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IMPORTANT NOTICES AND DISCLAIMERS CONCERNING NFPA® STANDARDS 

NOTICE AND DISCLAIMER OF LIABILITY CONCERNING THE USE OF NFPA STANDARDS

NFPA® codes, standards, recommended practices, and guides (“NFPA Standards”), of which the document 
contained herein is one, are developed through a consensus standards development process approved by the 
American National Standards Institute. This process brings together volunteers representing varied viewpoints 
and interests to achieve consensus on fire and other safety issues. While the NFPA administers the process and 
establishes rules to promote fairness in the development of consensus, it does not independently test, evaluate, or 
verify the accuracy of any information or the soundness of any judgments contained in NFPA Standards.

The NFPA disclaims liability for any personal injury, property or other damages of any nature whatsoever, whether 
special, indirect, consequential or compensatory, directly or indirectly resulting from the publication, use of, or 
reliance on NFPA Standards. The NFPA also makes no guaranty or warranty as to the accuracy or completeness of 
any information published herein.

In issuing and making NFPA Standards available, the NFPA is not undertaking to render professional or other 
services for or on behalf of any person or entity. Nor is the NFPA undertaking to perform any duty owed by any 
person or entity to someone else. Anyone using this document should rely on his or her own independent judgment 
or, as appropriate, seek the advice of a competent professional in determining the exercise of reasonable care in any 
given circumstances.

The NFPA has no power, nor does it undertake, to police or enforce compliance with the contents of NFPA 
Standards. Nor does the NFPA list, certify, test, or inspect products, designs, or installations for compliance with this 
document. Any certification or other statement of compliance with the requirements of this document shall not be 
attributable to the NFPA and is solely the responsibility of the certifier or maker of the statement.

REMINDER: UPDATING OF NFPA STANDARDS

Users of NFPA codes, standards, recommended practices, and guides (“NFPA Standards”) should 
be aware that NFPA Standards may be amended from time to time through the issuance of Tentative 
Interim Amendments or corrected by Errata. An official NFPA Standard at any point in time consists of 
the current edition of the document together with any Tentative Interim Amendment and any Errata 
then in effect.

In order to determine whether an NFPA Standard has been amended through the issuance of 
Tentative Interim Amendments or corrected by Errata, visit the Document Information Pages on NFPA’s 
website. The Document Information Pages provide up-to-date, document specific information including 
any issued Tentative Interim Amendments and Errata.

To access the Document Information Page for a specific NFPA Standard, go to  
http://www.nfpa.org/docinfo to choose from the  list of NFPA Standards or use the search feature 
on the right to select the NFPA Standard number (e.g., NFPA 101). In addition to posting all existing 
Tentative Interim Amendments and Errata, the Document Information Page also includes the option to 
sign-up for an “Alert” feature to receive an email notification when new updates and other information 
are posted regarding the document.
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IMPORTANT NOTICES AND DISCLAIMERS CONCERNING NFPA® STANDARDS 

ADDITIONAL NOTICES AND DISCLAIMERS

Updating of NFPA Standards 

Users of NFPA codes, standards, recommended practices, and guides (“NFPA Standards”) should be aware that 
these documents may be superseded at any time by the issuance of new editions or may be amended from time to 
time through the issuance of Tentative Interim Amendments or corrected by Errata. An official NFPA Standard at 
any point in time consists of the current edition of the document together with any Tentative Interim Amendments 
and any Errata then in effect. In order to determine whether a given document is the current edition and whether 
it has been amended through the issuance of Tentative Interim Amendments or corrected through the issuance of 
Errata, consult appropriate NFPA publications such as the National Fire Codes® Subscription Service, visit the NFPA 
website at www.nfpa.org, or contact the NFPA at the address listed below.

Interpretations of NFPA Standards

A statement, written or oral, that is not processed in accordance with Section 6 of the Regulations Governing the 
Development of NFPA Standards shall not be considered the official position of NFPA or any of its Committees and 
shall not be considered to be, nor be relied upon as, a Formal Interpretation.

Patents

The NFPA does not take any position with respect to the validity of any patent rights referenced in, related to, 
or asserted in connection with an NFPA Standard. The users of NFPA Standards bear the sole responsibility for 
determining the validity of any such patent rights, as well as the risk of infringement of such rights, and the NFPA 
disclaims liability for the infringement of any patent resulting from the use of or reliance on NFPA Standards.

NFPA adheres to the policy of the American National Standards Institute (ANSI) regarding the inclusion of 
patents in American National Standards (“the ANSI Patent Policy”), and hereby gives the following notice pursuant 
to that policy:

NOTICE: The user’s attention is called to the possibility that compliance with an NFPA Standard may 
require use of an invention covered by patent rights. NFPA takes no position as to the validity of any such 
patent rights or as to whether such patent rights constitute or include essential patent claims under the 
ANSI Patent Policy. If, in connection with the ANSI Patent Policy, a patent holder has filed a statement of 
willingness to grant licenses under these rights on reasonable and nondiscriminatory terms and conditions to 
applicants desiring to obtain such a license, copies of such filed statements can be obtained, on request, from 
NFPA. For further information, contact the NFPA at the address listed below.

Law and Regulations

Users of NFPA Standards should consult applicable federal, state, and local laws and regulations. NFPA does not, 
by the publication of its codes, standards, recommended practices, and guides, intend to urge action that is not in 
compliance with applicable laws, and these documents may not be construed as doing so.

Copyrights

NFPA Standards are copyrighted. They are made available for a wide variety of both public and private uses. These 
include both use, by reference, in laws and regulations, and use in private self-regulation, standardization, and the 
promotion of safe practices and methods. By making these documents available for use and adoption by public 
authorities and private users, the NFPA does not waive any rights in copyright to these documents.

Use of NFPA Standards for regulatory purposes should be accomplished through adoption by reference. The term 
“adoption by reference” means the citing of title, edition, and publishing information only. Any deletions, additions, 
and changes desired by the adopting authority should be noted separately in the adopting instrument. In order 
to assist NFPA in following the uses made of its documents, adopting authorities are requested to notify the NFPA 
(Attention: Secretary, Standards Council) in writing of such use. For technical assistance and questions concerning 
adoption of NFPA Standards, contact NFPA at the address below.

For Further Information

All questions or other communications relating to NFPA Standards and all requests for information on NFPA 
procedures governing its codes and standards development process, including information on the procedures for 
requesting Formal Interpretations, for proposing Tentative Interim Amendments, and for proposing revisions to 
NFPA standards during regular revision cycles, should be sent to NFPA headquarters, addressed to the attention 
of the Secretary, Standards Council, NFPA, 1 Batterymarch Park, P.O. Box 9101, Quincy, MA 02269-9101; email: 
stds_admin@nfpa.org

For more information about NFPA, visit the NFPA website at www.nfpa.org. All NFPA codes and standards can be 
viewed at no cost at www.nfpa.org/freeaccess.
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This edition of NFPA 92, Standard for Smoke Control Systems, was prepared by the Technical
ommittee on Smoke Management Systems. It was issued by the Standards Council on No-

ember 11, 2014, with an effective date of December 1, 2014, and supersedes all previous
ditions.

This edition of NFPA 92 was approved as an American National Standard on December 1,
014.

Origin and Development of NFPA 92
The NFPA Standards Council established the Technical Committee on Smoke Manage-

ent Systems in 1985 and charged it with addressing the need for guidelines and materials on
moke management in buildings. The Committee’s first document, NFPA 92A, Recommended
ractice for Smoke-Control Systems, was published in 1988 and addressed smoke control utilizing
arriers, airflows, and pressure differentials so as to confine the smoke of a fire to the zone of
ire origin to maintain a tenable environment in other zones. The complex problem of main-
aining tenable conditions within large zones of fire origin such as atria and shopping malls
epresented a more difficult issue in terms of the physics involved and thus was reserved for
nother document, NFPA 92B, Guide for Smoke Management Systems in Malls, Atria, and Large
reas, first published in 1991.

Between 1991 and 2009, NFPA 92A and NFPA 92B were separately maintained. In 2006,
FPA 92A was rewritten as a standard with mandatory provisions regarding design, installa-

ion, and testing of smoke-control systems and was renamed Smoke-Control Systems Utilizing
arriers and Pressure Differences. In 2005 and 2006, both documents were reorganized to comply
ith the Manual of Style for NFPA Technical Committee Documents. Both documents eventually
ontained many of the same requirements for design objectives, activation, and installation.

In the Annual 2011 revision cycle, NFPA 92A and NFPA 92B were withdrawn and replaced
ith a new document, NFPA 92, Standard for Smoke Control Systems. NFPA 92 was created using
equirements from both of the original documents, removing duplicate provisions and mak-
ng numerous editorial changes. The new document used the term smoke control systems to
ddress both containment and management systems. With the consolidation effort, the new
tandard covered the following topics: design of smoke management systems and calcula-
ions, design of smoke containment systems, design of stairwell pressurization systems, and
esting requirements.

The 2015 edition includes editorial revisions and new requirements addressing draft cur-
ain materials.
otection Association are registered trademarks of the National Fire Protection Association, Quincy, Massachusetts 02169.
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IMPORTANT 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 may be found under the heading “Important Notices and Dis-
claimers Concerning NFPA Standards.” They can also be obtained
on request from NFPA or viewed at www.nfpa.org/disclaimers.

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 [ ] following a section or paragraph
indicates material that has been extracted from another NFPA
document. As an aid to the user, the complete title and edition
of the source documents for extracts in mandatory sections of
the document are given in Chapter 2 and those for extracts in
informational sections are given in Annex M. Extracted text
may be edited for consistency and style and may include the
revision of internal paragraph references and other refer-
ences as appropriate. Requests for interpretations or revisions
of extracted text shall be sent to the technical committee re-
sponsible for the source document.

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

Chapter 1 Administration

1.1* 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 re-
quirements for smoke control systems to accomplish one or
more of the following:

(1) Inhibit smoke from entering stairwells, means of egress,
smoke refuge areas, elevator shafts, or similar areas

(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 res-
cue operations and to locate and control the fire

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

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, struc-
2015 Edition
tures, or installations that were existing or approved for construc-
tion 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 situation involves a distinct haz-
ard to life or property, retroactive application of the provisions
of this document shall be permitted.

1.3.3 Where a smoke control system is being altered, ex-
tended, or renovated, the requirements 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 pre-
vent the use of systems, methods, or devices of equivalent or
superior quality, strength, fire resistance, effectiveness, dura-
bility, and safety over those prescribed by this standard.

1.4.1 Technical documentation shall be submitted to the au-
thority having jurisdiction to demonstrate equivalency.

1.4.2 The system, method, or device shall be approved for the
intended purpose by the authority having jurisdiction.

1.5 Units and Formulas. (Reserved)

Chapter 2 Referenced Publications

2.1 General. The documents or portions thereof listed in this
chapter are referenced within this standard and shall be con-
sidered part of the requirements of this document.

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

NFPA 70®, National Electrical Code®, 2014 edition.
NFPA72®, National FireAlarm and Signaling Code, 2013 edition.
NFPA 90A, Standard for the Installation of Air-Conditioning and

Ventilating Systems, 2015 edition.
NFPA 101®, Life Safety Code®, 2015 edition.
NFPA 110, Standard for Emergency and Standby Power Systems,

2013 edition.
NFPA 221, Standard for High Challenge Fire Walls, Fire Walls,

and Fire Barrier Walls, 2015 edition.

2.3 Other Publications.

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

ANSI/UL 555, Standard for Fire Dampers, 2006, revised 2012.

ANSI/UL 555S, Standard for Smoke Dampers, 2006, revised
2010.

ANSI/UL 864, Standard for Control Units and Accessories for
Fire Alarm Systems, 2003, revised 2012.

2.3.2 Other Publications.

Merriam-Webster’s Collegiate Dictionary, 11th edition, Merriam-
Webster, Inc., Springfield, MA, 2003.

2.4 References for Extracts in Mandatory Sections.
NFPA 1, Fire Code, 2015 edition.
NFPA 3, Recommended Practice for Commissioning of Fire Protec-

tion and Life Safety Systems, 2015 edition.
NFPA 101®, Life Safety Code®, 2015 edition.
NFPA 556, Guide on Methods for Evaluating Fire Hazard to Oc-

cupants of Passenger Road Vehicles, 2011 edition.
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Chapter 3 Definitions

3.1 General. The definitions contained in this chapter shall
apply to the terms used in this standard. Where 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 Collegiate
Dictionary, 11th edition, shall be the source for the ordinarily
accepted meaning.

3.2 NFPA Official Definitions.

3.2.1* Approved. Acceptable to the authority having jurisdic-
tion.

3.2.2* Authority Having Jurisdiction (AHJ). An organization,
office, or individual responsible for enforcing the require-
ments 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 orga-
nization that is acceptable to the authority having jurisdiction
and concerned with product evaluation, that maintains peri-
odic inspection of production of labeled equipment or mate-
rials, and by whose labeling the manufacturer indicates com-
pliance with appropriate standards or performance in a
specified manner.

3.2.4* Listed. Equipment, materials, or services included in a
list published by an organization that is acceptable to the au-
thority having jurisdiction and concerned with evaluation of
products or services, that maintains periodic inspection of
production of listed equipment or materials or periodic evalu-
ation of services, and whose listing states that either the equip-
ment, material, or service meets appropriate designated stan-
dards 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 required.

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 open-
ing or series of floor openings connecting two or more stories
that is covered at the top of the series of openings and is used
for purposes other than an enclosed stairway; an elevator
hoistway; an escalator opening; or as a utility shaft used for
plumbing, electrical, air-conditioning, or communications fa-
cilities. [101, 2015]
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 dif-
ference 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 control system op-
erating.

3.3.4* Draft Curtain. A fixed or automatically deployable bar-
rier 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 controlled 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 information on t-squared (t2) profile
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 ca-
pability over smoke control systems and equipment at desig-
nated location(s) within the building for use by the fire de-
partment.

3.3.7 Growth Time (tg). The time interval from the time of ef-
fective ignition until the heat release rate of the fire is 1000 Btu/
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 ob-
stacles, and is not disrupted or deflected by airflow.

3.3.9.2* Balcony Spill Plume. A smoke plume that origi-
nates 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 from contaminating them during a fire incident.

3.3.11 Registered Design Professional (RDP). An individual
who is registered or licensed to practice their respective de-
sign profession as defined by the statutory requirements of the
professional registration laws of the jurisdiction in which the
2015 Edition
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project is to be constructed, or other professional with qualifi-
cations or credentials acceptable to the jurisdiction in which
the project is to be constructed. [3, 2015]

3.3.12 Smoke. The airborne solid and liquid particulates and
gases evolved when a material undergoes pyrolysis or combus-
tion, together with the quantity of air that is entrained or oth-
erwise mixed into the mass. [556, 2011]

3.3.12.1* First Indication of Smoke. The boundary 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 con-
structed to restrict the movement of smoke in conjunction
with a smoke control system.

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

3.3.15 Smoke Control Mode. A predefined operational con-
figuration 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 thermal barrier.

3.3.18* Smoke Layer Interface. The theoretical boundary be-
tween a smoke layer and the smoke-free air.

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

3.3.20 Smoke Refuge Area. An area 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 areas might need to be occupied at the time of
fire.

3.3.21 Space.

3.3.21.1* Communicating Space. A space within a building
that has an open pathway to a large-volume space such that
smoke from a fire either in the communicating space or in
a large-volume space can move from one to another with-
out restriction.

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 communicat-
ing 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 barriers.

3.3.22 Stack Effect. The vertical airflow within buildings
caused by the temperature-created density differences between
the building interior and exterior or between two interior spaces.

3.3.23 System.

3.3.23.1 Compensated System. A system that adjusts for
changing conditions either by modulating supply airflows
or by relieving excess pressure.
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3.3.23.2* Dedicated Smoke Control System. Smoke control
systems and components that are installed for the sole pur-
pose of providing smoke control and that upon activation
of the systems operate specifically to perform the smoke
control function.

3.3.23.3* Nondedicated Smoke Control Systems. A smoke-
control system that shares components with some other
system(s), such as the building HVAC system, which
changes its mode of operation to achieve the smoke-
control objective. [1, 2015]

3.3.23.4 Pressurization System.

3.3.23.4.1 Multiple-Injection 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 pressurization
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 control sys-
tem that includes a combination of smoke containment
and smoke management methods for smoke exhaust for
the smoke zone and pressurization for all contiguous
smoke control zones.

3.3.24* Tenable Environment. An environment in which
smoke and heat are limited or otherwise restricted 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 en-
closed by smoke barriers, including the top and bottom,
that is part of a zoned smoke control system.

3.3.25.2 Smoke Zone. The smoke control zone in which
the fire is located.

3.3.25.3* Transition Zone. The layer between the smoke
layer interface and the first indication of smoke in which
the smoke layer temperature 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
interval time shall include one or more of the following:
reproduction or distribution is permitted.
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(1) Containing the smoke to the zone of fire origin
(2) Maintaining a tenable environment within exit stairwells

for the time necessary to allow occupants to exit the build-
ing

(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.

4.2.1* 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 pressure 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:

(1) 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 large-
volume space to be protected

(3) Height, cross-sectional area, and plan area of each un-
separated 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 the communicating space
from the large-volume space

(6) Egress routes from the large-volume space and any com-
municating 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 tem-
perature experienced by the equipment while the equipment
is intended to be operational.

4.2.3.2 Temperature ratings shall be based on the following:

(1) Proximity to the fire
(2) Effects of dilution of the smoke and hot gases by en-

trained air

4.3 Design Approaches.

4.3.1 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 control
(3) Elevator pressurization
(4) Vestibule pressurization
(5) Smoke refuge area 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 de-
scent 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 the rate of smoke layer de-
scent 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 sys-
tems.

4.4.2 Pressure Differences. The maximum and minimum al-
lowable pressure differences across the boundaries of smoke
control zones shall be established for containment systems.

4.4.2.1 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.

Table 4.4.2.1.1 Minimum Design Pressure Differences
Across Smoke Barriers

Building Type
Ceiling Height

(ft)

Design Pressure
Difference*

(in. w.g.)

AS Any 0.05
NS 9 0.10
NS 15 0.14
NS 21 0.18

For SI units, 1 ft = 0.305 m; 0.1 in. w.g. = 25 Pa.
AS: Sprinklered. NS: Nonsprinklered.
Notes:
(1) The table presents minimum design pressure differences devel-
oped for a gas temperature of 1700°F (927°C) next to the smoke
barrier.
(2) For design purposes, a smoke control system must maintain these
minimum 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 adjacent spaces while
the affected areas are in the smoke control mode.
2015 Edition
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4.4.2.1.2 Where the system designer has determined that a
higher minimum pressure difference is necessary to achieve
the smoke control system objectives, the higher minimum
pressure difference shall be used.

4.4.2.1.3 The minimum allowable pressure 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 con-
trol 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.

4.4.2.2* Pressure Differences Across Doors. The pressure dif-
ferences across doors shall not cause the maximum force per-
mitted 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 sys-
tems 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 lo-
cated 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.

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 con-
tact with the plume unless a higher makeup air velocity is sup-
ported by engineering analysis.

4.4.4.2 Communicating Spaces.

4.4.4.2.1 Managing Smoke Spread to Communicating Spaces.

4.4.4.2.1.1 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 through the opening to
prohibit smoke spread into the communicating space

4.4.4.2.1.2 When smoke barriers are used to limit smoke
spread into the communicating space, engineering calcula-
tions 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 When the airflow method is used to prevent
smoke movement from the large-volume space into communi-
cating spaces for large openings, the flow shall be nearly per-
pendicular to the plane of the opening.
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4.4.4.2.2* Managing Smoke from Communicating Spaces.

4.4.4.2.2.1 When communicating spaces are designed to al-
low the smoke to spill into the large-volume space, the smoke
spilling into the large-volume space shall be handled by the
smoke management system to maintain the design smoke
layer interface height.

4.4.4.2.2.2 When the smoke control systems are designed to use
airflow to prevent the movement of smoke into the large-volume
space, sufficient exhaust from the communicating space shall be
provided to establish a minimum flow between the communicat-
ing 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 control systems.

4.4.4.4 Special Considerations Related to Natural Venting.
Smoke management system designs that 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 control system shall not compromise the perfor-
mance of gaseous agent fire protection systems.

4.5* System Operation.

4.5.1 Limitations.

4.5.1.1* Tenability. Where the design of the smoke control
system is based on the potential for occupants being exposed
to smoke, the tenability conditions shall be assessed.

4.5.1.2* Egress Analysis. Where the design of the smoke con-
trol system is based on occupants exiting a space before being
exposed to smoke or before tenability thresholds are reached,
there shall be sufficient time for the movement of the occu-
pant as determined by a timed egress analysis.

4.5.1.3* Minimum Design Smoke Layer Depth. The minimum
design depth of the smoke layer for a smoke management
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 events (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 When the design of the smoke management system is
based on occupants exiting a space before being exposed to
reproduction or distribution is permitted.
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smoke or before tenability thresholds are reached, the follow-
ing shall be met:

(1) 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 de-
scent of a smoke layer in spaces where tenable conditions are
demonstrated.

4.6 Stairwell Pressurization Systems.

4.6.1* General. When stairwell pressurization systems are pro-
vided, the pressure difference between the smoke zone and
the stairwell, with zero and the design number of doors open,
shall be as follows:

(1) Not less than the minimum pressure difference specified
in 4.4.2

(2) Not greater than the maximum pressure difference speci-
fied in 4.4.2.2

4.6.2 Location of Supply Air Source. To limit smoke from en-
tering the stairwell 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 pro-
peller fans shall be permitted to be used in single-injection
systems, provided that wind shields are provided for the fan.

4.6.3.2 Other Types 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.

4.6.4.1 Single-Injection Systems.

4.6.4.1.1* The air injection point for a single-injection system
shall be permitted to be located at any location within the
stairwell.

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

4.6.4.2* Multiple-Injection Systems. For system designs with
injection points more than three stories apart, a design analy-
sis shall be performed to ensure that loss of pressurization air
through open doors does not lead to stairwell pressurization
below the minimum design pressure.

4.7* Elevator Pressurization Systems. Where elevator pressur-
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
hoistway vents open.

4.8* Zoned Smoke Control.

4.8.1 Smoke Control Zones.

4.8.1.1 When zoned smoke control is to be used to provide
containment, the building shall be divided into smoke control
zones, with each zone separated from the others by smoke
barriers.
4.8.1.1.1* A smoke control 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 control 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 pressure 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 out-
side of the building.

4.8.2.2 The smoke zone exhaust shall be permitted to be ei-
ther mechanical or natural ventilation.

4.8.3* Smoke Refuge Areas.

4.8.3.1 A non–smoke zone of a zoned smoke control system
shall be permitted to be used as an area intended to protect
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 control.

4.9* Combination of Systems. Smoke control systems shall be
designed such that where multiple smoke control systems op-
erate simultaneously, each system will meet its individual de-
sign 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 pressurized or
nonpressurized vestibules shall be permitted.

4.11* Doors. Doors located in smoke barriers shall be self-
closing or shall be arranged to close automatically upon acti-
vation of the smoke control 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.

5.1.1* Algebraic Equations. The algebraic equations in Chapter
5 shall be permitted to be used to provide a means of calculating
individual factors that collectively can be used to establish the
design requirements of a smoke management system.

5.1.2* Scale Modeling.

5.1.2.1 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 5.11.
2015 Edition
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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.

5.2.1* General. This section presents the equations that shall
be used to calculate the heat release rates for design fires. (For
information about the heat release rates of fires, see Annex B.)

5.2.2 Design Fire Types. Design fires shall be one of the fol-
lowing:

(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.

5.2.3.1 The heat release rate of steady design fires shall be
based on available or developed test data.

5.2.3.2 Where the available fuel mass is used to limit the du-
ration of a steady design fire, the duration of the fire shall be
calculated using Equation 5.2.3.2 as follows:

∆t
mH

Q
c= [5.2.3.2]

where:
∆t = duration of fire (sec)
m = total fuel mass consumed (lb or kg)

Hc = heat of combustion of fuel (Btu/lb or kJ/kg)
Q = heat release rate (Btu/sec or kW)

5.2.4 Unsteady Design Fires. Unsteady design fires shall in-
clude 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.

5.2.4.1 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 hav-

ing jurisdiction

5.2.4.2 t-squared Fire Growth Model.

5.2.4.2.1 Where used, the heat release rate of a t-squared
design fire shall be calculated according to Equation
5.2.4.2.1a or 5.2.4.2.1b as follows:
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FIGURE 5.2.4(a) Unsteady Design Fire with Steady Phase.
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where:
Q = heat release rate of design fire (Btu/sec)
t = time after effective ignition (sec)

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

tg = growth time (sec)

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:
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[5.2.4.2.2]

where:
∆t = duration of fire (sec)
m = total fuel mass consumed (lb or kg)

Hc = heat of combustion of fuel (Btu or kJ/kg)
tg = growth time (sec)

5.2.4.3 Steady Phase. The growth of an unsteady design fire
shall be permitted to reach a steady heat release rate 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.
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FIGURE 5.2.4(b) Unsteady Design Fire with Decay Phase.
reproduction or distribution is permitted.



92–11SMOKE MANAGEMENT CALCULATION PROCEDURES

C
opyrighted material licensed to University of 
Toronto by Thomson Scientific, Inc. 
(www.techstreet.com).  This copy downloaded on 
2015-08-25 00:09:07 -0500 by authorized user logan 
ahlstrom.  No further
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 combus-
tibles are within the separation distance, R, as determined
from Equation 5.2.5.3 as follows:

R
Q
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[5.2.5.3]

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

package (ft or m)
Qr = radiative portion of the heat release rate of the

fire (Btu/ft or kW)
qr = incident radiant flux required for piloted

ignition (Btu/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:

Q Qr = ξ [5.2.5.4]

where:
Qr = radiative portion of the heat release rate of the

fire (Btu/sec or kW)
ξ = radiative fraction (dimensionless)
Q = heat release rate of the fire (Btu/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 circular, an equivalent
radius shall be calculated by equating the floor area covered
by the fuel package with that subtended by a circle of the
equivalent 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 another value is substantiated in accordance with ap-
proved 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 5.3.1 as follows:

m
Q t
Hc

= ∆ [5.3.1]

where:
m = total fuel mass consumed (lb or kg)
Q = heat release rate (Btu/sec or kW)
∆t = duration of fire (sec)
Hc = heat of combustion of fuel (Btu/lb or kJ/kg)

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

m
t

H tc g

= ∆333 3

2
[5.3.2]

where:
m = total fuel mass consumed (lb or kg)
∆t = duration of fire (sec)
Hc = heat of combustion of fuel (Btu/lb or kJ/kg)
tg = growth time (sec)
5.4 Smoke Layer Calculations.

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 5.5.

5.4.2 Height of First Indication of Smoke with No Smoke Ex-
haust Operating.

5.4.2.1* Steady Fires. Where all the following conditions oc-
cur, the height of the first indication of smoke above the fire
surface, z, shall be calculated using either Equation 5.4.2.1a or
5.4.2.1b:

(1) Uniform cross-sectional areas with respect to height
(2) A/H2 ratios in the range from 0.9 to 14
(3) z/H > 0.2
(4) Steady fires
(5) No smoke exhaust operating

z
H

tQ
H

A
H

= 0.67 − 0.28 ln

1 3

4 3

2

⎛

⎝

⎜
⎜
⎜⎜

⎞

⎠

⎟
⎟
⎟⎟

[5.4.2.1a]

where:
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)

z
H

tQ
H

A
H

=1.11− 0.28 ln

1 3

4 3

2

⎛

⎝

⎜
⎜
⎜⎜

⎞

⎠

⎟
⎟
⎟⎟

[5.4.2.1b]

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)

Q = heat release rate from steady fire (kW)
A = cross-sectional area of the space being filled with

smoke (m2)

5.4.2.2* Unsteady Fires. Where all the following conditions
occur, the descent of the height of the initial indication of
smoke shall be calculated for t-squared fires using Equation
5.4.2.2a or 5.4.2.2b:

(1) Uniform cross-sectional areas with respect to height
(2) A/H2 ratios in the range from 0.9 to 23
(3) z/H > 0.2
(4) Unsteady fires
(5) No smoke exhaust operating

z
H

t

t H
A

Hg

=

−

0 23
2 5 4 5

2

3 5

1 45

.

.

⎛
⎝⎜

⎞
⎠⎟

⎛

⎝

⎜
⎜
⎜
⎜⎜

⎞

⎠

⎟
⎟
⎟
⎟⎟

[5.4.2.2a]

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

indication of smoke (ft)
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= ceiling height above the fire surface (ft)
t = time (sec)
g = growth time (sec)

= cross-sectional area of the space being filled
with smoke (ft2)

z
H

t

t H
A

Hg

=

−

0 91
2 5 4 5

2

3 5

1 45

.

.

⎛
⎝⎜

⎞
⎠⎟

⎛

⎝

⎜
⎜
⎜
⎜⎜

⎞

⎠

⎟
⎟
⎟
⎟⎟

[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.

5.5.1 Axisymmetric Plumes.

5.5.1.1* Where the plume is axisymmetric, the mass rate of
smoke production shall be calculated using Equation 5.5.1.1a,
5.5.1.1b, or 5.5.1.1c or Equation 5.5.1.1d, 5.5.1.1e, or 5.5.1.1f
as follows:

z Ql c= 0 533 2 5. [5.5.1.1a]

when       z z m Q z Ql c c> = +, . .0 022 0 00421 3 5 3( ) [5.5.1.1b]

when  z z m Q zl c≤ =, .0 0208 3 5 [5.5.1.1c]

where:
zl = limiting elevation (ft)

Qc = convective portion of heat release rate (Btu/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)

z Ql c= 0 166 2 5. [5.5.1.1d]

when ,       z z m Q z Ql c c> = 0.071 +1 3 5 3 0 0018( ) . [5.5.1.1e]

when , z z m Q zl c≤ = 0 032 3 5. [5.5.1.1f]

where:
zl = limiting elevation (m)

Qc = convective portion of heat release rate (kW)
z = distance above the 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 5.5.1.1b, 5.5.1.1c, 5.5.1.1e, and 5.5.1.1f
shall not be used when the temperature rise above ambient
(Tp − To) 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:

Q Qc = χ [5.5.1.3]

where:
Qc = convective portion of the heat release rate of the

fire (Btu/s or kW)
2015 Edition
χ = 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 accordance with test
data.

5.5.2* Balcony Spill Plumes.

5.5.2.1* Where the smoke plume is a balcony spill plume and
the height, zb , of the smoke layer is <50 ft (15 m), the mass rate
of smoke production shall be calculated using either Equation
5.5.2.1a or 5.5.2.1b as follows:

m QW z Hb= +0 12 0 252 1 3
. .( ) ( ) [5.5.2.1a]

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)
zb = height above the underside of the balcony to the

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

m QW z Hb= +0 36 0 252 1 3
. .( ) ( ) [5.5.2.1b]

where:
m = mass flow rate in plume (kg/sec)
Q = heat release rate of the fire (kW)
W = width of the plume as it spills under the balcony

(m)
zb = 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 5.5.2.1a and 5.5.2.1b shall not be used
when the temperature rise above ambient (Tp − To) 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 re-
strict horizontal smoke migration under the balcony.

5.5.2.4* Where 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 10 percent of
the floor-to-ceiling height of the balcony.

5.5.2.5 Where draft curtains are used, they shall remain in
place and shall confine smoke when exposed to the maximum
predicted temperature for the design interval time, assuming
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:

W w b= + [5.5.2.7]

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)
reproduction or distribution is permitted.
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5.5.2.8* 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), the
mass flow rate of smoke production shall be calculated using ei-
ther Equation 5.5.2.8a or 5.5.2.8b.

