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This edition of NFPA 204, Standard for Smoke and Heat Venting, was prepared by the Technical
Committee on Smoke Management Systems. It was issued by the Standards Council on October 5,
2020, with an effective date of October 25, 2020, and supersedes all previous editions.

This edition of NFPA 204 was approved as an American National Standard on October 25, 2020.

Origin and Development of NFPA 204

This project was initiated in 1956 when the NFPA Board of Birectors referred the subject to the
Committee on Building Construction. A tentative guide was submitted to NFPA in 1958. Revised and
tentatively adopted in 1959 and again in 1960, the guide was officially adopted in 1961. In 1968, a
revised edition was adopted that included a newsection, Inspection and Maintenance.

In 1975, a reconfirmation action failed as concerns over use of the guide in conjunction with
automatic sprinklered buildings surfaced. Because of this controversy, work on a revision to the
guide continued at a slow pace.

The Technical Committee and Subcommittee members agreed that the state of the art had
progressed sufficiently to develop improved technology-based criteria for design of venting;
therefore, the 1982 edition of the document represented a ma jor advance in engineered smoke and
heating venting, although reservations over vent and sprinkler applications still existed.

At the time the guide was formulated, the current venting theorywas considered unwieldy for this
format; consequently, the more adaptable theory as described herein was adopted.

Appreciation must be extended to Br. Gunnar Heskestad at the Factory Mutual Research
Corporation (now FM Global) for his major contribution to the theory applied in this standard,
which is detailed in Annex B.

The 1985 edition again revised Chapter 6 on the subject of venting in sprinklered buildings. Test
data from work done at the Illinois Institute of Technology Research, which had been submitted to
the committee as part of a public proposal, did not permit consensus to be developed on whether
sprinkler control was impaired or enhanced by the presence of automatic roof vents of typical
spacing and area. The revised wording of Chapter 6 encouraged the designer to use the available
tools and data referenced in the document while the use of automatic venting in sprinklered
buildings was under review.

The 1991 edition made minor changes to Chapter 6 to acknowledge that a design basis existed for
using sprinklers and automatic heat venting together but that such had not received wide
recognition.

The 1998 edition represented a complete revision of the guide. The rewrite deleted the previous
tables that listed vent areas and incorporated engineering equations and referenced computer
models, such as LAVENT and BETACT, to provide the designer with the necessary tools to develop
vent designs based on performance objectives. This rewrite was based extensively on state-of-the-art
technology published in the references. In many cases, the authors of these references participated
in the task group’s rewrite efforts.

For the 2002 edition of NFPA 204, the document was converted from a guide to a standard, thus
implementing mandatory requirements and updated language. The document was also updated to
meet Manual o fStyle for NIPA Technical Committee Bocuments requirements.

NFPA and National Fire Protection Association are registered trademarks of the National Fire Protection Association, Quincy, Massachusetts 02169.



204-2 SMOKE AND HEAT VENTING

The 2007 edition included a number of technical changes. New provisions on air entrainment into the fire plume, the
effect of wind on the location of air vents, sizing of air paths, air velocitylimitations, and plugholing were provided.

In addition, information on the use of vents as air inlets and a better description of the smoke layer interface were added.
Revisions with regard to how heat release rates, discharge coefficients, exhaust rates, and the number of exhaust inlets are to
be determined were incorporated. Reference to international standards on vents, mechanical smoke extract, and draft
curtains, as well as updated annex text on recent research efforts, were provided.

The 2012 edition was updated to include additional requirements and annex material for venting in sprinklered buildings.
The 2015 edition included revised provisions on draft curtains. These requirements created consistency with NFP.A 92,

The 2018 edition was updated to include a correction to an Annex A image, the addition of a definition for the term
standard, and updated references.

For the 2021 edition, all references in Chapters 5 and 6 that permit sprinkler waterflow to activate automatic smoke vents
have been removed. In addition, SI unit conversions have been added to Annex €, and references have been updated.

2021 Edition



COMMITTEE PERSONNEL

204-3

Technical Committee on Smoke Management Systems

Allyn J. Vaughn, Chair
Las Vegas, NV [SE]

Elyahu Avider, Tel Aviy, Israel [RT]
Rep. Standards Institution of Israel

Carl F. Baldassarra, Wiss Janney Elsiner Associates, Inc., IL [SE]
Jenathan Cantwell, Reedy Creek Improvement District, FL [E]
Kelly Charles, City of San Diego, CA [E]
Flera F. Chen, Hayward Fire Department, California, CA [E]
Alberte Cusimane, Dupont International SA, Switzerland [U]
Richard J. Davis, FM Global, MA [I]
Kevin L. Derr, US Architect of the Capitol, DC [E]
Denald Duplechian, Wilson Fire Equipment, TX [IM]
Michael J. Ferreira, JENSEN HUGHES, MD [SE]
Denald Fess, Harvard University, MA [U]
Brian Green, Viking Corporation, M1 [M]

Rep. National Fire Sprinkler Association
Geeffrey Harris, Smoke and Fire Engineering Technology Ltd.,
United Kingdom [SE]

Rep. ISO TC on Smoke and Heat Control Systems and
Components
Jehn E. Kampmeyer, Sr., John E. Kampmeyer, PE,, PA [SE]

David A. Killian, Walt Disney Parks & Resorts, CA [U]

Sanjay Aggarwal, JENSEN HUGHES, CA [SE]
(AlL to Michael J. Ferreira)

Mark Allen Belke, Greenheck Fan Corporation, WI [M]
(Voting Alt.)

Diane B. Cepeland, Dillon Consulting Engineers, Inc., CA [SE]
(Voting Alt.)

Jasen Daniels, Code Consultants, Inc., MO [SE]
(Alt. to_Joseph Plati)

Denald G. Geesman, Wiss Janney Elstner Associates, Inc., IL [SE]

(Alt. to Carl F. Baldassarra)

Zachary L. Magnene, Johnson Controls, RI [M]
(Alt. to Brian Green)

Christian Nergaard Madsen, Norconsult, Norway [SE]

Jen Sisce, NFPA Staff Liaison

William E. Keffel, Koffel Assaciates, Inc., MD [M]
Rep. AAMA Smoke Vent Task Group

Jeffrey A. Maddex, The Fire Consultants, Inc., CA [SE]

Cameren |. McCartney, National Research Council of Canada,
Canada [RT]

James A. Milke, University of Maryland, MD [SE]
Themas J. Parrish, Telgian Corporation, MI [M]
Rep. Automatic Fire Alarm Association, Inc.

Jeseph Plati, Code Consultants, Inc., NY [SE]
James R. Richardsen, Lisle Woodridge Fire District, IL [E]
Lawrence J. Shudak, UL LLC, IL [RT]

Dee Suriya Supanavengs, HoneywellInternational Inc., IL [M]
Rep. National Electrical Manufacturers Association

Jeffrey S. Tubbs, Arup, MA [SE]

Paul G. Turnbull, Siemens Building Technologies, Inc., IL [M]
Michael J. Ventela, Space Age Electronics, FL [M]

Stacy N. Welch, Marriott International, Inc., MD [U]

Peter J. Willse, AXA XL/Global Asset Protection Services, LLC, CT

(1

Alternates

Wesley Marcks, Xtralis, Inc., R [M]
(AlL to Deo Suriya Supanavongs)

Jehn M. McGevern, Engineering Economics, Inc., CO [M]
(Alt. to Thomas J. Parrish)
Andrew Neviackas, Arup, MA [SE]
(Alt. to Jeffrey S. Tubbs)
Fernande Orpane, Siemens Industry, Inc., IL [M]
(Alt. to Paul G. Turnbull)
Luke C. Weeds, UL LLC, MA [RT)
(AlL to Lawrence J. Shudak)
Yibing Xin, FM Global, MA [I]
(Alr. 1o Richard J. Davis)

Nenveting

Jehn H. Klete, Leesburg, VA [SE]
(Member Emeritus)

This list vefpresents the membership) al the time the Commitiee was balloled on the final text of this edition.
Since that time, changes in the membership) may have occurved. A key lo classifications is found al the

back of the document.

NOTE: Membership on a committee shall notin and of itself constitute an endorsement of
the Association or any document developed by the committee on which the member serves.

Cemmittee Scepe: This Committee shall have primary responsibility for documents on the
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IMPORTANT NOTE: This NFPA decument is made available fer
use subject te impertant netices and legal disclaimers. These netices
and disclaimers appear in all publicatiens centaining this decument
and may be feund under the heading “Impertant Netices and
Disclaimers Concerning NFPA Standards.” They can alse be viewed
at vuw.nfpa.erg/disclaimers or ebtained on request from NFFPA.

UPDATES, ALERTS, AND FUTURE EDITIONS: New editiens of
NFPA cedes, standards, resemmended practices, and guides (i.e.,
NFPA Standards) are released en scheduled revisien cycles. This
editien may be superseded by a later ene, or it may be amended
eusside of it scheduled revisien cycle threugh the issuance of lenta-
tive Interim Amendments (T1As). An efficcal NFPA Standard at any
peint in time censists of the current editien ef the decument, tegether
with all TTAs and Errata in effect. Te verify that this decument s the
cwrent editien er te determine if it has been amended by TIAs er
Ervata, please censult the Natienal Fire Codes® Subscriptien Service
or the “List of NFPA Cedes & Standards” at www.nfba.erg/decinfe.
In additien te TIAs and Errata, the decument infermatien pages alse
include the optien te sign up fer alerts fer individual decuments and
te be invelved in the develepment of the next editien.

NOTICE: An asterisk (*) following the number or letter
designating a paragraph indicates that explanatoty 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. Extracted text may be edited for consistency and
style and may include the revision of internal paragraph refer-
ences and other references as appropriate. Requests for inter-
pretations or revisions of extracted text should be sent to the
technical committee responsible for the source document.

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

Chapter 1 Adminiswration

1.1 Scope.

1.1.1* This standard shall apply to the design of venting
systems for the emergency venting of products of combustion
from fires in buildings. The provisions of Chapters 4 through
10 shall apply to the design of venting systems for the emer-
gency venting of products of combustion from fires in
nonsprinklered, single-story buildings using both hand calcula-
tions and computer-based solution methods as provided in
Chapter 9. Chapter 11 shall apply to venting in sprinklered
buildings.

1.1.2* This standard shall not specify under which conditions
venting is to be provided or required.

1.1.3 Where a contflict exists between a general requirement
and a specific requirement, the specific requirement shall be
applicable.

1.2 Purpose. (Reserved)
1.3 Application.

1.3.1¥ This standard shall not apply to ventilation within a
building designed for regulation of environmental air for
personnel comfort, to regulation of commercial cooking opera-
tions, to regulation of odor or humidity in toilet and bathing
facilities, to regulation of cooling of production equipment, or
to venting for explosion pressure relief.

1.3.2 This standard shall apply to building construction of all
types.

1.3.3 This standard shall apply to venting fires in building
spaces with ceiling heights that permit the design fire plume
and smoke layer to develop.

1.3.4% This standard shall apply to situations in which the hot
smoke layer does not enhance the burning rate of the fuel
array. Vent designs developed with this standard shall not be
valid for those time intervals where smoke layer temperatures
exceed 600°C (1 112°F).

1.3.5* This standard shall not be valid for fires having heat
release rates greater than Q[,,,,,-,,k as determined in accordance
with the following equation:

[1.3.5]
Q o, =12,000(z, )"

where:
Qpuirie = feasible fire heat release rate (kW)
z, = height of the smoke layer boundary above the fire base

(m)

1.3.6* The engineering equations or computer-based models
incorporated into this standard shall be used to calculate the
time duration that the smoke layer boundary is maintained at
or above the design elevation in a curtained area, relative to
the design interval time.

1.4 Retroactivity.

1.4.1 The provisions of this standard shall not be required to
be applied retroactively.

1.4.2 Where a system is being altered, extended, or renovated,
the requirements of this standard shall apply only to the work
being undertaken.

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

1.5.1 Technical documentation shall be submitted to the
authority having jurisdiction to demonstrate equivalency.

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

1.6 Units and Formulas.

1.6.1 The units of measure in this document are presented in
the International System (SI) of Units.

1.6.2 The values presented for measurements in this docu-
ment are expressed with a degree of precision appropriate for
practical application and enforcement. It is not intended that

2021 Edition
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the application or enforcement of these values be more precise

than the precision expressed.

1.6.3 The following symbols define the variables in the equa-

tions used throughout the body of this standard:

A

c/)

Cuo

%T‘J

& Mo A A

Byl

area (of burning surface)

inlet area for fresh air, below design level of smoke
layer boundary

total vent area of all vents in a curtained area
thermal diffusivity, k/pc

fire growth coefficient

exhaustlocation factor (dimensionless)
specific heat

vent discharge coefficient

inlet discharge coefficient

smoke layer depth

depth of draft curtain

base diameter of the fire

acceleration of gravity

ceiling height above base of fire

heat of combustion

heat of gasification

fraction of adiabatic temperature rise
thermal conductivity

constant used in Equation E.5.1

thermal inertia

thickness

mean flame height above the base of the fire

flame length, measured from leading edge of
burning region

length of vent opening in the longer direction

mass burning rate
mass burning rate per unit area

mass burning rate per unit area for an infinite
diameter pool

mass flow rate through vent
mass flow rate in the plume
mass flow rate in the plume at mean flame height (L)

incident heat flux per unit area

total heat release rate

(continues)

2021 Edition

o
Q

Qfm.vr'bfp -

r

RTI

total heat release rate per unit floor area

convective heat release rate = x ,Q
feasible fire heat release rate (kW)
radius from fire axis

response time index Tu!/?

time constant of heat-responsive element for
convective heating

density

ambient air density

center to center spacing of vents
time

time to detector activation
growth time of fire

time to ignition

design interval time

time to sprinkler activation

time to vent opening

= gas tempperature rise (from ambient) at detectorsite

adiabatic temperature rise

temperature rise (from ambient) of heat-responsive
element

smoke layer temperature (K)

ambient air temperature

ignition temperature

surface temperature

gas velocity at detector site

lateral fire spread by radiation

largest horizontal dimension of fire

width of vent opening in the shorter direction
flame spread velocity

convective fraction of total heat release rate (fraction
carried as heat in plume above flames) where X, is
a convective-heat fraction between 0.6 and 0.7

radiant fraction of total heat release rate

elevation of smoke layer boundary

elevation of ceiling

elevation of bottom of draft curtain

elevation of the base of the fire above the floor
height of the smoke layer boundary above base of fire

height of the smoke layer interface above the base of
the fire

height of virtual origin above base of fire (below base
of fire, if negative)
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Chapter 2 Referenced Publications

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

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

NFPA 13, Standaxdi for the Installation of Sprinkler Systems, 2019
edition.

NFPA 72®, National Fire Alarm and Signaling Code®, 2019
edition.

2.3 Other Publications.

2.3.1 FM Publications. FM Global, 270 Central Avenue, P.O.
Box 7500, Johnston, R102919.

FM 4430, Approval Standard for Heat and Smoke Vents, 2012.

2.3.2 NIST Publications. National Institute of Standards and
Technology, 100 Bureau Brive, Stop 1070, Gaithersburg, MB
20899-1070.

BETACT-)S (BETector ACTuation — Quasi Steady) soft-
ware.

BETACT-T2 (BETector ACTuation — Time Squared) soft-
ware.

LAVENT (Link-Actuated VENTS) software.

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

UL 793, Standard for Automatically Operated Roof Vents for Smoke
and Heat, 2008, revised 2016.

2.3.4 Other Publications.

Merriam-Webster's Collegiate Bictionary, 11th edition, Merriam-
Webster, Inc., Springfield, MA, 2003.

2.4 References for Exiracts in Mandatory Sections.

NFPA 72°, National Fire Alarm and Signaling Code®, 2019
edition.

NFPA 92, Standard for Smoke Caontral Systems, 2021 edition.

NFPA 318, Stand ard for the Protection of Semiconductorl abrica-
tion Lacilities, 2021 edition.

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 Callegiate
Dictimary, 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 requirements
of a code or standard, or for approving equipment, materials,
an installation, or a procedure.

3.2.3 Labeled. Equipment or materials to which has been
attached a label, symbol, or other identifying mark of an organ-
ization that is acceptable to the authority having jurisdiction
and concerned with product evaluation, that maintains peri-
odic inspection of production of labeled equipment or materi-
als, and by whose labeling the manufacturer indicates
compliance 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
authority having jurisdiction and concerned with evaluation of
products or services, that maintains periodic inspection of
production of listed equipment or materials or periodic evalua-
tion of services, and whose listing states that either the equip-
ment, material, or service meets appropriate designated
standards or has been tested and found suitable for a specified
purpose.

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

3.3.2 Clear (Air) Layer. The zone within a building contain-
ing air that has not been contaminated by the smoke produced
from a fire in the building, and that is located between the
floor and the smoke layer boundary.

3.3.3* Clear Layer Interface. The boundary between a smoke
layer and smoke-free air.

3.3.4 Continuously Growing Fires. Fires that, if unchecked,
will continue to grow over the design interval time.

3.3.5 Curtained Area. An areaof a building that has its perim-
eter delineated by draft curtains, full height partitions, exterior
walls, or any combinations thereof.

3.3.6 Design Depth of the Smoke Layer. The difference
between the height of the ceiling and the minimum height of
the smoke layer boundary above the finished floor level that
meets design objectives.

3.3.7 Design Fire. As used in this standard, the time-rate heat
release history selected as the input for the calculations pre-
scribed herein.

2021 Edition



204-8 SMOKE AND HEAT VENTING

3.3.8 Design Interval Time. The duration of time for which a
design ob jective is to be met, measured from the time of detec-
tor activation.

3.3.9% Draft Curtain. A fixed or deployable barrier that
protrudes downward from the ceiling to channel, contain, or
prevent the migration of smoke.

3.3.10% Effecsive Ignition. The time at which a #squared
design fire starts.

3.3.11 Fuel Array. A collection and arrangement of materials
that can support combustion.

3.3.12 Heat Detector. A fire detector that detects either
abnormally high temperature or rate-of-temperature rise, or

both. [72, 2019]

3.3.13 Limited-Growth Fires. Fires that are not expected to
grow beyond a predictable maximum heat release rate.

3.3.14 Mechanical Smoke Exhaust System. A dedicated or
shared-duty fan system designed and suitable for the removal of
heat and smoke.

3.3.15 Plastics.

3.3.16 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. [92, 2021]

3.3.17 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 other-
wise mixed into the mass. [318, 2021]

3.3.18* Smoke Layer. The accumulated thickness of smoke
below a physical or thermal barrier. [92, 2021]

3.3.19%¥ Smoke Layer Boundary. An effective boundary
centered in a transition zone between the dense portion of the
smoke layer and the first indication of smoke.

3.3.20 Vent. As used in this standard, a device or construction
that, when activated, is an opening directly to the exterior at or
near the roof level of a building that relies on the buoyant
forces created by a fire to exhaust smoke and heat.

3.3.21 Vent System. A system used for the removal of smoke
and heat from a fire that utilizes manually or automatically
operated heat and smoke vents at roof level and that exhausts
smoke from a reservoir bounded by exterior walls, interior
walls, or draft curtains to achieve the design rate of smoke mass
flow through the vents, and that includes a provision for
makeup air.

Chapter 4 Fundamentals

4.1* Design Objectives. The design objectives to be achieved
over the design interval time by a vent system design during a
design fire or design fires shall include the following:

(1) The minimum allowable smoke layer boundary height
(2) The maximum allowable smoke layer temperature

4.2* Design Basis. A design for a given building and its
combustible contents and their distribution shall comprise
selecting a design basis (limited-growth versus continuous-
growth fire) and establishing the following parameters:

(1) Layout of curtained areas
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(2) A draft curtain depth

(3) Type detector and specific characteristics

(4) Betector spacing

(5) A design interval time, £, following detection for main-
taining a clear layer (for continuous-growth fires)

(6) Total vent area per curtained area

(7) Bistribution of individual vents

(8) Anairinletarea

4.3 Determination of Contents Hazard.

4.3.1 The determination of contents hazard shall take into
account the fuel loading and the rate of heat release anticipa-
ted from the combustible materials or flammable liquids
contained within the building.

4.3.2 The heat release rate of the design fire shall be quanti-
fied in accordance with Chapter 8.

4.4 Venting.

4.4.1 Design Objectives. In order to satisfy design objectives,
a vent system shall be designed to slow, stop, or reverse the
descent of a smoke layer produced by fire in a building, by
exhausting smoke to the exterior.

4.4.2* Vent System Designs and Smoke Producsion.

4.4.2.1 Vent systems shall be designed in accordance with this
standard by calculating the vent area required to achieve a
mass rate of flow through the vents that equals the mass rate of
smoke production.

4.4.2.2 Vent system designs shall limit the descent of the
smoke layer to the design elevation of the smoke layer boun-
dary.

4.4.2.3 Alternative vent system designs shall be permitted to
be developed in accordance with this standard by calculating
the vent area required to achieve a mass rate of flow through
the vents that is less than the mass rate of smoke production,
such that the descent of the smoke layer is slowed to meet the
design objectives.

4.4.3*% Vent Mass Flow. Vent system designs shall be computed
on the basis that the mass flow rate through a vent is deter-
mined primarily by buoyancy pressure.

4.5 Smoke Production.
4.5.1*% Base of the Fire. For the purposes of the equations in

this standard, the base of the fire shall be at the bottom of the
burning zone.

4.5.2*% Fire Size. Burning and entrainment rates of possible
fire scenarios shall be considered before establishing the condi-
tions of the design fire.

4.5.3* Enwrainment.

4.5.3.1 The entrainment formulas specified in this standard
shall be applied only to a single fire origin.

4.5.3.2% Virtual Origin. Predicted plume mass flow above the
top of the flame shall take into account the virtual origin, z,, of
the fire as determined in 9.2.3.2.
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4.6 Vent Flows.
4.6.1%¥ Buoyancy and Vent Flow.

4.6.1.1 Flow through a vent shall be calculated on the basis of
buoyancy pressure difference, assuming that no pressure is
contributed by the expansion of gases.

4.6.1.2% Beneficial wind effects shall not be taken into
account when calculating vent areas.

4.6.1.3 Air inlets and vents shall be located to avoid adverse
wind effects.

4.6.2% Inlet Air.

4.6.2.1 Predicted vent flows shall take into account the area of
inlet air openings.

4.6.2.2 Inlet air shall be introduced below the smoke layer
boundary.

4.6.2.3 Wall and ceiling leakage above the smoke layer boun-
dary in the curtained area shall not be included in vent flow
calculations. (See Chapter 6 for information on air inlets.)

Chapter 5 Venis

5.1% Listed Vents. Normally closed vents shall be listed and
labeled in accordance with UL 793, Standard for Automatically
Operated Raof Vents for Smoke and Heat; FM 4430, Approval Stand-
ad for Heat and Smoke Vents; or other approved, nationally
recognized standards.

5.2 Vent Design Conswraints.

5.2.1¥ The means of vent actuation shall be selected with
regard to the full range of expected ambient conditions.

5.2.2% Vents shall consist of a single unit (vent), in which the
entire unit (vent) opens fully with the activation of a single
detector, or multiple units (vents) in rows or arrays (ganged
vents) in which the units (vents) open simultaneously with the
activation of a single heat detector, a fusible link, a smoke
detector, or other means of detection to satisfy the venting
requirements for a specific hazard.

5.2.3* Where the hazard is localized, vents shall open directly
above such hazard.

5.2.4 Vents, and their supporting structure and means of
actuation, shall be designed so that they can be inspected visu-
ally after installation.

5.3 Methods of Operation.

5.3.1¥ Normally, closed vents shall be designed to open auto-
matically in a fire to meet design objectives or to comply with
performance objectives or requirements.

5.3.2% Vents, other than thermoplastic drop- out vents, shall be
designed to fail in the open position such that failure of a vent-
operating component results in an open vent.

5.3.3 Vents shall be opened using gravity or other approved
opening force.

5.3.4 The opening mechanism shall not be prevented from
opening the vent by snow, roof debris, or internal projections.

5.3.5% All vents shall be designed to open by manual means.
Means of opening shall be either internal or external, as
approved by the authority having jurisdiction.

5.3.6 Vents designed for remote operation shall utilize
approved fusible links and shall also be capable of actuation by
an electric power source, heat-responsive device, or other
approved means.

5.3.7 Vents designed to activate by smoke detection or other
activation methods external to the vent shall be approved in
accordance with Section 5.1.

5.4 Dimensions and Spacing of Vents.

5.4.1 The dimensions and spacing of vents shall meet the
requirements of 5.4.1.1 and 5.4.1.2 to avoid plugholing.

5.4.1.1 The area of a unit vent shall not exceed 24, where d is
the design depth of the smoke layer.

5.4.1.2* For vents with L/W,6 > 2, the width, W, shall not
exceed the design depth of the smoke layer, d.

5.4.2* In plan view, the center-to-center spacing of vents in a
rectangular matrix, §, as shown in Figure 5.4.2(a), within a
curtained area shall not exceed 4H, where H is the ceiling
height as shown in Figure 5.4.2(b), parts (a) through (d).

5.4.3* The spacing of vents, in plan view, shall be such that
the horizontal distance from any point on a wall or draft
curtain to the center of the nearest vent, within a curtained
area, does not exceed 2.8H as indicated in Figure 5.4.3.

5.4.4 The total vent area per curtained area shall be sized to
meet the design objectives and the performance objectives rela-
tive to the design fire, determined in accordance with Chap-
ter 8.

5.5 Mechanical Smoke Exhaust Systems. Mechanical smoke
exhaust systems shall be designed in accordance with Chap-
ter 10.

3= Ventl | becggeccsnamcme e e oo { Vent
S<4H : :
k. Vent p-------mmmceccmmecceaaaaaaod Vent
PLAN VIEW

FIGURE 5.4.2(a)

view).

Vent Spacing in Rectangular Matrix (plan
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FIGURE 5.4.2(b) Measurement of Ceiling Height (H) and
Curtain Board Depth (d,).

Chapter 6 Air Inlets

6.1% General. Air inlets shall be provided for supplying
makeup air for vent systems.

6.2 Conswruction. Air inlets consisting of louvers, doors,
dampers, windows, shutters, or other approved openings shall
be designed and constructed to provide passage of outdoor air
into the building.

6.3* Location. Air inlets shall be installed as indicated in 6.3.1
or6.3.2.

6.3.1 Air inlets shall be installed in external walls of the build-
ing below the height of the design level of the smoke layer
boundary and shall be clearly identified or marked as air inlets.
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FIGURE 5.4.3 Vent Locationnear a Wall or Draft Curtain
(plan view).

6.3.2 In larger buildings where there is more than one
curtained area, air inlets shall be permitted to be provided by
vents in other nonadjacent curtained areas.

6.4 Installation.

6.4.1 Materials of construction and methods of installation for
air inlets shall resist expected extremes of temperature, wind,
building movement, rain, hail, snow, ice, sunlight, corrosive
environment, internal and external dust, dirt, and debris.

6.4.2 The means of air inlet actuation shall be selected with
regard to the full range of expected ambient conditions.

6.4.3 To satisfy the vent system requirements, air inlets shall
consist of one of the following:

(1) Asingle unit (air inlet) in which the entire unit (air inlet)
opens fully with the activation of a single detector

(2) Multiple units (air inlets) in rows or arrays (ganged air
inlets) in which the units (air inlets) open simultaneously
with the activation of a single heat detector, a fusible link,
a smoke detector, or other means of detection to satisfy
the vent system requirements

6.4.4 Air inlets and their supporting structures and means of
actuation shall be designed such that they can be inspected
visually after installation.

6.5 Methods of Operation.

6.5.1 Air inlets shall be either constantly open or automati-
cally placed in the open position after a fire is detected.

6.5.2 Air inlets shall be designed to open in a fire to meet
design objectives or to comply with performance objectives or
requirements.

6.5.3 Air inlets shall be designed to fail in the open position
such that failure of an air inlet-operating component results in
an open air inlet.

6.5.4 Air inlets shall be opened using an approved means as
the opening force.
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6.5.5 Air inlet opening mechanisms shall not be prevented
from opening the air inlet by snow, debris, or internal projec-
tions.

6.5.6 Operating mechanisms for air inlets shall be jam-proof,
corrosion-resistant, dust-resistant, and resistant to pressure
differences arising from applicable positive or negative loading
resulting from environmental conditions, process operations,
overhead doors, or traffic vibrations.

6.5.7 Air inlets designed for remote operation shall be activa-
ted by approved devices and shall be capable of actuation by an
clectrical power source, heat-responsive device, or other
approved means.

6.6 Dimensions and Spacing of Air Inlets.

6.6.1 The total inlet area per curtained area shall be sized to
meet the design objectives and the performance objectives or
requirements specified relative to the design fire, determined
in accordance with Chapter 8.

6.6.2 One inlet area shall be permitted to serve more than
one curtained area.

6.6.3* The air velocity at the plume shall not exceed 1 m/sec
(8.28 ft/sec).

6.7 Air Paths. Air paths from an air inlet opening to the
curtained area where smoke is being exhausted shall be at least
three times the size of the air inlet opening.

Chapter 7 Draft Curtains
7.1* General. Where the spacing between walls exceeds the
limits in Section 7.4, draft curtains shall be provided.
7.2* Conswruction.

7.2.1 Wraft curtains 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.

7.3 Location and Depth.

7.3.1% Braft curtains shall extend vertically downward from

the ceiling the minimum distance required so that the value of
d,, as shown in Figure 5.4.2(a), is a minimum of 20 percent of

the ceiling height, H, measured as follows:

(1) For flat roofs and sawtooth roofs with flat ceiling areas,
from the ceiling to the floor
(2) Forslopedroofs, from the center of the vent to the floor

7.3.2 Where there are differing vent heights, H, each vent
shall be calculated individually.

7.4 Spacing.

7.4.1% Neither the length nor the width of a curtained area

shall exceed eight times the ceiling height.

7.4.2% Where draft curtains extend to a depth of less than
30 percent of the ceiling height, the distance between draft
curtains shall be not less than one ceiling height.

Chapter 8 The Design Fire

8.1* General.

8.1.1 The design fire shall be selected from among a number
of challenging candidate fires, consistent with the building and
its intended use, considering all of the following factors that
tend to increase the challenge:

(1)  Alow-level flame base (usually floor level)

(2) Increasing fire growth rate

(3) Increasing ultimate heat release rate in the design inter-
val time

8.1.2 The candidate fire that produces a vent system design
meeting the design objectives for all candidate fires shall be
selected as the design fire.

8.2 Steady (Limited-Growth) Fires.

8.2.1 For steady fires, or fires that do not develop beyond a
maximum size, the required vent area per curtained area shall
be calculated based on the maximum calculated heat release
rate (Q and @), the associated distance from the fire base to
the design elevation of the smoke layer boundary (z,), and the
predicted fire diameter (B).

8.2.2% Steady fires shall be permitted to include special-hazard
fires and fires in occupancies with concentrations of combusti-
bles separated by aisles of sufficient width to prevent the spread
of fire by radiation beyond the initial fuel package or initial
storage array.

8.2.3 The minimum aisle width required to prevent lateral fire
spread by radiation, W,,, shall be calculated for radiant heat

flux from a fire based on an ignition flux of 20 kW/m? (2.5
hp/ft?) in accordance with the following equation:

[8.2.3]
W, =0042Q,7°
where:
W,,;» = minimum aisle width required to prevent lateral fire
spread by radiation (m)
@,... = maximum anticipated heat release rate (kW)

8.2.4 The fire diameter, B, shall be the diameter of a circle
having the same area as the floor area of the fuel concentra-
tion.

8.2.5 The heat release rate shall be the heat release rate per
unit area times the floor area of the fuel concentration, using
the maximum storage height above the fire base and associated
heat release rate.

8.2.6% The heat release rate per unit area shall be determined
by test or from published data acceptable to the AH]J.

83 Growing (Continuous-Growth) Fires.

8.3.1* For fuel configurations that have been tested, the fire
growth shall be modeled to follow the test results acceptable to
the AHJ. For other fuel configurations that have not been
tested, a #squared fire growth as shown in Figure 8.3.1 shall be
used with a fire growth coefficient based on published data
acceptable to the AHJ and in accordance with the following
equation:
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[8.3.1]

0=1085| -
[3
g

where:
() = heat release rate of fire (kW)
¢t = time from effective ignition following an incubation
period (sec)
¢, = time at which the fire exceeds an intermediate size of
1055 kW (sec)

8.3.2¥ A tsquared fire growth shall be permitted to be

expressed in terms of a fire growth coefficient, a,, in lieu of

growth time, 4, as follows:

[8.3.2]

where:

( = heat release rate of fire (kW)

a, = fire growth coefficient (kW/ sec?)
t = time (sec)

8.3.3 The instantaneous heat release rate per unit height of

the storage array shall be considered to be constant, regardless
of the storage height. Accordingly, for different storage
heights, the growth time, £, shall be calculated as being inver-
sely proportional to the square root of the storage height, and
the fire growth coefficient, a,, shall be calculated as being
directly proportional to the storage height. (See Section I21.)

8.3.4% The vent system shall maintain the smoke boundary
layer above the design elevation from the time of effective igni-
tion until the end of the design interval time, £, where ¢ is
measured from the time of detection, #

Continuously growing fire

3000

2000

Heat release rate (kW)

1000 — — — — — — — — - ——

«— Incubation period —»|

¢ Growth
Time (1) time (t,)
Effective ignition time
FIGURE 8.3.1 Conceptual llluswation of Continuous-
Growth Fire.
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8.3.5 The heat release rate at the end of the design interval
time shall be calculated in accordance with the following equa-
tion:

[8.3.5]

o

0 =1085| Lt

£

where:

() = heatrelease rate (kW)

t, = time at end of design interval (sec)

t, = time of detection (sec)

f, = time at which fire exceeds 1055 kW (sec)

8.3.6 The end of the design interval time, £, shall be selected
to correspond to the design objectives as determined for the
specific project design.

8.3.7 The instantaneous diameter of the fire needed for the
calculation of L and z,shall be calculated from the instantane-
ous heat release rate, (J, and data on the heat release rate per
unit floor area, , where Q”is proportional to storage height
in accordance with the following equation:

1/2
’ =£ 3 J
70"
where:

B = instantaneous fire diameter (m)
() = instantaneous heat release rate (kW)
Q” = heat release rate per unit floor area (kW/m?)

[8.3.7]

Chapter 9 Sizing Vents

9.1* General.

9.1.1*¥ The design vent area in a curtained area shall equal the
vent area required to meet the design objectives for the most
challenging fire predicted for the combustibles within the
curtained area.

9.1.2 Vent areas shall be determined using hand calculations
in accordance with Section 9.2 or by use of a computer-based
model in accordance with Section 9.3.

9.1.3 The design fire used in the evaluation of a proposed
vent design in accordance with Section 9.1 shall be determined
in accordance with Chapter 8.

9.1.4% Vent systems shall be designed specifically for the
hazard of each curtained area in a building.

9.2 Hand Calculations.

9.2.1 Vent System Designs. Vent systems, other than those
complying with Section 9.3, shall be sized and actuated to meet
design objectives in accordance with Section 9.2.

9.2.2 Design Concepts.

9.2.2.1*¥ Equilibrium shall be assumed as illustrated in Figure
9.2.2.1, where symbols are as defined in Section 1.6.
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FIGURE 9.2.2.1 Schematic of Venting System.

9.2.2.2 The smoke layer boundary shall be at or above the
bottom of the draft curtains.

9.2.2.3 At equilibrium, the mass flow rate into the smoke layer
shall be equal to the mass flow rate out of the vent or vents (",

=m, )
9.2.3 Mass Flow Rate in Plume.

9.2.3.1* The mean flame height shall be calculated in accord-
ance with the following equation:

[9.2.3.1]
L=-1.02D+0.235Q%"°

where:

L = mean flame height above the base of the fire (m)
D = base diameter of fire (m)

@ = total heat release rate (kW)

9.2.3.2 The virtual origin, z, is the effective point source of
the fire plume and shall be calculated in accordance with the
following equation:

[9.2.3.2]
z,=0.083Q%° - 1.02D

where:

z, = virtual fire origin

@ = total heat release rate (kW)
D = base diameter of fire (m)

9.2.3.3 Smoke entrainment relationships shall be applicable
to axisymmetric plumes.

9.2.3.4 For line-like fires where a long, narrow plume is
created by a fuel or storage array, the smoke production calcu-
lated in accordance with this standard shall be applicable only
it the height of the smoke layer boundary above the base of the
fire (z,) is greater than or equal to four times the largest hori-
zontal dimension of the fire, W,

9.2.3.5 If z is smaller than 4W, the smoke production rates
calculated in accordance with this standard shall be increased
by the factor [4W,/ (z)1*%.

9.2.3.6 When the mean flame height, L, is below the smoke
layer boundary (L <z,), the mass flow rate in the fire plume
shall be calculated in accordance with the following equation:

[9.2.3.6]
i, =[0071Q (2, —2,)" |[1+0.027Q7" (5, -2, ) "]

where:
’”'l,, ~ mass flow rate in the plume (kg/s)

O, = convective heat release rate = 0.7Q (kW)

z, = height of the smoke layer boundary above the base of
the fire (m)

z, = height of virtual origin above the base of the fire (if
below the base of the fire, z,is negative) (m)

9.2.3.7 When the mean flame height (L) is equal to or above
the smoke layer boundary (L2 z,), the mass flow rate shall be
calculated in accordance with the following equation:

[9.2.3.7]

;4
i, =(0.00560 )—
1ty =(0.00560,) %
where:

%, ~ mass flowrate in the plume (kg/sec)

0, = convective heat release rate = 0.7Q (kW)
2, = height above the base ofthe fire (m)
L = mean flame height (m)

9.2.3.8 The base of the fire shall be the lowest point of the
fuel array.

9.2.4* Mass Flow Rate Through Vents.

9.2.4.1* The mass flow through the vent shall be calculated in
accordance with the following equation:

[9.2.4.1]

where:

72, ~ mass flow through vent (kg/sec)

C,,, = vent discharge coefficient

vent area (m?)

p, = ambient density (kg/m®)

& = acceleration due to gravity (9.81 m/sec?)
d = smoke layer depth (m)
TD

1

P
I

ambient temperature (K)

"= smoke layer temperature (K)
G4 = inlet discharge coefficient
A; = inletarea (m?)

9.2.4.2% The discharge coefficients for the vents and inlets
used shall be those provided by the vent or inlet manufacturer.
If no data are available, the discharge coefticient shall be taken
from Table 9.2.4.2 unless an analysis or data acceptable to the
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Table 9.2.4.2 Default Discharge Coefficients for Vents and
Inlets

Discharge
Coefficient
Vent or Inlet Type [(d; v) and (d; 1]
Louvered with blades at 90 degrees to 0.55

airflow
Flap type or door open at least 55 degrees
Brop-out vent leaving clear opening

Flap type or door open at least 30 degrees 0.35
Fixed weather louver with blades at 45 0.25
degrees

AH] are provided by the designer to validate the use of an alter-
native value.

