum
The neutrall plane height above the datum is calculated using Formula (A.66) [based on Formula (A.16)]:

ho— Ap;; (0) _ -5

N = =2,491 (Al66)
(Bi—-pjlg (1000-1,205)x9,8

where h, i§ expressed in m.

A.9.2.4 l\rass flow rates

Mass flow rates are calculated for each vent. For vent 1, the neutral plane is located above the upper
height of vent. Thus, the flow is uni-directional from enclosure j to enclosure i. Applying the last line in
Formula (A.18), the mass flow rate is calculated using Formula (A.67):

2 3/2 3/2
Tm,ji 1 :§CD Bi1y2p;(p;—pi)g{(hy =) / ~(hy =Ry 1) !

=§><0,7><0,9\/2><1,205><(1,205—1,00) x9,8x{(2,491-0,7)%? =(2,491-1,2)%/%} (A.67)

=0,859
where g, ;; 1 is expressed in kg/s.
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For vent 2, the neutral plane is located within the vent. Thus, the flow is bi-directional. Applying the
second line in Formula (A.17), the mass flow rate from enclosure i to j is calculated using Formula (A.68):

2 3/2
Tm,jj 2 =§CD Bii 2+ 20i (P —pi) g (hy2 —hy) /

:% x 0,7x2,0,/2x1,000%(1,205—1,000)x9,8 x (4,0—2,491)>/ (A.68)

=3,46
where gy, ;; - is expressed in kg/s.

Apglying the second line in Formula (A.18), the mass flow rate from enclosure j to i is calcu]ated using

Formula (A.69):
2 3/2
Tmyji 2 :§CD Biia\2p;i(p;—pi)g (hy—h2)

:§><o,7><2,0J2><1,205><(1,205—1,000)><9,8><(2,491—1,8)3/2 (A.69)

=1,18
where g, ;;» is expressed in kg/s.

A.9.3 Flow through multiple vertical vents connectihg'two enclosures of uniforjm but
different temperatures — Special case of two small:vents

A.9!3.1 Calculation condition

As pan example for A.4.6, flow through two small vents is calculated. Consider a shaft ag shown in
Figlire A.8. The upper and lower vent areas are A;=10 m?2 and A;; = 2,0 m2. The upper vent is located
20 t above the lower vent. The shaft temperature is 80 °C (353 K) and the outside air temperature is

20 9C (293 K).

A.9|3.2 Gas densities of enclosures

The gas densities of the twd_ernclosures are calculated using Formulae (A.70) and (A.71)[based on
Formulae (A.14) and (A.15)}:

p; :E’TE:%:LOOO (A.70)
i
353 1353
p; =225 21,205 (A.71)
T~ 293

where prand pjare expressed in kg/m3.

A.9.3.3 Equivalent flow area
The equivalent flow area is calculated using Formula (A.72) [based on Formula (A.30)] as:

A = 1 1

eq =
; 1 2 1,205, 1
\/(if*p_](i)z \/(ﬁ) *1,000'2,0°
Aj; pi Aji ’ ’ ’
where 4, is expressed in m?.

=0,877 (A.72)
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For practical calculations, the density fraction, p;/p;, in Formula (A.72) is negligible. This is shown in

Formula (A.73) for this example:

1 1

A

eq
\/(

where A,
calculateéll

A.9.3.4 Massfle

The mass fi

Qm,ij =

where q,, ;

A.9.4 Flq

A9.41 c

As an exanpple for A.4.7, flow through multiple serial vents is cal¢ulated. In this example, enclosure

and k are d
The vent w
(293 K). T}

A9.4.2 @

The gas d¢
Formulae

=0,894 (A

1
— ) +(
A

1 - 1 1
R - + -
Aﬁ) J(Loo) (00

73)

is expressed in m2. The result is within 2 % of error in comparison with the exact value

by Formula (A.72).

i,
e

W lid

low rate is calculated by Formula (A.74) [based on (A.31)] as:

Im,ji = CpAeq \/ij(pj —pi)g(h;—hy)
— 0,7x0,877+/2x1,205%(1,205—1,00)x9,8x20 = 6,04

and q,, ; are expressed in kg/s.

w through multiple serial vents

hlculation condition

idths are B;=Bj =1 m. The temperatures of englesures are T; = 200 °C (473 K), T} = 2
e pressure difference between enclosures i and k'is Ap;;,(0) = -6 Pa at the floor level.

as densities in enclosures

nsities of the two enclosures are calculated using Formulae (A.75) and (A.76) [based
A.32) and (A.33)]:

353 353

@Al

onnected by two vents in series as shown in Figure A:9. The vent height is h=2,1 m, hj=0 m

74)

5 1, j

) °C

on

75)

76)

;= = — = 0,746 A
=T S (
Pk = 353 _ 358 _ 1,205 (Al
Ty 293
where p; and p, are expfessed in kg/ms3.
A.9.4.3 Hquivalent'vent width
The equivdlent vent width is calculated using Formula (A.77) [based on Formula (A.34)]:
1 1
By = = = 0,707 (A.
12,15 12,15
\/(B_) +(B_) \/(ﬁ) +(1—0)
j Jk ’ ’
where B, is expressed in m.