[5.5.2.8a]

� �m Q W z W H Wb c b= + + −( )0 32 0 098 19 5 49 21 3 1 5 7 15 7 15. . . ./ / / /

where:
�mb = mass flow entering the smoke layer at height zb

(lb/sec)
�Qc = 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)

[5.5.2.8b]
� �m Q W z W H Wb b= + +0 59 0 17 10 35 151 3 1 5 7 15 7 15. . ./ / / / −( )    

where:
�mb = mass flow entering the smoke layer at height zb

(kg/s)
�Qc = 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)

5.5.2.9* 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 production shall be
calculated using Equation 5.5.2.9a or 5.5.2.9b.

� �m Q W z Hb c b= ( ) + +( )0 062 0 51 522 1 3
. .

/ [5.5.2.9a]

where:
�mb = mass flow entering the smoke layer at height zb

(lb/sec)
�Qc = 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)

� �m Q W z Hb c b= ( ) + +( )0 2 0 51 15 752 1 3
. . .

/ [5.5.2.9b]

where:
�mb = mass flow entering the smoke layer at height zb

(kg/sec)
�Qc = 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 heights (zb ≥50 ft
[15 m]), both a balcony spill plume fire scenario and an
atrium fire scenario (axisymmetric plume using Equation
5.5.1.1b or 5.5.1.1e) with appropriate design fire sizes shall
be evaluated and the higher mass flow rate used for the
design of the atrium smoke management system.

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 calcu-
lated using Equation 5.5.3.1a or 5.5.3.1b as follows:
Q A Hw w= 61 2 1 2. [5.5.3.1a]

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

Aw = area of ventilation opening (ft2)
Hw = height of ventilation opening (ft)

Q A Hw w=1260 1 2 [5.5.3.1b]

where:
Q = heat release rate (kW)

Aw = area of ventilation opening (m2)
Hw = height of ventilation opening (m)

5.5.3.2* Where 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:

m A H z a A Hw w w w w= 0.077 + +1 2 1 3 5 3 1 20 18( ) ( )⎡
⎣⎢

⎤
⎦⎥ .      [5.5.3.2a]

where:
m = mass flow rate plume at height zw (lb/sec)

Aw = area of ventilation opening (ft2)
Hw = height of ventilation opening (ft)
zw = height above the top of the window (ft)
a = [2.40Aw

2/5Hw
1/5] − 2.1Hw (ft)

m A H z a A Hw w w w w= 0.68 + +1 2 1 3 5 3 1 21 59( ) ( )⎡
⎣⎢

⎤
⎦⎥ .     [5.5.3.2b]

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

Aw = area of ventilation opening (m2)
Hw = height of ventilation opening (m)
zw = height above the top of the window (m)
a = [2.40Aw

2/5Hw
1/5] − 2.1Hw (m)

5.5.3.3 Equations 5.5.1.1b, 5.5.1.1c, 5.5.2.1, and 5.5.3.2 shall
not be used when the temperature rise above ambient (Tp −
To) is less than 4°F (2.2°C). (See 5.5.5.)

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 con-
stant 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

d K zp d= ⋅ [5.5.4.1]

where:
dp = axisymmetric plume diameter (ft or m)
Kd = diameter constant

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

5.5.4.2 Plume Contact with Walls. When 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:

T T
K Q
mCs o

s c

p

= + [5.5.5]
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where:
Ts = smoke layer temperature (°F or °C)
To = ambient temperature (°F or °C)
Ks = fraction of convective heat release contained in

smoke layer
Qc = 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/kg-°C)

5.5.5.1 For calculating the volumetric flow rate of smoke ex-
haust, a value of 1.0 shall be used for the fraction of convective
heat release contained in the smoke layer, Ks , unless another
value is substantiated in accordance with test data.

5.5.5.2 For calculating the maximum volumetric flow rate,
Vmax, that can be exhausted without plugholing, a value of 0.5
shall be used for the fraction of convective heat release con-
tained in the smoke layer, Ks , unless another value is substan-
tiated 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 re-
quired shall be permitted.

5.6.3* The maximum volumetric flow rate that can be ex-
hausted by a single exhaust inlet without plugholing shall be
calculated using Equation 5.6.3a or 5.6.3b.

V d
T T

T
s o

o
max = γ −

452 5 2

1 2
⎛

⎝
⎜

⎞

⎠
⎟ [5.6.3a]

where:
Vmax = maximum volumetric flow rate without

plugholing at Ts (ft3/min)
γ = exhaust location factor (dimensionless)
d = depth of smoke layer below the lowest point of

the exhaust inlet (ft)
Ts = absolute temperature of the smoke layer (R)
To = absolute ambient temperature (R)

V d
T T

T
s o

o
max .= γ −

4 16 5 2

1 2
⎛

⎝
⎜

⎞

⎠
⎟ [5.6.3b]

where:
Vmax = maximum volumetric flow rate without

plugholing at Ts (m3/sec)
γ = exhaust location factor (dimensionless)
d = depth of smoke layer below the lowest point of

the exhaust inlet (m)
Ts = absolute temperature of the smoke layer (K)
To = absolute ambient temperature (K)

5.6.4* For exhaust inlets centered no closer than twice the diam-
eter from the nearest wall, a value of 1.0 shall be used for γ.

5.6.5* For exhaust inlets centered less than twice the diameter
from the nearest wall, a value of 0.5 shall be used for γ.

5.6.6* For exhaust inlets on a wall, a value of 0.5 shall be used
for the value of γ.
2015 Edition
5.6.7* The ratio d/Di shall be greater than 2, where Di is the
diameter of the inlet.

5.6.8 For rectangular exhaust inlets, Di shall be calculated
using Equation 5.6.8

D
ab

a bi =
2
+

[5.6.8]

where:
Di = diameter of the inlet
a = length of the inlet
b = width of the inlet

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

S Vemin = 0 065 1 2. [5.6.9a]

where:
Smin = minimum edge-to-edge separation between

inlets (ft)
Ve = volumetric flow rate of one exhaust inlet

(ft3/min)

S Vemin = 0 9 1 2. [5.6.9b]

where:
Smin = minimum edge-to-edge separation between

inlets (m)
Ve = 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:

V
m= 60
ρ

[5.7a]

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

V
m=
ρ

[5.7b]

where:
V = volumetric flow rate of smoke exhaust (m3/sec)
m = mass flow rate of smoke exhaust (kg/sec)
ρ = density of smoke (kg/m3)

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

ρ =
+

144
460

P
R T

atm

( )
[5.8a]

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

Patm = atmospheric pressure (lb/in.2)
R = gas constant (53.34)
T = temperature of smoke (°F)

ρ = P
RT

atm [5.8b]
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where:
ρ = density of smoke at temperature (kg/m3)

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

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

5.10 Opposed Airflow.

5.10.1 Where 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 communi-
cating space shall be exhausted at a sufficient rate to cause the
average air velocity in the opening from the large-volume
space to exceed the limiting average air velocity, ve , calculated
using Equation 5.10.1a or 5.10.1b as follows:

v gH
T T

Te
f o

f

= 38
−⎛

⎝
⎜⎜

⎞

⎠
⎟⎟

1 2

[5.10.1a]

where:
ve = limiting average air velocity (ft/min)
g = acceleration of gravity (32.2 ft/sec2)

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

Tf = temperature of heated smoke (R)
To = temperature of ambient air (R)

v gH
T T

Te
f o

f

= 0.64
−⎛

⎝
⎜⎜

⎞

⎠
⎟⎟

1 2

[5.10.1b]

where:
ve = limiting average air velocity (m/sec)
g = acceleration of gravity (9.81 m/sec2)

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

Tf = temperature of heated smoke (K)
To = temperature of ambient air (K)
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FIGURE 5.10.2 Use of Airflow to Prevent Smoke Propaga
5.10.2 Where opposed airflow 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 Figure 5.10.2, air shall be sup-
plied from the communicating space at the limiting average
velocity, ve , as calculated in accordance with Equation 5.10.2a
or 5.10.2b as follows:

v
Q
ze =17

1 3
⎛
⎝⎜

⎞
⎠⎟

[5.10.2a]

where:
ve = 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)

v
Q
ze = 0 057

1 3

. ⎛
⎝⎜

⎞
⎠⎟

[5.10.2b]

where:
ve = limiting average air velocity (m/sec)
Q = heat release rate of the fire (kW)
z = distance above the base of the fire to the bottom

of the opening (m)
-

8         0.9          1

rom the Plume Within the

Large- 
volume 
space

Airflow
Communicating 

space

FIGURE 5.10.1 Use of Airflow to Prevent Smoke Propaga-
tion from a Communicating Space to a Large-Volume Space.
        0.

tion f
Large-Volume Space to a Communicating Space Located Below the Smoke Layer Interface.
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5.10.2.1 Where the limiting average air velocity, ve , calcu-
lated from Equation 5.10.2a or 5.10.2b exceeds 200 ft/min
(1.02 m/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 com-
municating space above the smoke layer interface, as shown in
Figure 5.10.3, air shall be supplied from the communicating
space at the limiting average velocity, ve , as determined in ac-
cordance with Equation 5.10.3a or 5.10.3b as follows:
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[5.10.3a]

where:
ve = limiting average air velocity (ft/min)
g = acceleration of gravity (32.2 ft/sec2)

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

Tf = temperature of heated smoke (R)
To = temperature of ambient air (R)
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[5.10.3b]

where:
ve = limiting average air velocity (m/sec)
g = acceleration of gravity (9.81 m/sec2)

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

Tf = temperature of heated smoke (K)
To = temperature of ambient air (K)

5.10.3.1 Where the limiting average air velocity, ve , calcu-
lated from Equation 5.10.3a or 5.10.3b exceeds 200 ft/min
(1.02 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 ex-
haust for the large-volume space.

Large- 
volume 
space

AirflowCommunicating 
space

FIGURE 5.10.3 Use of Airflow to Prevent Smoke Propaga-
tion from a Large-Volume Space to a Communicating Space
Located Above the Smoke Layer Interface.
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5.11* Scaling Laws.
5.11.1 The scale model shall be based on the relationships in
Table 5.11.1.

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 1 ft (0.3 m).

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)
Equipment.
6.2.1 General. HVAC equipment used for smoke control pur-
poses shall be permitted to be located within the conditioned
space, within adjacent spaces, or within remote mechanical
equipment rooms.
6.2.2 Outside Air. HVAC systems used for smoke control pur-
poses shall be provided with outside air for pressurization.
6.2.3 Where supply and return air systems are intercon-
nected 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.
6.3.1 Smoke dampers used to protect openings in smoke bar-
riers or used as safety-related dampers in engineered smoke
control systems shall be listed and labeled in accordance with
ANSI/UL 555S, Standard for Smoke Dampers.
6.3.2 Combination fire and smoke dampers shall be listed
and labeled in accordance with ANSI/UL 555, Standard for Fire
Dampers, and ANSI/UL 555S, Standard for Smoke Dampers.

Table 5.11.1 Scaling Expressions

Characteristic Relationship Expression

Geometric position xm = xF (lm/lF)
Temperature Tm = TF
Pressure difference ∆pm = ∆pF (lm/lF)
Velocity vm = vF (lm/lF)

1/2

Total heat release rate Qm = QF (lm/lF)
5/2

Convective heat release rate Qc,m = Qc,F (lm/lF)
5/2

Volumetric exhaust rate Vfan,m = Vfan,F (lm/lF)
5/2

Time tm = tF (lm/lF)
1/2

where:
l = length
∆p = pressure difference
Q = heat release rate
t = time
T = temperature (ambient and smoke)
v = velocity
V = volumetric exhaust rate
x = position
Subscripts:
c = convective
F = full-scale
m = small-scale model
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6.4* Smoke Control Systems.

6.4.1 Control systems shall be listed in accordance with
ANSI/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 functions 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 dedi-
cated 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.

6.4.4.1 Automatic Activation.

6.4.4.1.1* Smoke control systems shall be automatically acti-
vated in response to signals received from a specific fire detec-
tion 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 additional zones,
up to the limits of the mechanical system design.

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:

(1)*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* Where approved by the authority having jurisdiction,
manual activation by an authorized user shall be permitted.

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 fire.

6.4.4.2.3* Stairwell 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 permitted
to be at a controlled device, at a local control panel, at the build-
ing’s main control center, or at the fire command station.

6.4.4.2.6 Key-operated manual switches that are clearly
marked to identify their function shall be permitted to manu-
ally activate the smoke control system.

6.4.5 FSCS Activation.

6.4.5.1 Smoke control systems shall be capable of being acti-
vated from the FSCS by switches clearly marked to identify the
location and function.
6.4.5.2 Sequence of Control Priorities. Smoke control sys-
tems shall be subject to the sequences of control 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, control 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 con-
trol systems and equipment shall have priority over automatic
activation 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 auto-
matic fire detector of a fire alarm system, or if such equipment
is subject to automatic control according to building occu-
pancy schedules, energy management strategies, or other non-
emergency purposes, such automatic control shall be pre-
empted or overridden by manual activation or deactivation of
the smoke control 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 controls that are shared
both for smoke control functions and for other building con-
trol purposes, as in a building’s main control center, shall fully
cover the smoke control functionality in operational docu-
mentation for the control center.

6.4.5.2.3 FSCS Activation. The FSCS shall have the highest pri-
ority 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 com-
ponents (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 com-
ponent receives the signal shall not exceed the following time
periods:

(1) Fan operation at the desired state: 60 seconds
(2) Completion of damper travel: 75 seconds
2015 Edition
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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 for all smoke control
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 con-
dition indication, and manual control 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 indi-
cation shall be provided for each smoke control zone, each
piece of equipment capable of activation for smoke control, or
a combination of these approaches.

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 ca-

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

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

6.4.5.4.8 Positive status indication (fully open and fully
closed) of damper position shall be provided if individual con-
trols 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 control 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 representations of the sys-
tem 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 Where manual controls for control of smoke con-
trol 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 controls such as hand-off-auto and start/stop switches lo-
cated on fan motor controllers, 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 control capability shall not be re-
quired 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.
2015 Edition
(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 control 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 sup-
pression, electrical protection, or personnel protection devices.

6.4.6 Controls for Stairwell Pressurization Systems. When
stairwell pressurization systems are provided, they shall be ac-
tivated 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 ex-
cept as indicated in 6.4.6.1.2.

6.4.6.1.2 Where an engineering analysis determines that opera-
tion of all stairwell pressurization fans is not required to achieve
the design objective, only the stairwell pressurization fans identi-
fied during the analysis shall be required to be activated.

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.

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 pro-
vided at the FSCS to restart 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. When zoned smoke control systems are pro-
vided, 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* When 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 detector.

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 ar-
ranged to detect smoke before it leaves the smoke zone.

6.4.7.2.4 Where 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.
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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 con-
trol system shall have a means of verifying correct operation
when activated.

6.4.8.2 Verification shall include positive confirmation of ac-
tivation, testing, manual override, and the presence of operat-
ing power downstream of all circuit disconnects.

6.4.8.3 Failure to receive positive confirmation after activa-
tion or cessation of such positive confirmation while the sys-
tem or subsystem remains activated shall result in an off-
normal indication at the smoke control system within
200 seconds.

6.4.8.4 Fire alarm signaling paths to the smoke control sys-
tem shall be monitored for integrity in accordance with
10.17.1 of NFPA 72 with trouble annunciation provided at the
FSCS, unless both of the following conditions are met:

(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 injury.

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 dedicated smoke control
equipment shall be verified as specified by the registered de-
sign professional (RDP) and approved by the AHJ.

6.5 Energy Management. Energy management systems, par-
ticularly those that cycle supply, return, and exhaust fans for
energy conservation, shall be overridden 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 de-
signed 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 structural integrity during the period for which the sys-
tem is designed to operate.

6.6.3* Equipment, including but not limited to fans, ducts, and
balance dampers, shall be suitable for its intended use and the
probable temperatures to which it is likely to be exposed.

6.7 Electric Services Installation.

6.7.1 All electrical installations shall meet the requirements
of NFPA 70.

6.7.2 The smoke control system shall be designed so that loss
of normal power for a period of up to 15 minutes will result in
the components automatically performing their function
upon restoration of power.
6.7.3 Where standby power is provided in accordance with
NFPA 110 the standby power source and related transfer
switches shall be separated from transformers and switch gear
for the primary power supply and enclosed in a room with a
1-hour fire resistance–rated fire barrier wall installed in accor-
dance with NFPA 221.

Chapter 7 Smoke Control System Documentation

7.1 Documentation 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 documenta-
tion of the smoke control system as it is designed and intended
to be installed.

7.2.2 The design report shall include the following elements,
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 de-

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

(10) Damper specifications
(11) Detailed inlet or exhaust inlets 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 commissioning

(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 control system

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

7.3.3 The building owner shall be responsible for all system
testing and shall maintain records of all periodic testing and
maintenance in accordance with the operations and mainte-
nance manual.
2015 Edition
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7.3.4 The building owner shall be responsible for limiting
the use of the space in a manner consistent with the limita-
tions provided in the operations and maintenance manual.

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 architectural features, where applicable,
shall be inspected:

(1) Smoke barriers, including joints 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.

8.3.1 An operational test of each smoke control system com-
ponent and subsystem shall be performed prior to the accep-
tance test.

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

8.3.3* Smoke control system operational testing shall include
all subsystems to the extent that they 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 All documentation from component system testing
relative to the smoke control system shall be included in the
final testing documentation.

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 accor-
dance with nationally recognized methods.

8.4.4 Testing Procedures. The acceptance testing shall in-
clude the procedures described in 8.4.4.1 through 8.4.4.4.
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8.4.4.1* Prior to beginning acceptance testing, all building
equipment shall be placed in the normal operating mode, in-
cluding equipment that is not used to implement smoke control.

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 correct outputs are produced for a given input for
each control sequence specified.

8.4.4.4 The complete smoke control sequence shall be dem-
onstrated for the following:

(1) Normal mode
(2)*Automatic smoke control mode for first alarm
(3) Transfer to standby power if provided.
(4) Return to normal

8.4.4.5 The force necessary to open each egress door 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 speci-
fied 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 re-
lated equipment, as outlined by the project documents refer-
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 perfor-
mance shall include the following:

(1) Prior to performance testing:
(a) Verify the exact location of the perimeter of each

large-volume space smoke management system, iden-
tify any door openings into that space, and identify all
adjacent areas that are to remain open and that are to
be protected by airflow alone.

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

(2) Activate the smoke management system, then do the fol-
lowing:
(a) Verify and record the operation of all fans, dampers,

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

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

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

pressure difference across all doors that 1separate the
smoke management system area from adjacent spaces
and the velocities at interfaces with open areas.

8.4.6 Testing of Smoke Containment Systems.

8.4.6.1 Pressure Testing.

8.4.6.1.1 With the containment system activated, the pressure
difference across each smoke barrier shall be measured and
recorded with all interior doors closed.

8.4.6.1.2 If an exterior door would normally be open during
evacuation, 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 the
number of egress doors used in the system design open, the
pressure difference across the barrier shall be measured and
recorded.

8.4.6.1.5 No pressure difference shall be less than the mini-
mum design pressure differences in Table 4.4.2.1.1 or the
pressures specified in the design documents.

8.4.6.2* Force Testing.

8.4.6.2.1 With 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 stairwell 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 control is the only smoke control 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 floor shall be measured and re-
corded 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 acti-
vated 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
barrier 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 indicate the
higher and lower pressure sides of the doors or barriers.

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.
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 requirements 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
pressure 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
testing.

(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 8.4.6.5.1.2(A)
through 8.4.6.5.1.2(C) shall be repeated under these conditions.

8.4.6.5.2 Lobby Pressurization Systems.

8.4.6.5.2.1 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 control, 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 of 8.4.6.7.3 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.

8.4.6.7.1.1 The stairwell pressurization system shall be con-
sidered 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 op-
erating in response to a simulated fire alarm input.
2015 Edition
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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 pressurization system shall be con-
sidered as one zone in a zoned smoke control system.

8.4.6.7.3.2 Each elevator lobby in an enclosed elevator lobby
pressurization 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 having jurisdiction.

8.5.2 Owner’s manuals containing complete data on the
smoke control system and instructions for operating and
maintaining the system shall be provided to the owner.

8.6 Periodic Testing.

8.6.1* Periodic testing of smoke control 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 recommendations.

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.
2015 Edition
8.6.5.1 The results of the tests shall be documented in the op-
erations and maintenance log and made available for inspection.

8.6.5.2 The smoke control system shall be operated for each
sequence in the current 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 are extreme and when such uncondi-
tioned air could damage contents.

8.7 Modifications.

8.7.1* All operational and acceptance testing shall be per-
formed on the applicable part of the system whenever the sys-
tem 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 part of the requirements of this NFPA document
but is included for informational purposes only. This annex contains
explanatory material, numbered to correspond with the applicable text
paragraphs.

A.1.1 This standard incorporates methods for applying engi-
neering calculations and reference models to provide a de-
signer with the tools to develop smoke control system designs.
The designs are based on select design objectives presented 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 controls 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 standard
also does not provide methodologies to assess the effects of
smoke exposure on people, property, or mission continuity.

A.3.2.1 Approved. The National Fire Protection Association
does not approve, inspect, or certify any installations, proce-
dures, equipment, or materials; nor does it approve or evalu-
ate testing laboratories. In determining the acceptability of
installations, procedures, equipment, or materials, the author-
ity 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
installation, procedure, or use. The authority having jurisdic-
reproduction or distribution is permitted.
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tion may also refer to the listings or labeling practices of an
organization 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 “au-
thority having jurisdiction,” or its acronym AHJ, is used in
NFPA documents in a broad manner, since jurisdictions and
approval agencies vary, as do their responsibilities. Where pub-
lic safety is primary, the authority having jurisdiction may be a
federal, state, local, or other regional department or indi-
vidual such as a fire chief; fire marshal; chief of a fire preven-
tion bureau, labor department, or health department; build-
ing official; electrical inspector; or others having statutory
authority. For insurance purposes, an insurance inspection de-
partment, rating bureau, or other insurance company repre-
sentative may be the authority having jurisdiction. In many
circumstances, the property owner or his or her designated
agent assumes the role of the authority having jurisdiction; at
government installations, the commanding officer or depart-
mental official may be the authority having jurisdiction.

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 evalu-
ation of services, and whose listing states that either the equip-
ment, material, or service meets appropriate designated stan-
dards 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
stairwells 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 ob-
struction 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 as 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 axisymmet-
ric plume applies only to round fires, but it is a useful idealiza-
tion for fires of many other shapes. When the largest dimen-
sion 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
impression of spilling from the balcony, from an inverted per-
spective, 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.3.3.12.1.
For design evaluations using the algebraic approach outlined
in Chapter 5, the first indication of smoke can be determined
using Equations 5.4.2.1a 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 limited number of point measurements over the height of
the atrium is required. One approach (Cooper et al. [4];
Madrzykowski and Vettori [29]) uses linear interpolation of
the point measurements. Using temperature data, the inter-
faces are at the heights at which the temperature is as follows:

T C T T Tn n b b= −( )max + [A.3.3.13.1]

where:
Tn = temperature at the interface height
Cn = interpolation constant with values of 0.1–0.2 for

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

Tmax = temperature in the smoke layer
Tb = temperature in the 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 pro-
tected 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 the smoke
control or smoke management system. Smoke barriers de-
scribed in some other codes and standards might require that
the openings be protected by physical opening protectives.

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

d

H z
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FIGURE A.3.3.9.1 Approximation of an Axisymmetric
Plume.
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FIGURE A.3.3.9.2 Approximation of a Balcony Spill Plume.
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FIGURE A.3.3.9.3 Approximation of a Window Plume.
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FIGURE A.3.3.12.1 First Indication of Smoke.
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A.3.3.17 Smoke Layer. The smoke layer includes a transition
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 temperature.
The calculation methods presented in this standard can as-
sume 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
transition zone decreases to zero. This height is used in the
application of the 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 directly into the large-volume space or connect
through open passageways.

A.3.3.23.2 Dedicated Smoke Control System. Dedicated
smoke-control systems are separate systems of air-moving and
distribution equipment that do not function under normal
building operating conditions.
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Advantages of dedicated systems include the following:

(1) Modification of system controls after installation is less
likely.

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

limited.
Disadvantages of dedicated systems include the following:

(1) System impairments might go undiscovered between pe-
riodic tests or maintenance activities.

(2) Systems can require more physical space.

A.3.3.23.3 Nondedicated Smoke Control Systems. Advan-
tages of nondedicated systems include the following:

(1) Impairments to shared equipment required for normal
building operation are likely to be corrected promptly.

(2) Limited additional space for smoke-control equipment is
necessary.

Disadvantages of nondedicated systems include the following:

(1) System control might become elaborate.
(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 that a ten-
able environment will be completely free of smoke.

A.3.3.25.3 Transition Zone. See Figure A.3.3.12.1 for further
details.

A.4.1.1 For the purposes of this document, all systems used to
address the impact of smoke from a fire are termed smoke con-
trol systems. Past editions of both NFPA 92A and NFPA 92B at-
tempted to draw a distinction between types of systems, refer-
ring to the pressurization systems (covered 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 contain-
ment systems being adopted for the subclassification of pressur-
ization 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 pressuriza-
tion systems for containment. If a passive system is used, the
following design parameters should be considered as a mini-
mum: stack effect, wind effect, operation of the HVAC equip-
ment, leakage of boundary elements, and whether the space is
sprinklered.

A.4.1.2 In addition to the design objectives listed, smoke con-
trol 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 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.4.2.1 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 fire by distri-
bution of water so as to decrease the heat release rate and
pre-wet adjacent combustibles while controlling ceiling gas
temperatures to avoid structural damage. A limited number of
investigations have been undertaken involving full-scale fire
tests in which the sprinkler system was challenged but pro-
vided the expected level of performance (Madrzykowski and
Vettori [29]; Lougheed, Mawhinney, and O’Neill [26]). These
investigations indicate that, for a fire control situation, al-
though the heat release rate is limited, smoke can continue to
be produced. However, the temperature of the smoke is re-
duced, and the pressure differences provided in this docu-
ment for smoke control systems in fully sprinklered buildings
are conservative. In addition, with the reduced smoke tem-
peratures, the temperature requirement for smoke control
components in contact with exhaust gases can be limited.

A.4.3.2 The design approaches are intended either to pre-
vent people from coming into contact with smoke or to main-
tain 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
calculations, CFD models, compartment fire models, 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 this document
does not provide design guidance for those other applications.

A.4.4.1 The temperature differences between the exterior
and the interior of the building cause stack effect and deter-
mine 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 with building
height, configuration, leakage, and openings in wall and floor
construction. 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 Engineering. If available,
newer or more site-specific weather data should be consulted.

A.4.4.2.1.1 A smoke control system designed to provide
smoke containment should be designed to maintain the mini-
mum design pressure differences under likely conditions of
stack effect or wind. Pressure differences produced by smoke
control systems tend to fluctuate due to the wind, fan pulsa-
tions, doors opening, doors closing, and other factors. Short-
term deviations from the suggested minimum design pressure
difference might not have a serious effect on the protection
provided by a smoke control system. There is no clear-cut al-
lowable value for this deviation. It depends on the tightness of
doors, the tightness of construction, the toxicity of the smoke,
airflow rates, and the volumes of spaces. Intermittent devia-
tions up to 50 percent of the suggested minimum design pres-
sure difference are considered tolerable in most cases.
2015 Edition
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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 tem-
peratures other than 1700°F (927°C).

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

∆P
T T
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⎦
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1 1
. [A.4.4.2.1.1a]

where:
∆P = pressure difference due to buoyancy of hot gases

(in. w.g.)
To = absolute temperature of surroundings (R)
TF = absolute temperature of hot gases (R)
h = distance above neutral plane (ft)
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where:
∆P = pressure difference due to buoyancy of hot gases

(Pa)
To = absolute temperature of surroundings (K)
TF = absolute temperature of hot gases (K)
h = distance above neutral plane (m)

The neutral plane is a horizontal plane between the fire
space and a surrounding space at which the pressure differ-
ence between the fire space and the surrounding space is zero.
For Table 4.4.2.1.1, h was conservatively selected at two-thirds
of the floor-to-ceiling height, the temperature of the sur-
roundings was selected at 70°F (20°C), the temperature of the
hot gases was selected at 1700°F (927°C), and a safety factor 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 should be calculated as follows:
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 R = 293 K
= 2160 R = 1200 K

 ft = 2..44 m
[A.4.4.2.1.1c]

From the first equation, ∆P = 0.087 in. w.g. Adding the
safety factor and rounding off, the minimum design pressure
difference is 0.12 in. w.g.

A.4.4.2.2 The forces on a door in a smoke control system are
illustrated in Figure A.4.4.2.2. The force required to open a
door in a smoke control system is as follows:

F F
WA P

W dr= + ( )
−( )

5 2

2

. ∆ [A.4.4.2.2]

where:
F = total door-opening force (lb)

Fr = force to overcome the door closer and other
friction (lb)

W = door width (ft)
A = door area (ft2)
∆P = pressure difference across the door (in. w.g.)

d = distance from the doorknob to the knob side of
the door (ft)
2015 Edition
When the maximum door-opening force is specified at
30 lbf, Table A.4.4.2.2 can be used to determine the maximum
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 ex-
ceeded. 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 construction, 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
leakage 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 be-
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FIGURE A.4.4.2.2 Forces on a Door in a Smoke Control Sys-
tem.

Table A.4.4.2.2 Maximum Pressure Differences Across
Doors

oor-Closer
Force*
(lbf)

Door Width (in. w.g.)†

32 in. 36 in. 40 in. 44 in. 48 in.

6 0.45 0.40 0.37 0.34 0.31
8 0.41 0.37 0.34 0.31 0.28

10 0.37 0.34 0.30 0.28 0.26
12 0.34 0.30 0.27 0.25 0.23
14 0.30 0.27 0.24 0.22 0.21

For SI units, 1 lbf = 4.4 N; 1 in. = 25.4 mm; 0.1 in. w.g. = 25 Pa.
Notes:
(1) Total door-opening force is 30 lbf.
(2) Door height is 7 ft.
(3) The distance from the doorknob to the knob side of the door is
3 in.
(4) For other door-opening forces, other door sizes, or hardware
other than a knob (e.g., panic hardware), the calculation procedure
provided in ASHRAE/ICC/NFPA/SFPE Handbook of Smoke Control En-
gineering should be used.
*Many door closers require less force in the initial portion of the
opening cycle than that required to bring the door to the fully open
position. The combined impact of the door closer and the imposed
pressure combine only until the door is opened enough to allow air to
pass freely through the opening. The force imposed by a closing de-
vice to close the door is often different from that imposed on opening.
†Door widths apply only if the door is hinged at one end; otherwise,
the calculation procedure provided in ASHRAE/ICC/NFPA/SFPE
Handbook of Smoke Control Engineering should be used.
reproduction or distribution is permitted.
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ing exhausted is to avoid positively pressurizing 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 and
disruption of the smoke interface. An engineering analysis of
the effect of a higher makeup air velocity can be done by com-
parison with full-scale experimental data, scale modeling, or
CFD modeling. The maximum makeup air velocity is based on
flame deflection data (Mudan and Croce [36]). Where main-
taining a smoke layer height is not a design goal, plume dis-
ruption due to supply velocity might not be detrimental.
When the exhaust is provided by natural venting, makeup air
should also be supplied by natural venting to avoid pressuriz-
ing the space.