9.2.4.3 The smoke layer temperature, 7, used in 9.2.4.1 shall
be determined from the following equation:

[9.2.4.3]
T“ — T:J + ﬂ
(.‘f)ri?,f)

where:
T = smoke layer temperature (K)
T, = ambient temperature (K)
K = fraction of convected energy contained in the smoke
layer gases (see 9.2.4.4)
0, = convective heat release rate (kW)
¢; = specific heat of the smoke layer gases (k]J/kg-K)

nt, = plume mass flow rate (kg/sec) (see 9.2.3)

9.2.4.4 The value of K used in Equation 9.2.4.3 shall be 0.5,
unless an analysis acceptable to the AHJ is provided by the
designer to validate the use of an alternative value.

9.2.5 Required Vent Area and Inlet Area.

9.2.5.1 Vent Area. The required vent area shall be the mini-
mum total area of all vents within a curtained area required to
be open to prevent the smoke from descending below the
design level of the smoke layer boundary when used in
conjunction with the required inlet area.

9.2.5.2 Inlet Area. The required inlet area shall be the mini-
mum total area of all inlets required to be open to prevent the
smoke from descending below the design level of the smoke
layer boundary when used in conjunction with the required
vent area(s).

9.2.5.3 Area Calculation. The required vent area and inlet
areas shall be calculated by equating the plume mass flow rate
determined in 9.2.3 and the vent mass flow rates determined in
924,

9.2.5.4 Detection and Activation.

9.2.5.4.1* BDetection, for the purpose of automatically actuat-
ing vents, shall be by one of the following methods:

(1) By either heat or smoke at the vent location
(2) By activation of fire protection systems
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(3) By heat or smoke detectors installed on a regular matrix
within the curtained area in accordance with NFPA 72

(4) By other approved means shown to meet design objec-
tives

9.2.5.4.2 For calculating both the detection time, #, of the
first detector to operate and the detection time, ¢, of the
detector controlling the actuation of the last vent to operate in
a curtained area prior to the end of the design interval time,
the location of the design fire shall be assumed to be the
farthest distance possible from both the first and last detectors

to operate the vents within the curtained area.

9.2.5.4.2.1* Betection times for heat detectors or fusible links
shall be determined in accordance with NIPA 72.

9.2.5.4.3 Betection times for smoke detectors shall be deter-
mined as the time to reach a certain temperature rise, A7, at
activation. In the case of continuous- growth, tsquared fires, gas
temperatures shall be determined in accordance with the
following equation, where AT is assumed to be 0 when the
numerator of the first bracket is zero or negative:

[9.2.5.4.3]

b8

3575 [¢/(0°H"")-0.442(1++/H)
b 1+ 1.65¢ / H

where:
T = temperature (C)

t, = fire growth time (sec)
H = ceiling height above the base of the fire (m)
r = radius from fire axis (m)

9.2.5.4.3.1¥ The temperature rise for activation shall be based
on dedicated tests, or the equivalent, for the combustibles asso-
ciated with the occupancy and the detector model to be in-
stalled.

9.2.5.4.3.2 Where the data described in 9.254.3.1 are not
available, a minimum temperature rise of 20°C. (68°F) shall be
used.

9.2.5.4.4 Detection Computer Programs.

9.2.5.4.4.1* As an alternate to the calculations specified in
9.25.4.2, BETACI-T2 shall be permitted to be used to calculate
detection times in continuous-growth and #squared fires.

9.2.5.4.4.2*% As an alternative to the calculations specified in
9.25.4.2, BETACT-QS shall be permitted to be used to calcu-
late detection times in fires of any fire growth history.

9.2.5.4.4.3 Other computer programs determined to calculate
detection times reliably shall be permitted to be used when
approved by the AH]J.

9.3 Models.

9.3.1 Vents, other than vent systems designed in accordance
with Section 9.2, shall be sized and actuated to meet design
objectives in accordance with Section 9.3.

9.3.2 The computer model LAVENT or other approved math-
ematical models shall be used to assess the effects of the design
fire and to establish that a proposed vent system design meets
design objectives. (See Section I:2.)
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9.3.3 When models other than LAVENT are used, evidence
shall be submitted to demonstrate efficacy of the model to eval-
uate the timewvarying events of a fire and to calculate the effect
of vent designs reliably in terms of the design objectives.

9.3.4 The design fire used in the evaluation of a proposed
vent system design in accordance with Section 9.3 shall be
determined in accordance with Chapter 8.

Chapter 10 Mechanical Smoke Exhaust Systems

10.1* General.

10.1.1¥ Mechanical smoke exhaust systems shall be permitted
in lieu of the vent systems described in Chapter 9.

10.1.2 Mechanical smoke exhaust systems and vent systems
shall not serve the same curtained area.

10.1.3 Mechanical smoke exhaust systems shall be designed in
accordance with Sections 10.2 through 10.4.

10.2 Exhaust Rates. Exhaust rates per curtained area shall be
not less than the mass plume flow rates, m), as determined in
accordance with 9.2.3, unless it can be demonstrated that a
lower exhaust rate will prevent the smoke from descending
below the design level of the smoke layer boundary during the
design period.

10.3 Fire Exposure.

10.3.1 Mechanical smoke exhaust systems shall be capable of
functioning under the expected fire exposure.

10.3.2 The temperature of the smoke layer shall be deter-
mined in accordance with 9.2.4.3 and 9.2.4 4.

10.4* Number of Exhaust Inlets.

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

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

10.4.3* The maximum volumetric flow rate that can be
exhausted by a single exhaust inlet without plugholing shall be
calculated using Equation 10.4.3.

[10.4.3]

/2

1
V,,mt =416,Yd’3/?[7: _7; J
' 1,
where:
V,er = maximum volumetric flow rate without plugholing at T
(m?*/sec)
7 = exhaust location factor (dimensionless)
d = depth of smoke layer below the lowest point of the
exhaust inlet (m)
T, = absolute temperature of the smoke layer (K)
T, = absolute ambient temperature (K)

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

10.4.5*% For exhaust inlets centered less than twice the diame-
ter from the nearest wall, a value of 0.5 shall be used for ~.

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

10.4.7% The ratio d/D; shall be greater than 2, where D, is the
diameter of the inlet.

10.4.8 For rectangular exhaust inlets, D; shall be calculated
using Equation 10.4.8 as follows:

[10.4.8]
_ 2ab

a+b

where:

D; = diameter of exhaust inlet
a = length of the inlet
b = width of the inlet

10.4.9 Where multiple exhaust inlets are required to prevent
plugholing (see 10.4.1), the minimum separation distance shall
be calculated using Equation 10.4.9 as follows:

[10.4.9]
S

min

=0~9V;1/E

where:
S, = Minimum edge-to-edge separation between inlets (m)

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

10.5 Intake Air. Intake air shall be provided to make up air
required to be exhausted by the mechanical smoke exhaust
systems. (See Chapter 6 for additional information on the location of
air inlets.)

Chapter 11 Venting in Sprinklered Buildings

11.1* Design. Where provided, the design of venting for
sprinklered buildings shall be based on an engineering analysis
acceptable to the AHJ, demonstrating that the established
objectives are met. (See Section I3.)

11.2% Automatic Sprinkler Systems. The automatic sprinkler
system shall be designed in accordance with NFP.A 13,

11.3* Storage Occupancies Protected by Control Mode Sprin-
klers.

11.3.1 Where draft curtains are provided, they shall be located
over the longitudinal center of an aisle.

11.3.2 The aisle width shall not be less than 1.5 times the spac-
ing between sprinklers in the direction perpendicular to the
draft curtain.

11.3.3 Sprinklers shall be located on both sides of the curtain
per NFPA 13 requirements for sprinkler placement with
respect to walls.

11.3.4 The aisle width required by 11.3.2 shall not be required
it a full height partition is used in lieu of a draft curtain.
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Chapter 12 Inspection and Maintenance

12.1*¥ General. Smoke and heat venting systems and mechani-
cal smoke exhaust systems shall be inspected and maintained in
accordance with Chapter 12.

12.2* Requirements.

12.2.1 Mechanically Opened Venis. Mechanically opened
vents shall be provided with manual release devices that allow
direct activation to facilitate inspection, maintenance, and
replacement of actuation components.

12.2.2 Thermoplastic Drop-Out Vents. Thermoplastic drop-
out vents do not allow nondestructive operation; however,
inspection of installed units shall be conducted to ensure that
the units are installed in accordance with the manufacturer's
instructions and that all components are in place, undamaged,
and free of soiling, debris, and extraneous items that might
interfere with the operation and function of the unit.

12.2.3 Inspection and Maintenance. The inspection and
maintenance of multiplefunction vents shall ensure that other
functions do not impair the intended fire protection operation.

12.3 Inspection, Maintenance, and Acceptance Testing.
12.3.1 Inspection Schedules.

12.3.1.1 A written inspection schedule and procedures for
inspection and maintenance shall be developed.

12.3.1.2 Inspection programs shall provide written notations
of the date and time of inspections and of discrepancies found.

12.3.1.3 All deficiencies shall be corrected immediately.

12.3.1.4* Vents shall be inspected and maintained in an oper-
ating condition in accordance with Chapter 12.

12.3.2 Mechanically Opened Vents.

12.3.2.1 An acceptance performance test and inspection of all
mechanically opened vents shall be conducted immediately
following installation to establish that all operating mecha-
nisms function properly and that installation is in accordance
with this standard and the manufacturer’s specifications.

12.3.2.2* Mechanically opened vents shall be inspected and
subjected to an operational test annually, following the manu-
facturer’s recommendations.

12.3.2.3* All pertinent characteristics of performance shall be
recorded.

12.3.2.4 Special mechanisms, such as gas cylinders, thermal
sensors, or detectors, shall be checked annually or as specified
by the manufacturer.

12.3.3 Thermoplastic Drop-Out Vents.

12.3.3.1* An acceptance inspection of all thermoplastic drop-
out vents shall be conducted immediately after installation and
shall include verification of compliance with the manufacnar-
er’s drawings and recommendations by visual examination.

12.3.3.2* Thermoplastic drop-out vents shall be inspected
annually in accordance with 12.4.2 and the manufacturer’s
recommendations.

12.3.3.3 Changes in appearance, damage to any components,
fastening security, weather tightness, and the adjacent roof and
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flashing condition shall be noted at the time of inspection, and
any deficiency shall be corrected.

12.3.3.4 Any soiling, debris, or encumbrances that could
impair the operation of the vent shall be promptly removed
without causing damage to the vent.

12.3.4 Inlet Air Sources. Where required for the operation of
vent systems, intake air sources shall be inspected at the same
frequency as vents.

12.4 Conduct and Observation of Operational Tests.
12.4.1 Mechanically Opened Vents and Air Inlets.

12.4.1.1 Mechanically opened vents and air inlets shall be
operated during tests by simulating actual fire conditions.

12.4.1.2 The restraining cable at the heat-responsive device
(or other releasing device) shall be disconnected, releasing the
restraint and allowing the trigger or latching mechanism to
operate.

12.4.1.3* When the heat-responsive device restraining cable
for mechanically opened vents or air inlets is under tension,
observation shall be made of its whip and travel path to deter-
mine any possibility that the vent, building construction
featuire, or service piping could obstruct complete release. Any
interference shall be corrected by removal of the obstruction,
enclosure of cable in a suitable conduit, or other appropriate
arrangement.

12.4.1.4 Following any modification, the unit shall be retested
for evaluation of adequacy of corrective measures.

12.4.1.5 Latches shall release smoothly and the vent or air
inlet shall open immediately and move through its design
travel to the fully opened position without any assistance and
without any problems such as undue delay indicative of a stick-
ing weather seal, corroded or unaligned bearings, or distortion
binding.

12.4.1.6 Manual releases shall be tested to verify that the vents
and air inlets operate as designed.

12.4.1.7 All operating levers, latches, hinges, and weather-
sealed surfaces shall be examined to determine conditions,
such as deterioration and accumulation of foreign material. An
operational test shall be conducted after corrections are
completed, when conditions are found to warrant corrective
action.

12.4.1.8 Following painting of the interior or exterior of vents
and air inlets or the addition of sealants or caulking, the units
shall be opened and inspected to check for paint, sealants, or
caulking that causes the parting surfaces to adhere to each
other.

12.4.1.9 Heatresponsive devices coated with paint or other
substances that could affect their response shall be replaced
with devices having an equivalent temperature and load rating.

12.4.2 Thermoplastic Drop-Out Vents.

12.4.2.1 All weather-sealed surfaces on thermoplastic drop-out
vents shall be examined to determine any adverse conditions,
such as any indication of deterioration and accumulation of
foreign material. Any adverse condition that interferes with
normal vent operation, such as caulking or sealant bonding the
drop-out vent to the frame, shall be corrected.
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12.4.2.2 Following painting of the interior or exterior of the
frame or flashing of the vents, the units shall be inspected for
paint adhering surfaces together; any paint that interferes with
normal operation shall be removed or the vent shall be
replaced with a new, listed and labeled unit having comparable
operating characteristics.

12.4.2.3 Manual releases shall be tested annually.

12.4.3 Inspection, Maintenance, and Testing of Mechanical
Smoke-Exhaust Systems.

12.4.3.1 Component Testing.

12.4.3.1.1 The operational testing of each individual system
component of the mechanical smoke-exhaust system shall be
performed as each component is completed during construc-
tion.

12.4.3.1.2 It shall be documented in writing that each individ-
ual system component's installation is complete and that the
component has been tested and found to be functional.

12.4.3.2 Acceptance Testing.

12.4.3.2.1 Acceptance tests shall be conducted to demonstrate
that the mechanical smoke-exhaust system installation complies
with and meets the design objectives and is functioning as
designed.

12.4.3.2.2 BPocumentation from component system testing
shall be available for review during final acceptance testing.

12.4.3.2.3 If standby power has been provided for the opera-
tion of the mechanical smoke-exhaust system, the acceptance
testing shall be conducted while on both normal and standby
power.

12.4.3.2.4 Acceptance testing shall be performed on the
mechanical smoke-exhaust system by completing the following
steps:

(1) Activate the mechanical smoke-exhaust system.

(2) Verity and record the operation of all fans, dampers,
doors, and related equipment.

(3) Measure fan exhaust capacities, air velocities through
inlet doors and grilles, or at supply grilles if there is a
mechanical makeup air system.

12.4.3.2.5 Operational tests shall be performed on the appli-
cable part of the smoke-exhaust system wherever there are
system changes and modifications.

12.4.3.2.6 Upon completion of acceptance testing, a copy of
all operational testing documentation shall be provided to the
owner and shall be maintained and made available for review
by the AH]J.

12.4.3.3 Periodic Testing.

12.4.3.3.1 Mechanical smoke-exhaust systems shall be tested
semiannually by persons who are knowledgeable in the opera-
tion, testing, and maintenance of the systems.

12.4.3.3.2 The results of the tests shall be documented and
made available for inspection.

12.4.3.3.3 Tests shall be conducted under standby power
where applicable.

12.4.3.4 Exhaust System Maintenance.

12.4.3.4.1 Buring the life of the building, maintenance shall
be performed to ensure that mechanical smoke-exhaust
systems will perform their intended function under fire condi-
tions.

12.4.3.4.2 Maintenance of the systems shall include the testing
of all equipment, including initiating devices, fans, dampers,
and controls.

12.4.3.4.3 Equipment shall be maintained in accordance with
the manufacturer's recommendations.

12.4.3.5 Inspection Schedule.

12.4.3.5.1 A written inspection schedule and procedures for
inspection and maintenance for mechanical smoke-exhaust
systems shall be developed.

12.4.3.5.2 Inspection programs shall provide written notations
of date and time of inspections and for discrepancies found.

12.4.3.5.3 All system components shall be inspected semiann-
ually in conjunction with operational tests.

12.4.3.5.4 Any deficiencies noted in the system components or
smoke-exhaust system performance shall be corrected immedi-
ately.

12.5 Air Inlets.

12.5.1 Air inlets necessary for operation of smoke and heat
vents or mechanical smoke-exhaust systems shall be maintained
clear and free of obstructions.

12.5.2 Operating air inlet louvers, doors, dampers, and shut-
ters shall be examined and operated to assure movement to
fully open positions.

12.5.3 Operating equipment shall be maintained and lubrica-
ted as necessary.

12.6 Ice and Snow Removal. Ice and show shall be removed
from vents promptly, following any accumulation.

Chapter 13 Design Documentation

13.1* Documentation Required. All of the following docu-
ments shall be generated by the designer during the design
process:

(1) Besign brief

(2) Conceptual design report

(3) Betailed design report

(4) Operations and maintenance manual

13.1.1 Design Brief. The design brief shall contain a state-
ment of the goals and objectives of the vent system and shall
provide the design assumptions to be used in the conceptual
design.

13.1.1.1 The design brief shall include, as a minimum, all of
the following:

(1) System performance goals and design objectives (see
Section 4.1 and 4.4.1)

(2) Performance criteria (including design tenability criteria,
where applicable)

(3) Building characteristics (height, area, layout, use, ambi-
ent conditions, other fire protection systems)
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(4) Besign basis fire(s) (see 4.5.2 and Chapter 8)
(5) Wesign fire location(s)

(6) Identified design constraints

(7) Proposed design approach

13.1.1.2 The design brief shall be developed in the first stage
of the design process to assure that all stakeholders understand
and agree to the goals, objectives, design fire, and design
approach, so that the conceptual design can be developed on
an agreed-upon basis. Stakeholders shall include, as a mini-
mum, the building owner and the AH]J.

13.1.2 Conceptual Design Report. The conceptual design
report shall provide the details of the conceptual design, based
upon the design brief, and shall document the design calcula-
tions.

13.1.2.1 The conceptual design shall include, as a minimum,
all of the following design elements and the technical basis for
the design elements:

(1) Areas of curtained spaces

(2) BDesign depth of the smoke layer and draft curtain depth

(3) Betection method, detector characteristics, and spacing

(4) Besign interval time (if applicable)

(5) Ventsize and number per curtained area, method of vent
operation, and vent spacing

(6) Inletventarea(s), location(s), and operation method

13.1.2.2 The conceptual design report shall include all design
calculations performed to establish the design elements, all
design assumptions, and all building use limitations that arise
out of the system design.

13.1.3 Detailed Design Report.

13.1.3.1 The detailed design report shall provide documenta-
tion of the vent system as it is to be installed.

13.1.3.2 The detailed design report shall include, as a mini-
mum, all of the following:

(1) Ventand draft curtain specifications

(2) Inlet and vent operation system specifications

(3) Betection system specifications

(4) Betailed inlet, vent, and draft curtain siting information
(5) Betection and vent operation logic

(6) Systems commissioning procedures

13.1.4 Operations and Maintenance Manual. The operations
and maintenance manual shall provide to the building owner
the requirements to ensure the intended operation of the vent
system over the life of the building.

13.1.4.1 The procedures used in the initial commissioning of
the vent system shall be described in the manual, as well as the
measured performance of the system at the time of commis-
sioning.

13.1.4.2 The manual shall describe the testing and inspection
requirements for the system and system components and the
required frequency of testing. (See Chapter 12 for lesting
Jrequency.)

13.1.4.3 The manual shall describe the assumptions used in
the design and shall provide limitations on the building and its
use that arise out of the design assumptions and limitations.

13.1.4.4 Copies of the operations and maintenance manual
shall be provided to the owner and to the AHJ.
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13.1.4.5 The building owner shall be responsible for all system
testing and shall maintain records of all periodic testing and
maintenance using the operations and maintenance manual.

13.14.6 The building owner shall be responsible for provid-
ing a copy of the operations and maintenance manual, includ-
ing testing results, to all tenants of the space protected by the
vent system.

13.1.4.7 The building owner and tenants shall be responsible
for limiting the use of the space in a manner consistent with
the limitations provided in the operations and maintenance
manual.

Annex A Explanatory Material

Annex A is not a part of the requirements of this NI'PA document but is
ncluded for informational purposes anly. This annex contains explan-
atory material, numbered to correspond with the applicable text para-

graphs.

A.1.1.1 This standard incorporates engineering equations
(hand calculations) and references models to provide a
designer with the tools to develop vent system designs. The
designs are based on selected design objectives, stated in 4.4.1,
related to specific building and occupancy conditions. Engi-
neering equations are included for calculating vent flows,
smoke layer depths, and smoke layer temperatures, based on a
prescribed burning rate. Examples using the hand calculations
and the LAVENT (Link-Actuated VENTs) computer model are
presented in Annex B.

Previous editions of this document have included tables list-
ing vent areas based on preselected design objectives. These
tables were based on the hot upper layer at 20 percent of the
ceiling height. Bifferent layer depths were accommodated by
using a multiplication factor. Braft curtain and vent spacing
rules were set. Minimum clear visibility times were related to
fire growth rate, ceiling height, compartment size, curtain
depth, and detector activation times, using engineering equa-
tions.

The following list provides a general description of the
significant phenomena that occur during a fire when a fire-
venting strategy is implemented:

(1) Bue to buoyancy, hot gases rise vertically from the
combustion zone and flow horizontally below the roof
until blocked by a vertical barrier (a wall or draft curtain),
thns forming a layer of hot gases below the roof.

(2) The volume and temperature of gases to be vented are a
function of the fire's rate of heat release and the amount
of air entrained into the buoyant plume produced.

(3) As the depth of the layer of hot gases increases, the layer
temperature continues to rise and the vents open.

(4) The operation of vents within a curtained area enables
some of the upper layer of hot gases to escape and thus
slows the thickening rate of the layer of hot gases. With
sufficient venting area, the thickening rate of the layer
can be arrested and even reversed. The rate of discharge
through a vent of a given area is primarily determined by
the depth of the layer of hot gases and the layer tempera-
ture. Adequate quantities of replacement inlet air from
air inlets located below the hot upper layer are needed if
the products of combustion-laden upper gases are to be
exhausted according to design. See Figure A.1.1.1(a) for
an illustration of the behavior of fire under a vented and
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curtained roof, and Figure A.1.1.1(b) for an example of a
roof with vents.

The majority of the information provided in this standard
applies to nonsprinklered buildings. A limited amount of guid-
ance is provided in Chapter 11 for sprinklered buildings.

The provisions of this standard can be applied to the top
story of multiple-story buildings. Many features of these provi-
sions would be difficult or impracticable to incorporate into
the lower stories of such buildings.

A.1.1.2 The decision whether to provide venting in a building
depends on design objectives set by a building owner or occu-
pant or on local building code and fire code requirements.

A.1.3.1 See NFP.A 90A for ventilation to regulate environmen-
tal air for personnel comfort. See NFPA 96 for regulation of
commercial cooking operations. See NFP.A 68 for venting for
explosion pressure relief.

A.1.3.4 The distance from the fire base to the smoke layer
boundary, z, is a dominant variable and should be considered
carefully. Additionally, some design situations can result in
smoke layer temperatures, as expressed in Equation 9.2.4.3,
that exceed 600°C. (1112°F). In such cases, the radiation from
the smoke layer can be sufficient to ignite all of the combusti-
bles under the curtained area at this temperature, and perhaps
in the adjacent area, which is unacceptable.

A.1.3.5 The feasibility of roof venting should be questioned
when the heat release rate approaches values associated with
ventilation control of the burning process (i.e., where the fire
becomes controlled by the inlet air replacing the vented hot
gas and smoke). Ventilation-controlled fires might be unable to
support a clear layer.

To maintain a clear layer, venting at heat release rates
greater than O, necessitates vent areas larger than those
indicated by the calculation scheme provided in thisstandard.

Bhgft-urtgns (\ Fire barrler or fire wall
\\V W/ N—
' Z L )'7
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Injetalr opsning Fire hazard I319&\[: hazgard zraﬁ
origin draft curtains curtains

FIGURE A.1.1.1(a) Behavior of Combustion Products
Under Vented and Curtained Roof.

FIGURE A.1.1.1(b)

View of Roof Vents on Building.

A.1.3.6 Large, undivided floor areas present extremely diffi-
cult firefighting problems because the fire department might
need to enter these areas in order to combat fires in central
portions of the building. If the fire department is unable to
enter because of the accumulation of heat and smoke, firefight-
ing efforts might be reduced to an application of hose streams
to perimeter areas while fire continues in the interior. Window-
less buildings also present similar firefighting problems. One
fire protection tool that can be a valuable asset for firefighting
operations in such buildings is smoke and heat venting.

An appropriate design time facilitates such activities as locat-
ing the fire, appraising the fire severity and its extent, evacuat-
ing the building, and making an informed decision on the
deployment of personnel and equipment to be used for
firefighting.

A.2.1 Some of these documents might also be referenced in
this standard for specific informational purposes and are there-
fore also listed in Annex G.

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 evaluate
testing laboratories. In determining the acceptability of installa-
tions, procedures, equipment, or materials, the authority
having jurisdiction may base acceptance on compliance with
NFPA or other appropriate standards. In the absence of such
standards, said authority may require evidence of proper instal-
lation, procedure, or use. The authority having jurisdiction
may also refer to the listings or labeling practices of an organi-
zation that is concerned with product evaluations and is thus in
a position to determine compliance with appropriate standards
for the current production oflisted items.

A.3.2.2 Authority Having Jurisdiction (AHJ). The phrase
“authority having jurisdiction,” or its acronym AH]J, is used in
NFPA documents in a broad manner, since jurisdictions and
approval agencies vary, as do their responsibilities. Where
public 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; building
official;, electrical inspector; or others having statutory author-
ity. For insurance purposes, an insurance inspection depart-
ment, rating bureau, or other insurance company
representative may be the authority having jurisdiction. In
many circumstances, the property owner or his or her designa-
ted agent assumes the role of the authority having jurisdiction;
at government installations, the commanding officer or depart-
mental official may be the authority having jurisdiction.

A.3.24 Listed. The means for identifying listed equipment
may vary for each organization concerned with product evalua-
tion; some organizations do not recognize equipment as listed
unless it is also labeled. The authority having jurisdiction
should utilize the system employed by the listing organization
to identify a listed product.

A.3.3.3 Clear Layer Interface. See Figure A333 for a
description of the smoke layer interface, smoke layer, and first
indication of smoke.

A.3.3.9 Draft Curtain. A draft curtain can be a solid fixed
obstruction such as a beam, girder, soffit, or similar material.
Alternately, a deployable barrier can be used that descends to a
fixed depth during its operation.
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FIGURE A.3.3.3 First Indication of Smoke.

A.3.3.10 Effeciive Ignition. See Figure 8.3.1 for a conceptual
illustration of continuous fire growth and effective ignition
time.

A.3.3.18 Smoke Layer. See Figure A.3.3.3 for a description of

the clear layer interface, smoke layer, and smoke layer boun-
dary.

A.3.3.19 Smoke Layer Boundary. See Figure A3.3.3 for a
description of the clear layer interface, smoke layer, and smoke
layer boundary.

A.4.1 BDesign objectives for a vent system can include one or
more of the following goals:

(1) To provide occupants with a safe path of travel to a safe
area

(2) Tofacilitate manual firefighting

(3) To reduce the damage to buildings and contents due to
smoke and hot gases

A.4.2 Tests and studies provide a basis for the division of occu-
pancies into classes, depending on the fuel available for contri-

bution to fire. Wide variation is found in the quantities of

combustible materials in the many kinds of buildings and areas
of buildings.

A.4.4.2 The heat release rate of a fire, the fire diameter, and
the height of the clear layer above the base of the fire are
major factors affecting the production of smoke.

A.4.43 Mass flow through a vent is governed mainly by the
vent area and the depth of the smoke layer and its tempera-
ture. Venting becomes more effective with smoke temperature
differentials between ambient temperature and an upper layer
of approximately 110°C. (230°F) or higher. Where temperature
differences of less than 110°C (230°F) are expected, vent flows
might be reduced significantly, therefore, consideration should
be given to using powered exhaust. NFPA 92 should be consul-
ted for guidance for power venting at these lower tempera-
tures.

The vent designs in this standard allow the fire to reach a
size such that the flame plume enters the smoke layer. Flame
height may be estimated using Equation 9.2.3.1.

A.4.5.1 The rate of smoke production depends on the rate of

air entrainment into a column of hot gases produced by and
located above a fire. Entrainment is affected by the fire diame-
ter and rate of heat release, and it is strongly affected by the

2021 Edition

distance between the base of the fire and the point at which the
smoke plume enters the smoke layer.

A.4.5.2 Because smoke production is related to the size of a
fire, it follows that, all factors being equal, larger fires produce
more smoke. Entrainment, however, is strongly affected by the
distance between the base of a fire and the bottom of the hot
layer. The base of the fire (where combustion and entrainment
begin) should be selected on the basis of the worst case. It is
possible for a smaller fire having a base near the floor to
produce more smoke than a larger fire with a base at a higher
elevation. Air entrainment is assumed to be limited to the clear
height between the base of the fire and the bottom of the hot
layer. The buoyant plume associated with a fire produces a flow
into the hot upper layer. As the plume impinges on the ceiling,
the plume turns and forms a ceiling jet. The ceiling jet flows
radially outward along the ceiling.

A.4.5.3 Where the possibility of multiple fires and, therefore,
multiple plumes exists, smoke production rates increase
beyond the rate predicted for a single plume for a fire of equiv-
alent output. Multiple fires are beyond the scope of this stand-
ard.

A.4.5.3.2 Plume mass flow above the flame level is based on
the concept that, except for absolute scales, the shapes of veloc-
ity and temperature profiles at the mean flame height are
invariable. This concept leads to an expression for mass flow
above the flames that involves the so-called virtual origin, a
point source from which the plume above the flames appears
to originate. The virtual origin might be above or below the
base of the fire.

A4.6.1 It is assumed that openings exist to the outside and
therefore no pressure results from the expansion of gases. Also,
wind effects are not taken into account because wind might
assist or interfere with vent flows, depending on specific
circumstances. It is also assumed that the fire environmentin a
building space is divided into two zones — a hot upper layer
and a relatively cool, clear (comparatively free of smoke) lower
region. When a fire grows to a size approaching ventilation-
limited burning, the building might no longer maintain a clear
lower region, and this standard would no longer be applicable.
Finally, caution must be exercised when using this standard for
conditions under which the upper-gas-layer temperature
approaches 600°C. (1112°F), because flashover might occur
within the area. When a fire develops to flashover or
ventilation-limited burning, the relationships provided in this
standard are not applicable.

Buoyancy pressure is related to the depth of the hot layer,
the absolute temperature of the hot layer, the temperature rise
above ambient of the hot layer, and the density of the ambient
air. The mass rate of flow of hot gases through a vent is a func-
tion of vent area, layer depth, and hot layer temperature. The
temperature of the hot layer above ambient affects mass flow
through a vent. Maximum flow occurs at temperature differen-
ces of approximately 300°C. (572°F) above ambient. Flows at
other temperature differentials are diminished, as shown in
Figure A4.6.1.

A4.6.1.2 In order to provide a design that is not dependent
on beneficial wind effects, design calculations are carried out
that ignore wind effects and that are based only on buoyancy
effects (and fan assistance for mechanical systems).
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FIGURE A.4.6.1
Through a Vent.

Effect of Temperature on Mass Flow

Nevertheless, it is important to consider wind effects since
adverse wind effects can reduce or even reverse vent flow.
Exhaust vents and air inlets should be located so that under
any wind conditions there is an overall wind suction effect from
inlet to exhaust.

This is normally achieved when the roof slope is 30 degrees
or less and vents have a horizontal clear space at least three
times the height difference from any taller structures such as
parapets, roof lights, or taller roofs.

Otherwise, if the designer cannot show by calculation or by
data that there will be no adverse wind effects, a mechanical
smoke extract system should be used.

A.4.6.2 To function as intended, a building venting system
needs sufficiently large fresh air inlet openings at low levels. It
is essential that a dependable means for admitting or supplying
inlet air be provided promptly after the first vent opens.

A.5.1 There is an ISQ standard for vents (ISO 21927-2, Smoke
and Heat Control Systems — Part 2: Specification for natural smoke
and heat exhaust ventilators). The ISO standard is technically
equivalent to European (EN) standards for these products.
Products that carry the CE mark, which is mandatory for sale of
these products within the European Union, are subject to inde-
pendent testing and ongoing factory production control by
Notified Bodies appointed by national governments. The stand-
ard is BS EN 12101-2, Swmoke and Heat Control Systems — Part 2:
Specification for natural smoke and heat exhaust ventilators.

A.5.2.1 Compatibility between the vent-mounting elements
(e.g., holding power, electrochemical interaction, wind lift,
building movement) and the building structure to which they
are attached needs to be ensured.

A.5.2.2 To avoid inadvertent operation, it is important that the
actuating means be selected with regard to the full range of
expected ambient conditions.

A.5.2.3 Bip tanks or discrete solvent storage areas are exam-
ples of localized hazards where the vents are to be located
directly above such hazard.

A.5.3.1 An automatic mechanism for opening the roof vents is
stipulated for effective release of heat, smoke, and gaseous by-
products. The means of automatic vent actuation must take the
anticipated fire into consideration, and an appropriate means
of opening vents should be used. If design objectives cannot be
met using heat-actuated devices, smoke detectors with appro-
priate linkages to open vents or other devices that respond
more quickly should be considered for use.

A.5.3.2 Latching mechanisms should be jam- proof, corrosion-
resistant, dust-resistant, and resistant to pressure differences
arising from applicable positive or negative loading resulting
from environmental conditions, process operations, overhead
doors, or traffic vibrations.

A.5.3.5 The location of the manual device must be coordina-
ted with tactics of the reporting fire department.

If not actually mounted on the vent, the manual device can
be connected to the vent by mechanical, electrical, or any
other suitable means, protected as necessary to remain opera-
ble for the design period.

A.5.4.1.2 See Figure 5.4.2(b) for the measurement of ceiling
height and curtain board depth.

A.5.4.2 The spacing of vents is limited to 4H to assure that
ceiling jet temperatures at the vent are sufficiently high to
operate the thermal actuating mechanism at the vent. The
spacing limit specified is designed to achieve ceiling jet temper-
ature above ambient at the nearest vent, not less than half the
plume temperature above ambient at the point of plume
impact on the ceiling. (See Figure A5.4.2, which reflects the
maximum allowable spacing of 4H.)

A.5.4.3 The limitation on horizontal distance from a potential
fire axis adjacent to a draft curtain or wall is intended to assure
ceiling jet temperatures at the vent are sufficiently high to acti-
vate the thermal actuating mechanism. The spacing limit speci-
fied is designed to achieve ceiling jet temperature above
ambient at the nearest vent, not less than half the plume
temperature above ambient at the point of plume impact on
the ceiling. (See Figure A.5.4.3.) This requirement does not
reflect the potential for reduced entrainment for a fire adja-
cent to a wall. This conservatism was knowingly accepted.
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FIGURE A.5.4.2 Vent Spacing in Rectangular Mawix, When r
=28 H, (AT./T,) = 0.5 (AT(r=0)/T) (plan view).
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A.6.1 The simplest method of introducing makeup air into
the space is through direct openings to the outside, such as
doors and louvers, which can be opened upon system activa-
tion. Such openings can be coordinated with the architectural
design and can be located as required below the design smoke
layer. For locations having mechanical smoke exhaust systems
where such openings are impractical, a powered supply system
could be considered. This could possibly be an adaptation of
the building’s HVAC system it capacities, outlet grille locations,
and velocities are suitable. For such systems, means should be
provided to prevent supply systems from operating until

exhaust flow has been established, to avoid pressurization of

the fire area. For those locations where climates are such that
the damage to the space or contents could be extensive during
testing or frequent inadvertent operation of the system, consid-
eration should be given to heating the makeup air. See
NFPA 92 for additional information on mechanical systems.

A.6.3 Normal practice has been to provide air inlet from low-
level air inlets as recommended in previous editions of this
standard. In some buildings this may be difficult to achieve,
due ecither to lack of suitable clear wall area or to concerns
about loss of security when the air inlets open. In buildings
containing more than one curtained area, it can be possible to
open vents in curtained areas not alfected by smoke to provide
inlet air instead. If this is done, then the vents must meet all
the requirements of Chapter 6.

A.6.6.3 The inlet air velocity should be limited for three
reasons: (1) to avoid disturbing the fire plume and causing
excess air entrainment, (2) to limit the degree of depressuriza-
tion of the space and consequent effects on door opening and

closing, and (3) to avoid incoming air hampering escape of

occupants.

NFP.A 92 sets a limit of 1.02 m/sec (200 ft/min) to minimize
disturbance of the plume, which will create more entrainment
than anticipated.

Nearest vent
AT, /To
r=2.8H
Vent
Fire axis
AT(,— = O]/ T
Draft =
curtain

PLAN VIEW

FIGURE A.5.4.3 Vent Spacing near a Draft Curtain, When r
= 28H, (AT,/T,)) =0.5 (AT(r= 0/T,) (plan view).

2021 Edition

Excess depressurization of the space will increase door open-
ing forces for outward-opening doors and risk slamiming closed
for inward-opening doors. Neither situation is acceptable.

Research indicates that people can move reasonably freely
against an airflow of up to 10 m/sec (32.8 ft/sec).

A.7.1 Braft curtains are provided for prompt activation of
vents and to increase vent effectiveness by containing the
smoke in the curtained area and increasing the depth of the
smoke layer. A draft curtain is intended to be relatively smoke-
tight. The function of a draft curtain is to intercept the ceiling
jetand the entrained smoke produced by a fire in the building.
The curtain should prevent the smoke from spreading along
the underside of the roof deck to areas of the building located
beyond the draft curtain and should create a hot smoke layer
that develops buoyancy forces sufficient to exhaust the smoke
through the vent openings in the roof. A full-height partition
or wall, including an exterior wall, can serve as a draft curtain.

A.7.2 Materials suitable for use as draft curtains can include
steel sheeting, cementitious panels, and gypsum board or any
materials that meet the performance criteria in Section 7.2.
There is an ISO standard for draft curtains (ISQ 21927-1, Snioke
and Heat Control Systems — Part 1: Specification for smoke barriers).
The ISO standard is technically equivalent to the European
(EN) standard for these products. Products that carry the CE
mark, which is mandatory for sale of these products within the
European Union, are subject to independent testing and ongo-
ing factory production control by Notified Bodies appointed by
national governments. The standard is BS EN 12101-1, Smaoke
and Heat Control Systems — Part 1: Specification for smoke barriers.

A.7.3.1 If d, exceeds 20 percent of A, H—d, should be not less
than 3 m (9.8 ft). For Figure 5.4.2(b), parts (a) through (d),
this concept is valid where Ad/d is much less than 1.

Consideration should be given to minimizing of the expec-
ted smoke layer depth with respect to the occupancy. Such
arrangement can allow the smoke layer to be maintained above
the top of equipment or storage, thus maximizing visibility and
reducing nonthermal damage to contents. For buildings of
limited height, it can also allow the designer to utilize the
primary structural frame to act as a draft curtain (if solid-
webbed) or support one (if open-webbed), thus reducing costs.

Also, in a transient situation, prior to achieving equilibrium
mass flow, if the smoke layer extends below the top of equip-
ment or storage, that volume displaced by equipment or stor-
age should be subtracted from available space for the smoke
layer to accumulate, or the smoke layer depth will extend
below that estimated.

A.7.4.1 To ensure that vents remote from the fire within the
curtained compartinent are effective, the distance between
draft curtains or between walls must be limited.

A.7.4.2 From reanalysis of this issue based on Belichatsios
[1981], Heskestad and Belichatsios [1978], and Koslowski and
Motevalli [1994].

