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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.
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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.

Algebralc formulas conformlng to the requlrements of this Internatlonal Standard are used with other
. Zse h-desig : he-establishment
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algebraic formulas discussed in this International Standard’are very useful for
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INTERNATIONAL STANDARD

ISO 16737:2012(E)

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 c

1.2
case

1.3
relev

hiculation of specific characteristics of vent flows.

This International Standard is an implementation of the general high-level requiren
pf fire dynamics calculations involving sets of algebraic formulas.

This International Standard is arranged in the form of a template, where specific
ant to algebraic vent flow formulas is provided to satisfy the followingtypes of general r¢

a)
b)

c)

d) input parameters for the calculation method;

e)

NOTH
be pr
anne

2 Normative references

The
refern

document (including@ny amendments) applies.

ISO 1
ISO 1
ISO §

escription of physical phenomena addressed by the calculation-inethod;
ocumentation of the calculation procedure and its scientificbasis;

imitations of the calculation method;

omain of applicability of the calculation method.

Examples of sets of algebraic formulaemeeting all the requirements of this International
bvided in separate annexes for each differenttype of vent flow scenario. Currently, there are tw

'ollowing referenceddocuments are indispensable for the application of this documer
ences, only the edition cited applies. For undated references, the latest edition of the

3943, Fire safety — Vocabulary
6730, Fire’safety engineering — Assessment, verification and validation of calculation mé

725\@ll parts), Accuracy (trueness and precision) of measurement methods and results

ents for the

information
quirements:

Standard will
b informative

kes containing general information on yent flows and specific algebraic formulas for practical] engineering
calcullations.

t. For dated
b referenced

thods

3 Terms and definitions

For the purposes of this document, the terms and definitions given in ISO 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
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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 H

4.5 Becau
scenarios (4
resultis ind

5 Requil

5.1 Thep
algebraic fo

5.2 Eachf
of the formu

5.3 Each
formula ver;

5.4 Thesq
the peer-rey

5.5 Examj
consistent W

6 Requi]

6.1 Quant
consistent W

6.2 Cautid
be provided
method and

e clearly 1dentified.

e different formulas describe different vent flow characteristics (4.3) or apply to-diff
.4), it shall be shown that if there is more than one method to calculate a giveén quantit]
ependent of the method used.

rements governing documentation

rocedure to be followed in performing calculations shall be described through a d
mulas.

prmula shall be presented in a separate clause containing a phrase that describes the o
la, as well as explanatory notes and limitations unique to the formula being presented.

rariable in the formula set shall be clearly defined, along with appropriate SI units, alth|
ions with dimensionless coefficients are preferred.

ientific basis for the formula set shallbeprovided through reference to recognized handb
iewed scientific literature or threugh derivations, as appropriate.

bles shall demonstrate how-the formula set is evaluated using values for all input param
rith the requirements in€lause 4.

rements governing limitations

itative limitson direct application of the algebraic formula set to calculate output paramg
rith the s€enarios described in Clause 4, shall be provided.

ns’on'the use of the algebraic formula set within a more general calculation method

brent
y, the

et of

1tput

ough

boKks,

eters

bters,

shall

which shall include checks of consistency with the other relations used in the calcul

ation

the numerical procedures employed.

7 Requirements governing input parameters

7.1

temperature, pressure and geometric dimensions.

Input parameters for the set of algebraic formulas shall be identified clearly, such as layer

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.
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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 5725) 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 Cl
encld

huse 4 shall be identified, for example, the assumption of one or more uniform gas
sed space.
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Annex A
(informative)

General aspects of vent flows

A.1 Terms and definitions used in this annex

For the purp
Al11

boundary

surface that{defines the extent of an enclosure

A.1.2
datum
elevation us|
A1.3
enclosure
room, space
A.l1.4

flow coeffig

empirical eff

or volume that is bounded by surfaces

ient

rate through a vent

A1.5
hydrostatig
atmospherig
Al.6

interface p

pressure

pressure gradient associated with height

psition

oses of this document, the terms and definitions given in ISO 13943 and the following4

ed as the reference elevation for evaluation of hydrostati¢ pressure profiles

ficiency factor that accounts for the difference between the actual and the theoretical

smoke layer height

pply.

flow

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

© ISO 2012 - All rights reserved
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A.1.8

pres

sure difference

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

A19

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

hot

hot d

relat
high

A.1.1
smol}
horiz
A.1.1

vent

Ipper layer
as layer

jvely homogeneous volume of smoke that forms and accumulates beneath the boundar
st elevation in an enclosure as a result of a fire

1
ke layer interface
ontal plane separating the smoke layer from thedower layer

2

openling in an enclosure boundary through which air and smoke can flow as a result of

mech
A.1.1
vent

flow

A2

A.2.

lanically induced forces
3
flow

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

Description of physical phenomena addressed by the formula set

I Scope

y having the

naturally or

This

annex is intended to document the general methods that can be used to calculate m4

ss 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.