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. How-
ever, the design has to consider the difference in entrainment
behavior between an axisysmmetric plume and a spill plume.
If communicating open spaces are protected by automatic
sprinklers, the calculations set forth in this standard might
show that no additional venting is required. Alternatively,
whether or not communicating spaces are sprinklered, smoke
can be prevented from spilling into the large space if the com-
municating space is exhausted at a rate to cause a sufficient
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 obvious, 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 calcu-
lated easily. The flow area of construction cracks is dependent
on workmanship, for example, how well a door is fitted or how
well weather stripping is installed. Typical leakage areas of
construction cracks in walls and floors of commercial build-
ings 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 sys-
tem might dilute the gaseous agent in the space. Because gas-
eous suppression systems commonly provide only one
application of the agent, the potential arises for renewed
growth of the fire.

A.4.5 The following factors should be considered in deter-
mining 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 construction
(5) Building occupancy

A.4.5.1.1 Tenability analysis is outside the scope of this docu-
ment. However, other references are available that present
analytical methods for use in tenability analysis. The SFPE En-
gineering Guide to Performance-Based Fire Protection Analysis and
Design of Buildings describes a process of establishing tenability
limits. Additional guidance is given in NFPA 130 and in the
ASHRAE Handbook of Smoke Control Engineering.
The SFPE guide references D. A. Purser, “Toxicity Assessment
of Combustion Products,” Chapter 2/6, SFPE Handbook of Fire
Protection Engineering [41], 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, hydro-
gen bromide, and anoxia. It is possible to use the test data, com-
bined 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 docu-
ment. However, other references are available that present ana-
lytical methods for use in egress analysis, for example, ASHRAE/
ICC/NFPA/SFPE Handbook of Smoke Control Engineering [21].

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 CFD modeling.

A.4.6.1 This number depends largely on the building occu-
pancy 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 negligible. In other systems, frequent egress
from the smoke zone could cause at least one door to be open
most of the time.

Where the building egress strategy anticipates multiple
floors to be evacuated simultaneously or the design for the
stairwell pressurization system assumes the exit door is open,
the stairwell pressurization system should be designed to ac-
commodate more than one door open, at least one of which
should be the discharge door from the stairwell.

Table A.4.4.4.3 Typical Leakage Areas for Walls and Floors
of Commercial Buildings

Construction Element Tightness Area Ratioa

Exterior building walls
(includes construction
cracks and cracks around
windows and doors)

Tightb

Averageb

Looseb

Very looseb

0.50 × 10–4

0.17 × 10–3

0.35 × 10–3

0.12 × 10–2

Stairwell walls (includes
construction cracks but
not cracks around
windows and doors)

Tightc

Averagec

Loosec

0.14 × 10–4

0.11 × 10–3

0.35 × 10–3

Elevator shaft walls
(includes construction
cracks but not cracks and
gaps around doors)

Tightc

Averagec

Loosec

0.18 × 10–3

0.84 × 10–3

0.18 × 10–2

Floors (includes
construction cracks and
gaps around
penetrations)

Tightd

Averagee

Loosed

0.66 × 10–5

0.52 × 10–4

0.17 × 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.
bValues based on measurements of Tamura and Shaw [48]; Tamura
and Wilson [51]; and Shaw, Reardon, and Cheung [44].
cValues 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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The effect of opening a door to the outside is usually much
greater than that of opening interior doors. The importance
of the 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. When the exterior door is open, there is no other
flow resistance, and the flow can be 10 to 30 times more than
through an open interior door. (See Annex F for information on
types of stairwell pressurization systems.) This separation should be
as great as is practicable. Because hot smoke rises, consider-
ation 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 the temperature
difference between the smoke and the outside air.

A.4.6.3.1 Simple single-point injection systems such as that
illustrated 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 extreme effect
wind can have on the performance of such fans.

One major advantage of using propeller fans for stairwell
pressurization is that they have a relatively flat pressure re-
sponse curve with respect to varying flow. Therefore, as doors
are opened and closed, propeller fans quickly respond to air-
flow changes in the stairwell without 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 ad-
equate smoke control with lower installed costs.

A disadvantage of using propeller fans is that they often
require windshields at the intake because they operate at low
pressures 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 ef-

Propeller 
fan

Supply 
air

Roof 
level

FIGURE A.4.6.3.1 Stairwell Pressurization by Roof-Mounted
Propeller Fan.
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fect 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 threat to the
ability of the system to maintain control over the stairwell
static pressure.

A.4.6.4 Figure A.4.6.4(a) and Figure A.4.6.4(b) are two ex-
amples of the many possible multiple-injection systems that
can be used to overcome the limitations of single-injection
systems. The pressurization 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 reduce the required exit width or be-
come an obstruction to orderly building evacuation.

A.4.6.4.1.1 The most common injection point is at the top of
the stairwell, as illustrated 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. All the pressuriza-

Roof 
level

Duct shaft

Centrifugal
fan

Duct

FIGURE A.4.6.4(a) Stairwell Pressurization by Multiple In-
jection with the Fan Located at Ground Level.

Roof 
level

Duct shaft

Duct

Centrifugal
fan

FIGURE A.4.6.4(b) Stairwell Pressurization by Multiple In-
jection with Roof-Mounted Fan.
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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 injection point.

Because a ground-level stairwell door is likely to be in the
open position much of the time, a single-bottom-injection sys-
tem 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 through-
out the stairwell.

A.4.6.4.2 Many multiple-injection systems have been built
with supply air injection points on each floor. These systems
represent the ultimate in preventing loss of pressurization air
through a few open doors; however, that many injection
points might not be necessary. For system designs with injec-
tion 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 doors does not lead to substantial loss
of stairwell pressurization.

A.4.7 If elevators are intended to be used for evacuation dur-
ing a fire, the elevator pressurization system should be pro-
tected against heat, flame, smoke, loss of electrical power, loss
of elevator machine room cooling, water intrusion, and inad-
vertent activation of controls.

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 hoistways 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 constructed elevator hoistways. Several methods of
correcting this problem have been proposed and investigated.
These methods include the following:

(1) Exhaust of the fire floor
(2) Pressurization of enclosed elevator lobbies
(3) Construction of smoke-tight elevator lobbies
(4) Pressurization of the elevator hoistway
(5) Closing of elevator doors after automatic recall

(Note: Rule 211.3a, Phase I Emergency Recall Operations,
of ASME/ANSI A17.1, Safety Code for Elevators and Escalators,
requires that elevator doors open and remain open after the

Roof 
level

Centrifugal
fan

FIGURE A.4.6.4.1.1 Stairwell Pressurization by Top Injection.
elevators are recalled. This results in large openings into the
elevator hoistways, which can greatly increase the airflow re-
quired for pressurization. NFPA 80 permits closing of elevator
doors after a predetermined time when required by the au-
thority 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 ap-
plication 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
undesirable effect on elevator smoke control systems.

The following references discuss research concerning el-
evator use during fire situations: Klote and Braun [17]; Klote
[15]; Klote, Levin, and Groner [20]; Klote, Levin, and Groner
[19]; Klote [13]; Klote et al. [18]; and Klote et al. [16].

If it is intended to open the elevator doors during opera-
tion of the smoke control system, the maximum pressure dif-
ference across the elevator doors that allows the elevator doors
to operate 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 this type of
smoke movement within a building.

Limiting fire size (mass burning rate) increases the reliabil-
ity and viability of smoke control systems. Fire size can be lim-
ited by fuel control, compartmentation, or automatic sprin-
klers. It is possible to provide smoke control in buildings not
having fire-limiting features, but in those instances careful
consideration must be given to fire pressure, high tempera-
tures, mass burning rates, accumulation of unburned fuels,
and other outputs resulting 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 Figure A.4.8.1.1.1, the smoke zone is indicated by a minus
sign and pressurized spaces are indicated by plus signs. Each
floor can be a smoke control zone, as in (a) and (b), or a smoke
zone can consist of more 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 fire occurs, all the non–smoke zones in the build-
ing can be pressurized as shown in Figure A.4.8.1.1.1, parts
(a), (c), and (e). This system requires large quantities of out-
side air. The comments concerning location of supply air in-
lets of pressurized stairwells also apply to the supply air inlets
for non–smoke zones.

In cold climates, the introduction of large quantities of out-
side air can cause serious damage to building systems. There-
fore, serious consideration should be given to emergency pre-
heat systems that temper the incoming air and help to avoid or
limit damage. Alternatively, pressurizing only those zones im-
mediately adjacent to the smoke zones could limit the quantity
of outside air required, as in Figure A.4.8.1.1.1, parts (b) and
(d). However, the disadvantage of this limited approach is that
it is possible to have smoke flow through shafts past the pres-
surized zone and into unpressurized spaces. When this alter-
native is considered, a careful examination of the potential
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smoke flows involved should be accomplished and a determi-
nation 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 surrounding air so as to prevent failure of
major components of the smoke control system. Design guid-
ance on dilution temperature is provided in ASHRAE/ICC/
NFPA/SFPE Handbook of Smoke Control Engineering .

A.4.8.3 Methods of design for smoke refuge areas are pre-
sented in Klote [14].

A.4.9 Examples of smoke control systems that can interact
when operating simultaneously include the following:

(1) Pressurized stairwells that connect to floor areas that are
part of a zoned smoke control system

(2) Elevator hoistways that are part of an elevator smoke con-
trol system that connects to floor areas that are part of a
zoned smoke control system

(3) Elevator smoke control systems that are connected to ar-
eas of refuge that are in turn connected with floor areas
that are part of a zoned smoke control system

(4) Pressurized stairwells that are also connected to a smoke
refuge area

Often smoke control systems are designed independently
to operate under the dynamic forces they are expected to en-
counter (e.g., buoyancy, stack effect, wind). Once the design is
completed, it is necessary to study the impact the smoke con-
trol systems will have on one another. For example, an ex-
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FIGURE A.4.8.1.1.1 Arrangements of Smoke Control Zones.
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hausted smoke zone operating in conjunction with a stairwell
pressurization system can tend to improve the performance of
the stairwell pressurization system. At the same time, it could
increase the pressure difference across the door, causing diffi-
culty in opening the door into the stairwell. For complex sys-
tems, it is recommended that a computer network model be
used for the analysis.

Unless venting or exhaust is provided in the fire zones, the
required pressure differences might not be developed. Even-
tually pressure equalization between the fire zone and the un-
affected zones will become established, and there will be noth-
ing 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 con-
structed with vestibules because of building code requirements.

A.4.10.2 Nonpressurized Vestibules. Stairwells that have nonpres-
surized vestibules can have applications in existing buildings.
With both vestibule doors open, the two doors in series pro-
vide an increased resistance to airflow compared to a single
door. This increased resistance will reduce the required air-
flow so as to produce a given pressure in the stairwell. This
subject is discussed in detail in ASHRAE/ICC/NFPA/SFPE
Handbook of Smoke Control Engineering.

In buildings with 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
environment as a smoke refuge area. The adjacent stairwell is
indirectly pressurized by airflow from the pressurized vesti-
bule. However, this pressurization can be lost if the exterior door
is open. Also, smoke can flow into the stairwell through any leak-
age openings in the stairwell walls adjacent to the floor space.
Such walls should be constructed to minimize leakages for a stair-
well protected by a pressurized vestibule system.

Pressurized Vestibules and Stairwells. To minimize the amount
of smoke entering a vestibule and a stairwell, both the vesti-
bule and the stairwell can be pressurized. The combined sys-
tem will enhance the effectiveness of the stairwell pressuriza-
tion system. Also, the pressurized vestibule can provide a
temporary smoke refuge area.

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

A.4.11 For a stairwell pressurization system that has not been
designed to accommodate the opening of doors, pressuriza-
tion will drop when any doors open, and smoke can then infil-
trate 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 den-
sity and total building evacuation, it can be expected that most
of the doors will be open at some time during evacuation. The
methods provided in ASHRAE/ICC/NFPA/SFPE Handbook of
Smoke Control Engineering can be used to design systems to ac-
commodate anywhere from a few open doors to almost all the
doors being open.
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During the time that occupants of the smoke zone are ex-
iting the area, the conditions in the smoke zone are still ten-
able. Although opening the stairwell door on the fire floor
during this time might release some smoke into the stairwell, it
will not create untenable conditions there. Once conditions in
the smoke zone become untenable, it is unlikely that the door to
the fire floor would be opened by occupants of that floor. For this
reason, designing for an open stairwell door on the fire floor is
normally not required. Doors blocked open in violation of appli-
cable codes are beyond the capability of the system.

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

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

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

Each approach has advantages and disadvantages. Al-
though 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 fundamental physics has not yet been
developed. The core of each calculation method is based on
the entrainment of air (or other surrounding gases) into the
rising fire-driven plume. A variation of approximately 20 per-
cent in entrainment occurs between the empirically derived
entrainment equations commonly used, such as those indi-
cated in Chapter 5, or in zone fire models. Users can add an
appropriate safety factor to exhaust capacities to account for
this uncertainty.

A.5.1.1 The equations presented in Chapter 5 are considered
to be the most accurate, simplest algebraic expressions avail-
able 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 release 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 growth, 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, com-
ments 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 the equations to solve
the variables other than the ones presented in the list of vari-
ables, unless it is clear how sensitive the result is to minor
changes in any of the variables involved. If these restrictions
present a limit that obstructs the users’ needs, consideration
should be given to combining the use of equations with either
scale or compartment fire models. Users of the equations
should appreciate the sensitivity of changes in the variables
being solved.

A.5.1.2 Scale modeling is especially desirable where the
space being evaluated has projections or other unusual ar-
rangements 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 (stratification or floor-ceiling
temperature gradients), and other variables. It is likely that
detection will not be appraisable using scale models.

A.5.1.3 Computer capabilities sufficient to execute some of
the family of compartment fire models are widely available. All
compartment fire models solve the conservation equations for
distinct regions (control volumes). Compartment fire models
can be classified as zone fire models or CFD models.

Verifying computer fire model results is important because
it is sometimes easier to obtain results than to determine their
accuracy. Computer fire model results have been verified over
a limited range 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 nature of a fire model’s utility is to serve as a tool for
investigating unknown conditions, there will be conditions for
which any model has yet to be verified. It is for those condi-
tions that the user should have some assistance in judging the
model’s accuracy.

There are three areas of understanding that greatly aid ac-
curate fire modeling of unverified conditions. The first area
involves understanding what items are being modeled. The
second area involves appropriately translating 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) for mercantile occupancies is often referenced
(Morgan [33]). This is primarily based on a statistical distri-
bution of fire sizes in shops (retail stores) in the United King-
dom that included sprinkler protection. Less than 5 percent
of fires in this category exceeded 5000 Btu/sec. Geometrically,
a 5000 Btu/sec (5275 kW) fire in a shop has been described as
a 10 ft × 10 ft (3.1 m × 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, therefore, limit smoke generation.
Fires in sprinklered spaces adjacent to atria and covered mall
pedestrian areas can also be effectively limited to reduce the ef-
fect on atrium 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 5.4.2.1 and
5.4.2.2 for smoke filling and Equations 5.5.1.1a, 5.5.1.1b,
5.5.1.1c, and 5.5.3.2 for smoke production do not apply if a
loss of buoyancy due to sprinkler operation has occurred.

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 en-
tering the atrium will be buoyant.
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The performance objective of automatic sprinklers in-
stalled in accordance with NFPA 13 is to provide fire control,
which is defined as follows: Limiting the size of a fire by distri-
bution of water so as to decrease the heat release rate and
pre-wet adjacent combustibles, while controlling ceiling gas
temperatures to avoid structural damage. A limited number of
investigations have been undertaken in which full-scale fire
tests were conducted in which the sprinkler system was chal-
lenged but provided the expected level of performance. These
investigations indicate that, for a fire control situation, the
heat release rate is limited but smoke can continue to be pro-
duced. 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 in the
heat release rate for the sprinklered fires after the sprinklers
are activated and achieve control. The results of these tests
also indicate that a design fire with a steady-state heat release
rate of 474 Btu/sec (500 kW) provides a conservative estimate
for a sprinklered open-plan office.

Limited full-scale test data are available for use in deter-
mining design fire size for other sprinklered occupancies.
Hansell and Morgan [7] provide conservative estimates for the
convective 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 MW for a sprinklered retail occupancy. These
steady-state design fires assume the area is fitted with standard
response sprinklers.

Full-scale fire tests for retail occupancies were conducted in
Australia (Bennetts et al. [1]). These tests indicated that for
some common retail outlets (clothing and book stores) the
fire is controlled and eventually extinguished with a single
sprinkler. 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 tests were conducted for a variety of occupan-
cies (retail stores, cellular offices, and libraries) in the United
Kingdom (Heskestad [11]). 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 CongressArchives
II and the National Library of Canada showed that fires in com-
pact mobile storage systems are difficult to extinguish
(Lougheed, Mawhinney, and O’Neill [26]).

During the initial active phase of the fire with the sprinklers
operating, the smoke layer remains stratified under the ceil-
ing (Heskestad [10]). Near the sprinklers, smoke is pulled
into the 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 the volume as buoyancy decays.

The temperature of smoke produced in a sprinklered fire
depends on factors such as the heat release rate of the fire, the
number of sprinklers operating, and sprinkler application
density. Full-scale fire tests with the water temperature at 50°F
(10°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 kW) at an application den-
sity of 0.1 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
2015 Edition
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 atrium has a constant tem-
perature with height.

With 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 tem-
perature, further sprinklers will be activated and the smoke
will 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 sprin-
klers gain control of the fire but are not immediately able to
extinguish it due to the fuel configuration, the heat release
rate decreases exponentially as follows:

Q t Q eact
kt( ) = − [A.5.2.4.4]

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

activation (Btu/sec or kW)
Qact = 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 pro-
tected with 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 [23]).

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 concepts of
separation distance.

A.5.4.1 The relations address the following three situations:

(1) No smoke exhaust is operating (see 5.4.2.1 and 5.4.2.2).
(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.

Hemisphere

Element oriented
normal to RFlame

R

FIGURE A.5.2.5(a) Separation Distance, R.
reproduction or distribution is permitted.



92–33ANNEX A

C
opyrighted material licensed to University of 
Toronto by Thomson Scientific, Inc. 
(www.techstreet.com).  This copy downloaded on 
2015-08-25 00:09:07 -0500 by authorized user logan 
ahlstrom.  No further
The following provides a basic description of the position
of smoke layer interface with smoke exhaust operating:

(1) Mass Rate of Smoke Exhaust Equal to Mass Rate of Smoke Sup-
plied. After the smoke exhaust system has operated for a
sufficient period of time, an equilibrium position of the
smoke layer interface is achieved if the 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 configurations.

(2) Mass Rate of Smoke Exhaust Not Equal to Mass Rate of Smoke
Supplied. With a greater rate of mass supply than exhaust,
an equilibrium position of the smoke layer interface will
not be achieved. The smoke layer interface can be ex-
pected 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 com-
puter analysis is required.

A.5.4.2.1 The equations in 5.4.2.1 are for use with the worst-
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 results yielding z/H > 1.0 in-
dicate that the smoke layer has not yet begun to descend.

The equations are based on limited experimental data
(Cooper et al. [4]; Hagglund, Jansson, and Nireus [6]; Heske-
stad and Delichatsios [12]; Mulholland et al. [38]; Nowler
[40]) from investigations using the following:

(1) Uniform cross-sectional areas with respect to height
(2) A/H2 ratios ranging from 0.9 to 14
(3) z/H ≥ 0.2

A.5.4.2.2 See Annex I for additional information on unsteady
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

Fuel 
items

FIGURE A.5.2.5(b) Fuel Items.
combustion products generated from the fire is generally
much less than the rate of air entrained in the plume.

Several entrainment relations for axisymmetric fire plumes
have been proposed. Those recommended here were first de-
rived in conjunction with the 1982 edition of NFPA 204. The
relations were later slightly modified by the incorporation of a
virtual origin and were also compared against other entrain-
ment relations. For more information about fire plumes, see
Heskestad [9] and Beyler [2].

The entrainment relations for axisymmetric fire plumes in
this standard are essentially those presented in the 1982 edi-
tion of NFPA 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 consid-
ered (i.e., whether the flames are below the smoke layer inter-
face or reach into the smoke layer).

The rate of mass supplied by the plume to the smoke layer
is obtained from Equation 5.5.1.1c for clear heights less than
the flame height (see Equation 5.5.1.1a and otherwise from
Equation 5.5.1.1b). The clear height is selected as the design
height of the smoke layer interface above the fire source.

It should be noted that Equations 5.5.1.1b and 5.5.1.1c 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 products generated and to the
amount of air entrained only being a function of the strength
(i.e., rate of heat release of the fire).

Fires can be located near the edge or a corner of the open
space. In this case, entrainment might not be from all sides of
the plume, resulting in a lesser smoke production rate than
where entrainment can occur from all sides. Thus, conserva-
tive design calculations should be conducted based on the
assumption that entrainment occurs from all sides.

Physical model tests (Lougheed [24]; Lougheed [25]) with
steady-state fires have shown that Equation 5.5.1.1b provides a
good estimate of the plume mass flow rate for an atrium

Table A.5.4.1 Increase in Time for Smoke Layer Interface to
Reach Selected Position for Axisymmetric Plumes

t/t0

z/H m/me = 0.25 0.35 0.5 0.7 0.85 0.95

0.2 1.12 1.19 1.3 1.55 1.89 2.49
0.3 1.14 1.21 1.35 1.63 2.05 2.78
0.4 1.16 1.24 1.4 1.72 2.24 3.15
0.5 1.17 1.28 1.45 1.84 2.48 3.57
0.6 1.20 1.32 1.52 2.00 2.78 4.11
0.7 1.23 1.36 1.61 2.20 3.17 4.98
0.8 1.26 1.41 1.71 2.46 3.71 6.25

where:
t = time for smoke layer interface to descend to z
t0 = value of t in absence of smoke exhaust (see Equation 5.4.2.1)
z = design height of smoke layer interface above base of the fire
H = ceiling height above fire source
m = mass flow rate of smoke exhaust (minus any mass flow rate into
smoke layer from sources other than the plume)
me = value of m required to maintain smoke layer interface indefinitely
at z (see Equation 5.5.1.1b)
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smoke management system operating under equilibrium con-
ditions (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 the 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 5.5.1.1b is the lo-
cation of the smoke layer interface above the base of fuel (see
Figure A.3.3.12.1). For an efficient smoke management sys-
tem, the depth of the transition zone is approximately 10 per-
cent of the atrium height. In the transition zone, the tempera-
ture and other smoke parameters decrease linearly with
height between the smoke layer interface height and the lower
edge of the transition zone.

Plume contact with the walls can be of concern for cases
where the plume diameter increases (see 5.5.4) to contact
multiple 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 with all
the walls.

In situations where the flame height as calculated from
Equation 5.5.1.1a 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 vir-
tual origin concept can make a difference in the mass flow
calculation. Equations that include the virtual origin and re-
vised 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 [86-90].

A.5.5.2.1 Equation 5.5.2.1 is based on Law’s interpretation
[22] of small-scale experiments by Morgan and Marshall [35].
Scenarios with balcony spill plumes involve smoke rising
above a fire, reaching a ceiling, balcony, or other significant
horizontal projection, then traveling horizontally toward the
edge of the “balcony.” Characteristics of the resulting balcony
spill plume depend on characteristics of the fire, width of the
spill plume, and height of the ceiling above the fire. In addi-
tion, the path of horizontal travel from the plume centerline
to the balcony edge is significant.

Agreement of the predictions from Equation 5.5.2.1 with
those from small-scale experimental efforts is presented in Fig-
ure A.5.5.2.1. Whereas the agreement is quite good, the results
are from only two small-scale experimental programs.

The results of full-scale tests conducted as part of a joint
research project involving the American Society for Heating,
Refrigerating and Air-Conditioning Engineers and the Na-
tional Research Council (Lougheed [27]; Lougheed [28]) in-
dicate 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 Build-
ing Research Establishment (BRE) using scale physical mod-
els (Marshall and Harrison [30]) indicate that higher smoke
production rates than predicted by spill plume equations can
be produced in a small atrium of 10 m × 10 m × 19 m in height.
The additional smoke production has been attributed 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 sce-
narios with narrow openings (7.5 m) and with draft curtains.
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For a small atrium, it is recommended that the final design be
supported by a modeling study.

A.5.5.2.4 Materials suitable for use as draft curtains can in-
clude 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 carry
the CE mark, which is mandatory for sale of these products
within the European Union, are subject to independent test-
ing and ongoing factory production control by Notified Bod-
ies appointed by national governments.

A.5.5.2.7 Visual observations of the width of the balcony spill
plume 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 communicat-
ing space immediately adjacent to the atrium. An equivalent
width can be defined by equating the entrainment from an
unconfined balcony spill plume to that from a confined bal-
cony spill plume.

The results of full-scale tests conducted as part of a joint
research project involving the American Society for Heating,
Refrigerating and Air-Conditioning Engineers and the Na-
tional Research Council (Lougheed [27]; Lougheed [28]) in-
dicate that the equation for the width of the unconfined spill
plume is valid for spill plumes from compartments with open-
ing widths of 16 ft (5 m) to 46 ft (14 m).

A.5.5.2.8 Equations 5.5.2.8a and 5.5.2.8b are based on a para-
metric study using CFD model simulations (Lougheed [28];
McCartney, Lougheed, and Weckman [31]) to determine the
best fit for the parameters to determine smoke production
rates in a high atrium. The virtual origin term for the equation
was determined such that Equation 5.5.2.8a or 5.5.2.8b pro-
vides the same estimate for the mass flow rate for a smoke layer
interface height at 50 ft (15 m) as Equation 5.5.2.1a or
5.5.2.1b. For narrow spill plumes, the initially rectangular
plume will evolve to an axisymmetric plume as it rises, result-
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FIGURE A.5.5.2.1 Agreement Between Predictions and Ex-
perimental Values (Morgan and Marshall [35]; Mulholland
[37]).
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ing in a higher smoke production rate than that predicted by
Equation 5.5.2.9a or 5.5.2.9b. It is recommended that the final
design be supported by a CFD modeling study.

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
5.5.2.1a or 5.5.2.1b. It is recommended that the final design be
supported by a CFD modeling study.

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 5.5.2.1a or
5.5.2.1b), 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 de-
sign fire with a convective heat release rate of 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 Window plumes are not expected for sprinkler-
controlled fires.

A.5.5.3.1 Equation 5.5.3.1a or 5.5.3.1b is appropriate when the
heat release rate is limited by the air supply to the compartment,
the fuel generation is limited by the air supply, and excess fuel
burns outside the compartment using air entrained outside the
compartment. The methods in 5.5.3.1 are also valid only for com-
partments having a single ventilation opening.

Equations 5.5.3.1a and 5.5.3.1b 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 Tewarson [52].
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FIGURE A.5.5.2.10 Estimated Mass Flow Rates.
A.5.5.3.2 The air entrained into the window 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:

m Q z a Qc w c= +( )⎡
⎣

⎤
⎦ +0 022 0 00421 3 5 3

. ./ / [A.5.5.3.2]

Substituting Equation 5.5.3.1 into this mass flow rate and
using Qc = 0.7j results in Equation 5.5.3.2.

The virtual source height is determined as the height of a fire
source in the open that gives the same entrainments as the win-
dow plume at the window plume flame tip. Further entrainment
above the flame tip is assumed to be the same as for a fire in the
open. Although this development is a reasonably formulated
model for window plume entrainment, no data are available 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 re-
quired values of Kd will result in conservative calculations.

A.5.5.5 The mass flow rate of the plume can be calculated
from Equation 5.5.1.1b, 5.5.1.1c, 5.5.2.1, or 5.5.3.2, which
were developed for strongly buoyant plumes; for small tem-
perature differences between the plume and ambient, errors
due to low buoyancy could be significant. This topic needs
further study; in the absence of better data, it is recommended
that the plume equations not be used when this temperature
difference is small [<4°F (<2.2°C)].

The temperature from Equation 5.5.5 is a mass flow aver-
age, but the temperature varies over the plume cross section.
The plume temperature is greatest at the centerline of the
plume; the centerline temperature is of interest when atria are
tested by real fires.

The plume’s centerline temperature should not be con-
fused with the average plume temperature. The centerline
temperature of an axisymmetric plume should be determined
using Equation A.5.5.5a as follows:

For U.S. units,
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where:
Tcp = absolute centerline plume temperature of an

axisymmetric plume at elevation z (R)
To = absolute ambient temperature (R)

g = acceleration of gravity (32.2 ft/sec2)
Cp = specific heat of air (0.24 Btu/lb-R)
ρo = density of ambient air (lb/ft3)
Q = convective heat release rate of the fire (Btu/sec)
z = height above base of fuel (ft)
For SI units,
Tcp = absolute centerline plume temperature of an axisym-

metric plume at elevation z (K)
To = absolute ambient temperature (K)
g = acceleration of gravity (9.81 m/sec2)
Cp = specific heat of air (1.0 kJ/kg-K)
ρo = 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 tem-

perature of the plume above the flame should be determined
using Equation A.5.5.5b, as follows:

T T
Q

mCp o
c

p

− + [A.5.5.5b]

where:
Tp = average plume temperature at elevation z (°F or

°C)
To = ambient temperature (°F or °C)
Qc = 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/kg-°C)

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 travels 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 than the height, such as shopping malls.

(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 this, 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 con-
sistent 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. [39].

A.5.6.4 The γ factor of 1.0 applies to ceiling vents remote
from a wall. Remote is regarded as a separation greater than two
times the depth of the smoke layer below the lower point of
the exhaust opening.

A.5.6.5 The γ factor of 0.5 is based on potential flow consider-
ations for a ceiling vent adjacent to a wall. While γ should vary
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smoothly 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.

A.5.6.6 The γ factor of 0.5 is used for all wall vents. Because
no data exist for wall exhausts, a value of γ 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 alarm
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 the atmospheric pressure for a specific location. Standard
atmospheric 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 5.8b apply to both smoke and air. Designers should
use the atmospheric pressure for a specific location. Standard
atmospheric pressure is 14.696 psi (101,325 Pa).

A.5.9 The algebraic equations in Chapter 5 and many of the
compartment fire models are only for spaces of uniform cross-
sectional area. In practice, it is recognized that spaces being
evaluated will not always exhibit a simple uniform geometry.
The descent of the first indication of smoke in varying cross
sections or complex geometric spaces can be affected by con-
ditions such as sloped ceilings, variations in cross-sectional ar-
eas of the space, and projections into the rising plume. Meth-
ods of analysis that can be used to deal with complex and
nonuniform geometries are as follows:

(1) Scale models (See 5.1.2, Section 5.6, and A.5.6.)
(2) CFD models (See 5.1.3 and Annex F.)
(3) Zone model adaptation (See Annex C.)
(4) Bounding analysis (See Annex C.)

A.5.11 In this 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 this 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 [43]).
Smoke flow studies have been made by Heskestad [8] and by
Quintiere, McCaffrey, and Kashiwagi [43]. Analog techniques us-
ing a water and saltwater system are also available (Steckler,
Baum, and Quintiere [47]). Smoke flow modeling for buildings
is based on maintaining a balance between 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 for a situation in-
volving 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 (Ts) expressed in dimensionless
terms and as a function of x, y, z, and time (t) are as follows:
reproduction or distribution is permitted.
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where:
To = ambient temperature

g = gravitational acceleration
l = characteristic length

ρo = ambient density
π1, π2, and π3 are dimensionless groups arising from the

energy release of the fire, fan flows, and wall heat transfer as
follows:

π1 5 2=
ρ

Q

c glo o

/ ∼
fire energy
flow energy

[A.5.11b]

where:
Q = energy release rate of the fire
co = specific heat of the ambient air

π2 5 2=
V

gl

fan
/ ∼

fan flow
buoyant flow

[A.5.11c]

where:
Vfan = volumetric flow rate of the exhaust fan
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where:
(kρc)w = thermal properties (conductivity, density, and

specific heat) of the wall
µ = gas viscosity
k = gas thermal conductivity

The expression of π3 is applicable to a thermally thick con-
struction material. Additionally, more than one dimensionless
π will be needed if wall thickness and radiation effects are
significant. π3 attempts to correct for heat loss at the boundary
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 release rate follows
from preserving π1. Similarly, expressions for the volumetric
exhaust rate and wall thermal properties are obtained from
preserving π2 and π3.