A.8.1 Chapter 8 presents techniques for predicting the heat
release rate of various fiiel arrays likely to be present in build-
ings where smoke and heat venting is a potential fire safety
provision. It primarily addresses the estimation of fuel concen-
trations found in storage and manufacturing locations.
NFPA 92 addresses the types of fuel arrays more common to
the types of building situations covered by that document. The
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methods provided in Chapter 8 for predicting the rate of heat
release are based on “free burning” conditions, in which no
ceiling or smoke layer effects are involved.

A.8.2.2 The minimum aisle width to prevent lateral spread by
radiation, W, in Equation 8.2.3, is based on Alpert and Ward
[1984]. The values produced by Equation 8.2.3 can be
produced from the following equation if ¥, is assumed to be
0.5:

[A.8.2.2]

A.8.2.6 The heat release rate is taken as the heat release rate
per unit area times the floor area of the fuel concentration.
The maximum foreseeable storage height (above the fire base)
and associated heat release rate should be considered.

The heat release rate per unit area might be available from
listings for a given storage height, such as Table A.8.2.6. To
establish estimates for other than specified heights, it can be
assumed that the heat release rate per unit area is proportional
to the storage height, based on tests (Yu and Stavrianidis, 1991)
and the data in Table A.8.2.6 for wood pallets. For fuel configu-
rations that have not been tested, other procedures should be
used. See Annex E for estimating heat release rates of other
fuel arrays.

There is a distinct possibility that a combustible storage array
could collapse before the end of the design interval of the vent-
ing system. The design interval might end, for example, when
manual firefighting is expected to begin. The fire diameter
increases, contributing to increased smoke production (via a
lower flame height and virtual origin). However, the heat
release rate and fire growth rate after collapse are likely to be
smaller than with no collapse. Consequently, it is reasonable to
assume that the net effect of collapse is not significant for the
calculation procedure.

A.8.3.1 The growth time, ¢, is a measure of the fire growth
rate — the smaller the growth time, the faster the fire grows.

A.8.3.2 By comparing Equations 8.3.1 and 8.3.2, the following
relation exists:

[A.8.3.2]
_ 1000

% 2
Y

A.8.3.4 Pesign objectives and the design interval time, £,
should take into consideration all of the following critical
events:

(1) Arrival and deployment of the emergency response team

(2) Arrival and deployment of firefighters from the public
fire department

(3) Completion of evacuation

(4) Other critical events

A.9.1 The procedures in Chapter 9 are based on the auto-
matic activation of vents by a heatresponsive device with an
established response time index (RTI) and known activation
temperature. These assumptions do not preclude other means
of vent activation, as long as the activation time of the alterna-

Table A.8.2.6 Unit Heat Release Rates for Commodities

Heat Release Rate
(kWper m* of

Commodity floor area)*
Wood pallets, stacked 0.46 m high 1,420
(6%~-12% moisturc)
Wood pallets, stacked 1.52 m high 4,000
(6%-12% moisturc)
Wood pallets, stacked 8.05 m high 6,800

(6%~-12% moisturc)

Wood pallets, stacked 4.88 m high 10,200
(6%-12% moisturc)

Mail bags, filled, stored 1.52 m high 400

Cartons, compartmented, stacked 1,700
4.5 m high

PE letter trays, filled, stacked 8,500
1.5 m high on cart

PE trash barrels in cartons, stacked 2,000
4.5 m high

FRP shower stalls in cartons, stacked 1,400
4.6 m high

PE bottles packed in compartmented 6,200
cartons, stacked 4.5 m high

PE bottles in cartons, stacked 4.5 m high 2,000

PU insulation board, rigid foam, stacked 1,900
4.6 m high

PS jars packed in compartmented cartons, 14,200
stacked 4.5 m high

PS tubs nested in cartons, stacked 5,400
42 m high

PS toy parts in caitons, stacked 4.5 m high 2,000

PS insulation board, rigid foam, stacked 3,300
42 m high

PVC bottles packed in compartmented 3,400
cartons, stacked 4.5 m high

PP tubs packed in compartmented 4,400
cartons, stacked 4.5 m high

PP and PE film in rolls, stacked 6,200
4.1 m high

Mcthyl alcohol 740

Gasoline 2,600

Kerosene 1,700

Fucl oil, no. 2 1,700

PE: polyethylene. PP: polypropylene. PS: polystyrene. PU:
polyurethane. PVC: polyvinyl chloride. FRP: fiberglass-reinforced
polyester.

*Heat release rate per unit floor area of fully involved combustibles,
based on negligible radiative feedback from the surroundings and
100 percent combustion efficiency.

tive means is known or can be calculated using the procedures
contained herein or can be established as acceptable by a
specific listing, specific test data, or engineering analysis. Acti-
vation by heat detectors, smoke detectors, thermoplastic drop-
out vent panels, or other approved means is acceptable as long
as the design objectives are met.

The equations and procedures for hand calculations in
Section 9.2 and the models in Section 9.3 address the venting
of limited-growth fires and continuously growing fires.
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A9.1.1 The vent area in a curtained area should not be
required to exceed the vent area calculated for the largest
limited-growth fire predicted for the combustibles beneath any
curtained area. Using sufficiently small concentrations of
combustibles and aisles of sufficient width to prevent spread
according to Equation 8.2.3, it might be possible to satisty vent-
ing requirements by using vent areas smaller than those
required for a vent design and a continuous-growth fire.

A.9.1.4 Many large facilities have buildings or areas subject to
differing fire hazards.

A.9.2.2.1 In Figure 9.22.1, z;is the height of the smoke layer
boundary above the base of the fire; H is the distance between
the base of the fire and the ceiling; 4, is the depth of the draft
curtains; d is the depth of the smoke layer; m'/, s the mass flow
rate of hot gas from the fire plume into the smoke layer; m’, is
the mass flow rate of hot gas out of the vent (or vents) in the
curtained area; and A, is the vent area in the curtained area
(total vent area in the curtained area if more than one vent is
provided).

The vent area calculated for equilibrium conditions corre-
sponds to the area needed for a long-term steady fire or to the
area needed at the end of a design interval for a slow-growing
fire. For shorter-term steady fires and for faster-growing fires,
the calculated equilibrium vent area will prevent the smoke
layer boundary from descending completely to the bottom of
the draft curtains. Therefore, equilibrium calculations repre-
sent a safety factor in the design.

A.9.2.3.1 The mass flow rate in the plume depends on
whether locations above or below the mean flame height are
considered (i.e., whether the flames are below the smoke layer
boundary or reach into the smoke layer).

A.9.2.4 The calculations in this section assume that the vent is
exhausting only smoke from the smoke layer. When the smoke
layer is at its design depth, the provisions for avoidance of
plugholing in Section 5.4 will ensure that this is so.

However, during part of the time period when the smoke
layer is descending to its design height, the vents will extract a
mixture of smoke from the smoke layer and the ambient air
from below the smoke layer. They will therefore extract less
smoke than the calculations indicate, causing the smoke layer
to descend at a faster rate.

Existing research has provided formulae to assess at what
point a vent starts plugholing, but not to assess the smoke
extract rate while a vent is plugholing.

There is therefore no experimentally validated method of
assessing the effect of plugholing on the rate of descent of a
smoke layer. A method has been published in BS 7346-5, Fune-
tional recommendations and calculation methods for smoke and heat
exhaust ventilation systems employing time-dependent design fires.

A.9.2.4.1 The mass flow rate through the vent is the product
of gas density, velocity, and cross-sectional area of the flow in
the vent. The velocity follows from equating the buoyancy head
across the vent to the dynamic head in the vent, with considera-
tion of the pressure drop across the air inlets. The factor
[(TAT/TV? is quite insensitive to temperature as long as
the smoke layer temperature rise, AT, is not small. For exam-
ple, assuming T, = 294 K, the factor varies through 0.47, 0.50,
and 0.47 as the smoke layer temperature rise varies through
150 K, 320 K, and 570 K At a temperature rise of 60 K, the
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factor is 0.38, and at a temperature rise of 20 K, it is 0.24, or
about one-half its maximum value. Consequently, roof venting
by natural ventilation becomes increasingly less effective as the
smoke layer temperature decreases. For low smoke layer
temperatures, powered ventilation as covered in NFPA 92
should be considered.

Where high upper-layer temperatures of 400 K above ambi-
ent are anticipated, 80 percent of the predicted vent flow is
expected to be achieved with an inlet area/vent area ratio of 1,
whereas it is expected that 90 percent of the vent flow will
result from a ratio of 2. Where relatively low upper-layer
temperatures, such as 200 K above ambient, are expected, a
ratio of inlet air/vent area of 1 would result in about
70 percent of the predicted vent flow, whereas a ratio of 2
would be expected to produce about 90 percent of the predic-
ted vent flow.

A.9.2.4.2 The aerodynamic vent area is always smaller than the
geometric vent area, A, A discharge coefficient of 0.6 should
be reasonable for most vents and for doors and windows that
open at least 45 degrees. However, the discharge coefficient
can be different for other types of openings. For example, an
opening with a louver can have a coefficient ranging between
0.1 and 0.4.

A.9.2.5.4.1 For continuous-growth fires, the earlier the fire is
detected and vents actuated, the smaller the fire size at the end
of the design interval and the smaller the required vent area.
In the case of limited-growth fires, the earlier the fire is detec-
ted and the vents actuated, the less likely to occur are an initial
underspill of smoke at the draft curtains and smoke layer
descent to low heights.

If a design objective is to confine smoke to the curtained
area of origin, the time the last required vent opens, ¢, should
not exceed the time the smoke layer boundary drops below
draft curtains, which can be determined in accordance with
Equation A.9.2.5.4.1a for steady fires and Equation A.9.25.4.1b
for unsteady fires.

[A.9.2.5.4.1a]
/8 /R
%~ 067-098 In M
H (a,/H?)

[A.9.2.5.4.1b]

where:

z; = height of smoke layer interface above the base of the fire
t = time (sec)

Q = total heat release rate

H = ceiling height above base of fire

A, = curtained area being filled with smoke (m?)

A.9.2.5.4.2.1 The response data in N/PA 72 assume extensive,
flat, horizontal ceilings.

This assumption might appear optimistic for installations
involving beamed ceilings. However, any delay in operation due
to beams is at least partially offset by the opposite effects of the
following:
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(1) Heat banking up under the ceiling because of draft
curtains or walls

(2) The nearest vent or detector usually being closer to the
fire than the assumed, greatest possible distance

Fusible links are commonly used as actuators for mechani-
cally opened heat and smoke vents. Where the response time
index (RTI) and fusing temperature of a fusible link are
known, and assuming that the link is submerged in the ceiling
jet, the relationships described in NFPA 72 for heat-actuated
alarm devices can be used to estimate the opening of a
mechanical vent.

A.9.2.5.4.3.1 This requirement does not have a parallel in
NIFPA 72. Temperature rise for activation of smoke detectors
depends on the specific detector as well as the material under-
going combustion. Limited data on temperature rise at detec-
tion have previously been recorded in the range of 2°C to
42°C, depending on the detector/material combination
(Heskestad and Belichatsios, 1977).

A9.25.4.4.1 A computer program known as BETACT-T2
(BETector ACTuation — Time Squared) (Evans and Stroup,
1985) is available for calculating the detection times of heat
detectors or fusible links in continuous-growth, tsquared fires.
BETACT-T2 assumes the detector is located in a large compart-
ment with an unconfined ceiling, where there is no accumula-
tion of hot gases at the ceiling. Thus, heating of the detector is
only from the flow of hot gases along the ceiling. Input data
consist of ceiling height, time constant or RTI of the detector,
operating temperature, distance of the detector from plume
centerline, and fire growth rate. The model calculates detec-
tion times for smoke detectors (see 9.2.5.4.3) based on the pred-
ecessor equations. The predecessor equations assume complete
combustion of the test fuel used in the experiments used to
develop the equations based on the actual heat of combustion:

[A.9.2.5.4.4.1]

-).63
m= 059&)
g/ L) 8

where:
u = gas velocity at detector site
r = radius from fire axis
AT, = gas temperature rise from ambient at detector
7, = ambient air temperature
£ = acceleration of gravity
H = ceiling height (above combustibles)

However, BETACT-T2 can still be used, provided that the
projected fire growth coefficient, a,, is multiplied by the factor
1.67. In addition, when BETACT-T2 is used, the outputs of heat
release rate at detector response from the program calculations
must be divided by 1.67 in order to establish heat release rates
at detector response.

A9.25.4.4.2 Another program, BETACIT-QS (BETector
ACTuation — Quasi Steady) [Evans and Stroup, 1985], is avail-
able for calculating detection times of heat detectors, fusible
links, and smoke detectors in fires of arbitrary fire growth.
BETACT-QS assumes that the detector is located in a large
compartment with an unconfined ceiling, where there is no
accumulation of hot gases at the ceiling. Thus, heating of the
detector is only from the flow of hot gases along the ceiling.
Input data consist of ceiling height, time constant or RTI of the
detector, operating temperature, distance of the detector from
the plume centerline, and fire growth rate. The model calcu-
lates detection times for smoke detectors (see 9.2.5.4.3) based
on the predecessor equations. Quasi-steady temperatures and
velocities are assumed (i.e., instantaneously, gas temperatures
and velocities under the ceiling are assumed to be related to
the heat release rate as in a steady fire). Compared to BETACT-
T2, BETACT-QS provides a means of addressing fires that
cannot be approximated as tsquared fires. However, for
tsquared fires, BETACT-QS is less accurate than BETACT-T2
(if the projected fire growth coefficient is increased as de-
scribed in 925441 and A9.2544.1), especially for fast-
growing fires.

A.10.1 There is an ISO standard for mechanical smoke extract
(ISO 21927-3, Smoke and Heat Control Systems — Part 3: Speci fica-
tion for powered smoke and heat exhaust ventilators). The ISO stand-
ard is technically equivalent to the European (EN) standard for
these products. Products that carry the CE mark, which is
mandatory for sale of these products within the European
Union, are subject to independent testing and ongoing factory
production control by Notified Bodies appointed by national
governments. The standard is BS EN 12101-3, Smoke and Heat
Cantrol Systems — Part 3: Specification for powered smoke and heat
exhaust ventilators.

A.10.1.1 Where temperature differences of less than 110°C
(230°F) are expected, vent flows might be reduced signifi-
cantly, therefore, consideration should be given to using
powered exhaust. NFP.A 92 should be consulted for guidance
for power venting at these lower temperatures.

A.10.4 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 therefore to estab-
lish 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 A.10.4.
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For plugholing calculations, the smoke temperature should
be calculated as follows:

[A.10.4]
T=T+ =
" omC,
where:
T = smoke layer temperature (°F)
7, = ambient temperature (°F)
K = fraction of convective energy contained in the smoke layer
gases
@, = convective portion of heat release (Btu/sec)
m = mass flow rate of the plume (Ib/sec)
, = specific heat of plume gases (0.24 Btu/lb-°F)

)

A value of K= 0.5 is suggested unless more detailed informa-
tion is available.

A.10.4.3 The plugholing equation of this paragraph is consis-
tent with and derived from the scale model studies of Spratt
and Heselden [1974]. The equation is also consistent with the
recent study of Nii, Nitta, Harada, and Yamaguchi [2003].

A.10.4.4 The  factor of 1.0 applies to ceiling vents remote
from a wall. Remoteis regarded as a separation greater than two
times the depth of the smoke layer below the lower point of the
exhaust opening.

A.10.4.5 The ~ factor of 0.5 is based upon potential flow
considerations for a ceiling vent adjacent to a wall. While ~
should vary 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.10.4.6 The ~yfactor of 0.5 is used for all wall vents. Because
no data exist for wall exhausts, a value of ~ greater than 0.5
could not be justified.

A.10.4.7 Noise due to exhaust fan operation or due to velocity
at the exhaust inlet should be limited to allow the fire alarm
signal to be heard.

A.11.1 Chapters 4 through 10 represent the state of technol-

ogy of vent and draft curtain board design in the absence of

sprinklers. A broadly accepted equivalent design basis for using
sprinklers, vents, and curtain boards together for hazard
control (e.g., life safety, property protection, water usage,
obscuration) is currently not available. Besigners are cautioned
that the use of venting with automatic sprinklers is an area of
ongoing research to determine its benefit and effect in
conjunction with automatic suppression. See Section F.3 for
more information.

A.11l.2 Smoke and heat vents should be designed not to
adversely impact the performance of the automatic sprinkler
system. See 20.6.5 of NFPA 13. Testing and computer model
studies conducted to date that have addressed the interaction
of smoke and heat vents have been limited to control mode
sprinklers. Because ESFR sprinklers have not been considered
in any such studies, use of the guidance in this document is not
applicable to ESFR sprinklers. The RTT is considerably lower
than, and the required water discharge per sprinkler is consid-
erably higher than, those of control mode sprinklers. There is
concern that early operation of a smoke and heat venting
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system could adversely affect the performance of the fire
suppression provided by ESFR sprinklers.

A.1l.3 Figure All.3 shows the recommended spacing of
sprinklers with respect to the draft curtain locations.

A.12.1 Regular inspection and maintenance is essential for
emergency equipment and systems that are not subjected to
their intended use for many years.

A.12.2 Various types of approved automatic thermal smoke
and heat vents are available commercially. These vents fall into
the following two general categories:

(I) Mechanically opened vents, which include spring-lift,
pneumatic-lift, or electric motor-driven vents

(2) Thermoplastic drop-out vents, which include polyviinyl
chloride (PVC) or aaylic drop-out panels

Thermoplastic drop-out vents do not allow nondestructive
operation.

A.12.3.1.4 Vents designed for multiple functions (e.g., the
entrance of daylight, roof access, comfort ventilation) need
maintenance of the fire protection function that might be
impaired by the other uses. These impairments can include loss
of spring tension; racking or wear of moving parts, adverse
exterior cooling effects on the fire protection release mecha-
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Example: Sprinkler spacing is 10 ft (3 m) in both directions.
Minimum spacing between face of storage and draft curtain is 7.5 ft
(2.3 m) so minimum aisle space at draft curtain greater than or equal
to 15 ft (4.6 m).

FIGURE A.11.3 Recommended Sprinkler Spacing with
Respect to Draft Curtain Locasions.
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nism; adverse changes in performance sequence, such as
premature heat actuation leading to opening of the vent; or
reduced sensitivity to heat.

A.12.3.2.2 Inspection schedules should include provisions for
testing all units at 12-month intervals or on a schedule based
on a percentage of the total units to be tested every month or
every two months. Such procedures improve reliability. A
change in occupancy, or in neighboring occupancies, and in
materials being used could introduce a significant change in
the nature or severity of corrosive atmosphere exposure, debris
accumulation, or physical encumbrance and could necessitate
a change in the inspection schedule.

A.12.3.2.3 Recording and logging ofall pertinent characteris-
tics of performance allows results to be compared with those of
previous inspections or acceptance tests and thus provides a
basis for determining the need for maintenance or for modify-
ing the frequency of the inspection schedule to fit the experi-
ence.

A.12.3.3.1 The same general considerations for inspection
that apply to mechanically opened vents also pertain to ther-
moplastic drop-out vents. The thermoplastic panels of these
vents are designed to soften and drop out from the vent open-
ing in response to the heat of a fire. This makes an operational
test after installation impracticable. Recognized fire protection
testing laboratories have developed standards and procedures
for evaluating thermoplastic drop-out vents, including factory
and field inspection schedules. It is suggested that laboratory
recommendations be followed for the field inspection of such
units.

A.12.3.3.2 Thermoplastic drop-out vents utilize various types
of plastics such as PVC and acrylic. Without the presence of
ultraviolet (UV) stabilizers, exposure to UV rays can cause
degradation and failure of the thermoplastic component
(dome). Indication of UV degradation includes yellowing,
browning, or blackening of the dome, as well as cracking or a
brittle texture of the dome. (This condition can prevent proper
operation of the thermoplastic material; i.e., it will not operate
at its design activation temperature.) Corrective action requires
replacing the thermoplastic dome with a dome having an
equivalent thermal response.

A.12.4.1.3 The whipping action of the cable on release
presents a possibility of injury to anyone in the area. For this
reason, the person conducting the test should ensure that all
personnel are well clear of the area where whipping of the
cable might occur.

A.13.1 Pesign documentation is critical to the proper installa-
tion, operation, and maintenance of the smoke and heat vent
systems. It forms the basis for evaluating the system's adequacy
to perform as intended if the building or its use is modified.
Additional information on how to prepare design documenta-
tion can be found in the SIPL Engincering Guide to Performance-
Based Fire Protection.

Annex B The Theoretical Basis of LAVENT

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

B.1 Overview. This annex develops the physical basis and an
associated mathematical model for estimating the fire-
generated environment and the response of sprinkler links in

well-ventilated compartment fires with curtain boards and ceil-
ing vents actuated by heat-responsive elements such as fusible
links or thermoplastic drop-out panels. Complete equations
and assumptions are presented. Phenomena taken into
account include the following:

(1) Flow dynamics of the upward-driven, buoyant fire plume

(2) Growth of the elevated-temperature smoke layer in the
curtained compartment

(3) Flow of smoke from the layer to the outside through
open ceiling vents

(4) Flow of smoke below curtain partitions to building spaces
adjacent to the curtained space of fire origin

(5) Continuation of the fire plume in the upper layer

(6) Heat transfer to the ceiling surface and the thermal
response of the ceiling as a function of radial distance
from the point of plume-ceiling impingement

(7) Velocity and temperature distribution of plume-driven
near-ceiling flows and the response of near-ceiling—
deployed fusible links as functions of distance below the
ceiling

(8) Bistance from plume-ceiling impingement

The theory presented here is the basis of the LAVENT
computer program that is supported by a user guide, which is
presented in Annex C, and that can be used to study parametri-
cally a wide range of relevant fire scenarios [ 1-3].

B.2 Inwoduction. The space under consideration is a space of
a plan area, A, defined by ceiling-mounted curtain boards with

a fire of time-dependent energy release rate, Q(t) and with
open ceiling vents of total time-dependent area, Ai{¢). The
curtained area can be considered as one of several such spaces
in a large building compartment. Also, by specifying that the
curtains be deep enough, they can be thought of as simulating
the walls of a single, uncurtained compartment. This annex
presents the physical basis and associated mathematical model
for estimating the fire-generated environment and the
response of sprinkler links in curtained compartment fires with
ceiling vents actuated by heat-responsive elements such as fusi-
ble links or thermoplastic drop-out panels.

The overall building compartment is assumed to have near-
floor wall vents that are large enough to maintain the inside
environment, below any near-ceiling smoke layers that could
form, at assumed initial outside-ambient conditions. Figure
F.2(a) depicts the generic fire scenario for the space under
consideration. The assumption of large near-floor wall vents
necessitates that the modeling be restricted to conditions
where y, the elevation of the smoke layer interface, is above the
floor elevation (i.e., y > 0). The assumption also has important
implications with regard to the cross-ceiling vent pressure
differential. This is the pressure differential that drives
clevated-temperature upper-layer smoke through the ceiling
vents to the outside. Therefore, below the smoke layer (i.e,
from the floor of the facility to the elevation of the smoke layer
interface), the inside-to-outside hydrostatic pressure differen-
tial exists at all elevations in the reduced-density smoke layer
itself (higher pressure inside the curtained area, lower pressure
in the outside environment), the maximum differential occur-
ring at the ceiling and across the open ceiling vents.

B.3 The Basic Equations. A two-layer, zone-type compartment
fire model is used to describe the phenomena under investiga-
tion. As is typical in such models, the upper smoke layer of
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total mass, my, is assumed to be uniform in density, p,, and
absolute temperature, 7.

The following time-dependent equations describe conserva-
tion of energy, mass, and the perfect gas law in the upper
smoke layer-

Conservation of energy,

[B.3a]
d[()‘m = }‘)pf-‘;,;,"ACv] 3 dy
=q, +| pA—
dt dt
Conservation of mass,
[B.3b]
dmy, _ .
dt v
[B.3c]
my, = (J‘am . J‘)puA
Perfect gas law,
[B.3d]
Py &P 2 constant =p, T, =p, .71, .,
R Ay
That is,
[B.3e]

T = 7:xm// psmb
p[/

In the preceding equations, y,; is the elevation of the ceiling
above the floor, R = C;Cy is the gas constant, ¢, and G are the
specific heats at a constant pressure and volume, respectively,
and p is a constant characteristic pressure (e.g., f,,,) at the
floor elevation. In Equation B.3a, 4 is the net rate of enthalpy
flow plus heat transfer to the upper layer and is made up of
flow components as follows: G, from below the curtain;
Qe , from the plume; Qoo , from the ceiling vent; and the
component @, the total heat transfer rate.

[B.3f]
q‘(-‘ = q.rmr = q.‘pmmw ik q“mnr ik q‘”'l‘

In Equation B.3b, 7 is the net rate of mass flow to the
upper layer with flow components, 7, , from below the
curtain; "yme , from the plume; and M, , from the ceiling
vent.

[B.3g]

My, =, +n + 1

et pluine et
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Using Equation B.3c in Equation B.3a leads to

[B.3h]
i AC P, T,
if
Y= Yo a0 g, 20
or

0<y>y,, and g, is arbitrary

Because both of these conditions are satisfied, Equation B.3h
is always applicable.

The basic problem of mathematically simulating the growth
and properties of the upper layer for the generic Figure F.2(a)
scenario necessitates the solution of the system of Equation
B.3b and Equation B.3h for m,and y. When m, > 0, p,, can be
computed from Equation B.3c according to the following:

[B.3i]
S —y)A
P ¢ i) LI
my,
and 7, can be determined from Equation B.3e.

B.4 Mass Flow and Enthalpy Flow Plus Heat Transfer.

B.4.1 Flow to the Upper Layer from the Vents. Conservation
of momentum across all open ceiling vents as expressed by
Bernoulli's equation leads to the following:

[B.4.1a]
1/2
o C[Mp(,,, }
Pu
[B.4.1b]
. 12
Wy = —Pp AV = _AVC(QPUpr)
where:
V = the average velocity through all open vents
C = the vent flow coefficient (0.68) [4]
Ap. = the crossvent pressure difference
From hydrostatics,
[B.4.1c]

Ap., =P, ()‘ = yu’il) = Pams ()' = ym‘z)
= (pnmh = pU )g()‘m{ . )‘)

where:
£ = the acceleration of gravity
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Substituting Equation B.4.1c into Equation B.4.1b leads to
the desired 7, result, as follows:

[B.4.1d]
Wy = —A],C[?p[_, (pfmm —Pu )g()'u.-ﬁ = )‘)]“2

which is equivalent to the equations used to estimate ceiling
vent flow rates (see Ilquation 9.2.4.1 and references [5] and [6]).
Using Equation B.4.1d, the desired G, resultis as follows:

[B.4.1e]

q.-..v-m = ?jngd C}"T;-‘
B.4.2 Flow to the Layer from the Plume and Radiation from
the Fire. It is assumed that the mass generation rate of the fire

is small compared to w,,, , the rate of mass of air entrained into
the plume between the fire elevation, y,., and the layer inter-

face, or compared to other mass flow rate components of 7, .

It is also assumed that all of the ,, penetrates the layer inter-
face and enters the upper layer. Therefore,

[B.4.2a]

mpm me mml

[B.4.2b]
q“p{u me = '"-!'m: CP,Ir‘zmh + (]' = A'r' ) Q

The first term on the right side of Equation B.4.2b is the
enthalpy associated with 7,,, and \,, in the second term in
Equation B.4.2b, is the effective fraction of () assumed to be

radiated isotropically from the fire's combustion zone.

It is assumed that the smoke layer is relatively transparent
and that it does not participate in any significant radiation heat
transfer exchanges. In particular, all of the A Q radiation is
assumed to be incident on the bounding surfaces of the
compartment. Therefore, the last term of Equation B.4.2b is
the net amount of enthalpy added to the upper layer from the
combustion zone and its buoyancy-driven plume. Flaming fires
exhibit values for X\, of 0 <\, < 0.6 (e.g., smallest values for
small methane fires and highest values for large polystyrene

fires). However, for a hazardous fire involving a wide range of

common groupings of combustibles, it is reasonable to approx-
imate flame radiation by choosing X e 0.35 [7].

A specific plume entrainment model is necessary to
complete Equations B.4.1e and B.4.2a for ™y and §pum . The
following estimate for ,, [8, 9] is adopted as follows:

[B.4.2c]

0; ify—y, <0
0.0054(1- 2. )Q) 22 ir 0 < 222 ¢

fawe Jleme

1

L's

0.071[(1-%,)Q]
g = "{()'—y,,, ~L,,)+0.166[(1 —1,)Q]'”"}””
l+e[(1-2 )Q]""-’
x{(y—yﬁ,,—Lﬂw)+o_155[([_k‘)Q]g,n}-m ;
e ]

flame

where m,, isin kg/sec, Q@ isin kW, and j, Ve Lpame are in m
and where

[B.4.2d]
.q2/5
0.249| (1-1,)Q
0, if [( ) ‘] -1.02<0
'ﬁw
0.240[(1-2 )0 T"
poe _[0209[0-2 )0
,ﬁw ,ﬁw
0249[(1-2 )oT "
if [( ')‘] -1.0220
B,
where Q is in kW, B, is in m, and
[B.4.2¢]
0.0054 B
=[ = )—(0.166) *=0.02591682... = 0.026

In Equations B.4.2c through B.4 Ze,
L fume 15 the fire's flame length.

B, is the cffective diameter of the fire source (1()"’”/4 =
area of the fire source).

€ is chosen so that, analytically, the value of 7, is exactly
continuous at the elevation y =y, + Lm-
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B.4.3 Flowto the Layer from Below the Curtains. If the upper

layer interface, y, drops below the elevation of the bottom of

the curtains, y,, mass and enthalpy flows occur from the
upper layer of the curtained area where the fire is located to
adjacent curtained areas of the overall building compartment.
The mass flow rate is the result of hydrostatic cross-curtain
pressure differentials. Provided adjacent curtained areas are
not yet filled with smoke, this pressure difference increases
linearly from zero at the layer interface to Ap,,,, at y = y,.

From hydrostatics,

[B.4.3a]
Apmm = pU (y o, yruyx ) B pmub (y = y{‘u vt)
ol (pumo i pl,’)g()‘nnx . }')

Using Equation B.4.3a together with well-known vent flow
relations (e.g., Equation 32 of reference [4]), ", and 4.
can be estimated from the following:

[B.4.3b]
0; ify=y

et
m = /2

i it P l i
. :7'_7:[8(}‘,«11 = }‘) Py (pmw ~Py )g] ; lf:ﬂ = dai

[B.4.3c]
ql-nvr = ?J.’E”"_',C_,,'I;}.

where L, is that length of the perimeter of the curtained
areas of the fire origin that is connected to other curtained
areas of the overall building compartment. For example, if the
curtained area is in one corner of the building compartment,
then the length of its two sides coincident with the walls of the
compartment are not included in L, Because the generic
vent flow configuration under consideration in this case is long
and deep, a flow coefficient for the vent flow incorporated into
Equation B.4.3b is taken to be 1.

B.4.4 Heat Transfer to the Upper Layer. As discussed in B.4.3,
where the fire is below the layer interface, the buoyant fire
plume rises toward the ceiling, and all of its mass and enthalpy

flow, Mpwe and Gums , are assumed to be deposited into the

upper layer. Having penetrated the interface, the plume
continues to rise toward the ceiling of the curtained compart-
ment. As it impinges on the ceiling surface, the plume flow
turns and forms a relatively high-temperature, high-velocity,
turbulent ceiling jet that flows radially outward along the ceil-
ing and transfers heat to the relatively cool ceiling surface. The
ceiling jet is cooled by convection, and the ceiling material is
heated by conduction. The convective heat transfer rate is a
strong function of the radial distance from the point of plume-
ceiling impingement and reduces rapidly with increasing
radius. It is dependent also on the characteristics of the plume
immediately upstream of ceiling impingement.

The ceiling jet is blocked eventually by the curtains, wall
surfaces, or both. It then turns downward and forms vertical
surface flows. In the case of wall surfaces and very deep
curtains, the descent of these flows is stopped eventually by
upward buoyant forces, and they finally mix with the upper
layer. In this case, it is assumed that the plume-ceiling impinge-
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ment point is relatively far from the closest curtain or wall
surface (e.g., greater than a few fire-to-ceiling lengths). Under
such circumstances, the ceiling jet-wall flow interactions are
relatively weak, and compared to the net rate of heat transfer
from the ceiling and near the plume-ceiling impingement
point, the heat transfer to the upper layer from all vertical
surfaces is relatively small.

Bcfine X\, as the fraction of Q that is transferred by
convection from the upper-layer gas ceiling jet to the ceiling
and to the vertical wall and curtain surfaces as follows:

[B.4.4]
(?H'J" = _lmamQ

Once the values of \,,.@ and §,, are determined from a
time-dependent solution to the coupled, ceiling jet—ceiling
material, convection-conduction problem, the task of deter-
mining an estimate for each component of ¢, and #, in
Equations B.3f and B.3g, respectively, is complete.

B.4.4.1 Properies of the Plume in the Upper Layer When y;, <
y. Those instances of the fire elevation being below the inter-
face (i.e., when y;, <y) are considered here.

As the plume flow moves to the center of the upper layer,
the forces of buoyancy that act to drive the plume toward the
ceiling (i.e, as a result of relatively high-temperature, low-
density plume gases being submerged in a relatively cool, high-
density ambient environment) are reduced immediately
because of the temperature increase of the upper-layer envi-
ronment over that of the lower ambient. As a result, the contin-
ued ascent of the plume gases is less vigorous (i.e., ascent is at
reduced velocity) and of higher temperature than it would be
in the absence of the layer. Indeed, some of the penetrating
plume flow will be at a lower temperature than 7,. The upper-
layer buoyant forces on this latter portion of the flow actually
retard and can possibly stop its subsequent rise to the ceiling.

A simple point-source plume model [10] is used to simulate
the plume flow, first immediately below or upstream of the
interface and then throughout the depth of the upper layer
itself.

A plume above a point source of buoyancy [10], where the
source is below the interface, will be considered to be equiva-
lent to the plume of a fire (in the sense of having identical
mass and enthalpy flow rates at the interface) if the point-
source strength is (1 — X\,) @ and the elevation of the equiva-
lent source, y,, satisfies the following:

ey

[B.4.4.1a]

872 oy
mj)lum» = 0'21pmn.’;gl/2()‘_ yr{[] Qﬂ{“s

In Equation B.4.4.la, ) , a dimensionless measure of the
strength of the fire plume at the interface, is defined as follows:

[B.4.4.1b]
b (o100
PuniCrlimg (JJ - J’,v;)
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It should be noted that at an arbitrary moment of time on
the simulation of a fire scenario, "umw in Equation B.4.4.1a, is
a known value that is determined previously from Equations
B.4.2a and B.4.2c.

.,Using Equations B.4.4.1a and B.4.4.1b to solve for }, and
0

[B.4.4.1c]
“ Q;;.qlpr:iJJ!;Cf’T:rnaJ;gl &
[B.4.4.1d]
. q3/2
a 0.21(1-2,)Q
Gl plme

As the plume crosses the interface, the fraction, @, of

Myms , that is still buoyant relative to the upper-layer environ-
ment and presumably continues to rise to the ceiling, entrain-
ing upper-layer gases along the way, is predicted [11] to be as
follows:

[B.4.4.1e]

(); if —1<o <0
=] 1045990 + 03603916
1.0 +1.377486 + 0.3603915"

ife>0

where the dimensionless parameter, o, is defined as follows:

[B.4.4.1f]
1-a+C0,."°
 a-l
[B.4.4.1g]
1y
o=—
1

amb

where Gy = 9.115 and where Q,; is the value computed in
Equation B.4.4.1d.

The parameters necessary to describe plume flow continua-
tion in the upper layer (i.e., between y and Y, are further
identified [11] according to a point-source plume [10]. It has
been determined that this plume can be modeled as being
driven by a nonradiating buoyant source of strength, Q" loca-
ted a distance

[B.4.4.1h]
H =% 0= Yeuire = Ve =Y e
below the ceiling in a downward-extended upper-layer envi-

ronment of temperature, T, and density, p.. The relevant
parameters predicted [11] are as follows:
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[B.4.4.1i]
O )chn'a'
~ l+o
[B.4.4.1j]

, a5, 005110 =
Yonsw = 3= (3= 9 o> 20" (—)
(o]

The fire and the equivalent source in the lower layer and the
continuation source in the upper layer are depicted in Figure
B.4.4.1, parts (a) through (c). Those times during a fire simula-
tion when Equation B.4.4.1f predicts ¢ > 1 are related to states
of the fire environment in which the temperature distribution
above T,,, of the plume flow, at the elevation of interface pene-
tration, is predicted to be mostly much larger than 7, - T,,,.
Under such circumstances, the penetrating plume flow is still
very strongly buoyant as it enters the upper layer. The plume
continues to rise to the ceiling and to drive ceiling jet convec-
tive heat transfer at rates that differ only slightly (due to the
clevated temperature upper-layer environment) from the heat
transfer rates that could occur in the absence of an upper layer.

Conditions where Equation B.4.4.1f predicts o < ) are rela-
ted to times during a fire scenario when the temperature of the
plume at the elevation of interface penetration is predicted to
be uniformly less than 77.. Under such circumstances, the pene-
tration plume flow is not positively (i.e., upward) buoyant at
any point as it enters the upper layer. Therefore, while all of
this flow is assumed to enter and mix with the upper layer, it is
predicted that none of it rises to the ceiling in a coherent
plume (i.e,, 4,. = 0). For this reason, where o < 0, the exis-
tence of any significant ceiling jet flow is precluded, along with
significant convective heat transfer to the ceiling surface or to
near-ceiling—deployed fusible links.

The preceding analysis assumes that y,, < y. However, at the
onset of the fire scenario, Ve <3 = Yot and «, o, and 4" of
Equation B.4.4.1e through Equation B.4.4.1h, which depend
on the indeterminate initial value of 77, are themselves unde-
fined. The situation at £ =0 is properly taken into accountif Q =
(1-x,)Q and

[B.4.4.1K]
Foe =%y 2LE=0

B.4.4.2 General Properties of the Plume in the Upper Layer.
When the fire is below the interface, the results of Equations
B.4.4.1i and B.4.4.1j allow the fire-driven plume dynamics in
the upper layer to be described according to the point-source
plume model [10]. If the fire is at or above the interface (i.e.,

Ve 2 %), then "o, = 0, Gume = (1 — N) @, and the point-
source model is used once again to simulate the upper-layer
plume flow. All cases can be treated using the following modi-
fied versions of original Equations B.4.4.1i and B.4.4 1}
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FIGURE B.4.4.1 Fire and Equivalent Source.
temperature, 7y, where H is determined from Equations
B.4.41hand B.4.4.1j.
[B.4.4.2a] J
v The objective is to estimate the instantaneous convective
(1-A,)Qawm J 3 -
T i3 <Y< heat transfer flux from the upper-layer gas to the lower-ceiling
Q= (1+a) surface, G, (r 1), and the net heat transfer ﬂu)ics to the
(1_7\‘ )Q ify, >y or ify=y, upper and lower ceiling surface of the ceiling, q (T,t) and
A e el q {]f 1) respectively. With this information, the time-
dependent solution for the in-depth thermal response of the
ceiling material can be advanced to subsequent times. Also,
[B.4.4.2b] s can be integrated over the lower-ceiling surface to obtain

}‘ﬁw; lf)‘ = y_,ﬁw < ym‘.l‘

1/5
a s s 1+0
# 5 375, %275 g x
)‘mumf - }‘_(.)‘_ }‘a\q )a m [ G ] 4 lfyﬁrr- = y < J‘nin’

Yo Ey=23.

where h w . o, and & are calculated from Equations
B.4.4.1c through B.4.4.1g.

