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This edition of NFPA 92, Standard for Smoke Control Systems, was prepared by the Technical 
Committee on Smoke Management Systems. It was issued by the Standards Council on October 5, 
2020, with an effective date of October 25, 2020, and supe1·sedes all previous editions. 

This document has been amended by one or more Tentative Interim Amendments (TIAs) and/or 
Errata. See "Codes & Standards" at www.nfpa.org for more information. 

This edition ofNFPA 92 was approved as an American National Standard on October 25, 2020. 

Origin and Development of NFPA 92 

The NFPA Standards Counci.1 established the Technical Committee on Smoke Management 
Systems in 1985 and charged it with addressing the need for guidelines and materials on smoke 
management in buildings. The Committee's first document, NFPA 92A, Recommended Practice for 
Smoke-Control Systems, was published in 1988 and addressed smoke control utilizing barriers, airflows, 
and pressure differentials so as to confine the smoke of a fire to the zone of fit·e origin to maintain a 
tenable environment in other zones. The complex problem of maintaining tenable conditions within 
large zones of fire origin such as atria and shopping malls represented a more difficult issue in terms 
of the physics involved and thus was reserved fo1· another document, NFPA 92B, Guide for Smoke 
Management Systems in Malls, Atria, and Large Areas, first published in 1991. 

Between 1991 and 2009, NFPA 92A and NFPA 92B were separately maintained. In 2006, NFPA 
92A was rewritten as a standard with mandatory provisions regarding design, installation, and testing 
of smoke-control systems and was renamed Smoke-Control Systems Utilizing Barriers and Pressure 
Differences. In 2005 and 2006, both documents were reorganized to com ply with the Manual of S tyle for 
NFPA Technical Committee Documents. Both documents eventually contained many of the same 
requirements for design objectives, activation, and installation. 

In the Annual 201 1 revision cycle, NFPA 92A and NFPA 92B were withdrawn and replaced with a 
new document, NFPA 92, Standard fm· Smoke Control Systems. NFPA 92 was created using requirements 
from both of the original documents, removing duplicate provisions and making numerous editorial 
changes. The new document used the term smoke control systems to address both containment and 
management systems. With the consolidation effort, the new standard covered the following topics: 
design of smoke management systems and calculations, design of smoke containment systems, design 
of stairwell pressurization systems, and testing 1·equirements. 

The 2015 edition included editorial revisions and new requirements addressing draft curtain 
materials. 

The 2018 edition added requirements regarding the ve1·ification of dedicated smoke cono·ol 
equipment through use of the weekly self-test function. A new annex on tenability was added to 
provide guidelines for designers to assess tenable conditions in spaces protected by smoke cono·ol 
systems, in connected spaces, and of means of egress elements dw·ing the operation of a smoke 
control system. 

The 2021 edition ofNFPA 92 has revised the requirements for the design number in Chapter 4 
and the number of doors required to be open during testing in Chapter 8 for smoke containment 
and stairwell pressurization systems to only doors that are automatically opened during the smoke 
control strategy. New Annex A material has been added to provide guidance on systems with makeup 
air velocities exceeding 200 ft/min ( 1 .02 m/s). Equations and values throughout the document have 
been updated to provide both I-P and SI values. 

NFPA and National Fire Protection Association are registered trademarks of the National Fire Protection Association, Quincy, Massachusetts 02169. 
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Committee Scope: This Committee shall have primary responsibility for documents on d1e 
design, installation, testing, operation, and maintenance of systems for the control, removal, 
or venting of heat or smoke from fires in buildings. 
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IMPORTANI' NOTE: This NFPA document is made available for 
use subject to important notices and legal disclaimers. These notices 
and disclaimers appear in all publications containing this document 
and miry be found under the heading "Important Notices and 
Disclaimers Concerning NFPA Standards. " They can also be viewed 
at U!luw.njpa.org! disclaimers or obtained on request from NFPA. 

UPDATES, ALERTS, AND FUTURE EDITIONS: New editions of 
NFPA codes, standards, recommended practices, and guides (i.e., 
NFPA Standards) are released on scheduled revision cycles. This 
edition may be superseded by a later one, or it may be amended 
outsi<k of its scheduled revision cycle through the issuance of Tenta­
tive Interim Amendments (TIAs). An official NFPA Standard at mry 
point in time consists of the current edition of the document, together 
with all TIAs and Errata in effect. To verify that this document is the 
current edition or to determine if it has been amended by T1As or 
Errata, please consult the National Fire Codes® Subscription Service 
or the "List of NFPA Codes & Standards" at www.rifpa.org/docinfo. 
In addition to TIAs and Errata, the document information pages also 
include the option to sign up for alerts for individual documents and 
to be involved in the development of the next edition. 

NOTICE: An asterisk (*) following the number or letter 
designating a paragraph indicates that explanatory material on 
the paragraph can be found in Annex A. 

A reference in brackets [ l following a section or paragraph 
indicates material that has been extracted from another NFPA 
document. Exu-acted text may be edited for consistency and 
style and may include the revision of internal paragraph refer­
ences and other references as appropriate. Requests for inter­
pretations or revisions of extracted text shall be sent to the 
technical committee responsible for the source document. 

Information on referenced and extracted publications can 
be found in Chapter 2 and Annex N. 

Chapter I Administration 

I.I* Scope. This standard shall apply to the design, installa­
tion, acceptance testing, operation, and ongoing periodic test­
ing of smoke control systems. 

1.2 Purpose. 

1.2.1 The purpose of this standard shall be to establish 
requirements for smoke conu-ol systems to accomplish one or 
more of the following: 
( 1 )  Inhibit smoke from entering stain'lells, means of egress, 

smoke refuge areas, elevator shafts, or similar area5 
(2) Maintain a tenable environment in smoke refuge areas 

and means of egress during the time required for evacua­
tion 

(3) Inhibit the migration of smoke from the smoke zone 
( 4) Provide conditions outside the smoke zone that enable 

emergency response personnel to conduct search and 
rescue operations and to locate and control the fire 

(5) Contribute to the protection of life and to the reduction 
of property loss 

2021 Edition 

1.2.2 The requirements specifying the conditions under which 
a smoke control system shall be provided are addressed by 
other codes and standards. 

1.2.3 Specific design objectives are established in other codes 
and standards. 

1.3 Retroactivity. 

1.3.1 Unless otherwise noted, it is not intended that the provi­
sions of this document be applied to facilities, equipment, 
strucnires, or installations that were existing or approved for 
construction or installation prior to the effective date of this 
document. 

1.3.2 In those cases where the authority having jurisdiction 
determines that the existing siniation involves a distinct hazard 
to life or propei·ty, retroactive application of the provisions of 
this document shall be permitted. 

1.3.3 V\There a smoke control system is being altered, exten­
ded, or 1·enovated, the 1·equirements of this standard shall 
apply only to the work being undertaken. 

1.3.4 Verification is required to ensure that new or modified 
systems do not adversely affect the performance of existing 
smoke control systems. 

1.4 Equivalency. Nothing in this standard is intended to 
prevent the use of systems, methods, or devices of equivalent 01· 
superior quality, strength, fire resistance, effectiveness, durabil­
ity, and safety over those prescribed by this standard. 

1.4.l Technical docrnnentation shall be submitted to the 
authority having jurisdiction to demonstrate equivalency. 

1.4.2 The system, method, or device shall be approved for the 
intended purpose by the aud10rity havingjurisdiction. 

1.5 Units and Formulas. (Reserved) 

Chapter 2 Referenced Publications 

2.1 General. The documents or portions d1ereoflisted in this 
chapter are refe1·enced within this standard and shall be 
considered part of the requirements of this document. 

2.2 NFPA Publications. National Fire Protection Association, 
l Batterymarch Park, Quincy, MA 02169-7471 .  

NFPA 7rP, National Electrical Code®, 2020 edition. 
NFPA 72®, National fire Alarm and Signaling Code®, 2019 

edition. 
NFPA 90A, Standard for the Installation of Air-Conditioning and 

Ventilating Systems, 2021 edition. 
NFPA 101®, Life Safety Code®, 2021 edition. 
NFPA 1 10, Standard for Em1J1gency and Standby Power Systems, 

2019 edition. 
NFPA 221, Standard for High Challenge fire Walls, Fire Walls, 

and Fire Barrier Walls, 2021 edition. 

2.3 Other Publications. 

2.3.l UL Publications. Underwriters Laboratories Inc., 333 
Pfingsten Road, Northbrook, IL 60062-2096. 

UL 555, Standard for Rre Dampers, 2006, revised 2016. 

UL 555S, Standard for Smoke DamfJers, 2014. 
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UL 864, Standard for Control Units and Access01ies for Fire Alarm 
Systems, 2018. 

2.3.2 Other Publications. 

Merriam-Webster's Collegfote Dictionet1)', 1 1th edition, Merriam­
Webste1� Inc., Sp1-ingfield, MA, 2003. 
2.4 References for Extracts in Mandatory Sections. 

NFPA 1, Fire Code, 2021 edition. 
NFPA 3, Standard for Commissioning of Fire Protection and Life 

Safety Systems, 2021 edition. 
NFPA 101®, Life Safety Code®, 2021 edition. 
NFPA 318, Standard for the Protection of Semiconductor Fab1ica­

tion Facilities, 2022 edition. 

Chapter 3 Definitions 

3.1 General. The definitions contained in this chapter shall 
apply to the terms used in this standard. v\There terms are not 
defined in this chapter or within another chapter, they shall be 
defined using their ordinarily accepted meanings within the 
context in which they are used. Merriam-Webster's Coll.egiate 
Dictionary, 1 1th edition, shall be the source for the ordinarily 
accepted meaning. 

3.2 NFPA Official Definitions. 

3.2.l* Approved. Acceptable to the authority having jurisdic­
tion. 

3.2.2* Authority Having Jurisdiction (AHJ). An organization, 
office, or individual responsible for enforcing the requirements 
of a code or standard, or for approving equipment, materials, 
an installation, or a procedure. 

3.2.3 Labeled. Equipment or materials to which has been 
attached a label, symbol, or other identifying mark of an organ­
ization that is acceptable to the authority having jurisdiction 
and concerned with product evaluation, that maintains peri­
odic inspection of production of labeled equipment or materi­
als, and by whose labeling the manufacni rer indicates 
compliance with approp1-iate standards or performance in a 
specified manner. 

3.2.4* Listed. Equipment, materials, or services included in a 
list published by an oqf<rnization that is acceptable to the 
authority havingjurisdiction and concerned with evaluation of 
product5 or services, that maintains periodic inspection of 
production of listed equipment or materials or periodic evalua­
tion of services, and whose listing states that either the equip­
ment, material , or service meets appropriate designated 
standards or has been tested and found suitable for a specified 
purpose. 

3.2.5 Shall. Indicates a mandatory requirement. 

3.2.6 Should. Indicates a recommendation or that which is 
advised but not requ.i red. 

3.2.7 Standard. An NFPA Standard, the main text of which 
contains only mandatory provisions using the word "shall" to 
indicate requirements and that is in a form generally suitable 
for mandatory reference by another standard or code or for 
adoption into law. Nonmandatory provisions are not to be 
considered a part of the requirements of a standard and shall 
be located in an appendix, annex, footnote, informational 
note, or other means as permitted in the NFPA Manuals of 

Style. When used in a generic sense, such as in the phrase 
"standards development process" or "standards development 
activities," the term "standards" includes all NFPA Standards, 
including Codes, Standards, Recommended Practices, and 
Guides. 

3.3 General Definitions. 

3.3.1 Atrium. A large-volume space created by a floor opening 
or series of floor openings connecting t\vo or mo1-e stories that 
is covered at the top of the series of openings and is used for 
purposes other than an enclosed stairway; an elevator hoist\vay; 
an escalator opening; or as a utility shaft used for plumbing, 
electrical, air-conditioning, or communications facilities. [JOI, 
2021] 

3.3.2* Ceiling Jet. A flow of smoke under the ceiling, extend­
ing radially from the point of fire plume impingement on the 
ceiling. 

3.3.3* Design Pressure Difference. The desired pressure 
difference between the protected space and an adjacent space 
measured at the boundary of the protected space under a 
specified set of conditions with the smoke conu-ol system oper­
ating. 

3.3.4* Draft Curtain. A fixed or automatically deployable 
barrie1- that protrudes downward from the ceiling to channel, 
contain, or prevent the migration of smoke. 

3.3.5 Fire. 

3.3.5.1 Fuel-Limited Fire. A fire that has a heat release rate 
that is conu-olled by the material burning. 

3.3.5.2 Steady Fire. A fire that has a constant heat release 
rate. 

3.3.5.3 t-squared (t2) Fire. A fire that has a heat release rate 
that grows proportionally to the square of time from igni­
tion. [See Annex B for further infrmnation on I-squared (t2) profil.e 
fires.] 

3.3.5.4 Unsteady Fire. A fire that has a heat release rate that 
varies with respect to time. 

3.3.5.5 Ventilation Limited Fire. A fire where every object in 
the fire compartment is fully involved in fire and the heat 
release rate depends on the airflow through the openings to 
the fire compartment. 

3.3.6* Fire Fighters' Smoke Control Station (FSCS). A system 
that provides graphical monitoring and manual overriding 
capability over smoke control systems and equipment at desig­
nated location(s) within the building for use by the fire depart­
ment. 

3.3.7 Growth Time (tg). The time interval from the time of 
effective ignition until the heat release rate of the fire is 1000 
Bui/sec (1055 kW). 

3.3.8 Plugholing. The condition where air from below the 
smoke layer is pulled through the smoke layer into the smoke 
exhaust due to a high exhaust rate. 

3.3.9* Plume. A column of smoke that rises above a fire. 

3.3.9.1 * Axisymmetric Plume. A plume that rises above a 
fire, does not come into contact with walls or other obsta­
cles, and is not disrupted or deflected by airflow. 

2021 Edition 
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3.3.9.2* Balcony spill Plume. A smoke plume that originates 
from a compartment fire, flows out the doorway, flows 
under a balcony, and flows upward after passing the balcony 
edge. 

3.3.9.3* Window Plume. A plume that flows out of an open­
ing to a room or other compartment that is involved in a 
ventilation limited fire. 

3.3.10 Pressurized Stairwells. A type of containment smoke 
control system in which stair shafts are mechanically pressur­
ized, with respect to the fire area, with outdoor air to keep 
smoke f rom contaminating them during a fire incident. 

3.3.11 Registered Design Professional (RDP). A n  individual 
who is registered or licensed to practice their respective design 
profession as defined by the statuto1-y 1-equirements of the 
professional regisu-ation laws of the jurisdiction in which the 
project is to be constructed, or other professional with qualifi­
cations or credentials acceptable to the jtu-isdiction in which 
the project is to be constructed. (3, 2021) 

3.3.12 Smoke. The airborne solid and liquid particulates and 
gases evolved when a mate1-ial undergoes py rolysis or combus­
tion, together wid1 the quantity of air that is enu-ained or other­
wi se mixed into the mass. [318, 20221 

3.3.12.1* First Indication of Smoke. The bounda1-y between 
the transition zone and the smoke free air. 

3.3.13* Smoke Barrier. For the purposes of this standard, a 
continuous membrane, either vertical or horizontal, such as a 
wall, floor, or ceiling assembly, that is designed and constructed 
to restrict the movement of smoke in conjunction with a smoke 
control system. 

3.3.14* Smoke Containment. A smoke control med10d that 
uses mechanical equipment to produce pressure differences 
across smoke barriers. 

3.3.15 Smoke Control Mode. A predefined operational 
configuration of a system or device for the purpose of smoke 
control . 

3.3.16 Smoke Damper. A device within the air distribution 
system to control the movement of smoke. 

3.3.17* Smoke Layer. The accumulated thickness of smoke 
below a physical or d1ermal barrier. 

3.3.18* Smoke Layer Interface. The theoretical bounda1-y 
between a smoke layer and the smoke-free air. 

3.3.19 Smoke Management. A smoke conu-ol method that 
utilizes naniral or mechanical systems to maintain a tenable 
environment in the means of egress from a large-volume space 
or to conu-ol and reduce d1e migration of smoke between the 
fire area and communicating spaces. 

3.3.20 Smoke Refuge Area. An a1-ea of the building separated 
from other spaces by fire-resistance-rated smoke barriers in 
which a tenable environment is maintained for the period of 
time that such a1-eas might need to be occupied at the time of 
fire. 

3.3.21 Space. 

3.3.21.F Communicating Space. A space within a building 
drnt has an open padnvay to a large-volume space such that 
smoke from a fire either in the communicating space or in a 
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large-volume space can move from one to another without 
resu·iction. 

3.3.21.2 Large-Volume space. An uncompartmented space, 
generally two or more stories in height, within which smoke 
from a fire either in the space or in a corrununicating space 
can move and accumulate without restriction. 

3.3.21.3 Separated Spaces. Spaces within a building that are 
isolated from large-volume spaces by smoke batTiers. 

3.3.22 Stack Effect. The vertical airflow within buildings 
caused by the temperature-created density differences between 
the building interior and exterior or benveen t'.Vo interi01-
spaces. 

3.3.23 System. 

3.3.23.1 Compensated System. A system that adjusts fo1-
changing conditions either by modulating supply airflows or 
by relieving excess pressure. 

3.3.23.2* Dedicated Smoke Control System. Smoke conu-ol 
systems and components that are installed for the sole 
purpose of providing smoke control and that upon activa­
tion of the systems operate specifically to perform the 
smoke control ftmction. 

3.3.23.3* Nondedicated Smoke Control Systems. A smoke­
control system that shares components with some od1er 
system(s), such as the building HVAC system, which changes 
its mode of operation to achieve the smoke-control objec­
tive . [l, 2021 l 

3.3.23.4 Pressurization System. 

3.3.23.4.1 Multiple-Irifedion Pressurization System. A type of 
smoke control system that has pressurization air supplied 
from multiple locations. 

3.3.23.4.2 Single-Injection Pressurization System. A type of 
containment smoke control system that has pressm-ization 
air supplied from only one location. 

3.3.23.5 Smoke Control System. An engineered system that 
includes all methods that can be used singly or in combina­
tion to modify smoke movement. 

3.3.23.6* Smoke Exhaust System. A mechanical or gravity 
system intended to move smoke from the smoke zone to the 
exterior of the building, including smoke removal, purging, 
and venting systems, as well as the function of exhaust fans 
utilized to reduce the pressure in a smoke zone. 

3.3.23.7 Zoned Smoke Control System. A smoke conu-ol 
system that includes a combination of smoke containment 
and smoke management methods for smoke exhaust for d1e 
smoke zone and pressurization for all contiguous smoke 
control zones. 

3.3.24* Tenable Environment. A n  environment in which 
smoke and heat are limited or otherwise resu·icted to maintain 
the impact on occupants to a level that is not life threatening. 

3.3.25 Zone. 

3.3.25.1 Smoke Control 'Zone. A space within a building 
enclosed by smoke barriers, including the top and bottom, 
that is part of a zoned smoke control system. 
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3.3.25.2 Smoke Zone. The smoke control zone in which the 
fire is located. 

3.3.25.3* Transiti.on Zone. The layer between the smoke 
layer interface and the first indication of smoke in which 
the smoke layer temperattu-e decreases to ambient. 

Chapter 4 Design Fundamentals 

4.1 Design Objectives. 

4.1.1* The methods for accomplishing smoke control shall 
include one or more of the following: 
( 1) The containment of smoke to the zone of origin by estab­

lishment and maintenance of pressure differences across 
smoke zone boundaries 

(2) The management of smoke within a large-volume space 
and any unseparated spaces that communicate with the 
large-volume space 

4.1.2* The specific objectives to be achieved over the design 
inte1·val time shall include one or more of the following: 

(1) Containing the smoke to the zone of fire origin 
(2) Maintaining a tenable environment within exit stainvells 

for the time necessary to allow occupants to exit the 
building 

(3) Maintaining a tenable environment within all exit access 
and smoke refuge area access paths for the time necessary 
to allow occupants to reach an exit or smoke refuge area 

( 4) Maintaining the smoke layer interface to a predeter-
mined elevation in large volume spaces 

4.2 Design Basis. 

4.2.l * Smoke Containment Systems. A smoke control system 
in a given building shall be designed to contain smoke to a 
given zone or keep smoke from entering another zone. 

4.2.1.1 The design pressu1·e difference shall be based on the 
following: 

(1) Whether the smoke zone is sprinklered 
(2) The height of the ceiling in the smoke zone 
(3) Maximum and minimum pressure differentials 

4.2.2 Smoke Management Systems. The design basis for 
smoke management within a given large-volume space and any 
unseparated spaces shall include the determination of the 
following parameters: 
( l )  The design basis fires used to calculate smoke production 

(i.e., type, location, and quantity of fuel for each design 
basis fire, extent of coverage and reliability of automatic 
suppression, and extent and type of ventilation) 

(2) Height, cross-sectional area, and plan area of the la1·ge­
volume space to be protected 

(3) Height, cross-sectional area, and plan area of each unse­
parated space that communicates with the large-volume 
space 

(4) Type and location of occupancies within and communi­
cating with the large-volume space 

(5) Barriers, if any, that separate d1e communicating space 
from d1e large-volume space 

(6) Egress routes from the large-volume space and any 
communicating space 

(7) Any areas of refuge 

4.2.3 Temperature Ratings. 

4.2.3.1 The temperature ratings for the equipment used for 
smoke control systems shall be based on the expected tempera­
ture experienced by the equipment while the equipment is 
intended to be operational. 

4.2.3.2 Temperattire ratings shall be based on the following: 

(1) Proximity to the fit·e 
(2) Effects of dilution of the smoke and hot gases by 

enu-ained air 

4.3 Design Approaches. 

4.3.l Smoke Containment Systems. The design approach for 
smoke containment systems shall be one of or a combination of 
the following: 

(1) Stairwell pressurization 
(2) Zoned smoke cono-ol 
(3) Elevator pressurization 
( 4)  Vestibule pressurization 
(5) Smoke 1·efuge a1·ea pressurization 

4.3.2* Smoke Management Systems. The design approach for 
smoke management within large-volume spaces and communi­
cating spaces shall be one of or a combination of the following: 

(1) Natural smoke filling of an unoccupied volume or smoke 
reservoir and calculating or modeling of smoke layer 
descent to determine whether the smoke layer interface 
will reach a height at which occupants will be exposed to 
smoke prior to their ability to egress from the space 

(2)* Mechanical smoke exhaust capacity to remove smoke 
from a space to maintain the smoke layer interface at a 
predefined height in the space for the design interval 
time 

(3) Mechanical smoke exhaust capacity to remove smoke 
from a space to slow the rate of smoke layer descent for a 
period that allows occupants to safely egress from the 
space 

( 4) Gravity smoke venting to maintain the smoke layer inter­
face at a predefined height in the space for the design 
interval time 

(5) Gravity smoke venting to slow d1e rate of smoke layer 
descent for a period that allows occupants to egress from 
the space 

(6)* Opposed airflow to prevent smoke movement between a 
large-volume space and a communicating space 

4.4 Design Criteria. 

4.4.1 * Weather Data. Designs shall incorporate the effect of 
outdoor temperature and wind on the performance of systems. 

4.4.2 Pressure Differences. The maximum and minimum 
allowable pressure diffe1·ences across the boundaries of smoke 
con u-ol zones shall be established for containment systems. 

4.4.2.l Pressure Differences Across Spaces. 

4.4.2.1.1* Except as specified by 4.4.2.1.2, the pressure differ­
ences in Table 4.4.2.1.1 shall be used for designs that are based 
on maintaining minimum pressure differences between speci­
fied spaces. 
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Table 4.4.2.1.l Minimum Design Pressure Differences Across 
Smoke Barriers 

Building 'fype 

AS 
NS 
NS 
NS 

Ceiling Height 
[ft (m)] 

Any 
9 (2.7) 

15 ( 4.6) 
21 (6.4) 

AS: Sprinklered. NS: Nonsprinklered. 
Notes: 

Design Pressure 
Difference* 

[in. w.g. (Pa)] 

0.05 (12.5) 
0.10 (25) 
0 .14 (35) 
0.18 (45) 

(1 )  The table presents minimum design pressure differences 
developed for a gas temperature of l 700°F (927°C) next to the smoke 
barrier. 
(2) For design purposes, a smoke control system must maintain these 
minim tun pressure differences under specified design conditions of 
stack effect or wind. 
*For zoned smoke control systems, the pressure difference is required 
to be measured between the smoke zone and aqjacent spaces while the 
affected areas are in the smoke control mode. 

4.4.2.1.2 Where the system designer has determined that a 
higher minimum pressure difference is necessat)' to achieve 
the smoke conU'ol system objectives, the higher minimum pres­
sure difference shall be used. 

4.4.2.1.3 The minimum allowable pr·essure difference shall 
restrict smoke leakage during building evacuation to a level 
that maintains a tenable environment in areas outside the 
smoke zone. 

4.4.2.1.4 The minimum pressure difference for smoke control 
systems shall be established at a level that is high enough that it 
will not be overcome by the forces of wind, stack effect, or 
buoyancy of hot smoke. 

4.4.2.1.5* The calculations shall take into account the design 
number of doors to be opened simultaneously via automatic 
opening devices controlled open as part of the smoke control 
strategy. 

4.4.2.2* Pressure Differences Across Doors. The pressure 
differences across doors shall not cause the maximum force 
permitted to begin opening the door to exceed the value stipu­
lated in NFPA 101 or state or local codes and regulations. 

4.4.3 Fire Location. The source of the smoke from the design 
basis fires shall consider fire locations within the large-volume 
space and within unseparated communicating spaces. 

4.4.4 Smoke Movement and Airflow. 

4.4.4.1 * Makeup Air. Makeup air for smoke management 
systems shall be provided by fans or by openings to the outside. 

4.4.4.1.1 The supply points for the makeup air shall be loca­
ted beneath the smoke layer interface. 

4.4.4.1.2 Mechanical makeup air shall be less than the mass 
flow rate of the mechanical smoke exhaust. 

4.4.4.1.3 The makeup air shall not cause door-opening force 
to exceed allowable limits. 
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4.4.4.1.4* The makeup air velocity shall not exceed 200 
ft/min (1.02 m/sec) where the makeup air could come into 
contact with the plume unless a higher makeup air velocity is 
supported by engineering analysis. 

4.4.4.2 Communicating Spaces. 

4.4.4.2.1 Managing Smoke Spread to Communicating Spaces. 

4.4.4.2.l.l Managing smoke spread to communicating spaces 
shall be accomplished by one of the following methods: 

(1) Maintaining the smoke layer interface at a level higher 
than that of the highest opening to the communicating 
space 

(2) Providing a smoke barrier to limit smoke spread into the 
communicating space 

(3) Providing an opposed airflow duough the opening to 
prohibit smoke spread into the communicating space 

4.4.4.2.1.2 When smoke ban-iers are used to limit smoke 
spread into the communicating space, engineering calculations 
shall be provided to verify whether a pressure difference 
applied across the smoke barrier will be needed to prevent 
smoke migration. 

4.4.4.2.1.3 v\Then the airflow method is used to prevent smoke 
movement from the large-volume space into communicating 
spaces for large openings, the flow shall be nearly perpendicu­
lar to the plane of the opening. 

4.4.4.2.2* Managing Smoke from Communicating Spaces. 

4.4.4.2.2.1 When communicating spaces are designed to allow 
d1e smoke to spill into the large-volume space, the smoke spill­
ing into the large-volume space shall be handled by the smoke 
management system to maintain the design smoke layer inter­
face height. 

4.4.4.2.2.2 v\Then the smoke control systems are designed to 
use airflow to prevent me movement of smoke into the large­
volume space, sufficient exhaust from the communicating 
space shall be provided to establish a minimum flow between 
me communicating space and the large-volume space. (See 
5.10.1.) 

4.4.4.3* Openings and Leakage Areas. Designs shall incorpo­
rate the effect of openings and leakage areas in smoke barriers 
on the performance of smoke conu·ol systems. 

4.4.4.4 Special Considerations Related to Natural Venting. 
Smoke management system designs d1at use a mix of natural 
and mechanical ventilation shall have supporting engineering 
analysis or physical (scale) modeling to verify the design func­
tions as intended. 

4.4.5* Gaseous Fire Suppression Systems. The operation of 
the smoke conu·ol system shall not compromise the perform­
ance of gaseous agent fire protection systems. 

4.5* System Operation. 

4.5.1 Limitations. 

4.5.1.1 * Tenability. \\There the design of the smoke conu-ol 
system is based on the potential for occupants being exposed to 
smoke, the tenability conditions shall be assessed. 
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4.5.l.2* Egress Analysis. Where the design of the smoke 
control system is based on occupants exiting a space befo1·e 
being exposed to smoke or before tenability thresholds are 
reached, there shall be sufficient time for the movement of the 
occupant as determined by a timed egress analysis. 

4.5.l.3* Minimwn Design Smoke Layer Depth. The mini­
mum design depth of the smoke layer for a smoke manage­
ment system shall be either of the following: 
( 1) Twenty percent of the floor-to-ceiling height 
(2) Based on an engineering analysis 

4.5.2 Activation. Activation of smoke control systems shall be 
accomplished by an approved automatic means. 

4.5.3 System Startup. 

4.5.3.1 The smoke control system shall achieve full operation 
prior to conditions in the space reaching the design smoke 
conditions. 

4.5.3.2 The determination of the time it takes for the system 
to become operational shall consider the following event5 (as 
appropriate to the specific design objectives): 
(1) Time for detection of the fire incident 
(2) HVAC system activation time, including shutdown and 

startup of air-handling equipment, opening and closing 
of dampers, and opening and closing of natural ventila­
tion devices 

4.5.4 Duration. 

4.5.4.1 '.\Then the design of the smoke management system is 
based on occupants exiting a space before being exposed to 
smoke or before tenability thresholds are reached, the follow­
ing shall be met: 
( l )  A timed egress analysis shall be conducted. 
(2) The system shall remain operational for the duration 

required. 

4.5.4.2 Smoke management systems designed to maintain 
tenable conditions shall not be required to prevent the descent 
of a smoke layer in spaces where tenable conditions are demon­
su-ated. 

4.6 Stairwell Pressurization Systems. 

4.6.1 * General. 

4.6.l.l "'There stairwell pressmization systems are provided, 
the pressure difference between the smoke zone and the stair­
well, with zero and the design number of doOl's open, shall be 
as follows: 
(1) Not less than the minimum pressure difference specified 

in 4.4.2 
(2) Not greater than the maxim um pressure difference speci­

fied in 4.4.2.2 
4.6.l.2 Design pressures shall be achieved with all doors 
closed, with the exception of doors to be opened simultane­
ously via automatic opening devices controlled open as part of 
the smoke conu-ol strategy. 

4.6.2* Location of Supply Air Source. To limit smoke from 
entering the stainvell through the supply air intake, the supply 
air intake shall be separated from all building exhausts, outlets 
from smoke shafts and roof smoke and heat vents, open vents 

from elevator shafts, and other building openings that might 
expel smoke from the building in a fire. 

4.6.3 Supply Air Fans. 

4.6.3.1 * Propeller Fans. Roof or exterior wall-mounted 
p1·opelle1· fans shall be pennitted to be used in single-injection 
systems, provided that wind shields are provided for the fan. 

4.6.3.2 Other T}'pes of Fans. Centrifugal or in-line axial fans 
shall be permitted to be used in single- or multiple-injection 
systems. 

4.6.4* Single- and Multiple-Injection Systems. 

4.6.4.l Single-Injection Systems. 

4.6.4.l.l * The air injection point for a single-injection system 
shall be permitted to be located at any location within the stair­
well. 

4.6.4.1.2* Design analysis shall be performed for all single­
bottom-injection systems and for all other single-injection 
systems for stairwells in excess of 100 ft (30.5 m) in height. 

4.6.4.2* Multiple-Injection Systems. For system designs with 
injection point5 more than three stories apart, a design analysis 
shall be perfonned to ensure that loss of pi-essrn·ization air 
through open doors does not lead to stairwell pressmization 
below the minimum design pressure. 

4. 7* Elevator Pressurization Systems. Where elevator presstu-­
ization is provided, elevator hoistways shall be pressurized to 
maintain a minimum positive pressure in accordance with 
4.4.2. The minimum pressure shall be maintained with the 
elevator car at the recall floor and elevator doors and the hoist­
way vent5 open. 

4.8�' Zoned Smoke Control. 

4.8.1 Smoke Control Zones. 

4.8.1.1 '.\Then zoned smoke control is to be used to provide 
containment, the building shall be divided into smoke conu-ol 
zones, with each zone separated from the others by smoke 
barriers. 

4.8.1.1.1* A smoke conu-ol zone shall be permitted to consist 
of one or more floors. 

4.8.1.1.2 A floor shall be permitted to consist of one or more 
smoke conu-ol zones. 

4.8.1.2 The zoned smoke control system shall be designed 
such that when zoned smoke control is active, the pressure 
differences between the adjacent non-smoke zones and the 
smoke zone meet or exceed the minimum design pressure 
differences given in 4.4.2, and at locations with doors, the pres­
sure difference shall not exceed the values given in 4.4.2.2. 

4.8.2 Smoke Zone Exhaust. 

4.8.2.1 The smoke zone exhaust shall discharge to the outside 
of the building. 

4.8.2.2 The smoke zone exhaust shall be permitted to be 
either mechanical or natural ventilation. 

4.8.3* Smoke Refuge Areas. 

4.8.3.1 A non-smoke zone of a zoned smoke conu-ol system 
shall be permitted to be used as an area intended to protect 
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occupants for the period of time needed for evacuation or to 
provide a smoke refuge area. 

4.8.3.2 For areas of refuge adjacent to stairwells or elevators, 
provisions shall be made to prevent the loss of pressure or 
excessive pressures due to the interaction between the smoke 
refuge area smoke control and the shaft smoke conu-ol. 

4.9* Combination of Systems. Smoke control systems shall be 
designed such that where multiple smoke control systems oper­
ate simultaneously, each system will meet its individual design 
objectives. 

4.10 Vestibules. 

4.10.1 * Vestibules shall not be required but shall be permitted 
as part of the building smoke control system. 

4.10.2* Where vestibules are provided, either p1-essurized or 
non pressurized vestibules shall be permitted. 

4.11 Doors. Doors located in smoke barriers shall be either 
self:.Closing or arranged to close automatically upon activation 
of the smoke con u-ol system. 

Chapter 5 Smoke Management Calculation Procedures 

5.1 * Introduction. The method of analysis used for design of 
a smoke management system shall be one of the methods given 
in 5. 1 . 1 through 5.1.3. 

5.1.l * Algebraic Equations. The algebraic equations in Chap­
te1- 5 shall be permitted to be used to provide a means of calcu­
lating individual factors that collectively can be used to 
establish the design requirements of a smoke management 
system. 

5.1.2* Scale Modeling. 

5.1.2.l In a scale model, the model shall be proportional in all 
dimensions to the actual building. 

5.1.2.2 The size of the fire and the interpretation of the 
results shall be governed by the scaling laws, as given in 
Section 5. 1 1 .  

5.1.3* Compartment Fire Models. Compartment fire models 
shall be zone fire models or computational fluid dynamics 
(CFD) models. (For information about zone fire models and CFD 
models, see Annex C.) 
5.2 Design Fire. 

5.2.l * General. This section present� the equations that shall 
be used to calculate the heat release rates for design fires. (For 
information about the heat re lease rates of fires, see Annex B.) 

5.2.2 Design Fire Types. Design fires shall be one of the 
following: 
(1 ) Steady fire with a constant heat release rate 
(2) Unsteady fire with a heat release rate that varies with time 

5.2.3 Steady Design Fires. 

5.2.3.l The heat release rate of steady design fit-es shall be 
based on available or developed test data. 

5.2.3.2 Where the available fuel mass is used to limit the dura­
tion of a steady design fire, the duration of the fire shall be 
calculated using Equation 5.2.3.2 as follows: 
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where: 
/':,.t = duration of fire (sec) 

rnH 1'..t = --' 
Q 

rn = total fuel mass consumed (lb or kg) 
H, = heat of combustion offuel (Btu/lb or kj/kg) 
Q = heat release rate (Btu/sec or kW) 

[5.2.3.2] 

5.2.4 Unsteady Design Fires. Unsteady design fires shall 
include a growth phase and shall include a steady phase or a 
decay phase, as depicted in Figure 5.2.4(a) and Figure 5.2.4(b), 
where steady or decay phases are justified based on test data, 
fuel configuration, or proposed protection systems. 

5.2.4.l Growth Phase. The growth phase of the fire shall be 
described using one of the following: 
(1 ) Fire test data 
(2) t-squared fire growth model 
(3) Other fire growth models acceptable to the authority 

having jurisdiction 

$ � Q) (/) Cll Q) � 
iii Q) I 

Steady phase 

Time (t) 

FIGURE 5.2.4(a) Unsteady Design Fire with Steady Phase. 

Time (t) 

FIGURE 5.2.4(b) Unsteady Design Fire with Decay Phase. 
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5.2.4.2 t-squared Frre Growth Model. 

5.2.4.2.1 vVhere used, the heat release rate of a t-squared 
design fire shall be calculated according to Equation 5.2.4.2. l a 
or 5.2.4.2 . lb as follO\vs: 

where: 
Q = heat release rate of design fire (Btu/sec) 
t = time after effective ignition (sec) 
tg = growth time (sec) 

where: 
Q = heat release rate of design fit-e (kW) 
t = time after effective ignition (sec) 
tg = growth time (sec) 

[5.2.4.2.1 a] 

[5.2.4.2. lb] 

5.2.4.2.2 Where the available fuel mass is used to limit the 
duration of a t-squared fire, the duration of the fire shall be 
calculated using Equation 5.2.4.2.2 as follows: 

where: 

mHt-[ . )1/3 
/J.t = _..!..L 

333 

L\t = duration of fire (sec) 
tn = total fuel mass consumed (lb or kg) 
H, = heat of combustion of fuel (Btu/lb or kj/kg) 
tg = growth ti me (sec) 

[5.2.4.2.2] 

5.2.4.3 Steady Phase. The growth of an unsteady design fire 
shall be permitted to reach a steady heat release rnte based on 
one of the following: 
( 1)  Fire test data 
(2) Engineering analysis of fire growth and sprinkler 

response 

5.2.4.4* Decay Phase. The heat release rate of a design fire 
shall be permitted to decay based on one of the following: 
( 1) Fire test data 
(2) Analysis of the effect of sprinkler protection on the fuel at 

the prevailing ceiling height 

5.2.5* Separation Distance. 

5.2.5.1 The design fire shall be determined by considering the 
type of fuel, fuel spacing, and configuration. 

5.2.5.2 The selection of the design fire shall start with a deter­
mination of the base fuel package, which is the maximum 
probable size fuel package likely to be involved in fire. 

5.2.5.3 The design fire shall be increased if other combusti­
bles are within the separation distance, R, as determined from 
Equation 5.2.5.3 as follows: 

[5.2.5.3] 

R =
(_&_)1;2 
4nq, " 

where: 
R = separation distance from target to center of fuel package 

(ft or m) 
Q,. = radiative portion of the heat release rate of the fire 

(Btu/ft or kW) 
q, = incident radiant flux required for piloted ignition 

(Bn1/ft2 • s or kW/ m2) 

5.2.5.4 The radiative portion of the heat release rate of the 
fire shall be determined from Equation 5.2.5.4 as follows: 

[5.2.5.4] 
Q, = �Q 

where: 
Q,. = radiative portion of the heat release rate of the fire 

(Btu/sec or kW) 
� = radiative fraction (dimensionless) 
Q = heat release rate of the fire (Bn1/sec or kW) 

5.2.5.5 A value of 0.3 shall be used for the radiative fraction 
unless another value is substantiated in accordance with test 
data. 

5.2.5.6 If the base fuel package is not circttlar, an equivalent 
radius shall be calculated by equating the floor area covered by 
the fuel package with that subtended by a circle of the equiva­
lent radius. 

5.2.5.7 A value of 0.9 Btu/ft2 • sec (10 kW /m2) shall be used 
for the incident radiant heat flux required for piloted ignition 
unless anothe1- value is substantiated in acco1-dance with 
approved test data. 

5.3 Mass Consumption. 

5.3.1 For a steady fire, the total mass consumption required to 
sustain the steady heat release rate shall be determined in 
accordance with Equation 5.3.l as follows: 

Q/J.t 11! = --
H, 

where: 
111 = total fuel mass consumed (lb or kg) 
Q = heat release rate (Btu/sec or kW) 
D.t = duration of fire (sec) 
H, = heat of combustion offuel (Bn1/lb or kJ/kg) 

[5.3.1] 
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5.3.2 For a t-squared fire, the total mass consumed shall be 
determined in accordance with Equation 5.3.2 as follows: 

333At3 m =---
H t2 ' g 

where: 
m = total fuel mass consumed (lb or kg) 

/'). l = duration of fire (sec) 
H, = heat of combustion of fuel (Btu/lb or kJ/kg) 
lg = growth time (sec) 

5.4 Smoke Layer Calculations. 

[5.3.2) 

5.4.1 * General. The position of the first indication of smoke 
at any time or the smoke layer interface height shall be deter­
mined from the relations in 5.4.2 and Section 5.5. 

5.4.2 Height of First Indication of Smoke with No Smoke 
Exhaust Operating. 

5.4.2.1 * Steady Frres. v\lhere all the following conditions 
occur, the height of the first indication of smoke above the fire 
surface, z, shall be calculated using either Equation 5.4.2 . la or 
5.4.2.lb: 
( 1 ) Uniform cross-sectional areas with respect to height 
(2) Al J/2 ratios in the range from 0.9 to 14 
(3) z/H> 0.2 
(4) Steady fires 
(5) No smoke exhaust operating 

where: 

z � 
[ lQl/3 l 

H 
= 0.67 -0.28 ln ;;2· 

[5.4.2.Ia] 

z = distance above the base of the fire to the first indication of 
smoke (ft) 

H = ceiling height above the fire surface (ft) 
t = time (sec) Q = heat release rate from steady fire (Btu/sec) 
A = cross-sectional area of the space being filled with smoke 

(ft2) 

where: 

l 
1Ql/3 l z � 

H 
= I . l l-0.28 ln HA 

H2 

[5.4.2.lb] 

z = distance above the base of the fire to the first indication of 
smoke (m) 

H = ceiling height above the fire surface (m) 
t = time (sec) Q = heat release rate from steady fire (kW) 
A = cross-sectional area of the space being filled with smoke 

(m2) 
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5.4.2.2* Unsteady Fires. V\lhere all the following conditions 
occur, the descent of the height of the initial indication of 
smoke shall be calculated for !-squared fires using Equation 
5.4.2.2a or 5.4.2.2b: 
(1 ) Uniform cross-sectional area5 with respect to height 
(2) A/ Jl2 ratios in the range from 0.9 to 23 
(3) z/ H> 0.2 
( 4) U nsteacly fires 
(5) No smoke exhaust operating 

whe1·e: 

[5.4.2.2a] 

z = distance above the base of the fire to the first indication of 
smoke (ft) 

H = ceiling height above the fire surface (ft) 
t = time (sec) 
lg = growth time (sec) 
A = cross-sectional area of the space being filled with smoke 

(ft2) 

[5.4.2.2b] 

where: 
z = distance above the base of the fire to the first indication of 

smoke (m) 
H = ceiling height above the fire surface (m) 
t = time (sec) 
tg = growth time (sec) 
A = cross-sectional area of the space being filled with smoke 

(m2) 

5.5 Rate of Smoke Mass Production. 

5.5.l Axisymmetric Plumes. 

5.5.l.l  * Where the plume is axisymmeu·ic, the mass rate of 
smoke production shall be calculated using Equation 5.5.1.Ia, 
5.5.1 .1 b, or 5.5.1. lc or Equation 5.5. 1 . ld, 5.5. 1 . le, or 5.5.1. lf as 
follows: 

[5.5.l.la] 

z1 = 0.533Q.215 

[5.5.l.lb] 

when z � z1, m = ( 0.022Q;13z5!3 ) + 0.0042Q. 
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[5.5.1.lc] 

when z < z1, m = 0.0208Q;V5z 

where: 
z1 = limiting elevation (ft) 

Q. = convective portion of heat release rate (Bn1/sec) 
z = distance above the base of the fire to the smoke layer 

interface (ft) 
m = mass flow rate in plume at height z (lb/sec) 

[5.5.1.ld] 

Z1 = 0. l 66Q,215 

[5.5.1.le] 

[5.5.1.lf] 

where: 
z1 = limiting elevation (m) 

Q. = convective portion of heat release rate (kW') 
z = distance above d1e base of the fire to the smoke layer 

interface (m) 
m = mass flow rate in plume at height z (kg/sec) 

5.5.1.2 Equations 5.5. 1 . 1  b, 5.5.1. lc, 5.5. 1 . l e, and 5.5. l . lf  shall 
not be used when the temperature rise above ambient ( Tp - 1:) 
is less than 4°F (2.2°C). (See 5.5.5.) 