The wall properties condition is easily met by selecting a
construction material that is noncombustible and approxi-
mately matches (kρc)w with a material of sufficient thickness to
maintain the thermally thick condition. The thermal proper-
ties of enclosure can be scaled as follows:

k c k c
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where:
(kρc)w,m = thermal properties of the wall of the model
(kρc)w,F = thermal properties of the wall of the full-scale

facility
c = specific heat of enclosure materials (wall,

ceiling)
k = thermal conductivity of enclosure materials

(wall, ceiling)
ρ = density of enclosure materials (wall, ceiling)

The following examples are included to provide insight into
the way that the Froude modeling scaling relations are used.

Example 1. What scale model should be used for a mall
where the smallest area of interest at 3 m is the floor-to-ceiling
height on the balconies?

Note that 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
corresponding floor-to-ceiling height of the model should be
at least 0.3 m. Set lm = 0.3 m, and lF = 3 m, then lm/lF = 0.1.

Example 2. The design fire for a specific facility is a constant
fire of 5000 kW. What size fire will be needed for a one-tenth
scale model?
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Example 3. For a full-scale facility with a smoke exhaust rate
of 250 m3/sec, what is the smoke exhaust rate for a one-tenth
scale model?

V V
l
lfan m fan F
m

F
, , .=

⎛

⎝
⎜

⎞

⎠
⎟ ( )

5 2
5 2250 0 1= = 7.9 m /sec     3 [A.5.11h]

Example 4. The walls of a full-scale facility are made of con-
crete. What is the impact of constructing the walls of a one-tenth
scale model of gypsum board? The kρc of brick is 1.7 kW2/m-4 ·
K-2 · s. The ideal thermal properties of the model can be calcu-
lated as follows:
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The value for gypsum board is 0.18 kW2/m-4 · K-2 · 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: 2.5 m at 26 seconds, 1.5 m at 85 sec-
onds, and 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 zm = 2.5 m at tm = 26 seconds:
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The other clear height and time pairs are calculated in the
same manner and are listed in Table A.5.11(a) and Table
A.5.11(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-
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 co-
ordinated with the architectural design and be located as re-
quired below the design smoke layer. For locations where such
openings are impractical, a mechanical supply system can be
considered. This system could be an adaptation of the build-
ing’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 testing or frequent inadvertent operation of the sys-
tem, consideration should be given to heating the makeup air.

A.6.4 Related systems can include fire protection signaling sys-
tems, sprinkler systems, and HVAC systems, among others. Sim-
plicity should be the goal of each control system. Complex sys-
tems should be avoided. Such systems tend to confuse, might not
be installed correctly, might not be properly tested, might 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 sys-
tems 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 appli-
cable for providing the necessary logic and control sequences
for an HVAC system’s smoke control mode of operation.

The control system should be designed as simply as pos-
sible to attain the required functionality. Complex controls, if
not properly designed and tested, can have a low level of reli-
ability and can be difficult to maintain.

Table A.5.11(a) Scale Model Observation Clear Height

Clear Height
(m)

Time
(sec)

2.5 26
1.5 85
1.0 152

Table A.5.11(b) Full-Scale Facility Prediction

Clear Height
(m)

Time
(sec)

25 82
15 269
10 480
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A.6.4.4.1.1 For purposes of automatic activation, fire detec-
tion devices include automatic devices such as smoke detec-
tors, waterflow switches, and heat detectors.

A.6.4.4.1.2 During a fire, it is likely that enough smoke to
activate a smoke detector might travel to other zones and sub-
sequently cause alarm inputs for other zones. Systems acti-
vated by smoke detectors should continue to operate accord-
ing to the first alarm input received rather than divert controls
to respond to any subsequent alarm input(s).

A.6.4.4.1.3 Systems initiated by heat-activated devices and de-
signed with sufficient capacity to exhaust multiple zones can ex-
pand the number of zones being exhausted to include the origi-
nal zone and subsequent additional zones, up to the limit of the
mechanical system’s ability to maintain the design pressure dif-
ference. Exceeding the design capacity likely will result in the
system’s failing to adequately exhaust the fire zone or to achieve
the desired pressure differences. If the number of zones that can
be exhausted while still maintaining the design pressure is not
known, that 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 configura-
tion includes, but is not limited to, the 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 is pro-
vided.

(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 further noted as
FAST or MAX. VOLUME to ensure that the intended
control configuration is achieved.

(6) Fan(s) OFF as required to implement the smoke control
system.

(7) Damper(s) OPEN where maximum airflow must be
achieved.

(8) Damper(s) CLOSED where no airflow should take
place.

(9) Auxiliary functions might be required to achieve the
smoke control system configuration or might be desir-
able in addition to smoke control. Changes or override
of normal operation static pressure control set points
should also be indicated if applicable.

(10) Damper position at fan failure.

Examples of auxiliary functions that can be useful, but that
are not required, are the opening and closing of terminal
boxes while pressurizing or exhausting a smoke zone. These
functions are considered auxiliary if the desired state is
achieved without the functions, but the functions help to
achieve the desired state more readily.

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 de-
tect the smoke layer is to quickly detect the development of a
smoke layer at whatever temperature condition exists. One or
reproduction or distribution is permitted.
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more beams should be aimed at an upward angle to intersect
the 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 this application. Devices installed in
this manner can require additional maintenance activity.

A.6.4.4.1.5(2) The purpose of using horizontal beams to de-
tect the smoke layer at various levels is to quickly detect the
development of a smoke layer at whatever temperature condi-
tion exists. One or more beam detectors are located at the
ceiling. Additional detectors are located at other levels lower
in the volume. The exact positioning of the beams is a func-
tion of the specific design but should include beams at the
bottom of any identified unconditioned (dead-air) spaces and
at or near the design smoke level with intermediate beam po-
sitions at other levels.

A.6.4.4.1.5(3) The purpose of using horizontal beams to de-
tect the smoke plume is to detect the rising plume rather than
the smoke layer. For this approach, an arrangement of beams
close enough to each other to ensure intersection of the
plume is installed at a level below the lowest expected stratifica-
tion level. The spacing between beams has to be based on the
narrowest potential width of the plume at the level of detection.

A.6.4.4.2.1 Authorized users possess keys, passwords, or other
devices that limit unauthorized users from operating the
smoke control equipment.

A.6.4.4.2.2 Manual pull stations are not used to activate
smoke control systems that require information on the loca-
tion of the fire because of the 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 the 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 pressurization system that
provides control based on the pressure measured at the 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 switches located on a
thermostat, are not considered to be manual controls in the
context of smoke control. Manual activation and deactivation
for smoke control purposes should override manual controls
for other purposes.

A.6.4.5.2.1.2 This equipment includes air supply/return fans
and dampers subject to automatic control according to building
occupancy schedules, energy management, or other purposes.

A.6.4.5.3.2 To prevent damage to equipment, it might be
necessary to delay activation of certain equipment until other
equipment has achieved a prerequisite state (i.e., delay start-
ing 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 regard-
ing calculation of time required for the system to become fully
operational.
A.6.4.5.4 See Annex H for additional considerations for a fire
fighters’ smoke control station.

A.6.4.5.4.3 For complex control and containment system de-
signs, status indication, fault indication, or manual control
can be provided for groups of components or by smoke con-
trol zone.

A.6.4.5.4.7 Indirect indication of fan status, such as motor
current measurement or motor starter 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 con-
trol 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 air; 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 through A.6.4.8 describe multiple methods
that can be used, either singly or in combination, to verify that
all portions of the controls and equipment are operational.
For 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 relay 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, controlled equip-
ment, or both, then each system would be responsible for in-
dicating off-normal conditions on its respective segment.

End-to-end verification monitors both the electrical and
mechanical components 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 veri-
fication, therefore, requires a comparison of the desired op-
eration to the actual end result.
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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 re-
sult at that time matches the expected result. If a condition
that prevents proper operation persists during the next at-
tempted 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 stan-
dard. Where flashover in the room of fire origin is a concern,
the design temperature should be 1700°F (927°C).

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.
Where 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 control 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 floor 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
migration of smoke and fire gases to other parts of the build-
ing. Testing appropriate to the objective of the system consists
of measuring the 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 differ-
ences and door-opening forces under the design conditions
agreed on with the authority having jurisdiction.

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. (De-
tailed engineering design information is contained in
ASHRAE/ICC/NFPA/SFPE Handbook of Smoke Control Engi-
neering [21] and the NFPA publication Smoke Movement and
Control in High-Rise Buildings).

Absence of a consensus agreement for a testing procedure
and acceptance criteria historically has created numerous
problems 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 plan-
ning 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 prob-
lems that occur during final acceptance testing and facilitates
obtaining the certificate of occupancy.

A.8.1.4 The intent is that all parties — designers, installers, own-
ers, and authorities having jurisdiction — have a clear under-
standing of the system objectives and the testing procedure.

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. Op-
erational testing of system components should be completed
during construction. These operational tests normally are per-
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formed 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,
sensitivity calibration, voltage, and amperage, should be indi-
vidually 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) Temperature control system
(7) Power sources
(8) Standby power
(9) Automatic suppression systems

(10) Automatic operating doors and closures
(11) Other smoke control systems
(12) Emergency elevator operation
(13) Dampers
(14) Fire fighters’ control station (FFCS)

A.8.4.1 Representatives of one or more of the following
should be present during acceptance testing to grant accep-
tance:

(1) Authority having jurisdiction
(2) Owner
(3) Designer
(4) Subsystem contractors

A.8.4.2 Parameters that should be tested during the accep-
tance testing include the following:

(1) Total volumetric flow rate
(2) Airflow velocities
(3) Airflow direction
(4) Door-opening forces
(5) Pressure differences
(6) Ambient indoor and outdoor temperatures
(7) Wind speed and direction

The following equipment might be needed to perform ac-
ceptance testing:

(1) Differential pressure gauges, inclined water manometers,
or electronic manometer [instrument ranges 0–0.25 in.
w.g. (0–62.5 Pa) and 0–0.50 in. w.g. (0–125 Pa) with a suffi-
cient length of tubing], including traversing equipment

(2) Scale suitable for measuring 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 control 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)-
reproduction or distribution is permitted.
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Other Test Methods. Much can be accomplished to demonstrate
smoke control system operation without resorting to demonstra-
tions 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 perfor-
mance. Other test methods have been used historically in in-
stances where the authority having jurisdiction requires addi-
tional testing. These test methods have limited value in
evaluating certain system performance, and their validity as a
method of testing a smoke control system is questionable.

As covered in the preceding chapters, the dynamics of the
fire plume, buoyancy forces, and stratification are all major
critical elements in the design of the smoke control system.
Therefore, 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 completed building. Open flame/actual fire testing might
be dangerous and normally should not be attempted. Any
other test is a compromise. If a test of the smoke control sys-
tem for building acceptance is mandated by the authority hav-
ing jurisdiction, such a test condition would become the basis
of design and might not in any way simulate any real fire con-
dition. 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 fire emergency.

Smoke bomb tests do not provide the heat, buoyancy, and
entrainment of a real fire and are not useful in evaluating the
real performance of the system. A system designed in accor-
dance with this document and capable of providing the in-
tended smoke control might not pass smoke bomb tests. Con-
versely, it is possible for a system that is incapable of providing
the intended smoke control to pass smoke bomb tests. Be-
cause of the impracticality of conducting real fire tests, the
acceptance tests described in this document are directed to
those aspects of smoke control systems that can be verified.

It is an understatement to say that acceptance testing in-
volving a real fire has obvious danger to life and property be-
cause 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 organizations such as the Associated Air Bal-
ance Council (AABC); the National Environmental Balancing
Bureau (NEBB); the American Society of Heating, Refrigerat-
ing and Air-Conditioning Engineers (ASHRAE); and the
Sheet Metal and Air Conditioning Contractors National Asso-
ciation (SMACNA).

A.8.4.4.1 Building mechanical equipment that is not typically
used to implement smoke control 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 discon-
nected at the main service disconnect to simulate true operat-
ing conditions in standby power mode.

A.8.4.4.4(2) One or more device circuits on the fire alarm
system can initiate a single input signal to the smoke control
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 con-
trol system operation.

A.8.4.5 Large-volume spaces come in many configurations,
each with its own peculiarities. They can be tall and thin or
short and wide, have balconies and interconnecting floors, be
open or closed to adjacent floors, have corridors and stairs for
use in evacuation, have only exposed walls and windows (ster-
ile tube), or be a portion of a 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 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
8.4.6.1). When measured with the stairwell as the refer-
ence, these doors have the greatest negative values.

(2) When systems are designed for open stairwell doors and
total building evacuation, the number of open doors
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 necessary to
repeat the door-opening force tests with open doors.
Opening any door would decrease the pressure 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 door hardware, and the forces pro-
duced by the smoke control system. In cases where frictional
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 will
close and identify the zone boundaries. (See Annex I for informa-
tion 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 re-
turned to their normal operating modes prior to activation of
another zone’s smoke control system. It should be also en-
sured that all controls necessary to prevent excessive pressure
differences are functional so as to prevent damage to ducts
and related building 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
[0 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 intended to
produce a positive pressure within the hoistway, all negative
pressure values recorded on the floor side of the doors are
indicative of a potential airflow from the shaft to the floor.

A.8.4.6.5.2.1(C) Where enclosed elevator lobbies are pressur-
ized by an elevator lobby pressurization system, or where en-
closed elevator lobbies receive secondary pressurization from
the elevator hoistway, they should be treated as a zone in a
zoned smoke control system.
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A.8.4.6.7.1 When testing the combination of zoned smoke
control systems and stairwell pressurization systems, the
tests applicable to each stand-alone system should be con-
ducted. Differential pressure tests are specified in both
8.4.6.3 and 8.4.6.4. When the two systems are used in com-
bination, the stairwell should be treated as a zone in a
zoned smoke control system. The minimum design pres-
sures specified in Table 4.4.2.1.1 apply only to the differen-
tial pressure tests 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
will 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 mea-
sured with the stairwell as the reference, these doors have
the greatest negative values.

(2) When 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
the tests with all doors closed (see 8.4.6.2) to have pressure
in the occupied area greater than the pressure in the stair-
well. Opening these doors adds pressure to the stairwell,
thereby increasing door-opening forces 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 remain-
ing doors.

A.8.5.1 This documentation should include results from the
preliminary building inspection, component testing, and ac-
ceptance testing.

A.8.6.1 During the life of the building, maintenance is essen-
tial to ensure that the smoke control system will perform 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, con-
trols, doors, and windows. The equipment should be main-
tained in accordance with 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 temperature and humidity
conditions are extreme. Because smoke control systems over-
ride limit controls, such as freezestats, tests should be con-
ducted when outside air conditions will not cause damage to
equipment and systems.

A.8.7.1 Documentation should be updated to reflect changes
or modifications.
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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 purposes only.

B.1 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 primarily addresses the estimation of
fuel concentrations found in retail shops, stadiums, offices,
and similar locations that might involve large areas ad-
dressed by this standard. Conversely, NFPA 204 addresses
the types of fuel arrays more common to storage and manu-
facturing locations and other types of building situations
covered by that standard. This standard is applicable to situ-
ations 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 or 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 for some fuel commodities
have been reported (Babrauskas and Krasny [54]; 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 arrays having similar fu-

els 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. Where 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 pro-
duce 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 de-
rive 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 there is no established catalog of tests of specific
arrays. Some test data can be found in technical reports. Alter-
natively, individual tests can be conducted.

Many fire tests do not include a direct measurement of rate
of heat release. In some cases, it can be derived based on mea-
surement of mass loss rate using the following equation:

Q mhc= � [B.3a]

where:
Q = rate of heat release (kW)
ṁ = mass loss rate (kg/sec)
hc = heat of combustion (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 L D= +37 1 02 5 2.( ) [B.3b]

where:
Q = rate of heat release (kW)
L = flame height (m)
D = fire diameter (m)
B.4 Actual Tests of Arrays Similar to That Involved. Where an
actual calorific test of the specific array under consideration can-
not 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 tests are similar to the fuel of concern,
the 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, the rate of heat release of a
tested array has been divided by a common dimension, such as
occupied floor area, to derive a normalized rate of heat re-
lease 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 [53]):

′′ ′′( )m m eo
kBD= − −1 [B.5.1]

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.

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 normal-
ized 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).
Table B.5.1 Data for Large Pool Burning Rate Estimates

Density hc �mb kb

Material lb/ft3 kg/m3 Btu/lb mJ/kg lb/ft2·s kg/m2·s ft-1 m-1

Cryogenicsa

Liquid H2 4.4 70 55,500 120 0.0035 0.017 1.9 6.1
LNG (mostly CH4) 26 415 21,500 50.0 0.016 0.078 0.33 1.1
LPG (mostly C3H8) 37 585 20,000 46.0 0.02 0.099 0.43 1.4

Alcohols
Methanol (CH3OH) 50 796 8,500 20.0 0.0035 — b —
Ethanol (C2H5OH) 50 794 11,500 26.8 0.0031 — b —

Simple organic fuels
Butane (C4H10) 36 573 20,000 45.7 0.016 0.078 0.82 2.7
Benzene (C5H6) 53 874 17,000 40.1 0.017 0.085 0.82 2.7
Hexane (C6H14) 41 650 19,000 44.7 0.015 0.074 0.58 1.9
Heptane (C7H16) 42 875 19,000 44.6 0.021 0.101 0.34 1.1
Xylene (C8H10) 54 870 17,500 40.8 0.018 0.090 0.42 1.4
Acetone (C3H6O) 49 791 11,000 25.8 0.0084 0.041 0.58 1.9
Dioxane (C4H8O2) 65 1035 11,000 26.2 0.0037c 0.018 1.6c 5.4
Diethyl ether (C4H10O) 45 714 14,500 34.2 0.017 0.085 0.21 0.7

Petroleum products
Benzene 46 740 19,000 44.7 0.0098 0.048 1.1 3.6
Gasoline 46 740 19,000 43.7 0.011 0.055 0.64 2.1
Kerosene 51 820 18,500 43.2 0.008 0.039 1.1 3.5
JP-4 47 760 18,500 43.5 0.01 0.051 1.1 3.6
JP-5 51 810 18,500 43.0 0.011 0.054 0.49 1.6
Transformer oil,

hydrocarbon
47 760 20,000 46.4 0.008c 0.039 0.21c 0.7

Fuel oil, heavy 59–62 940–1000 17,000 39.7 0.0072 0.035 0.52 1.7
Crude oil 52–55 830–880 18,000 42.5–42.7 0.0045–

0.0092
0.022–
0.045

0.85 2.8

(continues)
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Table B.5.1 Continued

Density hc �mb kb

Material lb/ft3 kg/m3 Btu/lb mJ/kg lb/ft2·s kg/m2·s ft-1 m-1

Solids
Polymethylmethacrylate

(C5H8O2)n

74 1184 10,000 24.9 0.0041 0.022 1.0 3.2

Polypropylene (C3H6)n 56 905 18,500 43.2 0.0037 — — —
Polystyrene (C8H8)n 66 1050 17,000 39.7 0.007 — — —

aFor pools on dry land, not over water.
bValue independent of diameter in turbulent regime.
cEstimate uncertain, since only two data points available.

Table B.5.2(a) Unit Heat Release Rate for Commodities

Commodity
Btu/sec · ft2 of

Floor Area
kW/m2 of
Floor Area

Wood pallets, stacked 11⁄2 ft high (6–12% moisture) 125 1,420
Wood pallets, stacked 5 ft high (6–12% moisture) 350 4,000
Wood pallets, stacked 10 ft high (6–12% moisture) 600 6,800
Wood pallets, stacked 16 ft high (6–12% moisture) 900 10,200
Mail bags, filled, stored 5 ft high 35 400
Cartons, compartmented, stacked 15 ft high 150 1,700
PE letter trays, filled, stacked 5 ft high on cart 750 8,500
PE trash barrels in cartons, stacked 15 ft high 175 2,000
PE fiberglass shower stalls in cartons, stacked 15 ft

high
125 1,400

PE bottles packed in compartmented cartons 550 6,200
PE bottles in cartons, stacked 15 ft high 175 2,000
PU insulation board, rigid foam, stacked 15 ft high 170 1,900
PS jars packed in compartmented cartons 1,250 14,200
PS tubs nested in cartons, stacked 14 ft high 475 5,400
PS toy parts in cartons, stacked 15 ft high 180 2,000
PS insulation board, rigid foam, stacked 14 ft high 290 3,300
PVC bottles packed in compartmented cartons 300 3,400
PP tubs packed in compartmented cartons 390 4,400
PP & PE film in rolls, stacked 14 ft high 550 6,200
Methyl alcohol 65 740
Gasoline 200 2,300
Kerosene 200 2,300
Diesel oil 175 2,040

For SI units, 1 ft = 0.305 m.
PE: Polyethylene. PP: Polypropylene. PS: Polystyrene. PU: Polyurethane. PV: Polyvinyl chloride.
Note: Heat release rate per unit floor area of fully involved combustibles, based on negligible radiative

feedback from the surroundings and 100 percent combustion efficiency.
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Table B.5.2(b) Maximum Heat Release Rates

Warehouse Materials
Growth Time

(sec)

Heat Release
Density

(q) Classification

Wood pallets, stacked 11⁄2 ft high (6–12%
moisture)

150–310 110 M–F

Wood pallets, stacked 5 ft high (6–12%
moisture)

90–190 330 F

Wood pallets, stacked 10 ft high (6–12%
moisture)

80–110 600 F

Wood pallets, stacked 16 ft high (6–12%
moisture)

75–105 900 F

Mail bags, filled, stored 5 ft high 190 35 F
Cartons, compartmented, stacked 15 ft high 60 200 *
Paper, vertical rolls, stacked 20 ft high 15–28 — *
Cotton (also PE, PE/Cot,

Acrylic/Nylon/PE), garments in 12 ft
high rack

20–42 — *

Cartons on pallets, rack storage, 15–30 ft
high

40–280 — M–F

Paper products, densely packed in cartons,
rack storage, 20 ft high

470 — M–S

PE letter trays, filled, stacked 5 ft high on
cart

190 750 F

PE trash barrels in cartons stacked 15 ft high 55 250 *
FRP shower stalls in cartons, stacked 15 ft

high
85 110 *

PE bottles packed in compartmented
cartons

85 550 *

PE bottles in cartons, stacked 15 ft high 75 170 *
PE pallets, stacked 3 ft high 130 — F
PE pallets, stacked 6–8 ft high 30–55 — *
PU mattress, single, horizontal 110 — F
PF insulation, board, rigid foam, stacked

15 ft high
8 170 *

PS jars packed in compartmented cartons 55 1200 *
PS tubs nested in cartons, stacked 14 ft high 105 450 F
PS toy parts in cartons, stacked 15 ft high 110 180 F
PS insulation board, rigid, stacked 14 ft high 7 290 *
PVC bottles packed in compartmented

cartons
9 300 *

PP tubs packed in compartmented cartons 10 390 *
PP and PE film in rolls, stacked 14 ft high 40 350 *
Distilled spirits in barrels, stacked 20 ft high 23–40 — *
Methyl alcohol — 65 —
Gasoline — 200 —
Kerosene — 200 —
Diesel oil — 180 —

For SI units, 1 ft = 0.305 m.
S: Slow. M: Medium. F: Fast.
FRP: Fiberglass-reinforced polyester. PE: Polyethylene. PP: Polypropylene. PS: Polystyrene. PU: Polyure-
thane. PVC: Polyvinyl chloride.
Notes:
(1) Qm = qA, where Qm = maximum heat release rate (Btu/sec), q = heat release density (Btu/sec · ft2), and
A = floor area (ft2).
(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 develop-
ing fires, assuming 100 percent combustion efficiency.
*Fire growth rate exceeds classification criteria.
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Table B.5.3(a) Maximum Heat Release Rates from Fire Detec

Commodity
A

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, 1 Btu/sec = 1.055 W.>

Table B.5.3(b) Characteristics of Ignition Sources (Babrauska

Ignition Source

Typical
Heat Output

(W)
Burn T

(se

Cigarette 1.1 g (not puffed, laid
on solid surface), bone dry
Conditioned to 50% 5 1,2
Relative humidity 5 1,2

Methenamine pill, 0.15 g 45 90
Match, wooden (laid on solid

surface)
80 20–

Wood cribs, BS 5852 Part 2
No. 4 crib, 8.5 g 1,000 19
No. 5 crib, 17 g 1,900 20
No. 6 crib, 60 g 2,600 19
No. 7 crib, 126 g 6,400 35
Crumpled brown lunch bag, 6 g 1,200 80
Crumpled wax paper, 4.5 g

(tight)
1,800 25

Crumpled wax paper, 4.5 g
(loose)

5,300 20

Folded double-sheet newspaper,
22 g (bottom ignition)

4,000 10

Crumpled double-sheet
newspaper, 22 g (top
ignition)

7,400 40

Crumpled double-sheet
newspaper, 22 g (bottom
ignition)

17,000 20

Polyethylene wastebasket, 285 g,
filled with 12 milk cartons
(390 g)

50,000 200

Plastic trash bags, filled with
cellulosic trash (1.2–14 kg)e

120,000–350,000 200

For U.S. units, 1 in. = 25.4 mm; 1 Btu/sec = 1.055 W; 1 oz = 0.02835 kg =
aTime duration of significant flaming.
bTotal burn time in excess of 1800 seconds.
cAs measured on simulation burner.
dMeasured from 25 mm away.
eResults vary greatly with packing density.
tion Institute Analysis

pproximate Values
(Btu/sec)

100
140
350
1200

4000–8000
s and Krasny [54])

imea

c)

Maximum Flame
Height
(mm)

Flame Width
(mm)

Maximum Heat
Flux

(kW/m2)

00 — — 42
00 — — 35

— — 4
30 30 14 18–20

0 — — 15d

0 — — 17d

0 — — 20d

0 — — 25d

— — —
— — —

— — —

0 — — —

— — —

— — —

b 550 200 35c

b — — —

28.35 g; 1 Btu/ft2-sec = 11.35 kW/m2.
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Table B.5.3(d) Heat Release Rates of Chairs (Babrauskas and Krasny [54])

Specimen kg

Mass
Combustible

(kg) Style Frame Padding Fabric Interliner
Peak m
(g/sec)

Peak q
(kW)

C12 17.9 17.0 Traditional
easy chair

Wood Cotton Nylon — 19.0 290a

F22 31.9 — Traditional
easy chair

Wood Cotton
(FR)

Cotton — 25.0 370

F23 31.2 — Traditional
easy chair

Wood Cotton
(FR)

Olefin — 42.0 700

F27 29.0 — Traditional
easy chair

Wood Mixed Cotton — 58.0 920

F28 29.2 — Traditional
easy chair

Wood Mixed Cotton — 42.0 730

CO2 13.1 12.2 Traditional
easy chair

Wood Cotton,
PU

Olefin — 13.2 800b

CO3 13.6 12.7 Traditional
easy chair

Wood Cotton,
PU

Cotton — 17.5 460a

CO1 12.6 11.7 Traditional
easy chair

Wood Cotton,
PU

Cotton — 17.5 260a

CO4 12.2 11.3 Traditional
easy chair

Wood PU Nylon — 75.7 1350b

C16 19.1 18.2 Traditional
easy chair

Wood PU Nylon Neoprene NA 180

F25 27.8 — Traditional
easy chair

Wood PU Olefin — 80.0 1990

T66 23.0 — Traditional
easy chair

Wood PU,
polyester

Cotton — 27.7 640

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 19.1 18.2 Traditional
easy chair

Wood PU Nylon Neoprene 15.0 230a

C14 21.8 20.9 Traditional
easy chair

Wood PU Olefin Neoprene 13.7 220a

C15 21.8 20.9 Traditional
easy chair

Wood PU Olefin Neoprene 13.1 210b

T49 15.7 — Easy chair Wood PU Cotton — 14.3 210

Table B.5.3(c) Characteristics of Typical Furnishings as Ignition Sources (Babrauskas and
Krasny [54])

Furnishings
Total Mass

(kg)

Total Heat
Content

(mJ)

Maximum
Rate of Heat

Release
(kW)

Maximum
Thermal

Radiation to
Center of Floor*

(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 27–33 145–150 120–290 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 U.S. units, 1 lb = 0.4536 kg = 453.6 g; 1 Btu = 1.055 × 10-3 mJ; 1 Btu/sec = 1.055 kW; 1 Btu/ft2 · sec = 11.35
kW/m2.
*Measured at approximately 2 m away from the burning object.
2015 Edition

reproduction or distribution is permitted.



92–48 SMOKE CONTROL SYSTEMS

C
opyrighted material licensed to University of 
Toronto by Thomson Scientific, Inc. 
(www.techstreet.com).  This copy downloaded on 
2015-08-25 00:09:07 -0500 by authorized user logan 
ahlstrom.  No further
Table B.5.3(d) Continued

Specimen kg

Mass
Combustible

(kg) Style Frame Padding Fabric Interliner
Peak m
(g/sec)

Peak q
(kW)

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
loveseat

Wood PU
(FR)

Olefin — 130.0 2890

F32 51.5 — Traditional
sofa

Wood PU
(FR)

Olefin — 145.0 3120

T57 54.6 — Loveseat Wood PU,
cotton

PVC — 61.9 1100

T56 11.2 — Office chair Wood Latex PVC — 3.1 80
CO9/T64 16.6 16.2 Foam block

chair
Wood
(part)

PU,
polyester

PU — 19.9 460

CO7/T48 11.4 11.2 Modern easy
chair

PS foam PU PU — 38.0 960

C10 12.1 8.6 Pedestal
chair

Rigid PU
foam

PU PU — 15.2 240a

C11 14.3 14.3 Foam block
chair

— PU Nylon — NA 810b

F29 14.0 — Traditional
easy chair

PP foam PU Olefin — 72.0 1950

F30 25.2 — Traditional
easy chair

Rigid PU
foam

PU Olefin — 41.0 1060

CO8 16.3 15.4 Pedestal
swivel chair

Molded PE PU PVC — 112.0 830b

CO5 7.3 7.3 Bean bag
chair

— Polystyrene PVC — 22.2 370a

CO6 20.4 20.4 Frameless
foam back

chair

— PU Acrylic — 151.0 2480b

T50 16.5 — Waiting
room chair

Metal Cotton PVC — NA <10

T53 15.5 1.9 Waiting
room chair

Metal PU PVC — 13.1 270

T54 27.3 5.8 Metal frame
loveseat

Metal PU PVC — 19.9 370

T75/F20 7.5(×4) 2.6 Stacking
chairs (4)

Metal PU PVC — 7.2 160

For U.S. units, 1 lb/sec = 0.4536 kg/sec = 453.6 g/sec; 1 lb = 0.4536 kg; 1 Btu/sec = 1.055 kW.
aEstimated from mass loss records and assumed Whc .
bEstimated from doorway gas concentrations.
B.6 Calculated Fire Description 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 oxygen depletion
calorimetry and the application of external heat flux to the
sample while determining time to ignition, rate of mass re-
lease, and rate of heat release for the specific applied flux.