B.4.5 Computing q,,, and the Thermal Response of the Ceil-
ing. Where the fire is below the interface and the interface is
below the ceiling, the method used for calculating the heat
transfer from the plume-driven ceiling jet to the ceiling and the
thermal response of the ceiling is from reference [12]. This
method was developed to treat generic, confined-ceiling, room
fire scenarios. As outlined in this method [12], the confined
ceiling problem is solved by applying the unconfined ceiling
heat transfer solution [13-15] to the problem of an upper-layer
source in an extended upper-layer environment equivalent to
Equations B.4.4.2a and B.4.4.2b. When the fire is about the
interface, the unconfined ceiling methodology applies directly.

To use the methods in references [12-15], an arbitrary
moment of time during the course of the fire development is
considered. It is assumed that the temperature distribution of
the ceiling material, 7, has been computed up to this moment
and is known as a function of distance, Z, measured upward
from the bottom surface of the ceiling, and radial distance, r,
measured from the constant point of plume-ceiling impinge-
ment. The equivalent, extended upper-layer, unconfined ceil-
ing flow and heat transfer problem is depicted in Figure B.
4.4.1(c). Tt involves the equivalent Q" heat source from Equa-
tion B.4.4.2a located a distance, H, below the ceiling surface in
an extended ambient environment of density, p,, and absolute
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the desired instantaneous value for Gy .

In view of the assumptions of the relatively large distance of
the fire from walls or curtains and on the relatively small contri-
bution of heat transfer to these vertical surfaces, it is reasona-
ble to carry out a somewhat simplified calculation ”fm’ .
Therefore, 4,; is approximated by the integral of Goonw. 1. OVEL
an effective circular ceiling area, A,ff, with a diameter, D,f/,
centered at the point of impingement as follows:

[B.4.5a]
Grer = )‘man(t)
. _J”i:m/, L ("y t)dA

4
Dyf2

=~ =21 J G (r,t)radr
0

The value A,ﬂ: ’K’g,ﬁ/‘l is taken to be the actual area of the
curtained space, A, plus the portion of the vertical curtain and
wall surfaces estimated to be covered by ceiling jet—driven wall
flows. An estimate for this extended, effective ceiling surface
area is obtained [16], where it is concluded with some general-
ity that ceiling jet—driven wall flows penetrate for a distance of
approximately 0.8 H from the ceiling in a downward direction.
Therefore,

[B.4.5b]

B :nl)'tﬂ
vy

—A+08H(P—L,,)+ L,min[08H,(3,,~ ..l

where P = the total length of the perimeter of the curtained
area.
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B.4.5.1 Net Heat Transfer Flux to the Ceiling’s Lower Surface. where:
The net heat transfer flux to the ceiling’s lower surface, f]: s I8
made by means of up to three components — incident radia- [B.4.5.1f]
.1011 Jee y CONVECLLON, Gony, 15 and reradiation, g as 1-110 r L0808 L3
follows: ¥ N H H
f S 0.8 16 2.4
H r r . r
1-1L10] — +2.20] — +0.690| —
[B.4.5.1a] H H H
?}' = G'f.';f_ T ri.'::w,;. + rz.’:-;mt,;.
[B.4.5.1g]

is assumed to be radiated isotropically from the fire with negli-
gible radiation absorption and emission from the compartment
gases.

As discussed in B.4.4, the radiant energy from the fire, \,2

[B.4.5.1b]
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The convective heat transfer flux from the upper-layer gas to
the ceiling’s lower surface can be calculated [13, 14] as follows:

[B.4.5.1c]
f/:nv,l. =h, (T.u _Ts,l.)

where:
= convcctiv.'c. heat transfer f.lux from the upper-layer gas
) to the ceiling’s lower surface
h; = a heat transfer coefficient
T,, = the temperature that is measured adjacent to an adia-
batic lower-ceiling surface
T, = the absolute temperature of the ceiling’s lower surface

Equations B.4.5.1d and B.4.5.1e determine %, and T,, as
follows:

[B.4.5.1d]
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In Equation B.4.5.1d, Pris the Prandtl number (taken to be
0.7), and in Equation B.4.5.1g, v, is the kinematic viscosity of
the upper-layer gas, which is assumed to have the properties of
air. Also, U5, a dimensionless number, is a measure of the
strength of the plume, and Re, is a characteristic Reynolds
number of the plume at the elevation of the ceiling.

The following estimate for v, [17] is used when computing
Re, from Equation B.4.5.1¢g:

[B.4.5.1h]
0.04128(107) 72"
T T,+1104

v

where v, is in m?/sec and T}, is in K.

Equations B.4.5.1c through B.4.5.1h use a value for T Att=
0, where it is undefined, 7', should be set equal to 7,,, This
yields the correct limiting result for the convective heat transfer
to the ceiling, specifically, convective heat transfer to the
initially ambient temperature ceiling from an unconfined ceil-
ing jet in an ambient environment.

As the fire simulation proceeds, the ceiling's lower surface
temperature, 7, initially at 7, , begins to increase. At all
times, the lower-ceiling surface is assumed to radiate diffusely
to the initially ambient temperature floor surface and to
exposed surfaces of the building contents. In response to this
radiation and to the direct radiation from the fire's combustion
zone, the temperatures of these surfaces also increase with
time. However, for times of interest here, it is assumed that
their effective temperature increases are relatively small
compared to the characteristic increases of T,. Accordingly, at
a given radial position of the ceiling's lower surface, the net
radiation exchange between the ceiling and floor-contents
surfaces can be approximated by the following:
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[B.4.5.1i]
L, ol -1,)
qmm/l,l, =
Ll
€ €

where o is the Stefan-Boltzmann constant and €, and € Jtoo?
are the effective emittance-absorptance of the ceiling's lower
surface and the floor and contents surfaces (assumed to be
gray ), respectively, both of which are taken to be 1.

B.4.5.2 Net Heat Transfer Flux to Ceiling’s Upper Surface. It
is assumed that the ceiling’s upper surface is exposed to a rela-

tively constant-temperature farfield environment at 7T,

Therefore, the net heat transfer flux to this surface, 4., is

7

and reradia-

3
conwt! >

made up of two components, convection,

. . .
tion, q,,..0 » as follows:

[B.4.5.2a]
q’{’,’ = q";m:/l,’-" q"r’wnd,!,’
These can be estimated from the following:
[B.4.5.2b]
Gmr= o (Lo = Ts1)
[B.4.5.2¢]
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where Ty, is the absolute temperature of the upper surface
of the ceiling, 2, is a heat transfer coefficient, and €, and €y
are the effective emittance-absorptance of the far-field and
ceiling's upper surface (assumed to be gray), respectively, both
of which are taken to be 1.

The value for A, to be used [18] is as follows:

[B.4.5.2d]
by, = 1'65(7;1111) _Ts,u)l/s

where &, isin W/m? and T,,, and T are in K.

B.4.5.3 Solving for the Thermal Respounse of the Ceiling for

Q. The temperature of the ceiling material is assumed to be

governed by the Fourier heat conduction equation. By way of

the lower-ceiling-surface boundary condition, the boundary
value problem is coupled to, and is to be solved together with,
the system of Equations B.3b and B.3h.

Initially, the ceiling is taken to be of uniform temperature,
T emi The upper- and lower-ceiling surfaces are then exposed to
the radial- and time-dependent rates of heat transfer, g and
q7 , determined from Equations B.4.5.2a and B.4.5.1a, respec-
tively. For times of interest here, radial gradients of 4}, and
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¢, are assumed to be small enough so that conduction in the
ceiling is quasi-one-dimensional in space [i.e, T = T(Z, & r)].
Therefore, the two-dimensional thermal response for the ceil-
ing can be obtained from the solution to a set of one-
dimensional conduction problems for the following:

[B.4.5.3a]
T.(Z,t)=T(Z,t;r=r,); n=ltoN_,

where N, is the number of discrete radial positions neces-
sary to obtain a sufficiently smooth representation of the over-
all ceiling temperature distribution. The 7, radial positions are
depicted in Figure B.4.5.3.

Characteristic changes in ceiling temperature will occur over
changes in »/H of the order of 1 [15]. Therefore, it is reasona-
ble to expect accurate results for the Equation B.4.5a integral
Gl 1 by interpolating between values of ¢/, calculated at
radial positions separated by r/H intervals of 0.1 to 0.2.

Using the preceding ideas, the following procedure for find-
ing the thermal response of the ceiling and solving for §/, is
implemented:

(1) Because y.;~yj, is 2 measure of Hin the current problem
and B,/2 is a measure of the maximum value of r, N, is
chosen as several multiples of the following:

[B.4.5.3b]
Dy /2
)‘m’f - .}‘,ﬁw

In this case, N,,is chosen as the first integer equal to or
greater than the following:

[B.4.5.3c]
5(D,, /2
(0,7,
ynvil == y/'mt

(2) One temperature calculation point is placed at r= 0 and
the remaining N, calculation points are distributed with
uniform separation at and between r=0.2(¥,; - ) and r
= By/2, the latter value being the upper limit of the inte-
gral of Equation B.4.5a; that is,

[B.4.5.3d]
n=0
% =0.2(y, = ¥
.
Ny 9
r,=r,, +Ar if2 < n<N,,
where
[B.4.5.3¢]

Ar= (TNM =i ) / (N,m, - %)
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(3) The boundary value problems are solved for the N,
temperature distributions, T,,. At arbitrary radius, r,, these
are indicated in the inset portion of Figure B.4.5.3.

(4) Forany moment of time during the calculation, the lower
surface values of the T, are used to compute the corre-
sponding discrete values of

[B.4.5.3f]
(j‘:rmr),f..n(t) = {F:‘rmr,-.f.(r = Tn » r)

from Equation B.4.5.1c.

(5) The f}'fu,w_,v distribution in r is approximated by interpo-
lating linearly between the f}',',,,w, 1. - The integration indi-
cated in Equation B.4.5a is carried out.

The procedure for solving for the T, is the same as that used
in reference [15]. It requires the thickness, thermal conductiv-
ity, and thermal diffusivity of the ceiling material. The solution
to the one-dimensional heat conduction equation involves an
explicit finite difference scheme that uses an algorithm taken
from references [19, 20]. For a given set of calculations, N < 20
equal-spaced nodes are positioned at the surfaces and through
the thickness of the ceiling at every radius position, r, The
spacing, 8Z(see Figure B.4.5.3), of these is selected to be large
enough (based on a maximum time step) to ensure stability of
the calculation.

/ | 7
i ‘5;:9rad, U 5r’,v’.)nv, U
: Eq. B.4.52¢ Eq.B.45.2b
! s, * v,
A4 —e— 12
| AN AN, = //\ﬁ
:  wwam I
__maa
/e 1)
Q Goon, 1 \
Eq B.45.1¢c Qrerad, L
Eq. B.4.5.1i
q rad-fire
Eq. B.4.5.1b

FIGURE B.4.5.3 Illuswration of the Geomewy for the
Boundary Value Problems of the Temperature Diswibutions,
T,, Through the Ceiling at Radial Positions r,.

B.5 Actuation of Vents and Sprinklers. It is an objective of this
standard to simulate conditions in building spaces where ceil-
ing vents and sprinkler links can be actuated by the responses
of near-ceiling—deployed fusible links. The concept is that,
during the course of a compartment fire, a deployed link is
engulfed by the near-ceiling convective flow of the elevated-
temperature products of combustion and entrained air of the
fire-generated plume. As the fire continues, convective heating
of the link leads to an increase in its temperature. If and when
its fuse temperature is reached, any devices being operated by
the link are actuated.

The near-ceiling flow engulfing the link is the plume-driven
ceiling jet referred to previously, which transfers heat to the
lower-ceiling surface and is cooled as it traverses under the ceil-
ing from the point of plume-ceiling impingement. In the case
of relatively smooth ceiling configurations, assumed to be
representative of the facilities studied in this standard, the ceil-
ing jet flows outward radially from the point of impingement,
and its gas velocity and temperature distributions, Vg and 7,
respectively, are a function of radius from the impingement
point, r, distance below the ceiling, z, and time, £

Vents actuated by alternate means, such as thermoplastic
drop-out panels with equivalent performance characteristics,
can also be modeled using LAVENT. Refer to A9.1.

B.5.1 Predicting the Thermal Response of the Fusible Links.
The thermal response of deployed fusible links is calculated up
to their fuse temperature, 7, by the convective heating flow
model of reference [21]. It is assumed that the specific link is
positioned at a specified radius from the impingement point, r
= 1, and distance below the lower-ceiling surface, z = z;. 7, is
defined as the link's assumed, nearly uniform temperature.
Instantaneous changes in 7; are determined by the following:

[B.5.1]
dar, (T;;r,i. B L)V(‘“’

dt RTI

where T, and V;, are the values of Vand T, respectively,
evaluated near the link position, and where R77 (response time
index), a property of the link and relative flow orientation, can
be measured in the “plunge test” [21, 22]. The RT7 for ordi-
nary sprinkler links ranges from low values of 22 (m-sec)!? for
quick-operating residential sprinklers, to 375 (m-sec)/? for
slower standard sprinklers [23]. The utility of Equation B.5.1,
which has been shown in reference [24] to be valid typically
through the link-fusing processes, is discussed further in refer-
ence [23], where it was used to predict link response in a para-
metric study involving two-layer compartment fire scenarios.
Also, in the latter work, the link response prediction methodol-
ogy was shown to demonstrate favorable comparisons between
predicted and measured link responses in a full-scale, one-
room, open-doorway compartment fire experiment.

Computing 7, from Equation B.5.1 for a different link loca-
tion necessitates estimates of Vi, and T, for arbitrary link
positions, r; and z,.

B.5.2 The Velocity Diswibutions of the Ceiling Jet. Outside of
the plume-ceiling impingement stagnation zone, defined
approximately by r/H < 0.2, and at a given r, V rises rapidly
from zero at the ceiling's lower surface, z = (), to a maximum,
Vv at a distance z = 0.235, §(r) being the distance below the

WX
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ceiling where V/V,, = 1/2 [16]. In this region outside the stag-
nation zone, Vg can be estimated [16] as follows:

if —>0.9:
H

[B.5.2a]

(/7 o
Bl 2 [1——2/(0'“8)} ifo<— <1
Vg _[\7 N 02388 8 0.238

% Sf( 023 ) o
" cnsh"{ 2 arccosh(?")x[ = 1}}; if1<—f
0.77 0.238 0.238

[B.5.2b]
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Vv =gl/2Hl/2 'Ll/.'ﬁ
where O} is defined in Equation B.4.5.1g. V/V,,, per Equa-
tion B.5.2a is plotted in Figure B.5.2.

In the vicinity of near-ceiling—deployed links located inside
the stagnation zone, the fire-driven flow is changing directions
from an upward-directed plume flow to an outward-directed
ceiling jet-type flow. There the flow velocity local to the link,
the velocity that drives the link’s connective heat transfer,
involves generally a significant vertical as well as radial compo-
nent of velocity. Nevertheless, at such link locations, it is
reasonable to continue to approximate the link response using
Equation B.5.1 with V,; estimated using Equations B.5.2a and
B.5.2b and with r/Hset equal to 0.2; that is,

[B.5.2¢c]

V, =V, [i = 0.2); if0<— <02

B.5.3 The Temperature Diswibution of the Ceiling Jet.
Qutside of the plume-ceiling impingement stagnation zone
(i.e., where v/H > 0.2) and at a given value of 7, Tq rises very
rapidly from the temperature of the ceiling's lower surface, T,
at z = 0, to a maximum, 7, somewhat below the ceiling
surface. It is assumed that this maximum value of T occurs at
the identical distance below the ceiling as does the maximum
of Vy (ie., at z = 0.235). Below this elevation, T, drops with
increasing distance from the ceiling until it reaches the upper-
layer temperature, 7. In this latter, outer region of the ceiling
Jjet, the shape of the normalized 7 distribution, (Tq - 1w/
(Ta— 1), has the same characteristics as that of V/ V. Also,
because the boundary flow is turbulent, it is reasonable to esti-
mate the characteristic thicknesses of the outer region of both
the velocity and temperature distributions as being identical,
both dictated by the distribution of the turbulent eddies there.

U

For these reasons, the dimensionless velocity and tempera-
ture distribution are approximated as being identical in the
outer region of the ceiling jet flow, 0.235 < z In the inner
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FIGURE B.5.2 A Plot of Dimensionless Ceiling Jet Velocity
Distribution, V/V,,,., as a Function of z /0.238 per Equation
B.5.2a.

region of the flow, between z = 0 and 0.236, the normalized
temperature distribution is approximated by a quadratic func-

tion of z/(0.238), with Ty=Tgpatz=0and Ty, =7,,,dTy/ dx=
0 at z= 0.238. Therefore, wherer/H> 0.2,
[B.5.3a]
2 2 Y
® +2|(l-0 —-|[(1-® ;
! [( “)( 0.238 )} {( ) )[0.236 ) }
T -T
a=—2—v | et
T¥_ =T 0.238
9. g
i 0.238
[B.5.3b]
ey =55
0,=0(T, =7;,)=22—2
: ( 7 S,L) 7::mx i 7;’

It should be noted that O is negative when the ceiling
surface temperature is less than the upperlayer temperature
(e.g., relatively early in a fire, when the original ambient-
temperature ceiling surface has not yet reached the average
temperature of the growing upper layer). Also, O; is greater
than 1 when the ceiling surface temperature is greater than
Ter- This is possible, for example, during times of reduced fire
size when the fire's near-ceiling plume temperature is reduced
significantly, perhaps temporarily, from previous values, but the
ceiling surface, heated previously to relatively high tempera-
tures, has not cooled substantially. Plots of © per Equation
B.5.3a are shown in Figure B.5.3 for cases where © is < 0,
between 0and 1, and > 0.

In a manner similar to the treatment of Vg/V,,,, for the
purpose of calculating 7;, from Equation B.5.1, O is approxi-
mated inside the stagnation zone by the description of Equa-
tions B.5.3aand B.5.3b, with r/H set equal to 0.2 as follows:
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[B.5.3c]

@)§=@Y[i=0.2); ifo<—<0.2
ST\ H H

With the radial distribution for Ty, and 7, already calculated
up to a specific time, only 7,,, is needed to complete the
derived estimate from Equations B.5.3a through B.5.3c for the
ceiling jet temperature distribution. This estimate is obtained
by invoking conservation of energy. Therefore, at an arbitrary r
outside the stagnation zone, the total rate of radial outflow of
enthalpy (relative to the upper-layer temperature) of the ceil-
ing jet is equal to the uniform rate of enthalpy flow in the
upper-layer portion of the plume, Q°, less the integral (from
the plume-ceiling impingement prior to r) of the flux of
convective heat transfer from the ceiling jet to the ceiling
surface as follows:

[B.5.3d]

QEIpr.'Cﬁ (PI;J - Tr) ID;,;T dz= Q'f 275_"‘{?’,’,,.,,‘,_( r, i) rdr

[ 0

%
itp2<—

= (17 7\.'”»“)) Q,;

A, is the fraction of Q' transferred by convection to the
ceiling from the point of ceiling impingement to r as follows:

[B.5.3e]

275_[’}:"%,1.(74)1‘ dr
}\.'mm/('r) = 0 Q’

In Equations B.5.3d and B.5.3e, @ has been calculated
previously in Equation B.4.4.2a. Also, the integral on the right-
hand sides of Equations B.5.3d and B.5.3e can be calculated by
approximating (']','W,,,(r,t), as shown in Equation B.5.3e, as a
linear functi,())n of r between previously calculated values of
f]amv,l. r=r, .

The integral on the left-hand side of Equation B.5.3d is
calculated using Vi of Equations B.5.2a and B.5.3b and Ty, of
Equations B.5.3a and B.5.3b. From this, the desired distribu-
tionfor 7,,, is determined as follows:

[B.5.3f]
r 0.8
(r,.-1,)=26(1- x',m_,,)[;) Q27 —0.090(7,, -1, )
B
if 0.2 <—
H

The result of Equation B.5.3f, together with Equations B.5.3a
and B.5.3b, represents the desired estimate for 7, This and
the estimate derived from Equations B.5.2a through B.5.2c for
T are used to calculate T, from Equation B.5.1.

B.5.4 Dependence of Open Vent Area on Fusible-Link—Actu-
ated Vents. As discussed, the influence of ceiling vent action
on the fire-generated equipment is dependent on the active
area of the open ceiling vents, A;. A variety of basic vent open-
ing design strategies is possible, and a major application of the

T
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= ceiling jet temperature — upper layer temperature
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Distance “Hot” ceiling, low heat transfer
below
ceiling “Cool” ceiling, high heat transfer

FIGURE B.5.3 Plots of Dimensionless Ceiling Jet
Temperature Diswibution, ©, as a Function of z/0.230 per
Equation B.5.3a for Cases Where ©;is <0, Between 0 and 1,
and >0.

current model equations is to evaluate these strategies within
the context of the developing fire environment. For example,
one of the simplest strategies [9] assumes that all vents
deployed in the specified curtained area are opened by what-
ever means at the onset of the fire. In general, A; will be time-
dependent. To the extent that a strategy of vent opening is
dependent directly on the fusing of any one or several
deployed fusible links, the location of these links and their
characteristics (i.e., likely spacings from plume-ceiling impinge-
ment, distance below the ceiling, and the RTI) and the func-
tional relationship between link fusing and A; need to be
specified. These matters can be examined in the context of
different solutions to the overall problem by exercising para-
metrically the LAVENT computer program [2], which imple-
ments all the model equations provided in this annex.

B.5.5 Concluding Remarks — A Summary of Guidelines,
Assumptions, and Limitations. The theory presented here is
the basis of LAVENT, a user-friendly computer program [2]
that is supported by a user guide [3] and that can be used to
study parametrically a wide range of relevant fire scenarios.

The assumptions made in the development of the set of
model equations limit fire scenarios or aspects of fire scenarios
that can be simulated and studied with confidence. A summary
of guidelines and assumptions that characterize what are
perhaps the most critical of these limitations follows. These are
the result of explicit or implicit assumptions necessary for valid
application of the variety of submodels introduced throughout
this work.

L and Ware the length and width, respectively, of the plan
area of the curtained space. Simulated configurations should
be limited to those with aspect ratios, L/W, that are not much
different from 1 (e.g., 0.5 < L/W< 2). Also, in such configura-
tions, the fire should not be too close to or too far from the
walls [e.g., the fire should be no closer to a wall than (y.; -
Ywd /2 and no farther than 3(y;— ¥ 1-
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The curtain boards should be deep enough to satisty (y.; —
Yowrd) 2 0.2 (Ve — Yire)» unless the equations and the standard are
used to simulate an unconfined ceiling scenario where (y,; -

Your) = 0.

The ceiling of the curtained space should be relatively
smooth, with protuberances having depths significantly less
than 0.1(Y.;— ys.). Except at the locations of the curtain boards,
below-ceiling—-mounted barriers to flow, such as solid beams,
should be avoided. Ceiling surface protuberances near to and
upstream of fusible links (i.e., between the links and the fire)
should be significantly smaller than link-to-ceiling distances.

W, is the width, that is, the smaller dimension of a single ceil-
ing vent (or vent cluster). If vents are open, the prediction of
smoke layer thickness, y.;— 3, is reliable only after the time that
(Yt — )/ Wy is greater than 1 (For smaller layer depths,
“plugholing” flow through the vents could occur, leading to
possible significant inaccuracies in vent flow estimates.) Note
that this places an additional limitation on the minimum depth
of the curtain boards [i.e., (Y,u;= Your)/ Wi should exceed 1].

At all times during a simulated fire scenario, the overall
building space should be vented to the outside (e.g., through
open doorways).

In this regard, compared to the open ceiling vents in the
curtained compartment, the area of the outside vents must be
large enough such that the pressure drop across the outside
vents is small compared to the pressure drop across ceiling
vents. For example, under near-steady-state conditions, when
the rate of mass flow into the outside vents is approximately
equal to the rate of mass outflow from the ceiling vents, the
outside vent area must satisfy (Ay,,/A)2(T/ T2 >> 1, or,
more conservatively and independent of T, (A7 49255 1.
The latter criterion will always be reasonably satisfied if Ay,,/ Ay
> 2. Under flashover-level conditions —say, when Ty / 7,,,= 3
— the former criterion will be satisfied if (34y./ 4,2 >> 1 —
say, if Ay, = Ay, or even if Ay, is somewhat smaller than Ay

The simulation assumes a relatively quiescent outside envi-
ronment (i.e.,, without any wind) and a relatively quiescent
inside environment (i.e., remote from vent flows, under-curtain
flows, ceiling jets, and the fire plume). In real fire scenarios,
such an assumption should be valid where the characteristic
velocities of actual flows in these quiescent environments are
much less than the velocity of the fire plume near its ceiling
impingement point (i.e., where the characteristic velocities are
much less than V,,. of Equation B.5.2b). It should be noted
that, for a given fire strength, (), this latter assumption places a
restriction on the maximum size of (y.; — ys»), which is a meas-
ure of H, since V,, is approximately proportional to (y., —
),/w)-l/?.‘

In configurations where smoke flows below curtain parti-
tions to adjacent curtained spaces, the simulation is valid only
up to the time that it takes for any one of the adjacent spaces to
fill with smoke to the level of the bottom of the curtain. While
it is beyond the scope of this standard to provide any general
guidelines for this limiting time, the following rule can be
useful where all curtained spaces of a building are similar and
where the fire is not growing too rapidly: The time to fill an
adjacent space is of the order of the time to fill the original
space.

The reliability of the simulation begins to degrade subse-
quent to the time that the top of the flame penetrates the layer
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elevation, and especially if Equation B.4.3a predicts a flame
height that reaches the ceiling.

Itis assumed that the smoke is relatively transparent and that
the rate of radiation absorbed by or emitted from the smoke
layer is small compared to the rate of radiation transfer from
the fire's combustion zone. The assumption is typically true,
and a simulation is valid at least up to those times that the phys-
ical features of the ceiling can be discerned visually from the
floor elevation.

It should be emphasized that the preceding limitations are
intended only as guidelines. Therefore, even when the charac-
teristics of a particular fire scenario satisfy these limitations, the
results should be regarded with caution until solutions to the
overall model equations have been validated by a substantial
body of experimental data. Also, where a fire scenario does not
satisty the preceding limitations but is close to doing so, it is
possible that the model equations can still provide useful quan-
titative descriptions of the simulated phenomena.
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B.7 Nomenclature for Annex B.
A = plan area of single curtain space

Ay = cffective area for heat transfer to the extended lower-
ceiling surface, /4

Ay = total area of open ceiling vents in curtained space
Ay, = total area of open vents to outside exclusive of A,
C = vent flow coefticient (0.68)

Cp = specific heat at constant pressure

Cy=9.115, dimensionless constant in plume model

C, = specific heat at constant volume

B, = cffective diameter of A,

; i o D’ Je
B, = cffective diameter of fire source ( W®gn /4= areaof fire
source)

£&= acceleration of gravity

H = distance below ceiling of equivalent source

i = characteristic heat transfer coefficient

hi, by = lower-, upper-ceiling surface heat transfer coefficient
L = characteristic length of the plan area of curtained space

L. = length of the perimeter of A connected to other
curtained areas of the building

L jume = tlame length
#,,, = mass flow rate from below curtain to upper layer

", =rate of plume mass entrainment between the fire and
the layer interface

(”.tp[um = mass flow rate of plume at interface

my, = total mass of the upper layer

My = net mass flow rate to upper layer

M., =mass flow rate through ceiling vents to upper layer
N = number of equal-spaced nodes through the ceiling
N,y = number of values of 7,

P=length of perimeter of single curtained area
Pr=Prandtl number, taken to be 0.7

p = pressure

Doy P = pressure in upper-layer, outside ambient

Q =energy release rate of fire

Q' = strength of continuation source in extended upper
layer

% . . - ey
Q,; = dimensionless strength of plume at ceiling
@, = dimensionless strength of plume at interface

: " ; .
fi,':,,,,,,z,’qm,,.,,u = convective heat transfer flux to lower-, upper-
ceiling surface

q‘:«m’,,l,,,\— = ’fmw,L(" = J)

G = enthalpy flow rate from below curtain to upper layer
9,7 = heat transfer rate to upper layer

Qe = enthalpy flow rate of plume at interface

Guaswe = radiation flux incident on lower surface of ceiling

" g . . - ~

G omat 1.7 yos,y = reradiation flux to lower, upper surface of
ceiling

9, = net enthalpy flow rate plus heat transfer rate to upper
layer

-7 " - oy
9.9 = net heat transfer fluxes to upper-, lower-ceiling
surface

9. =enthalpy flow rate through ceiling vent to upper layer
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R = gas constant, G, — Gy,

Rey = Reynolds number of plume at ceiling elevation
RTI=response time index

r= radial distance from plume-ceiling impingement
r, =ratlink

r, = discrete values ofr

T= absolute temperature of ceiling material

T,;, = adiabatic lower-ceiling surface temperature
1= temperature distribution of ceiling jet gas

Ty = Tyyatlink

T @) =Ty (r=0,8) =T (Z=0¢, r=0)

51, Iyw = absolute temperature of lower-, upper-ceiling
surface

Tsin @ =T, (r=r,t) =T, (Z=04t,r=1r,)

Ty, T,.» = absolute temperature of upper-layer, outside ambi-
ent

T,=T(4tr=r)

t=time

V=average flow velocity through all open vents

V= characteristic value of Vg,

Vi = velocity distribution of ceiling jet gas

Vg = Vyatlink

Vier = maximum value of Vi at a given r

W= characteristic width of plan area of curtained space
W, = width of a single ceiling vent (or vent cluster)

Y, Yeeits Yeurts Yo Y = €levation of smoke layer interface, ceiling,
bottom of curtain, equivalent source fire above floor

1 . - . . . .
Y = clevation of plume continuation point source in
extended upper layer above floor

Z= distance into the ceiling, measured from bottom surface
z, 2; = distance below lower-ceiling surface, z, at link

a = T/ Tons

7 =ratio of specific heat, Cp/Cy

Ap,,;, = cross-vent pressure difference

Ap,,, = cross-curtain pressure difference

8 = value of z where Vg = VA2

8Z = distance between nodes through the ceiling thickness
€ = constant, Equations B.4.2c and B.4.2¢

€ €u € Ere = emittance-absorptance of lower, upper,
floor, and far-field gray surfaces, all taken to be 1

© = normalized, dimensionless ceiling jet temperature distri-
bution, (7= 1) /(T aue = Tt)

05 = O at lower-ceiling surface, (75, - 70)/ (10— T0)
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A\, = fraction of Q radiated from combustion zone

Ao = fraction of Q transferred by convection from upper
layer

X:mw = fraction of Q' transferred to the ceiling in a circle of
radius, r, and centered at r= 0, Equation B.5.3¢

v, = kinematic viscosity of upper-layer gas
Py Pamy = density of upper-layer, outside ambient

o = dimensionless variable, Equation B.4.4.1e

Aanex C User Guide for the LAVENT Computer Code

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

C.1 Overview. This annex is a user guide for the LAVENT
computer code (Link-Actuated VENTs), Version 1.1, and an
associated graphics code called GRAPH. As discussed in
Section 9.3 and in Annex B, LAVENT has been developed to
simulate the environment and the response of sprinkler links
in compartment fires with curtain boards and fusible-link-actu-
ated ceiling vents. Vents actuated by alternative means such as
thermoplastic drop-out panels with equivalent performance
characteristics can also be modeled using LAVENT. Refer to
AL

A fire scenario simulated by LAVENT is defined by the
following input parameters:

(1) Areaand height of the curtained space

(2) Separation distance from the floor to the bottom of the
curtain

(3) Length of the curtain (A portion of the perimeter of the
curtained space can include floor-to-ceiling walls.)

(4) Thickness and properties of the ceiling material (density,
thermal conductivity, and heat capacity)

(5) Constants that define a specified time-dependent energy
release rate of the fire

(6) Fire elevation

(7) Areaor characteristic energy release rate per unit area of
the fire

(8) Total area of ceiling vents whose openings are actuated by
a single fusible link (Multiple vent area/link system
combinations may be permitted in any particular simula-
tion.)

(9) Identitying numbers offusible links used to actuate single
sprinkler heads or groups of sprinkler heads (Multiple
sprinkler links are permitted in any particular simula-
tion.)

The characteristics of the simulated fusible links are defined
by the following input parameters:

(1) Radial distance of the link from the fire—ceiling impinge-
ment point

(2) Ceiling-link separation distance

(3) Link fuse temperature

(4) The response time index (RTI) of the link

For any particular run of LAVENT, the code outputs a
summary of the input information and simulation results of the
calculation, in tabular form, at uniform simulation time inter-
vals requested by the user. The output results include the
following:

(1) Temperature of the upper smoke layer
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(2) Height of the smoke layer interface

(3) Total mass in the layer

(4) Fire energy release rate

(5) Radial distributions of the lower-ceiling surface tempera-
ture

(6) Radial distribution of heat transfer rates to the lower- and
upper-ceiling surfaces

(7) The temperature for each link and the local velocity and
temperature of the ceiling jet

This annex explains LAVENT using a series of exercises in
which the reader reviews and modifies a default input data file
that describes vent and sprinkler actuation during fire growth
in an array of wood pallets located in a warehouse-type occu-
pancy. Results of the default simulation are discussed.

LAVENT is written in Fortran 77. The executable code oper-
ates on IBM PC-compatible computers and needs a minimum
of 300 kilobytes of memory.

C.2 Inwoduction — The Phenomena Simulated by LAVENT.
Figure C.2 depicts the generic fire scenario simulated by
LAVENT. This scenario involves a fire in a building space with
ceiling-mounted curtain boards and near-ceiling, fusible-link—
actuated ceiling vents and sprinklers. The curtained area can
be considered as one of several such spaces in a single large
building compartment. By specifying that the curtains be deep
enough, they can be thought of as simulating the walls of a
single uncurtained compartment that is well-ventilated near the
floor.

The fire generates a mixture of gaseous and solid-soot
combustion products. Because of high temperature, buoyancy
forces drive the products upward toward the ceiling, forming a
plume of upward-moving hot gases and particulates. Cool gases
are laterally entrained and mixed with the plume flow, reduc-
ing its temperature as it continues its ascent to the ceiling.

When the hot plume flow impinges on the ceiling, it spreads
under it, forming a relatively thin, high-temperature ceiling jet.
Near-ceiling--deployed fusible links engulfed by the ceiling jet
are depicted in Figure C.2. There is reciprocal convective cool-
ing and heating of the ceiling jet and of the cooler lower-
ceiling surface, respectively. The lower-ceiling surface is also
heated due to radiative transfer from the combustion zone and
cooled due to reradiation to the floor of the compartment. The
compartment floor is assumed to be at ambient temperature.
The upper-ceiling surface is cooled as a result of convection
and radiation to a far-field, ambient temperature environment.

When the ceiling jet reaches a bounding vertical curtain
board or wall surface, its flow is redistributed across the entire
curtained area and begins to form a relatively quiescent smoke
layer (now somewhat reduced in temperature) that submerges
the continuing ceiling jet flow activity. The upper smoke layer
grows in thickness. Away from bounding surfaces, the time-
dependent layer temperature is assumed to be relatively
uniform throughout its thickness. It should be noted that the
thickness and temperature of the smoke layer affect the upper-
plume characteristics, the ceiling jet characteristics, and the
heat-transfer exchanges to the ceiling.

If the height of the bottom of the smoke layer drops to the
bottom of the curtain board and continues downward, the
smoke begins to flow below the curtain into the adjacent
curtained spaces. The growth of the upper layer is retarded.

Fusible links that are designed to actuate the opening of ceil-
ing vents and the onset of waterflow through sprinklers are
deployed at specified distances below the ceiling and at speci-
fied radial distances from the plume-ceiling impingement
point. These links are submerged within the relatively high-
temperature, high-velocity ceiling jet flow. Because the velocity
and temperature of the ceiling jet vary with location and time,
the heat transfer to, and time of fusing of, any particular link
design also vary.

The fusing of a ceiling vent link leads to the opening of all
vents “ganged” to thatlink. Once a ceiling vent is open, smoke
flows out of the curtained space. Again, as when smoke flows
below the curtains, growth of the upper-layer thickness is retar-
ded.

The fusing of a sprinkler link initiates the flow of water
through the sprinkler. All of the described phenomena, up to
the time that waterflow through a sprinkler is initiated, are
simulated by LAVENT. Results cannot be used after water
begins to flow through a sprinkler.

C.3 The Default Simulation. The use of LAVENT is discussed
and is illustrated in the following paragraphs where exercises in
reviewing and modifying the LAVENT default-simulation input
file are provided. To appreciate the process more fully, a brief
description of the default simulation is presented at the outset.

Note that, as explained in Section C.4, the user can choose
to run LAVENT using either English or metric units. The
default simulation uses US customary units. The example in
Annex B uses metric units.

The default scenario involves an 84 ft x 84 ft (25.6 m x
25.6 m) curtained compartment [7056 ft* (655 m?) in area]
with the ceiling located 30 ft (9.1 m) above the floor. A curtain
board 15 ft (4.6 m) in depth completely surrounds and defines
the compartment, which is one of several such compartments
in a larger building space. The ceiling is constructed of a rela-
tively thin sheet-steel lower surface that is well insulated from
above. [See Figure C.3(a).]

Draft curtain Ceiling vents Ceiling jet

N 2 2

-

Y Plume V.. Yourt
Layer interface T "‘”"m]— Glerf .:Tr
1
% Vent or
sprinkler link
& Gl
! = )
-
' .
Distance Velocity
below
ceiling

FIGURE C.2 Fire in a Building Space with Curtain Boards,
Ceiling Vents, and Fusible Links.
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The curtained compartment has four uniformly spaced
48 ft* (45 m?) ceiling vents with a total area of 192 f® (18 m?),
or 2.7 percent of the compartment area. Opening of the ceil-
ing vents is actuated by quick-response fusible links with RTIs
of 50 (ft-sec)?[28 (m-sec)/?] and fuse temperatures of 165°F
(74°C). The links are located at the centers of the vents and
0.3 ft (0.09 m) below the ceiling surface.

Fusible-link-actuated sprinklers are deployed on a square
grid with 12 ft (3.7 m) spacing between sprinklers. The links
have RTIs of 400 (ftsec)'?[2.2 (m-sec)'?] and fuse tempera-
tures of 165°F (74°C). The sprinklers and Iinks are mounted
1 ft (30.1 cm) below the ceiling surface.

The simulation fire involves four abutting 5 ft (1.5 m) high
stacks of 5ftx 5 ft (1.5 m x 1.5 m) wood pallets. The combined
grouping of pallets makes up a combustible array 10 ft x 10 ft
(3.1 mx 3.1 m)[100f (9.3 m?) in area] on the floor and 5 ft
(1.5 m) in height. Itis assumed that other combustibles in the
curtained compartment are far enough away from this array
that they cannot be ignited in the time interval to be simulated.