5.5.1.3 The convective portion of the heat release rate of the 
fire shall be determined from Equation 5.5.1.3 as follows: 

[5.5.1.3) 

Q. = xQ 

where: 
Q. = convective portion of the heat release rate of d1e fire 

(Btu/s or kW) 
x = convective fraction (dimensionless) 
Q = heat release rate of the fire (Btu/s or kW) 

5.5.1.4 A value of 0.7 shall be used for the convective fraction 
unless another value is substantiated in acco1-dance with test 
data. 

5.5.2* Balcony Spill Plumes. 

5.5.2.1 * vVhere the smoke plume is a balcony spill plume and 
the height, zh, of the smoke layer is <50 ft ( 15  m), the mass rate 
of smoke production shall be calculated using eid1er Equation 
5.5.2.la or 5.5.2. lb  as follows: 

[5.5.2.la] 

m = 0.12(QW2 )1'3 (z, + 0.25H) 

where: 
m = mass flow rate in plume (lb/sec) 
Q = heat release rate of the fire (Btu/sec) 
W = width of the plume as it spills under the balcony (ft) 
zh = height above the underside of the balcony to the smoke 

layer interface (ft) 
H = height of balcony above base of fire (ft) 

m = 0.36(Qw2 t (z. + 0.25H) 

where: 
m = mass flow rate in plume (kg/sec) 
Q = heat release rate of the fire (kW) 

[5.5.2.lb] 

W = width of the plume as it spilL5 under the balcony (m) 
zh = height above the underside of the balcony to the smoke 

layer interface (m) 
H = height of balcony above base of fire (m) 

5.5.2.2 Equations 5.5.2. l a  and 5.5.2. l b  shall not be used when 
the temperature rise above ambient ( 7t, - T0) is less than 4 °F 
(2.2°C). (See 5.5.5.) 

5.5.2.3 The width of the plume, W. shall be permitted to be 
determined by considering the presence of any physical barri­
ers such as draft curtains protruding below the balcony to 
restrict horizontal smoke migration under the balcony. 

5.5.2.4* v\ihere draft curtains are used, they shall be perpen­
dicular to the opening, in order to channel smoke, and extend 
below the balcony ceiling a distance of at least IO percent of 
the floor-to-ceiling height of the balcony. 

5.5.2.5 Where draft cm-tains are used, they shall remain in 
place and shall confine smoke when exposed to the maximum 
predicted temperature for the design interval time, a5suming a 
design fire in close proximity to the draft curtain. 

5.5.2.6 In addition to the requirements in 5.5.2.5, deployable 
draft curtains shall be activated automatically and shall remain 
in place until manually reset. 

5.5.2.7* In the absence of any barriers, the equivalent width 
shall be calculated using Equation 5.5.2.7 as follows: 

[5.5.2.7] 
W = w + b 

where: 
W = width of the plume (ft or m) 
w = width of the opening from the area of origin (ft or m) 
b = distance from the opening to the balcony edge (ft or m) 

5.5.2.8* v\ihere the smoke plume is a balcony spill plume and 
d1e height, zb, of the smoke layer is �50 ft ( 15  m) and the width 
of the plume dete1-mined using Equation 5.5.2.7 is <32.8 ft (10 
m), the mass flow rate of smoke production shall be calculated 
using either Equation 5.5.2.Sa or 5.5.2.Sb. 
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[5.5.2.8a] 

m• = 0.32Q, 113W115 (z. + 0.098W71 15H + 19.5W'115 -49.2) 

where: 
m. = mass flow entering the smoke layer at height zh (lb/sec) 

Q, = convective heat output (Btu/sec) 
W = length of the spill (ft) 
z" = height of plume above the balcony edge (ft) 
H = height of balcony above the base of the fire (ft) 

[5.5.2.8b] 

mb = 0.59Q113W115 ( z. + O . l  7W71 15H + 10.35W71 15 - 15) 

where: 
m0 = mass flow entering the smoke layer at height z0 (kg/s) 

Q, = convective heat output (H\T) 

W = length of the spill (m) 
z0 = height of plume above the balcony edge (m) 
H = height of balcony above the base of the fire (m) 

5.5.2.9* Where the smoke plume is a balcony spill plume and 
the height, zb, of the smoke layer is �50 ft ( 15  m) and the width 
of the plume determined using Equation 5.5.2.7 is �32.8 ft ( 10  
m) and :<>45.9 ft ( 14  m) ,  the mass flow rate of smoke produc­
tion shall be calculated using Equation 5.5.2.9a or 5.5.2.9b. 

[5.5.2.9a] 

( 
. ? )1/ 3 m0 = 0.062 Q,W- (z. +0.51H +52) 

where: 
mb = mass flow entering the smoke laye1· at height z; (lb/sec) 

Q, = convective heat output (Btu/sec) 
W = length of the spill (ft) 
zb = height of plume above the balcony edge (ft) 
H = height of balcony above the base of the fire (ft) 

where: 

(
. ? )1/ 3 ( ) m0 = 0.2 Q,W- z. + 0.51H + 15.75 

[5.5.2.9b] 

m0 = mass flow entering the smoke layer at height z; (kg/sec) 

Q, = convective heat output (kW) 
W = length of the spill (m) 
zb = height of plume above the balcony edge (m) 
H = height of balcony above the base of the fire (m) 

5.5.2.10* For high smoke layer interface height� (z; � 50 ft f15  
m]) ,  both a balcony spill plume fit-e scenario and an atrium fire 
scenario (axisymmetric plume using Equation 5.5. l . l b  or 
5.5. 1 . le)  with appropriate design fire sizes shall be evaluated 
and the higher mass flow rate used for the design of the atrium 
smoke management system. 
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5.5.3* Window Plumes. 

5.5.3.1 * Where the smoke plume is a window plume, the total 
heat release rate of a ventilation-limited fire shall be calculated 
using Equation 5.5.3. l a  or 5.5.3 . lb  as follows: 

Q = 6 l .2A,.,H;f2 

where: 
Q = heat release rate (Btu/sec) 

A,, = area of ventilation opening (ft2) 
H,., = height of ventilation opening (ft) 

Q = 1260A,.,H,::2 

where: 
Q = heat release rate (kW) 

A,., = area of ventilation opening (m2) 
H,, = height of ventilation opening (m) 

[5.5.3.la] 

[5.5.3.lb] 

5.5.3.2* V\'here the smoke plume is a window plume, the mass 
entrainment for window plumes shall be determined using 
Equation 5.5.3.2a or 5.5.3.2b as follows: 

where: 

= [o on (A H112 )1n ( )"'3] o I SA H112 m . .l�" w zw + a  + . "1.w w 

m = mass flow rate plume at height z,,, (lb/sec) 
A,., = area of ventilation opening (ft2) 
H,, = height of ventilation opening (ft) 

z,,, = height above the top of the window (ft) 
a = [2.40A,}l5H,}l5] - 2. lH,, (ft) 

where: 
m = mass flow rate plume at height z,, (kg/sec) 

A,, = area of ventilation opening (m2) 
H,,, = height of ventilation opening (m) 

z,., = height above the top of the window (m) 
a =  f2.40A,}15H,.115l - 2. lH,. (m) 

[5.5.3.2a] 

[5.5.3.2b] 

5.5.3.3 Equations 5.5. 1 . lb, 5.5. 1 . l c, 5.5.2. 1 ,  and 5.5.3.2 shall 
not be used when the temperature 1-ise above ambient ( Tp - 1:) 
is less than 4°F (2.2°C). (See 5.5.5.) 
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5.5.4* Axisymmetric Plume Diameter. 

5.5.4.1 Calculation. The diameter of an axisymmetric plume 
shall be calculated using Equation 5.5.4.1. The diameter 
constant can range from 0.25 to 0.5, and the following values 
shall be used: Kd = 0.5 for plume contact with walls and Kd = 
0.25 for beam detection of the smoke plume 

where: 
di> = axisymmetric plrnne diameter (ft or m) 
Kd = diameter constant 

z = distance above the base of the fire (ft or m) 

[5.5.4.1] 

5.5.4.2 Plume Contact with Walls. \<\Then the calculated plume 
diameter indicates that the plume will come into contact with 
all the walls of the large-volume space or with two parallel walls 
of the large-volume space, the point of contact shall be the 
smoke layer interface. 

5.5.5* Smoke Layer Temperature. The temperature of the 
smoke layer shall be determined in accordance with Equation 
5.5.5 as follows: 

where: 
1: = smoke layer temperature (°F or °C) 
1: = ambient temperature (°F or 0C) 

[5.5.5] 

K, = fraction of convective heat 1-elease contained in smoke 
layer 

Q,. = convective portion of heat release (Btu/sec or kW) 
m = mass flow rate of the plume at elevation z (lb/sec or kg/ 

sec) 
Gp = specific heat of plume gases (0.24 Btu/lb-°F or 1 .0 kj/kg­oq 
5.5.5.1 For calculating the volumetric flow rate of smoke 
exhaust, a value of 1 .0 shall be used for the fraction of convec­
tive heat release contained in the smoke layer, K,, unless 
another value is substantiated in accordance with test data. 

5.5.5.2 For calculating the maximum volumetric flow rate, 
V.nax• that can be exhausted without plugholing, a value of 0.5 
shall be used for the fraction of convective heat release 
contained in the smoke layer, K,. unless another value is 
substantiated in accordance with approved test data. 

5.6* Number of Exhaust Inlets. 

5.6.1 The minimum number of exhaust inlets shall be deter­
mined so that the maximum flow rates for exhaust without 
plugholing are not exceeded. 

5.6.2 More than the minimum number of exhaust inlets 
required shall be permitted. 

5.6.3* The maximum volumetric flow rate that can be exhaus­
ted by a single exhaust inlet without plugholing shall be calcu­
lated using Equation 5.6.3a or 5.6.3b. 

where: 

v = 452yd512 -·'--0 (T - T  )1'2 
max J: 

[5.6.3a] 

vnmx = maximum volumetric flow rate without plugholing at 1: 
(ft3/min) 

/ = exhaust location facto1· (dimensionless) 
d = depth of smoke layer below the lowest point of the 

exhaust in let (ft) 
1: = absolute temperature of the smoke layer (R) 
1: = absolute ambient temperature (R) 

where: 

v = 4. l6yd''2 (T. - 7: )112 
max J: 

[5.6.3b] 

V,,,., = maximum volumetric flow rate without plugholing at 1: 
(m3 /sec) 

/ = exhaust location factor (dimensionless) 
d = depd1 of smoke layer below the lowest point of the 

exhaust inlet (m) 
1: = absolute temperature of the smoke layer (K) 
1: = absolute ambient temperature (K) 

5.6.4* For exhaust inlets centered no closer than twice the 
diameter from the nearest wall, a value of 1 .0 shall be used for 
1· 

5.6.5* For exhaust inlets centered less than twice the diameter 
from the nea1-est wall, a value of 0.5 shall be used for 1· 

5.6.6* For exhaust inlets on a wall, a value of 0.5 shall be used 
for the value of1. 

5.6.7* The ratio d/D; shall be greater than 2, where D; is the 
diamete1- of the inlet. 

5.6.8 For rectangular exhaust inlets, D; shall be calculated 
using Equation 5.6.8 

where: 
D1 = diameter of the inlet 
a = length of the inlet 
b = width of the in let 

D = 2ab 
' a+ b  

[5.6.8] 
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5.6.9 vVhere multiple exhaust inlets are required to prevent 
plugholing (see 5.6.1), the minimwn separation distance shall 
be calculated using Equation 5.6.9a or 5.6.9b as follows: 

[5.6.9a] 

Sm;n = 0.065V,l/2 

where: 
Sm;n = minimum edge-to-edge separation between inlets (ft) 

V, = volumetric flow rate of one exhaust inlet (ft3/min) 

[5.6.9b] 

Sm;n = 0.9V,112 

where: 
Sm;n = minimum edge-to-edge separation between inlets (m) 

V, = volumetric flow rate of one exhaust inlet (m3/sec) 

5.7* Volumetric Flow Rate. The volumetric flow rate of smoke 
exhaust shall be determined using Equation 5.7a or 5.7b as 
follows: 

where: 

V = 60� 
p 

V = volumetric flow rate of smoke exhaust (ft3 /min) 
m = mass flow rate of smoke exhaust (lb/sec) 
p = density of smoke (lb/ft3) 

where: 

V = �  
p 

V = volumeu·ic flow rate of smoke exhaust (m3/sec) 
m = mass flow rate of smoke exhaust (kg/sec) 
p = density of smoke (kg/m3) 

[5.7a] 

[5.7b] 

5.8* Density of Smoke. The density of smoke shall be deter­
mined using Equation 5.8a or 5.8b as follows: 

144Palm p = 
R(T + 460) 

where: 
p = density of smoke at temperature (lb/ft3) 

Pai,. = atmospheric pressure (lb/in.2) 
R = gas constant (53.34) 
T = temperature of smoke (°F) 
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[5.8a] 

[5.8b] 

where: 
p = density of smoke at temperature (kg/m3) 

Pa•m = atmospheric pressure (Pa) 
R = gas constant (287) 
T = absolute temperature of smoke (K) 

5.9* Varying Cross-Sectional Geometries and Complex 
Geometries. When the large space has a nonunifo1·m cross­
sectional area, the design analysis shall take into account the 
variation of cross-sectional area with height. 

5.10 Opposed Airflow. 

5.10.l \/{here opposed airflow is used to prevent smoke origi­
nating in a communicating space from propagating into the 
large-volume space, as shown in Figure 5.10. 1 ,  the conununicat­
ing space shall be exhausted at a sufficient rate to cause d1e 
average air velocity in the opening from the large-volume space 
to exceed the limiting average air velocity, v,, calculated using 
Equation 5.10. l a  or 5.10. lb  as follows: 

where: 

[ T - T  J'/2 v, = 38 gH 1 Tl 
" 

v, = limiting average air velocity (ft/min) 
g = acceleration of gravity (32.2 ft/sec2) 

[5.10.la] 

H = height of the opening as measured from the bottom of 
the opening (ft) 

T1 = temperature of heated smoke (R) 
T. = temperature of ambient air (R) 

where: 

v =0.64 gH-1
--" [ T - T  J'/2 ' Tl 

v, = limiting average air velocity (m/sec) 
g = acceleration of gravity (9.81 m/sec2) 

[5.10.lb] 

H = height of the opening as measured from the bottom of 
the opening (m) 

T1 = temperature of heated smoke (K) 
1: = temperature of ambient air (K) 
5.10.2 Where opposed ai1-flow is used to prevent smoke origi­
nating from the plume within the large-volume space from 
propagating into a communicating space below the smoke 
layer interface, as illustrated in Figme 5.10.2, air shall be 
supplied from the communicating space at the limiting average 
velocity, v,, as calculated in accordance vvith Equation 5.10.2a 
or 5.10.2b as follows: 

v = 17 -
(

Q

)

l/3 
' z 

[5.10.2a] 
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Communicating 
space 

-
-
- Airflow 
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-

-

Large­
volume 
space 

FIGURE 5.10.1 Use of Airflow to Prevent Smoke 
Propagation from a Communicating Space to a Large-Volume 
Space. 

where: 
v, = limiting average air velocity (ft/min) 
Q = heat release rate of the fire (Btu/sec) 
z = distance above the base of the fire to the bottom of the 

opening (ft) 

(Q )l/3 
v, = 0.057 -;-

where: 
v, = limiting average air velocity (m/sec) 
Q = heat release rate of the fire (kW) 

[5.10.2b] 

z = distance above the base of the fire to the bottom of the 
opening (m) 

5.10.2.1 Whe1·e the limiting average air velocity, v,., calculated 
from Equation 5.10.2a or 5.10.2b exceeds 200 ft/min ( 1 .02 m/ 

� !::!. 
0.9 

c: 0.8 g ·u; 0.7 0 a. 
Q; 0.6 
>-
.!!! 0.5 + 

+ 
� 

0.4 0 
E (/) 0.3 ""O 

' ' + 
.f: o ... 

- + 

Q) 

sec), the opposed airflow method shall not be used for the 
purpose of this subsection. 

5.10.2.2 Equations 5.10.2a and 5.10.2b shall not be used when 
z is less than 10 ft (3 m). 

5.10.3 Where opposed airflow is used to prevent smoke origi­
nating in the large-volume space from propagating into a 
communicating space above the smoke layer interface, as 
shown in Figure 5.10.3, ai1· shall be supplied from the commu­
nicating space at the limiting average velocity, v,, as determined 
in accordance with Equation 5.10.3a or 5.10.3b as follows: 

where: 

[ T -T i112 
v = 38 crH-1--0 ' "' T J 

v, = limiting average air velocity (ft/min) 
g = acceleration of gravity (32.2 ft./sec2) 

[5.10.3a] 

H = height of the opening as measured from the bottom of 
the opening (ft) T1 = temperature of heated smoke (R) 

1: = temperature of ambient air (R) 

where: 

[ T -T )1!2 
v, = 0.64 gH 1T1 ° 

v, = limiting average air velocity (m/sec) 
g = acceleration of gravity (9.81 m/sec2) 

[5.10.3b] 

H = height of the opening as measured from the bottom of 
the opening (m) 

Tj· = temperature of heated smoke (K) 
1: = temperature of ambient air (K) 

.!::! 0.2 (ij 
E 0.1 

...... ..... TI ++ [[] - - ..... .., 
- -t- - - - -+- - - - + - -

0 
z 0 

0 0.1 

• Yamana & Tanaka 

0.2 0.3 0.4 0.5 0.6 

( 10113/ H -4t3)(A/H 2)(kw113s/m413) 

• NRCC o Committee's data 

-NFPA 92 - -Eqn L.3a 
1 kW = 0.95 Btu/sec. 

1 m = 3.28 ft 

0.7 0.8 0.9 

FIGURE 5.10.2 Use of Airflow to Prevent Smoke Propagation from the Plume Within the 
Large-Volume Space to a Communicating Space Located Below the Smoke Layer Interface. 
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5.10.3. l Where the limiting average air velocity, v,, calculated 
from Equation 5.10.3a or 5.10.3b exceeds 200 fr/min ( l .02 m/ 
sec), the opposed airflow method shall not be used for the 
purpose of this subsection. 

5.10.3.2 The mass flow rate of air supply from the communi­
cating space shall be included in the design of the smoke 
exhaust for the large-volume space. 

5.11 * Scaling Laws. 

5.11.1 The scale model shall be based on the relationships in 
Table 5. 1 1 . l .  

5.11.2 The model shall be made large enough that the height 
of one story in the scale model or the design height of the 
smoke interface is not less than l ft (0.3 m). 

Communicating 
space 

-
- Airflow 
-

Large­
volume 
space 

FIGURE 5.10.3 Use of Airflow to Prevent Smoke 
Propagation from a Large-Volume Space to a Communicating 
Space Located Above the Smoke Layer Interface. 

Table 5.11.1 Scaling Expressions 

Characteristic Relationship 

Geometric position 
Temperature 
Pressu1-e di.fference 
Velocity 
Total heat release rate 
Convective heat release rate 
Volumetric exhaust rate 
Time 
where: 
l= length 
/",.j; = pressure difference 
Q = heal release rate 
l =  Lime 
T= LemperaLUre (ambienL and smoke) 
v =velocity 
V = volLm1etric exhaust rate 
x=  position 
Subscripts: 
c= convective 
F = full-scale 
;n =small-scale model 
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Expression 

Chapter 6 Building Equipment and Controls 

6.1 General. Equipment and controls used for smoke control 
purposes shall be in accordance with this chapter. 

6.2* Heating, Ventilating, and Air-Conditioning (HVAC) Equip­
ment. 

6.2.l General. HVAC equipment used for smoke control 
purposes shall be permitted to be located within the condi­
tioned space, within adjacent spaces, or within remote mechan­
ical equipment rooms. 

6.2.2 Outside Air. HVAC systems used for smoke control 
purposes shall be provided with outside air for pressurization. 

6.2.3 V\There supply and return air systems are interconnected 
as part of normal HVAC operation, smoke dampers shall be 
provided to separate the supply and exhaust during smoke 
control operation. 

6.2.4* Makeup Air System. For smoke management systems 
with makeup air supplied by fans, supply fan actuation shall be 
sequenced with exhaust fan activation. 

6.3 Smoke Dampers. 

6.3.l Smoke dampers used to protect openings in smoke 
barriers or used as safety-related dampers in engineered smoke 
control systems shall be listed and labeled in accordance with 
UL 555S, Standard for Smoke Dampers. 

6.3.2 Combination fire and smoke dampers shall be listed and 
labeled in acco1-dance with UL 555, Standard for Fire Dampers, 
and UL 555S, Standard for Smoke Dampers. 

6.4* Smoke Control Systems. 

6.4.l Control systems shall be listed in accordance with UL 
864, Standard for Control Units and Accessories for Fire Alarm 
Systems, category UUKL, for their intended purpose. 

6.4.2 Coordination. A single control system shall coordinate 
the ftrnctions provided by the fire alarm system, fire fighters' 
smoke control station (FSCS),  and any other related systems 
with the operation of the building HVAC systems and dedica­
ted smoke control equipment. 

6.4.3* HVAC System Controls. Operating controls of the 
HVAC system shall be designed or modified to provide the 
smoke control mode with the highest priority over all other 
control modes. 

6.4.4 Activation and Deactivation. 

6.4.4.l Automatic Activation. 

6.4.4.1.l * Smoke control systems shall be automatically activa­
ted in response to signals received from a specific fire detection 
device or a combination of fire detection devices. 

6.4.4.1.2* In the event that signals are received from more 
than one smoke zone, the system shall continue automatic 
operation in the mode determined by the first signal received 
except as provided for in 6.4.4.1.3. 

6.4.4.1.3* For systems designed for operation of multiple 
zones using only heat-activated detection devices, it shall be 
permitted to expand the control strategy to accommodate addi­
tional zones, up to the limits of d1e mechanical system design. 
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6.4.4.1.4* Schedule. The equipment to be operated for each 
automatically activated smoke control configuration shall be 
fully defined in the project documents. 

6.4.4.1.5* Stratification of Smoke. For large spaces where 
smoke stratification can occur, one of the following detection 
schemes shall be used: 
( l )* An upward beam to detect the smoke layer 
(2) ':' Detection of the smoke layer at various levels 
(3)* Horizontal beams to detect the smoke plume 

6.4.4.2 Manual Activation. 

6.4.4.2.1 * V\fhere approved by the authority having jurisdic­
tion, manual activation by an authorized user shall be permit­
ted. 

6.4.4.2.2* Manual fire alarm pull stations shall not be used to 
activate smoke control systems that require information on the 
location of the fit-e . 

6.4.4.2.3* Stain'le!J pressurization systems or other smoke 
management systems where the response of the system is iden­
tical for all zone alarms shall be permitted to be activated from 
a manual fire alarm pull station. 

6.4.4.2.4 Fire alarm pull stations shall be permitted to cause 
doors in smoke barrier walls to close. 

6.4.4.2.5* Manual activation and deactivation shall be permit­
ted to be at a controlled device, at a local control panel, at the 
building's main control center, or at the fit-e command station. 

6.4.4.2.6 Key-operated manual switches that are clearly 
marked to identify their function shall be permitted to 
manually activate the smoke conu-ol system. 

6.4.5 FSCS Activation. 

6.4.5.1 Smoke conu-ol systems shall be capable of being activa­
ted from the FSCS by switches clearly marked to identify the 
location and function. 

6.4.5.2 Sequence of Control Priorities. Smoke conu-ol systems 
shall be subject to the sequences of conu-ol priorities given in 
6.4.5.2. 1 ,  6.4.5.2.2, and 6.4.5.2.2.2. 

6.4.5.2.1 Automatic Activation. 

6.4.5.2.1.1 Automatic activation of systems and equipment for 
smoke control shall have the highest priority over all other 
sources of automatic control within the building. 

6.4.5.2.1.2* Except as provided for in 6.4.5.2.1.3, where equip­
ment used for smoke control is also used for normal building 
operation, conu-ol of this equipment shall be preempted or 
overridden as required for smoke control. 

6.4.5.2.1.3 The following controls shall not be automatically 
overridden: 
( 1 )  Static pressure high limits 
(2) Duct smoke detectors on supply air systems 

6.4.5.2.2 Manual Activation and Deactivation. 

6.4.5.2.2.1 Manual activation or deactivation of smoke control 
systems and equipment shall have priority over automatic acti­
vation of smoke control systems and equipment and all other 
sources of automatic control within the building and over prior 
manual smoke control activation or deactivation commands. 

6.4.5.2.2.2 If equipment used for smoke control is subject to 
automatic activation in response to an alarm from an automatic 
fire detector of a fire alarm system, or if such equipment is 
subject to automatic control according to building occupancy 
schedules, energy management strategies, or other nonemer­
gency purposes, such automatic control shall be preempted or 
overridden by manual activation or deactivation of the smoke 
conu-ol equipment. 

6.4.5.2.2.3 Manual controls provided specifically for manual 
activation or deactivation for smoke control purposes shall be 
clearly marked to indicate the location and function served. 

6.4.5.2.2.4 Operation of manual conu-ols that are shared both 
for smoke control functions and for other building control 
purposes, as in a building's main control center, shall fully 
cover the smoke control functionality in operational documen­
tation for the conu-ol center. 

6.4.5.2.3 FSCS Activation. The FSCS shall have the highest 
priority control over all smoke control systems and equipment. 

6.4.5.3 Response Time. 

6.4.5.3.1 The smoke control mode shall be initiated within 10 
seconds after an automatic, manual, or FSCS activation 
command is received at the smoke control system. 

6.4.5.3.2* Smoke control systems shall activate individual 
components (e.g., dampers, fans) in the sequence necessary to 
prevent physical damage to the fans, dampers, ducts, and other 
equipment. 

6.4.5.3.3* Smoke Containment Systems. The time necessary 
for individual smoke containment components to achieve their 
desired state or operational mode from when the component 
receives the signal shall not exceed the following time periods: 
(1) Fan operation at the desired state: 60 seconds 
(2) Completion of damper u·avel: 75 seconds 

6.4.5.3.4* Smoke Management Systems. The total response 
time, including that necessary for detection, shutdown of 
smoke management operating equipment, and smoke control 
system startup, shall allow for full operational mode to be 
achieved before the conditions in the space exceed the design 
smoke conditions. 

6.4.5.4* Fire Fighters' Smoke Control Station (FSCS). 

6.4.5.4.1 An FSCS shall be provided fo1- all smoke conu-ol 
systems. 

6.4.5.4.2 The FSCS shall be installed at a location acceptable 
to the authority having jurisdiction. 

6.4.5.4.3* The FSCS shall provide status indication, fault 
condition indication, and manual conu-ol of all smoke control 
system components. 

6.4.5.4.4 Status indicators and controls shall be arranged and 
labeled to convey the intended system objectives. 

6.4.5.4.5 Operator controls, status indication, and fault indica­
tion shall be provided for each smoke control zone, each piece 
of equipment capable of activation for smoke control, or a 
combination of these approaches. 
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6.4.5.4.6 Positive status indication (ON and OFF) shall be 
provided individually or by zone in accordance with 6.4.5.4.5 
for the following: 
( 1)  Dedicated smoke control system fans 
(2) Nondedicated fans used for smoke control having a 

capacity in excess of 2000 ft3/min (57 m3 /min) 

6.4.5.4.7* ON status shall be sensed by a pressure diffe1·ence, 
an airflow switch, or some other positive proof of airflow. 

6.4.5.4.8 Positive stan1s indication (fully open and fully 
closed) of dampe1- position shall be provided if individual 
controls for the damper are provided on the FSCS. 

6.4.5.4.9 Provision shall be included for testing the pilot 
lamps on the FSCS conu·ol panel(s) by means of one or more 
"LAMP TEST" momentary push buttons or other self-restoring 
means. 

6.4.5.4.10 Diagrams and graphic 1-epresentations of the system 
shall be used. 

6.4.5.4.11 The FSCS shall have the highest priority control 
over all smoke control systems and equipment. 

6.4.5.4.12 V\'here manual controls for conu·ol of smoke 
control systems are also provided at other building locations, 
the control mode selected from the FSCS shall prevail. 

6.4.5.4.13 FSCS control shall override or bypass other build­
ing conu·ols such as hand-off�auto and start/stop switches Loca­
ted on fan motor conu·olle1·s, freeze detection devices, and 
duct smoke detectors except as provided by 6.4.5.4. 13.1 .  

6.4.5.4.13.1 The FSCS fan conu·ol capability shall not be 
1·equired to bypass hand-off-auto or start/stop switches located 
on motor controllers of nondedicated smoke control system 
fans where both of the following conditions exist: 
( 1 )  Such fan motor controllers are located in mechanical or 

electrical equipment rooms or in other areas accessible 
only to authorized personnel. 

(2) The use of such a motor controller switch to turn a fan on 
or off will cause an off-normal indication at the building's 
main conu·ol center during normal HVAC or building 
control operations of the nondedicated fan. 

6.4.5.4.14 FSCS control shall not take precedence over fire 
supp1·ession, elecu·ical protection, or persormel protection 
devices. 

6.4.6 Controls for Stairwell Pressurization Systems. V\'hen 
stairwell pressurization systems are provided, they shall be acti­
vated as described in 6.4.6.1 through 6.4.6.4.2. 

6.4.6.1 Automatic Activation. 

6.4.6.1.1 * Operation of any zone of the building fire alarm 
system shall cause all stairwell pressurization fans to start except 
as indicated in 6.4.6.1.2. 

6.4.6.1.2 Where an enginee1-ing analysis determines that oper­
ation of all stairwell pressurization fans is not required to 
achieve the design objective, only the stairwell pressurization 
fans identified during the analysis shall be required to be acti­
vated. 

6.4.6.2 Smoke Detection. 

6.4.6.2.1 A smoke detector shall be provided in the air supply 
to the pressurized stairwell. 
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6.4.6.2.2 On detection of smoke in the air supply, the supply 
fan(s) shall be stopped. 

6.4.6.3 Manual Pull Stations. Stairwell pressurization systems 
where the response of the system is identical for all zone alarms 
shall be permitted to be activated from a manual fire alarm pull 
station. 

6.4.6.4 FSCS Activation. 

6.4.6.4.1 Manual activation and deactivation control of the 
stairwell pressurization systems shall be provided at the FSCS. 

6.4.6.4.2 An override switch shall be permitted to be provided 
at the FSCS to restan the stairwell pressurization fan(s) after 
shutdown from the smoke detector. 

6.4. 7 Controls for Zoned Smoke Control Systems. 

6.4.7.1 General. V\'hen zoned smoke control systems are 
provided, they shall be activated as described in 6.4.7.2.1 and 
6.4.7.2.2. 

6.4. 7.2 Automatic Activation. 

6.4. 7.2.1 * V\'hen signals from fire alarm systems are used to 
activate the zoned smoke control system(s), the fire alarm 
zones shall be arranged to coincide with the smoke contain­
ment zones. 

6.4.7.2.2 Where an automatic smoke detection system is used 
to automatically activate a zoned smoke control system, the 
smoke detection system shall be permitted to be of limited 
coverage having spacing greater than 900 ft2 (84 m2) per detec­
tor. 

6.4.7.2.3 Where an automatic smoke detection system is used 
to automatically activate a zoned smoke control system, the 
location of smoke detectors and the zoning of the detectors 
shall be arranged to detect smoke before it leaves the smoke 
zone. 

6.4.7.2.4 Vlhere a waterflow switch or heat detector is used to 
activate a zoned smoke control system, zoning of such systems 
shall coincide with the smoke containment zone. 

6.4.7.3* Zoned smoke control systems shall not be activated 
from manual fire alarm pull stations. 

6.4.8* Control System Verification. 

6.4.8.1 Every dedicated smoke control system and each dedi­
cated smoke control subsystem in a nondedicated smoke 
conu·ol system shall have a means of verifying correct operation 
when activated. 

6.4.8.2 Verification shall include positive confit-mation of acti­
vation, testing, manual override, and the presence of operating 
power downsu·eam of all circuit disconnects. 

6.4.8.3 Failure to 1·eceive positive confirmation after activation 
or cessation of such positive confirmation while the system or 
subsystem remains activated shall result in an off-normal indica­
tion at the smoke control system within 200 seconds. 

6.4.8.4 Fire alarm signaling paths to the smoke conu·o] system 
shall be monitored for integrity in accordance with 12.6 of 
NFPA 72 with trouble annunciation provided at the FSCS, 
unless both of the following conditions are met: 
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( 1 )  The interconnecting wiring between the fire alarm system 
and the smoke control system is located within 20 ft (6.1 
m) of each other. 

(2) The conductors are installed in conduit or equivalently 
protected against mechanical irtjury. 

6.4.8.5 Ground-fault annunciation shall not be required 
where receipt of the activation signal by the smoke control 
system is not affected by a single ground fault. 

6.4.8.6 Operational capability of individual components of 
dedicated smoke control systems shall be verified using the 
weekly self-test function provided by the UUKL-listed smoke 
control panel mandated by 6.4.1, except as specified in 6.4.8.7. 

6.4.8.7 Where verification of individual components tested 
through the preprogrammed weekly testing sequence will 
interfere with normal building operation and produce unwan­
ted effects to normal building operation, such individual 
components shall be permitted to be bypassed from the weekly 
self-testing where approved by the code official and where in 
accordance wi th 6.4.8.7.1 and 6.4.8.7.2. 

6.4.8.7.1 v\There the operation of components is bypassed 
from the preprogrammed weekly test, presence of power down­
stream of all disconnects shall be verified weekly by the listed 
control unit. 

6.4.8.7.2 All components that are bypassed from the pre­
programmed weekly test shall be tested semiannually. The 
system shall also be tested under standby power conditions. 

6.5 Energy Management. Energy management systems, partic­
ularly those that cycle supply, return, and exhaust fans for 
energy conservation, shall be oven-idden when their control or 
operation is in conflict with a smoke control mode. 

6.6 Materials. 

6.6.1 Materials used for systems providing smoke control shall 
conform to NFPA 90A and other applicable NFPA documents. 

6.6.2 Duct materials shall be selected and ducts shall be 
designed to convey smoke, to withstand additional pressure 
(both positive and negative) by the supply and exhaust fans 
when operating in a smoke control mode, and to maintain 
their strucmral integrity during the period for which the system 
is designed to operate. 

6.6.3* Equipment, including but not limited to fans, duct5, 
and balance dampers, shall be suitable fo1· its intended use and 
the probable temperamres to which it is likely to be exposed. 

6.7 Electric Services Installation. 

6.7.1 All electrical installations shall meet the requit-ements of 
NFPA 70. 

6.7.2 The smoke control system shall be designed so that loss 
of normal power fm a period of up to 15 minutes will result in 
the components automatically performing their function upon 
restoration of power. 

6.7.3 v\The1·e standby power is provided in accordance with 
NFPA 1 10 ,  the standby power source and related transfer 
switches shall be separated from transformers and switch gear 
for the p1·imary power supply and, for indoor installations, 
enclosed in a room with a minimum 1-hour fire-resistance­
rated fire barrier wall installed in accordance with NFPA 221. 

Chapter 7 Smoke Control System Documentation 

7.P Docwnentation Required. The following documents 
shall be generated by the designer during the design process: 
( 1 )  Detailed design report 
(2) Operations and maintenance manual 

7.2 Detailed Design Report. 

7.2.1 The detailed design report shall provide docrnnentation 
of the smoke control system as it is designed and intended to 
be installed. 

7.2.2 The design report shall include the following element5, 
if applicable: 

( 1) System purpose 
(2) System design objectives 
(3) Design approach 
( 4) Design assumptions (building height, ambient condi­

tions, reliance on other fire protection systems, leakage, 
etc.) 

(5) Location of smoke zone(s) 
(6) Design pressure differences 
(7) Building use Limitations that arise out of the system 

design 
(8) Design calculations 
(9) Fan and duct specifications 

(10) Damper specifications 
( 1 1 )  Detailed inlet or exhaust inlet5 site information 
( 12) Detailed method of activation 
(13) Smoke control system operation logic 
(14) System commissioning procedures 

7.3* Operations and Maintenance Manual. The operations 
and maintenance manual shall provide the requirements to 
ensure the proper operation of the system over the life of the 
building. 

7.3.1 The operations and maintenance manual shall include 
the following: 
(1)  The procedures used in the initial commissioning of the 

system as well as the measured performance of the system 
at the time of conunissioning 

(2) The testing and inspection requirements for the system 
and system components and the required frequency of 
testing (see Chapter 8) 

(3) The critical design assumptions used in the design and 
limitations on the building and its use that arise out of 
the design assumptions and limitations 

(4) The purpose of the smoke conu-ol system 

7.3.2 Copies of the operations and maintenance manual shall 
be provided to the owner and the authorities having jurisdic­
tion. 

7.3.3 The building owner shall be responsible for all system 
testing and shall maintain reco1·ds of all periodic testing and 
maintenance in accordance with the operations and mainte­
nance manual. 

7.3.4 The building owne1· shall be responsible fo1· limiting the 
use of the space in a manner consistent with the limitations 
provided in the operations and maintenance manual. 
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Chapter 8 Testing 

8.1 * General. 

8.1.1 Each smoke control system shall be tested against its 
specific design criteria. 

8.1.2 Testing shall confirm that the design objectives de­
scribed in Section 4.1 are achieved. 

8.1.3 Design documents shall include all acceptance testing 
procedures and pass/fail criteria. 

8.1.4* Responsibility for each phase of the testing shall be 
defined clearly prior to commencing inspection and testing. 

8.2 Preliminary Building Inspections. 

8.2.1 Prior to testing, the party responsible for testing shall 
verify completeness of building construction. 

8.2.2 The following architecnu-al features, where applicable, 
shall be inspected: 
( 1 )  Smoke barriers, includingjoints therein 
(2) Shaft integrity 
(3) Firestopping 
(4) Doors/closers 
(5) Glazing, including that enclosing a large-volume space 
(6) Partitions and ceilings 

8.3* Component System Testing. 

8.3.l An operational test of each smoke control system 
component and subsystem shall be perfonned prior to the 
acceptance test. 

8.3.2 Operational tests shall be performed prior to intercon­
nection of individual components and subsystems to d1e smoke 
control system. 

8.3.3* Smoke control system operational testing shall include 
all subsystems to the extent that mey affect the operation of the 
smoke control system. 

8.3.4 Requirements and responsibilities for each component 
test shall be identified in the design documentation. 

8.3.5 ALI documentation from component system testing rela­
tive to me smoke control system shall be included in the final 
testing docmnentation. 

8.4 Acceptance Testing. 

8.4.1 * General. Acceptance testing shall demonstrate that the 
final system installation complies with the specific design and is 
functioning properly. 

8.4.2* Test Parameters. Where appropriate to the design, all 
parameters shall be measured during acceptance testing 

8.4.3* Measurement Locations. The locations for measure­
ment of the parameters identified in 8.4.2 shall be in accord­
ance with nationally recognized methods. 

8.4.4 Testing Procedures. The acceptance testing shall 
include the procedures described in 8.4.4.1 through 8.4.4.4. 

8.4.4.1 * Prior to beginning acceptance testing, all building 
equipment shall be placed in the normal operating mode, 
including equipment that is not used to implement smoke 
control . 
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8.4.4.2* If standby power has been provided for the operation 
of the smoke control system, the acceptance testing shall be 
conducted while on both normal and standby power. 

8.4.4.3 The acceptance testing shall include demonstrating 
that the con-ect outputs are produced for a given input fo1-
each control sequence specified. 

8.4.4.4 The complete smoke control sequence shall be 
demonstrated for the following: 
( 1 )  Normal mode 
(2)* Automatic smoke control mode for first alarm 
(3) Transfer to standby power if provided. 
(4) Ren1rn to normal 

8.4.4.5 The force necessary to open each egress doo1- shall be 
measured using a spring-type scale and recorded. 

8.4.4.6 Door-opening forces shall not exceed those allowed by 
the building code. 

8.4.4.7 Activation of each smoke control system response to all 
means of activation, both automatic and manual, as specified in 
the design report and operations and maintenance manual in 
Chapter 7, shall be verified and recorded. 

8.4.4.8 The proper operation of all fans, dampers, and related 
equipment, as outlined by the project docmnents refe1-enced in 
6.4.4. 1 .4, shall be verified and recorded. 

8.4.5* Testing of Smoke Management Systems in Large­
Volume Spaces. Acceptance testing to verify systems perform­
ance shall include the following: 
( 1 )  Prior to performance testing: 

(a) Verify the exact location of the perimeter of each 
la1-ge-volume space smoke management system, 
identify any door openings into that space, and 
identify all adjacent areas that are to remain open 
and that a1-e to be protected by airflow alone. 

(b) For larger openings, measure the velocity by making 
appropriate traverses of me opening. 

(2) Activate the smoke management system, then do the 
following: 
(a) Verify and reco1-d the operation of all fans, damp­

ers, doors, and related equipment. 
(b) Measure fan exhaust capacities and air velocities 

through inlet doors and grilles 01- at supply grilles if 
there is a mechanical makeup air system. 

(c) Mea�ure the force to open exit doors. 
(3) Where appropriate to the design, measure and record the 

pressure difference across all doors that separate the 
smoke management system area from acljacent spaces 
and d1e velocities at interfaces with open areas. 

8.4.6 Testing of Smoke Containment Systems. 

8.4.6.l Pressure Testing. 

8.4.6.I.l With the containment system activated, the pressure 
difference across each smoke barrier shall be measured and 
recorded wi d1 all in te rio r doors closed. 

8.4.6.l.2 If an exterior door would normally be open by 
means of an automatic opening device as part of the smoke 
control strategy, it shall be open during testing. 
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8.4.6.1.3 The HVAC system shall be off unless the normal 
mode is to leave the HVAC system on during smoke control 
operations. 

8.4.6.1.4* With the containment system activated and any 
automatically opened eg1·ess doors used in the system design 
open, the pressure difference across the barrier shall be meas­
ured and recorded. 

8.4.6.1.5 No p1-essme difference shall be less than the mini­
mum design pressure differences in Table 4.4.2 . 1 . 1  or the pres­
sures specified in the design documents. 

8.4.6.2* Force Testing. 

8.4.6.2.1 \.\Tith the containment system activated and the 
number of doors used in the system design open, the force 
necessary to open each egress door shall be measured and 
recorded. 

8.4.6.2.2 All other doors shall be closed when the measure­
ments specified in 8.4.6.2.1 are made. 

8.4.6.3 Stairwell Pressurization Systems. 

8.4.6.3.1 The requirements in 8.4.6.3 shall apply where stair­
well pressurization is the only smoke control system in the 
building. 

8.4.6.3.2 Where stairwell pressurization is used in combina­
tion with zoned smoke control, the requirements of 8.4.6. 7 . 1  
shall apply. 

8.4.6.3.3 Pressurized stainvell vestibules shall be treated as a 
zone in a zoned smoke control system. (See 8.4.6.4.) 

8.4.6.4* Zoned Smoke Control System. 

8.4.6.4.1 The requirements in 8.4.6.4 shall apply where zoned 
smoke conu·ol is the only smoke conu·ol system in the building. 

8.4.6.4.2 Normal HVAC Mode. 

8.4.6.4.2.1 The pressure difference across all smoke control 
zones that divide a building floo1· shall be measured and reco1·­
ded while the HVAC systems serving the floor's smoke zones 
are operating in their normal (non-smoke control) mode and 
while all smoke barrier doors that separate the floor zones are 
closed. 

8.4.6.4.3 Smoke Control Mode for Each Smoke Control Zone. 

8.4.6.4.3.1 Each separate smoke control zone shall be activa­
ted by a simulated fire alarm input. 

8.4.6.4.3.2 The pressure difference across all smoke barriers 
that separate the smoke zone from adjacent zones shall be 
measured and recorded. 

8.4.6.4.3.3 The measurements shall be made while all smoke 
bar1·ier doors that separate the smoke zone from the other 
zones are fully closed. 

8.4.6.4.3.4 One measurement shall be made across each 
smoke barrier or set of doors, and the data shall clearly indi­
cate the higher and lower pressure sides of the doors or barri­
ers. 

8.4.6.4.3.5 Doors that have a tendency to open slightly due to 
the pressure difference shall have one pressure measurement 
made while held closed and another made while not held 
closed. 
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8.4.6.4.3.6* Testing, as described in 8.4.6.4.3. 1 ,  shall continue 
until all fire alarm inputs have been activated. 