© ISO
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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 (kgs 1)
pi(h) pressure in enclosure i at height h above datum (Pa)

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

T temperature (K)

To reference temperature (K)

v flow velocity (m s-1)

pi gas density of smoke (or air) in enclosureiitkg m-3)

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

Po 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 the Bern
Table A.1. Fd
horizontal ¥
small. Expli

of flow through vents is calculated according to orifice flow theory based on applichtion
ulli equatigh. Methods to calculate vent flows are developed for the conditions shown in
r the case.of vertical and horizontal vents, flow may be uni-directional or bi-directional. For
ents,\bi~directional flow takes place only for special cases when the pressure differerce is
Fitformulas presented here are applicable to flow through vertical vents and uni-directjonal

flow throug

TIoT I AoTrcoT v CIreos
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Table A.1 — Conditions of vent flow calculation

uni-directional flow

bi-directional flow

4p, (h) 4p,(h)
qm,lj-
vertical vent ST
4%'_7.'._'__
m, ji &
A qm,|J
i p;
Tl p
I.p g I | |
1 M m,ij 3 _
hoifizontal Ol
vent
ql‘l‘l,JI

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

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

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

SN

mij — CDA\/ 2piApij

(A1)

whette Apjj = pi - pj and‘ehe assumption is made that the pressure difference across the vernt is uniform

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

© IS0 2012 - All rights reserved
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(A.2)

(A.3)

(A4)

IS0 16737:2012(E)
1 2
- \ <
\: Apij =pi—D;
< _—— P — m,lj;CDApi 4
/_/_: vz\lepij/pi

e/ / { ] pj
Key
1 enclosufe i
2 enclosu[e]’

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
height h abgve datum is calculated by
1 353
phy F Do o
T;(h) Ti(h)
The hydrostjatic pressure in enclosure is calculated by integrating gas density over height to yield
h.
ph) + p0)=Fpi)gd¢
0

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

Apy(h) —=—pith=p;t)

h
= PO -p O} - [{p()-py()}edS .
0
h
= Ap;(0)- [{p()—-py(O)}2d¢
0

NOTE To derive Formula (A.2), smoke gas is approximated by an ideal gas whose property is identical to air

at normal atmospheric pressure.

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

A | \

1 2

qm,lj

3:: _qm, ji

H =

- | - AN

Ti (k) pilh) p (h)

4p,(01=p0)-p (0]

Key

[EN
]

nclosure i
hclosure j

[\
[¢]

Figure A.2 — Hydrostatic pressure difference betweéen two adjacent enclosu

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

Wheh the pressure difference across the vent is not,tiniform over the vent area, flow throi
is calculated by applying orifice flow theory to eagh part of the vent, as shown in Figure A
hydrpstatic pressure difference by Formula (A.4)(nass flow rates between enclosures are c

hu
i = CoB [ 2, (c)max(ap,(5)0) dg

hy

K~
Il

<)
Il

= CoB | 29, maxt-2p,(©).0) d¢

P (h)

res

rence

igh the vent
2. Given the
alculated by

(A.5)

(A.6)

© IS0 2012 - All rights reserved
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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 methéds 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 fprmulas is applicable to vent flows driven by buoyancy cause@ by fire. Dynamic pregsure
effects, such as wind, are not considered. Methods to calculate vent flew conditions are developed for
two types of temperature profiles: One is a uniform temperature profileswhile the other is a two-layered
profile as calculated by ISO 16735. The calculation conditions are stimmarized in Table B.1.

Table B.1 — Conditions of vent flow calculation formulas

Temperatyure

profile Arrangement of vent(s) Flow patterns Clapse
Uniform Single vent B.3.1

|
=

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

Temperature
profile

Arrangement of vent(s)

Flow patterns

Clause

Single layer

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

N
=

B.3.2

Single vertical vent
(special case, flow is bi-direc-
tional)

-

B.3.3

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

B.3.4

Multiple vertical vents

(special case of two small vertical
vents in one enclosure, flow is bi-
directional)

B.3.5

Multiple serial vertical«ents
(Combination of multiple serial
vents into equivalent single vent)

B.3.6

Single horizontal vent
(unsteady bi-directional flow)

B.3.7

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

Temperature

profile 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)

T U5

Multiple vertical vents B4.9
(general case, flow may be either -7
uni-directional or bi-directional) |::>

B.1.3 Vent flow characteristics to be calculated

Formulas prjovide mass flow rates of smoke and air through a vent.
B.1.4 Vent flow conditions to which formulas apply
Explicitfornjulas provide the flow of smoke through vertical andhorizontal vents under specified conditions.
B.1.5 Selffconsistency of the formula set

The formulq set is developed in a self-consistentimanner.