32

77)
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A.9.4.4 Neutral plane height
The neutral plane height is calculated using Formula (A.78) [based on Formula (A.16)]:

Apy (0 -
p = 2P0 6 =1,335 (A.78)
(pi—pr)g (0,746—1,205)x9,8

where h is expressed in m.

A.9.4.5 Mass flow rate

Theg mass flow rates are calculated using Formulae (A.79) and (A.80) [based on Formul@e|(A.17) and

(A.18):

2 3/2
Am,ik =§CD Beq Zpi (pk _pi)g (hu _hn) /

=§ x 0,7x0,707,/2x0,746x(1,205-0,746)x9,8 x (2,1-1,335)>/? (A.79)
=0,57

T ki :§CD Beq\ 2Pk (P —pi) g (hy —hy )>/?
=§ % 0,7x0,7072x1,205x(1,205—-0,746)x9,8%(1,335-0)>/2 (A.80)
=1,68

where q,,, ;. and q,, ,; are expressed in kg/s.

A.9.5 Two-layered environment — Flow through single vertical vent connecting two
endlosures

A.9|5.1 Calculation condition

As pn example for A.4.9, flowsthrough a single vertical vent connecting two layered enklosures is
calqulated. Consider two enelosures as shown in Figure A.18. Smoke layers are formed in the ypper parts
of the two enclosures. The smoke layer heights are 0,8 m and 1,6 m in enclosures 7 and j, r¢spectively.
Smake layer temperatures are 80 °C (353 K) and 40 °C (313 K). Lower layer temperaturef are 30 °C
(30B K) and 20 °C (293 K). The pressure in enclosure j is higher than that in enclosure i by|1 Pa at the
datpim, Apl-j(O) = <1 Pa. The vent width, Bij, is 0,9 m and the vent height is 2,0 m (#=0,0 m, 4, = 2,0 m).
Mags flow rates‘are calculated for each segment.
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< qm,ij,t »
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VE ||= qm,ji,m E
= — ]
_____________________________________ -
= a 4 "
£ Tm,)1
173 3 P = =
1
= T — T, =20°C (293 K)

1 2 Ap

-1 0
ik
DU Ap, (0) =-1Pa

Key

1 bottom|segment
2 middle[segment
3  top segment

4  vent

5 enclosyre i

6  enclosyre

Figyre A.18 — A calculation example of mass flow rates in two-layered environment

A.9.5.2 Mass flow rates in the bottom segment

The range| of the bottom segment is 0 € < h,, (= 0,8 m). The gas density is calculated u$ing
Formulae (|A.81) and (A.82) [based on Formulae (A.39) and (A.40)] as:
353 353
=122 =221 165 Al81
Par =4 =303 (Af81)
353 353
i =4—=—-=1,205 A}82
Paj r;, 293 (A182)
where p, ; and Pa,jare expressed in kg/m3.
The neutrdl plane-height is calculated by Formula (A.83) [based on Formula (A.46)] as:
ApyQ) :
7 =2,566 (A.83)

h = =
" (Pai—Pa;)9  (1,165-1,205)x9,8

where h, is expressed in m.
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As the neutral plane height, h , is larger than segment height, h_, the flow is uni-directional from
enclosure j to enclosure i. Using the last line of Formula (A.18), the mass flow rate in the bottom segment
is calculated as show in Formula (A.84):

2 3/2 3/2
Tm,ji b :§CD Bij\/zpa,j (Paj = Pas ) g {h3/% —(hy —hy,) /%y

whg

A9

Thd
of t

whg

The
For

whg

As
For

=§><o,7><o,9\/2><1,205>< (1,205-1,165)x9,8 x{2,566°/% —(2,566-0,8)>/?} (A.84)
=0,718
I "’[m,]l,b ib CAPI UDDCd ill }\g/b.
5.3 Mass flow rates in the middle segment
range of the middle segment is h, (=0,8 m) < h < h (=1,6 m). The pressure difference at fhe bottom
ne middle segment is calculated using Formula (A.85) [based on Formula (A.52)] as:
Apij (hy )= Apij (0)_(pa,i ~Paj )ghy
=-1-(1,165-1,205)x9,8%0,8 (A.85)
=—0,689
re Apij(hm) is expressed in Pa.
neutral plane height for this segment is calculated using Formulae (A.86) and (A.87)| [based on
mulae (A.41) and (A.51)] as:
353 353
o= 222 227 1 000 A.86
Ps,i T 353 (A.86)
Ap;i(H -
- pj(Hw) 0,686 ) 0,343 (A87)
(psi—Pajlg (1,000-1,205)x9;8
re p, ;is expressed in kg/m3 and+,, is expressed in m.
< h, < h, - hy, flow is bi-diréctional. Using the second line in Formula (A.17) and the se¢ond line in
mula (A.20), the mass flow Tates are calculated as shown in Formulae (A.88) and (A.89):
2 3/2
Am,ij,m =§CD Bij\/zps,i (pa,j —Ps,i )g {(h/ —h; )_hn}
:§x0,7><0,9><\/ 2x1,0x(1,205-1,000)x9,8 x{(1,6—0,8) —0,34313/2 (A.88)
=0,260
2 3/2
diaji,m ZECDBU J2Pa; (Paj —Psi)g b
2 3/2
=§><0,7><0,9><\/2><1,205><(1,205—1,000)><9,8 x0,343 (A.89)
=0,186
where qp, ;i i and qp, j; o, are expressed in kg/s.
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