8.4.6.5* Elevator Smoke Control Systems. 

8.4.6.5.1 Elevator Hoistway Pressurization Systems. 

8.4.6.5.1.1 General. 

(A) The requ.irements in 8.4.6.5.1 shall apply where elevator 
hoistway pressurization is the only smoke control system in the 
building. 

(B) Where elevator hoistway pressurization is used in combi­
nation with zoned smoke control, the requirements of 8.4.6.7.3 
shall apply. 

8.4.6.5.1.2 Pressure Testing. 

(A) With the elevator pressurization system activated, the pres­
sure difference across each elevator door with all elevator doors 
closed shall be measured and recorded. 

(B) If the elevator door on the recall floor would normally be 
open during system pressurization, it shall be open during test­
ing. 

(C) The HVAC system shall be off unless the normal mode is 
to leave the HVAC system on during smoke control operations. 

(D) If the elevator pressurization system has been designed to 
operate during elevator movement, the tests in 8.4.6.5. l .2(A) 
through 8.4.6.5. l.2(C) shall be repeated under these condi­
tions. 

8.4.6.5.2 Lobby Pressurization Systems. 

8.4.6.5.2.l General. 

(A) The requirements in 8.4.6.5.2 shall apply where enclosed 
elevator lobby pressurization is the only smoke control system 
in the building. 

(B) Where elevator lobby pressurization is used in combina­
tion with zoned smoke conu-ol, the requirements of 8.4.6.7.3 
shall apply. 

(C)* Where enclosed elevator lobbies are pressurized by an 
elevator lobby pressurization system, or where enclosed eleva­
tor lobbies receive secondary pressurization from the elevator 
hoistway, the requirements of8.4.6.7.3 shall apply. 

8.4.6.6 Smoke Refuge Area. 

8.4.6.6.1 A smoke refuge area shall be treated as a zone in a 
zoned smoke control system. 

8.4.6.6.2 The tests outlined in 8.4.6.4 shall be conducted. 

8.4.6. 7 Combination of Smoke Control Systems. 

8.4.6.7.1* Stairwell and Zoned Smoke Control System. 

8.4.6.7.I.l  The stainvell pressurization system shall be consid­
ered as one zone in a zoned smoke control system. 

8.4.6.7.1.2 The tests outlined in 8.4.6.1, 8.4.6.2, and 8.4.6.4 
shall be conducted. 

8.4.6.7.1.3 All tests shall be conducted with both systems oper­
ating in response to a simulated fire alarm input. 
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8.4.6. 7 .2 Smoke Refuge Area and Zoned Smoke Control 
System. 

8.4.6.7.2.1 A smoke refuge area shall be treated as a separate 
zone in a zoned smoke control system. 

8.4.6.7.2.2 The tests outlined 8.4.6.4 shall be conducted. 

8.4.6. 7 .3 Elevator Pressurization and Zoned Smoke Control 
System. 

8.4.6.7.3.1 The elevator pressu1-ization system shall be consid­
ered as one zone in a zoned smoke control system. 

8.4.6.7.3.2 Each elevator lobby in an enclosed elevator lobby 
pressu1-ization system shall be considered as one zone in a 
zoned smoke control system. 

8.4.6.7.3.3 The tests outlined in 8.4.6.4 shall be conducted. 

8.4.6.7.3.4 The tests outlined in 8.4.6.5.1 shall be conducted if 
a hoistway pressurization system is present. 

8.4.6.7.3.5 The tests outlined in 8.4.6.5.2 shall be conducted if 
a lobby pressurization system is present. 

8.4.6.7.3.6 The tests outlined in both 8.4.6.5.1 and 8.4.6.5.2 
shall be conducted if both systems are present. 

8.4. 7 Tests of Fire Fighter's Smoke Control Station. 

8.4.7.1 All inputs to and outputs from the FSCS shall be 
tested. 

8.4.7.2 Tests shall include manual override of normal and 
automatic smoke control modes. 

8.5 Testing Documentation. 

8.5.1 * Upon completion of acceptance testing, a copy of all 
operational testing documentation shall be provided to the 
owner and to the authority havingjurisdiction. 

8.5.2 Owne1-'s manuals containing complete data on the 
smoke control system and instructions for operating and main­
taining the system shall be provided to the owner. 

8.6 Periodic Testing. 

8.6.1* Periodic testing of smoke conn·ol equipment shall be 
performed in accordance with this section. 

8.6.1.1 Dedicated systems shall be tested at least semiannually. 

8.6.1.2 Non-dedicated systems shall be tested at least annually. 

8.6.2 The equipment shall be maintained in accordance with 
the manufacturer's 1-ecommendations. 

8.6.3 The periodic tests shall determine the airflow quantities 
and the pressure differences at the following locations: 
( 1 )  Across smoke barrier openings 
(2) At the air makeup supplies 
(3) At smoke exhaust equipment 

8.6.4 All data points shall coincide with the acceptance test 
location to facilitate comparison measurements. 

8.6.5 The system shall be tested by persons who are thor­
oughly knowledgeable in the operation, testing, and mainte­
nance of the systems. 
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8.6.5.1 The results of the tests shall be documented in the 
operations and maintenance log and made available for inspec­
tion. 

8.6.5.2 The smoke control system shall be operated for each 
sequence in the cun-ent design criteria. 

8.6.5.3 The operation of the correct outputs for each given 
input shall be observed. 

8.6.5.4 Tests shall also be conducted under standby power if 
applicable. 

8.6.6 Special arrangements shall be considered for the intro­
duction of large quantities of outside air into occupied areas or 
sensitive equipment spaces when outside temperature and 
humidity conditions a.re extreme and when such uncondi­
tioned air could damage contents. 

8. 7 Modifications. 

8.7.1 * All operational and acceptance testing shall be 
ped'ormed on the applicable part of the system whenever the 
system is changed or modified. 

8. 7.2 If the smoke control system or the zone boundaries have 
been modified since the last test, acceptance testing shall be 
conducted on the portion modified. 

8.7.3 Documentation shall be updated to reflect these 
changes or modifications. 

Annex A Explanatory Material 

Annex A is not a pa:rt of the requirements of this NFPA document but i5 
included for informational putposes only. 17iis annex contains extJlan­
at01y material, numbered to correspond with the applicable text para­
graphs. 

A.I.I This standard incorporates methods for applying engi­
neering calculations and reference models to provide a 
designer with the tools to develop smoke conn·ol system 
designs. The designs are based on select design objectives 
p1-esented in Section 4.1 .  

This standard addresses the following topics: 
( 1 )  Basic physics of smoke movement in indoor spaces 
(2) Methods of smoke control 
(3) Supporting data and technology 
(4) Building equipment and cono-ols applicable to smoke 

control systems 
(5) Approaches to testing and maintenance methods 

This standard does not address the interaction of sprinklers 
and smoke control systems. The cooling effect of sprinklers can 
result in some of the smoke losing buoyancy and migrating 
downward below the design smoke layer interface. This stand­
ard also does not provide methodologies to assess the effects of 
smoke exposure on people, property, or mission continuity. 

A.3.2.l Approved. The National Fire Protection A<;sociation 
does not approve, inspect, or certify any installations, proce­
dures, equipment, or materials; nor does it approve or evaluate 
testing laboratories. In determining the acceptability of installa­
tions, procedures, equipment, or materials, the authority 
having jurisdiction may base acceptance on compliance with 
NFPA or other appropriate standards. In the absence of such 
standards, said authority may require evidence of proper instal­
lation, procedure, or use. The authority having jurisdiction 
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may also refer to the listings or labeling practices of an organi­
zation that is concerned with product evaluations and is thus in 
a position to determine compliance with appropriate standards 
for the current production of listed items. 

A.3.2.2 Authority Having Jurisdiction (AHJ). The phrase 
"authority having jurisdiction," or its acronym A}ij, is used in 
NFPA documents in a broad manner, since jurisdictions and 
approval agencies vat)', as do their responsibilities. v\There 
public safety is primal)', the authority having jurisdiction may 
be a federal, state, local, or other regional department or incli­
vidual such as a fire chief; fire marshal; chief of a fire preven­
tion bureau, labor department, or health department; building 
official; electrical inspector; or others having stanltot}' author­
ity. For insurance purposes, an insurance inspection depart­
ment, rating bureau, or other insurance company 
representative may be the authority having jurisdiction. In 
many circumstances, the prope1-ty owner or his or her designa­
ted agent assumes the role of the authority having jurisdiction; 
at government installations, the commanding officer or depart­
mental official may be the authority havingjurisdiction. 

A.3.2.4 Listed. Equipment, materials, or services included in 
a list published by an organization that is acceptable to the 
authority having jurisdiction and concerned with evaluation of 
products or services, that maintains periodic inspection of 
production of listed equipment or materials or periodic evalua­
tion of services, and whose listing states that either the equip­
ment, material , or service meets appropriate designated 
standards or has been tested and found suitable for a specified 
purpose. 

A.3.3.2 Ceiling Jet. Normally, the temperature of the ceiling 
jet is greater than the adjacent smoke layer. 

A.3.3.3 Design Pressure Difference. Protected spaces include 
the nonsmoke zones in a zoned smoke control system, the stair­
wells in a stairwell pressurization system, a smoke refuge area, 
and the elevator shaft in an elevator hoistway system. 

A.3.3.4 Draft Curtain. A draft curtain can be a solid fixed 
obstruction such as a beam, girder, soffit, or similar material . 
Alternately, a deployable barrier can be used that descends to a 
fixed depth during its operation. 

A.3.3.6 Fire Fighters' Smoke Control Station (FSCS). Other 
fire fighters' systems (such as voice alarm, public address, fire 
department communication, and elevator status and controls) 
are not covered in this document. 

A.3.3.9 Plume. A plume entrains air a5 it rises so that the mass 
flow of the plume increases with height and the temperature 
and other smoke properties of the plume decrease with height. 

A.3.3.9.1 Axisymmetric Plume. Strictly speaking, an axisym­
metric plume applies only to round fires, but it is a useful ideal­
ization for fires of many other shapes. v\Then the largest 
dimension of a fire is much less than the height of the plume, 
the plume mass flow and temperature can be approximated by 
those characteristics of an axisymmetric plume. 

An axisymmetric plume (see Figure A.3.3.9.1) is expected for a 
fire originating on the atrium floor, removed from any walls. In 
that case, air is entrained from all sides along the entire height 
of the plume until the plume becomes submerged in the 
smoke layer. 

A.3.3.9.2 Balcony Spill Plume. A balcony spill plume is one 
that flows under and around a balcony before rising, giving the 
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FIGURE A.3.3.9.1 Approximation of an Axisymmetric 
Plume. 

92-25 

impression of spilling from the balcony, from an inverted 
perspective, as illustrated in Figure A.3.3.9.2. 

A.3.3.9.3 Window Plume. Plumes issuing from wall openings, 
such as doors and windows of an adjacent compartment, into a 
large-volume open space are referred to as window plumes (see 
Figure A.3.3. 9.3). Window plumes usually occur when the adja­
cent compartment is fully involved in a fire typically after the 
compartment has reached flashover. 

A.3.3.12.1 First Indication of Smoke. See Figure A.3.3. 12. l .  
For design evaluations using the algebraic approach outlined 
in Chapter 5, the first indication of smoke can be determined 
using Equations 5.4.2. la and b and Equations 5.4.2.2a and b. 

For design evaluations using physical or computational fluid 
dynamics (CFD) modeling, a method to define the smoke 
interface height and the first indication of smoke using a limi­
ted number of point measurements over the height of the 
atrium is required. One approach (Cooper et al. [ 4] ;  Madrzy­
kowski and Vettori f29l) uses linear interpolation of the point 
measurements. Using temperature data, the inte!"faces are at 
the heights at which the temperature is as follows: 

[A.3.3.12.1] 

where: 
1:, = temperature at tl1e interface height 
C,, = interpolation constant with values of0.1-0.2 for the first 

indication of smoke and 0.8-0.9 for the smoke layer 
interface, respectively 

1;""" = temperature in the smoke layer 
1� = temperature in tl1e cold lower layer 

A.3.3.13 Smoke Barrier. A smoke barrier might or might not 
have a fire resistance rating. Such barriers might have protec­
ted openings. Smoke barriers as used with smoke control or 
smoke management systems described in this standard could 
have openings protected either by physical opening protectives 
or by pressure differences created by tl1e smoke control or 
smoke management system. Smoke barriers desc1-ibed in some 
other codes and standards might require tl1at tl1e openings be 
protected by physical opening protectives. 
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w w 

SECTION FRONT VIEW WITH DRAFT CURTAINS FRONT VIEW WITHOUT DRAFT CURTAINS 

FIGURE A.3.3.9.2 Approximation of a Balcony Spill Plwne. 

Communicating 
space 

SIDE VIEW 

Note: For a window plume, 
the communicating space 
is fully involved in fire. 

FIGURE A.3.3.9.3 Approximation of a Window Plume. 

A.3.3.14 Smoke Containment. Smoke containment can be 
achieved by using smoke barriers alone. This standa1·d deal5 
with active mechanical systems. Passive smoke containment 
achieved by construction feanires are outside the scope of this 
document. Fo1- further information on the use of smoke barri­
ers, see the requirements in NFPA 101 and NFPA 5000. 

A.3.3.17 Smoke Layer. The smoke layer includes a u·ansition 
zone that is nonhomogeneous and separates the hot upper 
layer from the smoke-free air. The smoke layer is not a homo­
geneous mixture, nor does it have a uniform temperanire. The 
calculation methods presented in this standard can assume 
homogeneous conditions. 

A.3.3.18 Smoke Layer Interface. In practice, the smoke layer 
interface (see Figure A.3.3.12.1) is an effective boundary within a 
transition buffer zone, which can be several feet (meters) thick. 
Below this effective boundary, the smoke density in the transi­
tion zone decreases to zero. This height is used in the applica­
tion ofd1e equations in 5.5.3.1, 5.5.3.2, 5.5.4.1, and Section 5.7. 

A.3.3.21.1 Communicating Space. Communicating spaces can 
open di1-ecdy into the large-volume space or co1mect through 
open passageways. 
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FIGURE A.3.3.12.1 First Indication of Smoke. 
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A.3.3.23.2 Dedicated Smoke Control System. Dedicated 
smoke-conu·ol systems are separate systems of air-moving and 
distribution equipment that do not function under normal 
building operating conditions. 

Advantages of dedicated systems include the following: 
( 1 )  Modification of system conu·ols after installation is less 

likely. 
(2) Operation and control of d1e system is generally simpler. 
(3) Reliance on or impact by other building systems is limi­

ted. 

Disadvantages of dedicated systems include the following: 
( 1 )  System impairments might go undiscovered between peri-

odic tests or maintenance activities. 
(2) Systems can require more physical space. 

A.3.3.23.3 Nondedicated Smoke Control Systems. Advantages 
of nondedicated systems include the following: 
( 1 )  Impairments to  shared equipment 1·equired fm normal 

building operation are likely to be corrected promptly. 
(2) Limited additional space for smoke-conu·ol equipment is 

necessary. 

Disadvantages of nondedicated systems include 
ing: 

System control might become elaborate. 

the follow-

(1 )  
(2) Modification of shared equipment or controls can impair 

smoke-control functionality. 

A.3.3.23.6 Smoke Exhaust System. Maintenance of a tenable 
environment in the smoke zone is not within the capability of 
these systems. 

A.3.3.24 Tenable Environment- It is not expected d1at a 
tenable environment will be completely free of smoke. 

A.3.3.25.3 Transition Zone. See Figme A.3.3. 12.1 for fmther 
details. 

A.4. I. l For the purposes of this document, all systems used to 
address the impact of smoke from a fire are termed .ITnoke 
control systems. Past editions of both NFPA 92A and NFPA 92B 
attempted to draw a distinction between types of systems, refer­
ring to the pressurization systems (cove1·ed by NFPA 92A) as 
smoke control systems and the systems used to mitigate smoke in 
large-volume spaces (covered by NFPA 92B) as smoke manage­
ment systems. The distinction between smoke control and smoke 
management had the potential to cause confusion, particularly 
when building codes and standards labeled all systems smoke 
control systems. This document follows the convention of using 
smoke control as the general classification, with smoke containment 
systems being adopted for the subclassification of pressurization 
systems and smoke management systems being adopted for the 
subclassification of systems for large-volume spaces. 

Passive smoke control is a smoke containment method used 
in areas of a building to prevent smoke from migrating outside 
the smoke zone. It is a method recognized by model building 
codes; however, this standard covers only pressurization systems 
for containment. If a passive system is used, the following 
design parameters should be considered as a minimum: stack 
effect, wind effect, operation of the HVAC equipment, leakage 
of boundary elements, and whether the space is sprinklered. 

A.4. l.2 ln addition to d1e design objectives listed, smoke 
control systems can be used for the following objectives: 
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( 1 )  Allowing fire department personnel sufficient visibility to 
approach, locate, and extinguish a fire 

(2) Limiting the spread of toxic gases that can affect building 
occupants 

(3) Limiting the spread of products of combustion to provide 
protection for building contents 

(See Annex G for additional information about objectives for smoke 
management systems.) 

A.4.2.l The performance objective of automatic sprinklers 
installed in accordance with NFPA 13 is to provide fire control, 
which is defined as follows: limiting the size of a fit·e by distribu­
tion of water so as to decrease the heat release rate and pre-wet 
adjacent combustibles while controlling ceiling gas tempera­
tures to avoid su-uctural damage. A limited number of investi­
gations have been undertaken involving full-scale fire tests in 
which the sprinkler system was challenged but provided the 
expected level of performance (Madrzykowski and Vettori (29]; 
Lougheed, Mawhinney, and O'Neill (26 ] ) .  These investigations 
indicate that, for a fire control situation, although the heat 
release rate is limited, smoke can continue to be produced. 
However, the temperature of the smoke is reduced, and the 
pressure differences provided in this document for smoke 
control systems in fully sprinklered buildings are conservative. 
In addition, with d1e reduced smoke temperatures, d1e temper­
ature requirement for smoke control components in contact 
wiili exhaust gases can be limited. 

A.4.3.2 The design approaches are intended either to prevent 
people from coming into contact with smoke or to maintain a 
tenable environment when people do come into contact with 
smoke. The smoke development analysis in each of the design 
approaches listed should be justified using algebraic calcula­
tions, CFD models, comparunent fire modeL5, scale modeling, 
or zone models. 

A.4.3.2(2) An equilibrium position for the smoke layer inter­
face can be achieved by exhausting smoke at the same rate it is 
supplied to the smoke layer. 

A.4.3.2(6) Opposed airflow can have applications beyond 
large-volume spaces and communicating spaces, but d1is docu­
ment does not provide design guidance for those other applica­
tions. 

A.4.4.l The temperature differences bel:\11een the exte1·ior and 
the interior of the building cause stack effect and determine 
the stack effect's direction and magnitude. The stack effect 
should be considered when selecting exhaust fans. The effect 
of temperature and wind velocity varies wid1 building height, 
configuration, leakage, and openings in wall and floor 
consu·uction. One source of weather data for outdoor tempera­
tures and wind velocities is Chapter 2 of the ASHRAE/ICC/ 
NFPA/SFPE Handbook of Smoke Control Enginee1ing. If available, 
newer or mo1·e site-specific weather data should be consulted. 

A.4.4.2.l.l A smoke control system designed to provide smoke 
containment should be designed to maintain the minimum 
design pressure differences tmder likely conditions of stack 
effect or wind. Pressure differences produced by smoke conu·ol 
systems tend to fluctuate due to the wind, fan pulsations, doors 
opening, doors closing, and other factors. Short-term devia­
tions from the suggested minimum design pressure dilference 
might not have a serious effect on the protection provided by a 
smoke conu·ol system. There is no clear-cut allowable value for 
this deviation. It depends on the tightness of doors, the tight-
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ness of construction, the toxicity of the smoke, airflow rates, 
and the volumes of spaces. Intermittent deviations up to 50 
percent of the suggested minimum design pressure difference 
are considered tolerable in most cases. 

The minimum design pressure differences in Table 4.4.2. 1 . 1  
for nonsprinklered spaces are values that will not be overcome 
by buoyancy forces of hot gases. The method used to obtain the 
values in Table 4.4.2 . 1 . 1  for nonsprinklered spaces follows. This 
method can be used to calculate pressure differences for gas 
tern peratures other than l 700°F (927°C). 

The pressure difference due to buoyancy of hot gases is 
calculated by the following equations: 

where: 

M =7.64[_!_ _..!_]h 7'o T,, 

[A.4.4.2.1.la] 

f'..P = pressure difference due to buoyancy of hot gases (in. 
w.g.) 

T0 = absolute temperature of surrow1dings (R) 
7�- = absolute temperature of hot gases (R) 
h = distance above neutral plane (ft) 

where: 

!lP = 3460[_!_ - ..!._] h T0 1�. 

[A.4.4.2.1.lb] 

f'..P = pressure difference due to buoyancy of hot gases (Pa) 
1: = absolute temperature of surroundings (K) 
TF = absolute temperature of hot gases (K) 
h = distance above neutral plane (m) 

The neuu·al plane is a horizontal plane between d1e fire 
space and a surrounding space at which the pressure difference 
between the fire space and the surrounding space is zero. For 
Table 4.4.2. 1 . 1 ,  h was conservatively selected at t\vo-thirds of the 
floor-to-ceiling height, the temperature of the surroundings 
was selected at 70°F (200C), the tern perature of the hot gases 
was selected at l 700°F (927°C), and a safety factm of 0.03 in. 
w.g. (7.5 Pa) was used. 

For example, the minimum design pressure difference for a 
ceiling height of 12 ft (3.6 m) should be calculated as follows: 

7� = 530 R = 293 K 
Ti.-= 2160 R = 1200 K 
h = (12)(� )= 8 ft = 2.44 m 

[A.4.4.2.1.Ic] 

From the first equation, f'..P = 0.087 in. w.g. (21.6 Pa). 
Adding the safety factor and rounding off, the minimum 
design pressure difference is 0.12 in. w.g. (30Pa). 

A.4.4.2.1.5 The number of doors open in a pressurization 
smoke control system should consider the design number of 
doors opened simultaneously by mechanical means (e.g., auto-
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ma tic opening device). These open doors create a consistent 
p1·essure state that can be accounted for in the design. 

Door openings that are transient in nature, such as those 
opened and closed by occupants during egress, are not 
required to be considered in the design as the pressurization 
system is designed to operate with these doors closed. The 
designer can include additional leakage area into their pressur­
ization calculations to provide some measure of safety factor 
into the design, so long as maximum door opening forces are 
not exceeded with all doors closed. 

A.4.4.2.2 The forces on a door in a smoke control system are 
illusu-ated in Figure A.4.4.2.2. The force required to open a 
door in a smoke conu-ol system is a� follows: 

where: 

F = F + -5._2�(W._'.A�)_M_. 
' 2(W - d) 

F = total door-opening force (lb) 

[A.4.4.2.2a] 

F,. = force to overcome the door closer and other friction (lb) 
W = door widd1 (ft) 
A = door area (ft2) 

f'..P = pressure difference across the door (in. w.g.) 
d = distance from the domknob to the knob side of the door 

(ft) 

where: 

F = R +  
(WA)M 
2(W-d) 

F = total door-opening force (N) 

[A.4.4.2.2b] 

F,. = force to overcome the door closer and other friction (N) 
W = door width (m) 
A = door area (m2) 

f'..P = pressure difference across the door (Pa) 
d = distance from the doo1·knob to the knob side of the door 

(m) 

When the maximum door-opening force is specified at 30 lbf 
(133 N), Table A.4.4.2.2 can be used to determine the maxi­
mum pressure difference across the door. 

A.4.4.4.1 Makeup air has to be provided to ensure that the 
exhaust fans are able to move the design air quantities and to 
ensure that door-opening force requirements are not excee­
ded. The large openings to the outside can consist of open 
doors, open windows, and open vents. The large openings to 
the outside do not include cracks in the consu-uction, gaps 
around closed doors, gaps around closed windows, and other 
small paths. It is recommended that makeup air be designed at 
85 percent to 95 percent of the exhaust, not including the leak­
age through small paths. This is based on experience that the 
remaining air (5 percent to 15 percent) to be exhausted will 
enter the large-volume space as leakage through the small 
paths. The reason that less makeup air is supplied than is being 
exhausted is to avoid positively pressm·izing the large-volume 
space. 

A.4.4.4.1.4 The maximum value of 200 ft/min (1.02 m/sec) 
for makeup air is to prevent significant plume deflection, 
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Table A.4.4.2.2 Maximum Pressure Differences Across Doors 

Door-Closer Force* Door Width (in. w.g.)t 

(lbf) 32 in. 36 in. 40 in. 44 in. 48 in. 

6 0.45 0.40 0.37 0.34 
8 0.41 0.37 0.34 0.31 

10 0.37 0.34 0.30 0.28 
12 0.34 0.30 0.27 0.25 
14 0.30 0.27 0.24 0.22 

For SI units, 1 lbf = 4.4 N; I in. = 2.5.4 mm; 0.1 in. w.g. = 25 Pa. 
Notes: 
(1 )  Total door-opening force is 30 lbf (133 N). 
(2) Doo1· height is 7 ft (2.1 m). 

0.31 
0.28 
0.26 
0.23 
0.21 

(3) The distance from the doorknob to the knob side of the door is 
3 in (76 mm). 
( 4) For other door-<:>pening forces, other door sizes, or hardware other 
than a knob (e.g., panic hardware) ,  the calculation procedure 
provided in ASHRAE/ICC/NFPA/SFPE Handbooh of Smolre Control 
Engineeri ng should be used. 
*Many door closers require less force in the initial portion oflhe 
opening cycle than thaL required to bring the door to the fully open 
position. The combined impact of the door closer and r.he imposed 
pressure combine only until the door is opened enough LO allow air LO 
pass freely cJuough the opening. The force imposed by a closing device 
m close the door is often different from that imposed on opening. 
tDoor widths apply only if r.he door is hinged at one end; otherwise, 
the calculation procedure provided in ASHRAE/ICC/NFPA/SFPE 
Handbooh o[Smohe Control Engineering should be used. 

Low-pressure 
side 

F 
K nob ,.,.

J '��,�����[�����-'-�__.._, /�M t, -Tr-d 
"'"ge �·:� High-pressure 

side 

FIGURE A.4.4.2.2 Forces on a Door in a Smoke Control 
System. 

which would increase the amount of smoke production, and 
disruption of the smoke interface. An engineering analysis of 
the effect of a greater makeup air velocity can be done by 
comparison with full-scale experimental data, scale modeling, 
or CFO modeling. The maximum makeup air velocity is based 
on flame deflection data (Seyler f 361 ) .  v\There maintaining a 
smoke layer height is not a design goal, plume disruption due 
to supply velocity might not be detrimental. \!\Then the exhaust 
is provided by natural venting, makeup air should also be 
supplied by natural venting to avoid pressurizing the space. 

Research has been conducted for atria up to 33 ft ( 10  m) in 
height, using fire sizes between 950 BTU/sec ( 1  MW) and 
4,740 BTU/sec (5 MW), and velocities from 200 ft/min ( 1  m/ 
sec) to 345 ft/min (1.75 m/sec) to assess the increase in 
exhaust capacity needed to offset the increase in smoke 
production where the makeup air velocity is in excess of 200 
ft/min (1.02 m/sec) (Pongratz, et al. [91 1 ) .  Systems designed 
outside these parameters might require additional substantia-
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rion, such a5 a CFO model. The increase needed is expressed as 
a factor, alpha. Using this factor, the revised smoke exhaust 
capacity should be the product of alpha and the smoke exhaust 
capacity needed to maintain the smoke layer design height in a 
quiescent atrium. 

Alpha is defined as: 

[A.4.4.4.l.4a] 1 ]-1/2 
Z1 + z2 

a =  1.23( u,�,.,, .  )[A,,.,,, -
2-

. + 1 .2 
0 267,,n215 A 0.533n215 · 6� fir" � 

where: 
A,..,, , = area of makeup air vent (ft2) 
A1,,, = floor area of the fire source (ft2) 
u,,,,,1 = velocity of makeup air (ft/sec) 
Q, = convective portion of heat release rate (Btu/sec) 

z1 = elevation of the base of makeup air vent (ft) 
z2 = elevation of the top of makeup air vent (fi:) 
g = acceleration due to gravity (32.2 ft/sec2) 
a = exhaust factor (dimensionless) 

[A.4.4.4.l.4b] 

Z1 + � 
u2 ... ,,, Aw,, -2- 1 2 

[ ]-1/2 
a =  1.23 . - . , + . ( 

0.083gQ.215 x Aji., ) 0.166QY' 

whe1·e: 
A,..,,, = area of makeup air vent (m2) 
Aft,., = floor area of the fire source (m2) 
u,,.,,, = velocity of makeup air (m/sec) 
Q, = convective portion of heat release rate (kW) 

z1 = elevation of the base of makeup air vent (m) 
z2 = elevation of the top of makeup air vent (m) 
g = acceleration due to gravity (9.81 m/sec2) 
a =  exhaust factor (dimensionless) 

An estimate for the volumeu·ic flow rnte that accounts for a 
makeup air velocity between 200 ft/min (1 m/s) and 345 
ft/min ( 1 .75 m/s) is obtained by multiplying the volumetric 
flow rate determined using the approach in 5.5.l by the alpha 
factor. Guidance on applying the smoke production design tool 
within its scope and limitations is further described in the 
ASHRAE publication "Methods to Increase Maximum Velocity 
of Make-up Air for Atrium Smoke Control - CFO Smdy 
(ASHRAE 1600-RP)," (Pongratz , e t al. [91 ] ) .  

A.4.4.4.2.2 Fires in communicating spaces can produce buoy­
ant gases that spill into the large space. The design for this case 
is analogous to the design for a fire in the large space. 
However, the design has to consider the difference in entrain­
ment behavior between an axisymmetric plume and a spill 
plume. If communicating open spaces are protected by auto­
matic sp1·inklers, the calculations set forth in this standard 
might show that no additional venting is required. Alterna­
tively, whether or not communicating spaces are sprinklered, 
smoke can be prevented from spilling into the large space if 
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the communicating space is exhausted at a rate to cause a suffi­
cient inflow velocity across the interface to the large space. 

A.4.4.4.3 In the design of smoke control systems, airflow paths 
must be identified and evaluated. Some leakage paths are obvi­
ous, such as gaps around closed doors, open doors, elevator 
doors, windows, and air transfer grilles. Construction cracks in 
building walls and floors are less obvious but no less important. 
The flow area of most large openings can be calculated easily. 
The flow area of construction cracks is dependent on work­
manship, for example, how well a door is fitted or how well 
weather su-ipping is installed. Typical leakage areas of constn1c­
tion cracks in walls and floors of commercial buildings are 
listed in Table A.4.4.4.3. Doors open for short periods of time 
result in a transition condition that is necessary to provide 
egress from or access to the smoke zone. 

A.4.4.5 In the event that the smoke control and the suppres­
sion systems are activated concurrently, the smoke control 
system might dilute the gaseous agent in the space. Because 
gaseous suppression systems commonly provide only one appli­
cation of the agent, the potential arises for 1·enewed growth of 
the fire. 

A.4.5 The following factors should be considered in determin­
ing the ability of the system to remain effective for the time 
period necessary: 
( 1)  Reliability of power source (s) 
(2) Arrangement of power distribution 
(3) Method and protection of controls and system monitor­

ing 
(4) Equipment materials and consUllction 
(5) Building occupancy 

Table A.4.4.4.3 'I)pical Leakage Areas for Walls and Floors of 
Commercial Buildings 

Construction Element Tightness Area Ratio• 

Exterior bui !ding walls Tight" 0.50 x 10-4 
(includes construction Average" 0.17 x 10-3 
cracks and cracks around Loose" 0.35 x 10-3 
windows and doors) Very looseb 0.12 x 10-2 

Stairwell walls (includes Tight< 0.14 x l0-4 
construction cracks but Average< 0 . 1 1  x io-3 
not cracks around Loo sec o.35 x 10-3 
windows and doors) 

Elevato1· shaft walls Tight< 0.18 x 10-3 
(includes construction Averagec 0.84 x 10-3 
cracks but not cracks and Loo sec 0.18 x 10-2 
gaps around doors) 

Floors (includes Tightc1 0.66 x 10-5 
consu·uction cracks and Average" 0.52 x 10-4 
gaps around penetrations) Loosed 0.17 x 10-3 

aFor a wall, the area ratio is the area of the leakage through the wall 
divided by the total wall area. For a floor, the area ratio is the area of 
the leakage through the floor divided by the total area of the floor. 
ivalues based on measuremems of Tamura and Shaw [ 48]; Tamura and 
Wilson [51]; and Shaw, Reardon, and Cheung [44]. 
'Values based on measurements of Tamura and Wilson [51) and 
Tamura and Shaw [49]. 
dValues extrapolated from average floor tightness based on range of 
tightness of other construction elements. 
evalues based on measurements of Tamura and Shaw [50]. 
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A.4.5.1.I Suggested tenability criteria are discussed in 
Annex M. However, othe1· references are available that present 
analytical methods for use in tenability analysis. The SFPE Engi­
neering Guide to Petformance-Based Fire Protection describes a proc­
ess of establishing tenability limits. Additional guidance is given 
in the ASHRAE/ICC/NFPA/SFPE Handbook of Smoke Control 
Engineering. 

The SFPE guide references D. A. Purser, "Combustion Toxic­
ity," Chapter 62 of the SFPE Handbook of Fire Protection l!.nginee1c 
ing, which describes a fractional effective dose (FED) 
calculation approach, which is also contained in NFPA 269. 
The FED addresses the effects of carbon monoxide, hydrogen 
cyanide, carbon dioxide, hydrogen chloride, hydrogen 
bromide, and anoxia. It is possible to use the test data, 
combined with laboratory experience, to estimate the FED 
value that leads to the survival of virtually all people. This value 
is about 0.8. 

A.4.5.1.2 Timed egress analysis is outside the scope of this 
document. However, other references are available that present 
analytical methods fo1· use in egress analysis, for example, 
ASHRAE/ICC/NFPA/SFPE Handbook of Smoke Control l!.ngineer­
ind21] .  

A.4.5.1.3 The depth of the smoke layer depends on many 
factors and generally ranges from 10 percent to 20 percent of 
the floor to ceiling height. An engineering analysis of the 
depth of the smoke layer can be done by comparison with full 
scale experimental data, scale modeling, or CFO modeling. 

A.4.6.I The number of doors open in a stair pressurization 
smoke control system should be the number of doors opened 
simultaneously by automatic opening devices controlled open 
as part of the smoke control strategy. These open doors create 
a consistent pressure state that can be accounted for in the 
design. 

The number of doors opening and closing during evacua­
tion depends largely on the building occupancy and the type of 
smoke control system. In some systems, doors most likely are 
open for only short periods of time and smoke leakage is negli­
gible. 

For a stairwell pressurization system that has not been 
designed to accommodate the opening of doors using auto­
matic opening devices conu·olled open as part of the smoke 
conu·ol strategy, pressurization will drop when any doors open, 
and smoke can then infiltrate the stairwell. For a building of 
low occupant density, the opening and closing of a few doors 
during evacuation has little effect on the system. For a building 
with a high occupant density and total building evacuation, it 
can be expected that most of the doo1·s will be open at some 
time during evacuation. 

Two research projects were conducted by ASHRAE whose 
result5 indicate that opening additional doors, which resulted 
in loss of pressure in tl1e stairwell, did not create an untenable 
environment in the stairwell. Note that these research projects 
were conducted by opening doors that were assumed in the 
design of the system to be closed and blocking them open, 
which is much more severe when it comes to pressure reduc­
tion than doors that are opened briefly during exiting. 

ASHRAE RP-1203, Tenability and Open Doors in Pressurized 
Stairwells, was completed in 2004. It was a study consisting of 80 
CFD simulations of stairwell pressurization systems in 7-story 
and 21-story buildings. In all cases, a noncompensating stair 
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pressurization system was modeled. The purpose of the project, 
as stated in the research report, was "to develop a quantitative 
understanding of the impact of one or more improperly prop­
ped open stairwell doors on tenability conditions in the stair­
well and at other locations in the building." 

One of the conclusions of RP-1203 was "With the stairwell 
door closed on the fire floor, the stairwell pressurization 
systems studied in this project can be expected to maintain 
tenable conditions inside the stairwell for the sprinklered and 
shielded fires. Further study would be needed to determine to 
what extent this is also uue fo1- unsprinklered fires." 

ASHRAE RP-144 7, Pe1formance of Stairwell Pressurization System 
with Open Doors, was completed in 2016. The study consisted of 
ten full-scale burns in a ten-story tower. The purpose of the 
project, as stated in the research report, was "to investigate 
whether pressure compensating systems are needed to main­
tain tenable conditions within pressurized stainvells." 

One of the main conclusions of RP-1447 was "Without 
compensating for pressure losses, the pressure difference 
across the stai1well doo1- on the fire floor decreased considera­
bly with open stairwell doors. Howeve1� a noncompensated 
stairwell remained tenable for 30 minutes as long as the door 
on d1e fire floor was closed both for the shielded sprinklered 
fire and the nonsprinklered fire scenarios. It is concluded that 
if the base pressurization system meet5 the requirement of the 
design p1-essure difference with a proper arrangement of air 
injection points, the stairwell will remain tenable as long as the 
door on the fire floor is closed for both sprinklered and 
nonsprinkled fire scenarios used in the tests." It should be 
noted that tenability was maintained even though the pressure 
across the stainvell door on d1e fire floor was significantly 
below the minimum design presstu-e difference indicated in 
NFPA 92. 

Both of these ASHRAE research projects concluded that 
conditions in the stainvell remained tenable even though pres­
sure in the stairwell was significantly below the design pressure 
difference, provided that the door on the fire floor remained 
closed. Based on this research, it is not necessary for tl1e design 
of smoke conU'ol systems in fully sprinklered buildings to 
include the effects on stairwell pressurization from transient 
door openings while occupants are exiting. 

A discussion of door opening on the fire floor is contained 
in a paper titled "Pressurized Stairwells wid1 Open Doors and 
the IBC" (Klote [92 ) ) ,  which summarized the 1-esults of the 
previously mentioned research projects - RP-1203 and 
RP-1447. This paper concluded that during the time that occu­
pants of the smoke zone are exiting the a1·ea, the conditions in 
the smoke zone are still tenable. Although opening the stair­
well door on the fire floor during this time might release some 
smoke into the stainvell, it is not expected to create untenable 
conditions. Once conditions in the smoke zone become unten­
able, it is unlikely that the door to the fire floor would be 
opened by occupants of that floor. For d1is reason, designing 
for an open stairwell door on the fire floor is normally not 
required. Doors blocked open in violation of applicable codes 
are beyond the capability of the system. 

The methods provided in the Handbook of Smoke Control 1"ngi­
neering can be used to design systems to accommodate addi­
tional doors open. However, the designer should recognize that 
due to the u-ansient nature of the opening and closing of 
doors, the design will have to ensure that design pressure range 
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(i.e., minimum pressure vs. maximum pressure or door open­
ing force) is maintained for all p1·essure states ranging from the 
all-doors-closed condition to the maximum leakage area 
assumed in the design. 

An example of a design that incorporates automatically 
opened doors is one where the exterior stairwell discharge 
door opens automatically upon system activation. This design 
originated in Canada and is sometimes referred to as the 
"Canadian System." The rationale behind this system is that 
since the exterior door is the stairwell door most likely to be 
open fo1- a prolonged pe1·iod of time during evacuation, partic­
ularly for a full-building evacuation, a higher pressure differen­
tial across the other stair doors can be achieved when the 
exterior door is fixed open and this substantial additional leak­
age is accounted for in the sizing of the stair pressurization fan. 

The effect of opening a door to the outside is usually much 
greater than that of opening inte1-ior doors. The importance of 
tl1e exterior stairwell door can be explained by considering the 
conservation of mass of the pressurization air. This air comes 
from the outside and must eventually flow back to the outside. 
For an open interior door, the rest of the building on that floor 
acts as flow resistance to the air flowing out the open doorway. 
'.\'hen the exterior door is open, there is no other flow resist­
ance, and d1e flow can be 10 to 30 times more than through an 
open interior door. (See Annex F for information on types of stair­
well presswization systems.) 

A.4.6.2 This separation should be as great as is practicable. 
Because hot smoke rises, consideration should be given to 
locating supply air intakes below such critical openings. 
However, outdoor smoke movement that might result in smoke 
feedback depends on the location of the fire, the location of 
points of smoke leakage from the building, the wind speed and 
direction, and d1e temperature difference between the smoke 
and the outside air. 

A.4.6.3.l Simple single-point injection systems such as that 
illusu·ated in Figure A.4.6.3.1 can use roof or exterior wall­
mounted propeller fans. The use of propeller fans without 
windshields is not permitted because of the exu-eme effect 
wind can have on the performance of such fans. 

One major advantage of using propeller fans for stairwell 
pr·essurization is that d1ey have a relatively flat pressure 
response curve with respect to va1ying flow. Therefore, as doors 
are opened and closed, propeller fans quickly respond to 
airflow changes in the stairwell v.rithout major pressure fluctua­
tions. A second advantage of using propeller fans is that they 
are less costly than other types of fans and can provide 
adequate smoke conu-ol with lower installed costs. 

A disadvantage of using propeller fans is that they often 
require windshields at the intake because they operate at low 
pr·essures and are readily affected by wind pressure on the 
building. This is less critical on roofs, where the fans are often 
protected by parapets and where the direction of the wind is at 
right angles to the axis of the fan. 

Propeller fans mounted on walls pose the greatest suscepti­
bility to the adverse effects of wind pressures. The adverse 
effect is at a maximum when wind direction is in direct opposi­
tion to the fan airflow, resulting in a lower intake pressure and 
thus significantly reducing fan effectiveness. Winds that are 
variable in intensity and direction also pose a th1·eat to the abil-
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Roof t 
level Supply 
;.:..;..:.;__-1-�air 

FIGURE A.4.6.3.1 Stairwell Pressurization by Roof-Mounted 
Propeller Fan. 

ity of the system to maintain conu-ol over the stairwell static 
pressure. 

A.4.6.4 Figure A.4.6.4(a) and Figure A.4.6.4(b) are two exam­
ples of the many possible multiple-injection systems that can be 
used to overcome the limitations of single-injection systems. 
The p1·essurization fans can be located at ground level, at roof 
level, or at any location in between. 

In Figure A.4.6.4(a)and Figure A.4.6.4(b), the supply duct is 
shown in a separate shaft. However, systems have been built 
that have eliminated the expense of a separate duct shaft by 
locating the supply duct in the stair enclosure itself. Care 
should be taken so that the duct does not 1·educe the required 
exit width or become an obstruction to orderly building evacu­
ation. 

A.4.6.4.1.1 The most common irtjection point is at the top of 
the stairwell, as illusu·ated in Figure A.4.6.4. 1 . 1 .  

A.4.6.4.1.2 Single-injection systems can fail when a few doors 
are open near the air supply injection point. AU the pressuriza­
tion air can be lost through these open doors, at which time 
the system will fail to maintain positive pressures across doors 
farther from the irtjection point. 

Roof 
level 

FIGURE A.4.6.4(a) Stairwell Pressurization by Multiple 
Injection with the Fan Located at Ground Level. 
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FIGURE A.4.6.4(b) Stairwell Pressurization by Multiple 
Injection with Roof-Mounted Fan. 

Centrifugal 
fan Roof 

level 

FIGURE A.4.6.4.1.1 Stairwell Pressurization by Top 
Injection. 

Because a ground-level stairwell door is likely to be in the 
open position much of the time, a single-bottom-injection 
system is especially prone to failure. Careful design analysis is 
needed for all single-bottom-injection systems and for all other 
single-injection systems for stairwells in excess of 100 ft (30.5 
m) in height to ensure proper pressurization throughout d1e 
stairwell. 

A.4.6.4.2 Many multiple-injection systems have been built with 
supply air injection points on each floor. These systems repre­
sent the ultimate in preventing loss of pressurization air 
tlu-ough a few open doors; however, that many injection points 
might not be necessary. For system designs with injection 
points more than three stories apart, the designer should use a 
computer analysis such as the one in ASHRAE/ICC/NFPA/ 
SFPE Handbook of Smoke Control Engineering [21 ] .  The purpose 
of this analysis is to ensure that loss of pressurization air 
through a few open doo1·s does not lead to substantial loss of 
stairwell pressurization. 