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

ISO 16735:20006, Fire safety engineering-== Requirements governing algebraic equations — Smoke layers

B.2 SymIols and abbreviated terms used in this annex

In addition tg the symbols and abbreviated terms used in Annex A, the following terms are used in this ahnex.
abs(x) absolute-value of x

Ajj area.ofwent connecting enclosures i and j (m2)

Bjj 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

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

T temperature of enclosure i (K)

12 © IS0 2012 - All rights reserved
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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)

Tsi 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 uniforim, identical temperature

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

dny = Cpdj\2p Ap; (B.1)
Ap; = pi—p; (B.2)

Enthplpy and chemical species flows are calculated using mass flow rate

H'y = c,(T,=T) qn; (B.3)
Qi = Wi Qg (B.4)
NOTH 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
Ti, pi
TJ.: TI , pJ: pI:p
G j———P>
p " A
e T
4p,; = P-p,

Key

—

1 enclosurd
2 enclosurg

—

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 ae€érdance with the position of the neutral plane.
When the nqutral plane exists below the lower edge of the vent, flow is unidirectional from enclosuye 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 Gnidirectional from enclosure j to i [11, [2]. The height of
the neutral plane is given by (B.7). Flow rates gm,ij, qm,ji are given in Formulae (B.8) to (B.11). Calculption
results fronj this formula set are presented in Figure B.4 in non-dimensional form.

1 2 1 2 1 2

° /. e ° / °
. g g PPy T p T p,

qITI,IJ-
tl'ﬂ,u > T -
<
~ Oy <
qmjl_o__._‘_ll::_ / / =
4p,=(0) 4p,=(0) 4p,;=(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

IS0 16737:2012(E)

hoo= Apij(o)
n (o —n)\a
T 170
B.3.2.3 Mass flow rate

In th

e case of Ti > Tj (pi < pj),

2Co B 20 (P = POR U~ ) = =h)"™) (<)

dy = 2¢, B, 200, - pg =) th <h, <h,)
0 (h. <h)
0 (hy <)

dos = 2C, 820,00~ Pl ~ 1) (h<h,<h)
20y Bp2P (P = PR, —h) 2 = (h, = h )} (b <hy)

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

0 (h, <h)

Gy = 2C,5,\20,(p— )8 (h =) (h <h, <h)
S CoB, 20 (P =P8 (=) = (h, =k (B, <h)
20y, 20, (P =P8 Wb =)= (h=h)") (h,<h)

Goy = CoB\2p,(p =g (h=h)" (h<h,<h)
0 (h,<h,)

B.3.2.4 Example of calculation

(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 [Apij(0) =-2 Pa] as shown in Figure B.3.
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1 2
7=80°C (353K) | 7,220°C (293K
qm,lj-
S
R
ENE
< o
0 (hy=0m)
dp(0=-2pa A

Key

—

1 enclosurd
2 enclosurg

—

Figure B.3 — Mass flow rates for Tj = 80 °C (353K), Tj = 20 °€(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 Formuilae (B.5) and (B.6), the gas densities of smoKe in the two enclosures are:

poo= P23 2 33 _ o
T 353

po= P2 2 33 o 05

) T, 293

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

Ap. (0 _
PR I IO o8 2 = 0,997
(P-pE  (10-1,205x9,8

B.3.2.4.3 Mass flow rates

(B.12)

(B.13)

(B.14)

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
9nij = ECDBU\/ 2pi(pj - p,)g(h, _hn)3/2

= §x0,7><0,9\/2,0><(1,205—1,0)><9,8 X (2,0-0,997)*?

0,846

(B.15)
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2
= g><0,7><o,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,
Qi == Imi : (B.17)
\/ zpi(pj = pi) Bij(hu —h)
e o ji
Qoji = ’ (B.18)
: \/ij(pj_pi)Bij(hu ~h)"?
are plotted against non-dimensional neutral plane height
n = -+ (B.19)
hu - hl
2

i
|
P’ﬂ
|
|
|
|
|
|
|
|
!
|
|
|
|
|
|

Key
non-dimensional mass flow rate, q:n
non-dimensional neutral plane height, A,

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.