Most prominent of the current test apparatus are the cone
calorimeter (see ASTM E1354, Standard Test Method for Heat and
Visible Smoke Release Rates for Materials and Products Using an Oxy-
gen Consumption Calorimeter) and the Factory Mutual calorim-
eter (Tewarson [52]). In addition to these directly measured
2015 Edition
properties, it is possible to derive ignition temperature, criti-
cal ignition flux, effective thermal inertia (kρc), heat of com-
bustion, and heat of gasification based on results from these
calorimeters. Properties not derivable from these calorimeters
and essential to determining flame spread in directions not
concurrent with the flow of the flame can be obtained from
the lateral ignition and flame travel (LIFT) apparatus (see
ASTM E1321, Standard Test Method for Determining Material Igni-
tion 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 outlined in this section is based on that pre-
sented by Nelson and Forssell [55].
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B.6.2 Discussion of Measured Properties. Table B.6.2(a) lists
the type of fire properties obtainable from the cone or Factory
Mutual calorimeters and similar instruments.

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 25 kW/m2 to 50 kW/m2. If
the fire is in a space and conditions are approaching flashover,
this can increase to the range of 50 kW/m2 to 75 kW/m2. In
fully developed, post-flashover fires, a range of 75 kW/m2 to
over 100 kW/m2 can be expected. The following is a discus-
sion of the individual properties 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 user-
specific incident flux and either for a predetermined pe-
riod of time or until the sample is consumed. The complete
results are presented in the form of a plot of rate of heat
release against time, with 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 comparison. 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 (qi). Time to ignition is reported for each
individual test and applied flux level conducted.

Effective 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

Table B.5.3(e) Effect of Fabric Type on Heat Release Rate in
Group All Other Construction Features Kept Constant) (Babra

Specimen
Full-Scale Peak q

(kW) Paddin

Group 1
F24 700 Cotton (750
F21 1970 Polyolefin (56

Group 2
F22 370 Cotton (750
F23 700 Polyolefin (56

Group 3
28 760 None
17 530 Cotton (650
21 900 Cotton (110
14 1020 Polyolefin (65

7, 19 1340 Polyolefin (36

For U.S. units, 1 lb/ft2 = 48.83 g/m2; 1 oz/ft2 = 305 g/m2; 1 Btu/sec =
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 inertia. 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 without a fire.

Heat of Combustion (Hc). 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 re-
lease and mass loss vary significantly with time and exposure.

Heat of Gasification (hg). 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 as a single value in terms of
the amount of energy per unit mass of material released
(e.g., kJ/g).

Critical Ignition Flux (qcr). Critical ignition flux is the
minimum 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 (Ti). Ignition temperature is the sur-
face temperature 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 tests, 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 thermal inertia of the sample. It is reported at a
single temperature.

If the test includes a pilot flame or spark, the reported tem-
perature is for piloted ignition; if there is no pilot present, the
temperature is for autoignition. Most available data are for pi-
loted ignition.

B.6.3 Ignition. Equations for time to ignition, tig , 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,
estimates for tig necessitate considerations beyond the scope of
this presentation (Quintiere [42]; Hirsch [56]).

B.5.3(a) (Within Each
and Krasny [54])

Fabric

2) FR PU foam
2) FR PU foam

2) Cotton batting
2) Cotton batting

FR PU foam
2) FR PU foam
2) FR PU foam

2) FR PU foam
2) FR PU foam

kW.
Table
uskas

g

g/m
0 g/m

g/m
0 g/m

g/m
g/m
0 g/m
0 g/m

1.055
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Table B.5.3(f) Effect of Padding Type on Maximum Heat
Release Rate in Table B.5.3(d) (Within Each Group All Other
Construction Features Kept Constant) (Babrauskas and
Krasny [54])

Specimen

Full-Scale
Peak q
(kW) Padding Fabric

Group 1
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

batting
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 U.S. units, 1 lb/ft2 = 48.83 g/m2; 1 oz/ft2 = 305 g/m2; 1 Btu/sec =

1.055 kW.

†Derived properties from calorimeter measurements.
Table B.5.3(g) Effect of Frame Material for Specimens with
NFR PU Padding and Polyolefin Fabrics (Babrauskas and
Krasny [54])

Specimen
Mass
(kg)

Peak q
(kW) Frame

F25 27.8 1990 Wood
F30 25.2 1060 Polyurethane
F29 14.0 1950 Polypropylene

For U.S. units, 1 lb = 0.4536 kg; 1 Btu/sec = 1.055 kW.
2015 Edition
Table B.5.3(h) Considerations for Selecting Heat Release
Rates for Design

Constant Heat Release
Rate Fires Heat Release Rate

Theobald (industrial) 260 kW/m2 (approx.
26 Btu/sec-ft2)

Law [22] (offices) 290 kW/m2 (approx.
29 Btu/sec-ft2)

Hansell & Morgan [7]
(hotel rooms)

249 kW/m2 (approx.
25 Btu/sec-ft2)

Variable Heat Release Rate
Fires

NBSIR 88-3695 Fire Growth Rate
Fuel Configuration
Computer workstation

Free burn Slow to fast
Compartment Very slow

Shelf storage
Free burn Medium up to 200 sec, fast after

200 sec
Office module Very slow to medium

NISTIR 483 Peak Heat
Fuel commodity: Release Rate (kW)
Computer workstation 1000–1300

NBS Monograph 173
Fuel commodity:
Chairs 80–2480 (<10, metal frame)
Loveseats 940–2890 (370, metal frame)
Sofa 3120
Table B.6.2(a) Relation of Calorimeter-Measured Properties
to Fire Analysis

Property Ignition
Flame
Spread

Fire Size
(Energy)

Rate of heat release* X X
Mass loss* X
Time to ignition* X X
Effective thermal

properties†
X X

Heat of combustion† X X
Heat of gasification† X
Critical ignition flux† X X
Ignition temp.† X X

*Property is a function of the externally applied incident flux.
reproduction or distribution is permitted.
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B.6.3.1 Thermally Thin Materials. Relative to ignition from a
constant incident heat flux, qi , at the exposed surface and with
relatively small heat transfer losses at the unexposed surface, a
thermally thin material is a material whose temperature is rela-
tively uniform throughout its entire thickness, l, at t = tig . For
example, at t = tigα :

T BT T BT T BTo o ig ounexposed exposed< =0 1 0 1. .( ) ( ) [B.6.3.1a]

Equation B.6.3.1a can be used to show that a material is
thermally thin (Hirsch [56]) if:

1 0 6
1 2

< . ′′( )tig
[B.6.3.1b]

For example, for sheets of maple or oak wood (where the
thermal diffusivity = 1.28 × 10-7 m2/sec; Sako and Hasemi
[57]), if tig = 35 seconds is measured in a piloted ignition test,
then, according to Equation B.6.3.1b, if the sample thickness
is less than approximately 0.0013 m, the unexposed surface of
the sample can be expected to be relatively close to Tig 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:

t cl
T T

qig

ig o

i

= ρ
−( )
′′�

[B.6.3.1c]

Table B.6.2(b) Average Maximum Heat Release Rates (kW/m

Material Orientation

2.2 Btu/sec/ft2

(25 kW/m2)
Exposing Flux

4

E

PMMA Horizontal 57
Vertical 49

Pine Horizontal 12
Vertical 11

Sample A Horizontal 11
Vertical 8

Sample B Horizontal 12
Vertical 5.3

Sample C Horizontal —
Vertical —

Sample D Horizontal 6.2
Vertical —
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FIGURE B.6.2 Typical Graphic Output of Cone Calorimeter
Test.
B.6.3.2 Thermally Thick Materials. Relative to the type of ig-
nition 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 surface is relatively small
compared to that of the exposed surface at t = tig . For ex-
ample, at t = tig:

t cl
T T

qig

ig o

i

= ρ
−( )
′′�

[B.6.3.2a]

Equation B.6.3.2a can be used to show that a material is
thermally thick (Carslaw and Jaeger [60]) if

T BT T BT T BTo o ig ounexposed exposed< =0 1 0 1. .( ) ( ) [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 tig = 35 sec-
onds is measured in a piloted ignition test, then, if the sample
thickness is greater than approximately 0.0042 m, the unex-
posed surface of the sample can be expected to be relatively
close to To at t = tig and the sample is considered to be ther-
mally thick.

Time to ignition of a thermally thick material subjected to
incident flux above a critical incident flux is as follows:

l tig> 2 10
1 2( ) [B.6.3.2c]

It should be noted that a particular material is not intrinsi-
cally thermally thin or 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 ei-
ther a thermally thick or thermally thin configuration).

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 (Tien, Lee, and Stretton
[59]).

The rate of radiation heat transfer from a flaming fuel
package of total energy release rate, Q, to a facing surface
element of an exposed fuel package can be estimated from the
following:

′′q
X Q

rinc
r=
π4 2

[B.6.3.3]

/sec/ft2

W/m2)
ing Flux

6.6 Btu/sec/ft2

(75 kW/m2)
Exposing Flux

9 114
3 114
1 23
5 56
8 22
1 19
5 21
8 29
9 22
5 15
3 13
1 11
2)

.4 Btu
(50 k
xpos

7
6
2
1
1
1
1
1
1
1
1
1

2015 Edition

reproduction or distribution is permitted.



92–52 SMOKE CONTROL SYSTEMS

C
opyrighted material licensed to University of 
Toronto by Thomson Scientific, Inc. 
(www.techstreet.com).  This copy downloaded on 
2015-08-25 00:09:07 -0500 by authorized user logan 
ahlstrom.  No further
where:
q″inc = incident flux on exposed fuel

Xr = 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,
tests have demonstrated that the energy feedback from a burn-
ing fuel package ranges from approximately 25 kW/m2 to
50 kW/m2. For a reasonable conservative analysis, it is recom-
mended that test data developed with an incident flux of
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 calorim-
eter with an incident flux of 50 kW/m2 for a free-burning
material and 75 kW/m2 to 100 kW/m2 for post-flashover con-
ditions.

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 en-
ergy and mass at the tested rate. If sufficient air is present, the
rate of heat release estimate is then calculated as the product
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. Where the test data
are for a different incident flux, the burning rate should be
estimated using the heat of gasification as expressed in Equa-
tion B.6.4a to calculate the mass burning rate per unit area:

�
�′′ ′′

m
q
h

i

c

= [B.6.4a]

The resulting mass loss rate is then multiplied by the de-
rived effective heat of combustion and the burning area ex-
posed to the incident flux to produce the estimated rate of
heat release as follows:

� �′′ ′′Q m h Ai c= [B.6.4b]

B.6.5 Flame Spread. If it is desired to predict the growth of fire
as it propagates over combustible surfaces, it is necessary to esti-
mate flame spread. The computation of flame spread rates is an
emerging technology still in an embryonic stage. Predictions
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
burning portion of a material, its flame, and any other inci-
dent heat energy imposed upon the unburned surface. Other
sources of incident energy include another burning object,
high temperature gases that can accumulate in the upper por-
tion of an enclosed space, and the radiant heat sources used in
a test apparatus such as the cone calorimeter or the LIFT
mechanism. For analysis purposes, flame spread can be di-
vided into two categories: that which moves in the same direc-
tion as the flame (concurrent or wind-aided flame spread)
and that which moves in any other direction (lateral or op-
posed flame spread). Concurrent flame spread is assisted by
the incident heat flux from the flame to unignited portions of
the burning material. Lateral flame spread is not so assisted
2015 Edition
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:

V
q L

k c T T
i

ig s

=
ρ −

�′′

( )2
[B.6.5]

The values for kρc 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 “t-squared” approximation for
this purpose. A t-squared fire is one in which the burning rate
varies proportionally to the square of time. Frequently,
t-squared fires are classed by speed of growth, labeled fast,
medium, and slow (and occasionally ultra-fast). Where these
classes are used, they are defined on the basis of the time
required for the fire to grow to a rate of heat release of
1000 Btu/sec. The times related to each of these classes are as
shown in Table B.7.1.

The general equation is as follows:

q at= 2 [B.7.1]

where:
q = rate of heat release (normally in Btu/sec or kW)
a = constant governing the speed of growth
t = time (normally in sec)

B.7.2 Relevance of t-Squared Approximation to Real Fires. A
t-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
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 ap-
proximation 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 period in
which the fire does not conform to a t-squared approximation.
In some cases this incubation period can be a serious detri-
ment to the use of the t-squared approximation. In most in-
stances, 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 sufficient to cause activation of the smoke detection system.

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
reproduction or distribution is permitted.
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In any case, where such activation happens or human observa-
tion results in earlier activation of the smoke management
system, a fortuitous safeguard would result.

Figure B.7.2(b), extracted from Nelson [60], compares
rate of heat release curves developed by the aforementioned
classes of t-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 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 curves relocated 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 actu-
ally faster than that prescribed for an ultra-fast fire. Such is
appropriate for a test fire designed to challenge the fire sup-
pression system being tested.

Figure B.7.2(c) relates the classes of t-squared 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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Annex C Computer-Based Models for Atria and Malls

This annex is not a part of the requirements of this NFPA document
but is included for informational purposes only.

C.1 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 striking the ceiling or stratifying due to temperature
inversion. After the smoke either strikes the ceiling or strati-
fies, the space can be expected to begin to fill with smoke, with
the smoke layer interface descending. The descent rate of the
smoke layer interface depends on the rate at which smoke is
supplied to the smoke layer from the plume. Such smoke fill-
ing is represented by a two-zone model in which there is a the
ambient air. For engineering purposes, 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 en-
trainment rate into the plume.

As a result of the zone model approach, the model assumes
uniform properties (smoke concentration and temperature)
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 [2].

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 two zones, an upper zone,
which contains the smoke and hot gases produced by the fire,
and a lower zone, which is the source of entrainment 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 num-
ber of zones, zone models use engineering equations for heat
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FIGURE B.7.2(c) Relation of t-Squared Fire to Some Fire Tes
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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 features. 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
temperature 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
important factors in the course of events (e.g., smoke level, tem-
perature, composition, and rate of descent) from any fire that
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.

Common simplifications of zone models are listed as follows:

(1) Fuel
(a) Heat release rate is not accelerated by heat feedback

from smoke layer.
(b) Post-flashover heat release rate is weakly understood,

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 transition.

(d) Some models do not consider burning of excess pyro-
lyzate on exit from a vent.
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(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 ceiling jet.
(c) Spill plume models are not well developed.
(d) Not all plume models consider the fuel area geometry.
(e) Entrainment along stairwells is not simulated.
(f) Entrainment from horizontal vents is not simulated

by all models.
(3) Layers

(a) Hot stagnation layers at the ceiling are not simulated.
(b) There is uniformity in temperature.

(4) Heat transfer
(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) Momentum effects are neglected.

(5) Ventilation: Mixing at vents is correlationally 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 sensitiv-
ity analysis should be considered.Asensitivity analysis can provide
important information to assist in engineering judgments re-
garding the use of Equations 5.4.2.1 and 5.4.2.2 for complex and
nonuniform geometries. An example of a sensitivity analysis for a
large space having a nonflat ceiling geometry follows.

The first step of the analysis would be to convert a non-
uniform geometry to a similar or volume-equivalent uni-
form 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 Hsub in Equation 5.4.2.2.

Results of Equation 5.4.2.2 should be compared with other
minimum and maximum conditions as indicated by Figure
C.1.3.1(b).

An appropriate method of comparison could be a graph of
Equation 5.4.2.2 as shown in Figure C.1.3.1(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 above the floor at this time. A review of the
curves would indicate that the smoke layer heights as calcu-
lated for the substitute case are appropriate. This conclusion
can be drawn by noting that neither the extreme minimum
height case (H = 30 ft, W = 60 ft) nor the maximum height case
(H = 60 ft) offers an expected answer, but the results for two
cases (H = 41.6 ft, W = 60 ft; and H = 30 ft, W = 83.3 ft) can be
judged to reasonably approximate the behavior of the nonuni-
form space. It might otherwise be unreasonable to expect the
behavior indicated by the maximum or minimum cases.

C.1.3.2 Zone Model Adaptation. A zone model predicated on
smoke filling a uniform cross-sectional geometry is modified
to recognize the changing cross-sectional areas of a space. The
entrainment source can be modified to account for expected
increases or decreases in entrainment due to geometric con-

siderations, such as projections.
10 ft 10 ft 20 ft20 ft

100 ft

700 ft2

1800 ft2

    A = W ¥ H
 700 = 60 ¥ H
    H = 11.66
Hsub = 30 + 11.66 = 41.7

Resulting substitute
cross-section

60.0 ft41
.7

 ft

10 ft

10 ft

10 ft

30 ft

Note: For SI units, 1 ft = 0.3048 m; 1 ft² = 0.0929 m².

FIGURE C.1.3.1(a) Large Space with Nonflat Ceiling.

83.3 ft

30 ft

60 ft

41.7 ft

41.7 ft

60 ft

60 ft = W

30 ft = H

100 ft
100 ft

100 ft

100 ft

100 ft

60 ft

60 ft

Note: For SI units, 1 ft = 0.3048 m.

FIGURE C.1.3.1(b) Other Nonuniform Geometry Consider-
ations.
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C.1.3.3 Bounding Analysis. An irregular space is evaluated us-
ing 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 com-
puter 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 ex-
haust. 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 vent-
ing. 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
for 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, Qc , 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 axi-
symmetric plume, the plume mass flow rate should be
calculated using either Equation 5.5.1.1b or 5.5.1.1c, de-
pending on the position of the smoke layer at the end of
the previous time interval relative to the flame height of
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FIGURE C.1.3.1(c) Comparison Data for Guidance on Nonre
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the design fire. For a balcony spill plume, the plume
mass flow rate should be calculated using Equation
5.5.2.1. For a window plume, the plume mass flow rate
should be calculated using Equation 5.5.3.2.

(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:

M M m m tp e2 1= + − ∆( ) [C.1.4a]

where:
M2 = mass of smoke in the smoke layer at the end of

current time interval (kg)
M1 = mass of smoke in the smoke layer at the start of

current time interval (kg)
mp = mass flow rate of plume (kg/sec)
me = mass flow rate of exhaust (kg/sec)
∆t = time interval (sec)

When there is more than one exhaust point from the smoke
layer, the mass flow rate of exhaust, me , is the total of the
flows from all the exhaust points.
(7) Calculate the energy of the smoke layer as follows:

E E C m T m T m T T tp p p e s p p o2 1 1= + − − η − ∆, ( )⎡⎣ ⎤⎦        [C.1.4b]

where:
E2 = 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)
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s,1 = absolute temperature of the smoke layer at the
start of current time interval (K)

η = heat loss factor (dimensionless)
To = 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 fol-

lows:

T
E

C Ms
p

,2
2

2

= [C.1.4c]

where:
Ts,2 = the absolute temperature of the smoke layer at

the end of current time interval (K)

(9) Calculate the density of the smoke layer:

ρ =s
o

s

P
RT ,2

[C.1.4d]

where:
ρs = density of the smoke layer at the end of the time

interval (kg/m3)
Po = ambient pressure (Pa)
R = gas constant of smoke layer (287 J/kg-K)

(10) Calculate the volume of the smoke layer as follows:

V
M

s
2

2=
ρ

[C.1.4e]

where:
V2 = the volume of the smoke layer at the end of the

time interval (m3)

(11) Determine the new smoke layer interface position as a
function of the upper layer volume and the geometry of
the smoke reservoir. For constant cross-sectional areas,
the smoke layer position is calculated as follows:

z H
V

Aceiling
reservoir

2
2= − [C.1.4f]

where:
z2 = smoke layer interface height above floor at the

end of the time interval (m)
Hceiling = ceiling height above floor (m)

Areservoir = 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 val-
ues for the calculations of the next time interval.

The Fortran computer program AZONE, provided with the
smoke management book by Klote and Milke [21], is an ex-
ample 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 mod-
els, usually require large-capacity computer workstations or
mainframe computers and advanced expertise to operate
and interpret.

CFD models, however, can potentially overcome the limita-
tions of zone models and complement or supplant scale mod-
els. As with zone models, CFD models solve the fundamental
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
examine 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
equations. The level of refinement exceeds that which can
usually be observed or derived from scale models.

The conservation equations are generally expressed in ei-
ther vector notation or tensor notation. For information
about these mathematical forms of notation, see Borisenko
and Tarapov [61] and Hay [62]. Information about the gov-
erning equations is provided in many fluid dynamics texts
(Welty, Wicks, and Wilson [63]; Schetz [64]; Schlichting [65];
Sherman [66]). For a detailed derivation of the governing
equations, see Aris [67]. For a general overview of CFD mod-
eling, see Klote [21]. For more detailed information about
CFD modeling, see Anderson, Tannehill, and Pletcher [68];
Abbott and Basco [69]; Hoffmann [70]; Markatos [71]; Hir-
sch [56, 72]; and Kumar [73].

C.2.2 General and Specific Application Models. Many com-
puter 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 or-
der to simulate fire-induced smoke transport.

The Fire Dynamics Simulator (FDS) model (McGrattan, et
al. [74]; 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 transport conducted at the National Institute of Stan-
dards 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 Simplifications of CFD Models. The items the modeler
must accurately characterize are the fuel, the compartment,
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
(d) Species production rate
(e) Area of fire (line, pool, or gaseous)
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(2) Compartment 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
(d) Location, capacity, and status of mechanical ventilation
(e) Presence of beams or trusses
(f) Smoke transport time in the plume or ceiling jet
(g) Structural failure
(h) Initial temperature

(3) Ambient conditions description:

Table C.1.4 The Effect of Time Interval on the Accuracy of Sm

Atrium Height, H Cross-Sectional Area, A

Tim
Interva

(s)ft m ft2 m2

Sma
30 9.14 1,000 93 0.00

0.01
0.05
0.20
0.50
1.00
5.00

Small Spre
30 9.14 12,000 1,110 0.01

0.05
0.20
0.50
1.00
5.00

20.0

Larg
150 45.7 25,000 2,320 0.01

0.05
0.20
0.50
1.00
5.00

20.0

Large Spr
150 44.7 300,000 27,900 0.01

0.05
0.20
0.50
1.00
5.00

20.0

Note: Calculations were done with AZONE with the following conditi
(21°C); (2) constant cross-sectional area; (3) no smoke exhaust; (4) t
transfer fraction of 0.3.
aThe steady fire was 5000 Btu/sec (5275 kW).
bFor the t-squared fire, the growth time was 150 sec.
cThe error, δ, is the error of the smoke layer height, z, using the equa
value of z at the smallest time interval listed in the table for that atrium
2015 Edition
(a) Elevation
(b) Ambient 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 de-
scribe. 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, the
desired accuracy of these calculation results dictate which
should be included and which can be ignored.

Filling Simulations

Steady Firea Fast t-Squared Fireb

Simulation
Time
(sec)

Errorc

(%)

Simulation
Time
(sec)

Errorc

(%)

um
30 0.0 90 0.0
30 0.0 90 0.0
30 0.2 90 0.1
30 1.2 90 0.2
30 3.7 90 0.6
30 7.7 90 1.2
30 65.0 90 6.1

ut Atrium
240 0.0 300 0.0
240 0.0 300 0.0
240 0.1 300 0.1
240 0.1 300 0.1
240 0.3 300 0.3
240 1.5 300 1.5
240 6.3 300 6.4

um
480 0.0 300 0.0
480 0.0 300 0.0
480 0.0 300 0.1
480 0.1 300 0.1
480 0.3 300 0.3
480 1.4 300 1.4
480 6.0 300 5.8

ut Atrium
1200 0.0 600 0.0
1200 0.0 600 0.0
1200 0.0 600 0.0
1200 0.0 600 0.0
1200 0.0 600 0.0
1200 0.1 600 0.2
1200 0.2 600 0.7

) ambient temperature of 70°F
uel at floor level; (5) wall heat

= 100(zm - z)/z, where zm is the
oke

e
l, ∆t

ll Atri
5

ad-O

0

e Atri

0

ead-O

0

ons: (1
op of f

tion δ
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Compartment vent descriptions also must be properly
evaluated. Often, leakage areas can account for substantial,
unanticipated gas flows, especially in instances of extreme
weather conditions with regard to temperature or wind.

Translating actual characteristics into a format recogniz-
able 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 ex-
cluding a mechanical ventilation duct when a large door to a
room remains open. An example of the second case is a 5 ft ver-
tical section of wall. The height of the fire is best described as 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 con-
verts input to output. It is not practical for the new user to
grasp every detail of this transformation process, but it is pos-
sible for the novice to anticipate many results with a basic com-
prehension of fire dynamics (DiNenno [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 math-
ematics deviates from the differential representation of the
conservation laws, the more uncertain the model accuracy be-
comes 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 in-
fluence contain variables that are raised to exponential pow-
ers greater than 1.

Algebraic correlations, other fire models, scale models,
and common sense can be used to verify model accuracy. The
algebraic equations are only verified given the experimental
conditions from which they were correlated. Projections be-
yond these experimental domains can be based on trends at
the experimental endpoints. Using one model to verify an-
other model ensures precision 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 purposes only.

D.1 In addition to the design objectives listed in Section 1.2,
smoke management systems can be used for the following ob-
jectives:

(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
visibility

D.1.1 Egress Analysis. Timed egress analysis is outside the
scope of this document. However, other references are avail-
able that present analytical methods for use in egress analysis
(Klote and Milke [21]; Nelson and Mowrer [79]).

D.1.2 Tenability. Factors that should be considered in a ten-
ability 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 [41]).

D.1.3 Equations to calculate the smoke layer 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.1.3. These equations apply to
fires with constant heat release rates and t-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 ad-
dressed for two limit cases:

(1) The smoke-filling scenario, where all products of combus-
tion are assumed to accumulate in the descending smoke
layer.

(2) The quasi-steady vented scenario, where a quasi-steady
balance exists between the rates of inflow into and out-
flow from the smoke layer. Normally, the quasi-steady
vented scenario is of interest for design purposes because
this scenario represents the quasi-steady conditions that
develop with a smoke extraction system operating. The
smoke-filling scenario might be of interest to analyze the
conditions that can develop before 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 numeri-
cal 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 char-
acteristics for the two 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
(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.

D
D m

V

D m dt

Az t
m f

u

m f

t

u

= =
�

0∫
( )

[D.2a]

where:
Dm = mass optical density [ft2/lb (m2/kg)]
mf = total fuel mass consumed [lb (kg)]
ṁf = burning rate of fuel [lb/sec (kg/sec)]

t = time
Vu = volume of upper layer [ft3 (m3)]
A = horizontal cross-sectional area of atrium [ft2

(m2)]
zu = depth of upper layer [ft (m)]

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:

D
D Qt
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=
χ ∆
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[D.2b]
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[D.2c]

where:
Q = heat release rate from fire [Btu/sec (kW)]
χa = combustion efficiency

∆Hc = heat of combustion [Btu/lb (kJ/kg)]
Au = cross-sectional area of the smoke layer
H = height of ceiling above floor [ft (m)]
V = volume of atrium [ft3 (m3)]

Vent = volumetric rate of air entrainment [ft3/sec
(m3/sec)]

kv = volumetric entrainment constant
[0.32 ft4/3/Btu1/2sec2/3 (0.064 m4/3/kW1/3sec)]

α = fire growth rate 1000/(tg)
2 (sec)

For the case of a flat ceiling, negligible plume area, and a
t-squared fire, Equation D.2a evaluates as follows:

D
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H AH
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[D.2d]

where:
α = fire growth rate = 1000/(tg)

2 (sec)
For other scenarios, appropriate values must be substituted

into Equation D.2a. For some scenarios, numerical integra-
tion might be necessary.

D.3 Smoke-Filling Stage — Layer Composition Analysis.
Analysis 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,

Table D.1.3 Equations for Calculating Properties of Smoke L

Unven

Parameters Steady Fires

∆T To{[exp(Qn/Qo)] - 1}
D (DmQt)/[χa ∆HcA(H - z)]
Yi (fiQt)/[ρoχa ∆HcA(H - z)]

where:
A = horizontal cross-sectional area of space (ft2)
cp = specific heat of ambient air (Btu/lb · °F)
D = L-1 log(Io/I), optical density
Dm = mass optical density (ft2/lb) measured in a test stream containin
fi = yield factor of species i (lb species i/lb fuel)
H = ceiling height (ft)
∆Hc = heat of complete combustion (Btu/lb)
Q = heat release rate of fire (Btu/sec)
Qc = convective portion of heat release rate (Btu/sec)
Qn = ζ (1 - χl) Qdt; for steady fires, Qn = (1 - χl) Qt (Btu); for t-squared
Qo = ρocpToA (H - z) (Btu)
t = time from ignition (sec)
To = absolute ambient temperature (R)
∆T = temperature rise in smoke layer (°F)
V = volumetric venting rate (ft3/min)
Yi = mass fraction of species i (lb species i/lb of smoke)
z = height from top of fuel to smoke layer interface (ft)
α = t-squared fire growth coefficient (Btu/sec3)
ρo = density of ambient air (lb/ft3)
χa = combustion efficiency factor, maximum value of 1 (Hirsch [56])
χl = total heat loss factor from smoke layer to atrium boundaries, max
2015 Edition
a yield factor, fi , must first be assigned for each species i of
interest, as follows:

� �m mi i= ƒ ƒ
[D.3a]

where:
fi = yield factor (lb)

The mass fraction, Yi , of each species in the smoke layer is
as follows:

Y
m

mi
i

i i

=
∑

[D.3b]

where:
Yi = mass fraction (lb)

The term in the numerator of Equation D.3b is calculated,
similar to Equation D.2a, as follows:

m m dt f m dt f
Q

H
dti i i
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f i

t

a c

= = =
χ ∆

� �  
00 0
∫∫ ∫ [D.3c]

For the case of a constant yield factor and a t-squared fire
growth rate, Equation D.3c evaluates as follows:
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For the case of a constant yield factor and a steady fire,
Equation D.3c evaluates as follows:
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t-Squared Fires Vented Fires
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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
into the smoke layer, so the total mass of the smoke layer can
be approximated as follows:

∑
i

i u
o o um V
T V
T

= ρ ρ [D.3f]

For the case where the temperature rise of the smoke layer
is small relative to the ambient absolute temperature
( )/ 10T T ≈ , Equation D.3f reduces to the following:

m Vi
i

u∑ = ρο [D.3g]

Substituting Equations D.3d and D.3g into Equation D.3b
yields, for the t-squared fire, as follows:

Y
f t

V Hi
i

o u a c

= α
ρ χ ∆

3

3
[D.3h]

Substituting Equations D.3e and D.3g into Equation D.3b
yields, for the steady fire, as follows:

Y
f Qt

V Hi
i

o u a c

=
ρ χ ∆

[D.3i]

For a fire that grows as a t-squared fire from Q = 0 at time t =
0 to Q = Qqs at time t = tqs , then continues to burn indefinitely
at Q = Qqs , Equations D.3h and D.3i can be combined to yield
the following:

Y
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i
qs

qs qs
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α
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⎤

⎦
⎥
⎥ [D.3j]

The volume of the smoke layer, Vu , in these equations is
evaluated by the methods presented in Section 5.5 with Vu =
(H - z).

D.4 Quasi-Steady Ventilated Stage — Optical Properties
Analysis. Under quasi-steady ventilated conditions, a balance
exists between 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:

D
D Q
V

D Q
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m m

a c
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χ ∆

[D.4a]

Equation D.4a can be used to determine the average opti-
cal density of the smoke layer for a given exhaust rate. Alterna-
tively, the required exhaust rate needed to produce a particu-
lar optical density, D, can be determined by rearranging
Equation D.4a as follows:

V
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D H
m

a c

=
χ ∆

[D.4b]

Use of Equations D.4a and D.4b requires knowledge of the
mass optical density, Dm , of the smoke. Mass optical densities
for a variety of fuels are reported by Tewarson [52] and Mul-
holland [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 con-
ditions include underventilated fires. This topic requires fur-
ther research.