A.4.7 If elevators are intended to be used for evacuation 
during a fire, the elevator p1-essurization system should be 
protected against heat, flame, smoke, loss of electrical power, 
loss of elevator machine room cooling, water inu-usion, and 
inadvertent activation of conu·ols. 
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Historically, elevator hoistways have proved to be a readily 
available conduit for the movement of smoke throughout 
buildings. The reason is that elevator doors have not been 
tight-fitting and elevator hoistwa.ys have been provided with 
openings in their tops. The building stack effect has provided 
the driving force that has readily moved smoke into and out of 
the loosely consu·ucted elevator hoistways. Several methods of 
correcting this problem have been proposed and investigated. 
These methods include the following: 
( 1)  Exhaust of the fir-e floor 
(2) Pressurization of enclosed elevator lobbies 
(3) Construction of smoke-tight elevator lobbies 
( 4) Pressurization of the elevator hoistwa.y 
(5) Closing of elevator doors after automatic recall 

(Note: Rule 21 l .3a., Phase I Emergency Recall Operations, of 
ASME Al 7.1 ,  Safe ty Code for Elevators and &calators, requires d1at 
elevator doors open and remain open after d1e elevators are 
recalled. This results in large openings into the elevator hoist­
'va.ys, which can greatly increase the ai1·flow required for pres­
surization. NFPA 80 permits closing of elevator doors after a 
predetermined time when required by the authority having 
jurisdiction. Local requirements on operation of elevator doors 
should be determined and incorporated into the system 
design.) 

The methods listed in A.4.7( 1 )  through A.4.7(5) have been 
employed either singly or in combination. However, their appli­
cation to a particular project, including the effect of any vents 
in the elevator hoistway, should be closely evaluated. The open 
vent at the top of the elevator hoistway could have an undesira­
ble effect on elevator smoke control systems. 

The following 1·eferences discuss 1·esea.rch concerning eleva­
tor use during fire situations: Klote and Braun (17] ;  Klote [ 15 ] ;  
Klote, Levin, and Groner [20]; Klote, Levin, and Groner [ 19 ] ;  
Klote f 13] ; Klote et  al. [ 181 ;  and Klote et  al. ( 16 ) .  

If it is intended to open the elevator doors during operation 
of the smoke control system, the maximum pressure difference 
across the elevator doors that allows the elevator doors to oper­
ate should be established. 

A.4.8 The pressurized stairwells discussed in Section 4.6 are 
intended to control smoke to the extent that they inhibit 
smoke infiltration into the stairwell. However, in a building 
with a pressurized stairwell as the sole means of smoke control, 
smoke can flow through cracks in floors and partitions and 
through other shafts and threaten life and damage property at 
locations remote from the fire. The concept of zoned smoke 
control discussed in this section is intended to limit mis type of 
smoke movement within a building. 

Limiting fire size (mass burning rate) increases the reliability 
and viability of smoke conu·ol systems. Fire size can be limited 
by fuel control, compartmentation, or automatic sprinklers. It 
is possible to provide smoke control in buildings not having 
fire-limiting feantres, but in those instances careful considera­
tion must be given to fire pressure, high temperatures, mass 
burning rates, accumulation of unburned fuels, and other 
outputs 1·esulting from uncontrolled fires. 

A.4.8.1.1.1 Arrangements of some smoke control zones are 
illustrated in Figure A.4.8. 1 . 1 . 1 .  

In Figw-e A.4.8. 1 . 1 . 1 ,  the smoke zone is indicated by a minus 
sign and pressurized spaces are indicated by plus signs. Each 
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floor can be a smoke control zone, as in (a) and (b), or a 
smoke zone can consist of mo1·e than one floor, as in (c) and 
(d). A smoke zone can also be limited to a part of a floor, as in 
(e). 

When a fit·e occurs, all the non-smoke zones in the building 
can be pressurized as shown in Figure A.4.8. l . l . l ,  parts (a), (c), 
and (e). This system requires large quantities of outside air. 
The comments concerning location of supply air inlets of pres­
surized stairwells also apply to the supply air inlets for non­
smoke zones. 

In cold climates, the introduction of large quantities of 
out5ide air can ca.use serious damage to building systems. 
Therefore, serious consideration should be given to emergency 
pr·eheat systems that temper the incoming air and help to a.void 
or limit damage. Alternatively, pressurizing only those zones 
immediately adjacent to d1e smoke zones could limit the quan­
tity of outside air required, as in Figure A.4.8. 1 . 1 . 1 ,  pa1·ts (b) 
and (d). However, the disadvantage of this limited approach is 
that it is possible to have smoke flow through shafts past the 
pressurized zone and into unpressurized spaces. \i\1hen this 
alternative is considered, a careful examination of the potential 
smoke flows involved should be accomplished and a determina­
tion of acceptability made. 

Smoke zones should be kept as small as practicable so that 
evacuation from these zones can be readily achieved and so 
that the quantity of air required to pressurize the surrounding 
spaces can be kept to a manageable level. However, these zones 
should be large enough so that heat buildup from the fire will 
be sufficiently diluted with surrotmding ai1· so as to prevent fail­
ure of major components of the smoke conu-ol system. Design 
guidance on dilution temperanire is provided in 
ASHRAE/ICC/NFPA/SFPE Handbook of Smoke Control 1'.ngineer­
ing. 

A.4.8.3 Methods of design for smoke refuge areas a.re presen­
ted in Klote [14] .  

A.4.9 Examples of smoke control systems tllat can interact 
when operating simultaneously include the following: 
( 1 )  Pressurized stainvells that connect to floor areas that are 

pa.rt of a zoned smoke control system 
(2) Eleva.tor hoist\vays that are pa.rt of an elevator smoke 

conu·ol system that connects to floor areas that are part of 
a zoned smoke control system 

(3) Elevator smoke control systems d1a.t are connected to 
areas of refuge that are in turn connected with floor areas 
that are part of a zoned smoke control system 

( 4) Pressurized stairwells that a1·e also connected to a smoke 
refuge area 

Often smoke control systems are designed independently to 
operate under the dynamic forces they a.re expected to encoun­
ter (e.g., buoyancy, stack effect, wind). Once the design is 
completed, it is necessary to snidy the impact the smoke 
conu·ol systems will have on one another. For example, an 
exhausted smoke zone operating in conjunction with a stair­
well pressurization system can tend to improve the perform­
ance of the stairwell pressurization system. At the same time, it 
could increase the pressure difference across the door, causing 
difficulty in opening the door into the stairwell. For complex 
systems, it is recommended that a computer network model be 
used for the analysis . 
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Unless venting or exhaust i.� provided in the fire zones, the 
1·equired pressure differences might not be developed. Eventu­
ally pressure equalization between the fire zone and the unaf� 
fected zones will become established, and there will be nothing 
to inhibit smoke spread into all other zones. 

A.4.10.1 Stairwells that do not have vestibules can be pressur­
ized using systems currently available. Some buildings are 
constructed with vestibules because of building code require­
ments. 

A.4.10.2 Nonpresswized Vr>stibul.es. Stairwells that have nonpres­
surized vestibules can have applications in existing building"S. 
With both vestibule doors open, the two doors in series provide 
an increased resistance to airflow compared to a single door. 
This increased resistance will reduce the required airflow so as 
to produce a given pressure in the stairwell. This sul�ect is 
discussed in detail in ASHRAE/ICC/NFPA/SFPE Handbook of 
Smoke Control Enginee1ing. 

In building"S witl1 low occupant loads, it is possible that one 
of the two vestibule doors might be closed or at least partially 
closed during the evacuation period. This will further reduce 
the required airflow to produce a given pressure. 

Pressurized Vestibules. Closing both doors to a vestibule can 
limit the smoke entering a vestibule and provide a tenable envi­
ronment as a smoke refuge area. The adjacent stairwell is indi­
rectly pressurized by airflow from the pressurized vestibule. 
However, this pressm·ization can be lost if tl1e exterior door is 
open. Also, smoke can flow into the stairwell through any leak­
age openings in the stairwell walls adjacent to me floor space. 
Such walls should be consu·ucted to minimize leakages for a 
stairwell protected by a pressurized vestibule system. 
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FIGURE A.4.8.1.1.1 Arrangements of Smoke Control Zones. 
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Pressurized Vestibul.es and Stairwells. To minimize the amount of 
smoke entering a vestibule and a stairwell, both the vestibule 
and the stairwell can be pressurized. The combined system \\/ill 
enhance the effectiveness of the stairwell pressurization system. 
Also, the pressurized vestibule can provide a temporary smoke 
refuge area. 

Purged or Vented Vestibules. Purged or vented vestibule systems 
fall outside the scope of this document. A hazard analysis 
would be required using the procedures provided in the SFPE 
Handbook of Fire Protection Enginee1ing. An engineering analysis 
should be performed to determine the benefits, if any, of p1·es­
surizing, purging, or exhausting vestibules on the stairwell. 

A.5.1 Scale modeling uses a reduced-scale physical model 
following established scaling laws, whereby small-scale tests are 
conducted to determine the requirements and capabilities of 
tl1e modeled smoke management system. 

Algebraic, closed-form equations are derived primarily from 
the correlation of large- and small-scale experimental results. 

Comparunent fire models use both theory and empirically 
derived values to estimate conditions in a space. 

Each approach has advantages and disadvantages. Although 
the results obtained from the different approaches normally 
should be similar, they usually are not identical. The state of 
the art, while advanced, is empirically based, and a final theory 
provable in fondamental physics has not yet been developed. 
The core of each calculation method is based on the entrain­
ment of air (or other surrounding gases) into the rising fire­
driven plume. A variation of approximately 20 percent in 
entrainment occurs between the empirically de1·ived entrain­
ment equations commonly used, such as those indicated in 
Chapter 5, or in zone fire models. Users can add an appropri­
ate safety factor to exhaust capacities to account for this unce1·­
tainty. 

A.5.1.1 The equations presented in Chapter 5 are considered 
to be the most accurate, simplest algebraic expressions availa­
ble for the proposed purposes. In general, they are limited to 
cases involving fires that burn at a constant rate of heat release 
(steady fires") or fires that increase in rate of heat 1·elease as a 
function of the square of time ("unsteady fires") .  The equa­
tions are not appropriate for other fire conditions or for a 
condition that initially grows as a function of time but then, 
after reaching its maximum growtl1, burns at a steady state. In 
most cases, judicious use of the equations can reasonably over­
come this limitation. Each of the equations has been derived 
from experimental data. In some cases, the test data are limited 
or have been collected within a limited set of fire sizes, space 
dimensions, or points of measurement. Where possible, 
comments are included on the range of data used in deriving 
the equations presented. It is important to consider these 
limits. 

Caution should be exercised in using tl1e equations to solve 
the variables other than the ones presented in the list of varia­
bles, unless it is clear how sensitive the result is to minor 
changes in any of the variables involved. If tl1ese restrictions 
present a limit that obstructs the users' needs, consideration 
should be given to combining the use of equations \\Tith either 
scale or compartment fire models. Users of the equations 
should appreciate the sensitivity of changes in the variables 
being solved. 
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A.5. I.2 Scale modeling is especially desirable where the space 
being evaluated has projections or other unusual arrnngements 
that prevent a free-rising plume. This approach is expensive, 
time-consuming, and valid only within the range of tests 
conducted. Because this approach is usually reserved for 
complex structures, it is important that the test series cover all 
the potential variations in factors, such as position and size of 
fire, location and capacity of exhaust and intake flows, varia­
tions in internal temperature (su·atification or floor-ceiling 
temperanire gradients), and other variables. It is likely that 
detection will not be appraisable using scale models. 

A.5. l.3 Computer capabilities sufficient to execute some of 
the family of compartment fire models are widely avai.lable. All 
compartment fire models solve the conservation equations for 
distinct regions (conu-ol volumes). Compartment fire models 
can be classified as zone fire models or CFD models. 

Verifying computer fire model results is impo1·tant because it 
is sometimes easier to obtain results than to determine their 
accuracy. Computer fire model results have been verified over a 
limited rnnge of experimental conditions (Emmons [5]; Klote 
[14) ;  Soderbom (45) ) ;  review of these results should provide 
the user with a level of confidence. However, because the very 
nattire of a fire model's utility is to serve as a tool fo1· investigat­
ing unknown conditions, there will be conditions for which any 
model has yet to be verified. It is for those conditions that the 
user should have some assistance in judging the model's accu­
racy. 

There are three areas of understanding that greatly aid accu­
rnte fire modeling of unverified conditions. The fit·st area 
involves w1derstanding what items are being modeled. The 
second area involves appropriately u·anslating the real-world 
items into fire model input. The third area involves under­
standing the model conversion of input to output. 

A.5.2.1 A design fire size of approximately 5000 Btu/sec (5275 
kW) fo1- mercantile occupancies is often referenced (Morgan 
[33] ) .  This is primarily based on a statistical disu·ibution of fire 
sizes in shops (retail stores) in the United Kingdom that inclu­
ded sprinkler protection. Less than 5 percent of fires in this 
category exceeded 5000 Btu/ sec. Geomeu-ically, a 5000 
Btu/sec (5275 kW) fire in a shop has been described as a 10 ft 
x 10 ft (3.1 m x 3.1 m) area resulting in an approximate heat 
release rate per unit area of 50 Btu/ft2 • s (568 kW/m2). 

Automatic suppression systems are designed to limit the 
mass burning rate of a fire and will, tl1erefore, limit smoke 
generation. Fires in sprinkle1·ed spaces adjacent to au-ia and 
covered mall pedestrian areas can also be effectively limited to 
reduce the effect on au·ium spaces or covered mall pedestrian 
areas and thus increase the viability of a smoke management 
system. 

The likelihood of sprinkler activation is dependent on many 
factors, including heat release rate of the fire and the ceiling 
height. Thus, for modest fire sizes, sprinkler operation is most 
likely to occur in a reasonable time in spaces with lower ceiling 
heights, such as 8 ft (2.4 m) to 25 ft (7.6 m). Activation of 
sprinklers near a fire causes smoke to cool, resulting in 
reduced buoyancy. This reduced buoyancy can cause smoke to 
descend and visibility to be reduced. Equations 5.4.2. l a  or 
5.4.2. lb  and 5.4.2.2a or 5.4.2.2b for smoke filling and Equa­
tions 5.5. 1 . la, 5.5. 1 . lb, 5.5. 1 . lc, 5.5.3.2a, and 5.5.3.2b for 
smoke production do not apply if a loss of buoyancy due to 
sprinkler operation has occurred. 
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Sprinkler activation in spaces adjacent to an atrium results in 
cooling of the smoke. For fires with a low heat release rate, the 
temperature of the smoke leaving the compartment is near 
ambient, and the smoke will be dispersed over the height of 
the opening. For fires with a high heat release rate, the smoke 
temperature will be above ambient, and the smoke entering 
the atrium will be buoyant. 

The performance objective of automatic sprinklers installed 
in accordance with NFPA 13 is to provide fire conu-ol, which is 
defined as follows: Limiting the size of a fire by disu·ibution of 
water so as to decrease the heat 1·elease rate and pre-wet adja­
cent combustibles, while conu-olling ceiling gas temperatures 
to avoid strucniral damage. A limited number of investigations 
have been undertaken in which full-scale fo·e tests were 
conducted in which the sprinkler system was challenged but 
provided the expected level of performance. These investiga­
tions indicate that, for a fire conu-ol situation, the heat release 
rate is limited but smoke can continue to be produced. 
However, the temperature of the smoke is reduced. 

Full-scale sprinklered fire tests were conducted for open­
plan office scenarios (Lougheed [23); Madrzykowski (29) ) .  
These tests indicate that there is an exponential decay i n  the 
heat release rate for the sprinklered fires after the sprinklers 
are activated and achieve conu·ol. The results of these tests also 
indicate that a design fire with a steady-state heat release rate of 
474 Bn1/sec (500 kW) provides a conservative estimate for a 
sprinklered open-plan office. 

Limited full-scale test data are available for use in detennin­
ing design fire size for otl1er sprinklered occupancies. Hansell 
and Morgan (7) provide conservative estimates for the convec­
tive heat release rate based on UK fire statistics: 1 MW for a 
sprinklered office, 0.5-1.0 MW for a sprinklered hotel 
bedroom, and 5 Mv\i for a sprinklered retail occupancy (Note: 
1 MW = 950 Btu/sec). These steady�tate design fires assume 
tlie area is fitted with standard response sprinklers. 

Full-scale fire tests for retail occupancies were conducted in 
Ausu-alia (Bennetts et al. [ 1 1  ). These tests indicated that for 
some common 1·etail outlets (clothing and book stores) the fire 
is controlled and eventually extinguished with a single sprin­
kler. These tests also indicated that the sprinklers might have 
difficulty suppressing a fire in a shop with a high fuel load, 
such as a toy store. 

Full-scale fire test5 were conducted for a variety of occupan­
cies (retail stores, cellula1· offices, and libraries) in the United 
Kingdom (Heskestad ( 1 1  l ) .  Full-scale fire tests were conducted 
for compact mobile storage systems used for document storage. 
Information on tests conducted in 1979 on behalf of the 
Library of Congress is provided in Annex H of NFPA 909. 
Subsequent full-scale fire tests conducted for the Library of 
Congress Archives II and the National Library of Canada 
showed that fires in compact mobile storage systems are diffi­
cult to extinguish (Lougheed, Mawhinney, and O'Neill [26)). 

During tlie initial active phase of the fire with the sp1-inklers 
operating, the smoke layer remains su·atified under the ceiling 
(Heskestad [ 10 ] ) .  Near the sprinklers, smoke i.5 pulled into tlie 
cold lower layer by the water droplets and returns to the smoke 
layer due to buoyancy. Once the sprinklers gain control and 
begin to suppress the fire, the gas temperature in the smoke 
layer falls rapidly and the smoke is dispersed throughout tlie 
volume as buoyancy decays. 
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The temperature of smoke produced in a sprinklered fire 
depends on facto1·s such as the heat 1·elease rate of the fire, the 
number of sprinklers operating, and sprinkler application 
density. Full-scale fire tests with the water temperature at 50°F 
( l 0°C) indicate that, for four operating sprinklers, the smoke 
temperature is cooled to near or below ambient if the heat 
release rate is <190 Btu/sec ( <200 HV) at an application 
density ofO.l  gpm/ft2 (4.1 L/m2) and <474 Btu/sec (<500 kW) 
at an application density of 0.2 gpm/ft2 (8.15 L/m2). For 
higher heat release rates, the smoke temperature is above 
ambient and is buoyant as it leaves the sprinklered area. 

For low heat release rate sprinklered fires, the smoke is 
mixed over the height of the compartment. The smoke flow 
through large openings into an atrimn has a constant tempera­
ture with height. 

'"'ith higher heat release rates, a hot upper layer is formed. 
The temperature of the upper layer will be between the ambi­
ent temperature and the operating temperature of the sprin­
kler. If the smoke is hotter than the sprinkler operating 
temperature, further sprinkle1·s will be activated and the smoke 
\viii be cooled. For design purposes, a smoke temperature 
equivalent to the operating temperature of the sprinklers can 
be assumed. 

A.5.2.4.4 Full-scale fire tests for open-plan offices (Lougheed 
[23); Madrzykowski [29]) have shown that, once the sprinklers 
gain control of the fit·e but are not immediately able to extin­
guish it due to the fuel configuration, the heat release rate 
decreases exponentially as follows: 

[A.5.2.4.4] 

where: 
Q(t) = heat release rate at time t after sprinkler activation 

(Bn1/sec or kW) 
Q,,, = heat release rate at sprinkler activation (Btu/sec or kW) 

k = decay constant (sec·1) 
t = time after sprinkler activation (sec) 

Estimates for the decay constant for office occupancies 
protected \'lith a discharge density of 0.1 gpm/ft2 (4.1 L/m2) 
are 0.0023 for situations with light fuel loads in shielded areas 
(Madrzykowski (29)) and 0.00155 sec-1 for situations with heavy 
loads (Lougheed [231 ) .  

A.5.2.5 The entire floor area covered or included between 
commodities should be considered in the calculations. Figure 
A.5.2.5(a) and Figure A.5.2.5(b) illustrate the concept5 of sepa­
ration distance. 

A.5.4.1 The relations address the follmving three situations: 
( 1 )  No smoke exhaust is operating (see 5.4.2.1 and 5.4.2.2). 

Hemisphere 

Element oriented 
normal to R 

FIGURE A.5.2.5(a) Separation Distance, R. 
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FIGURE A.5.2.5(b) Fuel Items. 

(2) The mass rate of smoke exhaust equals the mass rate of 
smoke supplied from the plume to the smoke layer. 

(3) The mass rate of smoke exhaust is less than the rate of 
smoke supplied from the plume to the smoke layer. 

The height of the smoke layer interface can be maintained 
at a constant level by exhausting the same mass flow rate from 
the layer as is supplied by the plume. The rate of mass supplied 
by the plume depends on the configuration of the smoke 
plume. Three smoke plume configurations are addressed in 
this standard. 

The following provides a basic description of the position of 
smoke layer interface \'lith smoke exhaust operating: 
( 1 )  Mass Rate of Smoke Exhaust Equal to Mass Rate of Smoke 

Supplied. After the smoke exhaust system has operated for 
a sufficient pe1-iod of time, an equilib1·ium position of the 
smoke layer interface is achieved if d1e mass rate of 
smoke exhaust is equal to the mass rate of smoke 
supplied by the plume to the base of the smoke layer. 
Once achieved, this position should be maintained as 
long as the mass rates remain equal. See Section 5.5 for 
the mass rate of smoke supplied to the base of the smoke 
layer for different plume con figurations. 

(2) Mass Rate of Smoke Exhaust Not Equal to Mass Rate of Smoke 
Supplied. Wid1 a greater rate of mass supply than exhaust, 
an equilibrium position of the smoke layer interface \\/ill 
not be achieved. The smoke layer interface can be expec­
ted to descend, but at a slower rate than if no exhaust 
were provided (see 5.4.2). Table A.5.4.1 includes informa­
tion on the smoke layer position as a function of time for 
axisymmetric plumes of steady fires, given the inequality 
of the mass rates. For other plume configurations, a 
computer analysis is required. 

A.5.4.2.1 The equations in 5.4.2.1 are for use with the woi-st­
case condition, a fire away from any walls. The equations 
provide a conservative estimate of hazard because z relates to 
the height where there is a first indication of smoke, rather 
than the smoke layer interface position. Calculation result5 
yielding z/ H > 1 .0 indicate that the smoke layer has not yet 
begun to descend. 
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Table A.5.4.1 Increase in Time for Smoke Layer Interface to 
Reach Selected Position for Axisymmetric Plwnes 

t/f.o 

z/H m/m, = 0.25 0.35 0.5 0.7 0.85 

0.2 1 . 12 1 . 19  1.3 l .55 l .89 
0.3 1 . 1 4  1.21 1.35 1.63 2.05 
0.4 1 . 16 1.24 1.4 1.72 2.24 
0.5 1 . 17 1.28 1 .45 1.84 2.48 
0.6 1.20 1.32 1.52 2.00 2.78 
0.7 1.23 1.36 1.61 2.20 3.17 
0.8 1.26 1.41 1.71 2.46 3.71 

where: 
t = time for smoke layer interface to descend to z 

to = value oft in absence of smoke exhaust (see k,quation 5.4.2.la or 
5.4.2.lb) 
z = design height of smoke layer interface above base of the fire 
H = ceiling height above fire source 

0.95 

2.49 
2.78 
3.15 
3.57 
4 . 1 1  
4.98 
6.25 

;n = mass flow rate of smoke exhaust (minus any mass flow rate into 
smoke layer from sources other than the plume) 
m, = value of m required to maintain smoke layer interface indefinitely 
at z (see Equation 5.5.1.1 b) 

The equations are based on limited experimental data 
(Coope1- et al. [41; Hagglund, Jansson, and Nir·eus f6]; Heskes­
tad and Delichatsios f l2l ; Mulholland et al. [381; Nowler [401) 
from investigations using the following: 
( 1 )  Uniform cross-sectional areas with respect to height 
(2) A/ I-fl ratios ranging from 0.9 to 14 
(3) z/H"?. 0.2 

A.5.4.2.2 See Annex I for additional information on tmsteady 
fires. 

A.5.5.1.1  The mass rate of smoke production is calculated 
based on the rate of entrained air, because the mass rate of 
combustion product5 generated from the fire is generally much 
less than the rate of air en trained in the plume. 

Several enu-ainment relations for axisymmeu-ic fire plumes 
have been proposed. Those recommended here were first 
derived in conjunction with the 1982 edition ofNFPA 204. The 
relations were later slightly modified by the incorporation of a 
virtual origin and were also compared against other enu-ain­
ment relations. For more information about fire plumes, see 
Heskestad f 9] and Beyl er [2]. 

The entrainment relations for axisymmetric fire plumes in 
this standard are essentially those p1-esented in the 1982 edition 
ofNFPA 204. Effects of virtual origin are ignored, because they 
generally would be small in the current application. 

The base of the fire has to be the lowest point of the fuel 
array. The mass flow rate in the plume depends on whether 
locations above or below the mean flame height are considered 
(i.e., whether the flames are below the smoke layer interface or 
reach into tl1e smoke layer). 

The rate of mass supplied by the plume to the smoke layer is 
obtained from Equation 5.5. 1 . l c  for clear heights less than the 
flame height (see Equation 5.5. 1 . l a  and otherwise from Equa­
tion 5.5.l . lb) .  The clear height is selected as the design height 
of the smoke layer interface above the fire source. 
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It should be noted that Equations 5.5. 1 . 1  b and 5.5.1. lc  do 
not explicitly address the types of materials involved in the fire, 
other than through the rate of heat release. This is due to the 
mass rate of air entrained being much greater than the mass 
rate of combustion product5 generated and to the amount of 
air entrained only being a function of the strength (i.e., rate of 
heat release of the fire). 

Fi1-es can be located near the edge 01- a corner of the open 
space. In tl1is case, entrainment might not be from all sides of 
the plume, resulting in a lesser smoke production rate than 
where enu-ainment can occur from all sides. Thus, conservative 
design calculations should be conducted ba5ed on the assump­
tion that enu-ainment occurs from all sides. 

Physical model tests (Lougheed f 24 l ;  Lougheed [25]) with 
steady-state fires have shown that Equation 5.5. l . l b  provides a 
good estimate of the plume mass flow rate for an atrium smoke 
management system operating under equilibrium conditions 
(see 5.5.1.1). The results also showed that the smoke layer was 
well mixed. The average temperature in the smoke layer can be 
approximated using tl1e adiabatic estimate for the plume 
temperature at the height of the smoke layer interface (see 
Equation 5.5.5). 

At equilibrium, the height z in Equation 5.5. 1 . 1  b is the loca­
tion of the smoke layer interface above the base of fuel (see 
Figure A.3.3.12 .1 ) .  For an efficient smoke management system, 
the depth of the transition zone is approximately 10 percent of 
tl1e au-ium height. In tl1e u-ansition zone, the temperature and 
other smoke parameters decrease linearly with height between 
the smoke laye1- interface height and the lower edge of the 
u-ansition zone. 

Plume contact \vith the walls can be of concern for ca5es 
whe1·e the plume diameter increases (see 5.5.4) to contact multi­
ple walls of the atrium below the intended design smoke layer 
interface. The effective smoke layer interface will occur at or 
below the height where the plume is in contact \vith all the 
walls. 

In situations where the flame height as calculated from 
Equation 5.5. 1 . l a  is greater than 50 percent of the ceiling 
height or in a condition of dispersed fuel packages (see 5.2.5) 
that can be burning simultaneously, the application of the 
vi1·n1al origin concept can make a difference in the mass flow 
calculation. Equations that include the virtual origin and 
revised flame height calculation can be found in NFPA 204, 
9.2.3, Mass Flow Rate in Plume. 

A.5.5.2 An alternative method of spill plume calculation has 
been developed by Harrison and Spearpoint as part of a PhD 
thesis at the University of Canterbury, New Zealand f86-90] . 

A.5.5.2.1 Equations 5.5.2. l a  and 5.5.2. l b  are based on Law's 
interpretation f22l of small-scale experiments by Morgan and 
Marshall [35]. Scenarios 'vi th balcony spill plumes involve 
smoke rising above a fire, reaching a ceiling, balcony, or other 
significant horizon ta! projection, then traveling horizon tally 
toward the edge of the "balcony." Characteristics of the 1-esult­
ing balcony spill plume depend on characteristics of the fire, 
width of the spill plume, and height of the ceiling above the 
fire. In addition, the path of ho1·izontal travel from the plume 
centerline to the balcony edge is significant. 
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Agreement of the predictions from Equations 5.5.2 . l a  and 
5.5.2. lb  with those from small-scale experimental efforts is 
presented in Figure A.5.5.2.1. Whereas the agreement is quite 
good, the result5 are from only two small-scale experimental 
programs. 

The results of full-scale tests conducted as part of a joint 
research project involving ASHRAE and the National Research 
Council (Lougheed f27]; Lougheed [28]) indicate that the 
balcony spill plume equation developed by Law provides a 
reasonable but conservative estimate for smoke layer interface 
heights up to 50 ft ( 15  m). 

The full-scale tests as well as research conducted at Building 
Research Establishment (BRE) using scale physical models 
(Marshall and Harrison f30]) indicate that higher smoke 
production rates than predicted by spill plume equations can 
be produced in a small au·ium of 32.8 ft x 32.8 ft x 62.3 ft ( 10  m 
x 10 m x 19 m) in height. The additional smoke production 
has been am·ibuted to the recirculation of the ceiling jet 
produced by the spill plume in the atrium space resulting in 
additional air entrainment. This additional smoke production 
is more likely to occur for scenarios with narrow openings (24.6 
ft (7.5 m) l and with draft cmtains. For a small au·ium, it is 
recommended that the final design be supported by a model­
ing study. 

A.5.5.2.4 Materials suitable for use as draft curtains can 
include steel sheeting, cementitious panels, and gypsum board 
or any materials that meet the performance criteria in 
Section 7.2, NFPA 204. 

There is an ISO standard for draft curtains ISO 21927-1 ,  
Specification for smoke barriers. The ISO standard is  technically 
equivalent to the European (EN) standard for these products, 
EN 12101-1, Specification for smoke barriers. Products that can-y 
the CE mark, which is mandatory for sale of these products 
vvithin the European Union, are subject to independent testing 
and ongoing facto1-y production control by Notified Bodies 
appointed by national governments. 
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FIGURE A.5.5.2.1 Agreement Between Predictions and 
Experimental Values (Morgan and Marshall [35]; Newman 
[37]). 
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A.5.5.2.7 Visual observations of the width of the balcony spill 
plrnne at the balcony edge were made in a set of small-scale 
experiments by Morgan and Marshall (35) and analyzed by Law 
(22]. In those experiments, the fire was in a communicating 
space immediately adjacent to the atrium. An equivalent width 
can be defined by equating the enu-ainment from an uncon­
fined balcony spill plume to that from a confined balcony spill 
plume. 

The results of full-scale tests conducted as part of a joint 
research project involving ASHRAE and the National Research 
Council (Lougheed (27]; Lougheed [28]) indicate that the 
equation for the width of the unconfined spill plume is valid 
for spill plumes from compartment5 with opening widths of 16 
ft (5 m) to 46 ft ( 14  m).  

A.5.5.2.8 Equations 5.5.2.Sa and 5.5.2.Sb are based on a para­
meu-ic study using CFD model simulations (Lougheed [28); 
McCartney, Lougheed, and Weckman [311)  to determine the 
best fit for the parameters to determine smoke production 
rates in a high au-ium. The virnial origin term for the equation 
was determined such that Equation 5.5.2.8a or 5.5.2.8b 
provides the same estimate for the mass flow rate for a smoke 
layer interface height at 50 ft ( 15  m) as Equation 5.5.2.la or 
5.5.2. lb. For narrow spill plumes, the initially rectangular 
plume will evolve to an axisymmeu-ic plume as it rises, resulting 
in a higher smoke production rate than that predicted by Equa­
tion 5.5.2.9a or 5.5.2.9b. It is recommended that the final 
design be supported by a CFD modeling smdy. 

A.5.5.2.9 Equations 5.5.2.9a and 5.5.2.9b are similar to the 
algebraic equation used to determine smoke production by a 
line plume originating in the large-volume space (CIBSE [3] ) .  
The equations are also comparable to the algebraic equations 
determined for a spill plume based on an infinite line plume 
approximation (Morgan et al. (34 ) ) .  The virtual origin term 
for the equations was determined such that Equation 5.5.2.9a 
or 5.5.2.9b provides the same estimate for the mass flow rate 
for a smoke layer interface height at 50 ft ( 15 m) as Equation 
5.5.2. l a  or 5.5.2. lb .  It is recommended that the final design be 
supported by a CFD modeling sn1dy. 

A.5.5.2.10 For high smoke layer interface heights, a fire in an 
atrium can result in a higher smoke production rate than a 
balcony spill plume. 

Figure A.5.5.2.10 compares the mass flow rates in the spill 
plume estimated using Figure Equation 61 (Equation 5.5.2.l a  
or 5.5.2 . lb) ,  Figure Equation 63 (Equation 5.5.2.9a or 
5.5.2.9b), and Figure Equation 64 (Equation 5.5.2.8a or 
5.5.2.8b) for a design fire with a convective heat release rate of 
950 Bm/sec ( 1000 kW) and a balcony height of 16 ft (5 m) and 
spill widths of 16 ft (5 m) and 33 ft ( 10  m). The estimated mass 
flow rates are the same at the 50 ft ( 15  m) height above the 
balcony. Also, Figure Equations 63 and 64 provide comparable 
results for the case with the 33 ft (10 m) spill width . 

A.5.5.3 v\iindow plumes are not expected for sprinkler­
controlled fit-es. 

A.5.5.3.1 Equation 5.5.3. la or 5.5.3. lb  is appropriate when 
the heat release rate is limited by the air supply to the compart­
ment, the fuel generation is limited by the air supply, and 
excess fuel burns outside the compartment using air enu-ained 
out5ide the compartment. The methods in 5.5.3.1 are also valid 
only for comparunent5 having a single ventilation opening. 
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Equation 61 W = 5  m 
Equation 64 W = 5 m 
Equation 63 W = 5 m 
Equation 61 W = 1 0 m 
Equation 64 W = 10 m 
Equation 63 W = 10 m 

Height above balcony (m) 

1 m = 3.28 ft 
1 kg/sec = 2.2 lb/sec 

FIGURE A.5.5.2.10 Estimated Mass Flow Rates. 

Equations 5.5.3. l a  and 5.5.3. lb  are for a ventilation­
controlled fire where the heat release rate can be related to the 
characteristics of the ventilation opening. These equations are 
based on experimental data for wood and polyurethane by 
Modak and Alpert [32) and Khan [52]. 

A.5.5.3.2 The air entrained into the vvindow plume can be 
determined by analogy with the axisymmetric plume. This is 
accomplished by determining the entrainment rate at the tip of 
the flames issuing from the window and determining the 
height in an axisymmetric plume that would yield the same 
amount of entrainment. The mass entrainment for window 
plumes is given as follows: 

[A.5.5.3.2a] 

[A.5.5.3.2b] 

m = [ 0.071Q)/3 (zw+ a)513 J + 0.00 18Qc 

Substituting Equation 5.5.3. l a  or 5.5.3.1 b into this mass flow 
rate and using Q. = 0.7j results in Equation A.5.5.3.2a or 
A.5.5.3.2b. 

The virtual source height is determined as the height of a 
fire source in the open that gives the same entrainments as the 
window plume at the window plwne flame tip. Furthe1· entrain­
ment above the flame tip is assumed to be the same as for a fire 
in the open. Although this development is a reasonably formu­
lated model for window plume enu·ainment, no data are availa­
ble to validate its use. As such, the accuracy of the model is 
unknown. 

A.5.5.4 As a plume rises, it entrains air and widens. The 
required values of Kd will result Ln conservative calculations. 
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A.5.5.5 The mass flow rate of the plume can be calculated 
from Equation 5.5. 1 . lb, 5.5. 1 . lc, 5.5. 1 . 1 .e, 5.5. 1 . l .f, 5.5.2.la, 
5.5.2. lb, 5.5.3.2a, or 5.5.3.2b, which were developed for 
su·ongly buoyant plumes; for small temperature differences 
between the plume and ambient, errors due to low buoyancy 
could be significant. This topic needs further study; in the 
absence of bette1· data, it is recommended that the plume equa­
tions not be used when this temperature difference is small 
r<4°F (<2.2°C) ] .  

The temperature from Equation 5.5.5 is a mass flow average, 
but the temperanU"e varies over the plume cross section. The 
plume temperanire is greatest at the centerline of the plume; 
the centerline temperanffe is of interest when atria are tested 
by real fires. 

The plume's centerline temperature should not be confused 
with the average plume temperature. The centerline tempera­
ture of an axisymmetric plume should be determined using 
Equation A.5.5.5a as follows: 

For US units, 

[A.5.5.5a] 

where: 
1�/> = absolute centerline plume temperature of an axisymmet-

ric plume at elevation z (R) 
T0 = absolute ambient temperature (R) 
g = acceleration of gravity (32.2 ft/sec2) 

C1, = specific heat of air (0.24 Btu/lb-R) 
p0 = density of ambient air (lb/ft3) 
Q = convective heat release rate of the fire (Btu/sec) 
z = height above ba�e of fuel (ft) 
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For SI unit5, 

1:P = absolute centerline plume temperature of an axisym-
meu·ic plume at elevation z (K) 

1: = absolute ambient temperature (K) 

g= acceleration of gravity (9.81 m/sec2) 

Cp =  specific heat of air ( 1 .0 kJ/kg-K) 

p0 = density of ambient air (kg/m3) 

Q = convective heat release rate of the fire (kW) 

z = height above base of fuel (m) 

Based on the first law of thermodynamics, the average 
temperature of the plume above the flame should be deter­
mined using Equation A.5.5.5b, as follows: 

[A..5.5.5b] 

where: 
T,, = average plume temperature at elevation z (°F or °C) 
1: = ambient temperatme (°F or °C) 
Q,. = convective portion of heat release (Btu/sec or kW) 
m = mass flow rate of the plume at elevation z (lb/sec or kg/ 

sec) 
Cp = specific heat of plume gases (0.24 Btu/lb-°F or 1.0 kJ/kg­oq 
A..5.6 The sizing and spacing of exhaust fan intakes should 
balance the following concerns: 
( 1 )  The exhaust intakes need to be sufficiently close to one 

another to prevent the smoke from cooling to the point 
that it loses buoyancy as it u·avels along the underside of 
the ceiling to an intake and descends from the ceiling. 
This is particularly important for spaces where the length 
is greater tl1an the height, such as shopping mall5. 

(2) The exhaust intakes need to be sized and distributed in 
the space to minimize the likelihood of air beneath the 
smoke layer from being drawn through the layer. This 
phenomenon is called plugholing. 

The objective of distributing fan inlets is to establish a gentle 
and generally uniform rate over the entire smoke layer. To 
accomplish tl1is, the velocity of the exhaust inlet should not 
exceed the value determined from Equation 5.6.3a or 5.6.3b. 

A..5.6.3 The plugholing equations in this paragraph are consis­
tent with and derived from the scale model studies of Spratt 
and Heselden [ 46]. These equations are also consistent with 
the recent study of Nii et al. f 39] . 

A..5.6.4 The 1 factor of 1 .0 applies to ceiling vents remote 
from a wall. Remote is regarded as a separation greater than tw·o 
times tl1e depth of tl1e smoke layer below the lower point of the 
exhaust opening. 

A..5.6.5 The 1 factor of 0.5 is based on potential flow consider­
ations for a ceiling vent adjacent to a wall. While 1 should vary 
smootl1ly from 0.5 for a vent directly adjacent to a wall to 1 .0 
for a ceiling vent remote from a wall, the available data do not 
support this level of detail in the requirements of the standard. 
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A..5.6.6 The 1 factor of 0.5 is used for all wall vents. Because 
no data exist for wall exhausts, a value of 1 greater than 0.5 
could not be justified. 

A..5.6.7 Noise due to exhaust fan operation or to velocity at 
the exhaust inlet should be limited to allow the fire alann 
signal to be heard. 

A.5.7 For smoke management purposes, the density of smoke 
can be considered the same as the density of air. Equations 5.8a 
and 5.8b apply to both smoke and air. Designers should use tl1e 
atmospheric pressure for a specific location. Standard atmos­
pheric pressure is 14.696 psi (101 ,325 Pa). 

A.5.8 For smoke management purposes, the density of smoke 
can be considered the same as the density of air. Equations 5.8a 
and 5.Sb apply to both smoke and air. Designers should use the 
atmospheric pressure for a specific location. Standard atmos­
pheric pressure is 14.696 psi (101 ,325 Pa). 

A.5.9 The algebraic equations in Chapter 5 and many of the 
comparunent fire models are only for spaces of uniform cross­
sectional area. In practice, it is recognized tl1at spaces being 
evaluated will not always exhibit a simple unifonn geomeuy. 
The descent of the first indication of smoke in varying cross 
sections or complex geometric spaces can be affected by condi­
tions such as sloped ceilings, variations in cross-sectional a1·eas 
of the space, and projections into the rising plume. Methods of 
analysis that can be used to deal with complex and nonuniform 
geometries a1·e as follows: 
( 1 )  Scale models (See 5.1.2, Section 5.6, and A.5.6.) 
(2) CFD models (See 5.1.3 and AnnexF.) 
(3) Zone model adaptation (See Annex C.) 
(4) Bounding analysis (See Annex C.) 

A..5.11 In mis standard, scale modeling pertains to the move­
ment of hot gas through building configurations due to fire. A 
fire needs to be specified in terms of a steady or unsteady heat 
release rate. 

For the zone modeling of tl1is standard, combustion and 
flame radiation phenomena are ignored. Fire growth is not 
modeled. 

A more complete review of scaling techniques and examples 
can be found in the referenced literature (Quintiere [ 431).  
Smoke flow studies have been made by Heskestad f8] and by 
Quintiere, McCaffrey, and Kashiwagi [ 43). Analog techniques 
using a water and saltwater system are also available (Steckler, 
Bawn, and Quintiere [47] ) .  Smoke flow modeling for build­
ings is based on maintaining a balance bet\veen the buoyancy 
and convective "forces" while ignoring viscous and heat 
conduction effects. Neglecting these terms is not valid near 
solid boundaries. Some compensation can be made in the scale 
model by selecting different materials of construction. 

Dimensionless groups can be formulated fo1· a situation 
involving a heat source representing a fire along with exhaust 
and makeup air supply fans of a given volumetric flow rate. The 
solution of the gas temperature (T), velocity (v), pressure (p), 
and surface temperature o:; expressed in dimensionless terms 
and as a function of x, y, z, and time (t) are as follows: 



where: 

T 
T,, 

v 

Jii _ [ x y z ) - f 
- , - , ITJ": ' 'Tt , 1t2 , 1t3 _e__ t t vllg ' 

, 

P0gl 

l 
T 

0 

1: = ambient temperature 
g = gravitational acceleration 
l = characteristic length 

P. = ambient density 
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[A.5.lla] 

111, 112, and 113 are dimensionless groups arising from the 
energy 1-elease of the fire, fan flows, and wall heat transfer as 
follows: 

where: 

rt = Q _ fire energy 
I C,5 / 2 fl p0c0 "gl ow energy 

Q = energy release rate of the fire 
c0 = specific heat of the ambient air 

where: 

vfim fan flow 
1t 9 = -----s79 -- Jii - buoyant flow 

ij-0,, = volumetric flow rate of the exhaust fan 

where: 

1tg = 
(k
�

c).. (� r g° 3k2l09 

convection heat transfer 
wall heat transfer 

[A.5.1 lb] 

[A.5.llc] 

[A.5.lld] 

(kpc)"' = thermal properties (conductivity, density, and specific 
heat) of the wall 

µ = gas viscosity 
k = gas thermal conductivity 

The expression of 113 is applicable to a thermally thick 
consu·uction materiaL Additionally, more than one dimension­
less 11 will be needed if wall thickness and radiation effects are 
significant. 113 attempts to correct for heat loss at the bounda1y 
by permitting a different construction material in the scale 
model in order to maintain a balance for the heat losses , 

The scaling expression for the fire heat 1-elease rate follows 
from preserving 111. Similarly, expressions for the volumetric 
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exhaust rate and wall thermal properties are obtained from 
preserving 112 and 113. 