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

Key
1 enclosu[e i
2 enclosufe j

Figure B.p — Pressure difference across single vertical vent and corresponding flow rateg in
case of T; > Tj{(pi < pj)

B.3.3.2 Hg¢ight of neutral plane above floor
o= TRy (B.20)
1+(p,/ p,)

B.3.3.3 Mass flow rate

2 (p;/p)
Qi = E D\/zpi(pj_pi)g :

L+(p;/ p)"”

/3 3/2

By(h,~h)" (B-21)

3/2

2 1
Anji = ECD\Izpi(pi_pi)g PN Bii(hu_hl)3/2 (B.22)

1 ya / N3
TP 7Py

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 [3]:

Anjj = Yuni = 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 showmn in Fignrn B 6 two vents connect enclosures i and j Dimensions of vent 1 are ij,1 = 09 m
(widh), h;1 = 0,7 m (lower height), and hy,1 = 1,2 m (upper height). Dimensions of vent 2 dne| Bjj,2 = 2,0 m
(width), h11 = 1,8 m (lower height) and hy,2 = 4,0 m (upper height). It is assumed that 7315 8P °C (353 K)
and Tjis 20 °C (293 K). Pressure in enclosure j is higher than that in enclosure i at thelfloor |evel by 5 Pa
[Apij{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.dve:

g = B'Tﬁ = % = 1,000 (B.24)
A = % = z—gi = 1,205 (B.25)

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

Ap. (0 -
_ @ X = 2,491 (B.26)
(p-p)g  (1,000-1,205)x9,8

el

n

B.3.4.2.3 Mass flow rates

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

2
DQnjiy = ECD Bij,1\/2pj(pj -p)gilh, — }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
iz = ECD Bij,2 \ 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 / = < 2
Apijz(O)
2043,& — h —h,)"
Amjio 5 p D2 Pj(Pj p)g (h,—h,)
%xO,7><2,O\/2><1,205><(1,205—l,OOO)><9,8><(2,491—1,8)3/2 (B.29)
+ 1,18
Key
1 enclosufe i
2 enclosu[:ej
3 vent 1
4 vent 2

Figure¢ B.6 — Pressure difference acrosswertical two vents and corresponding flow

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 Scppe of calculation formulas

As a special

direction (p; < pj)

case, a shaft enclosure has two small vents at different heights as shown in Figure B.7 The

internal temperature is(Z;,*while the outside temperature is Tj. In this case, the pressure diffefence

between the inside andoutside space is given by

Apij(h)

= _(r—ppgh,—h) (B.30)

At steady-state, the height of the neutral piane, My, 1S focated so that incoming and outgoing mass flow
rates are balanced.

ho o=

n

In this case,

20

L (b —h)+h (B.31)
Al 2

142
pi 4

the general formulae are simplified using the concept of effective flow area.
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3
G >
1 . 2
T, p F—1—F < T Py
/ o ji &
/
P;-pglhy-hy

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

pressure difference Apij(h)

BwWw N

neutral plane

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

B.3.3.2 Effective flow area

The ¢ffective flow area is calcylated to account for total flow resistance of two openings.

4, = ! (B.32)

Lo Pt o
\/(141) +E(Az)

B.3.3.3 Mass flow rate

Using the effective flow area, incoming and outgoing mass flow rates are calculated by

C)m;j = qmd; = CnAm ‘,,/ij(pj _ p.)g(ho _ hl) (833)

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:

N 3
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353 353
o= =2 = =2 = 1,205 B.35

=T 0 (B.35)

The effective flow area is calculated by Formula (B.32) as:
1 1
4, = " " = 7 1205 = 0,877 (B.36)
R RRATE S, \/(Y S
4 p; 4, 1,0 1,000 2,0

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

i =| G = O,7><O,877\/2><1,205><(1,205—1,00)><9,8><20 = 6,04 (B.37)
NOTE Fgr practical calculations, the density fraction, pj/pj, in Formula (B.32) can be taken as 1,0/In this example,

4, = ! = 0,894 (B.38)

1., | 2
\/(Al) ") \/<1 L) 2OO)

which resulfs 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 Scppe of calculation formula

In practical fmoke 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 calculatigns in

realistic built environment that might have several vents.

As shown in| Figure B.8, three enclosures are conunected 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 wijidth 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 influende the

final calculation results.