D.5 Quasi-Steady Ventilated Stage — Layer Composition
Analysis. The mass fraction of each species i in the smoke layer
under quasi-steady flow conditions is given in general by the
following:
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Under quasi-steady flow conditions, the mass flow rate of
each species is given as follows:
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The total mass flow rate under quasi-steady conditions is
given by the following:

�m V V V Vi
i

o ent o∑ ( )= ρ = ρ = ρ − exp [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:
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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, Yi ,
Equation D.5e is arranged to the following:
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The volumetric expansion rate, Vexp , is calculated as fol-
lows:
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Annex E Stratification of Smoke

This annex is not a part of the requirements of this NFPA document
but is included for informational purposes only.

E.1 Introduction. When the temperature of the air in the up-
per portion of the large space is greater than that at lower
levels, smoke can stratify under the hot layer of air and not
reach ceiling-mounted smoke detectors.

The potential for stratification relates to the difference in tem-
perature between the smoke and the surrounding air at any el-
evation, 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 temperature variation in the
open space.

Of particular interest are those situations in which the tem-
perature 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
glazing materials. Computational methods are available to as-
sess the potential for intermediate stratification.

One case of interest is depicted in Figure E.1. In this case,
the temperature of the ambient air is relatively constant up to
a height above which there is a layer of warm air at uniform
temperature. This situation can occur if the upper portion of a
mall, atrium, or other large space is unoccupied so that the air
2015 Edition

reproduction or distribution is permitted.



92–62 SMOKE CONTROL SYSTEMS

C
opyrighted material licensed to University of 
Toronto by Thomson Scientific, Inc. 
(www.techstreet.com).  This copy downloaded on 
2015-08-25 00:09:07 -0500 by authorized user logan 
ahlstrom.  No further
in that portion is left unconditioned. If the interior air has a dis-
crete temperature 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 tem-
perature is equal to the ambient temperature, the plume is no
longer buoyant, loses its ability to rise, and stratifies 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 temperature 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 respon-
sive. 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 can spread at a level lower than intended. In that case,
detection near the top of the volume would not respond, 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 this case, the ambient interior air within the large space
has a constant temperature gradient (temperature change per
unit height) from floor level to ceiling. This case is less likely

Step function
temperature profile

Building with atrium

FIGURE E.1 Pre-Fire Temperature Profile.

Linear temperature
profile

Building with 
atrium

FIGURE E.2 Unusual Case of Linear Temperature Profile.
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than temperatures that approximate a step function. For the
linear temperature profile, the maximum height that smoke
will rise can be derived from the pioneering work of Morton,
Taylor, and Turner [81], as follows:

z Q
T

dzm c= ∆ −

14 7 1 4
3 8

. ⎛
⎝⎜

⎞
⎠⎟

[E.2a]

where:
zm = maximum height of smoke rise above base of

fuel (ft)
Qc = convective portion of the heat release rate

(Btu/sec)
∆T/dz = rate of change of ambient temperature with

respect to height (°F/ft)
The convective portion of the heat release rate, Qc , can be

estimated as 70 percent of the total heat release rate.
The minimum Qc required to overcome the ambient tem-

perature difference and drive the smoke to the ceiling (zm =
H) follows readily from the preceding equation, as follows:

Q H Tc o,min .= × ∆−2 39 10 5 5 2 3 2 [E.2b]

where:
Qc, min = minimum convective heat release rate to

overcome stratification (Btu/sec)
H = ceiling height above fire surface (ft)

∆To = difference between ambient temperature at the
ceiling and ambient temperature at the level of
the fire surface

Alternatively, an expression is provided in terms of the am-
bient temperature increase from floor to ceiling, which is just
sufficient to prevent a plume of heat release, Qc , from reach-
ing a ceiling of height H, as follows:

∆ =T Q Ho c1300 2 3 5 3 [E.2c]

Finally, as a third alternative, the maximum ceiling clear-
ance to which a plume of strength, Qc , can rise for a given ∆To
follows from rewriting Equation E.2c, as follows:

H Q Tc omax = ∆74 2 5 3 5 [E.2d]

Annex F Types of Stairwell Pressurization Systems

This annex is not a part of the requirements of this NFPA document
but is included for informational purposes only.

F.1 Noncompensated Systems. In a noncompensated system,
supply air is injected 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 vari-
ous combinations of doors that are open and closed, while main-
taining positive pressure differences across such openings.

Systems compensate for changing conditions either 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 out-
let(s) into the stairwell should be such that short circuits will
not occur.

F.3 Compensated Systems — Modulating Supply Airflow. In a
modulating supply airflow system, the capacity of the supply
reproduction or distribution is permitted.



92–63ANNEX F

C
opyrighted material licensed to University of 
Toronto by Thomson Scientific, Inc. 
(www.techstreet.com).  This copy downloaded on 
2015-08-25 00:09:07 -0500 by authorized user logan 
ahlstrom.  No further
fan should be sized to provide at least the minimum air velocity
when the design number of doors are open. Figure F.3 illustrates
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 difference
between the stairwell and the building. When all the stairwell
doors are closed, the pressure difference increases and the by-
pass damper opens to increase the bypass air and decrease the
flow of supply air to the stairwell. In this manner, excessive pres-
sure differences between the stairwell and the building are pre-
vented. The same effect can be achieved by the use of relief
dampers on the supply duct when the fan is located 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 overpressure
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. Where exterior relief openings are sub-
ject to adverse effects from the wind, windbreaks or wind-
shields are recommended.

If overpressure relief is to be discharged into the building,
the effects on the integrity 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.

Overpressure relief can be accomplished by one of the fol-
lowing 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-

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.

Roof 
level

Exterior wall

Bypass around fan

Outside air intake

Fan

FIGURE F.3 Stairwell Pressurization with Bypass Around
Supply Fan.
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. Figure F.4 illustrates overpressure relief
using barometric dampers.

(2) Motor-operated dampers with pneumatic or electric motor
operators are another option for overpressure relief. These
dampers are to be controlled by differential pressure con-
trols 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 complicated 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 de-
velop 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 con-
ditions, with the stack effect assisting the stair pressuriza-
tion 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 re-
duced stairwell pressurization. Such an exhaust fan
should be specifically sized so that the pressurization sys-
tem will perform within design limits. To achieve the de-
sired performance, it is believed that the exhaust fan con-
trol should be of a modulating type as opposed to an on–
off type. If the exhaust fan will be adversely affected by the
wind, a windshield is recommended.

Roof 
level

Vent to outside

Exterior wall

Note:  Supply fan could be located at any level.

Outside air 
intake

FIGURE F.4 Stairwell Pressurization with Vent to the Outside.
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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.1 HVAC Air-Handling System Types. Various types and ar-
rangements of air-handling systems are commonly used in dif-
ferent types of buildings. Some types are more readily adapt-
able for smoke-control applications 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 quan-

tities 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 control if suffi-
cient 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 floors 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 in-
clude 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 located
throughout the entire floor area to provide air conditioning
for the entire space. Because the fan/coil and water source
heat pump units are comparatively small in outside air capac-
ity 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 indi-
vidual interior zone air-handling units. The zone smoke con-
trol functionality should be provided by the larger central or
interior zone air-handling units.

G.5 Induction Systems. Induction-type air-handling units lo-
cated 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 or cooled
air to each perimeter induction unit. Room air is then in-
duced into the induction unit, mixed with the primary air
from the central HVAC system, and discharged into the room.
Induction units within the smoke zone should be shut down or
2015 Edition
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 compartment or deck within the unit.

Dual-duct systems have separate hot and cold ducts con-
nected between the decks and the mixing boxes that mix the
air supplied to the space served. For high-pressure systems, the
mixing boxes also reduce the system pressure. Multizone sys-
tems mix heated and cooled air at the unit and supply the
mixture 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 us-
ing 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 central-
ized 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., base-
board 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 con-
trol 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 terminals in the nonsmoke zone to supply maximum vol-
ume of outside air to pressurize spaces if sufficient air is avail-
able. 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 en-
sure 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
return 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
for supplying the blended air to the occupied space, a damper-
controlled primary air connection, and a return air opening.

Terminal units 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. When combinations of the examples de-
scribed 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 control. Designs must be
based on the capability of system configurations to achieve posi-
tive or negative pressures as needed for smoke control.

G.10 Ventilation Systems with No Outside Air. In certain in-
stances, specialized systems with no outside air are used for
primary cooling and heating. These systems include self-
contained air conditioners, radiant panel systems, and com-
puter room units. Because these systems provide no outside
air, they are not suitable for smoke-control application. Be-
cause building codes require ventilation for all occupied loca-
tions, a separate system for providing outside air is needed.
reproduction or distribution is permitted.
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The system supplying outside air can be used for smoke con-
trol, although the quantity of air provided might not be ad-
equate for full pressurization.

G.11 Special-Use Systems. Laboratories, animal facilities, hos-
pital facilities, and other unusual occupancies sometimes use
once-through outdoor air systems to avoid contamination and
could have special filtration and pressurization requirements.
These special-use systems can be suitable for a smoke-control ap-
plication. 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
but is included for informational purposes only.

H.1 Considerations for 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 pro-
vided within the building. Means should be provided to
ensure only authorized access to the FSCS. Where accept-
able to the authority having jurisdiction, 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 location,
size, access means, and other physical design considerations
should be acceptable to the authority having jurisdiction.

(2) Physical Arrangement. The FSCS should be designed to
graphically depict the physical building arrangement,
smoke-control systems and equipment, and the areas of
the building served by the equipment. Following is a sum-
mary of the status indicators and smoke-control capability
applicable to the FSCS smoke-control graphic(s). Status
indicators should be provided for all smoke-control
equipment by pilot lamp–type indicators. The positions of
multiposition control switches should not be used to indi-
cate the status of a controlled device in lieu of pilot lamp–
type status indicators.
(a) Smoke-control fans and other critical operating

equipment in the operating state: green.
(b) Smoke-control equipment and other critical equip-

ment that can have two or more 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 fully 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 control
capability over all smoke-control system equipment or
zones within the building. Wherever practical, it is recom-
mended that control 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
control a critical component. Control by zone should be
accomplished as follows: PRESSURE-AUTO-EXHAUST
control over each zone that can be controlled as a single
entity relies on system programming to properly se-
quence all devices in the zone to produce the desired
effect. In systems utilizing common supply or return
ducts, or both, inclusion of an ISOLATE mode is desirable.
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 control over indi-
vidual pieces of equipment is deemed necessary, the follow-
ing control options should be provided:
(a) ON-AUTO-OFF control over each individual piece of

operating smoke-control equipment that can also be
controlled from other sources within the building.
Controlled components include all stairway pressur-
ization fans; smoke exhaust fans; HVAC supply, re-
turn, and exhaust fans in excess of 2000 ft3/min
(57 m3/min); elevator shaft fans; atrium supply and
exhaust fans; and any other operating equipment
used or intended for smoke-control 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 controlled
only from the FSCS.

(c) OPEN-AUTO-CLOSE control over all individual damp-
ers relating to smoke control that are also controlled
from other 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 controlled collectively instead of individually.
HVAC unit coil face bypass dampers that are arranged
so as not to restrict overall airflow within the system can
be exempt. Additional controls might be required by
the authority having jurisdiction.

(4) Control Action and Priorities. The FSCS control action
should be as follows:
(a) ON-OFF, OPEN-CLOSE. These control actions should

have the highest priority of any control point within the
building. Once issued from the FSCS, no automatic or
manual control from any other control point within the
building should contradict the FSCS control action.

i. If automatic means are provided to interrupt
normal nonemergency equipment operation or
produce a specific result to safeguard the build-
ing or equipment (e.g., duct freezestats, duct
smoke detectors, high-temperature cutouts, tem-
perature actuated linkage, and similar devices),
such means should be capable of being overrid-
den or reset to levels not exceeding levels of im-
minent system failure, by the FSCS control ac-
tion, and the last control action as indicated by
each FSCS switch position should prevail.

ii. Control actions issued from the FSCS should not
override or bypass devices and controls intended
to protect against electrical overloads, provide for
personnel safety, and prevent major system dam-
age. 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 ANSI/UL 555,
Standard for Fire Dampers, or ANSI/UL 555S, Stan-
dard for Smoke Dampers.

(b) AUTO. Only the AUTO position of each three-position
FSCS control should allow automatic or manual control
action from other control points within the building.
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The AUTO position should be the normal, nonemer-
gency, building, control position. When an FSCS con-
trol is in the AUTO position, the actual status of the
device (on, off, open, closed) should continue to be in-
dicated by the status indicator(s).

(c) FSCS Response Time. For purposes of smoke control,
the FSCS response time should be the same as for
automatic or manual smoke-control 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 opera-
tion of the respective feedback device.

(5) Graphic Depiction. The location of smoke-control systems
and equipment within the building should be indicated
by symbols within the overall FSCS graphic panel. Where
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 control 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 damper positions
should be shown where their inclusion would aid in under-
standing the operation of the system and can be omitted
where their inclusion would hinder understanding of the
system, such as on an already densely populated panel.
Damper 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 purposes only.

I.1 Although not part of the formal testing procedure, the
testing of buildings to determine the amount of leakage be-
tween smoke zones can be of value in developing the initial
system. Testing for this purpose can often use airflow-
measuring equipment existing in the systems. This section de-
scribes 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
sources, 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 outlets in drywall partitions that
form leakage paths through the partitions

(4) Installation of doors with undercuts, 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
2015 Edition
(7) Duct penetrations through walls, where there can be leak-
age around the duct behind angles that hold fire dampers
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 penetrations through walls
and floors requiring listed through-penetration seals

I.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 con-
tain 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 return the
air from the enclosure to the central air handler, it is impor-
tant that these systems be shut off during the test. The use of
smoke dampers at the points where the ducts leave the enclo-
sure will give more assurance that leakage from the space
through this source will be minimized.

I.2.1 Single-Floor VAV Systems. Many modern 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 are 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 re-
quires a variable frequency controller on the fan that responds
to pressure in the duct system. As the variable volume control
device is closed, the pressure builds up in the duct and the fan
speed is slowed in response to that pressure. Normally these sys-
tems contain air-measuring devices in the supply and return
ducts that are used to synchronize the return fan operation with
the supply fan, so a constant quantity of outside air can be intro-
duced into the space to maintain indoor air quality. These
airflow-measuring devices can be used to measure the airflow in-
troduced into the space, and the speed of the fan can be adjusted
to control the pressure across the enclosure barriers.

I.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-floor 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 pro-
vided 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 com-
manding 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 leak-
age 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 airflow 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
reproduction or distribution is permitted.
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more airflow is used than is designed into the system. When
overload is encountered, the airflow can be measured directly
on the floor so that adjustments for main duct leakage are
unnecessary.

I.2.3 Constant-Volume Multizone Systems. Constant-volume
multizone systems mix hot and cold air at a central air han-
dling 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 retrofitted 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 re-
quires the addition of either manual or motorized dampers in
the duct system that are adjusted to achieve the test pressure
or pressures.

I.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 con-
tain central fans that deliver air to a duct system at a set tem-
perature. The duct system is distributed throughout the build-
ing, and reheated coils are placed at various locations to
temper the air to maintain space conditions. There are typi-
cally no measuring stations or any automatic dampers in the
system. To use this system for testing, it is first necessary to
retrofit it with air-measuring stations and dampers to coincide
with the enclosures being tested.

I.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 intro-
duce a limited amount of airflow into the space or are ar-
ranged so that there are multiple duct entrances into the
space. Therefore, making airflow measurement in such sys-
tems is impractical.

I.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 that the space is provided with a
number of separate units, each with limited airflow capacity.
Outside air to the space is introduced 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 build-
ing with no ductwork attached. The amount of outside air
introduced is so small and the capacity of the 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 pressurize it unless
each outside air duct is fitted with a tight-closing auto-
matic damper.

(2) Units are located only on the perimeter, and outside air is
introduced through a separate duct system. In this in-
stance, the units are used in conjunction with an interior
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 distributed throughout both the perimeter and
the interior. In this instance, outside air is introduced into
the space through a separate duct system that distributes
throughout the entire floor area. This duct system is sized
to handle the minimum outside air quantities needed in
the space and might or might not have sufficient flow to
provide pressure in the space. Whether this system can be
used for the pressure testing must be decided on a case-
by-case basis. It will be necessary to provide the system
with air-measuring stations and possibly shut-off dampers
if the system serves multiple floors.

I.3.2 Perimeter Induction Systems. Perimeter induction sys-
tems 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 central air distribution system. The ducts typically are
small [under 20 in.2 (129 cm2) per unit] and either penetrate
the floor to a distribution system on the floor below or con-
nect 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 pres-
surization of the space will be possible. Generally an interior
system, previously described, 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.1 One or more of the following persons should be present
to grant acceptance:

(1) Authority having jurisdiction
(2) Owner
(3) Designer

All documentation from operational testing should be
available 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 available for reference during periodic testing and mainte-
nance.

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. Be-
cause the owner can assume beneficial use of the smoke con-
trol system on completion of acceptance testing, this basic in-
struction should be completed prior to acceptance testing.

J.4 Partial Occupancy. Acceptance testing should be per-
formed as a single step when a certificate of occupancy is be-
ing obtained. However, if the building is to be completed or
occupied in stages, multiple acceptance tests can be con-
ducted in order to obtain temporary certificates of occupancy.

J.5 Simulated Smoke. Where the authority having jurisdiction
requires demonstrations utilizing smoke or products that
simulate smoke, they should be based on the objective of in-
hibiting 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 re-
moval, of smoke.
2015 Edition
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J.6 Much can be accomplished to demonstrate smoke con-
trol 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-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 methods of testing a
smoke-control system is questionable. 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 con-
tainer and ignited. The purpose of the metal container is pro-
tection from heat damage after ignition; it does not inhibit
observation of the movement of the chemical smoke. Care
needs to be exercised 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 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 inexpen-
sive to perform. The question arises as to what information
can be obtained from a cold chemical smoke test. If a smoke-
control system does not achieve a high enough level of pres-
surization, the pressures due to hot, buoyant smoke could
overcome that system. The ability to control cold chemical
smoke provides no assurance of the ability to control 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 sys-
tem that has six air changes per hour when in the smoke purge
mode. Some testing officials have mistaken this 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. If the purging system is part of the HVAC system, it has
been designed to promote a rather complete degree of mix-
ing. 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.
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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.1 Problem Data. Given: Atrium with uniform rectangular
cross-sectional area and the following:

(1) Height (H) = 120 ft
(2) Area (A) = 20,000 ft2

(3) Design fire (stead state) = 5000 Btu/sec
(4) Highest walking surface = 94 ft

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 5.4.2.1:

z
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[K.1.1a]

where:
z = 100 ft

H = 120 ft
Q = 5000 Btu/sec

Q1/3 = 17.1
H4/3 = 591.9

A/H2 = 1.4
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[K.1.1b]

where:
0.16 = −0.28 ln(0.02t)
−0.57 = ln(0.02t)

0.56 = 0.02t
t = 28 seconds

(2) Use the mass flow method, based on Equation 5.5.1.1b.

Two calculation methods will be used. The first calculation
will assume a smoke density of 0.075 lb/ft3. This is equivalent
to smoke at a temperature of 70°F. The second calculation
assumes the layer temperature is equal to the average plume
temperature 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 (lb/sec) at z = H, using Equation
5.5.1.1b.

Step 2. Determine temperature of the smoke layer, esti-
mated as average smoke plume temperature at the height of
the smoke layer interface:

T T
Q

mCp o
c

p

= + [K.1.1c]

where:
Tp = average plume temperature at elevation z (°F)
To = ambient temperature (°F)
Qc = convective portion of heat release rate (Btu/sec)
m = mass flow rate in plume at height z (lb/sec)

Cp = specific heat of plume gases (0.24 Btu/lb-°F)
reproduction or distribution is permitted.
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Step 3. Convert mass flow to volume flow, assuming smoke
temperature is 70°F, as follows:

V
m=
ρ

[K.1.1d]

where:
V = volume flow (ft3/min)
m = mass flow (lb/sec)
ρ = density of smoke (lb/ft3)

Step 4. Assume that the smoke volume produced in the se-
lected time interval is instantly and uniformly distributed over
the atrium area. Determine the depth of the smoke layer, dz
(ft), deposited during the selected time period.

Step 5. Calculate the new smoke layer interface height (ft).
Repeat steps (1) through (5) until the smoke layer interface
reaches the design height. Table K.1.1, showing sample values,
illustrates the calculation technique.

K.1.2 Problem 2. Determine the volumetric exhaust rate re-
quired to keep smoke 6 ft above the highest walking level in
the atrium, that is, the ninth floor balcony. Consider the fire to

Table K.1.1 Sample Calculated Values

Time
(sec)

Mass
(lb/sec)

Temperature
(°F)

Volume
(ft3/sec)

Z
(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 85.1 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
11 903 86.1 12,410 112.9
12 895 86.3 12,302 112.2
13 887 86.4 12,196 111.6
14 879 86.6 12,090 111.0
15 871 86.7 11,987 110.4
16 864 86.9 11,884 109.8
17 856 87.0 11,783 109.3
18 849 87.2 11,683 108.7
19 841 87.3 11,584 108.1
20 834 87.5 11,486 107.5
21 827 87.6 11,389 106.9
22 820 87.8 11,294 106.4
23 812 87.9 11,200 105.8
24 805 88.1 11,107 105.3
25 799 88.3 11,014 104.7
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
be located in the center of the floor of the atrium. With the
fire located in the center of the atrium, an axisymmetric
plume is expected. First, Equation 5.5.1.1a must be applied to
determine the flame height.

Given:
Qc = 3500 Btu/sec
zl = 0.533Qc

2/5

zl = 0.533(3500)2/5

zl = 13.9 ft
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 5.5.1.1b to determine the smoke
production rate at the height of the smoke layer interface:

z = 100 ft
m = 0.022Qc

1/3 z5/3 + 0.0042Qc

m = 0.022(3500)1/3 (100)5/3 + 0.0042(3500)
m = 734 lb/sec
If the smoke exhaust rate is equal to the smoke production

rate, the smoke layer depth will be stabilized at the design
height. Thus, converting the mass flow rate to a volumetric
flow rate is as follows:

V
m=
ρ

[K.1.2]

where:
ρ = 0.075 lb/ft3

V = 734/0.075
V = 9790 ft3/sec, or 587,400 scfm

K.1.3 Problem 3. Determine whether the plume will contact
all of the walls prior to reaching the design height noted in
Problem 2 (6 ft above the highest walking level). The calcula-
tion in Problem 2 assumes that the smoke plume has not wid-
ened to contact the walls of the atrium prior to reaching 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):

d = 0.5z
d = 0.5(100)
d = 50 ft
Thus, the smoke does not contact the walls of the atrium

prior to reaching the design interface height.

K.1.4 Problem 4. Determine the temperature of the smoke
layer after fan actuation.

The quality of the smoke contained in the smoke layer
might be important in the context of tenability or damageabil-
ity studies. Applying the ∆T equation for vented fires as indi-
cated in Table D.1.3:

Given:
Qc = 3500 Btu/sec
ρ = 0.075 lb/ft3

c = 0.24 Btu/lb-°F
V = 9790 ft3/sec (the value calculated in K.1.3)
χ1 = 0 (adiabatic case to obtain upper limit estimate of tem-

perature rise)
Solution:
∆T = Qc/(ρcV)
∆T = 3500/[(0.075)(0.24)(9790)]
∆T = 20°F
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K.1.5 Problem 5. On the tenth floor, a 10 ft wide, 6 ft high
opening is desired from the tenant space into the atrium. The
bottom of this opening is 92 ft 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).

Using Equation 5.10.1:
Given:
H = 6 ft
g = 32.2 ft/sec2

Tf = 1000°F
To = 70°F
Solution:

v gH
T T

T

v

f o

f

=
−
+

= −
+

38
460

38 32 2 6
1000 70

1000 460

1 2
⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

( )( )⎡
⎣⎢

. ⎤⎤
⎦⎥

1 2

422v =  ft/min

[K.1.5a]

(2) For a fire on the floor of the atrium, determine the
opposed airflow required to restrict smoke spread into the
tenant space.

Given:
H = 6 ft
g = 32.2 ft/sec2

Q = 5000 Btu/sec
To = 70°F
Solution:
Determine Tf as the average plume temperature using

Equation 5.5.5.

T T
Q
mcf o

c= [K.1.5b]

Determine m from Equation 5.5.1.1b using z = 95 ft (height
of middle of opening above floor level) (flame height for this
case <z; see Problem 2):
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Using Equation 5.10.3:
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Annex L Comparison of Equations

This annex is not a part of the requirements of this NFPA document
but is included for informational purposes only.

L.1 Calculation results using Equation 5.4.2.2 or 5.4.2.2a that
yield z/H>1.0 indicate that the smoke layer has not yet begun
2015 Edition
to descend. Equations 5.4.2.2 and 5.4.2.2a are based on lim-
ited experimental data.

Equations 5.4.2.1 and 5.4.2.2 are empirically based for esti-
mating the smoke layer interface position during the smoke
filling process. This review of Equations 5.4.2.1 and 5.4.2.2 is
divided into two parts as follows:

(1) Comparison of the results of both Equations 5.4.2.1 and
5.4.2.2 with those from theoretically based equations
(with empirically determined constants), hereafter re-
ferred to as ASET-based equations

(2) Evaluation of the predictive capability of Equation 5.4.2.1
and an ASET-based equation by comparing the output
from the equations with experimental data

L.2 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 5.4.2.1
and 5.4.2.2, with those that are based principally on theory.

L.3 Steady Fires. A theoretically based equation for smoke fill-
ing 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 [80). Using Zukoski’s plume en-
trainment correlation (Walton and Notorianni [82]),
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[L.3a]

where:
z = smoke layer interface position above base of fuel

(m)
H = ceiling height (m)
kv = entrainment constant ≈0.064 m4/3/(sec-kW1/3)

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 5.4.2.1 and L.3a
is presented in Figure L.3(a) for a ceiling height of 30 m, a steady
fire size of 5 MW, and a wide range of A/H2 ratios. In general, the
agreement between the two equations is reasonable.

Equation 5.4.2.1 predicts a lower smoke layer interface po-
sition at most times, except in the case of the voluminous
space represented by A/H2 of 10. In this case, Equation
5.4.2.1 indicates a delay of approximately 100 seconds before a
layer forms, while Equation L.3a indicates immediate forma-
tion of the layer. Such a delay is reasonable for such a large
space. This delay can be addressed by including an additional
term in Equation L.3a to account for the transport lag (Mow-
rer and Williamson [83]). The transport lag is estimated as
37 seconds for this case, with a height of 30 m and a cross-
sectional area of 9000 m2. While 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:
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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 normal-
ized clear height of 0.87), Equation L.3a always predicts a
shorter time to reach a particular depth than Equation 5.4.2.1.
Conversely, Equation 5.4.2.1 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 5.4.2.1. Alternatively, Equa-
tion 5.4.2.1 predicts a more rapid descent to this range of
smoke layer depths than Equation L.3a.
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FIGURE L.3(a) Comparison of Algebraic Equations, Equa-
tions 5.4.2.1 and L.3a: Steady Fire.
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FIGURE L.3(b) Comparison of Algebraic Equations, Equa-
tions 5.4.2.1 and L.3a: Steady Fire — Normalized Smoke
Layer Depth.
L.4 t-Squared Fires. A similar comparison of the empirically
based Equation 5.4.2.2 and a theoretically based equation for
t-squared fires can be conducted. The ASET-based equation is
as follows:
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[L.4a]

where tg = fire growth rate (sec).
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/H2

ratios. For values of A/H2 up to 1.0, the agreement appears
very reasonable once the smoke layer has formed. Again, the
empirically derived equation implicitly includes the transport
lag. For A/H2 of 10.0, the delay for a smoke layer to form is
greater than that for smaller A/H2 ratios such that reasonable
agreement in smoke layer interface position is not achieved
until approximately 800 seconds. The estimated transport lag
is 206 seconds (Mowrer and Williamson [83]).

The value of z/H of 0.59 for the point of intersection of the
various curves for the two equations is a constant, indepen-
dent 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 particu-
lar position of the smoke layer interface, whereas Equation
5.4.2.2 estimates a faster time for lesser values of z/H. Given
the different exponents on the right side of the two equations,
a general comparison is again possible only by solving for the
times and expressing a ratio:

[L.4b]
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FIGURE L.4(a) Comparison of Algebraic Equations, Equa-
tions 5.4.2.2 and L.4a: t-Squared Fire.
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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 for steady fires, with
the predicted time using Equation L.4a being within 20 per-
cent of that from Equation 5.4.2.2 for (H – z)/H values from
0.26 to 0.80. As in the case of the steady fire, the time ratio is
less than 1.0 for small normalized smoke layer depths. How-
ever, in this case, the time ratio does not exceed 1.0 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
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FIGURE L.4(b) Comparison of Algebraic Equations, Equa-
tions 5.4.2.2 and L.4a: t-Squared Fire — Normalized Smoke
Layer Depths.

Table L.5 Summary of Full-Scale Experiments

Research Group Fuel
Heat Release

Rate
Dimensio

Ro

New Data
Yamana & Tanaka

[84]
Methanol
pool, 3.24 m2

1.3 MW
(steady)

30 m × 24
height, 2

NRCC [85] Ethanol pool,
3.6 m
diameter

8 MW
(steady)

55 m × 33
height, 1

Committee Data
Sandia, Test 7 [40] Propylene

burner, 0.91 m
diameter

516 kW 18.3 m ×
height, 6.

Mulholland [38] Acetylene
burner

16.2 kW 3.7 m × 3
height, 2.

Cooper [4] Methane
burner

25 kW, 100
kW, 225 kW

89.6 m2 r
corridor a
height, 2.

Hagglund [6] Kerosene
pool, 0.5 m2

280 kW 5.62 m ×
height, 6.
2015 Edition
referenced in the initial development of Equation 5.4.2.1
(Heskestad [10]). 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 [6]; Mulholland et al. [38]; Cooper et al. [4]; Milke
and Mowrer [80]). Because the two additional sets 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 interest. The measured and predicted smoke layer po-
sitions 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 5.4.2.1. 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 mea-
sured by the National Research Council of Canada (NRCC) and
the Building Research Institute (BRI). Thus, despite the differ-
ences in ceiling height, the new and initial sets of data appear to
be reasonably similar. The graph labeled “NFPA 92” depicts the
predictions of Equation 5.4.2.1. In general, agreement between
the predictions from both Equations 5.4.2.1 and L.3a and the
experimental data is very reasonable. Equation 5.4.2.1 provides a
lower limit of the experimental data, including the new NRCC
data. Equation L.3a appears to predict a midrange value of data.

Equations comparable to Equations 5.4.2.1 and L.3a can be
derived for variable cross-sectional areas and for fires that follow a
power law (e.g., t-squared fires). In addition, algebraic equations
pertaining to a variety of smoke layer characteristics are available,
including temperature, light obscuration, and species concentra-
tion (Milke and Mowrer [80]). These equations are applicable to
evaluating transient conditions prior to operation of the smoke
management system or equilibrium conditions with an opera-
tional smoke management system. Thus, a variety of algebraic
equations are available and can serve as useful tools for relatively
elementary designs or as checks of specific aspects of computer
calculations for more complicated situations.

est Measurements of
Smoke Layer Position

Visual observations,
first temperature rise
First temperature rise

; First temperature rise,
carbon dioxide
concentration
Temperature rise,
light obscuration

bby
Temperature rise

; Visual observations,
first temperature rise
n of T
om

m;
6.3 m

m;
2.5 m

12.2 m
1 m

.7 m;
4 m
oom;
nd lo

4 m
5.62 m
15 m
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ments of this document unless also listed in Chapter 2 for
other reasons.

M.1.1 NFPA Publications. National Fire Protection Associa-
tion, 1 Batterymarch Park, Quincy, MA 02169-7471.

NFPA 13, Standard for the Installation of Sprinkler Systems, 2013
edition.

NFPA 72®, National Fire Alarm and Signaling Code, 2013 edi-
tion.