The wall properties condition is easily met by selecting a 
construction material that is noncombustible and approxi­
mately matches (kpc),,, with a material of sufficient d1ickness to 
maintain the thermally thick condition. The thermal properties 
of enclosure can be scaled as follows: 

where: 

k c  = k c , ....!!!. ( l Jo.9 
( p t . ., ( p ),.J [F 

[A.5.lle] 

(kpc)"'·"' = thermal properties of the wall of the model 
(kpc)w,F = thermal properties of the wall of the full-scale facility 

c = specific heat of enclosme materials (wall, ceiling) 
k = thermal conductivity of enclosure materials (wall, 

ceiling) 
p = density of enclosure materials (wall, ceiHng) 

The following examples are included to provide insight into 
the way that the Froude modeling scaling relations are used. 

Axample l, What scale model should be used for a mall where 
the smallest area of interest at 9,84 ft (3 m) is the floor-to­
ceiling height on the balconies? 

Note mat it is essential that the flow in the model is fully 
developed turbulent flow; to achieve this, it is suggested that 
areas of interest in the scale model be at least 0,3 m, The corre­
sponding floor-to-ceiling height of the model should be at least 
0,984 ft (0,3 m), Set l,,, = 0,984 ft (0,3 m), and lF = 9,84 ft (3 m), 
then lm/lF= O . l .  

[A.5.1 lfJ 

Example 2- The design fire for a specific facility is a constant 
fire of 4739 Btu/sec (5000 kV1'), What size fire will be needed 
for a one-tenth scale model? 

[A.5.llg] ( lm )5/2 5/• �" = Q[ [; 
= 4739 Btu/sec(O.l) - = 15.0 Btu/sec 

[A.5.1 lh] 

Q,., = Q1{ �: r = 5000(0.1)512 = 15.8 kW 

Example J, For a full-scale facility with a smoke exhaust rate 
of 8830 ft3/sec (250 m3/sec), what is the smoke exhaust rate 
for a one-tenth scale model? 

m 5/2 c 3 ( l )5/2 i/m>.m = i/an,F {;; = 8830(0.1) = 28ft/sec 

[A.5.lli] 
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[A.5.llj] 
5/2 Vf,,n,m = vfan,F ( �: J = 250(0. 1)512 =0.79 m3/sec 

Example 4. The walls of a full-scale facility are made of 
concrete. v\That is the impact of constructing the walls of a one­
tenth scale model of gypsum board? The kpc of brick is 0.24 
Btu2/ (ft4-R2-hr) [1 .7 kW2/(m4·K2)·s] .  The ideal thermal prop­
erties of the model can be calculated as follows: 

[A.5.llk] 

(kpc ),.,,,. = (kpc )wF (� r = ( 0.24)( 0. 1)09 = 0.03 Btu2/ {Ji''R5hr) 

[A.5.111] ( J0.9 (kpc),.,., = (kpc),.,F �: = (1.7)(0.1)09 

= 0.21(HV2/m4• K2 ) · s  

The value for gypsum board is 0.025 Btu2/(ft4·R2·hr) [0.18 
(kW2/m4·K2·s ] ,  which is close to the ideal value above, so that 
the gypsum board is a good match. It should be noted that 
using glass windows for video and photographs would be more 
important than scaling of thermal properties. 

Example 5. In a one-tenth scale model, the following clear 
heights were observed: 8.20 ft(2.5 m) at 26 seconds,4.92 ft( l .5 
m) at 85 seconds, and 3.28 ft ( 1 .0 m) at 152 seconds. ·what are 
the corresponding clear heights for the full-scale facility? For 
the first clear height and time pair of z,, = 8.20 ft (2.5 m) at t,. = 
26 seconds: 

and 

z = z  (ZF )= 2.5(10/ 1 ) = 25 m  F m lm 

[A.5.llm] 

[A.5.1 ln] 

[A.5.llo] 

The other clear height and time pairs are calculated in the 
same manner and are listed in Table A.5. 1 1  (a) and Table 
A.5. l l (b). 

A.6.2 See Annex G for information on types of HVAC air­
handling systems. 

A.6.2.4 Exhaust fans should be operated prior to the opera­
tion of the makeup air supply. The simplest method of intro-
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Table A.5.11 (a) Scale Model Observation Clear Height 

Clear Height 

8.20 ft (2.5 m) 
4.92 ft ( 1 .5 m) 
3.28 ft ( 1 .0 m) 

Table A.5.11 (b) Full-Scale Facility Prediction 

Clear Height 

82 ft (25 m) 
49.2 ft ( 15 m) 
32.8 ft (10 m) 

Time 
(sec) 

26 
85 

152 

Time 
(sec) 

82 
269 
480 

ducing makeup air into the space is through direct openings to 
the outside, such as through doors and louvers, which can be 
opened upon system activation. Such openings can be coordi­
nated with the architectural design and be located as required 
below the design smoke layer. For locations where such open­
ings are impractical, a mechanical supply system can be consid­
ered. This system could be an adaptation of the building's 
HVAC system if capacities, outlet grille locations, and velocities 
are suitable. For those locations where climates are such that 
damage to the space or contents could be extensive during test­
ing or frequent inadvertent operation of the system, considera­
tion should be given to heating the makeup air. 

A.6.4 Related systems can include fire protection signaling 
systems, sprinkler systems, and HVAC systems, among others. 
Simplicity should be the goal of each control system. Complex 
systems should be avoided. Such systems tend to confuse, might 
not be installed correctly, might not be properly tested, rnight 
have a low level of reliability, and might not be maintained. 

A.6.4.3 Various types of control systems are commonly used 
for HVAC systems. These control systems utilize pneumatic, 
electric, electronic, and programmable logic-based control 
units. All these control systems can be adapted to provide the 
necessary logic and control sequences to configure HVAC 
systems for smoke control functions. Programmable electronic 
logic-based (i.e., microprocessor-based) control units, which 
control and monitor HVAC systems as well as provide other 
building control and monitoring functions, are readily applica­
ble for providing the necessary logic and control sequences for 
an HVAC system's smoke control mode of operation. 

The conu·ol system should be designed as simply as possible 
to attain the required functionality. Complex controls, if not 
properly designed and tested, can have a low level of reliability 
and can be difficult to maintain. 

A.6.4.4.1.1 For purposes of automatic activation, fire detec­
tion devices include automatic devices such as smoke detectors, 
waterflow switches, and heat detectors. 

A.6.4.4.1.2 During a fire, it is likely that enough smoke to acti­
vate a smoke detector might travel to other zones and subse­
quently cause alarm inputs for other zones. Systems activated 
by smoke detectors should continue to operate according to 
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the first alarm input received rather than divert controls to 
1-espond to any subsequent alarm input(s). 

A.6.4.4.1.3 Systems i.n itiated by heat-activated devices and 
designed with sufficient capacity to exhaust multiple zones can 
expand d1e number of zones bei.ng exhausted to include the 
original zone and subsequent additional zones, up to me limit 
of me mechanical system's ability to maintain me design pres­
sure difference. Exceeding the design capacity likely will result 
i.n me system's fai.ling to adequately exhaust me fire zone or to 
achieve me desired pressure differences. If d1e number of 
zones mat can be exhausted while still mai.ntaining me design 
pressure is not known, mat number should be assumed to be 
one. 

A.6.4.4.1.4 Documentation of the equipment to be operated 
for each automatically activated smoke control system configu­
ration includes, but i.s not limited to, me following parameters: 

( 1 )  Fire zone in which a smoke control system automatically 
activates. 

(2) Type of signal that activates a smoke control system, such 
as sprinkler waterflow or smoke detector. 

(3) Smoke zone (s) where maximum mechanical exhaust to 
the outside is implemented and no supply air i.s provi­
ded. 

(4) Positive pressure smoke control zone (s) where maxi­
mum air supply is implemented and no exhaust to the 
outside is provided. 

(5) Fan(s) ON as required to implement the smoke control 
system. Multiple-speed fans should be furmer noted as 
FAST or MAX. VOLUME to ensure mat the intended 
control configuration is achieved. 

(6) Fan(s) OFF as required to implement me smoke control 
system. 

(7) Damper(s) OPEN where maximum airflow must be 
achieved. 

(8) Damper(s) CLOSED where no ai.rflow should take place. 
(9) Auxi.liary functions might be required to achieve the 

smoke control system configuration or might be desi.ra­
ble in addition to smoke control . Changes or override of 
normal operation static pressure control set point5 
should also be indicated if applicable. 

(10) Damper position at fan failure. 

Examples of auxiliary functions that can be useful, but mat 
are not requi.red, are me opening and closing of terminal 
boxes while pressurizing or exhausting a smoke zone. These 
functions are considered auxiliary if me desired state i.s 
achieved wimout the functions, but the functions help to 
achieve me desired state more readi.ly. 

A.6.4.4.1.5 See Annex E for additional information on the 
stratification of smoke. 

A.6.4.4.1.5(1) The purpose of using an upward beam to detect 
the smoke layer is to quickly detect me development of a 
smoke layer at whateve1- temperature condition exists. One or 
more beams should be aimed at an upward angle to intersect 
me smoke layer regardless of the level of smoke stratification. 
More than one beam smoke detector should be used. The 
manufacturers' recommendations should be reviewed when 
using these devices for mi.s application. Devices installed in this 
manner can requi.re additional maintenance activity. 

A.6.4.4.1.5(2) The purpose of using horizontal beams to 
detect me smoke layer at various levels is to quickly detect the 
development of a smoke layer at whatever temperature condi-
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tion exi.sts. One or more beam detectors are located at the ceil­
ing. Additional detectors a1-e located at other levels lower i.n the 
volume. The exact positioning of me beams is a function of the 
specific design but should include beams at me bottom of any 
identified unconditioned (dead-air) spaces and at or near me 
design smoke level wid1 intermediate beam positions at od1er 
levels. 

A.6.4.4.1.5(3) The purpose of using horizontal beams to 
detect me smoke plume is to detect me rising plume ramer 
than the smoke layer. For this approach, an arrangement of 
beams close enough to each othe1- to ensure intersection of me 
plume is installed at a level below me lowest expected stratifica­
tion level. The spacing between beams has to be based on the 
narrowest potential widm of the plume at the level of detec­
tion. 

A.6.4.4.2.1 Aud10rized users possess keys, passwords, or od1er 
devices that limit unaumorized users from operating d1e smoke 
control equipment. 

A.6.4.4.2.2 Manual pull stations are not used to activate smoke 
control systems mat require information on the location of me 
fire because of me likelihood of a person signaling an alarm 
from a station outside the zone of fire origin. 

A.6.4.4.2.3 Generally, stairwell pressurization systems can be 
activated from a manual pull station, provided me response is 
common for all zones. Other systems that respond identically 
for all zone alarms can also be activated from a manual pull 
station. An active-tracking stairwell pressmization system d1at 
provides control based on the pressure measured at me fire 
floor should not be activated from a manual pull station. 

A.6.4.4.2.5 Manual controls exclusively for other building­
control purposes, such as hand-off�auto svvitches located on a 
thermostat, are not considered to be manual conu-ols in me 
context of smoke control. Manual activation and deactivation 
for smoke control purposes should override manual controls 
for other pw-poses. 

A.6.4.5.2.1.2 This equipment includes air supply/return fans 
and dampers subject to automatic control according to build­
ing occupancy schedules, energy management, or other purpo­
ses. 

A.6.4.5.3.2 To prevent damage to equipment, it might be 
necessa1-y to delay activation of certain equipment until od1er 
equipment has achieved a prerequisite state (i.e., delay starting 
a fan until its associated damper is partially or fully open). 

A.6.4.5.3.3 The times given for components to achieve their 
desired state are measured from the time each component is 
activated. 

A.6.4.5.3.4 Refer to 4.5.3 for additional information regarding 
calculation of time required for me system to become fully 
operational. 

A.6.4.5.4 See Annex H fo1- additional considerations for a fire 
fighters' smoke control station. 

A.6.4.5.4.3 For complex conu-ol and containment system 
designs, status indication, fault indication, 01- manual control 
can be provided for groups of components or by smoke control 
zone. 
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A.6.4.5.4. 7 Indirect indication of fan status, such as motor 
current measurement or motor starte1- contact position, might 
not be positive proof of airflow. 

A.6.4.6.1.1 In limited instances, it can be desirable to pressur­
ize only some stairwells due to fastidious building configura­
tions and conditions. 

A.6.4. 7.2.1 If fire alarm zones and smoke control zones do not 
coincide, there is a possibility that the wrong smoke control 
system(s) can be activated. 

A.6.4. 7.3 Manual pull stations are not used to activate zoned 
smoke containment strategies because these types of system 
require information on the location of the fire, and there is no 
assurance that the pull station that was activated is located in 
the smoke zone. 

A.6.4.8 The means and frequency of verification methods will 
vary according to the complexity and importance of the system 
as follows: 
( 1 )  Positive confirmation of fan activation should be by 

means of duct pressure, airflow, or equivalent sensors that 
respond to loss of operating power, problems in the 
power or control circuit wiring, airflow restrictions, and 
failure of the belt, the shaft coupling, or the motor itself: 

(2) Positive confirmation of damper operation should be by 
contact, proximity, or equivalent sensors that respond to 
loss of operating power or compressed ait-; problems in 
the power, control circuit, or pneumatic Lines; and failure 
of the damper actuator, the linkage, or the damper itself. 

(3) Other devices, methods, or combinations of methods as 
approved by the authority having jurisdiction might also 
be used. 

Items A.6.4.8(1)  through A.6.4.8(3) descr·ibe multiple meth­
ods that can be used, either singly or in combination, to verify 
that all portions of the controls and equipment are opera­
tional . Fm example, conventional (electrical) supervision 
might be used to verify the integrity of portions of the circuit 
used to send an activation signal from a fire alarm system 
control unit to the 1-elay contact within 3 ft ( 1  m) of the smoke­
control system input (see 6.4.8.4), and end-to-end verification 
might be used to verify operation from the smoke-control 
system input to the desired end result. If different systems are 
used to verify different portions of the control circuit, control­
led equipment, or both, then each system would be responsible 
for indicating off-nonnal conditions on its respective segment. 

End-to-end verification monitors both the elecu-ical and 
mechanical component5 of a smoke control system. End-to-end 
verification is a self-testing method that provides positive 
confirmation that the desired result (e.g., airflow or damper 
position) has been achieved during the time that a controlled 
device is activated, such as during smoke control testing, or 
manual override operations. The intent of end-to-end verifica­
tion goes beyond determining whether a circuit fault exists, but 
instead ascertains whether the desired end result (e.g., airflow 
or damper position) is achieved. True end-to-end verification, 
therefore, requires a comparison of the desired operation to 
the actual end result. 

An open control circuit, failure of a fan belt, disconnection 
of a shaft coupling, blockage of an air filter, failure of a motor, 
or other abnormal condition that could prevent proper opera­
tion is not expected to result in an off-normal indication when 
the controlled device is not activated, since the measured result 
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at that time matches the expected result. If a condition that 
prevents proper operation persists during the next attempted 
activation of the device, an off-normal indication should be 
displayed. 

A.6.6.3 Temperatures within the smoke layer and the fire 
plume can be determined using methods outlined in this 
standard. vVhere flashover in the room of fire origin is a 
concern, the design temperature should be 1700°F (927°C).  

A.7.1 Additional guidance on how to prepare design docu­
ments can be found in the SFPEEngineering Guide to Pe1jormance­
Based Fire Protection and the ASHRAE Guideline 1.5, The 
Commissioning Process for Smoke Control Systems. 

A.7.3 The building owner can pass on the owner responsibili­
ties identified in 7.3.3 and 7.3.4 to the occupant, management 
firm, or managing individual through specific provisions in the 
lease, written use agreement, or management contract. \!\There 
this is done, the building owner should provide a copy of the 
operations and maintenance manual, including testing results, 
to all responsible parties. 

A.8.1 Some smoke conu·ol systems are designed to limit 
smoke migration at the boundaries of a smoke control area 
using pressure differences. A stairwell pressurization system is 
used to limit smoke movement from the floo1- area into the 
stairwell and thus provide a tenable environment during 
egress. For zoned smoke control, pressure differences are used 
to contain smoke within the smoke zone and limit the migra­
tion of smoke and fire gases to other parts of the building. Test­
ing appropriate to the objective of the system consists of 
measuring d1e pressure difference between the smoke zone 
and the adjacent zones. The testing procedures provided in 
Section 8.4 are based on the measurement of pressure differen­
ces and door-opening fo1-ces under the design conditions 
agreed on with the authority havingjurisdiction. 

An understanding with the authority having jurisdiction on 
the expected performance of the system and the acceptance 
test procedures should be established early in the design. 
(Detailed engineering design information is contained in 
ASHRAE/ICC/NFPA/SFPE Handbook of Smoke Control .Engineer­
ing (21 l and the NFPA publication, Smoke Movement and Control 
in High-Ri5e Buildings) . 

Absence of a consensus ag1-eement for a testing p1-ocedure 
and acceptance criteria historically has created numerous prob­
lems at the time of system acceptance, including delays in 
obtaining a certificate of occupancy. 

It is recommended that the building owner, the designer, 
and the authority having jurisdiction meet during the planning 
stage of the project to share their thoughts and objectives 
concerning the smoke control system and agree on the design 
criteria and the pass/fail performance tests for the systems. 
Such an agreement helps to overcome the numerous problems 
that occur during final acceptance testing and facilitates 
obtaining the certificate of occupancy. 

A.8.1.4 The intent is that all pa1-ties - designers, installers, 
owners, and authorities having jurisdiction - have a clear 
understanding of the system objectives and the testing proce­
dure. 

A.8.3 The intent of component system testing is to establish 
that the final installation complies with the specified design, is 
functioning properly, and is ready for acceptance testing. 
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Operational testing of system components should be comple­
ted during constmction. These operational tests normally a1·e 
performed by various trades before interconnection is made to 
integrate the overall smoke control system. It should be docu­
mented in writing that each individual system component's 
installation is complete and the component is functional. Each 
component test, including items such as speed, volume, sensi­
tivity calibration, voltage, and amperage, should be individually 
documented. 

A.8.3.3 Systems that could affect or be affected by the opera­
tion of the smoke control system include the following: 

( 1 )  Fire alarm system (see NFPA 72) 
(2) Energy management system 
(3) Building management system 
(4) Heating, ventilating, and air-conditioning (HVAC) 

equipment 
(5) Electrical equipment 
(6) Temperanire control system 
(7) Power sources 
(8) Standby power 
(9) Automatic suppression systems 

(10) Automatic operating doors and closures 
( 1 1 )  Other smoke control systems 
(12) Emergency elevator operation 
(13) Dampers 
(14) Fire fighters' control station (FFCS) 

A.8.4. l Representatives of one or more of the following 
should be present dtu-ing acceptance testing to grant accept­
ance: 
( 1) Authority having jurisdiction 
(2) Owner 
(3) Designer 
( 4) Subsystem conu·actors 

A.8.4.2 Parameters that should be tested during the accept­
ance testing include the following: 
( 1) Total volumeu·ic flow rate 
(2) Airflow velocities 
(3) Airflow direction 
( 4) Door-opening forces 
(5) Pressure differences 
(6) Ambient indoor and outdoo1· temperatures 
(7) Wind speed and direction 

The following equipment might be needed to perform 
acceptance testing: 

( l )  Differential pressure gauges, inclined water manome­
ters, or electronic manometer f instrument ranges 0-0.25 
in. w.g. (0-62.5 Pa) and 0-0.50 in. w.g. (0-125 Pa) with a 
sufficient length of n1bing l .  including traversing equip­
ment 

(2) Scale suitable for measming door-opening force 
(3) Anemometer 
(4) Ammeter and voltmeter 
(5) Door wedges 
(6) Tissue paper roll or other convenient device for indicat­

ing direction of airflow 
(7) Signs indicating that a test of the smoke conu·ol system is 

in progress and that doors should not be opened 
(8) Several walkie-talkie radios (useful to help coordinate 

equipment operation and data recording) 
(9) Psychrometer 

(10) Flow measuring hood (optional) 
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Other Test Methods. Much can be accomplished to demon­
strate smoke control system operation without reso1·ting to 
demonstrations that use smoke or products that simulate 
smoke. 

The test methods previously described should provide an 
adequate means to evaluate the smoke control system's 
performance. Other test methods have been used historically 
in instances where the authority having jurisdiction requires 
additional testing. These test methods have limited value in 
evaluating certain system performance, and their validity as a 
method of testing a smoke conu·ol system is questionable. 

As covered in the preceding chapters, the dynamics of the 
fire plume, buoyancy forces, and stratification are all major crit­
ical elements in the design of the smoke control system. There­
fore, to test the system properly, a real fire condition would be 
the most appropriate and meaningful test. However, there are 
many valid reasons why such a fire is not practical in a comple­
ted building. Open flame/acnial fire testing might be danger­
ous and normally should not be attempted. Any other test is a 
compromise. If a test of the smoke conu·ol system fo1· building 
acceptance is mandated by the authority having jurisdiction, 
such a test condition would become the basis of design and 
might not in any way simulate any real fo·e condition. More 
important, it could be a deception and provide a false sense of 
security that the smoke control system would perform 
adequately in a real fo·e emergency. 

Smoke bomb tests do not provide the heat, buoyancy, and 
entrainment of a real fire and are not useful in evaluating the 
real perfo1·mance of the system. A system designed in accord­
ance with this document and capable of providing the inten­
ded smoke control might not pass smoke bomb tests. 
Conversely, it is possible for a system that is incapable of provid­
ing the intended smoke control to pass smoke bomb tests. 
Because of the impracticality of conducting real fire tests, the 
acceptance tests described in this document are di1·ected to 
those aspects of smoke con trot systems that can be verified. 

It is an understatement to say that acceptance testing involv­
ing a real fo-e has obvious danger to life and property because 
of the heat generated and the toxicity of the smoke. 

A.8.4.3 Guidance on test procedures can be found in the 
publications of Nganizations such as the Associated Air 
Balance Council (AABC),  the National Environmental Balanc­
ing Bureau (NEBB),  ASHRAE, and the Sheet Metal and Air 
Conditioning Con tractors National Association (SMACNA). 

A.8.4.4.l Building mechanical equipment that is not typically 
used to implement smoke conu·ol includes but is not limited to 
toilet exhaust, elevator shaft vents, elevator machine room fans, 
and elevator and kitchen hoods. 

A.8.4.4.2 The normal building power should be disconnected 
at the main service disconnect to simulate u·ue operating 
conditions in standby power mode. 

A.8.4.4.4(2) One or more device circuit5 on the fire alarm 
system can initiate a single input signal to the smoke conu·ol 
system. Therefore, consideration should be given to establish­
ing the appropriate number of initiating devices and initiating 
device circuits to be operated to demonstrate the smoke 
control system operation. 

A.8.4.5 Large-volume spaces come in many configurations, 
each with it5 own peculiarities. They can be tall and thin 01· 
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short and wide, have balconies and interconnecting floors, be 
open or closed to adjacent floo1-s, have corrido1-s and stairs for 
use in evacuation, have only exposed walls and windows (sterile 
tube) ,  or be a portion ofa hotel, hospital, shopping center, or 
arena. Specific smoke control criteria have to be developed for 
each unique situation. 

A.8.4.6.1.4 The local code and contract documents' require­
ments should be followed regarding the number and location 
of all doors that need to be opened for this test. 

In lieu of specific direction in the local code or contract 
documents, choose d1e doo1-s to be opened as follows in order 
to produce the most severe conditions: 

( 1 )  For the differential pressure test, the open doo1-s should 
include those for which the highest pressure difference 
was mea5ured in the tests with all doors closed (see 
8.4.6.1). When measured with the stairwell as the refer­
ence, these doors have d1e greatest negative values. 

(2) When systems are designed for open stairwell doors and 
total building evacuation, the number of open doo1-s 
should include the exterior stairwell door. 

(3) Because the pressure in the stairwell must be greater than 
the pressure in the occupied areas, it is not necessa1-y to 
repeat the door-opening force tests with open doors. 
Opening any door would decrease the pressme in the 
stairwell and thereby decrease the door-opening force on 
the remaining doors. 

A.8.4.6.2 Door-opening forces include frictional forces, the 
forces produced by the doo1- hardware, and the forces 
produced by the smoke control system. In cases where fric­
tional forces are excessive, the door should be repaired. (See 
Annex I for information on testing for leakage between smoke zones.) 

A.8.4.6.4 The exact location of each smoke control zone and 
the door openings in the perimeter of each zone should be 
verified. If the plans do not specifically identify these zones and 
doors, the fire alarm system in those zones might have to be 
activated so that any doors magnetically held open \viii close 
and identif)' the zone boundaries. (See Annex I for information on 
testing for leakage between smoke zones.) 

A.8.4.6.4.3.6 After a smoke zone's smoke control systems have 
been tested, it should be ensured that the systems are properly 
deactivated and the HVAC systems involved are returned to 
their normal operating modes prior to activation of another 
zone's smoke control system. It should be also ensmed that all 
controls necessa1-y to prevent excessive pressure differences are 
functional so as to prevent damage to ducts and related build­
ing equipment. 

A.8.4.6.5 A consistent procedure should be established for 
recording data throughout the entire test, such that the shaft 
side of the doors is always considered as the reference point [O 
in. w.g. (0 Pa)] and the floor side of the doors always has the 
pressure difference value (positive if higher than the shaft and 
negative if less than the shaft) .  

Because the hoistway pressurization system is in tended to 
produce a positive pressure \vithin the hoistway, all negative 
pressm-e values reco1-ded on d1e floor side of the doo1-s are 
indicative of a potential airflow from the shaft to the floor. 

A.8.4.6.5.2.l(C) Where enclosed elevator lobbies are pressur­
ized by an elevator lobby pressurization system, or where 
enclosed elevator lobbies receive seconda1-y pressurization from 
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the elevator hoistway, they should be treated as a zone in a 
zoned smoke control system. 

A.8.4.6.7.1 \<\Then testing the combination of zoned smoke 
control systems and stairnrell pressurization systems, the test5 
applicable to each stand-alone system should be conducted. 
Differential pressure tests are specified in both 8.4.6.3 and 
8.4.6.4. When the two systems are used in combination, the 
stairwell should be treated as a zone in a zoned smoke control 
system. The minimum design pressures specified in Table 
4.4.2. 1 .  l apply only to the differential pressure test5 specified in 
8.4.6.4. 

Differential pressure tests conducted as directed in 8.4.6.1 
are used to determine the doors that should be opened during 
the tests specified in 8.4.6.2. It is not expected that these values 
\viii comply with the minimum design pressures specified in 
Table 4.4.2. 1 . 1 ,  except at the fire floor. 

In lieu of specific direction in the local code or contract 
documents, choose the doors to be opened as follows in order 
to produce the most severe conditions: 

( 1 )  For the differential pressure test, the open doors should 
include those for which the highest pressure difference 
was measured in the tests with all doors closed (see 
8.4.6.2), excluding the door on the fire floor. When meas­
ured \vith the stairwell as the reference, these doors have 
the greatest negative values. 

(2) V\Then systems are designed for open stairwell doors and 
total building evacuation, the number of open doors 
should include the exterior stairwell door. 

(3) For the door-opening force test, the open doors should 
include any doors (up to the specified number) found in 
d1e tests with all doors closed (see 8.4.6.2) to have pressure 
in d1e occupied area greater than the pressure in d1e 
stairwell. Opening these doors adds pressure to the stair­
well, thereby increasing doo1--opening fo1-ces on the 
remaining doors. When measured with the stairwell as 
the reference, these doors have the greatest positive 
values. If no doors meet these criteria, it is not necessary 
to repeat the door-opening force tests with open doors, 
since opening any door would decrease the pressure in 
the stairwell and thereby decrease the door-opening force 
on the remaining doors. 

A.8.5.1 This documentation should include results from the 
preliminary building inspection, component testing, and 
acceptance testing. 

A.8.6.1 During the life of the building, maintenance is essen­
tial to ensure that the smoke control system \viii perfonn its 
intended function under fire conditions. Proper maintenance 
of the system should, as a minimum, include periodic testing of 
all equipment such as initiating devices, fans, dampers, 
controls, doors, and \vindows. The equipment should be main­
tained in accordance \vith the manufacturer's recommenda­
tions. (See NFPA 90A.) 

Special arrangements might have to be made for the intro­
duction of large quantities of outside air into occupied areas or 
computer centers when outside tempernttu-e and humidity 
conditions are extreme. Because smoke control systems over­
ride limit controls, such as freezestats, tests should be conduc­
ted when outside air conditions \viii not cause damage to 
equipment and systems. 



ANNEX B 

A.8. 7.1 Documentation should be updated to reflect changes 
or modifications. 

Annex B Predicting the Rate of Heat Release of Fires 

This annex is not a part of the requirements of this NFPA document 
but is included for informational pmposes only. 

B.l Introduction. This annex presents techniques for estimat­
ing the heat release rate of various fuel arrays Likely to be 
present in buildings where smoke venting is a potential fire 
safety provision. It p1-imarily addresses the estimation of fuel 
concenu-ations found in retail shops, stadiums, offices, and 
similar locations that might involve large areas addressed by 
this standard. Conversely, NFPA 204 addresses the types of fuel 
arrays more common to storage and manufacturing locations 
and other types of building situations covered by that standard. 
This standard is applicable to situations where the hot layer 
does not enhance the burning rate. The methods provided in 
this annex for estimating the rate of heat release, therefore, are 
based on "free burning" conditions in which no ceiling 01- hot 
gas layer effects are involved. It is assumed that the burning 
rate is relatively unaffected by the hot layer. 

Limited heat release rate data fo1- some fuel commodities 
have been reported (Babrauskas and Krasny [541; Babrauskas 
(53]; Klote and Milke (21 ] ) .  However, furniture construction 
details and materials are known to substantially influence the 
peak heat release rate, such that heat release rate data are not 
available for all furniture items or for generic furniture items. 

B.2 Sources of Data. The following sources of data appear in 
their approximate order of priority, given equal quality of data 
acquisition: 

( 1 )  Actual tests of the array involved 
(2) Actual tests of similar arrays 
(3) Algorithms derived from tests of arrnys having similar 

fuels and dimensional characteristics 
( 4) Calculations based on tested properties and materials and 

expected flame flux 
(5) Mathematical models of fire spread and development 

B.3 Actual Tests of the Array Involved. \.\There an actual calo­
rific test of the specific array under consideration has been 
conducted and the data are in a form that can be expressed as 
rate of heat release, the data can then be used as input for the 
methods in this standard. Since actual test data seldom 
produce the steady state assumed for a limited-growth fire or 
the square of time growth assumed for a continuous growth (t­
squared) fire, engineering judgment is usually needed to 
derive the actual input necessary if either of these approaches 
is used. (See Section B. 7 for further details relevant to t-squared fires.) 
If a computer model that is able to respond to a rate of heat 
release versus time curve is used, the data can be used directly. 
Currently tl1ere is no established catalog of tests of specific 
arrays. Some test data can be found in technical repo1-ts. Alter­
natively, individual tests can be conducted. 

Many fire tests do not include a direct measurement of rate 
of heat 1-elease. In some cases, it can be derived based on meas­
urement of mass loss rate using the following equation: 

[B.3a] 

Q = rhh, 

where: 
Q = rate of heat 1-elease (Btu/sec 01- kW) 

rh = mass loss rate (Lb/sec or kg/sec) 
h, = heat of combustion (Btu/lb or kj/kg) 
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In other cases, the rate of heat release can be derived based 
on measurement of flame height as follows: 

Q = 2.05(L + l .02D)512 

where: 
Q = rate of heat release (Btu/sec) 
L = flame height (ft) 
D = fire diameter (ft) 

Q = 37(L+ l.02D)512 

where: 
Q = rate of heat release (kW) 
L = flame height (m) 
D = fire diameter (m) 

[B.3b] 

[B.3c] 

B.4 Actual Tests of Arrays Similar to That Involved. Where an 
actual calorific test of the specific array under consideration 
cannot be found, it can be possible to find data on one or more 
tests that are similar to the fuel of concern in important 
matters such as type of fuel, arrangement, or ignition scenario. 

The more the actual test5 are similar to the fuel of concern, 
tl1e higher the confidence that can be placed in the derived 
rate of heat release. The addition of engineering judgment, 
however, might be needed to adjust the test data to those 
approximating the fuel of concern. If rate of heat release has 
not been directly measured, it can be estimated using the 
method described for estimating burning rate from flame 
height in Section B.3. 

B.5 Algorithms Derived from Tests of Arrays Having Similar 
Fuels and Dimensional Characteristics. 

B.5.1 Pool Fires. In many cases, tl1e rate of heat release of a 
tested array has been divided by a common dimension, such as 
occupied floor area, to de1-ive a normalized rate of heat release 
per unit area. The rate of heat release of pool fires is the best 
documented and accepted algorithm in this class. 

An equation for the mass release rate from a pool fire is as 
follows (Babrauskas [531 ) :  

[B.5.1] 
H H( l -/,8}) ) m =m0 - e  

The variables for Equation B.5.1 are as shown in Table B.5.1. 

The mass rates derived from Equation B.5.1 are converted to 
rates of heat release using Equation B.3a and the heat of 
combustion from Table B.5.1. The rate of heat release per unit 
area times the area of the pool yields heat release data for the 
anticipated fire. 
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Table B.5.1 Data for Large Pool Burning Rate Estimates 

Density 

Mated al lb/ft3 kg/m3 Btu/lb 
Cryogenici' 
Liquid H2 4.4 70 55,500 
LNG (mosdy CI-11) 26 415 21,500 
LPG (mostly C3I-18) 37 585 20,000 
Alcohols 
Methanol (CH30II) 50 796 8,500 
Edrnnol (C'211501-I) 50 794 1 1 ,500 
Simple organic fuel.s 
Butane (C,H10) 36 573 20,000 
Benzene (C)I6) 53 874 I 7,000 
Hexane (C.-vll14) 4I 650 I9,000 
Heptane (C,11,6) 42 875 I9,000 
Xylene (C81Iw) 54 870 I 7,500 
Acetone (C,H60) 49 79I 1 1 ,000 
Dioxane (C,II802) 65 I035 1 1 ,000 
Diethyl ether (C,llwO) 45 714 I4,500 
Petroleum. j1roducts 
Benzene 46 740 I9,000 
Gasoline 46 740 I9,000 
Kerosene 5I 820 I8,500 
JP-4 47 760 I8,500 
JP-5 5I 8IO I8,500 
Transfonner oil, 47 760 20,000 

hydrocarbon 
Fuel oil, heavy 59-62 940-1000 I 7,000 
Crude oil 52-55 830-880 I8,000 
Solids 
Polymethylmethacrylate 74 1184 I0,000 

(C5II802). 
Polypropylene ( C,116) " 56 905 I8,500 
Polystyrene (C8H8). 66 I050 I 7,000 
aFor pools on dry land, not over water. 
1value independent of diameter in turbulent regime. 
"Estimate uncertain, since only two data points available. 

B.5.2 Other Normalized Data. Other data based on burning 
rate per unit area in tests have been developed. Table B.5.2(a) 
and Table B.5.2(b) list the most available of these data. 

B.5.3 Other Useful Data. Other data that are not normalized 
might be useful in developing the rate of heat release curve. 
Examples are included in Table B.5.3(a) through Table 
B.5.3(h). 

B.6 Calculated Fire Desrnption Based on Tested Properties. 

B.6.1 Background. It is possible to make general estimates of 
the rate of heat release of burning materials based on the fire 
properties of that material. The fire properties involved can be 
determined by small-scale tests. The most important of these 
tests are calorimeter tests involving both m .. ')'gen depletion calo­
rimeu-y and the application of external heat flux to the sample 
while determining time to ignition, rate of mass release, and 
rate of heat release fo1· the specific applied flux. 

Most prominent of the current test apparatus are the cone 
calorimeter (see AS1M E1354, Standard Test Method for Heat and 
Vi5ible Smoke Release Rates for MateriaLs and Products Using an 
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h, 1iz. hb 
mj/kg lb/ft2·S kg/m2·S rr1 m·I 

120 0.0035 0.017 1.9 6.1 
50.0 0.016 0.078 0.33 I. I 
46.0 0.02 0.099 0.43 I.4 

20.0 0.0035 
26.8 0.003I 

45.7 O.OI6 0.078 0.82 2.7 
40.l O.OI 7 0.085 0.82 2.7 
44.7 0.015 0.074 0.58 1.9 
44.6 0.02I O.IOI 0.34 1.1 
40.8 0.018 0.090 0.42 1.4 
25.8 0.0084 0.04I 0.58 1.9 
26.2 0.0037' 0.018 1 .6c 5.4 
34.2 O.OI 7 0.085 0.2I 0.7 

44.7 0.0098 0.048 1 .1  3.6 
43.7 O.OI I 0.055 0.64 2.I 
43.2 0.008 0.039 1 .1  3 .. 5 
435 O.OI 0.05I 1 .1  3.6 
43.0 O.OI I 0.054 0.49 I.6 
46.4 O.OOSC 0.039 o.21c 0.7 

39.7 0.0072 0.035 0.52 I.7 
425-42.7 0.0045-0.0092 0.022-0.045 0.85 2.8 

24.9 0.004I 0.022 1.0 3.2 

43.2 0.0037 
39.7 0.007 

Oxygen Consumption Calorimeter) and the Factory Mutual calo­
rimeter (Illian [52)). In addition to these directly measured 
properties, it is possible to derive ignition temperature, critical 
ignition flux, effective thennal ine1·tia (Ii.pc), heat of combus­
tion, and heat of gasification ba5ed on results from d1ese calo­
rimeters. Properties not derivable from these calorimeters and 
essential to determining flame spread in directions not concur­
rent with the flow of the flame can be obtained from the lateral 
ignition and flame travel (LIIT) apparatus (see ASTM £1321, 
Standard Test Method for Determining Material Ignition and Flame 
Spread Properties). This section presents a concept of the use of 
fire property test data as the basis of an analytical evaluation of 
the rate of heat release involved in the use of a tested material. 

The approach oudined in th.is section is based on that 
presented by Nelson and Forssell [55]. 

B.6.2 Discussion of Measured Properties. Table B.6.2(a) lists 
the type of fire properties obtainable from d1e cone or Factory 
Mutual calorimeters and similar instruments. 
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Table B.5.2(a) Unit Heat Release Rate for Commodities 

Commodity 
Wood pallets, stacked 1 \;,; ft high (&-12% moisture) 
Wood pallets, stacked 5 ft high (&-12% moisture) 
Wood pallets, stacked 10 ft high (&-12% moisture) 
Wood pallets, stacked 16 ft high (&-12% moisture) 
Mail bags, filled, stored 5 ft high 
Cartons, compartmented, stacked 15 fl high 
PE letter trays, filled, stacked 5 ft high on cart 
PE trash barrels in cartons, stacked 15 ft high 
PE fiberglass shower stalls in cartons, stacked 15 ft high 
PE bottles packed in compartmented cartons 
PE bottles in cartons, stacked 15 ti: high 
PU insulation board, rigid foam, stacked 15 ft high 
PS jars packed in compartmented cartons 
PS tubs nested in cartons, stacked 14 ft high 
PS toy parts in cartons, stacked 15 ft high 
PS insulation board, rigid foam, stacked 14 ft high 
PVC bottles packed in compartmented cartons 
PP tubs packed in compartmented cartons 
PP & PE film in rolls, stacked 14 ft high 
Methyl alcohol 
Gasoline 
Kerosene 
Diesel oil 
For SI units, l ft = 0.305 m. 

Btu/sec · ft2 of 
Floor Area 

125 
350 
600 
900 

35 
150 
750 
175 
125 
550 
175 
170 

1,250 
475 
180 
290 
300 
390 
550 

65 
200 
200 
175 

kW/m2of 
Floor Area 

1 ,420 
4,000 
6,800 

10,200 
400 

l ,700 
8,500 
2,000 
1 ,400 
6,200 
2,000 
1,900 

14,200 
5,400 
2,000 
3,300 
3,400 
4,400 
6,200 

740 
2,300 
2,300 
2,040 

PE: Polyethylene. PP: Polypropylene. PS: Polystyrene. PU: Polyurethane. PY: Poly\foyl chloride. 
Note: Heat release rate per unit tloor area of fully involved combustibles, based on negligible radiative feedback from the surroundings and 100 
percent combustion efficiency. 

In Table B.6.2(a), the rate of heat release (RHR), mass loss, 
and time to ignition are functions of the externally applied 
incident radiant heat flux imposed on the tested sample. The 
purpose of the externally applied flux is to simulate the fire 
environment surrounding a burning item. In general, it can be 
estimated that a free-burning fuel package (i.e., one that burns 
in the open and is not affected by energy feedback from a hot 
gas layer of a heat source other than its own flame) is impacted 
by a flux in the range of 2.2 Btu/sec-ft2 to 4.4 Btu/sec-ft2 (25 
kW/m2 to 50 kW/m2) .  If the fire is in a space and conditions 
are approaching flashove1-, this can increase to the range of 2.2 
Btu/sec-ft2 to 6.6 Btu/sec-ft:2 (50 kW/m2 to 75 kW/m2) .  In fully 
developed, post-flashover fires, a range of 6.6 Btu/sec-ft2 to 
over 8.8 Btu/sec-ft2 (75 kW/m2 to over 100 kW/m2) can be 
expected. The following is a discussion of the individual prop­
erties measured or derived and the usual form used to report 
the property. 

Rate of Heat Release. Rate of heat release is determined by 
oxygen depletion calorimetry. Each test is run at a use1�specific 
incident flux and either for a predetermined period of time or 
until the sample is consumed. The complete results are presen­
ted in the form of a plot of rate of heat release against time, 
,.;ith the level of applied flux noted. In some cases, the rate of 
heat release for several tests of the same material at different 
levels of applied flux is plotted on a single curve for compari­
son. Figure B.6.2 is an example of such a plotting. 

Often only the peak rate of heat release at a specific flux is 
reported. Table B.6.2(b) is an example. 

Mass Loss Rate (m). Mass loss rate is determined by a load 
cell. The method of reporting is identical to that for rate of 
heat release. In the typical situation where the material has a 
consistent heat of combustion, the curves for mass loss rate and 
rate of heat release are similar in shape. 

Time to Ignition (q1). Time to ignition is reported for each 
individual test and applied flux level conducted. 

Ejfective Thermal Inertia (kDc). Effective thermal inertia is a 
measurement of the heat rise response of the tested material to 
the heat flux imposed on the sample. It is derived at the time 
of ignition and is based on the ratio of the actual incident flux 
to the critical ignition flux and the time to ignition. A series of 
tests at different levels of applied flux is necessary to derive the 
effective thermal ine1-tia. Effective thermal inertia derived in 
this manner can differ from and be preferable to that derived 
using handbook data for the values of k, D, and c derived with­
out a fu·e . 

Heat of Combustion (H,). Heat of combustion is derived by 
dividing the measured rate of heat release by the measured 
mass loss rate. It is normally reported as a single value, unless 
the sample is a composite material and the rates of heat release 
and mass loss vary significantly \vith time and exposure. 

Heat of Gasification (h�). Heat of gasification is the flux 
needed to pyrolyze a unit mass of fuel. It is derived as a heat 
balance and is usually reported a5 a single value in terms of the 
amount of energy per unit ma5s of material released [e.g., 
Btu/lb (kj/g) ] .  
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Table B.5.2(b) Maximum Heat Release Rates 

Warehouse Materials 
Growth Time 

(sec) 

Heat Release 
Density 

(q) 

(Btu/sec-ft2) Classification 

Wood pallets, stacked 1 Yz ft high (6-12% moisture) 
Wood pallets, stacked 5 ft high (6-12% moisture) 
Wood pallets, stacked 10 ft high (6-12% moisture) 
Wood pallets, stacked 16 ft high (6-12% moisture) 
Mail bags, filled, stored 5 ft high 
Cartons, compartmented, stacked 15 ft high 
Paper, vertical rolls, stacked 20 ft high 
Cotton (also PE, PE/Cot, Acrylic/Nylon/PE), garments in 12 ft high rack 
Cartons on pallets, rack storage, 1 5-30 ft high 
Paper products, densely packed in cartons, rack storage, 20 ft high 
PE letter trays, filled, stacked 5 ft high on cart 
PE trash batTels in cartons stacked 15 ft high 
FRP shower stalls in cartons, stacked 15 ft high 
PE bottles packed in comparunented cartons 
PE bottles in cartons, stacked 15 ft high 
PE pallets, stacked 3 ft high 
PE pallets, stacked 6-8 ft high 
PU mattress, single, horizontal 
PF insulation, board, rigid foam, stacked 15 ft high 
PS jars packed in comparunented cartons 
PS tubs nested in cartons, stacked 14 ft high 
PS toy parts in cartons, stacked 15 ft high 
PS insulation board, rigid, stacked 14 ft high 
PVC bottles packed in compartmented cartons 
PP tubs packed in comparunented cartons 
PP and PE film in rolls, stacked 14 ft high 
Distilled spirits in barrels, stacked 20 ft high 
Methyl alcohol 
Gasoline 
Kerosene 
Diesel oil 
For SI units, I ft = 0.305 m, I Btu/sec-fr2 = 11.35 kW/m2. 
S: Slow. M: Medium. F: FasL 

150-310 
90-190 
80-110 
75-105 

190 
60 

15-28 
20-42 

40-280 
470 
190 
55 
85 
85 
75 
130 

30-55 
1 10  
8 
55 
105 
1 10  
7 
9 
10 
40 

23-40 

1 10  
330 
600 
900 

35 
200 

750 
250 
1 10  
550 
170 

170 
1200 

450 
180 
290 
300 
390 
350 

65 
200 
200 
180 

FRP: Fiberglass-reinforced polyester. PE: Polyethylene. PP: Polypropylene. PS: Polystyrene. PU: Polyurethane. PVC: Polyvinyl chloride. 
Notes: 
( l )  Qm = qA, where Qm = maximum heat release rate (Btu/sec), q=  heat release density (Btu/sec · ft2) ,  and A =  floor area (ft2) .  