22
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1 2 3

L / ® / o ____
I p . ;’ T. p, qm‘jk—# Te. P

m,1) -
R4 .Q:

o qm,]l =) qm,kj _QE

.QE
/ —
4p,(0) 4p;,(0)

Key

1 enclosurei

2 enclosurej

3 efhclosure k

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

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)

ik 1. .
\/(lif) +(Bfk)

\ J
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NOTE To combine more than two vents in series, the formula can be applied recursively:
1
Bijkmn = 1 I 1 (B.40)
(72_'_ Vi
\/Bij> G+

B.3.6.3 Example of calculation

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

o= 52230 g b
N E-- R - RS b
k

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

_ 1
1, 1, Lo, 1o
\/(Bij) +(BTk) \/(1,0) "‘(17))

Using Formulae (B.7), (B.8) and (B.9), mass flow rates are calculated as:

hoo= _An©O —6 = 1,335 (B.44)

2
Anik T ECD B\ 2p;(p—p;)g (A, _hn)3/2

B, =

= 0,707 (B.43)

= % x 0,7x0,707,/ 20,746 (1,205 - 0,746)x9,8 x (2,1-1,335)"” (B.45)
4 0,57
G 3 Co B 2850~ PIE (h=h)"
= % x 0.7%0,707,) 2x1,205%(1,205-0,746)x9,8 x (1,335—0)*” (B.46)
4 £68
NOTE Tle exact solution considering two separate vents is: gmii = 0,44, gmii = 1,24, gnik = 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 qm jk and qm ji are calculated by
using the effective vent width, while the flow rates qm ij, 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

mass flow rate [kg/s]

pressure difference at floor level, Apik(0)[Pa]

approximation by effective width
exact calculation

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

/ Flow through horizontal vent connecting two enclosures of uniform but differ-
ent femperatures

Flow| through a horizontal\vent can be calculated in a manner similar to the case of floy through a

vertical vent connecting-two uniform temperature enclosures.

Qi = (O Aij\/ 2p, Apij , (if Apij > Apflood)

How
pres

bvef;, Caution should be used, since there is a minimum pressure difference for flo
bure difference is too small, bi-directional flow may arise as shown in Figure B.lO.T

(B.47)

ding. If the

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
N I
| | |
T, pi oy \ T, p I
qm’,.
(pi<p) A ( pi>p) !
(Ap >Ap (Ap <Ap
I'|J ~ TTO0U I'|J F TTuou
Key
1 velocity| profile
Figure B.10| — Pressure difference across vertical vent and corresponding flow direction (pj

B.3.8 Two-layer environment — Flow through single vertical ventconnecting two en

sures

In a two-lay
through a v
both sides.
contact with

Mass flow
independen

to be used a

The height
between en
base are cal

br environment, the flow through a vent is rather complicated. As shown in Figure B.11
ent is calculated in three segments. The bottom segment is in contact with the air lay
[he middle segment is in contact with smoke and'air on either side. The top segment]
) smoke on both sides.

rates are calculated by applying the basic’ Formulae (B.7) to (B.11) to each seg
[ly. The heights of middle and top segment bases are determined by

min(/;,h;)
max(h;,h;)

5 datums in calculation formulae.

pf the neutral plané shall be calculated for each segment. Using the pressure diffe]
‘losures i and jat the segment base, the heights of the neutral plane relative to the seg
rulated by

< Pj)
clo-

flow
b on
is in

ment

3.48)

3.49)

ence
ment

Ap..(h
P (B.50)
(pi< pj)g
for the middie segment, and
Ap..(h
h, = M (B.51)
(p; _pj)g
for the top segment.
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Key

B.3.8.1 Mass flow rates in bottom segment

Masgq flow rates in the bottom segment (h < hp,) are“calculated by the formulae in B.3.2 f
vent connecting two enclosures of uniform but different temperatures. The following repla
necegsary to apply Formulae (B.7) to (B.11)

B.3.8.2 Mass flowrates in middle segment

Masq flow rates'in-the middle segment (hy, < h < hy) can be calculated by Formulae (B.7) ta

the

©IS

IS0 16737:2012(E)

bottom segment
middle segment

top segment

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

T T,

L

1. - T

aj

A — min(h,h )

u

fpllowing replacements:

ment

pr a vertical
cements are

(B.52)

(B.53)

(B.54)

(B.11) after

JTsi (B < hy)
L —9 )

e al

=~

(B.55)

L1 I\
Lla,i \"i -~ ”j}

T. (h<h)
T a,) 1 ]
P {T (h>h,)

s,

h, — max(h—h_,0)
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