NFPA 80, Standard for Fire Doors and Other Opening Protectives,
2013 edition.

NFPA 90A, Standard for the Installation of Air-Conditioning and
Ventilating Systems, 2012 edition.

NFPA 101®, Life Safety Code®, 2015 edition.
NFPA 130, Standard for Fixed Guideway Transit and Passenger

Rail Systems, 2014 edition.
NFPA 204, Standard for Smoke and Heat Venting, 2015 edition.
NFPA 269, Standard Test Method for Developing Toxic Potency

Data for Use in Fire Hazard Modeling, 2012 edition.
NFPA 909, Code for the Protection of Cultural Resource Properties

— Museums, Libraries, and Places of Worship, 2013 edition.
NFPA 5000®, Building Construction and Safety Code®, 2015

edition.

M.1.2 Other Publications.

M.1.2.1 ASHRAE Publications. American Society of Heating,
Refrigerating, and Air Conditioning Engineers, Inc., 1791 Tul-
lie Circle, NE, Atlanta, GA 30329-2305.

Handbook of Smoke Control Engineering by J. H. Klote, J. A.
Milke, P. G. Turnbull, A. Kashef, and M. J. Ferreira. ASHRAE/
ICC/NFPA/SFPE.

M.1.2.2 ASME Publications. American Society of Mechanical
Engineers, Three Park Avenue, New York, NY 10016-5990.

ASME/ANSI A17.1, Safety Code for Elevators and Escalators,
2010.

1

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0

0          0.1         0.2        0.3         0.4        0.5         0.6        0.7

N
or

m
al

iz
ed

 s
m

ok
e 

la
ye

r 
po

si
tio

n 
(z

/H
)

(tQ1/3/H –4/3)(A/H 2)(kW1/3s/m4/3)

Yamana & Tanaka         NRCC          Committee’s data

NFPA 92                    Eqn L.3a

FIGURE L.5 Comparison of Smoke Layer Position, Experim
M.1.2.3 ASTM Publications. ASTM International, 100 Barr
Harbor Drive, P.O. Box C700, West Conshohocken, PA 19428-
2959.

ASTM E1321, Standard Test Method for Determining Material
Ignition and Flame Spread Properties, 2009.

ASTM E1354, Standard Test Method for Heat and Visible Smoke
Release Rates for Materials and Products Using an Oxygen Consump-
tion Calorimeter, 2011.
M.1.2.4 BSI Publications. BSI British Standards, 389 Chiswick
High Road, London W4 4AL UK.

BS EN 12101-8: Smoke and heat control systems — Smoke control
dampers, 2011.
M.1.2.5 EN Publications. European Committee for Electro-
technical Standardization (CENELEC), 35, Rue de Stassart-
straat, B-1050 Brussels, Belgium.

EN 12101–1, Specification for smoke barriers, 2005.
M.1.2.6 ISO Publications. International Organization for
Standardization, 1, ch. de la Voie-Creuse CP 56 CH-1211
Geneva 20 Switzerland.

ISO 21927-1:2008Smoke and heat control systems — Specifica-
tion for smoke barriers.
M.1.2.7 SFPE Publications. Society of Fire Protection Engi-
neers, 7315 Wisconsin Avenue, Suite 1225 W, Bethesda, MD
20814.

Handbook of Fire Protection Engineering, 2008, 4th edition.
SFPE Engineering Guide to Performance-Based Fire Protection ,

2007, 2nd edition.
M.1.2.8 UL Publications. Underwriters Laboratories Inc., 333
Pfingsten Road, Northbrook, IL 60062-2096.

ANSI/UL 555, Standard for Fire Dampers, 2006, Revised
2012.

ANSI/UL 555S, Standard for Smoke Dampers, 1999, Revised
2012.
M.1.2.9 Other Publications.

1. Bennetts, I. D., Culton, M., Dickerson, M. L., Lewins, R.,
Poh, K. W., Poon, S. L., Ralph, R., Lee,A. C., Beever, P. F., Cooper,
R. J., Haggar, P. I., Moore, I. P., Ramsay, G. C., and Timms, G. R.,
Simulated Shopping Centre Fire Tests, BHPR/SM/R.G/062,
Broken Hill Proprietary Company Limited, Australia, 1997.

8         0.9          1

Data vs. Predictions.
        0.

ental
2015 Edition

reproduction or distribution is permitted.



92–74 SMOKE CONTROL SYSTEMS

C
opyrighted material licensed to University of 
Toronto by Thomson Scientific, Inc. 
(www.techstreet.com).  This copy downloaded on 
2015-08-25 00:09:07 -0500 by authorized user logan 
ahlstrom.  No further
2. Beyler, C., “Fire Plumes and Ceiling Jets,” Fire Safety Jour-
nal, 11, pp. 63–65, 1986.

3. CIBSE. “Relationships for smoke control calculations,”
Technical Memoranda TM19, Chartered Institution of Build-
ing Services Engineers. London, UK, 1995.

4. Cooper, L. Y., Harkleroad, M., Quintiere, J., and Rinki-
nen, W., “An Experimental Study of Upper Hot Layer Stratifi-
cation in Full-Scale Multiroom Fire Scenarios,” Paper 81-HT-9,
the American Society of Mechanical Engineers, 1981.

5. Emmons, H., “The Use of Fire Test Data in Fire Models,”
The Home Fire Project Technical Report No. 78, Harvard Uni-
versity, Division of Applied Sciences, Februrary 1989.

6. Hagglund, B., Jansson, R., and Nireus, K., Smoke Filling
Experiments in a 6×6×6 Meter Enclosure, FOA Rapport C20585-
06, Forsavrets Forskningsanstalt, Sweden, September 1985.

7. Hansell, G. O., and Morgan, H. P., Design Approaches
for Smoke Control in Atrium Buildings, BRE 258, Boreham-
wood, UK; Building Research Establishment, 1994.

8. Heskestad, G., “Determination of Gas Venting Geometry
and Capacity of Air Pollution Control System at Factory Mu-
tual Research Center,” FMRC Ser. No. 20581, Fire Mutual Re-
search Corp., Norwood, MA, November 1972.

9. Heskestad, G., “Fire Plumes, Flame Height, and Air En-
trainment,” Chapter 2-1, SFPE Handbook of Fire Protection Engi-
neering, DiNenno et al. editors, National Fire Protection Asso-
ciation, Quincy, MA, 2002.

10. Heskestad, G., “Letter to the Editor,” Fire Technology, 27,
2, pp. 174–185, May 1991.

11. Heskestad, G., Sprinkler/Hot Layer Interaction,
NISTGCR-91-590, National Institute of Standards, Gaithers-
burg, MD, 1991.

12. Heskestad, G. and Delichatsios, M. A., Environments of
Fire Detectors—Phase 1 Effect of Fire Size, Ceiling Height and Materi-
als. Volume I — Measurements (NBS-GCR-77-86), Volume II -
Analysis (NBS-GCR-77-95), National Bureau of Standards
(now National Institute of Standards and Technology), Gaith-
ersburg, MD, 1977.

13. Klote, J. H., “A Method for Calculation of Elevator
Evacuation Time,” Journal of Fire Protection Engineering, Vol. 5,
1993, pp. 83–96.

14. Klote, J. H., “Design of Smoke Control Systems for Ar-
eas of Refuge,” ASHRAE Transactions, American Society of
Heating, Refrigerating, and Air Conditioning Engineers, At-
lanta, GA, Vol. 99, Part 2, 1993b, pp. 793–807.

15. Klote, J. H., “Design of Smoke Control Systems for El-
evator Fire Evacuation Including Wind Effects,” 2nd Sympo-
sium on Elevators, Fire and Accessibility, Baltimore, ASME,
New York, NY, 1995, pp. 59–77.

16. Klote, J. H., D. M. Alvord, B. M. Levin, and N. E. Groner,
“Feasibility and Design Considerations of Emergency Evacua-
tion by Elevators,” NISTIR 4870, National Institute of Stan-
dards and Technology, Gaithersburg, MD, 1992.

17. Klote, J. H., and E. Braun, “Water Leakage of Elevator
Doors with Application to Building Fire Suppression,” NISTIR
5925, National Institute of Standards and Technology, Gaith-
ersburg, MD, 1996.

18. Klote, J. H., S. P. Deal, E. A. Donoghue, B. M. Levin, and
N. E. Groner, “Fire Evacuation by Elevators,” ElevatorWorld,
1993, pp. 66–75.

19. Klote, J. H., B. M. Levin, and N. E. Groner, “Feasibility
of Fire Evacuation by Elevators at FAA Control Towers,” NIS-
2015 Edition
TIR 5445, National Institute of Standards and Technology,
Gaithersburg, MD, 1994.

20. Klote, J. H., B. M. Levin, and N. E. Groner, “Emergency
Elevator Evacuation Systems,” 2nd Symposium on Elevators,
Fire and Accessibility, Baltimore, ASME, New York, NY, 1995,
pp. 131–150.

21. Klote, J. H., Milke, J. A., Turnbull, P. G., Kashef, A., and
Ferreira, M. J., Handbook of Smoke Control Engineering,
ASHRAE/ICC/NFPA/SFPE, 2012.

22. Law, M., “A Note on Smoke Plumes from Fires in Multi-
Level Shopping Malls,” Fire Safety Journal, 10, p. 197, 1986.

23. Lougheed, G. D., “Expected Size of Shielded Fires in
Sprinklered Office Buildings,” ASHRAE Transactions, Volume
103, Part 1, 1997, p. 395.

24. Lougheed, G. D., and Hadjisophocleous, G. V., “Investi-
gation of Atrium Smoke Exhaust Effectiveness,” ASHRAE
Transactions 103, pp. 1–15, 1997.

25. Lougheed, G. D., Hadjisophocleous, G. V., McCartney,
C., and Taber, B. C., “Large-Scale Physical Model Studies for
an Atrium Smoke Exhaust System,” ASHRAE Transactions
104, 1999.

26. Lougheed, G. D., J. R. Mawhinney, and J. O’Neill, “Full-
Scale Fire Tests and the Development of Design Criteria for
Sprinkler Protection of Mobile Shelving Units,” Fire Technology,
Vol. 30, 1994, pp. 98–133.

27. Lougheed, G. D., and McCartney, C. J., “Balcony Spill
Plumes: Full-Scale Experiments, Part 2 (RP-1247),” ASHRAE
Transactions, to be published.

28. Lougheed, G. D., McCartney, C. J., and Gibbs, E., “Bal-
cony Spill Plumes Final Report RP-1247,” ASHRAE, Atlanta,
Georgia, 2007.

29. Madrzykowski, D., and Vettori, R., “A Sprinkler Fire
Suppression Algorithm,” Journal of Fire Protection Engineering, 4,
pp. 151–164, 1992.

30. Marshall, N. R., and Harrison, R., “Experimental stud-
ies of thermal spill plumes, Occasional Paper, OP1,” Building
Research Establishment, Garston, UK, 1996.

31. McCartney, C. J., Lougheed, G. D. and Weckman, E.J.,
“CFD Investigation of Balcony Spill Plumes in Atria,” ASHRAE
Transactions, to be published.

32. Modak, A. T., and Alpert, R. L., Influence of Enclosures on
Fire Growth — Volume I: Guide to Test Data, FMRC 0A0R2.BU-8,
Factory Mutual Research, Norwood, MA, 1978.

33. Morgan, H. P., Smoke Control Methods in Enclosed Shopping
Complexes of One or More Storeys: A Design Summary, Building Re-
search Establishment, 1979.

34. Morgan, H. P., Ghosh, B. K., Garrard, G., Pamlitschka,
R., De Smedt, J. C., and Schoonbaert, L. R. “Design Method-
ologies for Smoke and Heat Exhaust Ventilation,” Construc-
tion Research Communications Ltd, London, UK, 1999.

35. Morgan, H. P., and Marshall, N. R., Smoke Control Mea-
sures in Covered Two-Story Shopping Malls Having Balconies and
Pedestrian Walkways, BRE CP 11/79, Borehamwood, 1979.

36. Mudan, K. S., and Croce, P. A., “Fire Hazard Calcula-
tions for Large Open Hydrocarbon Fires,” SFPE Handbook of
Fire Protection Engineering, National Fire Protection Association,
Quincy, MA, 1988.

37. Mulholland, G., Section 1/Chapter 25 “Smoke Produc-
tion and Properties,” SFPE Handbook of Fire Protection Engineer-
ing, National Fire Protection Association, Quincy, MA, 1988.

38. Mulholland, G., Handa, T., Sugawa, O., and Yamamoto,
H., “Smoke Filling in an Enclosure,” Paper 81-HT-8, the
American Society of Mechanical Engineers, 1981.
reproduction or distribution is permitted.



92–75ANNEX M

C
opyrighted material licensed to University of 
Toronto by Thomson Scientific, Inc. 
(www.techstreet.com).  This copy downloaded on 
2015-08-25 00:09:07 -0500 by authorized user logan 
ahlstrom.  No further
39. Nii, Nitta, Harada, and Yamaguchi, “Air Entrainment
into Mechanical Smoke Vent on Ceiling,” Fire Safety Science,
Proceedings of the Seventh International Symposium,
pp.729–740, 2003.

40. Nowler, S. P., Enclosure Environment Characterization Test-
ing for the Base Line Validation of Computer Fire Simulation Codes,
NUREG/CR-4681, SAND 86-1296, Sandia National Laborato-
ries, March 1987.

41. Purser, D. A., “Toxicity Assessment of Combustion Prod-
ucts,” SFPE Handbook of Fire Protection Engineering, National Fire
Protection Association, Quincy, MA, 2002.

42. Quintiere, J. G., Fire Safety Journal, 1, 15, 1989.
43. Quintiere, J. G., McCaffrey, B. J., and Kashiwagi, T., Com-

bustion Science and Technology, 18, 1978.
44. Shaw, C. Y., J. T. Reardon, and M. S. Cheung, “Changes

in Air Leakage Levels of Six Canadian Office Buildings,”
ASHRAE Journal, American Society of Heating, Refrigerating
and Air Conditioning Engineers, Atlanta, GA, 1993.

45. Soderbom, J., “Smoke Spread Experiments in Large
Rooms. Experimental Results and Numerical Simulations,”
Statens Provningsanstalt, SR Report 1992:52, Swedish Na-
tional Testing and Research Institute, Boras, Sweden, 1992.

46. Spratt, D., and Heselden, A. J. M., “Efficient Extraction
of Smoke from a Thin Layer Under a Ceiling,” Fire Research
Note No. 1001, February 1974.

47. Steckler, K. D., Baum, H. R., and Quintiere, J. G., 21st
Symposium (Int.) on Combustion, pp. 143–149, 1986.

48. Tamura, G. T., and C. Y. Shaw, “Studies on ExteriorWall
Air Tightness and Air Infiltration of Tall Buildings,” ASHRAE
Transactions, American Society of Heating, Refrigerating and
Air Conditioning Engineers, Atlanta, GA, Vol. 82, Part 1, 1976,
pp. 122–134.

49. Tamura, G. T., and C. Y. Shaw, “Air Leakage Data for the
Design of Elevator and Stair Shaft Pressurization Systems,”
ASHRAE Transactions, American Society of Heating, Refriger-
ating and Air Conditioning Engineers, Atlanta, GA, Vol. 82,
Part 2, 1976b, pp. 179–190.

50. Tamura, G. T., and C. Y. Shaw, “Experimental Studies of
Mechanical Venting for Smoke Control in Tall Office Build-
ings,” ASHRAE Transactions, American Society of Heating,
Refrigerating and Air Conditioning Engineers, Atlanta, GA,
Vol. 86, Part 1, 1978, pp. 54–71.

51. Tamura, G. T., and A. G.Wilson, “Pressure Differences
for a Nine-Story Building as a Result of Chimney Effect and
Ventilation System Operation,” ASHRAE Transactions, Ameri-
can Society of Heating, Refrigerating and Air Conditioning
Engineers, Atlanta, GA, Vol. 72, Part 1, 1966, pp. 180–189.

52. Tewarson, A., “Generation of Heat and Chemical Com-
pounds in Fires,” SFPE Handbook of Fire Protection Engineering,
2nd ed., P. J. DiNenno (ed.), National Fire Protection Associa-
tion, Quincy, MA, 2002.

53. Babrauskas, V., “Heat Release Rates,” SFPE Handbook of
Fire Protection Engineering, 3rd ed., P. J. DiNenno (ed.), National
Fire Protection Association, Quincy, MA, 2002.

54. Babrauskas, V., and Krasny, J., Fire Behavior of Upholstered
Furniture, NBS Monograph 173, National Bureau of Standards
(now National Institute of Standards and Technology), No-
vember 1985.

55. Nelson, H. E., and Forssell, E. W., “Use of Small-Scale
Test Data in Hazard Analysis,” Proceedings of the 4th Interna-
tional Symposium of IAFSS, Ottawa, Canada, 1994.
56. Hirsch, C., Numerical Computation of Internal and External
Flows, Vol. 1: Fundamentals of Numerical Discretization,Wiley, New
York, 1988.

57. Sako, S., and Hasemi, Y., “Response Time of Automatic
Sprinklers Below a Confined Ceiling,” Fire Safety Science-
Proceedings of the Second International Symposium, Hemi-
sphere Publishing Corporation, New York, p. 613, 1989.

58. Carslaw, H. S., and Jaeger, J. C., Conduction of Heat in
Solids, Oxford University, Oxford, 1959.

59. Tien, C. L., Lee, K. Y., and Stretton, A. J., “Radiation
Heat Transfer,” SFPE Handbook of Fire Protection Engineering,
2nd ed., P. J. DiNenno (ed.), National Fire Protection Associa-
tion, Quincy, MA, 2002.

60. Nelson, H. E., An Engineering Analysis of the Early Stages of
Fire Development—The Fire at the Du Pont Plaza Hotel and Casino
— December 31, 1986, Report NBSIR 87-3560, 1987.

61. Borisenko, A. I., and Tarapov, I. E., Vector and Tensor
Analysis with Applications, Translated by R. A. Silverman, Dover,
New York, 1968.

62. Hay, G. E., Vector and Tensor Analysis, Dover, New York,
1953.

63. Welty, J. R.,Wicks, C. E., and Wilson, R. E., Fundamentals
of Momentum, Heat and Mass Transfer, John Wiley & Sons, New
York, 1976.

64. Schetz, J. A., Boundary Layer Analysis, Prentice Hall,
Englewood Cliffs, NJ, 1993.

65. Schlichting, H., Boundary Layer Theory, 4th ed., Kestin, J.
translator, McGraw, New York, 1960.

66. Sherman, F. S., Viscous Flow, McGraw, New York, 1990.
67. Aris, R., Vectors, Tensors, and the Basic Equations of Fluid

Mechanics, Dover, New York, 1962.
68. Anderson, D. A., Tannehill J. C., and Pletcher, R. H.,

Computational Fluid Mechanics and Heat Transfer, Hemisphere,
New York, 1984.

69. Abbott, M. B., and Basco, D. R., Computational Fluid Dy-
namics: An Introduction for Engineers, Wiley, New York, 1989.

70. Hoffmann, K. A., Computational Fluid Dynamics for Engi-
neers, Engineering Education System, Austin, TX, 1989.

71. Markatos, N. C., The Mathematical Modelling of Turbulent
Flows, Applied Mathematical Modeling, Vol. 10, No. 3, pp. 190–
220, 1986.

72. Hirsch, C., Numerical Computation of Internal and External
Flows, Vol. 2: Computational Methods for Inviscid and Viscous Flows,
Wiley, New York, 1990.

73. Kumar, S., Mathematical Modelling of Natural Convection
in Fire — A State of the Art Review of the Field Modelling of Variable
Density Turbulent Flow, Fire and Materials, Vol. 7, No. 1, pp. 1–24,
1983.

74. McGrattan, K. B., et al., Fire Dynamics Simulator – Techni-
cal Reference Guide, NISTIR 6467, National Institute of Stan-
dards and Technology, Gaithersburg, MD, 2000.

75. McGrattan, K. B., and Forney, G. P., Fire Dynamics
Simulator– User’s Manual, NISTIR 6469, National Institute of
Standards and Technology, Gaithersburg, MD, 2000.

76. Friedman, R., An International Survey of Computer Models
for Fire and Smoke, Journal of Fire Protection Engineering, Vol. 4, No.
3, pp. 81–92, 1992.

77. DiNenno, P. J., ed., SFPE Handbook of Fire Protection Engi-
neering, National Fire Protection Association, Quincy, MA,
2002.

78. Drysdale, D. D., An Introduction of Fire Dynamics, John
Wiley & Sons, New York, 1985.
2015 Edition

reproduction or distribution is permitted.



92–76 SMOKE CONTROL SYSTEMS

C
opyrighted material licensed to University of 
Toronto by Thomson Scientific, Inc. 
(www.techstreet.com).  This copy downloaded on 
2015-08-25 00:09:07 -0500 by authorized user logan 
ahlstrom.  No further
79. Nelson, H. E., and Mowrer, F., “Emergency Movement,”
Chapter 3-14, SFPE Handbook of Fire Protection Engineering,
DiNenno et al. editors, National Fire Protection Association,
Quincy, MA, 2002.

80. Milke, J. A., and Mowrer, F. W., “An Algorithm for the
Design Analysis of Atrium Smoke Management Systems,”
FP93-04, Department of Fire Protection Engineering, Univer-
sity of Maryland at College Park, May 1993

81. Morton, B. R., Taylor, Sir Geoffrey, and Turner, J. S.,
“Turbulent Gravitational Convection from Maintained and In-
stantaneous Sources,” Proc. Royal Society A 234, 1–23, 1956.

82. Walton, W. D., and Notorianni, “A Comparison of Ceil-
ing Jet Temperatures Measured in an Aircraft Hangar Test Fire
with Temperatures Predicted by the DETECT and LAVENT
Computer Models,” NISTIR (Draft), Building and Fire Re-
search Laboratory, National Institute of Standards and Tech-
nology, August 1992.

83. Mowrer, F.W., and Williamson, R. B., “Estimating Room
Temperatures from Fires along Walls and in Corners,” Fire
Technology 23, 2, pp. 133–145, May 1987.

84. Yamana, T., and Tanaka, T. “Smoke Control in Large
Scale Spaces—Part 2: Smoke Control in Large Scale Spaces,”
Fire Science and Technology, 5, 1, pp. 41–54, 1985.

85. Personal Communication, G. D. Lougheed, National
Research Council of Canada, March 20, 1991.

86. Harrison, R., and Spearpoint, M., “A review of simple
entrainment calculation methods for the thermal spill
plume,” International Journal on Engineering Performance-Based
Fire Codes, volume 9, number 4, pp. 142–153.

87. Harrison, R., and Spearpoint, M., “A simple approxima-
tion to predict the transition from a balcony spill plume to an
axisymmetric plume,” Journal of Fire Protection Engineering, vol-
ume 20, November 2010.

88. Harrison, R., and Spearpoint, M.J., “Characterisation of
balcony spill plume entrainment using physical scale model-
ling,” Fire Safety Science — Proceedings of the 9th Symposium, Lon-
don. International Association for Fire Safety Science, pp.
727–738, 2008.

89. Harrison, R., and Spearpoint, M., “Entrainment of air
into a balcony spill plume,” Journal of Fire Protection Engineering,
volume 16, number 3, pp. 211–245, 2006.

90. Harrison, R. and Spearpoint, M., “Physical scale model-
ling of adhered spill plume entrainment,” Fire Safety Journal,
volume 45, pp. 149–158, 2010.

M.2 Informational References. The following documents or
portions thereof are listed here as informational resources
only. They are not a part of the requirements of this docu-
ment.

M.2.1 ISO Publications. International Organization for Stan-
dardization, 1, ch. de la Voie-Creuse, Case postale 56, CH-
1211, Geneva 20, Switzerland.

ISO 21927-1:2008 Smoke and heat control systems — Specifica-
tion for smoke barriers.

ISO 21927-2:2006A1 Smoke and heat control systems — Specifi-
cation for natural smoke and heat exhaust ventilators.

ISO 21927-3:2006 A1 Smoke and heat control systems — Specifi-
cation for powered smoke and heat exhaust ventilators.

ISO 21927-7:2013 Smoke and heat control systems — Smoke con-
trol ducts.

ISO 21927-8:2013 Smoke and heat control systems — Specifica-
tion for smoke control dampers.
2015 Edition
ISO 21927-9:2012 Smoke and heat control systems — Control
panels and emergency control panels.

ISO 21927-10:2011 Smoke and heat control systems — Power
supplies.

M.2.2 Other Publications.
Alpert, R. L., and Ward, E. J., Evaluating Unsprinklered Fire

Hazards, FMRC No. 01836.20, Norwood, MA, Factory Mutual
Research Corporation, pp. 46 and 48, August 1982.

Bullen, M. C., and Thomas, P. A, “Compartment Fires with
Non-Cellulosic Fuels; 17th Symposium (International) on
Combustion,” The Combustion Institute, pp. 1139–1148,
1979.

CIBSE, Relationships for Smoke Control Calculations,
Technical Memoranda TM19, The Chartered Institution of
Building Services Engineers, London, UK, 1995.

Cooper, L. Y., Harkleroad, M., Quintiere, J., and Rinkinen,
W., “An Experimental Study of Upper Hot Layer Stratification
in Full-Scale Multiroom Fire Scenarios,” Journal of Heat Trans-
fer, 104, pp. 741–749, 1982.

Emmons, H., “The Use of Fire Test Data in Fire Models,”
The Home Fire Project Technical Report No. 78, Harvard Uni-
versity, Division of Applied Sciences, February 1989.

Fang, J. B., and Breese, J. N., Fire Development in Residential
Basement Rooms, NBSIR 80-2120, National Bureau of Stan-
dards, October 1980.

Ghosh, B. K., “Fires in Real Scenarios,” International Sym-
posium on Fire Science and Technology, ISFST 1997, Seoul,
Korea, pp. 439–447, 1997.

Gottuk, D., Roby, R., and Eglo, C., “A Study of Carbon Mon-
oxide and Smoke Yields from Compartment Fires with Exter-
nal Burning; 24th Symposium (International) on Combus-
tion,” The Combustion Institute, pp. 1729–1735, 1992.

Hadjisophocleous, G. V., Lougheed, G. D., and Cao, S.,
“Numerical Study of the Effectiveness of Atrium Smoke Ex-
haust Systems,” ASHRAE Transactions 104, 1999.

Hansell, G. O., Morgan, H., and Marshall, N. R., “Smoke
Flow Experiments in a Model Atrium,” BRE Occasional Paper,
July 1993.

Heskestad, G., Engineering Relations for Fire Plumes, SFPE TR
82-8, Boston, Society of Fire Protection Engineers, 1982.

Heskestad, G., Inflow of Air Required at Wall and Ceiling Aper-
tures to Prevent Escape of Fire Smoke, FMRC J.I. 0Q4E4.RU, Fac-
tory Mutual Research Corporation, July 1989.

Heskestad, G., and Bill, R. G., Jr., “Modeling of Thermal
Responsiveness of Automatic Sprinklers,” Fire Safety Science —
Proceedings of the Second International Symposium, Hemisphere
Publishing Corporation, New York, p. 603, 1989.

Heskestad, G. and Delichatsios, M. A., “The Initial Convec-
tive Flow in Fire,” Seventeenth Symposium (International) on
Combustion, the Combustion Institute, Pittsburgh, PA, p.
1113, 1979.

Heskestad, G. and Delichatsios, M. A., “Update: The Initial
Convective Flow in Fire,” Fire Safety Journal, 15, p. 471, 1989.

Heskestad, G., and Hill, J. P., “Experimental Fire in
Multiroom/Corridor Enclosures,” FMRC J.I. 0J2N8.RU, Fac-
tory Mutual Research Corporation, October 1985.

Hinkley, P. L., Hansell, G. O., Marshall, N. R., and Harri-
son, R., “Experiments at the Multifunctioneel Training Cen-
trum, Ghent, on the Interaction Between Sprinklers and
Smoke Venting,” Building Research Establishment Report,
1992.
reproduction or distribution is permitted.



92–77ANNEX M

C
opyrighted material licensed to University of 
Toronto by Thomson Scientific, Inc. 
(www.techstreet.com).  This copy downloaded on 
2015-08-25 00:09:07 -0500 by authorized user logan 
ahlstrom.  No further
Kanury, A. M., “Ignition of Liquid Fuels,” SFPE Handbook of
Fire Protection Engineering, 2nd ed., P. J. DiNenno (ed.), Na-
tional Fire Protection Association, Quincy, MA, 1995.

Klote, J. H., and X. Bodart, “Validation of Network Models
for Smoke Control Analysis,” ASHRAE Transactions, Ameri-
can Society of Heating, Refrigerating and Air Conditioning
Engineers, Atlanta, GA, Vol. 91, Part 2B, 1985, pp. 1134–1145.

Law, M., “Air Supported Structures: Fire and Smoke Haz-
ards,” Fire Prevention, 148, 1982.

Morgan, H. P., “Comments on a Note on Smoke Plumes
from Fires in Multi-Level Shopping Malls,” Fire Safety Journal,
12, p. 83, 1987.

Morgan, H. P., and Hansell, G. O., “Fire Sizes and Sprinkler
Effectiveness in Offices-Implications for Smoke Control De-
sign,” Fire Safety Journal, volume 8, no. 3, pp. 187–198, 1985.

Mulholland, G., Handa, T., Sugawa, O., and Yamamoto, H.,
“Smoke Filling in an Enclosure,” Fire Science and Technology, 1,
p. 1, 1981.

Newman, J. S., and Hill, J. P., “Assessment of Exposure Fire
Hazard to Cable Trays,” NP-1675 Research Project 1165-1-1,
Prepared for Electric Power Research Institute by Factory Mu-
tual Research Corporation, January 1981.

Peacock, R. D., and Babrauskas, V., “Analyses of Large-Scale
Fire Test Data,” Fire Safety Journal, 17, pp. 387-414.

Spratt, D., and Heselden, A. J. M., “Efficient Extraction of
Smoke from a Thin Layer Under a Ceiling,” UK Joint Fire

Research Organization, Fire Research Note No. 1001, 1994.
Thomas, P. H., “On the Upward Movement of Smoke and
Related Shopping Mall Problems,” Fire Safety Journal, 12, p.
191, 1987.

Thomas, P. H., Heselden, J. M., and Law, M., “Fully-
Developed Compartment Fires — Two Kinds of Behavior,”
Fire Research Technical Paper No. 18, 1967.

Thomas, P. H., Hinckley, P. L., Theobald, C. R., and Sims,
D. L., “Investigations into the Flow of Hot Gases in Roof Vent-
ing,” Fire Research Technical Papers No. 7, HMSO, London,
1963.

Turner, J. S., Buoyancy Effects in Fluids, Cambridge Univer-
sity Press, Cambridge, 1973.

White, F. M. Viscous Fluid Flow, McGraw, New York, 1974.
Walton, G. N., “CONTAM96 User Manual,” NISTIR-6056,

National Institute of Standards and Technology, Gaithers-
burg, MD, 1997.

Wray, C. P., and G. K. Yuill, “An Evaluation of Algorithms for
Analyzing Smoke Control Systems,” ASHRAE Transactions,
American Society of Heating, Refrigerating and Air Condi-
tioning Engineers, Atlanta, GA, Vol. 99, Part 1, 1993, pp. 160–
174.

Yamana, T., and Tanaka, T., “Smoke Control in Large Scale
Spaces,” Fire Science and Technology, 5, p. 41, 1985.

Zukoski, E. E., Kubota, T., and Cetegen, B., “Entrainment
in Fire Plumes,” Fire Safety Journal, 3, pp. 107–121, 1980/1981.

M.3 References for Extracts in Informational Sections.