M-F 
F 
F 
F 
F 
* 
* 
* 

M-F 
M-S 

F 
* 

* 
* 
* 

F 
* 

F 

* 

F 
F 
* 
* 

* 
* 
* 

(2) The heat release rates per unit floor area are for fully involved combustibles, assuming 100 percent efficiency. The growth times shown are those 
required to exceed 1000 Btu/sec heat release rate for developing fires, assuming 100 percent combustion efficiency. 
*Fire growth rate exceeds classification criteria. 

Table B.5.3(a) Maximum Heat Release Rates from Fire Detection Institute Analysis 

Commodity 

Medium wastebasket with milk cartons 
Large barrel with milk cartons 
Upholstered chair with polyurethane foam 
Latex foam mattress (heat at room door) 
Furnished living room (heat at open door) 
For SI units, l Bni/sec = 1 .055 kW. 
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Approximate Values (Btu/sec) 

100 
140 
350 
1200 

4000-8000 
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Table B.5.3(b) Characteristics of lgnition Sources (Babrauskas and Krasny [54]) 

TypicalHeat Maximum Flame Maximum Heat 
Output Burn Time• Height Flame Width Flux 

Ignition Source (W) (sec) (mm) (mm) (kW/m2) 

Cigarette 1 . 1  g (not 
puffed, laid on solid 
surface) ,  bone dry 
Conditioned to 50% 5 1 ,200 42 
Relative humidity 5 1 ,200 35 

Methenamine pill, 0.15 g 45 90 4 
Match, wooden (laid on 80 20-30 30 1 4  18-20 

solid surface) 
Wood cribs, BS 5852 

Part 2 
No. 4 crib, 8.5 g 1 ,000 190 15" 
No. 5 crib, 17 g 1 ,900 200 17" 
No. 6 o-ib, 60 g 2,600 190 20" 
No. 7 crib, 126 g 6,400 350 25" 
Crumpled brown lunch 1 ,200 80 

bag, 6 g 
Crumpled wax paper, 4.5 1 ,800 25 

g (tight) 
Crumpled wax paper, 4.5 5,300 20 

g (loose) 
Folded double-sheet 4,000 100 

newspaper, 22 g 
(bottom ignition) 

Crumpled double-sheet 7,400 40 
newspaper, 22 g (top 
ignition) 

Crumpled double-sheet 17,000 20 
newspape1� 22 g 
(bottom ignition) 

Polyethylene wastebasket, 50,000 2001> 550 200 35° 
285 g, filled with 12 
milk cartons (390 g) 

Plastic u-ash bags, filled 120,000-350,000 200° 
with cellulosic u-ash 
( 1 .2-14 kg)c 

For US units, l in. = 25.4 mm; l Btu/sec = l .0.55 W; J Bm/ft2-sec = 11 .35 kW/m2. 
3Time duration of significant flaming. 
!Yyotal burn time in excess of 1800 seconds. 
'As measured on simulation burner. 
dMeasured from 1 in. (25 mm) away. 
''Results vary greatly witl1 packing density. 

Critical Ignition Flux (q".). Critical ignition flux is the m1111-
mum level of incident flux on the sample needed to ignite the 
sample, given an unlimited time of application. At incident flux 
levels less than the critical ignition flux, ignition does not take 
place. 

Ignition Temperature (T;). Ignition temperature is the surface 
temperanu-e of a sample at which flame occurs. This is a 
sample material value that is independent of the incident flux. 
It is derivable from the calorimeter test5, the LIFT apparatus 
test, and other tests. It is derived from the time to ignite in a 
given test, the applied flux in that test, and the effective ther­
mal inertia of the sample. It is reported at a single temperature. 

If the test includes a pilot flame or spark, the reported 
temperature is for piloted ignition; if there is no pilot p1-esent, 
the temperature is for autoignition. Most available data are for 
piloted ignition. 

B.6.3 Ignition. Equations for time to ignition, t;K' are given for 
both thermally thin and thermally thick materials, as defined in 
B.6.3.1 and B.6.3.2. For materials of intermediate depth, esti­
mates for l;g necessitate considerations beyond the scope of this 
presentation (Quintiere [421; Hirsch [561 ) .  
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Table B.5.3(c) Characteristics of Typical Furnishings as Ignition Sources (Babrauskas and Krasny 
[54]) 

Total Heat 
Maximum 

Rate of Heat 
Maximum Thermal 
Radiation to Center 

Total Mass Content Release of Floor* 
Furnishings (kg) (mJ) (kW) (kW/m2) 

Wastepaper baskets 0.73-1.04 0.7-7.3 4-18 0.1  
Curtains, velvet, cotton 1 .9 24 160-240 1.3-3.4 
Curtains, acrylic/cotton 1 .4 15-16 130-150 0.9-1.2 
TV sets 27-33 1 45-150 120-290 0.3-2.6 
Chair mockup 1.36 21-22 63-66 0.4-0.5 
Sofa mockup 2.8 42 130 0.9 
Arm chair 26 18 160 1 .2 
Christmas trees, dry 6.5-7.4 11-41 500-650 3.4-14 
For US unit�, l lb= 0.4536 kg = 453.6 g; 1 Btu = l.05.5 x 10·3 mJ; l Btu/sec = l .05.5 kW; 1 Btu/fi:2 · sec = l l.35 
kW/m2• 
*Measured at approximately 2 m (6.6 ft) away from the burning object. 

(T  - T )  
t. = pcl '!:' " 
'!:' .w q; 

[B.6.3.2a] 
B.6.3.1 Thermally Thin Materials. Relative to ignition from a 
constant incident heat flux, q;, at the exposed surface and with 
relatively small heat transfer losses at the unexposed surface, a 
thermally thin material is a material whose temperanire is rela­
tively uniform throughout it5 entire thickness, l, at t = l;g- For 
example,  at t = t;�: 

[B.6.3.Ia] 

Equation B.6.3.2a can be used to show that a material is ther­
mally thick (Carslaw and Jaeger (58]) if 

Equation B.6.3. l a  can be used to show that a material is ther­
mally thin (Hirsch f 561) it: 

[B.6.3.lb] 

( H )1/2 1 < 0.6 tig 

For example, for sheets of maple or oak wood [where the 
thermal diffusivity = 1.38 x 1 0-6 ft2/sec ( 1 .28 x 10-7 m2/sec) ;  
Sako and Hasemi [571 ) ,  if t1g = 35 seconds is measured in a pilo­
ted ignition test, then, according to Equation B.6.3. lb, if the 
sample thickness is less than approximately 0.0043 ft (0.0013 
m), the unexposed sm·face of the sample can be expected to be 
relatively close to 1�g at the time of ignition, and the sample is 
considered to be thermally thin. 

The time to ignition of a thermally thin material subjected to 
incident flux above a critical incident flux is as follows: 

[B.6.3.lc] 

B.6.3.2 Thermally Thick Materials. Relative to the type of 
ignition test described in B.6.3. 1 ,  a sample of a material of a 
thickness, l, is considered to be thermally thick if the increase 
in temperature of the unexposed sm·face is relatively small 
compared to that of the exposed surface at t = t;g' For example, 
at t = l;g: 
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[B.6.3.2b] 

For example, according to Equation B.6.3.2b, in the case of 
an ignition test on a sheet of maple or oak wood, if t;g = 35 
seconds is measured in a piloted ignition test, then, if the 
sample thickness is greater than approximately 0.014 ft (0.0042 
m), the unexposed surface of the sample can be expected to be 
relatively close to 1: at t = l1g and the sample is considered to be 
thermally thick. 

Time to ignition of a thermally thick material subjected to 
incident flux above a critical incident flux is as follows: 

[B.6.3.2c] 

It should be noted that a particular material is not intrinsi­
cally thermally thin 01· thick (i.e., the characteristic of being 
thermally thin or thick is not a material characteristic or prop­
erty) but also depends on the thickness of the particular 
sample (i.e., a particular material can be implemented in 
either a thermally thick or thermally thin configuration). 
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Table B.5.3(d) Heat Release Rates of Chairs (Babrauskas and Krasny [54]) 

Mass 
Combustible Peak m Peak q 

Specimen kg (kg) Style Frame Padding Fabric Interliner (g/sec) (kW) 

C12 17.9 17.0 Traditional easy chair Wood Cotton Nylon 19.0 290" 
F22 31.9 Traditional easy chair Wood Cotton Cotton 25.0 370 

(FR) 
F23 31.2 Traditional easy chair Wood Cotton Olefin 42.0 700 

(FR) 
F27 29.0 Traditional easy chair Wood Mixed Cotton 58.0 920 
F28 29.2 Traditional easy chair Wood Mixed Cotton 42.0 730 

C02 13.1 12.2 Traditional easy chair Wood Collon, PU Olefin 13.2 800b 
C03 13.6 12.7 Traditional easy chair Wood Colton, PU Cotton 17.5 460" 
COl 12.6 11.7 Traditional easy chair Wood Cotton, PU Cotton 17.5 260" 
C04 12.2 11.3 Traditional easy chair Wood PU Nylon 75.7 13SQb 
Cl6 19.1 18.2 Traditional easy chair Wood PU Nylon Neoprene NA 180 
F2S 27.8 Traditional easy chair Wood PU Olefin 80.0 1990 
T66 23.0 Traditional easy chair Wood PU, Cotton 27.7 640 

polyester 
F21 28.3 Traditional easy chair Wood PU (FR) Olefin 83.0 1970 
F24 28.3 Traditional easy chair Wood PU (FR) Cotton 46.0 700 
C13 19.l 18.2 Traditional easy chair Wood PU Nylon Neoprene lS.O 230" 
C14 21.8 20.9 Traditional easy chair Wood PU Olefin Neoprene 13.7 220" 
ClS 21.8 20.9 Traditional easy chair Wood PU Olefin Neoprene 13.1 210h 
T49 lS.7 Easy chair Wood PU Cotton 14.3 210 
F26 19.2 Thinner easy chair Wood PU (FR) Olefin 61.0 810 
F33 39.2 Traditional loveseat Wood Mixed Cotton 75.0 940 
F31 40.0 Traditional loveseal Wood PU (FR) Olefin 130.0 2890 
F32 Sl.5 Traditional sofa Wood PU (FR) Olefin 145.0 3120 
TS7 S4.6 Loveseat Wood PU, cotton PVC 61.9 1100 
T56 11 .2 Office chair Wood Latex PVC 3.1 80 

C09/T64 16.6 16.2 Foam block chair Wood PU, PU 19.9 460 
(part) polyester 

C07/T48 11 .4 11 .2 Modern easy chair PS foam PU PU 38.0 960 
ClO 12.l 8.6 Pedestal chair Rigid PU PU PU 15.2 240" 

foam 
Cll 14.3 14.3 Foam block chair PU Nylon NA 810b 
F29 14.0 Traditional easy chair PP foam PU Olefin 72.0 19SO 
F30 25.2 Traditional easy chair Rigid PU PU Olefin 41.0 1060 

foam 
cos 16.3 15.4 Pedestal swivel chair Molded PU PVC 112.0 83Qb 

PE 
cos 7.3 7.3 Bean bag chair Polystyrene PVC 22.2 370" 
C06 20.4 20.4 Frameless foam back PU Acrylic lSl.O 248Qb 

chair 
TSO 16.5 Waiting room chair Metal Cotton PVC NA <10 
T53 lS.5 1.9 Waiting room chair Metal PU PVC 13.1 270 
TS4 27.3 5.8 Metal frame loveseal Metal PU PVC 19.9 370 

T7S/F20 7.S(x4) 2.6 Stacking chairs ( 4) Metal PU PVC 7.2 160 
For US units, 1 lb/sec = 0.4536 kg/sec = 453.6 g/sec; 1 lb= 0.4536 kg; 1 Btu/sec = 1.0.�5 kW. 
"Estimated from mass loss records and assumed Wh� 
hEstimated from doorway gas concentrations. 
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Table B.5.3(e) Effect of Fabric T}'pe on Heat Release Rate in Table B.5.3(a) (Within Each Group 
All Other Construction Features Kept Constant) (Babrauskas and Krasny (54]) 

Full-Scale Peak q 
Specimen (kW) Padding 

Group 1 
F24 700 Cotton (750 g/m2) 
F21 1970 Polyolefin (560 g/m2) 

Group 2 
F22 370 Cotton (750 g/m2) 
F23 700 Polyolefin (560 g/m2) 

Group 3 
28 760 None 
17 530 Cotton (650 g/m2) 
21  900 Cotton (110 g/m2) 
14 1020 Polyolefin (650 g/m2) 

7, 19 1340 Polyolefin (360 g/m2) 
For US units, l lb/ft2 = 48.83 g/m2; 1 oz/ft2 = 30.5 g/m2; 1 Bn1/sec = 1 .055 kW. 

Fabric 

FR PU foam 
FR PU foam 

Cotton batting 
Cotton batting 

FR PU foam 
FR PU foam 
FR PU foam 
FR PU foam 
FR PU foam 

Table B.5.3(f) Effect of Padding T}'pe on Maximum Heat Release Rate in Table B.5.3(d) (Within 
Each Group All Other Construction Features Kept Constant) (Babrauskas and Krasny (54]) 

Full-Scale Peak q 
Specimen (kW) Padding Fabric 

Group l 
F21 1970 FR PU foam Polyolefin (560 g/m2) 
F23 1990 NFR PU foam Polyolefin (560 g/m2) 

Group 2 
F21 1970 FR PU foam Polyolefin (560 g/m2) 
F23 700 Cotton baning Polyolefin (560 g/m2) 

Group 3 
F24 700 FR PU foam Cotton (750 g/m2) 
F22 370 Cotton batting Cotton (750 g/m2) 

Group 4 
12, 27 1460 NFR PU foam Polyolefin (360 g/m2) 
7, 19 1340 FR PU foam Polyolefin (360 g/m2) 

15 120 Neoprene foam Polyolefin (360 g/m2) 

Group 5 
20 430 NFR PU foam Cotton (650 g/m2) 
17 530 FR PU foam Cotton (650 g/m2) 
22 0 Neoprene foam Cotton (650 g/m2) 

For US units, 1 lb/ft2 = 48.83 g/m2; 1 oz/ft2 = 305 g/m2; 1 Btu/sec = 1 .055 kW. 

Table B.5.3(g) Effect of Frame Material for Specimens with NFR PU Padding and Polyolefin 
Fabrics (Babrauskas and Krasny (54]) 

Mass 
Specimen (kg) Peak q(kW) Frame 

F25 27.8 1990 \<\7ood 
F30 25.2 1060 Polyurethane 
F29 14.0 1950 Polypropylene 

For US units, l lb = 0.4536 kg; 1 Btu/sec = 1.055 kW. 
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Table B.5.3(h) Considerations for Selecting Heat Release 
Rates for Design 

Constant Heat Release 
Rate Fires 

Theobald (indusu·ial) 
Law [221 (offices) 
Hansell & Morgan [7] 

(hotel rooms) 
Variable Heat Release 

Rate Fires 
NBSIR 88-3695 
Fuel Configuration 
Computer workstation 

Free burn 
Compartment 

Shelf storage 
Free burn 

Office module 
NISTIR 483 
Fuel commodity: 
Computer workstation 
NBS Monograph 173 
Fuel commodity: 
Chairs 
Loveseats 
Sofa 

Heat Release Rate 

260 kW /m2 (approx. 26 Btu/sec-fi:2) 
290 kW/m2 (approx. 29 Btu/sec-ft.2) 
249 kW/m2 (approx. 25 Btu/sec-ti:2) 

Fire Growth Rate 

Slow to fast 
Very slow 

Medium up to 200 sec, fast after 200 
sec 

Very slow to medium 
Peak Heat 
Release Rate (kW) 
1000-1300 

80-2480 (<10, metal frame) 
940-2890 (370, metal frame) 
3120 

For US units, l Bui/sec = l .05.5 kW. 

Table B.6.2(a) Relation of Calorimeter-Measured Properties to 
Fire Analysis 

Property 

Rate of heat release* 
Mass loss* 
Time to ignition* 
Effective thermal 

propertiest 
Heat of combustiont 
Heat of gasificationt 
Critical ignition fluxt 
Ignition temp.t 

Ignition 

x 
x 

x 
x 

Flame 
Spread 

x 

x 
x 

x 

x 
x 

Fire Size 
(Energy) 

x 
x 

x 
x 

*Property is a function of che excernally applied incidenc flux. 
tDerived properties from calorimeter mea�uremenLs. 

B.6.3.3 Propagation Between Separate Fuel Packages. Where 
the concern is for propagation between individual separated 
fuel packages, incident flux can be calculated using traditional 
radiation heat transfer procedures (Lautenberger, Tien, Lee, 
and Streeton [59 1 ) .  

The rate of radiation heat u·ansfer from a flaming fuel pack­
age of total energy release rate, Q, to a facing surface element 
of an exposed fuel package can be estimated from the follow­
ing: 
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[B.6.3.3] 

where: 
r(;.,, = incident flux on exposed fuel 

X, = radiant fraction of exposing fire 
Q = rate of heat release of exposing fire 
r = radial distance from center of exposing fire to exposed 

fuel 

B.6.4 Estimating Rate of Heat Release. As discussed in B.6.2, 
test5 have demonstrated that the energy feedback from a burn­
ing fuel package ranges from approximately 2.2 Btu/sec-ft2 to 
4.4 Btu/sec-ft2 (25 kW /m2 to 50 kW /m2). For a reasonable 
conservative analysis, it is recommended that test data devel­
oped with an incident flux of 4.4 Btu/sec-ft2 (50 kW/m2) be 
used. For a first-order approximation, it should be assumed 
that all the surfaces that can be simultaneously involved in 
burning are releasing energy at a rate equal to that determined 
by testing the material in a fire properties calorimeter with an 
incident flux of 4.4 Btu/sec-ft2 (50 kW/m2) for a free-burning 
material and 6.6 Btu/sec-ft2 to over 8.8 Btu/sec-ft2 (75 kW/m2 
to 100 kW/m2) for post-flashover conditions. 

In making this estimate, it is necessary to assume that all 
surfaces that can "see" an exposing flame (or superheated gas, 
in the post-flashover condition) are burning and releasing 
energy and mass at the tested rate. lf sufficient ai1· is present, 
the rate of heat release estimate is then calculated as the prod­
uct of the exposed area and the rate of heat release per unit 
area as determined in the test calorimeter. Where there are test 
data taken at the incident flux of the exposing flame, the tested 
rate of heat release should be used. v\There the test data are for 
a different incident flux, the burning rate should be estimated 
using the heat of gasification as expressed in Equation B.6.4a to 
calculate the mass burning rate per unit area: 

[B.6.4a] 

The resulting mass loss rate is then multiplied by the derived 
effective heat of combustion and the burning area exposed to 
the incident flux to produce the estimated rate of heat release 
as follows: 

[B.6.4b] 

B.6.5 Flame Spread. If it is desired to predict the growth of 
fire as it propagates over combustible sudaces, it is necessary to 
estimate flame spread. The computation of flame spread rates 
is an emerging technology still in an embryonic stage. Predic­
tions should be considered as order-of�magnitude estimates. 

Flame spread is the movement of the flame front across the 
surface of a material that is burning (or exposed to an ignition 
flame) where the exposed surface is not yet fully involved. 

Physically, flame spread can be treated as a succession of 
ignitions resulting from the heat energy produced by the burn-
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Table B.6.2(b) Average Maximum Heat Release Rates (kW/m2) 

2.2 Btu/sec/ft2 4.4 Btu/sec/ft2 6.6 Btu/sec/ft2 
(25 kW/m2) (50 kW/m2) (75 kW/m2) 

Material Orientation Exposing Flux Exposing Flux Exposing Flux 

PMMA Ho1-izontal 57 
Vertical 49 

Pine Horizontal 12 
Vertical 1 1  

Sample A Ho1-izontal 1 1  
Vertical 8 

Sample B Horizontal 12 
Ve1-tical 5.3 

Sample C Ho1-izontal 
Vertical 

Sample D Horizontal 6.2 
Vertical 

ing portion of a material, its flame, and any other incident heat 
energy imposed upon the unburned sw-face. Other sources of 
incident energy include another burning object, high tempera­
ture gases that can accumulate in the upper portion of an 
enclosed space, and the radiant heat sources used in a test 
apparatus such as the cone calorimeter or the LIFT mecha­
nism. For analysis purposes, flame spread can be divided into 
tw·o categories: that which moves in the same direction as the 
flame (concurrent or wind-aided flame spread) and that which 
moves in any other direction (lateral or opposed flame 
spread). Concurrent flame spread is assisted by the incident 
heat flux from the flame to unignited portions of the bmning 
material. Lateral flame spread is not so assisted and tends to be 
much slower in progression unless an external source of heat 
flux is present. Concurrent flame spread can be expressed as 
follows: 

[B.6.5) 

The values for kpc and ignition temperature are calculated 
from the cone calorimeter as previously discussed. For this 
equation, the flame length (L) is measured from the leading 
edge of the burning region. 

B.7 t-Squared Fires. 

B.7.1 Over the past decade, persons interested in developing 
generic descriptions of the rate of heat release of accidental 
open flaming fires have used a "I-squared" approximation for 
this purpose. A t-squared fire is one in which the burning rate 
varies proportionally to the square of time. Frequently, 
I-squared fires are classed by speed of growth, labeled fast, 
medium, and slow (and occasionally ulti-a-fast) .  Where these 
classes are used, they are defined on tl1e basis of the time 
required for tl1e fire to grow to a rate of heat release of 1000 
Btu/sec ( 1055 kW) . The times related to each of these classes 
are as shovm in Table B.7.1. 

The general equation is as follows: 
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FIGURE B.6.2 Typical Graphic Output of Cone Calorimeter 
Test. 

Table B.7.1 Time for the Fire Growth Rate to Reach 1000 
Btu/sec 

Class Time (sec) 

Ultra-fast 75 
Fast 150 

Medium 300 
Slow 600 

q =  at2 

where: 
q = rate of heat release (normally in Btu/sec 01- kW) 
a =  constant governing the speed of growth 
I = time (normally in sec) 

[B.7.1) 

B. 7.2 Relevance of t-Squared Approximation to Real Fires. A 
I-squared fire can be viewed as one in which the rate of heat 
release per unit area is constant over the entire ignited surface 
and the fire is spreading as a circle with a steadily increasing 
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radius. In such cases, the burning area increases as the square 
of the steadily increasing fire radius. Of course, other fires that 
do not have such a conveniently regular fuel array and consis­
tent burning rate might or might not actually produce a 
t-squared curve. The tacit assumption is that the t-squared 
approximation is close enough for reasonable design decisions. 

Figure B.7.2(a) is extracted from NFPA 204. It is presented 
to demonstrate that most fires have an incubation pei-iod in 
which the fire does not conform to a t-squared approximation. 
In some cases this incubation period can be a serious detriment 
to the use of the t-squared approximation. In most instances, 
this is not a serious concern in atria and other large spaces 
covered by this standard. It is expected that the rate of heat 
release during the incubation period usually would not be suffi­
cient to cause activation of the smoke detection system. In any 
case, where such activation happens or human observation 
results in earlier activation of the smoke management system, a 
formitous safeguard would result. 

Figure B.7.2(b), extracted from Nelson [60], compares rate 
of heat release curves developed by the aforementioned classes 
of I-squared fires and two test fires commonly used for test 
purposes. The test fires are shown as dashed lines labeled 
"Furniture" and "6 ft storage." The dashed curves farther from 
the origin show the actual rates of heat release of the test fires 
used in the development of the residential sprinkler and a 
standard 6 ft ( 1 .83 m) high array of test cartons containing 
foam plastic pails also frequently used as a standard test fire. 

The other set of dashed lines in Figure B.7.2(b) shows these 
same fire cmves 1-elocated to the origin of the graph. This is a 
more appropriate comparison with the generic curves. As can 
be seen, the rate of growth in these fires is actually faster than 
that prescribed for an ultra-fast fire. Such is appropriate for a 
test fire designed to challenge the fire suppression system 
being tested. 

Figure B.7.2(c) relates the classes of t-squa1-ed fire growth 
curves to a selection of actual fuel arrays from NFPA 204. The 
individual arrays are also described in Annex B. 
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FIGURE B.7.2(a) Conceptual Illustration of Continuous 
Frre Growth. [204:Figure 8.3.1] 
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FIGURE B. 7.2(b) Rates of Energy Release in a t.Squared Fire. (Source: Nelson (60]) 
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FIGURE B.7.2(c) Relation of t.Squared Fire to Some Fire Tests. 
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Annex C Computer-Based Models for Atria and Malls 

77iis annex is not a part of the requirements of this NFPA document 
but is included for informational purposes only. 

C.l Zone Fire Models. 

C.1.1 Overview. Smoke produced from a fire in a large, open 
space is assumed to be buoyant, rising in a plume above the fire 
and su·iking the ceiling or stratifying due to temperature inver­
sion. After the smoke either strikes the ceiling or stratifies, the 
space can be expected to begin to fill with smoke, with the 
smoke laye1· inte1·face descending. The descent rnte of the 
smoke layer interface depends on the rate at which smoke is 
supplied to the smoke layer from the plume. Such smoke filling 
is represented by a nvo-zone model in which there is a the 
ambient air. For engineering pw·poses, the smoke supply rate 
from the plume can be estimated to be the air entrainment 
rate into the plume below the smoke layer interface. 

Sprinklers can reduce the heat release rate and the air 
enu·ainment rate into the plume. 

As a result of the zone model approach, the model assumes 
uniform properties (smoke concentration and temperau1re) 
from the point of interface through the ceiling and horizon­
tally throughout the entire smoke layer. 

For general information about fire plumes and ceiling jets, 
see Beyler f 21 .  

C.1.2 Simplifications of Zone Fire Models. Zone models are 
simple models and can usually be run on personal computers. 
Zone models divide the space into n...o zones, an upper zone, 
which contains the smoke and hot gases produced by the fire, 
and a lower zone, which is the source of enu·ainment air. The 
sizes of the two zones vary during the course of a fire, depend­
ing on the rate of flow from the lower to the upper zone, the 
rate of exhaust of the upper zone, and the temperature of the 
smoke and gases in the upper zone. Because of the small 
number of zones, zone models use engineering equations for 
heat and mass transfer to evaluate the transfer of mass and 
energy from the lower zone to the upper zone, the heat and 
mass losses from the upper zone, and other feamres. Generally, 
the equations assume that conditions are uniform in each 
zone. 

In zone models, the source of the flow into the upper zone is 
the fire plume. All zone models have a plume equation. A few 
models allow the user to select among several plume equations. 

Most current zone models are based on an axisymmetric 
plume. 

Because zone models assume that there is no pre-existing 
temperamre variation in the space, they cannot directly handle 
stratification. Zone models also assume that the ceiling smoke 
layer forms instantly and evenly from wall to wall, which fails to 
account for the initial lateral flow of smoke across the ceiling. 
The resulting error can be significant in spaces having large 
ceiling areas. Zone models can, however, calculate many impor­
tant factors in the course of events (e.g., smoke level, tempera­
ture, composition, and rate of descent) from any fire c\1at the 
user can describe. Most zone models will calculate the extent of 
heat loss to the space boundaries. Several models calculate the 
impact of vents or mechanical exhaust, and some predict the 
response of heat- or smoke-actuated detection systems. 
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Common simplifications of zone model� are listed as follows: 

(1)  Fuel 

(a) Heat release rate is not accelerated by heat feed­
back from smoke layer. 

(b) Post-flashover heat release rate is weakly under­
stood, and its unique simulation is attempted by 
only a few models. 

(c) CO production is simulated, but its mechanism is 
not fully understood through the flashover transi­
tion. 

(ct) Some models do not consider burning of excess 
pyrolyzate on exit from a vent. 

(2) Plumes 

(a) Plume mass entrainment is ±20 percent and not 
well verified in tall compartments. 

(b) There is no transport time from the fire elevation to 
the position of interest in the plume and ceilingjet. 

(c) Spill plume models are not well developed. 
(d) Not all plume models consider the fuel area geome­

try. 
(e) Entrainment along stairwells is not simulated. 
(f) Entrainment from horizontal vents is not simulated 

by all modeL5. 
(3) Layers 

(a) Hot stagnation layers at the ceiling are not simula­
ted. 

(b) There is uniformity in temperau1re. 
(4) Heat u·ansfer 

(a) Some models do not distinguish between thermally 
thin and thermally thick walls. 

(b) There is no heat transfer via barriers from room to 
room. 

(c) Momenmm effects are neglected. 
(5) Ventilation: Mixing at vents is correlation ally determined. 

C.1.3 Nonuniform Spaces. 

C.1.3.1 Sensitivity Analysis. In the absence of an analysis 
using scale models, field models, or zone model adaptation, a 
sensitivity analysis should be considered. A sensitivity analysis 
can provide important information to assist in engineering 
judgments regarding the use of Equation 5.4.2 . l a  or 5.4.2. lb  
and 5.4.2.2a or  5.4.2.2b for complex and nonuniform geome­
tries. An example of a sensitivity analysis for a large space 
having a non flat ceiling geometry follows. 

The first step of the analysis would be to convert a nonuni­
form geomeny to a similar or volume-equivalent uniform 
geometry. 

In the case of the geometry shown in Figure C.1.3.1 (a), this 
would be done as follows: 

( 1 )  Convert the actual nonrectangular vertical cross-sectional 
area to a rectangular vertical cross section of equal area. 

(2) The height dimension corresponding to the equivalent 
rectangular cross section would then be used as a substi­
tute height factor H,,,; in Equation 5.4.2.2a or 5.4.2.2b. 

Results of Equation 5.4.2.2a or 5.4.2.2b should be compared 
with other minimum and maximum conditions as indicated by 
Figure C.1.3.1 (b). 
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An appropriate method of comparison could be a graph of 
Equation 5.4.2.2a or 5.4.2.2b as shown in Figure C.1.3. l (c) .  
Assume that the building in question can be evacuated in 3 
minutes and that the design criteria require the smoke layer to 
remain available 10 ft (3.05 m) above the floor at this time. A 
review of the curves would indicate that the smoke layer 
heights as calculated for the substitute case are appropriate. 
This conclusion can be drawn by noting that neither the 
extreme minimum height case [H = 30 ft (9.14 m),  W = 60 ft 
( 18,29m)) nor the maximum height case [H = 60 ft ( 18.29 m)) 
offers an expected answer, but the results for two cases [H = 
41.6 ft ( 12.68 m), W= 60 ft ( 18.29 m); and H = 30 ft (9. 1 4  m),  
W = 83.3 ft (25.4 m) l can be judged to reasonably approximate 
the behavior of the nonuniform space. It might othenvise be 
unreasonable to expect the behavior indicated by the maxi­
mum or m111.unum cases. 

C.I.3.2 Zone Model Adaptation. A zone model predicated on 
smoke filling a uniform cross-sectional geomeuy is modified to 
recognize the changing cross-sectional areas of a space. The 
entrainment source can be modified to accotmt for expected 
increases or decreases in entrainment due to geometric consid­
erations, such as projections. 

C.I.3.3 Bounding Analysis. An irregular space is evaluated 
using maximum height and minimum height identifiable from 
the geometry of the space using equivalent height or volume 
considerations. 

C.1.4 Zone Fire Model Using Algebraic Equations. A 
computer model (written in a programming language or using 
a spreadsheet) can be constructed using the algebraic equa­
tions contained in Chapter 5 to calculate the position of a 
smoke layer interface over time, with and without smoke 

A =  Wx H 
700 = 60 x H H = 1 1 .66 
Hsub = 30 + 1 1 .66=41.7 

.::: 
r..., 
:;;: 60.0ft 

Resulting substitute 
cross-section 

Note: For SI units, 1 ft= 0.3048 m; 1 ft2 = 0.0929 m2. 

FIGURE C.1.3.l (a) Large Space with Nonflat Ceiling. 
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83.3ft 
Note: For SI units, 1 ft= 0.3048 m. 

FIGURE C.1.3.l(b) Other Nonuniform Geometry 
Considerations. 

exhaust. This approach involves the calculation of the mass 
flow rate of smoke entering the smoke layer, the temperature 
of the smoke entering the layer, and the mass flow rate of 
smoke removed from the smoke layer by mechanical or gravity 
venting. The steps to calculate the position of the smoke layer 
interface are as follows: 

( 1 )  Select the time interval for the calculation, /::,.t. (See Table 
C.1.4.) 

(2) Determine the design fire (e.g., steady fire, growing fire, 
growing fire with steady maximum, or other description 
of heat release rate as a function of time).  (See Section 5.2 
f<Jr a discussion of design fires.) 

(3) For an unsteady fire, calculate or specify the heat release 
rate, Q, of the design fire at the midpoint of the current 
time interval. Calculate the convective portion of the 
heat release rate, Q,, at the midpoint of the current time 
interval. 

( 4) Calculate the mass flow rate of smoke entering the 
smoke layer during the current time interval . For an 
axisymmetric plume, the plume mass flow rate should be 
calculated using either Equation 5.5. 1 . l b  or 5.5.1 .lc,  
depending on the position of the smoke layer at the encl 
of the previous time interval 1·elative to the flame height 
of the design fire. For a balcony spill plume, the plume 
mass flow rate should be calculated using Equation 
5.5.2. l a  or 5.5.2.lb. For a window plume, the plume 
mass flow rate should be calculated using Equation 
5.5.3.2a or 5.5.3.2b. 

(5) Calculate the temperature of the smoke entering the 
smoke layer using Equation 5.5.5. 

(6) Calculate the mass of smoke in the smoke layer at the 
end of this time interval as follows: 
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FIGURE C.1.3.l(c) Comparison Data for Guidance on Nonrectangular Geometries - Growing 
Fire. 

[C.1.4a] 

where: 
M2 = mass of smoke in the smoke layer at the end of 

current time interval (kg) 
NI1 = mass of smoke in the smoke layer at the start of 

current time interval (kg) 
mp = mass flow rate of plume (kg/sec) 
m, = mass flow rate of exhaust (kg/sec) 
/'>,.t = time interval (sec) 
vVhen there is more than one exhaust point from the 
smoke layer, the mass flow rate of exhaust, m,, is the total 
of the flows from au the exhaust points. 

(7) Calculate the energy of the smoke layer as follows: 

[C.1.4b] 

where: 
£i = energy of the smoke layer at the end of the time 

interval (kJ) 
E1 = energy of the smoke layer at the beginning of the 

time interval (kJ) 
Cp = specific heat of the smoke (kJ/kg-K) 
Tp = absolute temperature of plume (K) 

7�.1 = absolute temperature of the smoke layer at the 
start of current time interval (K) 

71 = heat loss factor (dimensionless) 
1: = absolute ambient temperature (K) 

The heat loss factor is the fraction of the convective heat 
release rate that is transferred from the smoke layer to 
the ceiling and walls, and it has a maximum value of 1.0. 
The maximum temperature rise occurs where the heat 
loss factor is zero. 

(8) Calculate the new temperature of the smoke layer as 
follows: 

[C.1.4c] 
E T _ __ 2_ 

"2 - C M I) 2 

where: 
1:2 = the absolute temperature of the smoke layer at the 

end of current time interval (K) 
(9) Calculate the density of the smoke layer: 

p 
P - 0 ' RT J,2 

where: 

[C.1.4d] 

p, = density of the smoke layer at the end of the time 
interval (kg/m3) 

P0 = ambient pressure (Pa) 
R = gas constant of smoke layer (287 J/kg-K) 
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(10) Calculate the volume of the smoke layer as follows: 

[C.1.4e] 
M" 

� = --
p, 

where: 
V., = the volume of the smoke layer at the end of the 

time interval (m3) 
( 1 1 )  Determine the new smoke layer interface position as a 

function of the upper layer volume and the geomeuy of 
the smoke reservoir. For constant cross-sectional areas, 
the smoke layer position is calculated as follows: 

[C.1.4f] 

where: 
z2 = smoke layer interface height above floor at the 

end of the time interval (m) 
H,,;1;ng = ceiling height above floor (m) 
A,.,,,,,.,;, = area of reservoir (m2) 

(12) Stop calculations if the maximum number of time inter­
vals has been reached or if the smoke layer interface is at 
or below the top of the fuel. 

(13) Return to interval (3) and use the newly calculated 
values for the calculations of the next time interval. 

The Fortran computer program AZONE, provided with the 
smoke management book by Klote and Milke r21 l ,  is an exam­
ple of the preceding routine. However, AZONE has a number 
of features not included in the routine. AZONE is capable of 
dealing with large spaces of variable cross-sectional area. It can 
also simulate the effect of plugholing on the exhaust flow rate. 

C.2 Computational Fluid Dynamic (CFD) Models. 

C.2.1 Overview. CFD models, also referred to as field models, 
usually require large-capacity computer workstations or main­
frame computers and advanced expertise to operate and inter­
pret. 

CFD models, however, can potentially overcome the limita­
tions of zone models and complement or supplant scale 
models. As with zone models, CFD models solve the fundamen­
tal conservation equations. In CFD models, the space is divided 
into many cells, and the governing equations are used to solve 
the movement of heat and mass between the cells. The govern­
ing equations include the equations of conservation of mass, 
momentum, and energy. These partial differential equations 
can be solved numerically by algorithms specifically developed 
for that purpose. For smoke management applications, the 
number of cells is generally in the range of tens of thousands to 
millions. 

Because of the very large number of cells, CFD models avoid 
the more generalized engineering equations used in zone 
models. Through the use of small cells, CFD models can exam­
ine the situation in much greater detail and account for the 
impact of irregular shapes and unusual air movements that 
cannot be addressed by either zone models or algebraic equa­
tions. The level of refinement exceeds that which can usually 
be observed or derived from scale models. 
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The conservation equation$ are generally expressed in either 
vector notation 01- tensor notation. For information about 
these mathematical forms of notation, see Borisenko and Tara­
pov r61l and Hay (62]. Information about the governing equa­
tions is provided in many fluid dynamics texts ('.\Telty, Wicks, 
and Wilson (63]; Schetz (64]; Schlichting (65]; Sherman (66] ) .  
For a detailed derivation of the governing equations, see Aris 
r67]. For a general overview of CFD modeling, see Klote r21 ] .  
For more detailed information about CFD modeling, see 
Anderson, Tannehill, and Pletcher [68]; Abbott and Basco 
(69]; Hoffmann f70l; Markatos f71 ] ;  Hirsch r56, 721; and 
Kumar r73]. 

C.2.2 General and Specific Application Models. Many 
computer CFD programs have been developed that are capable 
of simulation of fire-induced flows. Friedman [76] discusses 10 
such codes. Several of these are general purpose codes that are 
commercially available. Some commercially available codes 
require that the user do computer programming in order to 
simulate fire-induced smoke transport. 

The Fire Dynamics Simulato1- (FDS) model (McGrattan, et 
al. [741; McGrattan and Forney [75]) was developed specifi­
cally for fire applications. FDS can be considered the product 
of decades of basic research in CFD modeling of fire and 
smoke u-ansport conducted at the National Institute of Stand­
ards and Technology (NIST) in Gaithersburg, Maryland. FDS is 
in the public domain, and it can be obtained from NIST at no 
cost. 

C.2.3 Simplificatiom of CFD Models. The items the modeler 
must accurately characterize are the fuel, the comparunent, 
and the ambient conditions, as follows: 
( 1 )  Burning fuel description: 

(a) Heat release rate as it changes with time 
(b) Fire elevation 
(c) Radiation fraction 
(cl) Species production rate 
(e) Area of fire (line, pool, or gaseous) 

(2) Comparunent description: 
(a) Height of ceiling 
(b) Size, location, and dynamic status (open or closed) 

of the vent (including leakage area) 
(c) Thermophysical properties of wall, ceiling, and 

floor material 
(cl) Location, capacity, and status of mechanical ventila-

tion 
( e) Presence of beams or u·usses 
(f) Smoke u-ansport time in the plume or ceilingjet 
(g) Su·uctural failure 
(h) Initial temperature 

(3) Ambient conditions description: 
(a) Elevation 
(b) Arn bient pressure 
(c) Ambient temperature 
(d) Wind speed and direction 
(e) Relative humidity 
(f) Outside temperature 

The fuel heat release rate is an important feature to 
describe. Many other details of the fuel also affect fire growth, 
such as species production, radiative heat loss fraction, fuel-to­
air combustion ratio, and heat of combustion. However, d1e 
desired accuracy of these calculation results dictate which 
should be incluclecl and which can be ignored. 
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Table C.1.4 The Effect of Time Interval on the Accuracy of Smoke Filling Simulations 

Atrium Height, H Cross-Sectional Area, A Steady Fire• Fast t-Squared Fireb 

T ime Interval, at Simulation Simulation 
ft m ft2 m2 (s) Time(sec) Error<(%) Time(sec) Error<(%) 

Small Atrium 
30 9.14 1,000 93 0.005 30 0.0 90 0.0 

0.01 30 0.0 90 0.0 
0.05 30 0.2 90 0.1 
0.20 30 1.2 90 0.2 
0.50 30 3.7 90 0.6 
1.00 30 7.7 90 1.2 
5.00 30 65.0 90 6.l 

Small Spread-Out Atrium 
30 9.14 12,000 l ,110 0.01 240 0.0 300 0.0 

0.05 240 0.0 300 0.0 
0.20 240 0.1 300 0.1 
0.50 240 0.1 300 0.1 
LOO 240 0.3 300 0.3 
5.00 240 1.5 300 1.5 
20.00 240 6.3 300 6.4 

Large Atrium 
150 45.7 25,000 2,320 0.01 480 0.0 300 0.0 

0.05 480 0.0 300 0.0 
0.20 480 0.0 300 0.1 
0.50 480 0.1 300 0.1 
LOO 480 0.3 300 0.3 
5.00 480 1.4 300 1.4 

20.00 480 6.0 300 5.8 

Large Spread-Out Atrium 
150 44.7 300,000 27,900 0.01 1200 0.0 600 0.0 

0.05 1200 0.0 600 0.0 
0.20 1200 0.0 600 0.0 
0.50 1200 0.0 600 0.0 
l.00 1200 0.0 600 0.0 
5.00 1200 0.1 600 0.2 

20.00 1200 0.2 600 0.7 
Note: Calculations were done with AZ ONE with the following conditions: ( l )  ambient temperature of 70°F (21°C); (2) constant cross-sectional area; 
(3) no smoke exhaust; (4) top offuel at floor level; (5) wall heat transfer fraction of0.3. 
"The steady fire was 5000 Bru/sec (527.5 kW). 
bFor the t.,;;quared fire, the growth time was 150 sec. 
'The error, 6, is the error of the smoke layer height, z, using the equation 6 = lOO(zm · z) / z, where zm is the value of z at the smallest time interval listed 
in the table for that atrium size. 

Compartment vent descriptions also must be properly evalu­
ated. Often, leakage areas can account for substantial, unantici­
pated gas flows, especially in instances of extreme weather 
conditions with regard to temperature or wind. 

Translating acnial characteristics into a format recognizable 
as model input is the second major area of fire modeling. Some 
items simply do not merit attention because of their lower­
order effects. Other items must be represented in ways that are 
altered somewhat. An example of the first case is excluding a 
mechanical ventilation duct when a large door to a room 
remains open. An example of the second case is a 5 ft (1 .52 
m)vertical section of wall. The height of the fire is best de­
scribed a� the floor level, the lowest point where flames can 
entrain air. 