The total energy release rate of the simulation fire, Q,
assumed to grow from ignition, at time ¢ = 0, in proportion to
£. According to the guidance in Table F.1(a), in the growth
phase of the fire, Q is taken specifically as follows:

[C.3a]

N9

) Btu/sec

) =1000
Q [130 sec

[C.3b]

0 =1055{1

L) xw
30sec

The fire grows according to the preceding estimate until the
combustibles are fully involved. It is then assumed that Q
levels off to a relatively constant value. Following the guidance
of Table 4.1 of reference [1] and Table A.8.2.6, it is estimated
that, at the fully developed stage of the fire, the total energy
release rate for the 5 ft (1.5 m) high stack of wood pallets will
be 330 Btu/sec - ft* (3743 kW-m?), or 33,000 Btu/sec (34,800
kW) for the entire 100 f* (9.3 m?) array. Equations C.3a and
C.3b lead to the result that the fully developed stage of the fire
will be initiated at £, = 747 seconds.

A plot of the fire growth according to the preceding descrip-
tion is shown in Figure C.3(b). In the actual calculation, the
fire's instantaneous energy release rate is estimated by interpo-
lating linearly between a series of N input data points at times
t, n =1 to N, on the fire-growth curve _These points are
defined by user-specified values of |4, ’Q(t”)] . For times larger
than f, the fire's energyrelease rate is assumed to stay constant
at Qliy) . The calculation fire-growth curve involves six input
data points (i.e., N = 6). These points are plotted in Figure
C.3(b).

The position of the fire's center is identified in Figure
C.3(a). In terms of this plan view, the fire is assumed to be loca-
ted at the midpoint of a 12 ft (3.7 m) line between two sprin-
kler I'inks, at a distance of 21.2 ft (6.5 m) from each of the two
closest equidistant vents [a total area of 96 ft* (8.9 m?)] and at
a distance of 44.3 ft (13.5 m) from the remaining two equidis-
tant vents [a total area of 96 ft? (8.9 m?)]. Of the sprinklers and
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associated links, two are closest and equidistant to the fire—
plume axis at radial distances of 6 ft (1.8 m). Figure C.3(a)
shows that the second and third closest groups of sprinklers
and links are at radial distances of 13.4 ft (4.1 m) (four sprin-
klers and links) and 18 ft (5.5 m) (two sprinklers and links). In
the default calculation, the opening of each of the four vents
occurs, and the flow out of the vents is initiated at the simula-
ted time of fusing of their associated links. Also simulated in
the default calculation is the thermal response, including time
offusing, of the pair of sprinkler links closest to the fire.

As a final specification of the fire, it is assumed that the char-
acteristic elevation of the fire remains at a fixed value, 2.5 ft
(0.8 m) above the floor, at the initial mid-elevation of the array
of combustibles. For the purpose of the default calculation, the
simulation is carried out to ¢ = 400 seconds, with data output
every 30 seconds.

Having described the default simulation, the procedure for
getting started and using LAVENT follows.

C.4 Getting Started. The executable code, LAVENT.EXE, is
found on the floppy disk. Before using it, backup copies should
be made. If the user has a hard drive, a separate directory
should be created and the executable code should be copied
into that directory. The code operates on an IBM PC or
compatible computer containing a math coprocessor. It is writ-
ten in Fortran 77 and needs a minimum of 300 kilobytes of
memory.

To execute LAVENT, change to the proper directory or
insert a floppy disk containing a copy of the executable code
and enter LAVENT <ret>. In this case, <ret> refers to the

Dy

Draft curtain

L
[ J [ J @ ([ J
F 4
b3 X
([ J { ] { ] 0\ [ ] [ J ([ J
Fire
L3
[ J ® ® @ [ J [ J [ J
Vent
([ J ® ® @ [ J [ ([ J
Sprinkler
([ J & [ J ([ J

Ly = 6ft: 2 sprinklers )
L, =21.2ft: 2 vents —
Ly =443 ft:2 vents

L4 =13.4 ft: 4 sprinklers

( D, =12t
A =211t
Dy=42ft

For Sl units, 1 ft=0.305m

FIGURE C.3(a) Vent and Sprinkler Spacing and Fire
Location for the Default Simulation.
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ENTER or RETURN key. The first prompt provides an option
for English or metric units:

1 FOR ENGLISH UNITS
2 FOR METRIC UNITS

The program has a unit conversion function and transforms
files that are in one set of units to another set. The code
executes in SI units; therefore, conversion is done only on
inputand output in order to avoid rounding errors.

For the purposes of getting started, choose Option 1,
ENGLISH UNITS. Enter 1 <ret>. The following menu will be
displayed on the screen:

1 READ ANP RUN A PATAFILE

2 READ AND MOBIFY A BATA FILE

3 MOBIFY THE BEFAULT CASE TO CREATE A NEW FILE
4 RUN THE BEFAULT CASE

If Option 1 or 2 is chosen, the program will ask for the name
of the data file to be used. If the chosen file resides on the hard
disk, this question should be answered by typing the path of the
file name, for example, C:\subdirectory\filename. If the file is
on a floppy disk, type A:filename or B:filename, depending on

000°) —1 7T T T T 7

30(10%)

20(10%)

Q (Btu/sec)

10(10°%)

200 400 600 800
Time (sec)

For Sl units, 1 Btu/sec = 1.055 kW

FIGURE C.3(b) Energy Release Rate vs. Time for the Fire
of the Default Simulation.

whether the A or B drive is being used. It is recommended that
all data files use a common extender such as “.dat” to facilitate
identification of these files.

A first-time user should select Option 4, RUN THE
BEFAULT CASE, by entering 4 <ret>. This selection will ensure
that the code has been transferred intact. The default-case
output is provided in Figure C.4 and is discussed in
Section C.8. As a point of information, the times needed to
carry out the default simulation on IBM PC-compatible 486/33
MHZ and Pentium/90 MHZ computers were 40 seconds and
8 seconds, respectively.

Now restart the code and, at this point, choose Option 3,
MOBDIFY THE BEFAULT CASE, to review and modify the
default input data. Enter 3 <ret>.

C.5 The Base Menu.

C.5.1 Modifying the Default Case — General. When Option
3, MOBIFY THE BEFAULT CASE, is chosen, the following
menu is displayed:

1 ROOM PROPERTIES

2 PHYSICAL PROPERTIES

3 OQUTPUT PARAMETERS

4 FUSIBLE LINK PROPERTIES

5 FIRE PROPERTIES

6 SOLVER PARAMETERS

0 NO CHANGES

This menu will be referred to as the base menu.

Entering the appropriate option number of the base menu
and then <ret> will always transfer the user to the indicated
item on the menu. Entering a zero will transfer the user to the
file status portion of the input section discussed in Section C.6.

The next subsections discuss data entry under Options 1
through 6 of the base menu.

Now choose Option 1, ROOM PROPERTIES, of the base
menu to review and modity the default room-property input
data. Enter 1 <ret>.
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80.0
80.0
80.0
000E+00
000E+00
000E+00
000E+00
000E+00
000E+00

0.562E+03

94.9
95.3
87.4
847E-18
847E-18
847E-18
847E-18
847E-18
847E-18

0.134E+04

= 105.0
105.8
92.9
847E-18
847E-18
847E-18
847E-18
847E-18
847E-18

0.216E+04

114.5
115.8

CEILING HEIGHT = 30.0 FT
ROOM LENGTH = 84.0 FT
ROOM WIDTH = 84.0 FT
CURTAIN LENGTH = 336.0 FT
CURTAIN HEIGHT = 15.0 FT
MATERIAL = INSULATED DECK (SOLID POLYSTYRENE)
CEILING CONDUCTIVITY = .240E-04 BTU/FT F S
CEILING DENSITY = .655E+02 LB/FT3
CEILING HEAT CAPACITY = .277E+00 BTU/LB F
CEILING THICKNESS = .S00E+00 FT
FIRE HEIGHT = 2.5 FT
FIRE POWER/AREA = 0.3300E+03 BTU/S FT2
LINK NO = 1 RADIUS = 6.0 FT DIST CEILING = 1.00 FT

RTI= 400.00 SQRT FUSION TEMPERATURE FOR LINK = 165.00 K
LINK NO = 2 RADIUS = 21.2 FT DIST CEILING = 0.30 FT

RTI= 50.00 SQRT FUSION TEMPERATURE FOR LINK = 165.00 K
LINK NO = 3 RADIUS = 44.3 FT DIST CEILING = 0.30 FT

RTI= 50.00 SQRT FUSION TEMPERATURE FOR LINK = 165.00 K
VENT = 1 VENT AREA = 96.0 FT2 LINK CONTROLLING VENT
VENT = 2  VENT AREA = 96.0 FT2 LINK CONTROLLING VENT =
TIME (S)= 0.000 LYR TEMP (F)= 0.0 LYR HT (FT)= 30.00 LYR MASS (LB)= 0.000E+00
FIRE OUTPUT (BTU/S)= 0.0000E+00 VENT AREA (FT2)= 0.00
LINK = 1 LINK TEMP (F)= 80.00 JET VELOCITY (FT/S)= 0.000 JET TEMP (F)
LINK = 2 LINK TEMP (F)= €0.00 JET VELOCITY (FT/S)= 0.000 JET TEMP (F)
LINK = 3 LINK TEMP (F)= 80.00 JET VELOCITY (FT/S)= 0.000 JET TEMP (F)
R (FT)= 0.00 TSL (F)= 80.0 OB (BTU/FT2 S)= 0.000E+00 QT (BTU/FT2 S)= 0
R (FT)= 12.41 TSL (F)= 80.0 QOB (BTU/FT2 S)= 0.000E+00 QT (BTU/FT2 S)= 0
R (FT)= 24.82 TSL (F)= 80.0 OB (BTU/FT2 S)= 0.000E+00 QT (BTU/FT2 S)= 0
R (FT)= 37.23 TSL (F)= 80.0 OB (BTU/FT2 S)= 0.000E+00 QT (BTU/FT2 S)= 0
R (FT)= 49.64 TSL (F)= 80.0 QOB (BTU/FT2 S)= 0.000E+00 QT (BTU/FT2 S)= 0
R (FT)= 62.05 TSL (F)= 80.0 QB (BTU/FT2 S)= 0.000E+00 QT (BTU/FT2 S)= 0
TIME (S)= 30.000 LYR TEMP (F)= 9.6 LYR BT (FT)= 28.90 LYR MASS (LB)=
FIRE OUTPUT (BTU/S)= 0.1776E+03 VENT AREA (FT2)= 0.00
LINK = 1 LINK TEMP (F)= 80.78 JET VELOCITY (FT/S)= 1.866 JET TEMP (F)
LINK = 2 LINK TEMP (F)= 85.37 JET VELOCITY (FT/S)= 2.077 JET TEMP (F)
LINK = 3 LINK TEMP (F)= 81.83 JET VELOCITY (FT/S)= 0.873 JET TEMP (F)
R (FT)= 0.00 TSL (F)= 84.5 QB (BTU/FT2 S)= 0.312E-01 QT (BTU/FT2 S)= 0
R (FT)= 12.41 TSL (F)= 81.7 QB (BTU/FT2 S)= 0.122E-01 QT (BTU/FT2 S)= 0
R (FT)= 24.82 TSL (F)= 80.8 OB (BTU/FT2 S)= 0.570E-02 QT (BTU/FT2 S)= 0
R« (FT)= 37.23 TISL (E)= 80.4 QOB (BTU/FT2 S)= 0.325E-02 QT (BTU/FT2 S)= 0
R (FT)= 49.64 TSL (F)= 80.3 OB (BTU/FT2 S)= 0.212E-02 QT (BTU/FT2 S)= 0
R (FT)= 62.05 TSL (F)= 80.2 OB (BTU/FT2 S)= 0.152E-02 QT (BTU/FT2 S)= 0
TIME (S)= 60.000 LYR TEMP (F)= 96.5 LYR HT (FT)=  27.34 LYR MASS (LB)=
FIRE OUTPUT (BTU/S)= 0.3552E+03 VENT AREA (FT2)= 0.00
LINK = 1 LINK TEMP (F)= 82.80 JET VELOCITY (FT/S)= 2.395 JET TEMP (F)
LINK = 2 LINK TEMP (F)= 95.13 JET VELOCITY (FT/S)= 2.657 JET TEMP (F)
LINK = 3 LINK TEMP (F)= 85.76 JET VELOCITY (FT/S)= 1.117 JET TEMP (F)
R (FT)= 0.00 TSL (F)= 92.7 QB (BTU/FT2 S)= 0.517E-01 QT (BTU/FT2 S)= 0
R (FT)= 12.41 TSL (F)= 85.2 OB (BTU/FT2 S)= 0.223E-01 QT (BTU/FT2 S)= 0
R (FT)= 24.82 TSL (F)= 82.5 QB (BTU/FT2 S$)= 0.107E-01 QT (BTU/FT2 S)= 0
R (FT)= 37.23 TSL (F)= 1.4 QOB (BTU/FT2 S)= 0.619E-02 QT (BTU/FT2 S)= 0
R (FT)= 49.64 TSL (F)= 0.9 OB (BTU/FT2 S)= 0.405E-02 QT (BTU/FT2 S)= 0
R (FT)= 62.05 TSL (F)= 80.6 OB (BTU/FT2 S)= 0.292E-02 QT (BTU/FT2 S)= 0
TIME (S)= 90.000 LYR TEMP (F)= 103.2 LYR HT (FT)= 25.65 LYR MASS (LB)=
FIRE OUTPUT (BTU/S)= 0.5328E+03 VENT AREA (FT2)= 0.00
LINK = 1 LINK TEMP (F)= 85.90 JET VELOCITY (FT/S)= 2.809 JET TEMP (F)
LINK = 2 LINK TEMP (F)= 105.74 JET VELOCITY (FT/S)= 3.104 JET TEMP (F)
LINK = 3 LINK TEMP (F)= 90.66 JET VELOCITY (FT/S)= 1.305 JET TEMP (F)

FIGURE C.4 Printout of the Default-Case Output.
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R (FT)= 0.00 TSL (F)= 102.4 QB (BTU/FT2 S)= 0.687E-01 QT (BTU/FT2 S)= 0.847E-18

R (FT)= 12.41 TSL (F)= 89.7 QB (BTU/FT2 S)= 0.317E-01 QT (BTU/FT2 S)= 0.847E-18

R (FT)= 24.82 TSL (F)= 84.7 QB (BTU/FT2 S)= 0.156E-01 QT (BTU/FT2 S)= 0.847E-18

R (FT)= 37.23 TSL (F)= 82.7 OB (BTU/FT2 S)= 0.908E-02 QT (BTU/FT2 S)= 0.847E-18

R (FT)= 49.64 TSL (F)= 81.8 OB (BTU/FT2 S)= 0.598E-02 QT (BTU/FT2 S)= 0.847E-18

R (FT)= 62.05 TSL (F)= 81.1 OB (BTU/FT2 S)= 0.987E-03 QT (BTU/FT2 S)= 0.847E-18
TIME (S)= 120.000 LYR TEMP (F)= 111.5 LYR BT (FT)=  23.85 LYR MASS (LB)= 0.301E+04
FIRE OUTPUT (BTU/S)= 0.9470E+03 VENT AREA (FT2)= 0.00

LINK = 1 LINK TEMP (F)= 90.30 JET VELOCITY (FT/S)= 3.614 JET TEMP (F) = 129.3
LINK = 2 LINK TEMP (F)= 118.43 JET VELOCITY (FT/S)= 3.966 JET TEMP (F) = 132.1
LINK = 3 LINK TEMP (F)= 96.66 JET VELOCITY (FT/S)= 1.667 JET TEMP (F) = 106.2
R (FT)= 0.00 TSL (F)= 115.6 QB (BTU/FT2 S)= 0.113E+00 QT (BTU/FT2 S)= 0.847E-18

R (FT)= 12.41 TSL (F)= 96.2 QB (BTU/FT2 S)= 0.543E-01 QT (BTU/FT2 S)= 0.847E-18

R (FT)= 24.82 TSL (F)= 87.9 OB (BTU/FT2 S)= 0.266E-01 QT (BTU/FT2 S)= 0.847E-18

R (FT)=  37.23 TSL (F)= 84.6 OB (BTU/FT2 S)= 0.154E-01 QT (BTU/FT2 S)= 0.847E-18

R (FT)= 49.64 TSL (F)= 83.0 OB (BTU/FT2 S)= 0.101E-01 QT (BTU/FT2 S)= 0.847E-18

R (FT)= 62.05 TSL (F)= 82.0 OB (BTU/FT2 S)= 0.728E-02 QT (BTU/FT2 S)= 0.847E-18
TIME (S)= 150.000 LYR TEMP (F)= 124.4 LYR BT (FT)=  21.85 LYR MASS (LB)= 0.390E+04
FIRE OUTPUT (BTU/S)= 0.1479E+04 VENT AREA (FT2)= 0.00

LINK = 1 LINK TEMP (F)= 97.16 JET VELOCITY (FT/S)= 4.364 JET TEMP (F) = 149.2

LINK = 2 LINK TEMP (F)= 137.37 JET VELOCITY (FT/S)= 4.754 JET TEMP (F) = 153.4

LINK = 3 LINK TEMP (F)= 105.49 JET VELOCITY (FT/S)= 1.998 JET TEMP (F) = 117.4
R (FT)= 0.00 TSL (F)= 136.5 QB (BTU/FT2 S)= 0.158E+00 QT (BTU/FT2 S)= 0.847E-18

R (FT)= 12.41 TSL (F)= 107.0 QB (BTU/FT2 S)= 0.810E-01 QT (BTU/FT2 S)= 0.847E-18

R (FT)=  24.82 TSL (F)= 93.3 QB (BTU/FT2 S)= 0.405E-01 QT (BTU/FT2 S)= 0.847E-18

R (FT)= 37.23 TSL (F)= 87.7 OB (BTU/FT2 S)= 0.236E-01 QT (BTU/FT2 S)= 0.847E-18

R (FT)=  49.64 TSL (F)= 85.1 QOB (BTU/FT2 S)= 0.155E-01 QT (BTU/FT2 S)= 0.847E-18

R (FT)= 62.05 TSL (F)= 83.5 OB (BTU/FT2 S)= 0.112E-01 QT (BTU/FT2 S)= 0.847E-18
TIME (S)= 180.000 LYR TEMP (F)= 140.2 LYR HT (FT)= 19.77 LYR MASS (LB)= 0.477E+04
FIRE OUTPUT (BTU/S)= 0.2012E+04 VENT AREA (FT2)= 0.00

LINK = 1 LINK TEMP (F)= 106.66 JET VELOCITY (FT/S)= 5.008 JET TEMP (F) = 171.4
LINK = 2 LINK TEMP (F)= 159.68 JET VELOCITY (FT/S)= 5.414 JET TEMP (F) = 176.5
LINK = 3 LINK TEMP (F)= 116.69 JET VELOCITY (FT/S)= 2.275 JET TEMP (F) = 130.2
R (FT)= 0.00 TSL (F)= 160.3 QB (BTU/FT2 S)= 0.195E+00 QT (BTU/FT2 S$)= 0.847E-18

R (FT)= 12.41 TSL (F)= 120.4 QB (BTU/FT2 S)= 0.106E+00 QT (BTU/FT2 S)= 0.847E-18

R (FT)=  24.82 TSL (F)= 100.2 QB (BTU/FT2 S)= 0.545E-01 QT (BTU/FT2 S)= 0.847E-18

R (FT)= 37.23 TSL (F)= 91.8 QB (BTU/FT2 S)= 0.322E-01 QT (BTU/FT2 S)= 0.847E-18

R (FT)= 49.64 TSL (F)= 7.8 OB (BTU/FT2 S)= 0.213E-01 QT (BTU/FT2 S)= 0.847E-18

R (FT)= 62.05 TSL (F)= 85.3 QOB (BTU/FT2 S)= 0.332E-02 QT (BTU/FT2 S)= 0.847E-18
TIME (S)= 210.000 LYR TEMP (F)= 158.7 LYR BT (FT)= 19.59 LYR MASS (LB)= 0.471E+04
FIRE OUTPUT (BTU/S)= 0.2722E+04 VENT AREA (FT2)= 96.00

LINK = 1 LINK TEMP (F)= 118.85 JET VELOCITY (FT/S)= 5.605 JET TEMP (F) = 196.8
LINK = 2 LINK TEMP (F)= 184.03 JET VELOCITY (FT/S)= 6.021 JET TEMP (F) = 2829
LINK = 3 LINK TEMP (F)= 129.71 JET VELOCITY (FT/S)= 2.530 JET TEMP (F) = 144.9
TIME LINK 2 OPENS EQUALS 186.7478 (S)

R (FT)= 0.00 TSL (F)= 185.7 QB (BTU/FT2 S)= 0.239E+00 QT (BTU/FT2 S)= 0.847E-18

R (FT)= 12.41 TSL (F)= 135.8 QB (BTU/FT2 S)= 0.137E+00 QT (BTU/FT2 S)= 0.847E-18

R (FT)= 24.82 TSL (F)= 108.5 QB (BTU/FT2 S)= 0.718E-01 QT (BTU/FT2 S)= 0.847E-18

R (FT)= 37.23 TSL (F)= 96.8 QOB (BTU/FT2 S)= 0.427E-01 QT (BTU/FT2 S)= 0.847E-18

R (FT)= 49.64 TSL (F)= 91.1 QB (BTU/FT2 S)= 0.285E-01 QT (BTU/FT2 S)= 0.847E-18

R (FT)= 62.05 TSL (F)= 87.2 OB (BTU/FT2 S)= 0.210E-01 QT (BTU/FT2 S)= 0.847E-18
TIME (S)= 240.000 LYR TEMP (F)= 184.9 LYR BT (FT)= 19.77 LYR MASS (LB)= 0.444E+04
FIRE OUTPUT (BTU/S)= 0.3787E+04 VENT AREA (FT2)= 96.00

LINK = 1 LINK TEMP (F)= 134.89 JET VELOCITY (FT/S)= 6.327 JET TEMP (F) = 231.8
LINK = 2 LINK TEMP (F)= 215.69 JET VELOCITY (FT/S)= 6.741 JET TEMP (F) = 238.2

LINK = 3 LINK TEMP (F)= 146.44 JET VELOCITY (FT/S)= 2.832 JET TEMP (F) = 165.1
TIME LINK 2 OPENS EQUALS 186.7478 (S)

FIGURE C4 Centinued
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R (FT)= 0.00 TSL (F)= 218.6 QB (BTU/FT2 S)= 0.299E+00 QT (BTU/FT2 S)= 0.847E-18

R (FT)= 12.41 TSL (F)= 156.6 OB (BTU/FT2 S)= 0.180E+00 QT (BTU/FT2 S)= 0.847E-18

R (FT)= 24.82 TSL (F)= 119.9 OB (BTU/FT2 S$)= 0.971E-01 QT (BTU/FT2 S)= 0.847E-18

R (FT)= 37.23 TSL (F)= 103.7 QB (BTU/FT2 $)= 0.582E-01 QT (BTU/FT2 S)= 0.847E-18

R (FT)= 49.64 TSL (F)= 95.7 QB (BTU/FT2 $)= 0.389E-01 QT (BTU/FT2 S)= 0.847E-18

R (FT)= 62.05 TSL (F)= 90.3 QB (BTU/FT2 S)= 0.288E-01 OT (BTU/FT2 S)= 0.847E-18

TIME (S)= 270.000 LYR TEMP (F)= 217.5 LYR HT (FT)= 20.17 LYR MASS (LB)= 0.407E+04

FIRE OUTPUT (BTU/S)= 0.4852E+04 VENT AREA (FT2)= 192.00

LINK = 1 LINK TEMP (F)= 155.49 JET VELOCITY (FT/S)= 6.854 JET TEMP (F) = 271.3

LINK = 2 LINK TEMP (F)= 253.19 JET VELOCITY (FT/S)= 7.244 JET TEMP (F) = 277.0

LINK = 3 LINK TEMP (F)= 167.24 JET VELOCITY (FT/S): 3.043 JET TEMP (F) = 188.5

TIME LINK 2 OPENS EQUALS 186.7478 (S)

TIME LINK 3 OPENS EQUALS 266.9820 (S)

R (FT)= 0.00 TSL (F)= 254.4 QB (BTU/FT2 S)= 0.339E+00 OT (BTU/FT2 S)= 0.847E-18

R (FT)= 12.41 TSL (F)= 181.1 QB (BTU/FT2 S)= 0.217E+00 OT (BTU/FT2 S)= 0.847E-18

R (FT)=  24.82 TSL (F)= 133.9 QOB (BTU/FT2 S)= 0.121E+00 QT (BTU/FT2 S)= 0.847E-18

R (FT)= 37.23 TSL (F)= 112.2 QB (BTU/FT2 S)= 0.735E-01 QT (BTU/FT2 S)= 0.847E-18

R (FT)= 49.64 TSL (F)= 101.5 OB (BTU/FT2 S)= 0.494E-01 QT (BTU/FT2 S)= 0.847E-18

R (FT)= 62.05 TSL (F)= 93.7 QB (BTU/FT2 S)= 0.371E-01 QT (BTU/FT2 S)= 0.847E-18

TIME (S)= 300.000 LYR TEMP (F)= 253.4 LYR HT (FT)= 22.84 LYR MASS (LB)= 0.281E+04

FIRE OUTPUT (BTU/S): 0.5918E+04 VENT AREA (FTZ): 192.00

LINK = 1 LINK TEMP (F)= 179.59 JET VELOCITY (FT/S)= 6.901 JET TEMP (F) = 308.7

LINK = 2 LINK TEMP (F)= 289.67 JET VELOCITY (FT/S)= 7.195 JET TEMP (F) = 311.3

LINK = 3 LINK TEMP (F)= 189.77 JET VELOCITY (FT/S)= 3.023 JET TEMP (F) = 211.4

TIME LINK 1 OPENS EQUALS 282.8710 (S)

TIME LINK 2 OPENS EQUALS 186.7478 (S)

TIME LINK 3 OPENS EQUALS 266.9820 (S)

R (FT)= 0.00 TSL (F)= 287.1 QB (BTU/FT2 S)= 0.352E+00 OT (BTU/FT2 S)= 0.847E-18

R (FT)= 12.41 TSL (F)=  205.5 QB (BTU/FT2 S)= 0.238E+00 QT (BTU/FT2 S)= 0.847E-18

R (FT)= 24.82 TSL (F)= 148.7 OB (BTU/FT2 S)= 0.138E+00 QT (BTU/FT2 S)= 0.847E-18

R (FT)= 37.23 TSL (F)= 121.5 QOB (BTU/FT2 S$)= 0.851E-01 QT (BTU/FT2 S)= 0.847E-18

R (FT)= 49.64 TSL (F)= 107.8 OB (BTU/FT2 $)= 0.574E-01 QT (BTU/FT2 S)= 0.847E-18

R (FT)= 62.05 TSL (F)= 98.8 QB (BTU/FT2 S)= 0.428E-01 OT (BTU/FT2 S)= 0.847E-18

TIME (S)= 330.000 LYR TEMP (F)=  284.4 LYR BT (FT)= 24.25 LYR MASS (LB)= 0.216E+04

FIRE OUTPUT (BTU/S)= 0.6983E+04 VENT AREA (FT2)= 192.00

LINK = 1 LINK TEMP (F)= 206.05 JET VELOCITY (FT/S)= 7.109 JET TEMP (F) = 342.3

LINK = 2 LINK TEMP (F)= 322.58 JET VELOCITY (FT/S): 7.227 JET TEMP (P) = 341.6

LINK = 3 LINK TEMP (F)= 211.77 JET VELOCITY (FT/S)= 3.036 JET TEMP (F) = 23.8
TIME LINK 1 OPENS EQUALS 282.8710 (S)

TIME LINK 2 OPENS EQUALS 186.7478 (S)

TIME LINK 3 OPENS EQUALS 266.9820 (S)

R (FT)= 0.00 TSL (F)= 316.3 QB (BTU/FT2 S)= 0.366E+00 OT (BTU/FT2 S)= 0.847E-18

R (FT)= 12.41 TSL (F)= 229.1 QB (BTU/FT2 S)= 0.257E+00 QT (BTU/FT2 S)= 0.847E-18

R (FT)= 24.82 TSL (F)= 163.7 QOB (BTU/FT2 S)= 0.153E+00 QT (BTU/FT2 $)= 0.847E-18

R (FT)= 37.23 TSL (F)= 130.9 OB (BTU/FT2 $)= 0.952E-01 QT (BTU/FT2 $)= 0.847E-18

R (FT)= 49.64 TSL (F)= 114.2 QB (BTU/FT2 $)= 0.644E-01 QT (BTU/FT2 S)= 0.847E-18

R (FT)= 62.05 TSL (F)= 103.0 QB (BTU/FT2 S)= 0.481E-01 QT (BTU/FT2 S)= 0.847E-18
TIME (S)= 360.000 LYR TEMP (F)= 307.3 LYR BT (FT)= 24.77 LYR MASS (LB)= 0.191E+04
FIRE OUTPUT (BTU/S)= 0.8048E+04 VENT AREA (FT2)= 192.00

LINK = 1 LINK TEMP (F)= 233.80 JET VELOCITY (FT/S)= 7.559 JET TEMP (F) = 370.4

LINK = 2 LINK TEMP (B)= 351.11 JET VELOCITY (FT/S): 7.461 JET TEMP (F) = 367.4

LINK = 3 LINK TEMP (F)= 231.51 JET VELOCITY (FT/S): 3.134 JET TEMP (F) = 248.9
TIME LINK 1 OPENS EQUALS 282.8710 (S)

TIME LINK 2 OPENS EQUALS 186.7478 (S)

TIME LINK 3 OPENS EQUALS 266.9820 (S)

R (FT)= 0.00 TSL (F)= 344.3 QB (BTU/FT2 S)= 0.380E+00 OT (BTU/FT2 S)= 0.847E-18

R (FT)= 12.41 TSL (F)=  252.3 QB (BTU/FT2 S)= 0.27S5E+00 OT (BTU/FT2 S)= 0.847E-18

R (FT)= 24.82 TSL (F)= 178.8 QB (BTU/FT2 S)= 0.167E+00 OT (BTU/FT2 S)= 0.847E-18

FIGURE C.4 Centinued
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R (FT)= 37.23 TSL (F)= 140.5 QB (BTU/FT2 S)= 0.105E+00 QT (BTU/FT2 S)= 0.847E-18
R (FT)= 49.64 TSL (F)= 120.8 QB (BTU/FT2 $)= 0.709E-01 QT (BTU/FT2 S$)= 0.847E-18
R (FT)= 62.05 TSL (F)= 107.5 QB (BTU/FT2 $)= 0.530E-01 QT (BTU/FT2 S)= 0.847E-18
TIME (S)= 390.000 LYR TEMP (F)= 327.0 LYR BT (FT)= 24.81 LYR MASS (LB)= 0.185E+04
FIRE OUTPUT (BTU/S)= 0.9113E+04 VENT AREA (FT2)= 192.00
LINK = 1 LINK TEMP (F)= 262.32 JET VELOCITY (FT/S): 8.168 JET TEMP (F) = 397.0
LINK = 2 LINK TEMP (F)= 376.92 JET VELOCITY (FT/S)= 7.811 JET TEMP (F) = 392.0
LINK = 3 LINK TEMP (F)= 249.19 JET VELOCITY (FT/S)= 3.281 JET TEMP (F) = 264.9
TIME LINK 1 OPENS EQUALS 282.8710 (S)
TIME LINK 2 OPENS EQUALS 186.7478 (S)
TIME LINK 3 OPENS EQUALS 266.9820 (S)
R (FT)= 0.00 TSL (F)= 372.0 QB (BTU/FT2 $)= 0.398E+00 QT (BTU/FT2 $)= 0.847E-18
R (FT)= 12.41 TSL (F)= 275.6 QB (BTU/FT2 $)= 0.294E+00 QT (BTU/FT2 S)= 0.847E-18
R (FT)= 24.82 TSL (F)= 194.1 QB (BTU/FT2 S)= 0.181E+00 QT (BTU/FT2 S)= 0.847E-18
R (FT)= 37.23 TSL (F)= 150.3 QB (BTU/FT2 S)= 0.114E+00 QT (BTU/FT2 S)= 0.847E-18
R (FT)= 49.64 TSL (F)= 127.5 QB (BTU/FT2 $)= 0.773E-01 QT (BTU/FT2 $)= 0.847E-18
R (FT)= 62.05 TSL (F)= 113.2 QB (BTU/FT2 $)= 0.574E-01 QT (BTU/FT2 S$)= 0.847E-18
TIME (S)= 400.000 LYR TEMP (F)=  333.5 LYR BT (FT)= 24.77 LYR MASS (LB)= 0.185E+04
FIRE OUTPUT (BTU/S)= 0.9468E+04 VENT AREA (FT2)= 192.00
LINK = 1 LINK TEMP (F)= 271.98 JET VELOCITY (FT/S): 8.387 JET TEMP (F) = 406.0
LINK = 2 LINK TEMP (F)= 385.32 JET VELOCITY (FT/S): 7.936 JET TEMP (F) = 400.2
LINK = 3 LINK TEMP (F)= 254.85 JET VELOCITY (FT/S)= 3.333 JET TEMP (F) = 2702
TIME LINK 1 OPENS EQUALS 282.8710 (S)
TIME LINK 2 OPENS EQUALS 186.7478 (S)
TIME LINK 3 OPENS EQUALS 266.9820 (S)
R (FT)= 0.00 TSL (F)= 381.3 QB (BTU/FT2 $)= 0.403E+00 QT (BTU/FT2 $)= 0.847E-18
R (FT)= 12.41 TSL (F)=  283.5 QB (BTU/FT2 S)= 0.300E+00 QT (BTU/FT2 S)= 0.847E-18
R (FT)= 24.82 TSL (F)= 199.2 QB (BTU/FT2 $)= 0.186E+00 QT (BTU/FT2 S)= 0.847E-18
R (FT)= 37.23 TSL (F)= 153.6 QB (BTU/FT2 S)= 0.117E+00 QT (BTU/FT2 S)= 0.847E-18
R (FT)= 49.64 TSL (F)= 129.7 QB (BTU/FT2 S)= 0.794E-01 QT (BTU/FT2 S)= 0.847E-18
R (FT)= 62.05 TSL (F)= 115.0 QB (BTU/FT2 S)= 0.589E-01 QT (BTU/FT2 S)= 0.847E-18
FIGURE C.4 Continued

C.5.2 Room Properties. When Option 1, ROOM PROPER-
TIES, of the base menu is chosen, the following room proper-
ties menu is displayed:

1 30.00000 CEILING HEIGHT (FT)

2 84.00000 ROOM LENGTH (FT)

3 84.00000 ROOM WIDTH (FT)

4 2 NUMBER OF VENTS, ETC.

5 $36.00000 CURTAIN LENGTH (FT)

6  15.00000 HEIGHT TO BOTTOM OF
CURTAIN (FT)

0 TO CHANGE NOTHING

All input values are expressed in either S.I. or U.S. custom-
ary units, and the units are prompted on the input menus.

Note that the default number of vents is 2, not 4, because
the symmetry of the default scenario, as indicated in Figure
C.3(a), leads to “ganged” operation of each of two pairs of the
four vents involved.

To change an input value in the preceding room properties
menu — for example, to change the ceiling height from 30 ft
to 20 ft — the user would enter 1 <ret> and 20. <ret>. The
screen would show revisions using the new value 0t20 ft for the
ceiling height. This value or other values on this screen can be
changed by repeating the process.

WARNING: The user is warned that it is critical to end each entry
number with a decimal point when a noninteger number is indicated
(i.e., when the screen display shows a decimal point for that entry). The
user is warned further that the code will attempt to run with any speci-
fied input file and that it will not distinguish between realistic and
unrealistic input values.

Option 6, HEIGHT TO BOTTOM OF CURTAIN, of the
room properties menu is used to define the height above the
floor of the bottom of the curtain. As can be seen, in the
default data, this is 15 ft Where this height is chosen to be
identical to the ceiling height, the user should always define
the very special idealized simulation associated with an exten-
sive, unconfined ceiling fire scenario (i.e., by whatever means,
it is assumed that the flow of the ceiling jet is extracted from
the compartment at the extremities of the ceiling). Under such
a simulation, an upper layer never develops in the compart-
ment. The lower-ceiling surface and fusible links are
submerged in and respond to an unconfined ceiling jet envi-
ronment, which is unaffected by layer growth. This idealized
fire scenario, involving the unconfined ceiling, is used, for
example, in reference [1] to simulate ceiling response and in
references [2] and [3] to simulate sprinkler response.

The choice of some options on a menu, such as Option 4,
NUMBER OF VENTS, ETC, of the room properties menu,
leads to a subsequent display/requirement of additional associ-
ated input data. Menu options that necessitate multiple entries
are indicated by the use of “ETC” In the case of Option 4,
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NUMBER OF VENTS, ETC., three values are involved for each
vent or group of vents actuated by a fusible link. As indicated
under Option 4, NUMBER OF VENTS, ETC,, the default data
describe a scenario with two vents or groups of vents.

Now choose Option 4, NUMBER OF VENTS, ETC,, to review
and modify the default input data associated with these two
vents or groups of vents. Enter 4 <ret> The following is
displayed on the screen:

VENT NO. = 1 FUSIBLE LINK = 2 VENT AREA = 96.00000
FT2

VENT NO. =
FT2

2 FUSIBLE LINK = 3 VENT AREA = 96.00000

ENTER 6 TO REMOVE A VENT

ENTER VENT NO,, LINK NO., ANBD VENT AREA (FT2) TO
APP OR MOBIFY A VENT

MAXIMUM NO. OF VENTS IS b
ENTER 0 TO RETURN TO THE MENU

This display indicates that the two simulated vents or groups
of vents are numbered 1 (VENT NQ. = 1) and 2 (VENT NO. =
2), that they are actuated by fusible links numbered 2 (FUSI-
BLE LINK = 2) and 3 (FUSIBLE LINK = 3), respectively, and

that each of the two vents or groups of vents has a total area of

96 ft2 (VENT AREA = 96.00000 FT2).

In the default fire scenario, it would be of interest to study
the effect of “ganging” the operation of all four vents (total
area of 192 {t%) to fusing of the closest vent link. To do so, it
would be necessary to first remove vent number 2, as identified
in the preceding menu, and then to modify the area of vent
number 1.