NFPA 204, Standard for Smoke and Heat Venting, 2015 edition.

2015 Edition

reproduction or distribution is permitted.



92–78 SMOKE CONTROL SYSTEMS

C
opyrighted material licensed to University of 
Toronto by Thomson Scientific, Inc. 
(www.techstreet.com).  This copy downloaded on 
2015-08-25 00:09:07 -0500 by authorized user logan 
ahlstrom.  No further
Index

Copyright © 2014 National Fire Protection Association. All Rights Reserved.

The copyright in this index is separate and distinct from the copyright in the document that it indexes. The licensing provisions set forth for the
document are not applicable to this index. This index may not be reproduced in whole or in part by any means without the express written

permission of NFPA.
-A-
Additional Design Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Annex D
Administration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Chap. 1

Equivalency. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.4
Purpose . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.2
Retroactivity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.3
Scope. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.1, A.1.1
Units and Formulas. (Reserved). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.5

Advisory Information on Acceptance Testing . . . . . . . . . . . . . . . . . . Annex J
Approved

Definition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.2.1, A.3.2.1
Atrium

Definition. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.3.1
Authority Having Jurisdiction (AHJ)

Definition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.2.2, A.3.2.2

-B-
Building Equipment and Controls . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Chap. 6

Electric Services Installation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6.7
Energy Management. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6.5
General . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6.1
Heating, Ventilating, and Air-Conditioning (HVAC)

Equipment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6.2, A.6.2
General . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6.2.1
Makeup Air System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6.2.4, A.6.2.4
Outside Air . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6.2.2

Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6.6
Smoke Control Systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6.4, A.6.4

Activation and Deactivation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6.4.4
Automatic Activation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6.4.4.1

Schedule . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6.4.4.1.4, A.6.4.4.1.4
Stratification of Smoke . . . . . . . . . . . . . . . . . 6.4.4.1.5, A.6.4.4.1.5

Manual Activation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6.4.4.2
Control System Verification. . . . . . . . . . . . . . . . . . . . . . . . . . . 6.4.8, A.6.4.8
Controls for Stairwell Pressurization Systems . . . . . . . . . . . . . . . . 6.4.6

Automatic Activation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6.4.6.1
FSCS Activation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6.4.6.4
Manual Pull Stations. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6.4.6.3
Smoke Detection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6.4.6.2

Controls for Zoned Smoke Control Systems . . . . . . . . . . . . . . . . . 6.4.7
Automatic Activation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6.4.7.2
General . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6.4.7.1

Coordination . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6.4.2
FSCS Activation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6.4.5

Fire Fighters’ Smoke Control Station (FSCS) . . . . . . . . . . 6.4.5.4,
A.6.4.5.4

Response Time. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6.4.5.3
Smoke Containment Systems . . . . . . . . . . 6.4.5.3.3, A.6.4.5.3.3
Smoke Management Systems. . . . . . . . . . . 6.4.5.3.4, A.6.4.5.3.4

Sequence of Control Priorities . . . . . . . . . . . . . . . . . . . . . . . . . . . 6.4.5.2
Automatic Activation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6.4.5.2.1
FSCS Activation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6.4.5.2.3
Manual Activation and Deactivation . . . . . . . . . . . . . . . . 6.4.5.2.2

HVAC System Controls . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6.4.3, A.6.4.3
Smoke Dampers. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6.3

-C-
Ceiling Jet

Definition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.3.2, A.3.3.2
Comparison of Equations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Annex L
Computer-Based Models for Atria and Malls . . . . . . . . . . . . . . . . . . Annex C
2015 Edition
-D-
Definitions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Chap. 3
Design Fundamentals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Chap. 4

Combination of Systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.9, A.4.9
Design Approaches . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.3

Smoke Containment Systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.3.1
Smoke Management Systems . . . . . . . . . . . . . . . . . . . . . . . . . 4.3.2, A.4.3.2

Design Basis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.2
Smoke Containment Systems. . . . . . . . . . . . . . . . . . . . . . . . . 4.2.1, A.4.2.1
Smoke Management Systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.2.2
Temperature Ratings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.2.3

Design Criteria . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.4
Fire Location . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.4.3
Gaseous Fire Suppression Systems . . . . . . . . . . . . . . . . . . . 4.4.5, A.4.4.5
Pressure Differences . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.4.2

Pressure Differences Across Doors. . . . . . . . . . . . 4.4.2.2, A.4.4.2.2
Pressure Differences Across Spaces . . . . . . . . . . . . . . . . . . . . . . 4.4.2.1

Smoke Movement and Airflow. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.4.4
Communicating Spaces . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.4.4.2

Managing Smoke from Communicating
Spaces . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.4.4.2.2, A.4.4.4.2.2

Managing Smoke Spread to Communicating
Spaces. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.4.4.2.1

Makeup Air. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.4.4.1, A.4.4.4.1
Openings and Leakage Areas . . . . . . . . . . . . . . . . . 4.4.4.3, A.4.4.4.3
Special Considerations Related to Natural Venting . . . . 4.4.4.4

Weather Data. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.4.1, A.4.4.1
Design Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.1
Doors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.11, A.4.11
Elevator Pressurization Systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.7, A.4.7
Stairwell Pressurization Systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.6

General . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.6.1, A.4.6.1
Location of Supply Air Source. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.6.2
Single- and Multiple-Injection Systems . . . . . . . . . . . . . . 4.6.4, A.4.6.4

Multiple-Injection Systems. . . . . . . . . . . . . . . . . . . . . 4.6.4.2, A.4.6.4.2
Single-Injection Systems. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.6.4.1

Supply Air Fans. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.6.3
Other Types of Fans . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.6.3.2
Propeller Fans . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.6.3.1, A.4.6.3.1

System Operation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.5, A.4.5
Activation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.5.2
Duration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.5.4
Limitations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.5.1

Egress Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.5.1.2, A.4.5.1.2
Minimum Design Smoke Layer Depth . . . . . . . 4.5.1.3, A.4.5.1.3
Tenability. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.5.1.1, A.4.5.1.1

System Startup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.5.3
Vestibules . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.10
Zoned Smoke Control. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.8, A.4.8

Smoke Control Zones . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.8.1
Smoke Refuge Areas. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.8.3, A.4.8.3
Smoke Zone Exhaust . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.8.2

Design Pressure Difference
Definition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.3.3, A.3.3.3

Draft Curtain
Definition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.3.4, A.3.3.4

-E-
Example Problems Illustrating the Use of Equations. . . . . . . . . Annex K
Explanatory Material . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Annex A
reproduction or distribution is permitted.



92–79INDEX

C
opyrighted material licensed to University of 
Toronto by Thomson Scientific, Inc. 
(www.techstreet.com).  This copy downloaded on 
2015-08-25 00:09:07 -0500 by authorized user logan 
ahlstrom.  No further
-F-
Fire

Definition. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.3.5
Fuel Limited Fire

Definition. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.3.5.1
Steady Fire

Definition. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.3.5.2
t-squared (t2) Fire

Definition. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.3.5.3
Unsteady Fire

Definition. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.3.5.4
Ventilation Limited Fire

Definition. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.3.5.5
Fire Fighters’ Smoke Control Station (FSCS)

Definition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.3.6, A.3.3.6
Fire Fighters’ Smoke-Control Station (FSCS)

Considerations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Annex H

-G-
Growth Time (tg)

Definition. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.3.7

-H-
HVAC Air-Handling System Types. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Annex G

-I-
Information on Testing for Leakage Between Smoke

Zones . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Annex I
Informational References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Annex M

-L-
Labeled

Definition. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.2.3
Listed

Definition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.2.4, A.3.2.4

-P-
Plugholing

Definition. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.3.8
Plume

Axisymmetric Plume
Definition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.3.9.1, A.3.3.9.1

Balcony Spill Plume
Definition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.3.9.2, A.3.3.9.2

Definition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.3.9, A.3.3.9
Window Plume

Definition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.3.9.3, A.3.3.9.3
Predicting the Rate of Heat Release of Fires . . . . . . . . . . . . . . . . . . Annex B
Pressurized Stairwells

Definition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.3.10

-R-
Referenced Publications. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Chap. 2

General . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2.1
NFPA Publications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2.2
Other Publications. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2.3
References for Extracts in Mandatory Sections . . . . . . . . . . . . . . . . . . . 2.4

Registered Design Professional (RDP)
Definition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.3.11

-S-
Shall

Definition. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.2.5
Should

Definition. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.2.6
Smoke

Definition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.3.12
First Indication of Smoke
Definition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.3.12.1, A.3.3.12.1

Smoke Barrier
Definition. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.3.13, A.3.3.13

Smoke Containment
Definition. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.3.14, A.3.3.14

Smoke Control Mode
Definition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.3.15

Smoke Control System Documentation . . . . . . . . . . . . . . . . . . . . . . . . . Chap. 7
Detailed Design Report . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7.2
Documentation Required . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7.1
Operations and Maintenance Manual . . . . . . . . . . . . . . . . . . . . . . 7.3, A.7.3

Smoke Damper
Definition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.3.16

Smoke Layer
Definition. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.3.17, A.3.3.17

Smoke Layer Interface
Definition. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.3.18, A.3.3.18

Smoke Management
Definition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.3.19

Smoke Management Calculation Procedures . . . . . . . . . . . . . . . . . . . Chap. 5
Density of Smoke . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.8, A.5.8
Design Fire . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.2

Design Fire Types . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.2.2
General . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.2.1, A.5.2.1
Separation Distance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.2.5, A.5.2.5
Steady Design Fires . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.2.3
Unsteady Design Fires . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.2.4

Decay Phase . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.2.4.4, A.5.2.4.4
Growth Phase . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.2.4.1
Steady Phase. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.2.4.3
t-squared Fire Growth Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.2.4.2

Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.1, A.5.1
Algebraic Equations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.1.1, A.5.1.1
Compartment Fire Models. . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.1.3, A.5.1.3
Scale Modeling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.1.2, A.5.1.2

Mass Consumption . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.3
Number of Exhaust Inlets. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.6, A.5.6
Opposed Airflow. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.10
Rate of Smoke Mass Production. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.5

Axisymmetric Plume Diameter . . . . . . . . . . . . . . . . . . . . . . . 5.5.4, A.5.5.4
Calculation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.5.4.1
Plume Contact with Walls . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.5.4.2

Axisymmetric Plumes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.5.1
Balcony Spill Plumes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.5.2, A.5.5.2
Smoke Layer Temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.5.5, A.5.5.5
Window Plumes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.5.3, A.5.5.3

Scaling Laws . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.11, A.5.11
Smoke Layer Calculations. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.4

General . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.4.1, A.5.4.1
Height of First Indication of Smoke with No Smoke

Exhaust Operating. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.4.2
Steady Fires . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.4.2.1, A.5.4.2.1
Unsteady Fires . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.4.2.2, A.5.4.2.2

Varying Cross-Sectional Geometries and Complex
Geometries . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.9, A.5.9

Volumetric Flow Rate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.7, A.5.7
Smoke Refuge Area

Definition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.3.20
Space

Communicating Space
Definition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.3.21.1, A.3.3.21.1

Definition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.3.21
Large-Volume Space

Definition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.3.21.2
Separated Spaces

Definition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.3.21.3
Stack Effect

Definition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.3.22
Standard

Definition. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.2.7
Stratification of Smoke . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Annex E
2015 Edition

reproduction or distribution is permitted.



92–80 SMOKE CONTROL SYSTEMS

C
opyrighted material licensed to University of 
Toronto by Thomson Scientific, Inc. 
(www.techstreet.com).  This copy downloaded on 
2015-08-25 00:09:07 -0500 by authorized user logan 
ahlstrom.  No further
System
Compensated System

Definition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.3.23.1
Dedicated Smoke Control System

Definition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.3.23.2, A.3.3.23.2
Definition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.3.23
Nondedicated Smoke Control Systems

Definition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.3.23.3, A.3.3.23.3
Pressurization System

Definition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.3.23.4
Smoke Control System

Definition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.3.23.5
Smoke Exhaust System

Definition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.3.23.6, A.3.3.23.6
Zoned Smoke Control System

Definition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.3.23.7

-T-
Tenable Environment

Definition. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.3.24, A.3.3.24
Testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Chap. 8

Acceptance Testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8.4
General . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8.4.1, A.8.4.1
Measurement Locations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8.4.3, A.8.4.3
Test Parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8.4.2, A.8.4.2
Testing of Smoke Containment Systems. . . . . . . . . . . . . . . . . . . . . . 8.4.6

Combination of Smoke Control Systems . . . . . . . . . . . . . . . . 8.4.6.7
Elevator Pressurization and Zoned Smoke

Control System. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8.4.6.7.3
Smoke Refuge Area and Zoned Smoke

Control System. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8.4.6.7.2
Stairwell and Zoned Smoke Control
2015 Edition
Elevator Smoke Control Systems. . . . . . . . . . . . . . 8.4.6.5, A.8.4.6.5
Elevator Hoistway Pressurization Systems . . . . . . . . . . 8.4.6.5.1
Lobby Pressurization Systems. . . . . . . . . . . . . . . . . . . . . . . . 8.4.6.5.2

Force Testing. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8.4.6.2, A.8.4.6.2
Pressure Testing. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8.4.6.1
Smoke Refuge Area. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8.4.6.6
Stairwell Pressurization Systems . . . . . . . . . . . . . . . . . . . . . . . . . . 8.4.6.3
Zoned Smoke Control System. . . . . . . . . . . . . . . . . 8.4.6.4, A.8.4.6.4

Normal HVAC Mode . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8.4.6.4.2
Smoke Control Mode for Each Smoke

Control Zone. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8.4.6.4.3
Testing of Smoke Management Systems in Large-

Volume Spaces . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8.4.5, A.8.4.5
Testing Procedures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8.4.4
Tests of Fire Fighter’s Smoke Control Station . . . . . . . . . . . . . . . 8.4.7

Component System Testing. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8.3, A.8.3
General . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8.1, A.8.1
Modifications. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8.7
Periodic Testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8.6
Preliminary Building Inspections . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8.2
Testing Documentation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8.5

Types of Stairwell Pressurization Systems. . . . . . . . . . . . . . . . . . . . . . Annex F

-Z-
Zone

Definition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.3.25
Smoke Control Zone

Definition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.3.25.1
Smoke Zone

Definition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.3.25.2
Transition Zone
System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8.4.6.7.1, A.8.4.6.7.1 Definition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.3.25.3, A.3.3.25.3
reproduction or distribution is permitted.



Sequence of Events for the Standards 
Development Process

As soon as the current edition is published, a Standard is open 
for Public Input

Step 1: Input Stage 
•	 Input accepted from the public or other committees 

for consideration to develop the First Draft
•	 Committee holds First Draft Meeting to revise Stan-

dard (23 weeks)
Committee(s) with Correlating Committee (10 weeks)

•	 Committee ballots on First Draft (12 weeks)
Committee(s) with Correlating Committee (11 weeks)

•	 Correlating Committee First Draft Meeting (9 weeks)
•	 Correlating Committee ballots on First Draft (5 weeks)
•	 First Draft Report posted

Step 2: Comment Stage
•	 Public Comments accepted on First Draft (10 weeks)
•	 If Standard does not receive Public Comments and the 

Committee does not wish to further revise the Stan-
dard, the Standard becomes a Consent Standard and 
is sent directly to the Standards Council for issuance

•	 Committee holds Second Draft Meeting (21 weeks)
Committee(s) with Correlating Committee (7 weeks)

•	 Committee ballots on Second Draft (11 weeks)
Committee(s) with Correlating Committee (10 weeks)

•	 Correlating Committee First Draft Meeting (9 weeks)
•	 Correlating Committee ballots on First Draft (8 weeks)
•	 Second Draft Report posted

Step 3: Association Technical Meeting
•	 Notice of Intent to Make a Motion (NITMAM) ac-

cepted (5 weeks)
•	 NITMAMs are reviewed and valid motions are certified 

for presentation at the Association Technical Meeting
•	 Consent Standard bypasses Association Technical 

Meeting and proceeds directly to the Standards Coun-
cil for issuance

•	 NFPA membership meets each June at the Association 
Technical Meeting and acts on Standards with “Certi-
fied Amending Motions” (certified NITMAMs)

•	 Committee(s) and Panel(s) vote on any successful 
amendments to the Technical Committee Reports 
made by the NFPA membership at the Association 
Technical Meeting

Step 4: Council Appeals and Issuance  
of Standard
•	 Notification of intent to file an appeal to the Standards 

Council on Association action must be filed within 20 
days of the Association Technical Meeting

•	 Standards Council decides, based on all evidence, 
whether or not to issue the Standards or to take other 
action 

Committee Membership 
Classifications1,2,3,4

The following classifications apply to Committee mem-
bers and represent their principal interest in the activity 
of the Committee.

1.	 M	 Manufacturer: A representative of a maker or 
marketer of a product, assembly, or system, or 
portion thereof, that is affected by the standard.

2.	 U	 User: A representative of an entity that is subject 
to the provisions of the standard or that volun-
tarily uses the standard.

3.	 IM	 Installer/Maintainer: A representative of an en-
tity that is in the business of installing or main-
taining a product, assembly, or system affected 
by the standard.

4.	 L	 Labor: A labor representative or employee con-
cerned with safety in the workplace.

5.	 RT	 Applied Research/Testing Laboratory: A representa-
tive of an independent testing laboratory or in-
dependent applied research organization that 
promulgates and/or enforces standards.

6.	 E	 Enforcing Authority: A representative of an agen-
cy or an organization that promulgates and/or 
enforces standards.

7.	 I	 Insurance: A representative of an insurance 
company, broker, agent, bureau, or inspection 
agency.

8.	 C	 Consumer: A person who is or represents the ul-
timate purchaser of a product, system, or ser-
vice affected by the standard, but who is not 
included in (2).

9.	 SE	 Special Expert: A person not representing (1) 
through (8) and who has special expertise in 
the scope of the standard or portion thereof.

NOTE 1: “Standard” connotes code, standard, recom-
mended practice, or guide.

NOTE 2: A representative includes an employee.

NOTE 3: While these classifications will be used by the 
Standards Council to achieve a balance for Technical 
Committees, the Standards Council may determine that 
new classifications of member or unique interests need 
representation in order to foster the best possible Com-
mittee deliberations on any project. In this connection, 
the Standards Council may make such appointments 
as it deems appropriate in the public interest, such as 
the classification of “Utilities” in the National Electrical 
Code Committee.

NOTE 4: Representatives of subsidiaries of any group 
are generally considered to have the same classification 
as the parent organization.
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Submitting Public Input / Public Comment through the Electronic Submission System (e-Submission):  

As soon as the current edition is published, a Standard is open for Public Input.  

Before accessing the e-Submission System, you must first sign-in at www.NFPA.org. Note: You will be asked to sign-in or 
create a free online account with NFPA before using this system: 

a. Click in the gray Sign In box on the upper left side of the page. Once signed-in, you will see a red “Welcome” 
message in the top right corner.   

b. Under the Codes and Standards heading, Click on the Document Information pages (List of Codes & Standards), 
and then select your document from the list or use one of the search features in the upper right gray box. 

OR 

a. Go directly to your specific document page by typing the convenient short link of www.nfpa.org/document#, 
(Example: NFPA 921 would be www.nfpa.org/921) Click in the gray Sign In box on the upper left side of the page.  
Once signed in, you will see a red “Welcome” message in the top right corner. 

To begin your Public Input, select the link The next edition of this standard is now open for Public Input (formally 
“proposals”) located on the Document Information tab, the Next Edition tab, or the right-hand Navigation bar.  Alternatively, 
the Next Edition tab includes a link to Submit Public Input online  

At this point, the NFPA Standards Development Site will open showing details for the document you have selected. This 
“Document Home” page site includes an explanatory introduction, information on the current document phase and closing 
date, a left-hand navigation panel that includes useful links, a document Table of Contents, and icons at the top you can click 
for Help when using the site. The Help icons and navigation panel will be visible except when you are actually in the process 
of creating a Public Input. 

Once the First Draft Report becomes available there is a Public comment period during which anyone may submit a Public 
Comment on the First Draft.   Any objections or further related changes to the content of the First Draft must be submitted at 
the Comment stage.   

To submit a Public Comment you may access the e-Submission System utilizing the same steps as previous explained for the 
submission of Public Input.  

For further information on submitting public input and public comments, go to:  http://www.nfpa.org/publicinput 

Other Resources available on the Doc Info Pages 

Document information tab: Research current and previous edition information on a Standard 

Next edition tab: Follow the committee’s progress in the processing of a Standard in its next revision cycle. 

Technical committee tab:  View current committee member rosters or apply to a committee 

Technical questions tab:  For members and Public Sector Officials/AHJs to submit questions about codes and standards to 
NFPA staff. Our Technical Questions Service provides a convenient way to receive timely and consistent technical assistance 
when you need to know more about NFPA codes and standards relevant to your work. Responses are provided by NFPA staff 
on an informal basis. 

Products/training tab: List of NFPA’s publications and training available for purchase. 

Community tab: Information and discussions about a Standard 
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Information on the NFPA Standards Development Process 

I. Applicable Regulations. The primary rules governing the processing of NFPA standards (codes, standards, recommended practices, and 
guides) are the NFPA Regulations Governing the Development of NFPA Standards (Regs). Other applicable rules include NFPA Bylaws, 
NFPA Technical Meeting Convention Rules, NFPA Guide for the Conduct of Participants in the NFPA Standards Development Process, 
and the NFPA Regulations Governing Petitions to the Board of Directors from Decisions of the Standards Council. Most of these rules and 
regulations are contained in the NFPA Standards Directory. For copies of the Directory, contact Codes and Standards Administration at 
NFPA Headquarters; all these documents are also available on the NFPA website at “www.nfpa.org.”  

The following is general information on the NFPA process. All participants, however, should refer to the actual rules and regulations for a 
full understanding of this process and for the criteria that govern participation.  

II. Technical Committee Report. The Technical Committee Report is defined as “the Report of the responsible Committee(s), in 
accordance with the Regulations, in preparation of a new or revised NFPA Standard.” The Technical Committee Report is in two parts and 
consists of the First Draft Report and the Second Draft Report. (See Regs at 1.4) 

III. Step 1: First Draft Report. The First Draft Report is defined as “Part one of the Technical Committee Report, which documents the 
Input Stage.” The First Draft Report consists of the First Draft, Public Input, Committee Input, Committee and Correlating Committee 
Statements, Correlating Input, Correlating Notes, and Ballot Statements. (See Regs at 4.2.5.2 and Section 4.3)  Any objection to an action 
in the First Draft Report must be raised through the filing of an appropriate Comment for consideration in the Second Draft Report or the 
objection will be considered resolved. [See Regs at 4.3.1(b)] 

IV. Step 2: Second Draft Report. The Second Draft Report is defined as “Part two of the Technical Committee Report, which documents 
the Comment Stage."  The Second Draft Report consists of the Second Draft, Public Comments with corresponding Committee Actions 
and Committee Statements, Correlating Notes and their respective Committee Statements, Committee Comments, Correlating Revisions, 
and Ballot Statements. (See Regs at Section 4.2.5.2 and 4.4)  The First Draft Report and the Second Draft Report together constitute the 
Technical Committee Report.  Any outstanding objection following the Second Draft Report must be raised through an appropriate 
Amending Motion at the Association Technical Meeting or the objection will be considered resolved. [See Regs at 4.4.1(b)] 
 
V. Step 3a: Action at Association Technical Meeting. Following the publication of the Second Draft Report, there is a period during 
which those wishing to make proper Amending Motions on the Technical Committee Reports must signal their intention by submitting a 
Notice of Intent to Make a Motion. (See Regs at 4.5.2)  Standards that receive notice of proper Amending Motions (Certified Amending 
Motions) will be presented for action at the annual June Association Technical Meeting. At the meeting, the NFPA membership can 
consider and act on these Certified Amending Motions as well as Follow-up Amending Motions, that is, motions that become necessary as 
a result of a previous successful Amending Motion. (See 4.5.3.2 through 4.5.3.6 and Table1, Columns 1-3 of Regs for a summary of the 
available Amending Motions and who may make them.) Any outstanding objection following action at an Association Technical Meeting 
(and any further Technical Committee consideration following successful Amending Motions, see Regs at 4.5.3.7 through 4.6.5.3) must be 
raised through an appeal to the Standards Council or it will be considered to be resolved.  
 
VI. Step 3b: Documents Forwarded Directly to the Council. Where no Notice of Intent to Make a Motion (NITMAM) is received and 
certified in accordance with the Technical Meeting Convention Rules, the standard is forwarded directly to the Standards Council for action 
on issuance. Objections are deemed to be resolved for these documents.  (See Regs at 4.5.2.5) 

VII. Step 4a: Council Appeals. Anyone can appeal to the Standards Council concerning procedural or substantive matters related to the 
development, content, or issuance of any document of the Association or on matters within the purview of the authority of the Council, as 
established by the Bylaws and as determined by the Board of Directors. Such appeals must be in written form and filed with the Secretary 
of the Standards Council (See Regs at 1.6). Time constraints for filing an appeal must be in accordance with 1.6.2 of the Regs. Objections 
are deemed to be resolved if not pursued at this level.  

VIII. Step 4b: Document Issuance. The Standards Council is the issuer of all documents (see Article 8 of Bylaws). The Council acts on 
the issuance of a document presented for action at an Association Technical Meeting within 75 days from the date of the recommendation 
from the Association Technical Meeting, unless this period is extended by the Council (See Regs at 4.7.2). For documents forwarded 
directly to the Standards Council, the Council acts on the issuance of the document at its next scheduled meeting, or at such other meeting 
as the Council may determine (See Regs at 4.5.2.5 and 4.7.4).  

IX. Petitions to the Board of Directors. The Standards Council has been delegated the responsibility for the administration of the codes 
and standards development process and the issuance of documents. However, where extraordinary circumstances requiring the intervention 
of the Board of Directors exist, the Board of Directors may take any action necessary to fulfill its obligations to preserve the integrity of the 
codes and standards development process and to protect the interests of the Association. The rules for petitioning the Board of Directors 
can be found in the Regulations Governing Petitions to the Board of Directors from Decisions of the Standards Council and in 1.7 of the 
Regs.  
 
X. For More Information. The program for the Association Technical Meeting (as well as the NFPA website as information becomes 
available) should be consulted for the date on which each report scheduled for consideration at the meeting will be presented. For copies of 
the First Draft Report and Second Draft Report as well as more information on NFPA rules and for up-to-date information on schedules 
and deadlines for processing NFPA documents, check the NFPA website (www.nfpa.org/aboutthecodes) or contact NFPA Codes & 
Standards Administration at (617) 984-7246.  
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“Member-Only” Benefits 
Keeps You Up-To-Date!

FREE! Technical Support — Technical Support by Phone/Email. Get fast, reliable answers to all 
code-related questions—from electrical safety for employee workplaces to carbon dioxide extinguishing 
systems—from NFPA’s team of fire protection specialists.

NFPA Journal® — THE journal of record for fire protection, this bi-monthly publication will keep you 
abreast of the latest fire prevention and safety practices, as well as new technologies and strategies for 
protecting life and property from fire.

NFPA Update — This easy-to-read monthly e-newsletter will keep you up-to-date on important 
association programs such as the annual meeting; bring you times of interest from NFPA’s regional 
offices; and alert you to nationwide events and opportunities you won’t want to miss.

NFPA News — From new standards for dry cleaning plants to warning equipment for household 
carbon monoxide, this monthly online update keeps you abreast of additions of changes that could 
impact how you do you work.

NFPA Standards Directory — The NFPA Standards Directory is your complete guide to NFPA’s 
code-making process. Simply access your online NFPA member profile for document revision guidelines, 
the revision cycle schedule, and forms for submitting Proposals and Comments. Your online NFPA 
member profile and access to the NFPA Standards Directory is automatically generated once you join 
NFPA.

FREE! Section Membership — Share YOUR expertise with others in any of 16 industry-specific 
sections covering your own field of interest.

Member Kit — Includes Membership Certificate, Pin, Decals, ID Card, and Camera-ready Logo Art. 
Display the NFPA member logo proudly on your business correspondence, literature, website, and 
vehicles.

10% Discounts — Save hundreds of dollars each year on the many products and services listed in the 
NFPA Catalog, including codes and standards publications, handbooks, training videos, and other 
education materials to increase your knowledge and skills.
Voting Rights — Your chance to help shape the future direction of fire prevention codes and standards.  Voting rights go into effect 180 days from the start of individual membership. 

Conference Invitation— Invitation to the NFPA Conference and Expo. Attend this important 
meeting at discounted rates as a member of NFPA.

Join NFPA today!
www.nfpa.org

NFPA® and NFPA Journal® are registered trademarks of the National Fire Protection Association, Quincy, MA 02169-7471

12/1 -4 E

C
opyrighted material licensed to University of 
Toronto by Thomson Scientific, Inc. 
(www.techstreet.com).  This copy downloaded on 
2015-08-25 00:09:07 -0500 by authorized user logan 
ahlstrom.  No further

reproduction or distribution is permitted.


	Important Notices and Disclaimers
	Additional Notices and Disclaimers
	Chapter 1 Administration
	1.1 Scope
	1.2 Purpose
	1.3 Retroactivity
	1.4 Equivalency
	1.5 Units and Formulas. (Reserved)

	Chapter 2 Referenced Publications
	2.1 General
	2.2 NFPA Publications
	2.3 Other Publications
	2.4 References for Extracts in Mandatory Sections

	Chapter 3 Definitions
	3.1 General
	3.2 NFPA Official Definitions
	3.3 General Definitions

	Chapter 4 Design Fundamentals
	4.1 Design Objectives
	4.2 Design Basis
	4.3 Design Approaches
	4.4 Design Criteria
	4.5 System Operation
	4.6 Stairwell Pressurization Systems
	4.7 Elevator Pressurization Systems
	4.8 Zoned Smoke Control
	4.9 Combination of Systems
	4.10 Vestibules
	4.11 Doors

	Chapter 5 Smoke Management Calculation Procedures
	5.1 Introduction
	5.2 Design Fire
	5.3 Mass Consumption
	5.4 Smoke Layer Calculations
	5.5 Rate of Smoke Mass Production
	5.6 Number of Exhaust Inlets
	5.7 Volumetric Flow Rate
	5.8 Density of Smoke
	5.9 Varying Cross-Sectional Geometries and Complex Geometries
	5.10 Opposed Airflow
	5.11 Scaling Laws

	Chapter 6 Building Equipment and Controls
	6.1 General
	6.2 Heating, Ventilating, and Air-Conditioning (HVAC) Equipment
	6.3 Smoke Dampers
	6.4 Smoke Control Systems
	6.5 Energy Management
	6.6 Materials
	6.7 Electric Services Installation

	Chapter 7 Smoke Control System Documentation
	7.1 Documentation Required
	7.2 Detailed Design Report
	7.3 Operations and Maintenance Manual

	Chapter 8 Testing
	8.1 General
	8.2 Preliminary Building Inspections
	8.3 Component System Testing
	8.4 Acceptance Testing
	8.5 Testing Documentation
	8.6 Periodic Testing
	8.7 Modifications

	Annex A Explanatory Material
	Annex B Predicting the Rate of Heat Release of Fires
	Annex C Computer-Based Models for Atria and Malls
	Annex D Additional Design Objectives
	Annex E Stratification of Smoke
	Annex F Types of Stairwell Pressurization Systems
	Annex G HVAC Air-Handling System Types
	Annex H Fire Fighters' Smoke-Control Station (FSCS) Considerations
	Annex I Information on Testing for Leakage Between Smoke Zones
	Annex J Advisory Information on Acceptance Testing
	Annex K Example Problems Illustrating the Use of Equations
	Annex L Comparison of Equations
	Annex M Informational References
	Index