The last area of understanding is perhaps the most difficult 
for the novice to master: understanding how the model 
converts input to output. It is not practical for the new user to 
grasp every detail of this transformation process, but it is possi-

ble for the novice to anticipate many 1·esults with a basic 
comprehension of fire dynamics (Hurley [77]; Drysdale [78]) 
and working knowledge of the conservation equations. The 
conservation laws can be expressed with differential equations 
to reproduce the smooth, continuous changes exhibited by 
properties behaving in real fires. To the degree that the mathe­
matics deviates from the differential representation of the 
conservation laws, the more uncertain the model accuracy 
becomes outside the range of verification. The potential for 
model inaccuracy is affected by the relative influence of the 
particular term in the equation. Terms having the greatest 
influence contain variables that are raised to exponential 
powe1·s gr·eater than 1 .  

Algebraic correlations, other fire models, scale models, and 
common sense can be used to verify model accuracy. The alge­
braic equations are only verified given the experimental condi­
tions from which they were correlated. Projections beyond 
these experimental domains can be based on n·ends at the 
experimental endpoints. Using one model to verify another 
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model ensures prec1s1on but not necessarily accuracy, unless 
the second model has been independently verified. 

Annex D Additional Design Objectives 

This annex is not a part of the requirements of this NFPA document 
but is included for informational pmposes only. 

D.l General. In addition to the design objectives listed in 
Section 1.2, smoke management systems can be used for the 
following objectives: 

( 1 )  Allowing fire department personnel sufficient visibility to 
approach, locate, and extinguish a fire 

(2) Limiting the rise of the smoke layer temperature and 
toxic gas concentration and limiting the reduction of visi­
bility 

D.1.1 Egress Analysis. Timed egress analysis is outside the 
scope of this document. However, other references are availa­
ble that present analytical methods for use in egress analysis 
(Klote and Milke f21 ] ;  Gwynne and Rosenbaum f79] ) .  

D.1.2 Tenability. Factors that should be considered in a 
tenability analysis include the following: 

( 1 )  Heat exposure 
(2) Smoke toxicity 
(3) Visibility 

Other references are available that present analytical meth­
ods for tenability analyses (Purser [ 4 1 1 ) .  

D.1.3 Equations to calculate the smoke laye1- depth, average 
temperature rise, optical density, and species concentrations 
during the smoke-filling stage and the quasi-steady vented stage 
are provided in Table D. l .3. These equations apply to fires with 
constant heat release rates and I-squared fires. These equations 
can also be used to calculate the conditions within the smoke 
layer once the vented conditions exist. 

For design purposes, the topic of algebraic equations for gas 
concentrations and obscuration of visibility can be addressed 
for tw'O limit cases: 

( 1)  The smoke-fi !ling scenario, where all products of combus­
tion are assumed to accumulate in tl1e descending smoke 
layer. 

(2) The quasi-steady vented scenario, where a quasi-steady 
balance exists between the rates of inflow into and 
outflow from the smoke layer. Normally, the quasi-steady 
vented scenario is of interest for design purposes because 
this scenario 1·epresents the quasi-steady conditions tl1at 
develop with a smoke extraction system operating. The 
smoke-filling scenario might be of interest to analyze the 
conditions that can develop befo1-e the smoke extraction 
system is actuated. A transient period exists between these 
two limit cases. During this transient intermediate period, 
the smoke layer is both filling and being exhausted. 

Analysis of this transient period generally requires numerical 
computer-based approaches. From a design standpoint, this 
period should be of little consequence since it is not a limit 
case, so it is not addressed further. 

Methods to analyze the gas composition and optical charac­
te1-istics for the nvo limit cases can be addressed in terms of a 
number of algebraic equations. These algebraic equations are 
exact, but the data used in these equations are uncertain 
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(Milke and Mowrer [80] ) .  The user should be made aware of 
these uncertainties to the extent they are known. 

D.2 Smoke-Filling Stage - Optical Properties Analysis. The 
average optical density (D) of the descending smoke layer can 
be estimated if the mass optical density of the fuel can be 
reasonably estimated. Equation D.2a is used to estimate the 
optical density as a function of the mass optical density, the 
mass of fuel consumed, and the volume of the smoke layer. 

where: 
D,. = mass optical density [ft2 /lb (m2/kg)] 

m1 = total fuel mass consumed f lb (kg)] 

m f = burning rate offuel [lb/sec (kg/sec) ]  

t = time 
V,, = volume of upper layer [ft3 (m3)] 
A = horizontal cross-sectional area of atrium [ft2 (m2)] 
z,, = depth of upper layer f ft (m)] 

[D.2a] 

For the case of a flat ceiling, negligible plume area, and a 
fire with constant mass and heat release rates, Equation D.2a 
evaluates as follows: 

where: 

D Qt 2t -3,. 
D - '" l l +  [ "' ]- ! 

-
X/'1H, A,,H 

-
( 3-r ) 

V AH AH 'r = - = = ------v k Ql/3H5/3 k ( . " ) 1/3 H5/3 eni v tJ a., ,t 

Q = heat release rate from fire [Btu/sec (kW) l 
Xa = combustion efficiency 

f"..H, = heat of combustion [Btu/lb (kj /kg)] 
A,, = cross-sectional area of the smoke layer 
H = height of ceiling above floor fft (m) l 
V = volume of atrium [ft3 (m3)] 

[D.2b] 

[D.2c] 

V,,,, = volumetric rnte of air entrainment [ft3 /sec (m3/sec) l 
kv = volumetric enu·ainment constant [0.32 ft413 /Btu112sec213 

(0.064 m413 /kW113sec)] 
a = fire growth rate 1000/ (tg)2 (sec) 

For the case of a flat ceiling, negligible plume area, and a 
t-5quared fire, Equation D.2a evaluates as follows: 

where: 

D at3 [ ( 2k alf3t5/3H2/3 )-3'2]-1 
D =  m 1 - l +-"�----

3X.t'l.H,AH 5A 

a =  fire growt11 rate = 1000/ (tg)2  (sec) 

[D.2d] 
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Table D.1.3 Equations for Calculating Properties of Smoke Layer 

Unvented Fires 

where: 

Parameters 

fl. T  
D 
Y; 

Steady Fires 

1:1 r exp ( Q,,/ Q,,) ] - l f 
(D,.Qt)/[Xa fl.H,A(H - z)] 
(/;Qt)/[p;x_0 fl.H,A(H- z)] 

A= horizontal cross-sectional area of space (ft2) 
c, = specific heat of am bienr air (Btu/lb · °F) 
D = J..;1 log(Jj I), optical density 

t-Squared Fires 

To{ [exp( Q,,/ Q,,) ]  - l f  
(D,,,af)/ (3x0 fl.H,A(H - z)] 
(j,af)/(3p0x0 fl.H,A(H- z) l 

Vented Fires 

[60( 1 - X1) Q,J/(pocJ, V )  
(60D,,,Q)(xa fl.H, V )  

(60 jiQ)/(Po"X.a fl.H, V )  

Dm = mass optical density (ft2 /lb) measured in a test su-eam containing all the smoke from a material test sam pie 
{;= yield factor of species i (lb species i/lb fuel) 
H = ceiling height (ft) 
/';.H, = heat of complete combustion (Btu/lb) 
Q = heat release rate of fire (Btu/sec) 
Q, = convective portion of heat release rate (Btu/sec) 
Q,, = ( (1 - x_1) Qdt; for steady fires, Q,, = (1 - x_1) Qt (Bru); for b-squared fires, Q,, = (1 - x_1) a_N3 (Btu) 
Q,,= p.c,1;,A (H-z) (Btu) 
t = lime from ignition (sec) 
1: = absolute ambient temperarure (R) 
/';. T= temperature rise in smoke layer (°F) 
V= volumetric veming rate (ft3/min) 
Y, = mass fraction of species i (lb species i/lb of smoke) 
z=  height from top ofti.Jel to smoke layer interface (ft) 
a, =  I-squared fire growth coefficienr (Btu/sec3) 
p0= density ofambienr air (lb/ft3) 
x,, = combustion efficiency factor, maximum value of l (Hirsch [56]) 
x.1 = total heat loss factor from smoke layer to atrium boundaries, maximum value of l; maximum temperature rise will occur if x.1 = 0 

For other scenarios, approp1-iate values must be substin1ted 
i.nto Equation D.2a. For some scenarios, numerical integration 
might be necessary. 

D.3 Smoke-Filling Stage - Layer Composition Analysis. Anal­
ysis of the composition of the smoke layer is analogous in many 
respects to the analysis of the optical density of the layer. To 
analyze the smoke layer composition as a function of time, a 
yield facto1� Ji, must first be assigned for each species i of inter­
est, as follows: 

[D.3a] 

where: 
Ji =  yield factor (lb) 

The mass fraction, Y,, of each species in the smoke layer is a5 
follows: 

[D.3b] 

where: 
l� = mass fraction (lb) 

The term in the numerator of Equation D.3b i.s calculated, 
similar to Equation D.2a, as follows: 

l l . l Q m, = Jm, dt = fJ;m1 dt= fJ;--dt 
o o o X/!i.H, 

[D.3c] 

For the case of a constant yield factor and a t-squared fire 
growth rate, Equation D.3c evaluates as follows: 

' 0./2 
f;CJ.13 

,n., = J; J -- dt = -'--. 
o X,,/!i.H, 3Xa""-H, 

[D.3d] 

For the case of a constant yield factor and a steady fire, Equa­
tion D.3c evaluates as follows: 

m, = J J; -Q
- dt = f;Qt 

o X.!J.H, X,,!J.H, 

[D.3e] 

The term in the denominator of Equation D.3b represents 
the total mass of the smoke layer. Typically, the mass of fuel 
released is negligible compared to the mass of air entrained 
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into the smoke layer, so the total mass of the smoke layer can 
be approximated as follows: 

TV [m. = -pV � , r 11 1., 

[D.3f] 

For the case where the temperanire rise of the smo]5e layer is 
small relative to the ambient absolute temperature ( T/7� "' 1 )  , 
Equation D.3f reduces to the following: 

[D.3g] 

Substituting Equations D.3d and D.3g into Equation D.3b 
yields, for the t-squa1-ed fire, as follows: 

[D.3h] 

Substituting Equations D.3e and D.3g into Equation D.3b 
yields, for the steady fire, as follows: 

[D.3i] 
y = f;Qt 
. ' P. V,,X,/1H, 

For a fire that g1-ows as a t-squared fire from Q = 0 at time t = 
0 to Q = Qq, at time t = tq,, then continues to burn indefinitely at 
Q = Q,1" Equations D.3h and D.3i can be combined to yield the 
following: 

[D.3j] 

The volume of the smoke layer, V,,, in these equations is eval­
uated by the methods p1·esented in Section 5.5 with V,, = (H - z). 

D.4 Quasi-Steady Ventilated Stage - Optical Properties Analy­
sis. Under quasi-steady ventilated conditions, a balance exist5 
beaveen the rate of mass inflow into the smoke layer and the 
rate of mass outflow from the smoke layer. The average optical 
density of the smoke layer can be calculated on a rate basis as 
follows: 
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D = D"'Q = D,.Q 
V X0flH,V 

[D.4a] 

Equation D.4a can be used to determine the average optical 
density of the smoke layer fo1- a given exhaust rate. Alterna­
tively, the required exhaust rate needed to produce a particular 
optical density, D, can be determined by rearranging Equation 
D.4a as follows: 

V =  O .. Q 
DxJili, 

[D.4b] 

Use of Equations D.4a and D.4b requires knowledge of the 
mass optical density, D.,, of the smoke. Mass optical densities 
for a variety of fuels are reported by Khan [52] and Newman 
[37]. Values reported by those investigators are based on small­
scale fire tests, generally conducted under well-ventilated 
conditions. It should be recognized that the optical properties 
of smoke can be affected by ventilation, so it is not clear how 
well these small-scale data correlate with large-scale behavior, 
particularly for scenarios where the large-scale conditions 
include tmderventilated fires. This topic requires further 
research. 

D.5 Quasi-Steady Ventilated Stage - Layer Composition Anal­
ysis. The mass fraction of each species i in the smoke layer 
under quasi-steady flow conditions is given in general by the 
following: 

[D.5a] 

Under quasi-steady flow conditions, the mass flow rate of 
each species is given as follows: 

[D.5b] 

The total mass flow rate under quasi-steady conditions 1s 
given by the following: 

[D.5c] 

Substituting Equations D.5b and D.5c into Equation D.5a 
permits calculation of the mass fraction for each species i of 
interest in terms of a known exhaust rate, as follows: 

Y - Y  = J.Q 
' "" f'...H (v -v  ) P0Xa r "''P 

[D.5d] 
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To determine the required volumetric exhaust rate needed 
to limit the mass fraction of some species i to a limit value, Y;, 
Equation D.5e is arranged to the following: 

V = V + 
f;Q 

"1' ( ) Po'X01'1H, Y; - Y;,. 

[D.5e] 

The volumetric expansion rate, V,.P' is calculated as follows: 

[D.5fJ 

Annex E Stratification of Smoke 

This annex is not a part of the requirements of this NFPJ\ document 
but is included for informational pmposes only. 

E.l Introduction. vVhen the temperamre of the air in the 
upper portion of the large space is greater than that at lower 
levels, smoke can stratify under the hot layer of air and not 
r·each ceiling-mounted smoke detectors. 

The potential for su-atification relates to the difference in 
temperanu-e between the smoke and the surrounding air at any 
elevation, as explained by Morton, Taylor, and Turner [81 ) .  

The maximum height to which plume fluid (smoke) rises, 
especially early after ignition, depends on the convective heat 
release rate and the ambient temperamre variation in the open 
space. 

Of particular interest are those sin1ations in which the 
temperanu-e of the air in the upper portion of the large open 
space is greater than at lower levels before the fire. This can 
occur as a result of a solar load where the ceiling contains glaz­
ing materials. Computational methods are available to assess 
the potential for intermediate stratification. 

One case of interest is depicted in Figure E . l .  In this case, 
the temperature of the ambient air is relatively constant up to a 
height above which there is a layer of \vann air at uniform 
temperamre. This sin1ation can occur if the upper portion of a 
mall, atriwn, 01- other large space is unoccupied so that the air 
in that portion is left tmconditioned. If the interior air has a 
discrete temperamre change at some elevation above floor 
level, the potential for stratification can be assessed by applying 
the plume centerline temperature correlation. If the plume 
centerline temperamre is equal to the ambient temperamre, 
the plwne is no longer buoyant, loses its ability to 1·ise, and 
su-atifies at that height. Once a smoke evacuation system has 
started in an atrium or other large space, the stratification 
condition will be eliminated by removal of the hot layer. The 
problem facing the designer is how to ensure that the presence 
of smoke is promptly detected through all potential pre-fire 
temperamre profiles. Under some conditions, such as nights 
and cold days, it is probable that a stratification condition will 
not be present and any smoke plume will promptly rise to the 
roof or ceiling of the volume, in which case detection at or 
near the top of the volume would be responsive. In other cases, 
such as hot summer days or days with a high solar load, the 
plume might not reach the top of the volume, and the smoke 
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can spread at a level lower than intended. In that case, detec­
tion near the top of the volume would not 1·espond, and the 
smoke management system would not be started. There is no 
sure way of identifying what condition will exist at the start of a 
fire; however·, beam smoke detectors can be used to detect 
smoke with and without smoke stratification. 

E.2 Temperature Gradient. Another case for which a solution 
has been developed is depicted in Figure E.2. 

In tl1is case, the ambient interior air within the large space 
has a constant temperan1re gradient (temperamre change per 
unit height) from floor level to ceiling. This case is less likely 
than temperamres that approximate a step function. For the 
linear temperan1re profile, the maximum height that smoke 
will rise can be derived from the pioneering wo1-k of Morton, 
Taylor, and Tmner (811 , as follows: 

[E.2a] 

(1'1 T )-
3/8 

z,,. = 14. 7 Q;'' -;;; 

where: 
zm = maximum height of smoke rise above base of fuel (ft) 
Q,. = convective pmtion of the heat release rate (Bn1/sec) 

l':!,.T/dz = rate of change of ambient temperanire with respect 
to height (°F /ft) 

[E.2b] 

Zm = 5.6Q}14 -
(f'lT )-

3/8 

dz 

where: 
Z.. = maximum height of smoke rise above base of fuel (m) 
Q,. = convective pmtion of the heat release rate (kW) 

l':!,.T/dz = rate of change of ambient temperanire with respect 
to height (°C/m) 

The convective portion of the heat release rate, Q,., can be 
estimated as 70 percent of the total heat release rate. 

I 

- Building with atrium -
Step function 

temperature profile 

FIGURE E.1 Pre-Fire Temperature Profile. 
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The minimum Q, required to overcome the ambient temper­
ature difference and d1-ive the smoke to the ceiling (z,. = }{) 
follows readily from the preceding equation, as follows: 

[E.2c] 

where: 
Q,, .,.;,, = minimutn convective heat release rate to overco1ne 

stratification (Btu/sec) 
H = ceiling height above fire surface (ft) 

/'j, 1: = difference between ambient temperature at the ceiling 
and ambient temperature at the level of the fire 
surface ( °F) 

[E.2d] 

where: 
Q,, ,.;,, = minimum convective heat release rate to overcome 

stratification (kW) 
H = ceiling height above fire surface (m) 

/'j, T0 = difference between ambient temperan1re at the ceiling 
and ambient temperature at the level of the fire 
surface (°C) 

Alternatively, an expression is provided in terms of the ambi­
ent temperan1re increase from floor to ceiling, which is just 
sufficient to prevent a plume of heat release, Qc, from reaching 
a ceiling of height H, as follows: 

[E.2e] 

where: 
/'j, 10 = difference between ambient temperature at the ceiling 

and ambient temperature at the level of the fire surface 
(oF) 

Q. = minimum convective heat release rate to overcome strat­
ification (Btu/sec) 

H = ceiling height above fire surface (ft) 

[E.2f] 

where: 
/'j, 10 = difference between ambient temperature at d1e ceiling 

and ambient temperature at the level of d1e fire surface 
(OC) 

Q. = minimum convective heat release rate to overcome strat­
ification (kW) 

H = ceiling height above fire surface (m) 

Finally, as a third alternative, the maximum ceiling clearance 
to which a plume of strength, Q,. can rise for a given f'j,7: 
follows from rewriting Equation E.2c, as follows: 

[E.2g] 
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Building with 
atrium 

Linear temperature 
profile 

FIGURE E.2 Unusual Case of Linear Temperature Profile. 

where: 
H,,,.x = maximum ceiling height above fire surface (ft) 

Q, = minimum convective heat release rate to overcome strat­
ification (Btu/sec) 

/'j, 1: = difference between ambient temperantre at the ceiling 
and ambient temperature at the level of the fire surface 
(of) 

[E.2h] 

where: 
H,,,.x = maximum ceiling height above fire surface (m) 

Q, = minimum convective heat release rate to overcome strat­
ification (kW) 

/'j, 1: = difference between ambient temperanire at the ceiling 
and ambient temperatt1re at the level of the fit-e surface 
(oC) 

Annex F Types of Stairwell Pressurization Systems 

17zis annex is not a part of the requirements of this NFPA document 
but is included for informational pwposes only. 

F.l Noncompensated Systems. In a noncompensated system, 
supply air is irtjected into the stairwell by actuating a single­
speed fan, thus providing one pressure difference with all 
doors closed, another difference with one door open, and so 
on. 

F.2 Compensated Systems. Compensated systems adjust to 
various combinations of doors that are open and closed, while 
maintaining positive pressure differences across such openings. 

Systems compensate for changing conditions eid1e1- by 
modulating supply airflows or by relieving excess pressure from 
the stairwell. The response time of the control system should 
be closely evaluated to ensure that pressures do not fall below 
the values given in Table 4.4.2. 1 . 1 .  The location of the exhaust 
inlet(s) from the stairwell relative to the supply outlet(s) into 
the stairwell should be such iliat short circuits will not occur. 
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F.3 Compensated Systems - Modulating Supply Airflow. In a 
modulating supply airflow system, the capacity of the supply fan 
should be sized to provide at least the minimum air velocity 
when the design number of doors are open. Figure F.3 i.llus­
trates such a system. The flow rate of air into the stairwell is 
varied by modulating bypass dampers, which are controlled by 
one or more static pressure sensors that sense the pressure 
diffe1·ence between the stairwell and the building. When all the 
stairwell doors are closed, the pressure difference increases and 
the bypass damper opens to increase the bypass air and 
decrease the flow of supply ai1· to the stairwell. In this manner, 
excessive pressure differences between the stairwell and the 
building are prevented. The same effect can be achieved by the 
use of relief dampers on the supply duct when the fan is loca· 
ted outside the building. Supply airflow modulation can also be 
accomplished by varying fan speed, inlet vanes, variable pitch 
fan blades, or the number of fans operating. Response times of 
the controls with any system should be considered. 

F.4 Compensated Systems - Overpressure Relief. Compen· 
sated system operation can also be accomplished by overpres· 
sure relief. In this instance, pressure buildup in the stairwell as 
doors close is relieved directly from the stairwell to the outside. 

The amount of air relieved varies with the number of doors 
open, thus attempting to achieve an essentially constant pres· 
sure in the stairwell. v\There exterior relief openings are subject 
to adverse effects from the wind, windbreaks or windshields are 
recommended. 

If overpressure relief is to be discharged into the building, 
the effects on the integ1·ity of the stairwells and the interaction 
with other building HVAC systems should be closely studied. 

Systems using this principle should have combination fire/ 
smoke dampers in the stairwell wall penetrations. 

Roof 
v 

Exterior wall 

Bypass around fan 

Notes: 
1 .  Fan bypass controlled by one or more static pressure sensors 

located between the stairwell and the building interior. 
2. A ground-level supply fan is shown; however, fan(s) could be 

located at any level. 

FIGURE F.3 Stairwell Pressurization with Bypass Around 
Supply Fan. 
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Overpressure relief can be accomplished by one of the 
following four methods: 

( 1 )  Barometric dampers with adjustable counterweights can 
be used to allow the damper to open when the maximum 
interior pressure is reached. This represents the simplest, 
least expensive method of overpressure relief because 
there is no physical interconnection between the damp­
ers and the fan. The location of the dampers should be 
chosen carefully because dampers located too close to the 
supply openings can operate too quickly and not allow 
the system to meet the pressure requirements throughout 
the stairwell. The dampers can be subject to chattering 
during operation. Figm·e F.4 illustrates overpressure 1·elief 
using barometric dampers. 

(2) Motor-<>perated dampers with pneumatic or electric 
moto1· operators are anothe1· option for overpressure 
relief. These dampers are to be controlled by differential 
pressure controls located in the stairwell. This method 
provides more positive control over the stairwell pressures 
than barometric dampers. It requires more control than 
the barometric dampers and therefore is more complica· 
ted and costly. 

(3) An alternative method of venting a stairwell is through an 
automatic-opening stairwell door or vent to the outside at 
ground level. Under normal conditions, this door would 
be closed and, in most cases, locked for security reasons. 
Provisions should be made to ensure that this lock does 
not conflict with the automatic operation of the system. 
Possible adverse wind effects are also a concern with a 
system that uses an opening to the exterior at ground 
level as a vent. Occasionally, high local wind velocities 
develop near the exterior stairwell door. Such local winds 
are difficult to estimate in the vicinity of new buildings 
without expensive modeling. Adjacent objects can act as 
windbreaks or windshields. Systems utilizing vents to the 
outside at ground level are more effective under cold 
conditions, with the stack effect assisting the stair pressur­
ization system for stairwells primarily above grade. 

( 4) An exhaust fan can be used to prevent excessive pressure 
when all stairwell doors are closed. The fan should be 
controlled by a differential pressure sensor configured so 
that the fan will not operate when the pressure difference 
between the stairwell and the building falls below a speci· 
fied level. This should prevent the fan from pulling 
smoke into the stairwell when a number of open doors 
have reduced stairwell pressurization. Such an exhaust 
fan should be specifically sized so that the pressurization 
system will perform within design limits. To achieve the 
desired performance, it is believed that the exhaust fan 
control should be of a modulating type as opposed to an 
on-off type. If tl1e exhaust fan will be adversely affected 
by the wind, a windshield is 1·ecommended. 
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Note: Supply fan could be located at any level. 

FIGURE F.4 Stairwell Pressurization with Vent to the 
Outside. 

Annex G HVAC Air-Handling System Types 
This annex is not a part of the requirements of this NFPA document 
but is included for informational purposes only. 

G.l HVAC Air-Handling System Types. Various types and 
arrangements of air-handling systems are commonly used in 
different types of buildings. Some types are more readily adapt­
able for smoke-control applkations than others. Examples of 
typical air-handling systems are described below. 

G.2 Individual Floor Systems. The use of individual air­
handling units serving one floor or part of a floor is a common 
design approach. These HVAC units might or might not have 
separate return/ exhaust fans. 'Where these fans are not sepa­
rate, a means for providing relief of the fire floor pressures, 
either through relief dampers on the duct system or by other 
means, should be investigated. Outdoor air can be supplied to 
each air-handling unit by one of the following means: 
( 1 )  Exterior louvers and dampers 
(2) A common duct system sized to handle the required 

quantities of air 
(3) A common duct system having a variable-speed supply fan 
( 4) Individual variable-speed supply fans 

Air-handling units can be used for smoke conn·ol if sufficient 
outside air and exhaust air capability are available. 

G.3 Centralized Multifloor Systems. Some buildings utilize 
centralized HVAC equipment in main mechanical areas that 
serve multiple floo1-s within the building. HVAC systems of this 
type might require fire and smoke shaft dampering to provide 
exhaust of the fire floor and pressurization of the adjacent 
floors with outside air. Because these central fans can be of 
large capacity, care must be taken in designing a system to 
include a means of avoiding excessive pressures within the duct 
system to prevent rupture, collapse, or other damage. Means 
should be provided to control pressures within exits and corri­
dors that could inhibit doors from being opened or closed. 

G.4 Fan/Coil Units and Water Source Heat Pump Units. 
Fan/ coil and water source heat pump types of air-handling 
units are often located around the perimeter of a building 
floor to condition the perimeter zones. They can also be loca-
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ted throughout the entire floor area to provide air condition­
ing for the enti1-e space. Because the fan/coil and water source 
heat pump tmit� are comparatively small in outside air capacity 
and are typically difficult to reconfigure for smoke-control 
purposes, they generally are not suitable for performing 
smoke-control functions. If these units have outside air-intake 
provisions, such units within the smoke zone should be shut 
down when the zone is to be negatively pressurized. The fan/ 
coil and water source heat pump units are typically used in 
combination with larger central HVAC equipment or individual 
interio1- zone air-handling units. The zone smoke control func­
tionality should be provided by the larger central or interior 
zone air-handling units. 

G.5 Induction Systems. Induction-type air-handling units 
located around the perimeter of a building are primarily used 
to condition the perimeter zone of older multistory structures. 
A central HVAC system supplies high-pressure heated 01- cooled 
air to each perimeter induction unit. Room air is then induced 
into the induction unit, mixed with the primary air from the 
ceno-al HVAC system, and discharged into the room. Induction 
units within the smoke zone should be shut down or should 
have the primary air closed off on initiation of smoke control 
in smoke zones. 

G.6 Dual Duct and Multizone Systems. HVAC units used in 
dual duct and multizone systems contain cooling and heating 
coils, each in a separate comparnnent or deck within the unit. 

Dual-duct systems have separate hot and cold ducts connec­
ted between the decks and the mixing boxes that mix the air 
supplied to the space se1-ved. Fo1- high-p1-essure systems, the 
mixing boxes also reduce the system pressure. Multizone 
systems mix heated and cooled air at the unit and supply the 
mixntre through Low-pressure ducts to each space. Smoke 
control can be achieved by supplying maximum air to areas 
adjacent to the smoke zone. This should be accomplished 
using the cold deck because it is usually sized to handle larger 
air quantities. For the smoke zone, supply fans should be shut 
off 

G.7 Variable Air Volume (VAV) Systems. Variable air volume 
(VAV) systems are either individual floor systems or ceno-alized 
multifloor systems that are provided with terminal devices that 
typically supply cooling only. Individual areas served by the 
system usually have other sources of heating (e.g., baseboard or 
cabinet heaters) . VAV systems vary the quantity of cold air 
supplied to the occupied space based on actual space demands. 
Some VAV systems bypass supply air to the return air inlet of 
the fan, reducing supply air volumes and resultant pressure to 
avoid fan or ductwork damage. In the smoke control mode, 
such bypasses must be closed. For smoke control, the speed of 
the VAV system supply fan(s) should be increased, and VAV 
terminal unit controls should be configured to open the termi­
nals in the nonsmoke zone to supply maximum volume of 
outside air to pressurize spaces if sufficient air is available. 
Bypass dampers on systems using this method must be closed. 
It is possible to achieve smoke control with the VAV system 
supplying minimal air, but care must be taken to ensure that 
adequate pressure is developed in the space. 

G.8 Fan-Powered Terminal Systems. A fan-powered terminal 
unit receives variable air volumes of primary cooled air and 
rentrn air that blend in the terminal unit to provide a constant 
volume of variable temperature supply air to the occupied 
spaces. The terminal unit consists of a constant air volume fan 
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for supplying the blended air to the occupied space, a damper­
controlled primary air connection, and a return air opening. 

Terminal unit5 serving perimeter zones can have a heating 
coil to provide additional heat for the perimeter zone. In the 
smoke-control mode, terminal unit fans located in the smoke 
zone should be shut off and the primary air damper closed. 
Terminal units serving zones adjacent to the smoke zone can 
continue to operate. 

G.9 Mixed Systems. \!\'hen combinations of the examples 
described in this annex are used, care must be exercised in the 
application of different types of variable-volume terminal units 
to determine their effect on zoned smoke conu-ol. Designs 
must be based on the capability of system configurations to 
achieve positive or negative pr·essures as needed for smoke 
control . 

G.10 Ventilation Systems with No Outside Air. In certain 
instances, specialized systems with no outside air are used for 
primary cooling and heating. These systems include self­
contained air conditioners, radiant panel systems, and 
compute1· room units. Because these systems provide no 
outside air, they are not suitable for smoke-control application. 
Because building codes require ventilation for all occupied 
locations, a separate system for providing outside air is needed. 
The system supplying outside air can be used for smoke 
control, although the quantity of air provided might not be 
adequate for full pressurization. 

G.11 Special-Use Systems. Laboratories, animal facilities, 
hospital facilities, and other unusual occupancies sometimes 
use once-through outdoo1· air systems to avoid contamination 
and could have special filu·ation and pressurization require­
ments. These special-use systems can be suitable for a smoke­
control application. Care should be exercised to avoid 
contamination of bacteria-free areas, experiments, processes, 
and similar areas. 

Annex H Fire Fighters' Smoke Control Station (FSCS) 
Considerations 

This annex is not a part of the requirements of this NFPA document 
Inti is included for informational pmposes only. 

H.l Considerations fo1· a fire fighters' smoke control station 
(FSCS) should include the following: 
( 1 )  Location and Access. The FSCS should be located as close 

in proximity to other fire fighters' systems as can be provi­
ded within the building. Means should be provided to 
ensure only authorized access to the FSCS. Where accept­
able to the authority havingjurisdiction, the FSCS should 
be provided within a specific location or room, separated 
from public areas by a suitably marked and locked door. 
If the FSCS is located in a separate room, the room loca­
tion, size, access means, and other physical design consid­
erations should be acceptable to the authority having 
jurisdiction. 

(2) Physical Arrangement. The FSCS should be designed to 
graphically depict the physical building arrangement, 
smoke-conu-ol systems and equipment, and the areas of 
the building served by the equipment. Following is a 
summary of the status indicators and smoke-control capa­
bi.lity applicable to the FSCS smoke-conu·ol graphic(s). 
Status indicators should be provided for all smoke-control 
equipment by pilot lamp-type indicators. The positions 
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of multiposition control switches should not be used to 
indicate the status of a conu-olled device in lieu of pilot 
lamp-type status indicators. 
(a) Smoke-conu-ol fans and other critical operating 

equipment in the operating state: green. 
(b) Smoke-conu·ol equipment and other critical equip­

ment that can have t\110 or rno1·e states or positions, 
such as dampers: green (i.e., open), yellow (i.e., 
closed). The position of each piece of equipment 
should be indicated by lamps and appropriate 
legends. Intermediate positions (e.g., modulating 
dampers that are not folly open or fully closed) can 
be indicated by not illuminating either of their pilot 
lamps. 

(c) Smoke-control system or equipment faults: amber/ 
orange. 

(3) Smoke-Control Capability. The FSCS should provide conu-ol 
capability over all smoke-control system equipment or 
zones within the building. \i\lhe1·ever practical, it is recom­
mended that conu-ol be provided by zone, rather than by 
individual equipment. This approach will aid fire fighters 
in readily understanding the operation of the system and 
will help to avoid problems caused by manually activating 
equipment in the wrong sequence or by neglecting to 
conu·ol a critical component. Control by zone should be 
accomplished as follows: PRESSURE-AUTO-EXHAUST 
control over each zone that can be conu-olled as a single 
entity relies on system programming to properly 
sequence all devices in the zone to produce the desired 
effect. In systems utilizing common supply or return 
ducts, or both, inclusion of an ISOIATE mode is desira­
ble. To enable use of the system to flush smoke out of a 
zone after the fire has been extinguished, a PURGE 
(equal supply and exhaust) mode can also be desirable. If 
conu·ol over individual pieces of equipment is deemed 
necessa1y, the following conu-ol options should be provi­
ded: 
(a) ON-AUTO-OFF conu·ol over each individual piece 

of operating smoke-control equipment that can also 
be conu·olled from other sources within the build­
ing. Controlled components include all stainvay 
pressm·ization fans; smoke exhaust fans; HVAC 
supply, return, and exhaust fans in excess of 2000 
ft3/min (57 m3 /min); elevator shaft fans; au·ium 
supply and exhaust fans; and any other operating 
equipment used or intended for smoke-conu·ol 
purposes. 

(b) ON-OFF or OPEN-CLOSE control over all smoke 
control and other critical equipment associated with 
a fire or smoke emergency and that can be control­
led only from the FSCS. 

(c) OPEN-AUTO-CLOSE conn·ol over all individual 
dampers relating to smoke control that are also 
conu-olled from othe1· sources within the building. 
HVAC terminal units, such as VAV mixing boxes 
that are all located within and serve one designated 
smoke-control zone, can be conu-olled collectively 
instead of individually. HVAC unit coil face bypass 
dampers that are arranged so as not to restrict over­
all airflow within the system can be exempt. Addi­
tional conu·ols might be required by the authority 
having jurisdiction. 

( 4) Control Action and Priorities. The FSCS control action 
should be as follows: 
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(5) 

(a) ON-OFF, OPEN-CLOSE. These control actions 
should have the highest prio1·it:y of any control 
point within the building. Once issued from the 
FSCS, no automatic or manual conu·ol from any 
other control point within the building should 
contradict the FSCS control action. 
1. If automatic means are provided to interrupt 

normal nonemergency equipment operation 
or produce a specific result to safeguard the 
building or equipment (e.g., duct freezestats, 
duct smoke detectors, high-temperature 
cutouts, temperature acn1ated linkage, and 
similar devices), such means should be capa­
ble of being overridden or reset to levels not 
exceeding levels of imminent system failure, 
by the FSCS control action, and the last 
control action as indicated by each FSCS 
switch position should prevail. 

t1. Control actions issued from the FSCS should 
not override or bypass devices and controls 
intended to protect against elecu·ical over­
loads, provide for personnel safety, and 
prevent major system damage. These devices 
include overcurrent protection devices and 
electrical disconnect switches, high limit static 
pressure switches, and combination fire/ 
smoke dampers beyond their degradation 
temperature classifications meeting UL 555, 
Fire Dampers, or UL 555S, Smoke Dampers. 

(b) AUTO. Only the AUTO position of each three­
position FSCS control should allow automatic or 
manual control action from other conu·ol points 
within the building. The AUTO position should be 
the nonnal, nonemergency, building, control posi­
tion. v\lhen an FSCS control is in the AUTO posi­
tion, the acntal stanis of the device (on, off, open, 
closed) should continue to be indicated by the 
stan1s indicator(s). 

(c) FSCS Response Time. For purposes of smoke conu·ol, 
the FSCS response time should be the same as for 
automatic or manual smoke-conu·ol action initiated 
from any other building control point. FSCS pilot 
lamp indication of the actual status of each piece of 
equipment should not exceed 15 seconds after 
operation of the respective feedback device. 

Graphic Depiction. The location of smoke-conu·ol systems 
and equipment within the building should be indicated 
by symbols within the overall FSCS graphic panel. vVhere 
zoned smoke control is used, a sufficient number of 
smoke-control components to convey the intended opera­
tion of the smoke-control systems and equipment should 
be shown. These components normally would include 
major ducts, fans, and dampers that are part of the smoke 
control system. ·where conu·ol is provided over individual 
fans and dampers used for smoke control, these compo­
nents should be shown on the FSCS graphic panel and, 
where appropriate , should be shown connected to their 
respective ducts, with a clear indication of the direction 
of airflow. In either case, the building areas served by the 
smoke-control systems should be shown on the FSCS 
graphic panel. Status indications for dampe1· positions 
should be shown where their inclusion would aid in 
understanding the operation of the system and can be 
omitted where their inclusion would hinder understand-
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ing of the system, such as on an already densely popula­
ted panel. Dampe1· position indication can also be 
omitted where no separate control over damper position 
is provided. 

Annex I Information on Testing for Leakage Between Smoke 
Zones 

This annex is not a part of the requirements of this NFPA document 
but is included for informational pinposes only. 

I.I General. Although not part of the formal testing proce­
dure, the testing of buildings to determine the amount of leak­
age between smoke zones can be of value in developing the 
initial system. Testing for this purpose can often use airflow­
measw·ing equipment existing in the systems. This section 
describes the normal arrangement of a variety of systems and 
testing methods that can be used to determine the leakage of 
enclosures. Leakage in buildings comes from a variety of sour­
ces, such as the following: 
( 1 )  Curtain wall construction, where leakage paths can be 

formed between the outer surface and the floor slab 
(2) Drywall partitions, where gaps in the drywall behind cover 

moldings can form leakage paths 
(3) Electric switches and outlet5 in drywall partitions that 

form leakage paths through the partitions 
(4) Installation of doors with w1dercuts, latching mecha­

nisms, and other gaps forming leakage paths 
(5) Interface of drywall partitions at fluted metal deck requir­

ing seals in the flute 
(6) Electric outlets in floor slabs within the space or above 

the space and providing leakage to other floors of the 
building 

(7) Duct penetrations through walls, where there can be leak­
age around the duct behind angles that hold fire damp­
ers in place 

(8) Perimeter induction systems, which often have gaps 
around ducts through floor slabs that are hidden behind 
air distribution enclosures 

(9) Pipe, conduit, and wire way peneu·ations through walls 
and floors requiring listed through-penetration seals 

1.2 Building HVAC Systems Suitable for Enclosure Tightness 
Testing. Many building HVAC systems can be used to measure 
the leakage through enclosures. These systems typically contain 
a central fan that can draw large quantities of outside air into 
the building for pressurizing. Because all these systems contain 
openings, ductwork, and sometimes fans to renirn the air from 
the enclosure to the central air handler, it is important that 
these systems be shut off during the test. The use of smoke 
dampers at the points where the ducts leave the enclosure will 
give more assurance that leakage from the space through this 
source will be minimized. 

1.2.1 Single-Floor VAV Systems. Many modem office build­
ings are provided with a separate air handler on each floor of 
the building to supply conditioned air to the space. These 
systems a1·e arranged as variable volume systems, whereby the 
thermostats vary the amount of air delivered to the space 
rather than the temperature of that air. This arrangement 
requi1·es a variable frequency conu·oller on the fan that 
responds to pressure in the duct system. As the variable volume 
conu·ol device is closed, the pressure builds up in the duct and 
the fan speed is slowed in response to that pressure. Normally 
these systems contain air-measuring devices in the supply and 
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ren1rn ducts that are used to synchronize the return fan opera­
tion with the supply fan, so a constant quantity of outside air 
can be introduced into the space to maintain indoor air quality. 
These airflow-measuring devices can be used to measure the 
airflow introduced into the space, and the speed of the fan can 
be adjusted to control the pressure across the enclosure barri­
ers. 

1.2.2 Central Fan VAV Systems. Central fan VAV systems are a 
variation of the single-floor VAV system. A single fan will supply 
10 or more floors, each of which has a number of variable 
volume boxes. As in the case of the single-floo1- system, the fan 
responds to a pressure sensor in the duct. A flow-measuring 
station at the fan is used to track the return fan with the supply 
fan in order to maintain constant outside air, as in the case of 
the single-floor VAV system. Generally, these systems are provi­
ded with a motor-operated shut-off damper at each floor, since 
the system can be economically used to supply only a portion of 
the floors when other floors are vacant. 

These systems can be used for testing of spaces by command­
ing that all the supply dampers to the floors be closed except 
on the floor being tested. In this manner, the airflow onto the 
floor can be measured as the pressure across the barriers is 
adjusted. The leakage characteristics of the main duct system as 
well as those of the dampers that are to be shut must be known 
so the corrections for duct and damper leakage in the system of 
the floor under test can be determined ahead of time. This can 
be accomplished by shutting all the dampers on the system, 
pressurizing the duct system to various pressures using the 
supply fans, and measuring the ai1-flow at the air measuring 
station in the supply duct. One variation of a multifloor VAV 
system has air-measuring stations on each floor of the building. 
The purpose of these stations is to verify that a particular 
tenant is not creating so much load on the floor that more 
airflow is used than is designed into the system. v\Then overload 
is encountered, the airflow can be measured directly on the 
floor so that adjustments for main duct leakage are unneces­
sary. 

1.2.3 Constant-Volume Multizone Systems. Constant-volume 
multizone systems mix hot and cold air at a cenu-al air 
handling unit and have a separate duct system that goes out to 
various spaces. Typically, they are not provided with air­
measuring stations that would have to be reu-ofitted to the 
ducts delivering air to the spaces. The spaces need to coincide 
with the enclosures being tested. Typically, there is also no 
means of varying the flow to each space. Varying the flow 
requires the addition of either manual or motorized dampers 
in the duct system that are adjusted to achieve the test pressure 
or pressures. 

1.2.4 Constant-Volume Terminal Reheat System. Constant­
volume terminal reheat systems are the most difficult to use for 
testing for enclosure tightness. Typically, these systems contain 
central fans that deliver air to a duct system at a set tempera­
ture. The duct system is distributed throughout the building, 
and reheated coils are placed at various locations to temper the 
air to maintain space conditions. There are typically no measur­
ing stations or any automatic dampers in the system. To use tl1is 
system for testing, it is first necessary to retrofit it with air­
measuring stations and dampers to coincide with tl1e enclo­
sures being tested. 

1.3 Building HVAC Systems Not Suitable for Enclosure Tight­
ness Testing. A number of HVAC systems have little or no 
value in testing the tightness of an enclosure, because they 
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introduce a limited amount of airflow into the space or are 
arranged so that there are multiple duct entrances into the 
space. Therefore, making airflow measurement in such systems 
is impractical . 

1.3.1 Unitary Heat Pump/Fan Coil Systems. Unitary heat 
pump/fan coil systems come in a number of configurations. 
These systems are similar, in tl1at the space is provided with a 
number of separate units, each with limited airflow capacity. 
Outside air to the space is in u-oduced in one of three ways: 
( 1 )  Units are located on the perimeter with a separate 

outside air duct for each unit. This arrangement typically 
has a small penetration through the outside wall of the 
building with no ductwork attached. The amount of 
outside air introduced is so small and the capacity of tl1e 
systems to pressurize the space is so limited that the 
systems cannot be used for testing the integrity of the 
space. In these instances, the units will be detrimental to 
the operation of any system in the space designed to pres­
surize it unless each outside air duct is fitted with a tight­
closi.ng automatic damper. 

(2) Units are located only on the perimeter, and outside air is 
introduced through a separate duct system. In this 
instance, the units are used in conjtmction with an inte­
rior duct system. The outside air duct for the perimeter is 
of limited capacity and should be fitted with tight-closing 
automatic dampers to maintain the integrity of the enclo­
sure. Testing of the space should be done through the 
interior duct system. 

(3) Units are disu-ibuted t!Houghout botl1 the perimeter and 
the interior. In this instance, outside air is introduced 
into the space through a separate duct system that distrib­
utes throughout the entire floor area. This duct system is 
sized to handle the mini.mum outside air quantities 
needed in the space and might 01- might not have suffi­
cient flow to provide pressure in the space. Whether this 
system can be used for the pressure testing must be deci­
ded on a case-by-case ba5is. It will be necessary to provide 
tl1e system with air-measuring stations and possibly shut­
off dampers if the system serves multiple floors. 