To remove vent number 2, enter 6 <ret>. The following is
now displayed on the screen:

ENTER NUMBER OF VENT TO BE ELIMINATED
ENTER 0 TO RETURN TO MENU

Now enter 2 <ret> This completes removal of vent 2, with
the following revision displayed on the screen:

VENT NO. =1 FUSIBLE LINK = 2 VENT AREA = 96.00000
FT2

ENTER 6 TO REMOVE A VENT

ENTER VENT NO,, LINK NO., ANB VENT AREA (FT2) TO
APD OR MOBPIFY AVENT

MAXIMUM NO. OF VENTS IS 5
ENTER 0 TO RETURN TO THE MENU

Now modify the characteristics of vent number 1. To do so,
enter 1 <ret>, 2 <ret>, 192. <ret>. The screen will now display
the following:

VENT NO. = 1 FUSIBLE LINK =2 VENT AREA = 192.00000
FT2

ENTER 6 TO REMOVE A VENT

ENTERVENT NO., LINK NO., AND VENT AREA (FT12) TO
ADD OR MOBIFY A VENT

MAXIMUM NO. OF VENTS IS 5
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ENTER 0 TO RETURN TO THE MENU

To add or reimplement vent number 2, actuated by link
number 3 and of area 96 ft?, enter 2 <ret>, 3 <ret>, 96. <ret>.
Now return to the original default scenario by bringing the
area of vent number | back to its original 96 ft® value; enter
I<ret>, 2 <ret>, and 96. <ret>.

The user can now continue to modify or add additional ceil-
ing vents or return to the room properties menu by entering 0
<ret>. If the user tries to associate a vent with a link not yet
entered in the program, the code will warn the user, give the
maximum number of links available in the present data set,
and request a new link value. If the user deletes a link that is
assigned to a vent, the code will assign the link with the next
smallest number to that vent. The best method for assigning
vents to links is to first use Option 4, FUSIBLE LINK PROPER-
TIES, of the base menu (to be discussed in C.5.5) to assign the
link parameters and then to use Option 1, ROOM PROPER-
TIES, followed by the option NUMBER OF VENTS, ETC. to
assign vent properties.

Now return to the room properties menu by entering 0
<ret>, then to the base menu by entering 0 <ret> again.

With the base menu back on the screen, choose Option 2,
PHYSICAL PROPERTIES, to review and/or modify the default
room property input data. Enter 2 <ret>.

C.5.3 Physical Properties. When Option 2, PHYSICAL PROP-
ERTIES, of the base menu is chosen, the following physical
properties menu is displayed:

MATERIAL = INSULATED BECK (SOLIB POLYSTYRENE)
HEAT CONBUCTIVITY = 2.400E-05 (BTU/S LB F)

HEAT CAPACITY =2.770E0]l (BTU/LB F)

BPENSITY= 6.550E+01 (LB/FT3)

1 80.00000 AMBIENT TEMPERATURE (F)

2 0.50000 MATERIAL THICKNESS (FT)

3 MATERIAL = INSULATED BPECK (SOLID
POLYSTYRENE)

0 CHANGE NOTHING

The values in Options | and 2 are modified by entering the
option number and then the new value.

Now choose Option 3 by coding 3 <ret> The following
menu is displayed:

1 CONCRETE

2 BARE METAL BECK

3 INSULATED BECK (SOLIP POLYSTYRENE)
4WOOD

5 OTHER

By choosing one of Options 1 through 4 of this menu, the
user specifies the material properties of the ceiling according
to the table of standard material properties in reference [4].
When the option number of one of these materials is chosen,
the material name, thermal conductivity, heat capacity, and
density are displayed on the screen as part of an updated physi-
cal properties menu.
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Now choose Option 5, OTHER, by entering 5 <ret>. The MAXIMUM NUMBER OF LINKS EQUALS 10.
following screen is displayed: ENTER 11 TO REMOVE A LINK.

ERERIVAORI LD B SN ENTER 0 TO RETURN TO THE MENU.

THERMAL CONBUCTIVITY (BRTU/S FT F)

HEAT CAPACITY (BTU/LBF) DISTANCE

(FD)

L RL 0L ) RADIUS BELOW RTISQRT FUSE

The four indicated inputs are required. After they are LINK# (FT) CEILING (FT S) TEMP (F)
;:Illlglclll'lcd, the screen returns to an updated physical properties 1 6.000 1.000 400.000 165.000

' 2 21.200 0.300 50.000 165.000
Now return to the default material, INSULATED BECK 3 44 300 0.300 50.000 165.000

(SOLIP POLYSTYRENE). To do so, enter any arbitrary mate-
rial name with any three property values (enter MATE-
RIAL<ret>, 1. <ret>, 1. <ret>, 1. <ret>); then choose Option 3,
MATERIAL, from the menu displayed (enter 3 <ret>); and,
from the final menu displayed, choose Option 3, INSULATED
BECK (SOLIB POLYSTYRENE) by entering 3 <ret>.

Now return to the base menu. Enter 0 <ret> Choose Option
3, OUTPUT PARAMETERS, of the base menu to review or
modify the default output-parameter data. Enter 3 <ret>.

C.5.4 Output Parameters. When Option 3, OUTPUT
PARAMETERS, of the base menu is chosen, the following
output-parameters menu is displayed:

1 400.000000 FINAL TIME (S)
2 30.000000 OUTPUT INTERVAL (S)
0 CHANGE NOTHING

FINAL TIME represents the ending time of the calculation.
OUTPUT INTERVAL controls the time interval between
successive outputs of the calculation results. All times are in
seconds. For example, assume that it is desired to run a fire
scenario for 500 seconds with an output of results every
10 seconds. First choose Option 1 with a value of 500 (enter 1
<ret>, 500. <ret>), then Option 2 with a value of 10 (enter 2
<ret>, 10. <ret>). The following revised output-parameters
menu is displayed:

1 500.000000 FINAL TIME (S)
2 10.000000 OUTPUT INTERVAL (S)
0 CHANGE NOTHING

Return to the original default output parameters menu by
entering 1 <ret>, 400. <ret>, followed by 2 <ret>, 30. <ret>.

Now return to the base menu from the output parameters
menu by entering 0 <ret>.

With the base menu back on the screen, choose Option 4,
FUSIBLE LINK PROPERTIES, to review or modify the default
fusible link properties data. Enter 4 <ret>.

C.5.5 Fusible Link Properties. When Option 4, FUSIBLE
LINK PROPERTIES, of the base menu is chosen, the following
fusible link properties menu is displayed:

TO APP OR CHANGE A LINK, ENTER LINK NO.,
RABIUS (FT), BISTANCE BELOW CEILING (FT), RTI
(SQRT[FT S]), AN® FUSE TEMPERATURE (F).

Each fusible link must be assigned a link number (e.g., LINK
# = 1), radial position from the plume-ceiling impingement
point (e.g., RABIUS = 600 FT), ceiling-tolink separation
distance (e.g., BISTANCE BELOW CEILING = 1.00 FT),
response time index (e.g., RTI = 400.00 SQRT([FT S1), and fuse
temperature (e.g., FUSE TEMPERATURE= 165.00 F).

Suppose that in the default fire scenario it was desired to
simulate the thermal response of the group of (four) sprinkler
links second closest to the fire. According to the description in
Section C.3 and in Figure C.3(a), this would be done by adding
a fourth link, link number 4, at a radial distance of 13.4 ft, 1 ft
below the ceiling, with an RTI of 400 (ft/sec)"/” and a fusion
temperature of 165°F. To do this, enter 4 <ret>, 13.4 <ret>, 1.
<ret>, 400. <ret>, 165.<ret> Then the following screen is
displayed:

TO APP OR CHANGE A LINK, ENTER LINK NO.,
RABIUS (FT), BISTANCE BELOW CEILING (FT), RTI
(SQRT(FT S]), AN® FUSE TEMPERATURE (F).

MAXIMUM NUMBER OF LINKS EQUALS 10.
ENTER 11 TO REMOVE A LINK.
ENTER 0 TO RETURN TO THE MENU.

DISTANCE
(FT)
RADIUS BELOW RTISQRT FUSE
LINK# (FT) CEILING (FTS) TEMP (F)
1 6.000 1.000 400.000 165.000
9 13.400 1.000 400.000 165.000
3 21.200 0.300 50.000 165.000
4 44.300 0.300 50.000 165.000

Note that the new link, which was entered as link number 4,
was sorted automatically into the list of the original three links
and that all four links were renumbered according to radial
distance from the fire. The original link-vent assignments are
preserved in this operation. Hence, the user need not return to
Option 4, NUMBER OF VENTS, ETC,, unless it is desired to
reassign link-vent combinations.

A maximum of 10 link responses can be simulated in any
one simulation.

Now remove link number 2 to return to the original default
array of links. To do so, enter 11 <ret>. The following screen is
displayed:
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ENTER THE NUMBER OF THE LINK TQ BE REMOVED
Enter 2 <ret> to remove link 2.

Now return to the base menu from the fusible link proper-
ties menu by entering 0 <ret>.

With the base menu back on the screen, choose Option 5,
FIRE PROPERTIES, to review or modify the default fire proper-
ties data. Enter 5 <ret>.

C.5.6 Fire Properties. When Option 5, FIRE PROPERTIES,
from the base menu is chosen, the following fire properties
menu is displayed:

1 2.5 FIRE HEIGHT (FT)

2 3300 FIRE POWER/AREA (BTU/S FI2), ETC.

3 FIRE OUTPUT AS A FUNCTION OF TIME
0 CHANGE NOTHING

The value associated with Option 1 is the height of the base
of the fire above the floor. Change this to 3 ft, for example, by
entering 1 <ret> and 3. <ret>. Then return to the default data
by entering 1 <ret> and 2.5 <ret>.

The value associated with Option 2 is the fire energy release
rate per fire area. It is also possible to consider simulations
where the fire area is fixed by specifying a fixed fire diameter.
The fire energy release rate per fire area can be changed, or
the fixed fire area type of specification can be made by choos-
ing Option 2 by entering 2 <ret>. This leads to a display of the
following menu:

1  WOOBPALLETS, STACK,
5FT HIGH
2 CARTONS, COMPARTMENTED,
STACKED 15 FT HIGH
8 PEBOTTLES IN
COMPARTMENTED CARTONS
15 FT HIGH
4  PSJARS IN COMPARTMENTED
CARTONS 15 FT HIGH
5 GASOLINE
6 INPUTYOUROWNVALUE IN
(BTU/SFT2)
SPECIFY A CONSTANT
BPIAMETER FIRE IN FT
0 CHANGE NOTHING

330 (BTU/S FT2)
200 (BTU/SFI2)

540 (BTU/S FT2)

1300 (BTU/S FT2)

200 (BTU/S FI2)

~J

Options | through 5 of the preceding menu are for variable
area fires. The Option 1 to 5 constants displayed on the right
are the fire energy release rate per unit fire area. They are
taken from Table 4.1 of reference [1]. If one of these options is
chosen, an appropriately updated fire properties menu is then
displayed on the screen. Option 0 would lead to the return of
the original fire properties menu.

Option 6 allows any other fire energy release rate per unit
fire area of the user's choice. Option 7 allows the user to specify
the diameter of a constant area fire instead of an energy release
rate per unit area fire. Choice of Option 6 or 7 must be
followed by entry of the appropriate value. Then an appropri-
ately updated fire properties menu appears on the screen.
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To try Option 7, SPECIFY A CONSTANT BIAMETER FIRE
IN FEET, enter 7 <ret>. The following screen is displayed:

ENTER YOUR VALUE FOR FIRE BIAMETERIN FT

Assume the fire diameter is fixed at 5 ft. Enter 5. <ret>. Then
the following screen is displayed:

I 250000 FIRE HEIGHT (FT)

2 5.00000 FIRE BIAMETER (FT), ETC.

3 FIRE OUTPUT AS A FUNCTION OF TIME
0 CHANGE NOTHING

Now return to the original default fire properties menu by
entering 2 <ret> The previous menu will be displayed. In this,
choose Option 1, WOOB PALLETS, STACK, 5 ft high, by enter-
ing 1 <ret>.

Option 3, FIRE OUTPUT AS A FUNCTION OF TIME, of
the fire properties menu allows the user to prescribe the fire as
a function of time. The prescription involves: (1) linear inter-
polation between adjacent pairs of user-specified points with
coordinates (time in seconds, fire energy release rate in BTU/
sec); and (2) continuation of the fire to an arbitrarily large
time at the fire energy release rate of the last data point.

Now choose Option 3 by entering 3 <ret>. The following
screen associated with the default fire output data is displayed:

TIME(s) = 0.00000

TIME(s) = 100.0000
TIME(s) = 200.0000
TIME(s) = 400.0000
TIME(s) = 600.0000
TIME(s) = 747.0000

POWER(BTU/S) = 0.00000E+0

POWER(BTU/S) = 0.59200E+03
POWER(BTU/S) = 0.23670E+04
POWER(BTU/S) = 0.94680E+04
POWER(BTU/S) = 0.21302E+05
POWER(BTU/S) = 0.33000E+05

DTk 08—

ENTER BATA POINT NO., TIME (S), AND POWER
(BTU/S)

ENTER 11 TO REMOVE A POINT
ENTER 0 TO RETURN TO MENU

As discussed in Section C.3, with use of the six preceding
data points, the default simulation will estimate the fire's
energy release rate according to the plot of Figure C.3(b).

Additional data points can be added to the fire growth simu-
lation by entering the new data point number, <ret>, the time
in seconds, <ret>, the energy release rate in BTU/sec, and
<ret>.

The maximum number of data points permitted is 10. The
points can be entered in any order. A sorting routine will order
the points by time. One point must correspond to zero time.

As an example of adding an additional data point to the
preceding six, assume that a closer match to the “tsquared”
default fire growth curve was desired between 200 seconds and
400 seconds. From Section C.3 it can be verified that the fire
energy release rate will be 5325 BTU/sec at ¢ = 300. To add this
point to the data, thereby forcing the fire growth curve to pass
exactly through the “f-squared” curve at 300 seconds, enter 7
<ret>, 300. <ret>, and 5325. <ret>. The following revised screen
will be displayed:
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TIME(s) = 0.0000

TIME(s) = 100.0000
TIME(s) = 200.0000
TIME(s) = 300.0000
TIME(s) = 400.0000
TIME(s) = 600.0000
TIME(s) = 747.0000

POWER(BTU/S) = 0.00000E+00
POWER(BTU/S) = 0.59200E+03
POWER(BTU/S) = 0.23670E+04
POWER(BTU/S) = 0.53250E+04
POWER(BTU/S) = 0.94680E+04
POWER(BTU/S) = 0.21302E+05
POWER(BTU/S) = 0.33000E+05

N OV 00 KNS

ENTER BATA PT. NO,, TIME (S), ANB POWER (BTU/S)
ENTER 11 TO REMOVE A POINT
ENTER 0 TO RETURN TO MENU

Note that the revised point, which was entered as point
number 7, has been resorted into the original array of data
points and that all points have been renumbered appropriately.

Now remove the point just added (which is now point
number 4). First enter 11 <ret> Then the following screen is
displayed:

ENTER THE NUMBER OF THE BATA POINT TO BE
REMOVED

Now enter 4 <ret> This brings the fire growth simulation
data back to the original default set of values.

Now return to the fire properties menu. Enter 0 <ret>. Then
return to the base menu by entering again 0 <ret>.

With the base menu back on the screen, it is assnmed that
the inputting of all data required to define the desired fire
simulation is complete. Now choose Option 0, NO CHANGES,
to proceed to the file status menu. Enter 0 <ret>.

C.5.7 Solver Parameters. Users of the code will generally have
no need to refer to this section (i.e., especially when learning
to use the LAVENT code, a user should now skip to
Section C.6), since they are rarely, if ever, expected to run into
a situation where the code is not able to obtain a solution for a

particular application or is taking an inordinate amount of

time to produce the solution. However, if this does happen,
there are a number of variations of the default solver paramme-
ter inputs that can resolve the problem.

Start the input part of the program to get to the base menu.
Then choose Option 6, SOLVER PARAMETERS, by entering 6
<ret>. The following input options menu will be displayed:

1 0.6500E+00 GAUSS-SEIBEL RELAXATION

2 0.1000E-04 BIFF EQ SOLVER TOLERANCE

3 0.1000E-04 GAUSS-SEIBEL TOLERANCE

4 2.000000 FLUX UPBATE INTERVAL (S)

5 6 NUMBER OF CEILING GRID
POINTS, MIN=2, MAX=50

6 0.1000E-07 SMALLEST MEANINGFUL VALUE

7 CHANGE NOTHING

The solvers used in this code consist of a differential equa-
tion solver BBRIVEZ2, used to solve the set of differential equa-
tions associated with the layer and the fusible links, and a
Gauss-Seidel/tridiagonal solver using the Crank-Nicolson
formalism to solve the set of partial differential equations asso-
ciated with the heat conduction calculation for the ceiling.
Because two different solvers are being used in the code, there

is potential for the solvers to become incompatible with each
other, particularly if the upper layer has nearly reached a
steady-state temperature but the ceiling is still increasing its
temperature. When this occurs, the differential equation solver
will try to take time steps that are too large for the Gauss—Seidel
solver to handle, and a growing oscillation in the ceiling
temperature variable might occur. By reducing the FLUX
UPBATE INTERVAL, the growing oscillation can be
suppressed. The smaller the FLUX UPBATE INTERVAL, the
slower the code will run.

The GAUSS-SEIBEL RELAXATION coefficient can be
changed to produce a faster running code or to handle a case
that will not run with a different coefficient. Typical values of
this coefficient should range between 0.2 and 1.0.

The BIFF EQ SOLVER TOLERANCE and the GAUSS-
SEIBEL TOLERANCE can also be changed. Becreasing or
increasing these values can provide a faster running code for a
given case, and by decreasing the value of the tolerances, the
accuracy of the calculations can be increased. If the tolerance
values are made too small, the code will either run very slowly
or not run at all. Suggested tolerances would be in the range of
0.00001 to 0.000001.

Consistent with the model assumptions, accuracy in the
radial ceiling temperature distribution around the plume-
ceiling impingement point is dependent on the NUMBER OF
CEILING GRIB POINTS. Relatively greater or lesser accuracy
is achieved by using relatively more or fewer grid points. This
leads, in turn, to a relativelyslower or faster computer run.

C.6 File Status — Running the Code. When Option 0, NO
CHANGES, of the base menu is chosen, the following file status
menu is displayed:

SAVE THE FILE ANB RUNTHE COBE

SAVE THE FILE BUT BON'TRUN THE COBE
BPON'T SAVE THE FILEBUT RUN THE COBE
ABORT THE CALCULATION

w00 RS —

If one of the save options is selected, the user will be asked
to supply a file name to designate the file where the newly
generated input data are to be saved. The program will auto-
matically create the new file. File names may be as long as eight
characters and should have a common extender such as BAT
(for example MYFILEBAT). The maximum length that can be
used for the total length of input or output files is 25 charac-
ters. For example, CASUBBIRECT\FILENAME.BAT would
allow a file named FILENAME.BAT to be read from the subdi-
rectory SUBBIRECT on the C drive. To read a file from a
floppy disk in the A drive, use AFILENAME BAT. If Option 4 is
chosen, the program will end without any file being saved.

A request for an output file name can appear on the screen.
File names can be as long as eight characters and should have
an extender such as “OUT” so that the output files can easily
be recognized. To output a file to a floppy disk in the A drive,
name the file AFILENAME.OUT. To output a file to a subdi-
rectory other than the one that is resident to the program, use
CASUBBIRECT\FILENAMEQUT  for the subdirectory
SUBBIRECT.

Once the output file has been designated, the program will
begin to execute. The statement PROGRAM RUNNING will
appear on the screen. Each time the program writes to the
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output file, a statement such as T = 3.0000E01 S will appear on
the screen to provide the user with the present output time.

C.7 The Output Variables and the Output Options. The
program generates two separate output files. An example of
the first output file is appended at the end of this document.
This file is named by the user and consists of a listing of the
input data plus all the relevant output variables in a format
where the output units are specified and the meanings of all
but three of the output variables are clearly specified. These
latter variables are 7SL, (B, and (T, the temperature of the
ceiling inside the enclosure, the net heat transfer flux to the
bottom surface of the ceiling, and the net heat transfer flux to
the top surface of the ceiling, respectively. The variables are
output as a function of radius, with R = 0 being the center of
the fire plume projected on the ceiling. Other abbreviations
include LYR TEMP, LYR HT, LYR MASS, JET VELOCITY, and
JET TEMP — the upper-layer (layer adjacent to the ceiling)
temperature, height of the upper-layer interface above the
floor, mass of gas in the layer, ceiling jet velocity, and ceiling jet
temperature at the position of each fusible link, respectively.
The VENT AREA is the total area of roof vents open at the time
of output.

The second output file, GRAPH.OUT, is used by the graph-
ics program GRAPH. GRAPH is a Fortran program that makes
use of a graphics software package to produce graphical output
of selected output variables [5, 6]. To use the graphics
program, the file GRAPH.OUT must be in the same directory
as the program GRAPH. GRAPH is a menu-driven program
that provides the user with the ability to plot two sets of varia-
bles on the PC screen. An option exists that permits the user to
print the plots from the screen to a printer. If using an attached
EPSON-compatible printer, enter <ret> to produce a plot using
the printer. To generate a PostScript file for use on a laser
printer, enter <ret>and provide a file name when the file name
prompt appears in the upper left hand corner of the graph. To
exit to screen mode from the graphics mode, enter <ret>. The
file . GRAPH.OUT will be destroyed each time the code
LAVENT is run. If the user wishes to save the graphics file, it
must be copied using the BOS copy command into another file
with a different file name.

To demonstrate the use of GRAPH, start the program by
entering graph <ret>. GRAPH will read in the graphics output
file GRAPH.OUT, and the following screen will be displayed:

ENTER 0 TO PLOT POINTS, ENTER 1 TO PLOT AND
CONNECT POINTS

The graphics presented in Figure C.7(a) through Figure
C.7(e) were done with GRAPH using option 0. Enter 0 <ret>
and the following graphics menu is displayed:

ENTER THE X ANB Y VARIABLES FOR THE BESIRED
TWO GRAPHS

TIME

LAYER TEMPERATURE
LAYER HEIGHT
LAYER MASS

FIRE OUTPUT
CEILING VENT AREA
PLUME FLOW

LINK TEMPERATURE

XTI T 0~

(continues)
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9 JET VELOCITY AT LINK
10 JET TEMPERATURE AT LINK

Two plots can be studied on a single screen. For example,
from the default simulation, assume that displays of the plots of
Figure C.7(a) and Figure C.7(b), LAYER HEIGHT vs. TIME
and LAYER TEMPERATURE vs. TIME, respectively, are
desired. Then enter 1 <ret>, 3 <ret>, 1 <ret>, and 2 <ret>. The
program will respond with the following prompt:

ENTER THE TITLES FOR THE TWO GRAPHS, 16 CHAR-
ACTERS MAX.

The user might choose titles that would identify particular
cases such as LY HT RUN 100 <ret> and LY TEMP RUN 100
<ret>. If a title longer than 16 characters is chosen, it will be
truncated to 16 characters. After the titles have been entered,
the program will respond with the following prompt:

ENTER 1 FOR BEFAULT SCALING, 2 FOR USER SCAIL-
ING.

If the user chooses option 1, the desired plots will appear on
the screen with an internal scaling for the x and jy-axis of each
graph. If the user chooses option 2, the program will respond
with the following prompt:

ENTER THE MINIMUM ANBP MAXIMUM VALUES FOR
THE X ANB Y AXIS OF EACH GRAPH.

ENTER 0 FOR THE MINIMUM ANB MAXIMUM VALUES
OF EACH AXIS WHERE BEFAULT SCALING IS BESIRED.
FOR EXAMPLE, VALUES SHOULB BE ENTERED AS
0.,100.,0.,200.,10.50.,20.,100<ret> FOR X1(0-100), Y1(0-200),
X2(10-50), Y2(20-100).

Use of this option allows a number of different cases to be
compared using similar values for the x and yaxis of each
graph. All eight numbers must be entered and separated with
commas before entering <ret> Once the entry is made, the
plots will appear on the screen. Note that this option permits a
mixture of default scaling and user-specified scaling.

Once a pair of plots are displayed on the screen, the user
would have the choice of entering <ret> to obtain a hard-copy
plot of the graphs or of entering <ret> to exit the graphics
mode.

To plot a second pair of graphs, the user would exit the
graphics mode by entering <ret> and then repeat the preced-
ing process by entering graph <ret>, and so forth.

If the user selects plots that involve variables defined by
Option 8, 9, or 10, then, following the entry 8 <ret>, 9 <ret>, or
10 <ret>, the following prompt for identifying the desired link
number (in the default simulation with three simulated links)
will be displayed immediately:

ENTER LINK NUMBER, MAXIMUM NUMBER = 3

The user would then enter the desired link number followed
by <ret> and continue entering the remaining input data that
define the desired plots.

As an example of generating link-related plots, consider
displaying the pair of plots LINK TEMPERATURE vs. TIME
and JET VELOCITY AT LINK vs. TIME for link number 3 in
the default simulation. First enter 1 <ret> (for TIME on the &
axis) and 8 <ret> (for LINK TEMPERATURE on the y-axis). At
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this point, “ENTER LINK NUMBER . . .” would be displayed on
the screen. Continue by entering 3 <ret> (for link number 3).
This would complete the data entry for the first of the two
plots. For the second plot, enter 1 <ret> (for TIME on the &
axis) and 9 <ret> (for LINK TEMPERATURE on the yaxis). At
this point, “ENTER LINK NUMBER . . .” would be displayed a
second time. Then conclude data input for the pair of plots by
entering 3 <ret> (for link number 3). At this point the desired
pair of plots would be displayed on the screen.

C.8 An Example Simulation — The Default Case. This
section presents and reviews briefly the simulation of the
default case.

The tabular output of the default simulation is presented in
Figure C.4. Plots of the layer-interface height and of the layer
temperature as functions of time are plotted in Figure C.7(a)
and Figure C.7(b), respectively. Plots of the thermal response
of the two pairs of vent links and the pair of sprinkler links clos-
est to the fire are presented in Figure C.7(c) through Figure
C.7(e), respectively.

From Figure C.4 and Figure C.7(c) through Figure C.7(e), it
is seen that the sequence of link fusing (at 165°F) is predicted
to be the near pair of vents at 187 seconds, the far pair of vents
at 267 seconds, and the pair of closest sprinklers at
283 seconds. Although the sprinkler links are closer to the fire
than any of the vent links, and although all links have the same
fuse temperatures, the simulation predicts that the sprinkler
links fuse after all of the vent links. There are two reasons for
this. First, the RTIs of the sprinkler links are larger than those
of the vent links and, therefore, slower to respond thermally.
Second, the two sprinkler links simulated are far enough from
the ceiling as to be below the peak temperature of the ceiling
Jet, which is relatively thin at the 6 ft radial position (see the
lower sketch of Figure C.2).
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FIGURE C.7(a) Plot of the Height of the Smoke Layer
Interface vs. Time for the Default Simulation.
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Temperature vs. Time for the Default Simulation.
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Link Temperatures vs. Time for the Default Simulasion.
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FIGURE C.7(e)
Temperatures vs. Time for the Default Simulation.

2021 Edition

1 L
200 300 400
Time (sec)

Plot of the Closest (R = 6 ft) Sprinkler-Link

The effect on layer growth of fusing of the two pairs of vent
links and opening of their corresponding vents at 187 seconds
and 267 seconds can be noted in Figure C.7(a). Note that the
opening of the first pair of vents effectively stops the rate-of-
increase of layer thickness and the opening of the second pair
of vents leads to a relatively rapid rate-of-decrease in the layer
thickness. All of this is of course occurring at times when the
energy release rate of the fire is growing rapidly.

As can be seen in Figure C.7(a), up until the 400 seconds of
simulation time, the smoke is still contained in the original
curtained compartment and has not “spilled over” to adjacent
spaces. From this figure it appears that with no venting, the
layer would have dropped below the bottom of the curtain
boards prior to fusing of the first sprinkler links. This could be
confirmed with a second simulation run of LAVENT, where all
ventaction was removed from the default data.
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Stroup. “Thermal Response of Unconfined Ceilings Above
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fer,” Journal of Heat Transfer 109:172-178, 1987.
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Models for Analyzing Thermal Betector Spacing,” fire Safety
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5. Kahaner, B., C. Moher, and S. Nash. Numerical Methods and
Software, Prentice Hall, New York, NY, 1989.

6. Kahaner, B., National Institute of Standards and Technol-
ogy, private communication.

Annex D Sample Problem Using Engineering Equations
(Hand Calculations) and LAVENT

This annex is not a part of the requirements of this NI'PA document
but is included for informational purpases only.

D.1 Abstract. The following example problem illustrates the
use of the information, engineering equations, hand calcula-
tions, and computer model described in this document. The
impact of a fire on a nonsprinklered retail storage building and
its occupants is assessed. The effects of an anticipated fire on
the subject building are predicted, and the impact of smoke
and heat vents is illustrated.

Besign goals and objectives were developed, and a high-
challenge fire, likely to occur in the subject building, was iden-
tified. The fire impact was assessed using three different
methods:

(1) Hand calculations assuming a quasi-steady fire

(2) Hand calculations assuming a continuous-growth
(¢-squared) fire

(3) The computer model LAVENT
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Hand calculations are useful for generating quick estimates
of the impact of vents on fire effects. However, hand calcula-
tions are not able to assess time-varying events. A number of
simplifying assumptions have been used to facilitate problem
solving via algebraic equations. Hand-calculated results are
considered valid, but they produce slightly different estimates
of fire effects such as upper-layer temperature. A computer
model such as LAVENT generally provides a more complete
analysis of the fire-produced effects and, in some instances, is
preferable over hand calculations.

D.2 Introduction. The following example problem illustrates
the use of engineering equations and a computer model to
assess the impact of a fire in a nonsprinklered retail storage
building. The problem illustrates the impact of vents and
predicts the effect of the anticipated fire on the building.

D.2.1 Goal. Bevelop a vent design for the subject building
that will maintain a tenable environmentfor a period of time at
least equal to the time required to evacuate the building and
equal to the time required to maintain the hot upper layer a
minimum of 3 m above floor level until the local fire depart-
ment enters the building.

D.2.2 Objective. Betermine the vent area required to main-
tain the smoke layer at least 3 m above floor level for
300 seconds following detection of the fire by an automatic
detection system. Also, limit the heat flux at floor level to a
maximum of 2.5 kW/m?, the threshold irradiance that causes
severe pain to exposed skin [1], during the time required for
evacuation of the building occupants.

D.2.3 Building Details. The building is 73 m wide, 73 m long,
and 9.1 m high. It is not subdivided, nor is it provided with a
sprinkler system. The roof is an insulated deck (solid polysty-
rene). A complete fire alarm system is to be installed using heat
detectors spaced 15.2 m on center and 6.1 m from walls. Betec-
tors will have an activation temperature of 74°C and an RTI of
55 (m-sec)!’? and are to be located 0.3 m below the roof.
Sixteen vents are proposed, spaced 18.3 m on center. Vents will
be located 9.05 m from walls. The vents will be activated by fusi-
ble links with an activation temperature of 74°C and an RTI of
28 (m-sec)!/? and are to be located 0.3 m below the roof. Inlet
air openings will be equal to 1.5 the total vent area. (See Figure
.23}

D.2.4 Occupancy Details. The building is to be occupied for
retail storage. This analysis deals with a fire in rack storage of
sofas in the center of the building. The sofas are to be stored in
two racks, each 9.75 m long and 1.2 m wide and separated from
cach other by 2.4 m. Each rack will have four tiers of storage,
four sofas per tier, and a total storage height of 7.6 m. Bistance
to combustibles surrounding the racks will be sufficient to
prevent fire spread to those combustibles during the time
period covered by this analysis. The sofas are identified as
specimen F32 contained within Table E.5.3(d). Bata for the
same sofas are contained within a database of Hazard I [2],
where the sofas are identified as specimen UPS001. Each sofa
will contain 51.5 kg of combustible mass and be wrapped in
polyethylene.

D.2.5 Ignition. An ignition is assumed to occur in a sofa on
the first tier of one of the racks. Ignition of a sofa on the first
tier is a probable worst-case scenario and, as a practical matter,
is a location where ignition could be expected. Also, placing
the fire near floor level results in near-maximum smoke
production (entrainment).

it
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e
it

73 m

A
=
)
3
\d

FIGURE D.2.3 Vent Plan View.

D.3 Fire Growth. First, an estimate of the anticipated fire
growth must be developed. A t-squared fire will be assumed (see
8.3.1 andA.8.3.1). In a tsquared fire,

[D.3a]
Q=al

where:

Q = total heat release rate (kW)
a, = fire growth coefticient

t = time (seconds)

The data base within Hazard I (2] contains data from furni-
ture calorimeter tests of sofas. A sofa (UPS001) was tested and
demonstrated a growth time (&) to 1 MW of approximately
200 seconds. The fire in the sofa in this example is assumed to
have a growth time of 150 seconds to 1 MW as a reasonable,
conservative approximation of the anticipated fire in the sofas
stored in the example building. If a more precise estimate of
the burning characteristics of an individual sofa is necessary,
the exact sofa to be stored in the building could be tested in a
calorimeter. A fire growth time of 150 seconds results in an a
for the individual sofa of 0.044 kW/sec?(see Lquation 8§.3.2).
That is,

[D.3b]
1000 _ 1000
£ 2 150°

=0.044 kW/sec?

Accordingly, fire growth in the first sofa ignited can be
approximated by a fast (o, = 0.044 kW/sec®) tsquared fire.
Further, according to 8.3.1, a, is directly proportional to the
storage height. Therefore, the fire growth constant (a,) for
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sofas stacked four high is 4 times 0.044 kW/sec?, or e, equals
0.18 kW/sec?, and initial fire growth is approximated as

[D.3c]
Q= Gcgt*

where a,=0.18 kW /sec?.

Fire growth in the first rack of sofas results in radiant heat
transfer to a second rack of sofas separated from the first rack
by 2.4 m. It must be determined when the second rack of sofas
ignite. The fire size, when ignition of the second rack of sofas
occurs, is determined using Equation 8.2.3 with its terms rear-
ranged:

[D.3d]
_ W
0.042
where:

Q = fire output (kW)
W = aisle width (m)

Next, the time of ignition of the second rack is computed:

1/2 - i
= g =[3250) =134 sec
o, 0.18

where Q= o,

[D.3e]

When the second rack of sofas is ignited at 134 seconds, the
fire growth coefficient, &, for the two racks burning together is
assumed to double the value for the first rack burning alone
(o= 036 kW/sec?). At that time, the fire appears to have origi-
nated at effective ignition time, log For t >134 seconds,

[D.3f]
Q=036(t—1,) kw
Betermine 4, asfollows:
[D.3g]
3250 = 0.36(134 — 1, )
where log= 39 seconds. Then, for ¢> 134 seconds,
[D.3h]

Q=0.36(t-39)°

The maximum fire size is now estimated. Sofa UPS001 from
the Hazard I database [2] [specimen F32 in Table E.5.3(d)]
has a peak burning rate of 3120 kW. Maximum fire size, Q,,.,, is
based on the assumption that all 32 sofas are burning at their
individual peak rates, 3120 kW:
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[D.3i]
Q.o = 32(3120) = 100 MW

The time, tm to reach 100 MW must be determined using
the following:

[D.3]]
Q.. =0.36(t — 39)°
When Q= 100,000 kW,
[D.3k]
100,000 = 0.36(t,,,, —39)’
[D.31]
{100,000)"*
by =———— +39=566sec
' 0.36

An estimate of fire duration, ¢, is now made using data
from the Hazard I [2] database for sofa UPS001, where individ-
ual sofa combustible mass = 51.5 kg, sofa effective heat of
combustion = 18,900 kJ/kg, and maximum fire size =
100,000 kW.

The mass consumed from ¢ =0 to ¢ = 134 seconds is deter-
mined from the total heat release as follows:

[D.3m]

1200 131
de;=%z3‘ _w(lm) = 144,366 kJ
0 N 0

Since Q=mh, (see Equation E.3a), mass loss, Am, for t =
134 seconds, is determined as follows:

[D.3n]
366 Kk
Am= m=7.6 kg or =8kg
18,900 k] 'kg
The mass consumed from ¢ = 134 seconds to ¢ the time

ANy
the maximum fire size is reached, is similarly determined from
the total heat release rate after 134 seconds, as follows:

[D.30]
566 566-34
dez—jo%z-%q = Ofi(BdB—O%() b
134 134 134-39
Total heat release from ¢t = 134 to ¢t = 566 is then =

0.12[ (527)% — (95)%] = 17,460,697 k], and the mass lost, Am, is
Am = 17,460,697 k]/ 18,900 k]/kg =923.8 = 924 kg.

Approximately (924 + 8) kg= 932 kg is consumed during the
566 second time interval required to reach @,,. The total
combustible mass is 51.5 kg x 32 = 1648 kg. Therefore, around
(1648 — 932) kg = 716 kg is available to burn at Q = Q,,,. = 100
MW, after ¢ = 566 seconds, from which the fire duration can be
calculated as follows:
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[D.3p]
Q,...(2,, —566)=100,000(z, , —566)="716(18,900)

[D.3q]
716(18,900)
100,000

¢, =566+ =701.3 seconds =700 sec

The combustible mass of the sofas alone is able to support
the anticipated fire for approximately 700 seconds. In reality,
the fire in the sofas would reach a maximum of 100 MW at
550-600 seconds and burn briefly at the 100 MW peak until the
combusstible mass available began to be consumed, at which
time the fire's rate of heat release would begin to decline.
Using a t,, of 700 seconds is conservative.

In summary, the analysis to this point leads to the following
estimate for the anticipated fire:

[D.3r]
Q=018 for 0<t<134 sec

Q=0.36(1-39)° for 134 <1<566 sec
Q =100,000 KW for ¢ > 566 sec

(See Iigure B.3.)

D.4 Fire Detection. The time of fire detection is now calcula-
ted given the fire and building as described. The time of detec-
tion will be estimated based on the actual composite fire
already described. Betection time can be calculated using
Equation 9.2.5.4.3. BETACT-QS (see A.9.2.54.4.2) is a readily
available computational tool that performs this calculation.

A complete fire alarm system is to be installed using heat
detectors that are spaced 15.2 m on center (6.1 m from walls),

have an activation temperature of 74°C, and have an RTI of 55
(m-sec)'/? Assuming the anticipated fire is as described, the
maximum distance from a detector to the fire axis is the diago-
nal [2(15.2/2)21¥? = 10.7 m, the ambient temperature is 21 °C,
and the fire is 0.5 m above floor level, BETACT-QS predicts the
activation of a heat detector at 230 seconds. In the event
quicker detection is judged to be necessary, smoke detector
activation can be predicted by BETACT-QS using the guidance
provided in A.9.2.5.4.4.1. Betection time for smoke detectors is
based on the gas temperature rise at the detector site. Smoke
detector activation can be approximated using BETACT-QS,
assuming the smoke detector will respond like a heat detector,
which has a small RTI [e.g,, | (m-sec)/?] and a certain activa-
tion temperature above ambient (see A.9.2.5.4.4.1). Tests involv-
ing burning of the sofa upholstery with the actual detector to
be installed have determined that 10°C above ambient is a
representative activation condition. Assuming smoke detectors
are spaced 9.1 m on center (located a maximum of 6.5 m from
the axis of the fire), smoke detector activation is predicted by
BETACT-QS at 48 seconds.

Using BETACT-QS, vent operation is predicted using fusible
links having an activation temperature of 74°C and an RTI of
28 (m-sec)'/? Assuming the anticipated fire is located in the
center of the building, the ambient temperature is 21°C, and
assuming the fire is 0.5 m above floor level, activation of the
first vents (equidistant from the fire) separated [2(18.3/2)21/2
= 129 m from the fire is predicted by BETACT-QS at
228 seconds. The next set of vents (equidistant from the fire at
28.9 m) are predicted to open at 317 seconds. Similarly, the
third set of four vents, 38.8 m from the fire axis, open at
356 seconds. All 16 vents are open at 356 seconds. Alternatively,
if fusible links having the same RTI as the heat detectors [55
(m-sec)?] are used, all vents are predicted to be open at
384 seconds.

D.5 Vent Design. Of main concern in this example is the
temperature of the smoke layer, which governs the heat flux
radiated to the floor. Assuming an emissivity of 1 and a configu-
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rationfactor of 1, the radiant heat flux at the floor is calculated
as follows:

[D.5]
Flux , = ke T

where:
Flux, = (5.67 x 10°") T*kW/m ?
k = Stefan-Boltzmann constant = 5.67 x 10! kW/m? K#
& = emissivity = 1
@ = configuration factor = 1
T = temperature of the layer (K)

For a flux limit of 2.5 kW/m?, as stated in the objective, the
temperature of the smoke layer is calculated as 458 K, or 164 K
above the ambient temperature of 294 K.

D.6 Steady Fire — Smoke Layer Temperature. First, condi-

tions following attainment of the maximum heat release rate of

100 MW can be examined (i.e, at times greater than
566 seconds) assuming a smoke layer at the lowest acceptable
height, 3 m above the floor. (The heat detector installation
contemplated was calculated to provide alarm at 230 seconds,
300 seconds following detection places the time of interest at
530 seconds, close to the attainment of the maximum heat
release rate.)

The effective diameter of the fire is required for the calcula-
tions. This diameter can be determined with the aid of Equa-
tion 8.3.7, setting Q = 100,000 kW and selecting an appropriate
value for the heat release rate per unit floor area, Q”. The two
racks facing each other across the 2.4 m wide aisle are 975 m
long and 1.2 m wide (see Figure B.6). The heat release rate per
unit area is taken as the fully involved heat release rate,
100,000 kW, divided by the combined area of the two racks plus
the aisle, or (9.75)(1.2) (2.2) + (9.75) (2.4) = 46.8 m> Accord-
ingly, the heat release rate per unit area is

[D.6a]
,,_ 100,000

) =2186 kW/m”’
46.8
This value can be assumed to be representative of most of
the fire history, except for the initial stage. The effective diame-
ter of the fire at 100,000 kW is then, using Equation 8.3.7,

[D.6b]

=772 m

4(100,000) 1"
'—{ , )}

~| n(2136)

Equation 9.2.4.3 is used to estimate the smoke layer tempera-
ture rise. The mass flow rate in the plume as it enters the
smoke layer, M, | is calculated from Equation 9.2.3.6 or 9.2.3.7,
depending on whether the flame height is smaller or larger
than the height of the smoke layer above the base of the fire,
305 = 25 m. The flame height is calculated from Equation
9.2.3, as follows:

[D.6¢c]
L=]-102(7.72)] + [0.235(100,000)*/ ”] =156 m
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which is greater than the height of the smoke layer. (It is
even greater than the ceiling height so that the flames will
impinge on the ceiling and flow radially outward.) Therefore,
the mass flow rate in the plume as it enters the smoke layer is
calculated from Equation 9.2.3.7, as follows (assuming Q, =

0.70):

[D.6d]

25
i, =0.0056(0.7x100,000)
15.6

=62.8 kg/sec

Now the temperature rise in the smoke layer can be estima-
ted using Equation 9.2.4.3, with C,= 1.00 kJ/kg-K and the value
of K=0.5recommended in 9.2.4.4.

[D.6e]
~ 0.5(70,000)
1.00(628)

sl =17

This value is considerably above 164 K; therefore, the floor
radiant heat flux can be expected to be much higher than the
limit 25 kW/m? Using the equation for radiant heat flux to
the floor presented previously, the value 29.7 kW/m? is calcula-
ted for a smoke layer temperature of 557 + 294 =851 K.

Not only is the smoke layer temperature, 557 + 21 = 578°C,
so high that it produces unacceptable levels of radiant flux at
the floor, but it is also close to the level, 600°C, where fire can
flash over all the combustibles under the smoke layer. Further-
more, it exceeds the value, 540°C, where unprotected steel
begins losing strength. Birectly over the fire the temperatures
might locally reach 1135°C (from Equation 9.2.4.3, with K= 1),
far in excess of the threshold for steel damage.

D.7 Sizing of Vents. This building arrangement will not meet
design objectives. However, it might be instructive to investigate
the venting requirements in order to illustrate general proce-
dures that might be used to develop alternative designs.

All 16 vents are predicted to be open prior to 566 seconds —
the time of interest.

The aerodynamic vent area, A, is determined with the aid

of Equation 9.2.4.1:
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FIGURE D.6 Effective Fire Diameter.
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[D.7a]

SRS
m,=(202g) " [;'Tﬂ) A"

At equilibrium, the mass flow through the vents is equal to
I ; 3 MARP:
the smoke production rate, 7, . Substituting ", =62.6 kg/sec
for 7, in Equation 9.2.4.1, together with

p,= 1.2 kg/m?
g=9.81 m/sec?

T,- 294K
AT=559K

T=1294 +559= 853 K
d=91-3=6.1m

the equation can be solved for the aerodynamic vent area.
The result is

[D.7b]
A, =10.04 m’

The vents are assumed to have a discharge coefficient of

0.61; therefore, the corresponding actual vent area is (see
A.9.242)

[D.7¢]

A= l(?% =16.46 m’ (gcomctric vent arca) =16.5 m’

The building design contemplates that inlet air openings will
be 1.5 times the vent area. Equation F.2 is used to calculate a
correction, M, for the limited inlet air openings.

[D.7d]
1/2
FWEN (Y
ANT
[D.7¢]
12
9
M= 1+[L.,)[ -94) - 107
1.5° )\ 863
The corrected actual vent area is
[D.7f]

(L07)(16.5) = 17.66 m*

Bistributed among the 16 vent locations, the actual area per
vent is

[D.7g]

17.66 _ | 14 02
16

The nearest commercial vent size equal to or larger than this
unit vent area would be selected.

The following equation is used to check for @ uu

[D.7h]
Q,ﬁau‘hk = 23,200([_1 = d)rw/g
Q/«.u'ol,, = 229,265 kW =230 MW

where:

Qi = feasible fire heat release rate (kW)
H=91-05=86m
d=61m

This value is higher than the projected heat release rate, 100
MW, and by itself is not of direct concern.

D.8 Increased Height of Smoke Interface. Inspection of
Equation 9.2.3.7 indicates that the larger the height of the
smoke interface above the base of the fire, the larger the value

of mass entrained in the plume, 7, , and Equation 9.2.4.3 indi-

cates that the temperature rise in the smoke layer will be
reduced. The calculations just completed for a smoke layer
height of 3 m above the floor can be repeated for other smoke
layer heights in search of acceptable alternative designs. The
two additional smoke layer heights of 6 m and 7.3 m have been
investigated, the latter near the maximum associated with the
minimum recommended curtain depth for the 9.1 m high
building (see Section 7.3). The final results of these additional
calculations indicate values of temperature rise in the smoke
layer of 253 K for the 6 m high level and 205 K for the 7.3 m
high level. Although these values for smoke layer temperature
rise are still a little high compared to the target of 164 K, they
represent a major improvement. Furthermore, the tempera-
tures are low enough so as not to represent a flashover hazard
or endanger structural steel.

The calculations for the three smoke layer heights at the
maximum heat release rate are summarized in Table B.8,
entered as cases 1-3. In the table, H, represents the height of
the ceiling above the floor, H, — d is the height of the smoke
interface above the floor, and H - dis the height of the smoke
interface above the base of the fire. In cases 1-3, the radiant
heat flux at floor level, ﬂux,[, is seen to decrease to 5.1 kW/m?
and 35 kW/m? as the smoke interface is raised but still
remains above 2.5 kW/m® The total required vent area
(corrected A,) increases sharply as the smoke layer interface is
raised. For the largest interface height, the total vent area of
89.2 m? corresponds to an area per vent of 89.2/16 = 557 m?,
which is still smaller than the maximum vent area discussed in
5.4.1 [(i.e., 24 = 2(1.8)%> = 648 m?).

D.9 Growing Fire. Cases 4-6 in Table B.8 correspond to the
growing fire with detection at 230 seconds using heat detectors.
The state of the fire is represented at a time 300 seconds follow-
ing detection with heat detectors (i.e, at 230 + 300 =
530 seconds). It is assumed that all 16 vents are operated
together at the alarm of the first heat detector; alternatively,
the vents are actuated individually with fusible links of the same
RT1 and activation temperature as the heat detectors, for which
it might be confirmed with BETACT-QS that all vents open
prior to 530 seconds. The calculations are parallel to cases 1-3,
except that the fire is slightly smaller, as determined from the
following:
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Table D.8 Results of Calculations for Vent Design

Time Q D L H -d H-d d AT flux,  m, (kg/ corr. A,
Case (sec) (MW) (m) (m) (m) (m) (m) (K) kW/m?) sec) M (m?)
1 >566 100.0 Gl 15.6 3.0 2.5 6.1 557 29.7 62.8 1.07 17.6
2 >566 100.0 7.7 15.6 6.0 56 3.1 253 5.1 137.8 1] 53.8
3 >566 100.0 A7) 15.6 7.3 6.8 1.8 205 3.5 170.4 1.12 89.2
4 530 86.8 7.9 14.9 3.0 25 6.1 531 26.4 57.2 1.08 16.1
H 530 86.8 "2 14.9 6.0 5.5 3.1 24] 4.7 125.9 1512 49.7
6 530 86.8 7.2 14.9 7.3 6.8 1.8 195 3.3 155.7 1% 15 82.6
7 348 34.4 4.5 10.7 3.0 25 6.1 383 11.8 31.4 1.09 8.6
8 348 34.4 4.5 10.7 6.0 5.5 3.1 174 N 69.0 1.13 28.3
9 348 34.4 4.5 10.7 73 6.8 1.8 141 2.0 85.3 1.14 478
The values for this fire will be used as input for LAVENT.
[D.9a] The fire is assumed to start in the center of the building.

0 = 0.36(t - 39)° = 0.36(530 —39)° = 86,800 kW

In cases 4-6, the smoke layer temperatures (A7) and radiant
fluxes to the floor are only slightly reduced from the corre-
sponding steady fire situations, cases 1-3. Also, there is little
change in the required vent areas.

Cases 7-9 in Table B.8 correspond to the growing fire, with
detection at 48 seconds using smoke detectors. Again, the state
of the fire is represented at a time 300 seconds from detection
(i.e., at 348 seconds). It is assumed that the 16 vents are oper-
ated together at the alarm of the first smoke detector. The
calculations are executed at a state of fire development as
follows:

[D.9b]
Q = 0.36(t—39)" = 0.36(348 — 39)" = 34,400 kW

It is seen that case 9 meets the design objective of heat fluxes
to the floor that are calculated as being lower than 25 kW/m?,
and case 8 nearly does so. The required ventareas are 28.3 m?
and 47.8 m® for cases 8 and 9, respectively, corresponding to
unit vent areas (16 vents) of 1.8 m? and 8.0 m®, both of which
are well below their respective maxima, 2&, based on 5.4.1.

It will be noted that the case 8 solution using “hand calcula-
tions” provides an approximation clase to the LAVENT predic-
tions, which are summarized next.

D.10 LAVENT Analysis. The case 8 vent design in Table B.8
will now be analyzed using the computer program LAVENT
[3]. LAVENT is able to assess the time-varying events associated
with the predicted fire. The fire has been previously deter-
mined as follows:

[D.10]
Q=0.18 for 0<t<134 sec

Q =0.36(:—39)° for 134 <t <566 sec
Q =100,000 kW for ¢ > 566 sec
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A complete smoke detection system is to be installed with
detectors spaced 9.1 m on center. Betectors are located a maxi-
mum of 6.5 m from the fire axis (i.e., one-half the diagonal
distance between detectors). As noted in A9.254.4.1, detec-
tors have an activation temperature of 31°C (10°C above ambi-
ent) and are located 0.1 m below the ceiling.

The vent design will use sixteen 1.76 m?® vents located 18.3 m
on center. All vents automatically open on activation of the first
smoke detector.

LAVENT predicts that the upper-layer temperature will be
377°C and that the upper “hot” layer will be 4.6 m above floor
level at 600 seconds. A 3 m clear layer is maintained through-
out the 600 second time interval. However, heat flux at floor
level is projected to be approximately 10 kW/m?® at
600 seconds, and the design objective of limiting heat flux to
2.5 kW/m? at floor level is exceeded. At 342 seconds, the time
of detection plus 300 seconds, however, the design objectives
are met. At 360 seconds, LAVENT predicts the upper-layer
temperature as 444 K (171°C), with the layer being 7.3 m above
the floor. The predicted 150 K temperature rise is limited to
less than the target value of 164 K, and heat flux at floor level is
predicted to be 2.2 kW/m? Therefore, the design objectives
are satisfied for a time interval greater than the time of detec-
tion plus 300 seconds.

Inlet air is 1.5 times the vent area. To maintain the vent flow
predicted by LAVENT, inlet air net free area should be main-
tained at a minimum of twice the open vent area. Although the
net free inlet air area is less than required, the inlet area is
sufficiently large that LAVENT predictions can be assumed to
be reasonably valid. However, consideration should be given to
increasing the vent area to account for the restrictions in inlet
air.

See Figure B.10(a) through Figure B.10(h) for results of the
program, and Figure B.10(i) for a computer printout of the
L AVENT output.
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Plume Flow.

FIGURE D.10(h)
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CEILING HEIGHT =

ROCM LEWGTH
ROOM WIDTH

CURTAIN LENGTH =
CURTAIN

MATERIAL

HEIGHT

CEILING COWDUCTIVITY
CEILING DENSITY

CEILING HEAT CAPACITY
CEILING THICKWNESS
FIRE HEIGHT

FIRE POWER/AREA

LINK NO 1 RADIUS = 6.5 M DIST CEILING =
RTI = 1.00 SQRT(MS) FUSION TEMPERATURE FOR LINK
VENT AREA 28.2 M2 LINK CONTROLLING VENT
TIME (S)= 0.0000 LYR TEMP (K)= 294.0 LYR HT (M) =
LYR MASS (KG)=0. 000E+00 FIRE OUTPUT (W) =

LINK = 1 LINK TEMP (K) = 294.00 JET VELOCITY (M/S) =
R (M) = 0.00 TSL (K) = 294.0 QB (W/M2) = 0.000E+00
R (M) = 1.74 TSL (K) = 294.0 QB (W/M2) = 0.000E+00
R (M) = 3.48 TSL (K) = 294.0 QB (W/M2) = 0.000E+00
R (M) = 5.22 TSL (K) = 294.0 OB (W/M2) = 0.000E+00
R (M) = 6.95 TSL (K) = 294.0 QB (W/M2) = 0.000E+00
R (M) = 8.69 TSL (K) = 294.0 QB (W/M2) = 0.000E+00
R (M) = 10.43 TSL (K) = 294.0 OB (W/M2) = 0.000E+00
R (M) = 12.17 TSL (K) = 294.0 QOB (W/M2) = 0.000E+00
R (M) = 13.91 TSL (K) = 294.0 QOB (W/M2) = 0.000E+00
R (M) = 15.65 TSL (K) = 294.0 OB (W/M2) = 0.000E+00
R (M) = 17.39 TSL (K) 294.0 QOB (W/M2) = 0.000E+00
R (M) = 19.12 TSL (K) = 294.0 QB (W/M2) = 0.000E+00
R (M) = 20.86 TSL (K) = 294.0 QB (W/M2) = 0.000E+00
R (M) = 22.60 TSL (K) 294.0 QB (W/M2) = 0.000E+00
R (M) = 24.34 TSL (K) = 294.0 OB (W/M2) = 0.000E+00
R (M) = 26.08 TSL (K) = 294.0 QB (W/M2) = 0.000E+00
R (M) = 27.82 TSL (K) 294.0 QOB (W/M2) = 0.000E+00
R (M) = 29.56 TSL (K) = 294.0 QB (W/M2) = 0.000E+00
R (M) = 31.29 TSL (K) = 294.0 QB (W/M2) = 0.000E+00
R (M) = 33.03 TSL (K) = 294.0 QB (W/M2) = 0.000E+00
R (M) = 34.77 TSL (K) = 294.0 QB (W/M2) = 0.000E+00
R (M) 36.51 TSL (K) = 294.0 QB (W/M2) = 0.000E+00
R (M) = 38.25 TSL (K) = 294.0 QB (W/M2) = 0.000E+00
R (M) = 39.99 TSL (K) = 294.0 QB (W/M2) = 0.000E+00
R (M) 41.73 TSL (K) = 294.0 QB (W/M2) = 0.000E+00
R (M) = 43.46 TSL (K) = 294.0 QB (W/M2) = 0.000E+00
R (M) = 45.20 TSL (K) = 294.0 QB (W/M2) = 0.000E+00
R (M) 46.94 TSL (K) = 294.0 QB (W/M2) = 0.000E+00
R (M) = 48.68 TSL (K) = 294.0 QB (W/M2) = 0.000E+00
R (M) = 50.42 TSL (K) = 294.0 QB (W/M2) = 0.000E+00
TIME (S)= 60.0000 LYR TEMP (K)= 301.4 LYR HT (M) =
LYR MASS (KG)=0.657E+03 FIRE OUTPUT (W) = 0.6480E+06
LINK = 1 LINK TEMP (K) = 309.95 JET VELOCITY (M/S) =
JET TEMP (K) = 310.2 TIME LINK 1 OPENS EQUALS

R (M) = 0.00 TSL (K) = 302.1 QB (W/M2) = 0.834E+03
R (M) = 1.74 TSL (K) = 299.5 QB (W/M2) = 0.587E+03
R (M) = 3.48 TSL (K) = 297.8 QB (W/M2) = 0.417E+03
R (M) = 5.22 TSL (K) = 296.6 QOB (W/M2) = 0.287E+03
R (M) 6.95 TSL (K) 295.8 QB (W/M2) = 0.205E+03
R (M) = 8.69 TSL (K) = 295.4 QB (W/M2) = 0.153E+03
R (M) = 10.43 TSL (K) = 295.0 QB (W/M2) = 0.117E+03
R (M) = 12.17 TSL (K) 294.8 QB (W/M2) = 0.925E+02
R (M) = 13.91 TSL (K) = 294.7 QB (W/M2) = 0.748E+02
FIGURE D.10(i) LAVENT Analysis Output.
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R (M) = 15.65 TSL (K) = 294.6 QOB (W/M2) = 0.619E+02 QT (W/M2) = 0.000E+00
R (M) = 17.39 TSL (K) = 294.5 QB (W/M2) = 0.522E+02 QT (W/M2) = 0.000E+00
R (M) = 19.12 TSL (K) = 294.4 OB (W/M2) = 0.448E+02 QT (W/M2) = 0.000E+00
R (M) = 20.86 TSL (K) = 294.3 QB (W/M2) = 0.389E+02 QT (W/M2) = 0.000E+00
R (M) = 22.60 TSL (K) = 294.3 QB (W/M2) = 0.343E+02 QT (W/M2) = 0.000E+00
R (M) = 24.34 TSL (K) = 294.3 QB (W/M2) = 0.305E+02 QT (W/M2) = 0.000E+00
R (M) = 26.08 TSL (K) = 294.2 QOB (W/M2) = 0.274E+402 QT (W/M2) = 0.000E+00
R (M) = 27.82 TSL (K) = 294.2 QOB (W/M2) = 0.248E+02 QT (W/M2) = 0.000E+00
R (M) = 29.56 TSL (K) = 294.2 QOB (W/M2) = 0.226E+02 QT (W/M2) = 0.000E+00
R (M) = 31.29 TSL (K) = 294.2 QB (W/M2) = 0.207E+02 QT (W/M2) = 0.000E+00
R (M) = 33.03 TSL (K) = 294.2 QB (W/M2) = 0.191E+02 QT (W/M2) = 0.000E+00
R (M) = 34.77 TSL (K) = 294.2 QB (W/M2) = 0.177E+402 QT (W/M2) = 0.000E+00
R (M) = 36.51 TSL (K) = 294.1 QB (W/M2) = 0.165E+02 QT (W/M2) = 0.000E+00
R (M) = 38.25 TSL (K) = 294.1 QB (W/M2) = 0.154E+02 QT (W/M2) = 0.000E+00
R (M) = 39.99 TSL (K) = 294.1 QB (W/M2) = 0.144E+02 QT (W/M2) = 0.000E+00
R (M) = 41.73 TSL (K) = 294.1 QB (W/M2) = 0.136E+02 QT (W/M2) = 0.000E+00
R (M) = 43.46 TSL (K) = 294.1 QOB (W/M2) = 0.128E+02 QT (W/M2) = 0.000E+00
R (M) = 45.20 TSL (K) = 294.1 QB (W/M2) = 0.121E+02 QT (W/M2) = 0.000E+00
R (M) = 46.94 TSL (K) = 294.1 QOB (W/M2) = 0.115E+02 QT (W/M2) = O0.000E+00
R (M) = 48.68 TSL (K) = 294.0 QB (W/M2) = 0.122E+01 QT (W/M2) = O0.000E+00
R (M) = 50.42 TSL (K) = 294.0 QB (W/M2) = 0.110E+01 QT (W/M2) = 0.000E+00
TIME ($)= 120.0000 LYR TEMP (K)= 317.2 LYR HT (M) = 8.83

LYR MASS (KG)=0.162E+04 FIRE OUTPUT (W) = 0.2743E+07 VENT AREA (M2) = 28.20
LINK = 1 LINK TEMP (K) = 339.83 JET VELOCITY (M/S) = 1.761

JET TEMP (K) = 340.2 TIME LINK 1 OPENS EQUALS 41.7098 (S)

R (M) = 0.00 TSL (K) = 332.0 QB (W/M2) = 0.242E+04 QT (W/M2) = 0.000E+00
R (M) = 1.74 TSL (K) = 322.4 QB (W/M2) = 0.188E+04 QT (W/M2) = 0.000E+00
R (M) = 3.48 TSL (K) = 314.9 QB (W/M2) = 0.142E+04 QT (W/M2) = 0.000E+00
R (M) = 5.22 TSL (K) = 308.8 OB (W/M2) = 0.102E+04 QT (W/M2) = 0.000E+00
R (M) 6.95 TSL (K) = 304.7 QB (W/M2) = 0.753E+03 QT (W/M2) = 0.000E+00
R (M) = 8.69 TSL (K) = 302.1 QOB (W/M2) = 0.569E+03 QT (W/M2) = 0.000E+00
R (M) = 10.43 TSL (K) = 300.2 QB (W/M2) = 0.441E+03 QT (W/M2) = 0.000E+00
R (M) = 12.17 TSL (K) = 298.9 QOB (W/M2) = 0.350E+03 QT (W/M2) = 0.000E+00
R (M) = 13.91 TSL (K) = 298.0 QB (W/M2) = 0.285E+03 QT (W/M2) = 0.000E+00
R (M) = 15.65 TSL (K) = 297.3 QB (W/M2) = 0.236E+03 QT (W/M2) = 0.000E+00
R (M) = 17.39 TSL (K) = 296.8 QB (W/M2) = 0.199E+03 QT (W/M2) = 0.000E+00
R (M) = 19.12 TSL (K) = 296.4 OB (W/M2) = 0.171E+403 QT (W/M2) = 0.000E+00
R (M) = 20.86 TSL (K) = 296.1 OB (W/M2) = 0.149E+03 QT (W/M2) = 0.000E+00
R (M) = 22.60 TSL (K) = 295.8 QB (W/M2) = 0.131E+03 QT (W/M2) = 0.000E+00
R (M) = 24.34 TSL (K) = 295.6 QB (W/M2) = 0.117E+03 QT (W/M2) = 0.000E+00
R (M) = 26.08 TSL (K) = 295.5 QB (W/M2) = 0.105E+03 QT (W/M2) = 0.000E+00
R (M) = 27.82 TSL (K) = 295.3 QOB (W/M2) = 0.951E+02 QT (W/M2) = 0.000E+00
R (M) = 29.56 TSL (K) = 295.2 QB (W/M2) = 0.867E+02 QT (W/M2) = 0.000E+00
R (M) = 31.29 TSL (K) = 295.1 QB (W/M2) = 0.795E+02 QT (W/M2) = 0.000E+00
R (M) = 33.03 TSL (K) = 295.0 QB (W/M2) = 0.734E+02 QT (W/M2) = 0.000E+00
R (M) = 34.77 TSL (K) = 294.9 OB (W/M2) = 0.680E+02 QT (W/M2) = 0.000E+00
R (M) = 36.51 TSL (K) = 294.9 OB (W/M2) = 0.633E+02 QT (W/M2) = 0.000E+00
R (M) = 38.25 TSL (K) = 294.8 OB (W/M2) = 0.592E+02 QT (W/M2) = 0.000E+00
R (M) = 39.99 TSL (K) = 294.8 QB (W/M2) = 0.555E+02 QT (W/M2) = 0.000E+00
R (M) = 41.73 TSL (K) = 294.7 QB (W/M2) = 0.522E+02 QT (W/M2) = 0.000E+00
R (M) = 43.46 TSL (K) = 294.7 QOB (W/M2) = 0.492E+02 QT (W/M2) = 0.000E+00
R (M) = 45.20 TSL (K) = 294.6 QB (W/M2) = 0.466E+02 QT (W/M2) = 0.000E+00
R (M) = 46.94 TSL (K) = 294.6 QB (W/M2) = 0.442E+02 QT (W/M2) = 0.000E+00
R (M) = 48.68 TSL (K) = 294.1 QOB (W/M2) = 0.504E+01 QT (W/M2) = 0.000E+00
R (M) = 50.42 TSL (K) = 294.1 QOB (W/M2) = 0.455E+01 QT (W/M2) = 0.000E+00
TIME (S)= 180.0000 LYR TEMP (K)= 339.8 LYR HT (M) = 8.60

LYR MASS (KG)=0.276E+04 FIRE OUTPUT (W) = 0.7483E+07 VENT AREA (M2) = 28.20
LINK = 1 LINK TEMP (K) = 385.73 JET VELOCITY (M/S) = 2.493

JET TEMP (K) = 386.3 TIME LINK 1 OPENS EQUALS 41.7098 (S)

R (M) = 0.00 TSL (K) = 386.4 QB (W/M2) = 0.514E+04 QT (W/M2) = 0.000E+00
R (M) = 1.74 TSL (K) = 367.0 QB (W/M2) = 0.421E+04 QT (W/M2) = 0.000E+00
R (M) = 3.48 TSL (K) = 349.7 QB (W/M2) = 0.329E+04 QT (W/M2) = 0.000E+00
FIGURE D.10(i)) Centinued
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R (M) = 5.22 TSL (K) = 334.5 QB (W/M2) = 0.244E+04
R (M) = 6.95 TSL (K) = 324.0 QOB (W/M2) = 0.183E+04
R (M) = 8.69 TSL (K) = 316.7 QB (W/M2) = 0.140E+04
R (M) = 10.43 TSL (K) = 311.6 QB (W/M2) = 0.109E+04
R (M) = 12.17 TSL (K) = 308.0 QB (W/M2) = 0.864E+03
R (M) = 13.91 TSL (K) = 305.3 QB (W/M2) = 0.702E+03
R (M) = 15.65 TSL (K) = 303.4 OB (W/M2) = 0.582E+03
R (M) = 17.39 TSL (K) = 301.9 QB (W/M2) = 0.491E+03
R (M) = 19.12 TSL (K) = 300.8 QB (W/M2) = 0.420E+03
R (M) = 20.86 TSL (K) = 299.9 QB (W/M2) = 0.365E+03
R (M) = 22.60 TSL (K) = 299.2 QB (W/M2) = 0.321E+03
R (M) = 24.34 TSL (K) = 298.6 QB (W/M2) = 0.286E+03
R (M) = 26.08 TSL (K) = 298.1 OB (W/M2) = 0.256E+03
R (M) = 27.82 TSL (K) = 297.7 QB (W/M2) = 0.232E+03
R (M) = 29.56 TSL (K) = 297.4 QB (W/M2) = 0.211E+03
R (M) = 31.29 TSL (K) = 297.1 QOB (W/M2) = 0.193E+03
R (M) = 33.03 TSL (K) = 296.9 QB (W/M2) = 0.178E+03
R (M) = 34.77 TSL (K) = 296.7 QB (W/M2) = 0.165E+03
R (M) = 36.51 TSL (K) = 296.5 QB (W/M2) = 0.154E+03
R (M) = 38.25 TSL (K) = 296.3 QB (W/M2) = 0.143E+03
R (M) = 39.99 TSL (K) = 296.2 QB (W/M2) = 0.134E+03
R (M) = 41.73 TSL (K) = 296.0 QOB (W/M2) = 0.126E+03
R (M) = 43.46 TSL (K) = 295.9 QB (W/M2) = 0.119E+03
R (M) = 45.20 TSL (K) = 295.8 QB (W/M2) = 0.113E+03
R (M) = 46.94 TSL (K) = 295.7 QB (W/M2) = 0.107E+03
R (M) = 48.68 TSL (K) = 294.2 OB (W/M2) = 0.136E+02
R (M) = 50.42 TSL (K) = 294.2 QB (W/M2) = 0.123E+02
TIME (S)= 240.0000 LYR TEMP (K)= 371.5 LYR HT (M) =
LYR MASS (KG)=0.414E+04 FIRE OUTPUT (W) = 0.1541E+08
LINK = 1 LINK TEMP (K) = 447.57 JET VELOCITY (M/S) =
JET TEMP (K) = 448.2 TIME LINK 1 OPENS EQUALS

R (M) = 0.00 TSL (K) = 469.7 QB (W/M2) = 0.816E+04
R (M) = 1.74 TSL (K) = 439.3 QB (W/M2) = 0.700E+04
R (M) = 3.48 TSL (K) = 408.8 OB (W/M2) = 0.570E+04
R (M) = 5.22 TSL (K) = 380.2 QB (W/M2) = 0.439E+04
R (M) = 6.95 TSL (K) = 359.0 QB (W/M2) = 0.335E+04
R (M) = 8.69 TSL (K) = 343.8 QB (W/M2) = 0.259E+04
R (M) = 10.43 TSL (K) = 332.8 QOB (W/M2) = 0.203E+04
R, (M) = 12.17 TSL (K) = 324.9 QB (W/M2) = 0.162E+04
R (M) = 13.91 TSL (K) = 319.1 QB (W/M2) = 0.132E+04
R (M) = 15.65 TSL (K) = 314.8 QB (W/M2) = 0.109E+04
R (M) = 17.39 TSL (K) = 311.6 QB (W/M2) = 0.922E+03
R (M) = 19.12 TSL (K) = 309.1 QB (W/M2) = 0.790E+03
R (M) = 20.86 TSL (K) = 307.1 QB (W/M2) = 0.687E+03
R (M) = 22.60 TSL (K) = 305.5 QB (W/M2) = 0.604E+03
R (M) = 24.34 TSL (K) = 304.2 QB (W/M2) = 0.536E+03
R (M) = 26.08 TSL (K) = 303.2 QB (W/M2) = 0.481E+03
R (M) = 27.82 TSL (K) = 302.3 QB (W/M2) = 0.435E+03
R (M) = 29.56 TSL (K) = 301.6 QB (W/M2) = 0.396E+03
R (M) = 31.29 TSL (K) = 300.9 QB (W/M2) = 0.363E+03
R (M) = 33.03 TSL (K) = 300.4 QB (W/M2) = 0.334E+03
R (M) = 34.77 TSL (K) = 299.9 QOB (W/M2) = 0.309E+03
R (M) = 36.51 TSL (K) = 299.5 QOB (W/M2) = 0.288E+03
R (M) = 38.25 TSL (K) = 299.1 QOB (W/M2) = 0.269E+03
R (M) = 39.99 TSL (K) = 298.8 OB (W/M2) = 0.252E+03
R (M) = 41.73 TSL (K) = 298.5 QB (W/M2) = 0.237E+03
R (M) = 43.46 TSL (K) = 298.3 QOB (W/M2) = 0.223E+03
R (M) = 45.20 TSL (K) = 298.0 OB (W/M2) = 0.211E+03
R (M) = 46.94 TSL (K) = 297.8 QOB (W/M2) = 0.200E+03
R (M) = 48.68 TSL (K) = 296.6 QB (W/M2) = 0.198E+03
R (M) = 50.42 TSL (K) = 294.5 QB (W/M2) = 0.250E+02