1.3.2 Perimeter Induction Systems. Perimeter induction 
systems are typically arranged to handle only the perimeter of 
the building. These systems are arranged with a terminal unit 
along the perimeter under the windows, each provided with a 
duct to a cenu-al air distribution system. The ducts typically are 
small [under 20 in.2 (129 cm2) per unit] and eitl1er penetrate 
the floor to a disu-ibution system on the floor below or connect 
to a vertical riser that extends up through the building and 
supplies four to six units per floor. These systems do not lend 
themselves to testing of spaces because of the multiple duct 
connections on each floor. The duct connections should be 
provided with tight-closing automatic dampers so that pressuri­
zation of the space will be possible. Generally an interior 
system, p1-eviously desc1-ibed, is provided, which is one of the 
types that can be used for the testing and pressurization. 

Annex J Advisory Information on Acceptance Testing 

This annex is not a part of the requirements of this NFPA document 
but is included for informational purposes only. 

J.l General. One or more of me following persons should be 
present to grant acceptance: 
( 1 )  Authority having jurisdiction 
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(2) Owner 
(3) Designer 

All documentation from operational testing should be availa­
ble for inspection. 

J.2 Testing Documentation. On completion of acceptance 
testing, a copy of all operational testing documentation should 
be provided to the owner. This documentation should be avail­
able for reference dtn-ing periodic testing and maintenance. 

J.3 Owner's Manuals and Instruction. Information should be 
provided to the owner that defines the operation and mainte­
nance of the system. Basic instruction on the operation of the 
system should be provided to the owner's representatives. 
Because the owner can assume beneficial use of the smoke 
control system on completion of acceptance testing, this basic 
instruction should be completed prior to acceptance testing. 

J.4 Partial Occupancy. Acceptance testing should be 
performed as a single step when a certificate of occupancy is 
being obtained. However, if the building is to be completed or 
occupied in stages, multiple acceptance tests can be conducted 
in order to obtain temporary certificates of occupancy. 

J.5 Simulated Smoke. Where the authority havingjurisdiction 
requires demonstrations utilizing smoke or products that simu­
late smoke, they should be based on the objective of inhibiting 
smoke from migrating across smoke zone boundaries to other 
areas. Test criteria based on the system's ability to remove 
smoke from an area should not be used for zoned smoke­
control systems designed for containment, not removal, of 
smoke. 

J.6 Other Test Methods. Much can be accomplished to 
demonsu·ate smoke control system operation without resorting 
to demonstrations that use smoke or products that simulate 
smoke. The test methods described in Chapter 8 should 
provide an adequate means to evaluate the smoke-conu-ol 
system's performance. Other test methods have been used 
historically in instances where the authority having jurisdiction 
requires additional testing. These test methods have limited 
value in evaluating certain system performance, and their valid­
ity as methods of testing a smoke-control system is questiona­
ble. Examples of other test methods that have been used are as 
follows: 
( 1) Chemical smoke tests 
(2) Tracer gas tests 
(3) Real fire tests 

Chemical smoke tests have achieved a degree of popularity 
out of proportion to the limited information they are capable 
of providing. The most common sources of chemical smoke are 
the commercially available "smoke candle" (sometimes called a 
smoke bomb) and the smoke generator apparatus. In this test, 
the smoke candle is usually placed in a metal container and 
ignited. The purpose of the metal container is protection from 
heat damage after ignition; it does not inhibit observation of 
the movement of the chemical smoke. Ca1·e needs to be exer­
cised during observations, because inhalation of chemical 
smoke can cause nausea. This type of testing is less realistic 
than real fire testing because chemical smoke is cold and lacks 
the buoyancy of smoke from a flaming fire. Such buoyancy 
forces can be sufficiently large to overpower a smoke-control 
system that was not designed to withstand them. Smoke from a 
sprinklered fire has Little buoyancy, and so it might be expected 
that such smoke movement is similar to the movement of 
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unheated chemical smoke. This has not yet been confirmed by 
test data. Chemical smoke testing can identify leakage paths, 
and such tests are simple and inexpensive to perform. The 
question arises as to what information can be obtained from a 
cold chemical smoke test. If a smoke-conu·ol system does not 
achieve a high enough level of pressurization, the pressures 
due to hot, buoyant smoke could overcome that system. The 
ability to conu·ol cold chemical smoke provides no assmance of 
the ability to conu-ol hot smoke in the event of a real fire. 

Chemical smoke is also used to evaluate the effectiveness of 
so-called smoke "purging" systems. Even though such systems 
are not smoke-control systems, they are closely related and thus 
are briefly addressed here. For example, consider a system that 
has six air changes per hour when in the smoke purge mode. 
Some testing officials have mistaken tl1is number of air changes 
to mean that the air is completely changed every 10 minutes 
and that 10 minutes after the smoke candle is out, all the 
smoke should be gone from the space. Of course, this is not 
what happens. In a purging system, the air entering the space 
mixes to some extent with the air and smoke in the space. ff 
the purging system is part of the HVAC system, it has been 
designed to promote a rather complete degree of mixing. If 
the concentration of smoke is close to uniform within the 
space, then the method of analysis for purging presented in 
Section 4.1.2 of ASHRAE/ICC/NFPA/SFPE Handbook of Smoke 
Control Engineering is appropriate . Based on such perfect 
mixing, after 10 minutes, 37 percent of the original smoke 
remains in the space. 

Annex K Example Problems Illustrating the Use of Equations 

This annex is not a part of the requirements of this NFPA document 
but is included for informational purposes only. 

K.l Problem Data. Given: Atrium with uniform rectangular 
cross-sectional area and the following: 
( 1 ) Height (H) = 120 ft (36.6 m) 
(2) Area (A) = 20,000 ft2 (1860 m2) 
(3) Design fire (steady state) = 5000 Btu/sec (5275 kW) 
(4) Highest walking surface = 94 ft (28.7 m) 

K.1.1 Problem 1. Determine the time when the first indica­
tion of smoke is 6 ft above the highest walking surface. 

Solution: 
(1 ) Use Equation 5.4.2.la or 5.4.2. lb: 

(a) Equation 5.4.2. l a (inch-pound units): 

where: 
z = 100 ft 

H = 120 ft 
Q = 5000 Btu/sec 

Q13 = 17.1 
Jfl3 = 591.9 
A/I-fl = 1.4 

[Kl.la] 



0.83 = 0.67 - 0.28 In 591 . 9 
1.4 

[ 17.lt l 
where: 
0.16 = -0.28 ln(0.02t) 
-0.57 = Ln (0.02t) 
0.56 = 0.02t 

t = 28 seconds 
(b) Equation 5.4.2.1 b (SI units): 

z � 
l tQl/3 j 

H 
= 1 . 1 1-0.28 ln :2 

where: 
z = 30.5 m 
H =  36.6 m 
Q = 5275 kW 

QI, = 17.4 
J/!, = 121 .5 

A/H2 = 1 .4 l 17.4t j 
0.83 = 1. l l - 0.28ln 121.5 

1.4 

where: 
-0.28 = -0.28ln(O.lt) 

1 = ln(O.lt) 
2.7 = 0 . l t 
t = 27 s 
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[Kl.lb] 

[K.l.lc] 

[K.l.ld] 

(2) Use the mass flow method, based on Equation 5.5. 1 . lb or 
5.5. l . le . 

Two calculation methods will be used. The first calculation 
will assume a smoke density of 0.075 lb/ft3 (1 .2 kg/m3) . This is 
equivalent to smoke at a temperature of 70°F (21 . l 0C). The 
second calculation assumes the layer temperature is equal to 
the average plume temperatm-e at the height of the smoke 
layer interface. In both cases, no heat loss from the smoke layer 
to the atrium boundaries is assumed. A time interval of 1 
second is chosen for each case. 

Step 1. Calculate mass flow fib/sec (kg/sec)) at z = H, using 
Equation 5.5. 1 . lb or.5.5. 1 . le . 
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Step 2. Determine temperature of the smoke layer, estimated 
as average smoke plmne temperature at the height of the 
smoke layer interface: 

[Kl.le] 

where: 
1;, = average plume temperature at elevation Z (°F or °C) 
To = ambient temperature (°F or °C) 
Q,. = convective poi-tion of heat release rate (Btu/sec or kW ) 
m = mass flow rate in plume at height z (lb/sec or kg/sec) 
C1, = specific heat of plume gases (0.24 Btu/lb-°F oi- 1 .0 kJ/kg­

OC) 

Step 3. Convert mass flow to volume flow, assuming smoke 
temperature is 70°F (21.1°C), as follows: 

where: 

m V=-
p 

V = volume flow (ft3/sec or m3/sec) 
m = mass flow (lb/sec 01- kg/sec) 
p = density of smoke (lb/ft3 or kg/ m3) 

[KI.If] 

Step 4. Assume that the smoke volume produced in the selec­
ted time interval is instantly and uniformly distributed over the 
atrium area. Determine the depth of the smoke layer, dz [ft 
(m) ) , deposited during the selected time period. 

Step 5. Calculate the new smoke layer interface height [ft 
(m) l .  Repeat steps (1 ) through (5) until the smoke layer inter­
face reaches tl1e design height. Table K. 1 . 1 , showing sample 
values, illustrates tl1e calculation technique. 

K.1.2 Problem 2. Determine the volumeu-ic exhaust rate 
required to keep smoke 6 ft ( 1 .8 m) above tl1e highest walking 
level in the atrium, that is, the ninth floor balcony. Consider 
the fire to be located in the center of the floor of the atrium. 
With the fire located in the center of tile atrium, an axisymmet­
ric plume is expected. First, Equation 5.5. 1 . l a or 5.5. 1 . ld must 
be applied to determine the flame height. 
(A) Inch-pound units: 

Given: 

Q,. = 3500 Btu/sec 

z, = 0.533Q,.215 

z1= 0.533(3500)215 

z, = 13.9 ft 
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Table K.1.1 Sample Calculated Values 

Time Mass Temperature Volume z 
(sec) (lb/sec) (°F) (ft3 /sec) (ft) 

0 70 120 
1 990 84.7 13,565 119.3 
2 981 84.9 13,443 118.6 
3 972 85.0 13,322 118.0 
4 963 85.l 13,203 117.3 
5 954 85.3 13,085 116.7 
6 945 85.4 12,969 116.0 
7 937 85.6 12,855 115.4 
8 928 85.7 12,741 114.7 
9 920 85.9 12,629 114 .1 
10 911 86.0 12,519 113.5 
1 1  903 86.l 12,410 112.9 
12 895 86.3 12,302 112.2 
13 887 86.4 12,196 1 1 1 .6 
14 879 86.6 12,090 1 1 1 .0 
15 871 86.7 1 1 ,987 110.4 
16 864 86.9 1 1 ,884 109.8 
17 856 87.0 11 ,783 109.3 
18 849 87.2 1 1 ,683 108.7 
19 841 87.3 1 1 ,584 108.l 
20 834 87.5 1 1 ,486 107.5 
21 827 87.6 1 1 ,389 106.9 
22 820 87.8 1 1 ,294 106.4 
23 812 87.9 1 1 ,200 105.8 
24 805 88.1 1 1 ,107 105.3 
25 799 88.3 1 1 ,014 104.7 
26 792 88.4 10,923 104.2 
27 785 88.6 10,834 103.6 
28 778 88.7 10,745 103.1 
29 772 88.9 10,657 102.6 
30 765 89.1 10,570 102.0 
31 759 89.2 10,484 101.5 
32 752 89.4 10,399 101.0 
33 746 89.5 10,316 100.5 
34 740 89.7 10,233 100.0 

I lb/sec = 0.45 kg/s; T(°F) = l .ST(°C) +32; l fr3/sec = 0.028 m3/sec; 1 ft 
= 0.3 m 

With the design interface of the smoke layer at 85 ft 
above floor level, the flame height is less than the design 
smoke layer height. Thus, using Equation 5.5. 1 . l b to 
determine the smoke production rate at the height of the 
smoke layer interface: 

z = 100 ft 
m = 0.022Q,113z513 + 0.0042 Q, 
m = 0.022(3500) l/3 (100) 513 + 0.0042(3500) 
m = 734 lb/sec 
If the smoke exhaust rate is equal to the smoke produc­

tion rate, the smoke laye1- depth will be stabilized at the 
design height. Thus, converting the mass flow rate to a 
volrnnetric flow rate is as follows: 
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[K.l.2a] 
m V = -
p 

where: 
p = 0.075 lb/ft3 
v = 734/0.075 
V = 9790 ft3/sec, or 587,400 scfm 

(B) SI Units: 

Given: 

Q, = 3693 Bn1/sec 

z, = 0.166 Qc215 

z,= 0.166(3693)215 

z1= 4.43 m 

With the design interface of the smoke layer at 26 m 
above floor level, the flame height is less than the design 
smoke layer height. Thus, using Equation 5.5. 1 . l e to 
determine the smoke production rate at the height of the 
smoke layer interface: 

Z = 30.5 ft 

m = 0.071 Qc113i13 + 0.00l 8Qc 
m = 0.071 (3693) 113 (30.5 )513 + 0.0018(3693) 
m = 333 kg/sec 
If the smoke exhaust rate is equal to the smoke produc-

tion rate, the smoke layer depth will be stabilized at d1e 
design height. Thus, converting the mass flow rate to a 
volumetric flow rate is as follows: 

[Kl.2b] 

V = � 
p 

where: 
p = 1.2 kg/m3 
v = 333/1.2 
V= 278 m3/sec, or 16,680 m3/min 

Kl.3 Problem 3. Determine whether the plume will contact 
all of the walls prior to reaching the design height noted in 
Problem 2 (6 ft [1.83 ml above the highest walking level). The 
calculation in Problem 2 assumes that the smoke plume has 
not widened to contact d1e walls of d1e atrium prior to reach­
ing the design interface height. This calculation serves as a 
check. 

Using Equation 5.5.4.1 with an interface height of 100 ft (z = 
100 ft) or 30.5 m (z = 30.5 m): 

d = 0.5z 

d = 0.5(100) [0.5(30.5)] 

d = 50 ft (15.3 m) 

Thus, d1e smoke does not contact the walls of the atrium 
prior to reaching the design interface height. 
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Kl.4 Problem 4. Determine the temperature of the smoke (b) Solution (SI units) : 
layer after fan actuation. 

The quality of the smoke contained in the smoke layer might 
be important in the context of tenability or damageability snid­
ies. Applying the /'l,.T equation for vented fires as indicated in 
Table D. l .3: 

Given: 

Q,. = 3500 Btu/ sec ( 3693 k\<\I) 
p = 0.075 lb/ft3 (1 .2 kg/m3) 

c = 0.24 Btu/lb-°F ( 1 .0 kJ/kg-°C) 

V = 9790 ft3/sec (the value calculated in K.l .3) or 277.4 
m3/sec 

Xi = 0 (adiabatic case to obtain upper limit estimate of 
temperanire rise) 

Solution: 
6T= Q,./(pcV) 
/'l,.T 

(277.4)]] 
3500/ [ (0.075) (0.24) (9790) l [3693/[ ( l .2) ( l .0) 

6T= 20°F ( l l0C) 

Kl.5 Problem 5. On the tenth floor, a 10 ft (3.05 m) wide, 6 
ft ( 1 .83 m) high opening is desired from the tenant space into 
the atrium. The bottom of this opening is 92 ft (28.04 m) above 
the floor of the atrium. 

( 1 ) For a fire in the tenant space, determine the opposed 
airflow required to contain smoke in the tenant space (assume 
fire temperature is 1000°F or 537.8°C). 

Using Equation 5.10. la or 5.10. l b: 

Given: 

H= 6 ft (1.83 m) 

g= 32.2 ft/sec2 (9.81 m/sec2) 

T1= 1000°F (537.8°C) 

T. = 70°F (21 .1 °C) 

(a) Solution (inch-pound units): 

[ T -T ]112 
v = 38 gH 1 0 

T1 + 460 

v = 38[(32.2)(6) 1000-70 ]1/2 
1000 +460 

v = 422 ft/min 

[Kl.5a] 

[ 
1/ -1� ]112 v = 0.64 gH---

1f+273 

[ 
537.8-21. l]l/2 v = 0.64 (9.81)(1.83) ---

537.8 + 273 

v = 2. 16 m/sec 

[Kl.5b] 

(2) For a fire on the floor of the atriwn, determine the 
opposed airflow required to restrict smoke spread into the 
tenant space. 

Given: 

H= 6 ft ( l .83 m) 

g= 32.2 ft/sec2 (9.81 m/sec2) 

Q= 5000 Btu/sec (5275 kW) 

1> 70°F (21 . 1°C) 

(a) Solution (inch-pow1d units) : 

Determine 1/ as the average plume temperature using Equa­
tion 5.5.5. 

T = To+  Q, 
f me 

[Kl.5c] 

Determine m from Equation 5.5.l .  l b using z = 95 ft (height 
of middle of opening above floor level) (flame height for this 
case <z; see Problem 2): 

m = o.022QY3z°13 + o.oo42Q, 
m = 0.022(3500)'/3 (95 f13 +0.0042(3500) 
m = 675 
T = 70 +  3500 

I (675)(0.24 ) 
T1 = 92°F 

Using Equation 5.10.3a: 

v = 38 gH f 0 [ T - T  ]112 
Tr + 460 

[ ]

1/
2 

v = 38 (32.2)(6) 92-70 
92+460 

v = 105 ft/min 

[KI.5d] 

[K15e] 
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(b) Solution (SI units) :  

Determine Tfas the average plume temperature using Equa­
tion 5.5.5. 

[Kl.5fj 

Detennine m from Equation 5.5. 1 . l e  using z = 29 m (height 
of middle of opening above floor level) (flame height for this 
case <z; see Problem 2): 

m = { 0.071QY3 z513 ) + 0.0018Qc 

m = 0.071(3693)113 (28.96)513 + 0.0018(3693) 

m = 307 kg/ sec 

T = 21 . 1  + 
3693 

I (307)(1) 

7/ = 33.1°C 

Using Equation 5.10.3b: 

[ . . 1[-To ]112 
v = 0.64 uH---" 1/ + 273 

[ 

]1/2 
v = 0.64 (9.81)(1 .83) 

33- 1 - 21 . 1  
33. 1 + 273 

v = 0.54 m/sec 

Annex L Comparison of Equations 

[K.1.5g] 

[Kl.5h] 

[K.1.5i] 

This annex is not a part of the requirements of this NFPA document 
but is included for informational pmposes only. 

L.l General. Calculation results using Equation 5.4.2.2a or 
5.4.2.2b that yield z/H> l .O indicate that the smoke layer has not 
yet begun to descend. Equations 5.4.2.2a and 5.4.2.2b are 
based on limited experimental data. 

Equations 5.4.2. l a  or 5.4.2. lb  and 5.4.2.2a or 5.4.2.2b are 
empirically based for estimating the smoke layer interface posi­
tion during the smoke filling process. This review of Equations 
5.4.2. l a  or 5.4.2. lb  and 5.4.2.2a or 5.4.2.2b is divided into two 
parts as follows: 

( 1 )  Comparison of the results of both Equations 5.4.2. l a  or 
5.4.2. lb and 5.4.2.2a or 5.4.2.2b with those from theoreti­
cally based equations (with empirically determined 
constants), hereafter 1-efen-ed to as ASET-based equations 

(2) Evaluation of the predictive capability of Equation 
5.4.2.la or 5.4.2. l b  and an ASET-based equation by 
comparing the output from the equations with experi­
mental data 
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L2 Comparisons with ASET-Based Equations. Comparisons 
of the NFPA 92 equations for smoke filling with ASET-based 
equations provide an indication of the differences between 
empirically based equations, for example, Equations 5.4.2. l a  or 
5.4.2. l b  and 5.4.2.2a or 5.4.2.2b, with those that a1-e based prin­
cipally on theory. 

L.3 Steady Fires. A theoretically based equation for smoke 
filling can be derived using the laws of conservation of mass 
and energy to determine the additional volume being supplied 
to the upper layer (Milke and Mowrer [801 ). Using Zukoski's 
plrnne entrainment con-elation (Walton and Noto1-ianni [821), 

where: 

[ 1/ 3  ]-3/2 
z 2k,, �. 4/3 

-
= l + ---"-"-

H 3� H· 

[L.3a] 

z = smoke layer interface position above base of fuel (m) 
H = ceiling height (m) 
kv = enu-ainment constant ¢0.064 m413 I (sec-kW113) 

t = time from ignition (sec) 
Q = heat release rate (kW) 
A = cross-sectional area of space (m2) 

A comparison of z/H predicted by Equations 5.4.2.la or 
5.4.2. l b  and L.3a is presented in Figure L.3(a) for a ceiling 
height of 30 m, a steady fire size of 5 MvV, and a wide range of 
A/ ff- ratios. In general, the agreement between the twu equa­
tions is reasonable. 

Equation 5.4.2. l a  or 5.4.2.1 b predicts a lower smoke layer 
interface position at most times, except in the case of the volu­
minous space represented by Al Jf- of 10. In this case, Equation 
5.4.2. l a  or 5.4.2 . lb  indicates a delay of approximately 100 
seconds before a layer forms, while Equation L.3a indicates 
immediate formation of the layec Such a delay is reasonable 
for such a large space. This delay can be addressed by includ­
ing an additional term in Equation L.3a to account for the 
transport lag (Mowrer and Williamson [83) ) .  The u-anspon lag 
is estimated as 37 seconds for this case, with a height of 30 m 
and a cross-sectional area of 9000 m2. v\Thile the comparison in 
Figure L.3(a) is useful, it applies only to selected values of A, H, 
and Q. This comparison can be generalized for all values of A, 
H, and Q by forming a ratio of the two equations expressed in 
terms of t, as follows: 

t�qn. l.3.1 = � 
t"P' 6.1.2.1 2k,, 

[(i r/3 - 1J 
[ 1 . 1 1 - � l 

exp H 
0.28 

[L.3b] 

Figure L.3(b) indicates the relationship of the time ratio 
with the normalized smoke layer depth, (H - z)/ H. For perfect 
agreement between the two equations, the time ratio should 
have a value of 1.0. However, the time ratio varies appreciably 
and is within 20 percent of 1 .0 for only a very small range. For 
normalized smoke layer depths less than 0.13 (or a normalized 
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clear height of 0.87), Equation L.3a always predicts a shorter 
time to reach a particular depth than Equation 5.4.2.la or 
5.4.2.lb. Conversely, Equation 5.4.2.la or 5.4.2. l b  predicts 
shorter times to attain any normalized smoke layer depth in 
excess of 0.13. 

The time ratio is relatively insensitive for values of (H -z)/ H, 
ranging from 0.4 to 0.6. Within this range, the time ratio is 
nominally 1.5, that is, the time predicted by Equation L.3a to 
obtain a smoke layer of a particular depth is 50 percent greater 
than that predicted by Equation 5.4.2. l a  or 5.4.2.lb. Alterna­
tively, Equation 5.4.2.la or 5.4.2 . lb  predicts a more rapid 
descent to this range of smoke layer depths than Equation 
L.3a. 

� .. .. .. ' Fire: 5 MW -; 0.9 .. .. ' .. ..  Height: 30 m 0 0.8 · � : -"" .. .. .. No venting ·u; .. .. .. 8. 0.7 .. .. .. - . .. ..  
Q; 0.6 . .. .. - . .. .. .. >-

.!!! 0.5 
Ql 0.4 -"' 0 
E (/) 0.3 

Cl 0.2 Ql N 0.1 � 
E 0 
0 0 100 200 300 400 500 600 z 

Time (sec) 

-- Eqn 5.4.2.1 a or b, AIH2 = 0.5 
- - Eqn 5.4.2.1 a or b, AIH2 = 1.0 
- - - - Eqn 5.4.2.1 a orb, AIH2 = 10 

-- Eqn L.3a, AIH2= 0.5 
· · · · Eqn l.3a, A/H2= 1 .0 
• • • • Eqn L.3a, AIH2= 1 0  

FIGURE L.3(a) Comparison of Algebraic Equations, 
Equations 5.4.2.la or 5.4.2.lb and L.3a: Steady Fire. 

2 

C\i 1.8 
� 1.6 I!) 
c: 1.4 CT 
� 1.2 Ql 
E 

� 0.8 C') _j 0.6 c: CT 
0.4 � 

Ql 0.2 E 
i= 0 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 
Normalized smoke layer depth (H- z)/H 

FIGURE L.3(b) Comparison of Algebraic Equations, 
Equations 5.4.2.la or 5.4.2.lb and L.3a: Steady Fire -
Normalized Smoke Layer Depth. 
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L4 t.Squared Fires. A similar comparison of the empirically 
based Equation 5.4.2.2a or 5.4.2.2b and a theoretically based 
equation for t-squared fires can be conducted. The ASET-based 
equation is as follows: 

[ 20
. 

k) 5/3 ]-3(2 
z H-•/:� - = l + ---
H 2/3 A t -

g H2 

whe1-e tg = ffre growth rate (sec). 

[L.4a] 

A comparison of the predicted z/ H values are presented in 
Figure L.4(a) for a ceiling height of 30 m, a moderate fire 
growth rate (tg =  300 seconds), and a wide range of A/Ff- ratios. 
For values of A/ ff- up to 1.0, the agreement appears very 
reasonable once the smoke layer has formed. Again, the empir­
ically derived equation implicitly includes the transport lag. For 
A/ Ff- of 10.0, the delay for a smoke layer to form is greater 
than that for smaller A/ 112 ratios such that reasonable agree­
ment in smoke layer interface position is not achieved until 
approximately 800 seconds. The estimated transport lag is 206 
seconds (Mowrer and Williamson rS3l ) . 

The value of z/ H of 0.59 for the point of intersection of the 
various curves for the two equations is a constant, independent 
of the values for A, H, and Q Thus, for values of z/H > 0.59, 
Equation L.4a estimates a shorter time to attain a particular 
position of the smoke layer interface, whereas Equation 
5.4.2.2a or 5.4.2.2b estimates a faster time for lesser values of 
z/ H. Given the different exponents on the 1-ight side of the two 
equations, a general comparison is again possible only by solv­
ing for the times and expressing a ratio: 

[L.4b] 

l,.1,. J.4a = [(0.91)--069 ] 
t,'l', 6. 1.2.2 4k:·

6 

The relationship of the time ratio for various normalized 
smoke layer depths, (H - z)/H is provided in Figure L.4(b). In 
general, the agreement between the two predicted times for t­
squared fires is much better than that fo1- steady fires, with the 
predicted time using Equation L.4a being within 20 percent of 
that from Equation 5.4.2.2a or 5.4.2.2b for (H - z)/H values 
from 0.26 to 0.80. A5 in the case of the steady fire, the time 
ratio is less than 1.0 for small, normalized smoke layer depths. 
However, in this ca5e, the time ratio does not exceed l .O until 
the normalized smoke layer depth is at least 0.40. 

L.5 Large-Scale Experimental Programs in Tall Ceiling Spaces. 
The predictive capabilities of each equation can be examined 
by comparing the output to experimental data. 

The predictive capability of Equation L.3a is examined by 
comparing the output to large-scale experimental data. Sources 
of the experimental data involving a range of ceiling heights 
from 2.4 m to 12.5 m as well as room sizes and fire scenarios 
are identified in Table L.5. Included in the table are the data 
sources referenced in the initial development of Equation 
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i � c: 0.9 
0 :;:: 0.8 ·u; 0 0. 0.7 
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-- Eqn 5.4.2.2a orb, AIH2 = 0.5 -- Eqn L.4a, AIH2 = 0.5 

- - Eqn 5.4.2.2a or b, AIH2 = 1.0 
- - - - Eqn 5.4.2.2a or b, AIH2 = 1 O 

· · · · Eqn L.4a, AIH2 = 1.0 

• • • • Eqn L.4a, AIH2= 1 0  

FIGURE L.4(a) Comparison of Algebraic Equations, 
Equations 5.4.2.2a or 5.4.2.2b and L.4a: t-Squared Fire. 
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FIGURE L.4(b) Comparison of Algebraic Equations, 
Equations 5.4.2.2a or 5.4.2.2b and L.4a: t-Squared Fire -
Normalized Smoke Layer Depths. 

Table L.5 Summary of Full-Scale Experiments 

5.4.2. la or 5.4.2. l b  (Heskestad 001 ) . Two additional sets of 
experimental data have become available since the committee's 
initial analysis (Yamana and Tanaka [84] ) ; Lougheed (85]). 
Comprehensive descriptions of the test programs are provided 
elsewhere (Hagglund, Jansson, and Nireus [61 ; Mulholland et 
al. f38]; Cooper et al. [ 4]; Milke and Mowrer (80 ] ) . Because 
the tw·o additional set5 of data were collected from fires in 
spaces with significantly greater ceiling heights than in the 
initial sets of data, the new sets of data are of particular inter­
est. The measured and predicted smoke layer positions as a 
function of time from the previous data and two new sets of 
data are presented in Figure L.5. The data identified as "the 
committee's" include all the data on which the committee 
based initial development of Equation 5.4.2.la or 5.4.2.lb. The 
new sets of data are identified separately. As indicated in Figure 
L.5, the smoke layer position from the data analyzed is between 
that measured by the National Research Council of Canada 
(NRCC) and the Building Research lnstinite (BR!). Thus, 
despite the differences in ceiling height, the new and initial 
sets of data appear to be r·easonably similar. The graph labeled 
"NFPA 92" depicts the predictions of Equation 5.4.2. l a  or 
5.4.2. lb.  In general, agreement between the predictions from 
both Equations 5.4.2. l a  or 5.4.2 . l b  and L.3a and the experi­
mental data is very reasonable. Equation 5.4.2. l a  or 5.4.2. l b  
provides a lower limit of the experimental data, including the 
new NRCC data. Equation L.3a appears to p1·edict a midrange 
value of data. 

Equations comparable to Equations 5.4.2. l a  or 5.4.2. l b  and 
L.3a can be der·ived for variable cross-sectional areas and fo1-
fires that follow a power law (e.g., t�quared fires). In addition, 
algebraic equations pertaining to a variety of smoke layer char­
acteristics are available, including temperature, light obscura­
tion, and species concentration (Milke and Mowrer (80] ) .  
These equations are applicable to evaluating transient condi­
tions pri01- to operation of the smoke management system 01-
equilibrium conditions with an operational smoke manage­
ment system. Thus, a variety of algebraic equations are availa­
ble and can serve as useful tools for relatively elementary 
designs or as checks of specific aspects of computer calcula­
tions for more complicated situations. 

Research Group Fuel Heat Release Rate 
Dimension of Test 

Room 
Measurements of Smoke Layer 

Position 

New Data 
Yamana & Tanaka [84] 

NRCC (85] 

Cornrniuee Data 
Sandia, Test 7 [ 40] 

Mulholland (38) 

Cooper [4] 

Hagglund (6) 
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Methanol pool, 3.24 m2 

Ethanol pool, 3.6 m diameter 

Propylene burner, 0.91 m 
diameter 

Acetylene burner 

Methane burner 

Kerosene pool, 0..5 m2 

1.3 MW (steady) 

8 MW (steady) 

516 kW 

16.2 kW 

2.5 kW, 100 kW, 
225 kW 

280kW 

30 m x 24 m; 
height, 26.3 m 

5.5 m x 33 m; 
height, 12.5 m 

18.3 m x 12.2 m; 
height, 6.1 m 

3.7m x 3.7 m; 
height, 2.4 m 

89.6 m2 room; 
corridor and lobby 
heighl, 2.4 m 

5.62 m x 5.62 m; 
heiglu, 6.15 m 

Visual observations, first 
temperature rise 

First temperature rise 

First temperature rise, carbon 
dioxide concenu·ation 

Tern perature rise, light obscuration 

Temperamre rise 

Visual observations, first 
temperature rise 
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FIGURE L.5 Comparison of Smoke Layer Position, Experimental Data vs. Predictions. 

Annex M Tenability 

771is annex is not a part of the requirements of this NFPA document 
but is included for informational purposes only 

M.l General. The purpose of this annex is to provide g1.1ide­
lines for designers to assess tenable conditions in spaces protec­
ted by smoke control systems, in connected spaces, and of 
means of egress elements during the operation of a smoke 
control system. 

M.2 Tenable Environments. The conditions in a space should 
be maintained tenably for occupants to evacuate. For this 
reason, the context in which the analysis will be performed is 
the fit·st factor that should be used to develop the tenability 
criteria. The following analysis conditions/ context should be 
considered when applying the tenability criteria in Section M.3 
to determine if alternate criteria should be applied: 

( l )  The geometry of the space, including, but not limited to, 
exit or exit access doonvays, ceiling height5, travel distan­
ces within the space, exit signage, and means of egress 
ii lumination 

(2) Occupant characteristics, including, but not limited to, 
age, physical capabilities, disabilities (e.g., aural, respira­
tory), use of drugs or alcohol or other cognitive impair­
ment 

(3) Products of fuel decomposition and combustion, includ­
ing, but not limited to, carbon monoxide, heat, soot, 
hydrogen cyanide, hydrogen chloride, ammonia, niu·o­
gen oxides, and hydrocarbons 

Section M.3 explores several of these factors in more detail, 
specifically as the development of tenability criteria. The 
context in which these factors are addressed are large open 
spaces such as malls and au·ia. This is because tenability criteria 
(i.e., maintaining tenability in a space) are typically applied in 
corijunction with smoke exhaust systems, which are most 
commonly used in large open spaces such as malls and au·ia. It 
should be noted that additional tenability criteria might be 
appropriate for specific applications and that additional 
research outside of this document could be necessary to iden­
tify and quantify those tenability criteria. 

M.3 Tenability Criteria. 

M.3.1 A tenable environment is one in which the products of 
combustion, including heat, smoke, and toxic gasses, are at 
leveL5 that are not life threatening or adversely impact the abil­
ity to egress. 

M.3.2 A tenability analysis should include evaluation of heat, 
toxic gasses, thermal radiation, and visibility. 

M.3.3 For most materials, if the products of combustion are 
sufficiently diluted to satisfy the visibility criteria, heat, toxic 
gasses, and thermal radiation levels will also be at non-l ife­
threatening levels. 

M.3.4 The application of tenability criteria at the perimeter of 
a fire is impractical. The zone of tenability should be defined to 
apply out5ide a boundary away from the perimeter of the fire. 
This distance will be dependent on the fire heat 1·elease rate, 
the fire smoke release rate, local geometry, and ventilation and 
could be as much as 30 m ( 100 ft) .  A critical consideration in 
determining this distance will be how the resultant radiation 
exposures and smoke layer temperatures affect egress. 

M.3.5 Some factors that should be considered in maintaining 
a tenable environment for periods of short duration are 
defined in M.3.6 through M.3.8. 

M.3.6 Heat Effects. Exposure to heat can lead to life threat in 
three basic ways: 

( 1 ) Hyperthermia 
(2) Body surface burns 
(3) Respiratory tract burns 

For use in the modeling of life threat clue to heat exposure 
in fires, it is necessary to consider only two criteria: the thresh­
old of burning of the skin and the exposure at which hyper­
thermia is sufficient to cause mental deterioration and thereby 
tlu·eaten survival. 

Note that thermal bums to the respiratory tract from inhala­
tion of air containing less than 10 percent by volume of water 
vapor do not occur in the absence of burns to the skin or the 
face; thus, tenability limits with reg-ard to skin bums normally 
are lower than for burns to the respiratory tract. However, ther-
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mal burns to the respiratory tract can occur upon inhalation of 
ai1· above 60°C ( 1 400F) that is saturated with water vapoi-. 

M.3.6.1 Radiant Heat Exposure. The tenability limit for expo­
sure of skin to radiant heat is approximately 1.7 kW·m·2. Below 
this incident heat Aux level, exposure can be tolerated for 30 
minutes or longe1· without significantly affecting the time avail­
able for escape. Above this threshold value, the time to bmning 
of ski n  due to radiant heat decreases rapidly according to 
Equation M.3.6.1. 

[M.3.6.1] 

where: 

11,.d = time in minutes 
q = radiant heat flux (kW /m2) 

As with toxic ga5es, an exposed occupant can be considered 
to accumulate a dose of radiant heat over a period of time. The 
fraction equivalent dose (FED) of radiant heat accumulated 
per minute is the reciprocal of 11,,,4. 

Radiant heat tends to be directional, producing localized 
heating of particular areas of skin even though the air tempera­
ture in con tact with other parts of the body might be relatively 
low. Skin temperature depends on the balance between the 
rate of heat applied to tl1e skin surface and the removal of heat 
subcutaneously by the blood. Thus, there is a th1·eshold radiant 
Aux below which significant heating of the skin is prevented 
but above which rapid heating occurs. 

Based on the preceding information, it is estimated that the 
uncertainty associated with the use of Equation M.3.6.1 is ±25 
percent. Moreover, an irradiance of 2.5 kVl'·m-2 would corre­
spond to a sow·ce surface temperature of approxinlately 200°C 
(3632°F), which is most li.kely to be exceeded near the fire, 
where conditions are changing rapidly. 

M.3.6.2 Convected Heat Exposure. Calculation of the time to 
incapacitation tmder conditions of exposure to convected heat 
from air containing less than 10 percent by volume of water 
vapor can be made using eithe1· Equation M.3.6.2a or Equation 
M.3.6.2b. 

As with toxic gases, an exposed occupant can be considered 
to accumulate a dose of convected heat over a period of time. 
The FED of radiant heat accumulated per minute is the recip­
rocal of t,,ad· 

Convected heat accumulated per minute depends on the 
extent to which an exposed occupant is clothed and the nature 
of the clothing. For fully clothed subjects, Equation M.3.6.2a is 
suggested: 

where: 
t"""" = time in nlinutes 

T = temperature ("C) 
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[M.3.6.2a] 

For unclothed or lightly clothed subjects, it might be more 
appropriate to use Equation M.3.6.2b: 

where: 
ltconv = titne in minutes 

T = temperature ("C) 

[M.3.6.2b] 

Equations M.3.6.2a and M.3.6.2b are empirical fits to human 
data. It is estimated that the uncertainty is ±25 percent. 

Thermal tolerance data for unprotected human ski n  suggest 
a limit of about 120°C (248°F) fo1· convected heat, above which 
tllere is, within minutes, onset of considerable pain along with 
tlle production of burns. Depending on the length of expo­
sure, convective heat below this temperatm·e can also cause 
hypertllermia. 

The body of an exposed occupant can be regarded as acquir­
ing a "dose" of heat over a period of time. A short exposure to 
a high radiant heat Aux or temperature generally is less tolera­
ble than a longer exposure to a lower temperature or heat flux. 
A methodology based on additive FEDs similar to that used 
with toxic gases can be applied. Provided tllat the temperature 
in the fire is stable or increasing, the total fractional effective 
dose of heat acquired during an exposure can be calculated 
using Equation M.3.6.2c: 

FED=°[ -+- t "' ( 1 l } 
11 llrnd llumv 

where: 
FED = fractional effective dose 

t,,.d = time in minutes 

l1conv = time in minutes 
D.t = time in minutes 

[M.3.6.2c] 

Note 1: In areas witllin an occupancy where the radiant Aux 
to the skin is under 2.5 kW·m-2, the first term in Equation 
M.3.6.2c is to be set at zero. 

The uncertainty associated with the use of tllis equation 
would be dependent on tlle uncertainties with tlle use of Equa­
tions M.3.6.1, M.3.6.2a, and M.3.6.2b. 

Note 2: The time at which the FED accumulated sum 
exceeds an incapacitating threshold value of 0.3 represents the 
time available for escape for the chosen radiant and convective 
heat exposures. 

As an example, consider the following: 

( 1 )  Evacuees lightly clothed 
(2) Zero radiant heat flux 
(3) Time to FED reduced by 25 percent to allow fm uncer­

tainty in Equations M.3.6.2b and M.3.6.2c 
(4) Exposure temperature constant 
(5) FED not to exceed 0.3 
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Equations M.3.6.2b and M.3.6.2c can be manipulated to 
provide: 

[M.3.6.2d] 

where: 
t,,1, = time of exposure (min.) to reach an FED of0.3. This 

gives tbe values in Table M.3.6.2. 

M.3.7 Toxic Gases A number of potentially toxic gases are 
created from a fire that need to be considered when evaluating 
tenability. The predominant toxic gas created from a fire is 
carbon monoxide (CO), which is readily generated from the 
combustion of wood and otber cellulosic materials. Carbon 
dioxide (C02) is an asphyxiant, which can cause nervous 
system depression leading to loss of consciousness and poten­
tially death. Anotber asphyxiant of concern is hydrogen 
cyanide (CN). Otber toxic gases classified as irritants have tbe 
potential to cause irritation of the eyes, respiratory tract, and 
lungs. Potential ir-ritants created by fires include halogen acids 
such as hydrogen chloride (HCI), hydrogen fluoride (HF), and 
hydrogen bromide (HBr). 

CadJon monoxide tenability limit5 are discussed in M.3.7. 1 .  
Creation of otber toxic gases is largely a function of the fuel 
being burned. Discussion of tenability limits for tbese gases is 
provided elsewhere. 

M.3.7.1 Air Carbon Monoxide Content. An exposed occupant 
can be considered to accumulate a dose of carbon monoxide 
over a pe1·iod of time. This exposure to carbon monoxide can 
be expressed as a fractional effective dose, according to Equa­
tion M.3.7. 1 :  

where: 

FED = � [co] 1:::,.1 co £..,, 
35000 1 , 

FED = fractional effective dose 
f"..t = time increment in minutes 

[M.3.7.1] 

[ CO] = average concentration of CO (ppm) over the time 
increment f"..t 

It has been estimated that the uncertainty associated with 
tbe use of Equation M.3.7.1 is ±35 pe1·cent. The time at which 
tbe FED accumulated sum exceeds a chosen incapacitating 
threshold value represents tbe time available for escape for the 

Table M.3.6.2 Maximum Exposure Time 

Exposure Temperature 
Without Incapacitation 

·c OF (min.) 

80 176 3.8 
75 167 4.7 
70 158 6 
65 149 7.7 
60 140 LO.I 
5.5 131 13.6 
50 122 18.8 
45 113 26.9 
40 104 40.2 
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chosen carbon monoxide exposure. As an example, consider 
the following: 

( 1 )  Time to FED reduced by 35 percent to allow for the 
unce1·tainty in Equation M.3.7.1 

(2) Exposure concentrations constant 

This gives the values in Table M.3.7.1 for a range of thresh­
old values. 

A value for tbe FED tbreshold limit of 0.5 is typical of 
healthy adult populations r1  l ,  0.3 is typical to provide for 
escape by the more sensitive population [I] and tbe AEGL 2 
limits are intended to protect the general population, includ­
ing susceptible individuals, from irreversible or other serious 
long-lasting healtb effects r2J. 

The selection of the FED threshold limit value should be 
chosen appropriately for the fire safety design objectives. A 
value of 0.3 is typical. Mo1·e conservative criteria can be 
employed for use by especially susceptible populations. Addi­
tional information is available in [ l  l and [31 . 

M.3.8 VJSibility. Visibility through smoke should be main­
tained above the point which a sign internally illuminated at 80 
lux (7.5 ft candles) is discernible at 30 m (100 ft) and doors 
and walls are discernible at 10 m (33 ft) .  These distances can 
be reduced if demonstrated by an engineering analysis. 

M.3.8.1 Reduction of visibility thresholds (i.e., minimum visi­
bility distance) should be avoided whe1·e tbe egress pad1s tbem­
selves create confusion or where occupants need to maneuver 
around many obsu·uctions during exiting. 

M.3.8.2 For confined eg1·ess routes containing little to no 
obstructions and where the exits are readily located in any 
direction of travel (e.g., small rooms/balconies or hotel corri­
do1·s witb exit stairs at remote ends), tbe visibility th1·eshold can 
be reduced to the point at which an exit  sign is discernible at 
no less than 10 m (33 ft) and doors and walls are discernible at 
no less than 3.75 m (12 ft) .  

M.4 Geometric Considerations. The application of tenability 
criteria at tbe perimeter of a fire is impractical. The zone of 
tenability should be defined to apply outside a bow1dary away 
from the perimeter of the fire. This distance will be dependent 
on tbe fire heat release rate, the fire smoke release rate, local 
geometry, and ventilation and could be as much as 30 m (100 
ft) .  A critical consideration in determining this distance will be 
how tbe resulting radiation exposures and smoke layer temper­
atu1·es affect egress. This consideration should include tbe 
specific geometries of each application and how tbose factors 
interact to support or interfere witb access to tbe means of 
egress. 

Table M.3.7.1 Maximum Carbon Monoxide Exposure 

Tenability Limit 

Time 
(min) AEGL2 0.3 0.5 

4 1706 2844 
6 1138 1896 

10 420 683 1138 
15 455 758 
30 150 228 379 
60 83 114 190 

240 33 28 47 
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