FIGURE D.10(i) Centinued
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SMOKE AND HEAT VENTING
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300.0000 LYR TEMP (K)=  406.7 LYR HT (M) = 7.86
FIRE OUTPUT (W) = 0.2452E+08 VENT AREA (M2) = 28.20
= 511.85 JET VELOCITY (M/S) = 3.699
512.4 TIME LINK 1 OPENS EQUALS 41.7098 (S)
0.00 TSL (K) = 561.4 QB (W/M2) = 0.962E+04 QT (W/M2) = -0.297E-11
1.74 TSL (K) 523.2 QB (W/M2) = 0.859E+04 QT (W/M2) = -0.297E-11
3.48 TSL (K) = 481.7 QB (W/M2) = 0.731E+04 QT (W/M2) = -0.297E-11
5.22 TSL (K) = 439.7 QOB (W/M2) = 0.588E+04 QT (W/M2) = -0.297E-11
6.95 TSL (K) = 406.1 OB (W/M2) = 0.464E+04 QT (W/M2) = -0.297E-11
8.69 TSL (K) = 381.0 QOB (W/M2) = 0.365E+04 QT (W/M2) = -0.297E-11
10.43 TSL (K) = 362.4 QOB (W/M2) = 0.289E+04 QT (W/M2) = -0.297E-11
12.17 TSL (K) = 348.8 QOB (W/M2) = 0.234E+04 QT (W/M2) = -0.297E-11
13.91 TSL (K) = 338.7 QB (W/M2) = 0.191E+04 QT (W/M2) = -0.297E-11
15.65 TSL (K) = 331.1 QB (W/M2) = 0.159E+04 QT (W/M2) = -0.297E-11
17.39 TSL (K) = 325.4 QB (W/M2) = 0.135E+04 QT (W/M2) = -0.297E-11
19.12 TSL (K) = 320.9 OB (W/M2) = 0.116E+04 QT (W/M2) = -0.297E-11
20.86 TSL (K) = 317.4 QB (W/M2) = 0.101E+04 QT (W/M2) = -0.297E-11
22.60 TSL (K) = 314.6 QB (W/M2) = 0.887E+03 QT (W/M2) = -0.297E-11
24.34 TSL (K) = 312.3 QB (W/M2) = 0.789E+03 QT (W/M2) = -0.297E-11
26.08 TSL (K) = 310.4 QOB (W/M2) = 0.708E+03 QT (W/M2) = -0.297E-11
27.82 TSL (K) = 308.8 QOB (W/M2) = 0.640E+03 QT (W/M2) = -0.297E-11
29.56 TSL (K) = 307.5 QB (W/M2) = 0.583E+03 QT (W/M2) = -0.297E-11
31.29 TSL (K) = 306.4 OB (W/M2) = 0.535E+03 QT (W/M2) = -0.297E-11
33.03 TSL (K) = 305.4 QB (W/M2) = 0.493E+03 QT (W/M2) = -0.297E-11
34.77 TSL (K) = 304.6 OB (W/M2) = 0.456E+03 QT (W/M2) = -0.297E-11
36.51 TSL (K) = 303.8 OB (W/M2) = 0.425E+03 QT (W/M2) = -0.297E-11
38.25 TSL (K) = 303.2 QOB (W/M2) = 0.397E+03 QT (W/M2) = -0.297E-11
39.99 TSL (K) = 302.6 QB (W/M2) = 0.372E+03 QT (W/M2) = -0.297E-11
41.73 TSL (K) = 302.1 QB (W/M2) = 0.350E+03 QT (W/M2) = -0.297E-11
43.46 TSL (K) 301.6 QOB (W/M2) = 0.330E+03 QT (W/M2) = -0.297E-11
45.20 TSL (K) = 301.2 QB (W/M2) = 0.312E+03 QT (W/M2) = -0.297E-11
46.94 TSL (K) = 300.8 QB (W/M2) = 0.296E+03 QT (W/M2) = -0.297E-11
48.68 TSL (K) = 299.8 QOB (W/M2) = 0.286E+03 QT (W/M2) = -0.297E-11
50.42 TSL (K) = 294.9 QB (W/M2) = 0.390E+02 QT (W/M2) = -0.297E-11
360.0000 LYR TEMP (K)=  443.6 LYR HT (M) = 7.31
FIRE OUTPUT (W) = 0.3795E+08 VENT AREA (M2) = 28.20
= 590.31 JET VELOCITY (M/S) = 4.317
590.9 TIME LINK 1 OPENS EQUALS 41.7098 (S)
0.00 TSL (K) = 658.1 OB (W/M2) = 0.117E+05 QT (W/M2) = -0.297E-11
1.74 TSL (K) = 614.7 QB (W/M2) = 0.107E+05 QT (W/M2) = -0.297E-11
3.48 TSL (K) = 564.3 QB (W/M2) = 0.939E+04 QT (W/M2) = -0.297E-11
5.22 TSL (K) = 510.0 QOB (W/M2) = 0.780E+04 QT (W/M2) = -0.297E-11
6.95 TSL (K) = 463.8 QB (W/M2) = 0.631E+04 QT (W/M2) = -0.297E-11
8.69 TSL (K) = 427.5 QB (W/M2) = 0.505E+04 QT (W/M2) = -0.297E-11
10.43 TSL (K) = 399.9 QOB (W/M2) = 0.405E+04 QT (W/M2) = -0.297E-11
12.17 TSL (K) = 379.3 QB (W/M2) = 0.329E+04 QT (W/M2) = -0.297E-11
13.91 TSL (K) = 363.9 QOB (W/M2) = 0.271E+04 QT (W/M2) = -0.297E-11
15.65 TSL (K) = 352.2 QOB (W/M2) = 0.226E+04 QT (W/M2) = -0.297E-11
17.39 TSL (K) = 343.2 QOB (W/M2) = 0.192E+04 QT (W/M2) = -0.297E-11
19.12 TSL (K) = 336.2 QB (W/M2) = 0.165E+04 QT (W/M2) = -0.297E-11
20.86 TSL (K) = 330.7 OB (W/M2) = 0.143E+04 QT (W/M2) = -0.297E-11
22.60 TSL (K) = 326.3 QB (W/M2) = 0.126E+04 QT (W/M2) = -0.297E-11
24.34 TSL (K) 322.7 QB (W/M2) = 0.112E+04 QT (W/M2) = -0.297E-11
26.08 TSL (K) = 319.8 QB (W/M2) = 0.101E+04 QT (W/M2) = -0.297E-11
27.82 TSL (K) = 317.3 QB (W/M2) = 0.910E+03 QT (W/M2) = -0.297E-11
29.56 TSL (K) = 315.2 QB (W/M2) = 0.828E+03 QT (W/M2) = -0.297E-11
31.29 TSL (K) = 313.4 QB (W/M2) = 0.759E+403 QT (W/M2) = -0.297E-11
33.03 TSL (K) = 311.9 QOB (W/M2) = 0.699E+03 QT (W/M2) = -0.297E-11
34.77 TSL (K) = 310.6 QB (W/M2) = 0.647E+03 QT (W/M2) = -0.297E-11
36.51 TSL (K) = 309.4 QB (W/M2) = 0.602E+03 QT (W/M2) = -0.297E-11
38.25 TSL (K) = 308.4 QB (W/M2) = 0.562E+03 QT (W/M2) = -0.297E-11
39.99 TSL (K) = 307.5 QB (W/M2) = 0.527E+03 QT (W/M2) = -0.297E-11
41.73 TSL (K) = 306.7 OB (W/M2) = 0.495E+03 QT (W/M2) = -0.297E-11
Centinued
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ANNEX D 204-67
R (M) = 43.46 TSL (K) = 306.0 QB (W/M2) = 0.467E+03 QT (W/M2) = -0.297E-11
R (M) = 45.20 TSL (K) = 305.3 QB (W/M2) = 0.442E+03 QT (W/M2) = -0.297E-11
R (M) = 46.94 TSL (K) = 304.7 QB (W/M2) = 0.419E+03 QT (W/M2) = -0.297E-11
R (M) = 48.68 TSL (K) = 303.7 QB (W/M2) = 0.402E+03 QT (W/M2) = -0.297E-11
R (M) = 50.42 TSL (K) = 295.4 QB (W/M2) = 0.597E+02 QT (W/M2) = -0.297E-11
TIME (S)= 420.0000 LYR TEMP (K)= 483.7 LYR HT (M) = 6.66
LYR MASS (KG)=0.949E+04 FIRE OUTPUT (W) = 0.5283E+08 VENT AREA (M2) = 28.20
LINK = 1 LINK TEMP (K) = 677.18 JET VELOCITY (M/S) = 4.879
JET TEMP (K) = 677.9 TIME LINK 1 OPENS EQUALS 41.7098 (S)
R (M) = 0.00 TSL (K) = 747.8 QB (W/M2) = 0.129E+05 QT (W/M2) = -0.297E-11
R (M) = 1.74 TSL (K) = 701.8 QB (W/M2) = 0.120E+05 QT (W/M2) = -0.297E-11
R (M) = 3.48 TSL (K) = 646.0 OB (W/M2) = 0.108E+05 QT (W/M2) = -0.297E-11
R (M) = 5.22 TSL (K) = 583.0 OB (W/M2) = 0.920E+04 QT (W/M2) = -0.297E-11
R (M) = 6.95 TSL (K) = 526.3 QB (W/M2) = 0.764E+04 QT (W/M2) = -0.297E-11
R (M) = 8.69 TSL (K) = 479.6 QB (W/M2) = 0.625E+04 QT (W/M2) = -0.297E-11
R (M) = 10.43 TSL (K) = 443.0 OB (W/M2) = 0.510E+04 QT (W/M2) = -0.297E-11
R (M) = 12.17 TSL (K) = 414.9 OB (W/M2) = 0.419E+04 QT (W/M2) = -0.297E-11
R (M) = 13.91 TSL (K) = 393.6 QB (W/M2) = 0.347E+04 QT (W/M2) = -0.297E-11
R (M) = 15.65 TSL (K) = 377.2 QB (W/M2) = 0.292E+04 QT (W/M2) = -0.297E-11
R (M) = 17.39 TSL (K) = 364.6 OB (W/M2) = 0.249E+04 QT (W/M2) = -0.297E-11
R (M) = 19.12 TSL (K) = 354.7 QB (W/M2) = 0.214E+04 QT (W/M2) = -0.297E-11
R (M) = 20.86 TSL (K) = 346.8 QB (W/M2) = 0.187E+04 QT (W/M2) = -0.297E-11
R (M) = 22.60 TSL (K) = 340.5 OB (W/M2) = 0.165E+04 QT (W/M2) = -0.297E-11
R (M) = 24.34 TSL (K) = 335.4 QB (W/M2) = 0.147E+04 QT (W/M2) = -0.297E-11
R (M) = 26.08 TSL (K) = 331.1 QB (W/M2) = 0.132E+04 QT (W/M2) = -0.297E-11
R (M) = 27.82 TSL (K) = 327.6 QB (W/M2) = 0.119E+04 QT (W/M2) = -0.297E-11
R (M) = 29.56 TSL (K) = 324.6 QB (W/M2) = 0.108E+04 QT (W/M2) = -0.297E-11
R (M) = 31.29 TSL (K) = 322.0 QB (W/M2) = 0.994E+03 QT (W/M2) = -0.297E-11
R (M) = 33.03 TSL (K) = 319.8 OB (W/M2) = 0.916E+03 QT (W/M2) = -0.297E-11
R (M) = 34.77 TSL (K) = 317.9 QB (W/M2) = 0.849E+03 QT (W/M2) = -0.297E-11
R (M) = 36.51 TSL (K) = 316.2 QB (W/M2) = 0.790E+03 QT (W/M2) = -0.297E-11
R (M) = 38.25 TSL (K) = 314.8 QB (W/M2) = 0.737E+03 QT (W/M2) = -0.297E-11
R (M) = 39.99 TSL (K) = 313.5 QB (W/M2) = 0.691E+03 QT (W/M2) = -0.297E-11
R (M) = 41.73 TSL (K) = 312.3 OB (W/M2) = 0.650E+03 QT (W/M2) = -0.297E-11
R (M) = 43.46 TSL (K) = 311.3 QB (W/M2) = 0.613E+03 QT (W/M2) = -0.297E-11
R (M) = 45.20 TSL (K) = 310.3 OB (W/M2) = 0.580E+03 QT (W/M2) = -0.297E-11
R (M) = 46.94 TSL (K) = 309.5 QB (W/M2) = 0.549E+03 QT (W/M2) = -0.297E-11
R (M) = 48.68 TSL (K) = 308.3 QB (W/M2) = 0.525E+03 QT (W/M2) = -0.297E-11
R (M) = 50.42 TSL (K) = 296.2 QB (W/M2) = 0.820E+02 QT (W/M2) = -0.297E-11
TIME ($)= 480.0000 LYR TEMP (K)= 530.8 LYR HT (M) = 5.94
LYR MASS (KG)=0.112E+05 FIRE OUTPUT (W) = 0.7059E+08 VENT AREA (M2) = 28.20
LINK = 1 LINK TEMP (K) = 784.41 JET VELOCITY (M/S) = 5.462
JET TEMP (K) = 785.2 TIME LINK 1 OPENS EQUALS 41.7098 (S)
R (M) = 0.00 TSL (K) = 837.6 QB (W/M2) = 0.137E+05 QT (W/M2) = -0.297E-11
R (M) = 1.74 TSL (K) = 789.0 QB (W/M2) = 0.128E+05 QT (W/M2) = -0.297E-11
R (M) = 3.48 TSL (K) = 729.0 QB (W/M2) = 0.117E+05 QT (W/M2) = -0.297E-11
R (M) = 5.22 TSL (K) = 659.2 OB (W/M2) = 0.103E+05 QT (W/M2) = -0.297E-11
R (M) = 6.95 TSL (K) = 593.8 QOB (W/M2) = 0.876E+04 QT (W/M2) = -0.297E-11
R (M) = 8.69 TSL (K) = 537.8 QB (W/M2) = 0.736E+04 QT (W/M2) = -0.297E-11
R (M) = 10.43 TSL (K) = 492.4 OB (W/M2) = 0.613E+04 OT (W/M2) = -0.297E-11
R (M) = 12.17 TSL (K) = 456.6 OB (W/M2) = 0.511E+04 OT (W/M2) = -0.297E-11
R (M) = 13.91 TSL (K) = 428.8 QB (W/M2) = 0.429E+04 QT (W/M2) = -0.297E-11
R (M) = 15.65 TSL (K) = 407.2 QB (W/M2) = 0.363E+04 QT (W/M2) = -0.297E-11
R (M) = 17.39 TSL (K) = 390.4 QB (W/M2) = 0.311E+04 QT (W/M2) = -0.297E-11
R (M) = 19.12 TSL (K) = 377.0 QB (W/M2) = 0.270E+04 QT (W/M2) = -0.297E-11
R (M) = 20.86 TSL (K) = 366.4 OB (W/M2) = 0.236E+04 QT (W/M2) = -0.297E-11
R (M) = 22.60 TSL (K) = 357.9 QB (W/M2) = 0.209E+04 QT (W/M2) = -0.297E-11
R (M) 24.34 TSL (K) = 350.9 QB (W/M2) = 0.186E+04 QT (W/M2) = -0.297E-11
R (M) = 26.08 TSL (K) = 345.1 QOB (W/M2) = 0.167E+04 QT (W/M2) = -0.297E-11
R (M) = 27.82 TSL (K) = 340.2 QOB (W/M2) = 0.152E+04 QT (W/M2) = -0.297E-11
R (M) 29.56 TSL (K) = 336.1 QB (W/M2) = 0.138E+04 QT (W/M2) = -0.297E-11
R (M) = 31.29 TSL (K) = 332.6 QB (W/M2) = 0.127E+04 QT (W/M2) = -0.297E-11

FIGURE D.10(i) Centinued
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R (M) = 33.03 TSL (K) = 329.6 QB (W/M2) = 0.117E+04 QT (W/M2) = -0.297E-11
R (M) = 34.77 TSL (K) = 327.0 QB (W/M2) = 0.109E+04 QT (W/M2) = -0.297E-11
R (M) = 36.51 TSL (K) = 324.7 QOB (W/M2) = 0.101E+04 QT (W/M2) = -0.297E-11
R (M) = 38.25 TSL (K) = 322.7 QB (W/M2) = 0.944E+03 QT (W/M2) = -0.297E-11
R (M) = 39.99 TSL (K) = 320.9 QB (W/M2) = 0.886E+03 OT (W/M2) = -0.297E-11
R (M) = 41.73 TSL (K) = 319.3 QB (W/M2) = 0.833E+03 QT (W/M2) = -0.297E-11
R (M) = 43.46 TSL (K) = 317.8 QB (W/M2) = 0.786E+03 OT (W/M2) = -0.297E-11
R (M) = 45.20 TSL (K) = 316.5 QB (W/M2) = 0.743E+03 QT (W/M2) = -0.297E-11
R (M) = 46.94 TSL (K) = 315.4 QB (W/M2) = 0.705E+03 QT (W/M2) = -0.297E-11
R (M) = 48.68 TSL (K) = 313.9 OB (W/M2) = 0.673E+03 QT (W/M2) = -0.297E-11
R (M) = 50.42 TSL (K) = 297.1 QOB (W/M2) = 0.108E+03 QT (W/M2) = -0.297E-11
TIME (S)= 540.0000 LYR TEMP (K)= 586.5 LYR HT (M) = 5.20

LYR MASS (KG)=0.125E+05 FIRE OUTPUT (W) = 0.9073E+08 VENT AREA (M2) = 28.20
LINK = 1 LINK TEMP (K) = 915.64 JET VELOCITY (M/S) = 6.041

JET TEMP (K) = 916.6 TIME LINK 1 OPENS EQUALS 41.7098 (S)

R (M) = 0.00 TSL (K) = 921.9 QB (W/M2) = 0.146E+05 QT (W/M2) = -0.297E-11
R (M) = 1.74 TSL (K) = 870.2 QOB (W/M2) = 0.137E+05 QT (W/M2) = -0.297E-11
R (M) 3.48 TSL (K) = 806.7 QB (W/M2) = 0.126E+05 QT (W/M2) = -0.297E-11
R (M) = 5.22 TSL (K) = 731.6 QOB (W/M2) = 0.112E+05 QT (W/M2) = -0.297E-11
R (M) = 6.95 TSL (K) = 660.0 QOB (W/M2) = 0.972E+04 QT (W/M2) = -0.297E-11
R (M) = 8.69 TSL (K) = 597.0 QB (W/M2) = 0.834E+04 QT (W/M2) = -0.297E-11
R (M) = 10.43 TSL (K) = 544.2 QB (W/M2) = 0.709E+04 QT (W/M2) = -0.297E-11
R (M) = 12.17 TSL (K) = 501.5 OB (W/M2) = 0.601E+04 QT (W/M2) = -0.297E-11
R (M) = 13.91 TSL (K) = 467.5 QB (W/M2) = 0.511E+04 QT (W/M2) = -0.297E-11
R (M) = 15.65 TSL (K) = 440.7 QB (W/M2) = 0.437E+04 QT (W/M2) = -0.297E-11
R (M) 17.39 TSL (K) = 419.5 QB (W/M2) = 0.377E+04 QT (W/M2) = -0.297E-11
R (M) = 19.12 TSL (K) = 402.6 QB (W/M2) = 0.329E+04 QT (W/M2) = -0.297E-11
R (M) = 20.86 TSL (K) = 389.0 QOB (W/M2) = 0.290E+04 QT (W/M2) = -0.297E-11
R (M) = 22.60 TSL (K) = 378.0 OB (W/M2) = 0.257E+04 QT (W/M2) = -0.297E-11
R (M) = 24.34 TSL (K) = 368.9 QB (W/M2) = 0.230E+04 QT (W/M2) = -0.297E-11
R (M) = 26.08 TSL (K) = 361.4 QB (W/M2) = 0.207E+04 QT (W/M2) = -0.297E-11
R (M) = 27.82 TSL (K) = 355.0 QB (W/M2) = 0.188E+04 QT (W/M2) = -0.297E-11
R (M) = 29.56 TSL (K) = 349.7 QB (W/M2) = 0.172E+04 QT (W/M2) = -0.297E-11
R (M) = 31.29 TSL (K) = 345.1 QB (W/M2) = 0.158E+04 OT (W/M2) = -0.297E-11
R (M) = 33.03 TSL (K) = 341.1 QB (W/M2) = 0.146E+04 OT (W/M2) = -0.297E-11
R (M) = 34.77 TSL (K) = 337.7 QB (W/M2) = 0.136E+04 QT (W/M2) = -0.297E-11
R (M) = 36.51 TSL (K) = 334.7 QB (W/M2) = 0.126E+04 QT (W/M2) = -0.297E-11
R (M) = 38.25 TSL (K) = 332.0 QOB (W/M2) = 0.118E+04 OT (W/M2) = -0.297E-11
R (M) = 39.99 TSL (K) = 329.6 OB (W/M2) = 0.111E+04 OT (W/M2) = -0.297E-11
R (M) = 41.73 TSL (K) = 327.5 QB (W/M2) = 0.104E+04 QT (W/M2) = -0.297E-11
R (M) = 43.46 TSL (K) = 325.6 OB (W/M2) = 0.986E+03 QT (W/M2) = -0.297E-11
R (M) = 45.20 TSL (K) = 323.9 OB (W/M2) = 0.933E+03 QT (W/M2) = -0.297E-11
R (M) = 46.94 TSL (K) = 322.4 QB (W/M2) = 0.885E+03 QT (W/M2) = -0.297E-11
R (M) = 48.68 TSL (K) = 320.7 QB (W/M2) = 0.844E+03 QT (W/M2) = -0.297E-11
R (M) = 50.42 TSL (K) = 298.2 QB (W/M2) = 0.138E+03 QT (W/M2) = -0.297E-11
TIME (S)= 600.0000 LYR TEMP (K)= 649.9 LYR HT (M) = 4.57

LYR MASS (KG)=0.131E+05 FIRE OUTPUT (W) = 0.9999E+08 VENT AREA (M2) = 28.20
LINK = 1 LINK TEMP (K) = 1029.11 JET VELOCITY (M/S) = 6.247

JET TEMP (K) = 1029.6 TIME LINK 1 OPENS EQUALS 41.7098 (S)

R (M) = 0.00 TSL (K) = 976.8 OB (W/M2) = 0.123E+05 QT (W/M2) = -0.297E-11
R (M) = 1.74 TSL (K) = 923.1 QB (W/M2) = 0.115E+05 QT (W/M2) = -0.297E-11
R (M) = 3.48 TSL (K) = 859.1 QOB (W/M2) = 0.107E+05 QT (W/M2) = -0.297E-11
R (M) = 5.22 TSL (K) = 783.3 QB (W/M2) = 0.965E+04 QT (W/M2) = -0.297E-11
R (M) = 6.95 TSL (K) = 710.1 QB (W/M2) = 0.861E+04 QT (W/M2) = -0.297E-11
R (M) = 8.69 TSL (K) = 644.7 QB (W/M2) = 0.761E+04 QT (W/M2) = -0.297E-11
R (M) = 10.43 TSL (K) = 588.5 OB (W/M2) = 0.667E+04 OT (W/M2) = -0.297E-11
R (M) = 12.17 TSL (K) = 541.7 QB (W/M2) = 0.S582E+04 OT (W/M2) = -0.297E-11
R (M) = 13.91 TSL (K) = 503.6 OB (W/M2) = 0.506E+04 OT (W/M2) = -0.297E-11
R (M) = 15.65 TSL (K) = 472.9 OB (W/M2) = 0.442E+04 QT (W/M2) = -0.297E-11
R (M) = 17.39 TSL (K) = 448.1 QOB (W/M2) = 0.387E+04 QT (W/M2) = -0.297E-11
R (M) = 19.12 TSL (K) = 428.2 QB (W/M2) = 0.342E+04 QT (W/M2) = -0.297E-11
R (M) = 20.86 TSL (K) = 411.9 QB (W/M2) = 0.304E+04 QT (W/M2) = -0.297E-11

FIGURE D.10(i) Centinued
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R (M) = 22.60 TSL (K) = 398.6 QB (W/M2) = 0.272E+04 QT (W/M2)
R (M) = 24.34 TSL (K) = 387.6 QB (W/M2) = 0.245E+04 QT (W/M2)
R (M) = 26.08 TSL (K) = 378.4 QB (W/M2) = 0.223E+04 QT (W/M2)
R (M) = 27.82 TSL (K) = 370.6 QB (W/M2) = 0.203E+04 QT (W/M2)
R (M) = 29.56 TSL (K) = 364.0 QOB (W/M2) = 0.187E+04 QT (W/M2)
R (M) = 31.29 TSL (K) = 358.4 QB (W/M2) = 0.172E+04 QT (W/M2)
R (M) = 33.03 TSL (K) = 353.5 QB (W/M2) = 0.160E+04 QT (W/M2)
R (M) = 34.77 TSL (K) = 349.2 QB (W/M2) = 0.149E+04 QT (W/HZ)
R (M) = 36.51 TSL (K) = 345.4 OB (W/M2) = 0.139E+04 QT (W/M2)
R (M) = 38.25 TSL (K) = 342.1 QOB (W/M2) = 0.130E+04 QT (W/M2)
R (M) = 39.99 TSL (K) = 339.2 QB (W/M2) = 0.123E+04 QT (W/M2)
R (M) = 41.73 TSL (K) = 336.5 OB (W/M2) = 0.116E+04 QT (W/M2)
R (M) = 43.46 TSL (K) = 334.1 QB (W/M2) = 0.109E+04 QT (W/M2)
Re(M), o= 45.20 TSL (K) = 332.0 QB (W/M2) = 0.104E+04 OT (W/M2)
Ry (M) == 46.94 TSL (K) = 330.1 OB (W/M2) = 0.986E+03 QT (W/M2)
R (M) = 48.68 TSL (K) = 328.0 OB (W/M2) = 0.941E+03 QT (W/M2)
R (M) = 50.42 TSL (K) = 299.4 QB (W/M2) = 0.147E+03 QT (W/M2)

FIGURE D.10(i)) Centinued

D.11 References for Annex D.
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Annex E Predicting the Rate of Heat Release of Fires

This annex is not a part of the vequirements of this NI'PA document
but is included for informational purpases only.

E.1 Introduction. Annex E presents techniques for estimating
the heat release rate of various fuel arrays likely to be present
in buildings where smoke and heat venting is a potential fire
safety provision. This annex primarily addresses the estimation
of fuel concentrations found in storage and manufacturing
locations. NFPA 92 addresses the types of fuel arrays more
common to the types of building situations covered by that
document.

This standard is applicable to situations in which the hot
layer does not enhance the burning rate. The methods provi-
ded in this annex for estimating the rate of heat release, there-
fore, are based on free burning conditions in which no ceiling
or hot gas layer effects are involved. It is assumed, therefore,
that the burning rate is relatively unaffected by the hot layer.

-0.297E-11
-0.297E-11
-0.297E-11
-0.297E-11
-0.297E-11
-0.297E-11
-0.297E-11
-0.297E-11

= -0.297E-11
= -0.297E-11

-0.297E-11
-0.297E-11
-0.297E-11
-0.297E-11
-0.297E-11
-0.297E-11
-0.297E-11

E.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
fuels and dimensional characteristics

(4) Calculations based on tested properties and materials and
expected flame flux

(5) Mathematical modelsoffire spread and development

E.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 be used as input for the meth-
ods in this standard. Because actual test data seldom produce
the steady state assumed for a limited-growth fire or the square-
of-time growth assumed for a continuous-growth fire, engineer-
ing judgment is usually needed to derive the actual input
necessary if either of these approaches is used. If LAVENT or
another computer model capable of responding to a rate of
heat release versus time curve is used, the data can be used
directly. Currently there is a listing of limited information from
tests of specific arrays. Some test data can be found in technical
reports. Alternatively, individual tests can be conducted.

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

[E.3a]
Q=mfh,)
where:
Q = total heat release rate (kW)

m = mass loss rate (kg/sec)
h, = heat of combustion (k]/kg)
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In other cases, a direct measurement can be derived based
on measurement of flame height above the base of the fire as
follows:

[E.3b]
Q=37(L+1.02D)"""

where:

() = total heat release rate (kW)

L = mean flame height above the base of the fire (m)
D = base diameter ofthe fire (m)

E.4 Actual Tests of Arrays Similar to That Involved. Where an
actual calorific test of the specific array under consideration
cannot be found, it might 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 is the confidence that can be placed in the derived rate
of heat release. Added engineering judgment, however, might
be needed to adjust the testdata to that approximating the fuel
of concern. If the rate of heat release has not been measured
directly, it can be estimated using the methods provided in
Section E.3.

Table E.5.1 Data for Large Pool Burning Rate Estimates

E.5 Algorithms Derived from Tests of Arrays Having Similar
Fuels and Dimensional Characteristics.

E.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 release
per unit area. The rate of heat release of pool fires is the best
documented and accepted algorithm in this class.

An equation for the mass release rate from a pool fire is as
follows [Babrauskas, 2016]:

[E.5.1]

wm” =m’” (1 - e'”"m“)

The variables 7. and (kG)P for Equation E.5.1 are as
shown in Table E.5.1.

The mass rates derived from Equation E.5.1 are converted to
rates of heat release using Equation E.3a and the heat of
combustion, &, from Table E.5.1. The rate of heat release per
unitarea times the area of the pool yields heat release data for
the anticipated fire.

Density h, 2 k3®

Material (kg/m?) (M]/kg) ", (m')
Cryogenics®
Liquid H, 70 120.0 0.017 6.1
LNG (mostly CH,) 415 50.0 0.078 14
LPG (mostly CsHy) 585 46.0 0.099 1.4
Alcohols
Mecthanol (CHOH) 796 20.0 0.017 P
Ethanol (C,H,OH) 794 26.8 0.015 P
Simple organic fuels
Butane (C,H,,) 573 45.7 0.078 2.7
Benzene (G;Hg) 874 40.1 0.085 2.7
Hexane (CgHy,) 650 44.7 0.074 1.9
Heptane (C;H,g) 675 44.6 0.101 1.1
Xylene (CgHyy) 870 40.8 0.090 1.4
Acctone (CyHO) 791 25.8 0.041 1.9
Dioxane (C,H,0.) 1035 26.2 0.018¢ 5.4¢
Dicthyl ether (C,H,,0) 714 34.2 0.085 0.7
Petroleum products
Benzine 740 44.7 0.048 3.6
Gasoline 740 43.7 0.055 2.1
Kcerosene 820 432 0.039 3.5
Jp-4 760 43.5 0.051 3.6
Jp-5 810 43.0 0.054 1.6
Transtormer oil, hydrocarbon 760 46.4 0.039¢ 0.7¢
Fucl oil, heavy 940-1000 39.7 0.035 1.7
Crude oil 830-8R80 42.5-42.7 0.022-0.045 2.8
Solids
Polymethylmethacrylate (C,H,0.), 1184 24.9 0.020 38
Polypropylene (CqHg), 905 43.2 0.018
Polvsnrene (CJHy), 1050 39.7 0.034

" For pools on dry land, not over water.
® Value is independent of the diameter in a turbulent regimen.
€ Estimate is uncertain, since only two data points are available.
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E.5.2 Other Normalized Data. Other data based on burning
rate per unit area in tests have been developed. Table E.5.2(a)

and Table E.5.2(b) list these data.

Table E.5.2(a) Unit Heat Release Rates for Fuels Burning in

the Open
Heat Release Rate
Commodity (kW)
Wood or PMMA* (vertical)
0.61 m height 100/m of width
1.83 m height 240/ m of width

2.44 m height
3.66 m height
Woodor PMMA
Top of horizontal surface
Solid polystyrene (vertical)
0.61 m height
1.83 m height
2.44 m height
3.66 m height
Solid polystyrene (horizontal)
Solid polypropylene (vertical)
0.61 m height
1.83 m height
2.44 m height
3.66 m height
Solid polypropylene

620/m ofwidth
1000/m of width

720/m? of surface

220/m ofwidth
450/m of width
1400/m ofwidth
2400/m of width
1400/m? of surface

220/m ofwidth
350/m ofwidth
970/m of width
1600/m ofwidth
800/m? of surface

(horizontal)

* PMMA: polymethyl methacryvlate (Plexiglas, Lucite, acnlic).

E.5.3 Other Useful Data. Examples of other data that are not
normalized but that might be useful in developing the rate of
heat release curve are included in Table E.5.3(a) through Table
E.5.3(d).

E.6 Calculated Fire Description Based on Tested Properties.

E.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 are
determined by small-scale tests. The most important of these
tests are the 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 release,
and rate of heat release for the specific applied flux. Most
prominent of the current test apparatus are the cone calorime-
ter (ASTM E1354, Standard Test Method for Heat and Visible Smoke
Release Rates for Materials and Products Using an Oxygen Consumfr-
tion Calorimete:r) and the Factory Mutual Fire Propagation Appa-
ratus [ASTM E20568, Standard Test Methods for Measurement of
Synthetic Polymer Material Flammability Using a Foe Propagation
Apparatus (FPA)].

In addition to the directly measured properties, it is possible
to derive ignition temperature, critical ignition flux, effective
thermal inertia (kc), heat of combustion, and heat of gasifica-
tion 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 LIFT (lateral ignition and

Table E.5.2(b) Unit Heat Release Rate for Commodities

Heat Release Rate

Commodity kW per m® of floor area)*

Wood pallets, stacked (.46 m high 1,420
(6%-12% moisture)

Wood pallets, stacked 1.52 m high 4,000
(6%-12% moisture)

Wood pallets, stacked 3.05 m high 6,300
(6%-12% moisture)

Wood pallets, stacked 4.88 m high 10,200
(6%-12% moisture)

Mail bags, filled, stored 1.52 m 400
high

Cartons, compartmented, stacked 1,700
4.5 m high

PE letter trays, filled, stacked 8,500
1.5 m high on cart

PE trash barrels in cartons, 2,000
stacked 4.5 m high

PE fiberglass shower stalls in 1,400
cartons, stacked 4.6 m high

FRP bottles packed in cartons, 6,200
stacked 4.6 m high

PE bottles in cartons, stacked 2,000
4.5 m high

PU insulation board, rigid foam, 1,900
stacked 4.6 m high

FRP jars packed in cartons, 14,200
stacked 4.6 m high

PS tubs nested in cartons, stacked 5,400
4.2 m high

PS toy parts in cartons, stacked 2,000
4.5 m high

PS insulation board, rigid foam, 3,300
stacked 4.2 m high

FRP bottles packed in cartons, 3,400
stacked 4.6 m high

FRP tubs packed in cartons, 4,400
stacked 4.6 m high

PP and PE film in rolls, stacked 6,200
4.1 m high

Methyl alcohol 600

Gasoline 2,500

Kerosene 1,700

Fuel oil, no. 2 1,700

PE: polyethylene. PP: polypropylene. PS: polystyrene. PU:
polyurethane. FRP: fiberglass-reinforced polyester.

*Heat release rate per unit floor area offully involved combustibles,
based on negligible radiative feedback from the surroundings and
100 percent combustion efficiency.

flame travel) apparatus (ASTM E1321, Standard Test Method for
Determining Material Ignition and Flame Spread Proferties).

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 presented by
Nelson and Forssell [1994].
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Table E.5.3(a) Characteristics of Ignition Sources

Typical Maximum Maximum
Heat Burn Flame Flame  Heat
Output Time® Height Width  Flux
Fuel (W)  (sec) (mm) (mm) KkW/m’)

Cigarette 1.1 g (not
puffed, laid on solid

surface)
Bone dry 5 1,200 —_ 42
Conditioned 10 50% 5 1,200 — — 35
relative hwmidity
Methenamine pill, 45 90 —_ —_ 4
015 g
Match, wooden (laid 80 2030 30 14 18—-20
on solid surface)
Wood cribs, BS
5852 Part 2
No. 4crib, 85 g 1,000 190 15°
No. 5crib, 17 ¢ 1,900 200 178
No. 6 crib, 60 g 2,600 190 20°
No. 7 crib, 126 g 6,400 350 25°
Crumpled brown lunch 1,200 80
bag, 6 g
Crumpled wax paper, 1,800 25
4.5 g (tight)
Crumpled wax paper, 5,300 20
4.5 g (loose)
Folded double-sheet 4,000 100
newspaper, 22 g
(bottom ignition)
Crumpled double-sheet 7.400 40
newspaper, 22 g
(top ignition)
Crumpled double-sheet 17,000 20
newspaper, 22 g
(bottom ignition)
Polyethylene 50,000 200° b0 200 354

wastebasket, 285 g,
filled with 12 milk
cartons (390 g)
Plastic trash bags, filled 120,000  200¢

with cellulosic trash 10
(1.2-14 kg)* 50,00
0

“Time duration of significant flaming.
*Measured from 25 mm away.

“Total burn time in excess of 180/} seconds.
¢As measured on simulation burner.
“Results vary greatly with packing densiry.

E.6.2 Discussion of Measured Properties. Table E.6.2(a) lists
the type of fire properties obtainable from the cone calorime-
ter [NFPA 287], the Factory Mutual Fire Propagation Appara-
tus [ASTM E2058, Standard Test Methods for Measurement of
Synthetic Polymer Material Flammability Using a Iire Propagution
Apparatus (FPA )], and similar instruments.

In Table E.6.2(a), the rate of heat release, 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 environ-
ment surrounding a burning item.

In general, it can be estimated that a free-burning fuel pack-
age (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
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than its own flame) is impacted by a flux in the range of
25 KW/m? to 50 kW/m?>. If the fire is in a space and conditions
are approaching flashover, the flux can increase to the range of
50 kW/m? to 75 kW/m® In a fully developed, postflashover
fire, a range of 75 kW/m? to greater than 100 kW/m® can be
expected. The following is a discussion of the individual prop-
erties measured or derived and the usual form used to report
the property.

Rate of Heat Release. The rate of heat release is determined by
oxygen depletion calorimetry. Each test is run at a user-specific
incident flux, either for a predetermined period of time or
until the sample is consumed. The complete results are presen-
ted in the form of a plot of heat release rate versus 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 E.6.2 is an example of such a plotting.

Often, only the peak rate of heat release at a specific flux is
reported. Table E.6.2(b) is an example.

Mass Loss Rate. 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 in which the material has a
consistent heat of combustion, the curves for mass loss rate and
rate of heat release are similar in shape.

Timeto Ignition. Time to ignition is reported for each individ-
ual test and applied flux level conducted.

Effective Thermal Inertia (kpc). Effective thermal inertia is a
measurement of the heat rise response of the tested material to
the heat flux imposed on the sample. It is derived at the time
of ignition and is based on the ratio of the actual incident flux
to the critical ignition flux and the time to ignition. A series of
tests at different levels of applied flux is necessary to derive the
effective thermal inertia. Effective thermal inertia derived in
this manner can dufer from, and be preferable to, handbook
datafor the values of &, p, and ¢ that are derived without a fire.

Heat of Combustion. Heat of combustion is derived by dividing
the measured rate of heat release by the measured mass loss
rate. It is normally reported as a single value, unless the sample
is a composite material and the rates of heat release and mass
loss vary significantly with time and exposure.

Heat of Gasification. 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. Critical ignition flux is the minimum
level of incident flux on the sample needed to ignite the
sample, given an unlimited time of application. Atincident flux
levels less than the critical ignition flux, ignition does not take
place.

Ignition Temperature. Ignition temperature of a sample is the
surface temperature at which flame occurs. This sample mate-
rial value is independent of the incident flux and 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 temperature is for
piloted ignition; if there is no pilot present, the temperature is
for auto-ignition. Most available data are for piloted ignition.
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Table E.5.3(b) Characteristics of Typical Furnishings as Ignition Sources
Maximum Mawmnum
Total Rate of Heat Thermal Radiation
Total Mass Heat Content Release to Center of Floor*
Fuel (kg) M]) kW) (KW /m?)
Wastepaper basket 0.73-1.04 0.7-73 4-18 0.1
Curtains, velvet/ 1.9 24 160-240 1.3-3.4
cotton
Curtains, acrylic/ 1.4 15-16 130-150 09-1.2
cotton
TV set 27-33 145-150 120-290 0.3-2.6
Chair mockup 1.36 21-22 63-66 0.4-0.5
Sofa mockup 28 42 130 0.9
Arm chair 26 18 160 1.2
Christmas tree, dry 6.5-74 11-41 500-650 3.4-14
*Measured at approximately 2 m from the burning object.
E.6.3 Ignition. Equations for time to ignition, £, are given for Table E.5.3(c) Maximum Heat Release Rates from Fire
both thermally thin and thermally thick materials, defined as Detection Institute Analysis
follows. For materials of intermediate depth, estimates for &,
necessitate considerations beyond the scope of this presenta- Approximate
tion [Brysdale, 2011, Carslaw and Jaeger, 1959]. Value
Thermally Thin Matevials. Relative to ignition from a constant Fuel &W)
incident heat flux, g, at the exposed surface and with relatively Medium wastebasket with milk cartons 100
small heat transfer losses at the unexposed surface, a thermally Large barrel with milk cartons 140
thin matcria‘l is one whosc temperature is relatively uniform Upholstered chair with polyurethane foam 350
throughout its entire thickness, /, at = . For example, at ¢ = by Latex foam mattress (heat at room door) 1200
Furnished living room (heat at open door) 4000-8000
[E.6.3a]
UL PP R RS R | R

Equation E.6.3a can be used to show that a material is ther-
mally thin [Carslaw and Jaeger, 1959] where:

[E.6.3b]
172
1<0.6(s,0)

For example, for sheets of maple or oak wood (where the
thermal diffusivity = 1.28 10’m?/sec [Hurley et al, 20161), if ty
= 35 sec is measured in a piloted ignition test, then, according
to Equation E.6.3b, if the sample thickness is less than approxi-
mately 0.0013 m, the unexposed surface of the sample can be
expected to be relatively close to T, 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:

[E.6.3c]
(rj;ﬁ ~ ]]

Ly =pcl

Thermally Thick Materials. Relative to the type of ignition test
described for thermally thin materials, a sample of a material of

a thickness, /, 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 ¢ = 4, For example,
at t= g,

[E.6.3d]
T =T, <0.1(T,

unexposed exprosed - Y:: ) = Ol (rl;g i 7:/ )
Equation E.6.3d can be used to show that a material is ther-
mally thick [Carslaw and Jaeger, 1959] where:

[E.6.3¢]
1/2
[> Q(Iixoc)

For example, according to Equation E.6.3¢, in the case of an
ignition test on a sheet of maple or oak wood, if £, = 35 s is
measured in a piloted ignition test and if the sample thickness
is greater than approximately 0.0042 m, the unexposed surface
of the sample can be expected to be relatively close to 7, at the
time of ignition, and the sample is considered to be thermally
thick.
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Table E.5.3(d) Mass Loss and Heat Release Rates of Chairs

Mass
Mass Combustible Inter- Peak, m Peak, O
Specimen (kg) (kg) Style Frame Padding Fabric liner (g/sec) (kW)
C12 17.9 17.0 Traditional easy chair Wood Cotton Nvlon 19.0 2902
F22 31.9 Traditional easy chair Wood Cotton (FR) Cotton 25.0 3702
F23 31.2 Traditional easy chair Wood Cotton (FR) Olefin 42.0 700>
¥27 29.0 Traditional easy chair Wood Mixed Cotton 58.0 920P
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 800P
CcO3 13.6 12.7 Traditional easy chair Wood Cotton, PU Cotton 17.5 4607
CcOl 12.6 1.5 Traditional easy chair Wood Cotton, PU Cotton 17.5 2602
CO4 12.2 11.3 Traditional easy chair Wood PU Nylon 75.7 1350"
Cl6 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 Q7 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 pPU Nylon Neoprene 15.0 2307
Cl4 21.8 20.9 Traditional easy chair Wood pPU Olefin Neoprene 131¥ 2207
Cl15 21.8 20.9 Traditional easy chair Wood PU Olefin Neoprene 1)l 210°
T49 15.7 Easy chair Woad PU Cotton 14.3 210
F26 1922 Thinner easy chair Wood PU (FR) Olefin 61.0 810
K33 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 Woaod PU (FR) Oleflin 145.0 3120
ThH7 54.6 Loveseat Waoaod PU, cotton PVC 61.9 1100
ThH6 11.2 Office chair Waoaod Latex PVC 3.1 80
C0O9/T64 16.6 16.2 Foam block chair Wood (part) PU, polyester pPU 19.9 460
CO7/T48 11.4 11.2 Modern easy chair PS [oam PU PU 38.0 960
C10 12.1 8.6 Pedestal chair Rigid PU pPU pU 15.2 2407
foam
Cll 14.3 14.3 Foam block chair pPU Nylon NA 810"
F29 14.0 Traditional easy chair PP [oam PU Olefin 72.0 1950
F30 25.2 Traditional easy chair Rigid PU PU Olefin 41.0 1060
[oam
CcO8 16.3 15.4 Pedestal swivel chair Molded PE PU PVC 112.0 830°
CO5 7.3 7.3 Bean bag chair Polystyrene PVC 22.2 370*
COG6 20.4 20.4 Frameless foam back PU Acrylic 151.0 2480P
chair
T50 16.5 Waiting room chair Metal Cotton PVC NA 10
T5H3 15.5 1.9 Waiting room chair Metal pPU PVC 13.1 270
ThH4 A3 5.8 Metal [rame loveseat Metal PU PVC 19.9 370
T75/F20 7.5(4) 2.6 Stacking chairs (4) Metal pPU PNC 8 160

“Estimated from mass loss records and assumed Wh,_
PEstimated from doorway gas concentrations.

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

-1 J
q7

[E.6.3f]

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 rather depends on the thickness of the particular
sample (i.e., a particular material can be implemented in
cither a thermally thick or a thermally thin configuration).
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Propagation Between Separate I'uel Packages. Where the concern
is for propagation between individual, separated fuel packages,
incident flux can be calculated using traditional radiation heat
transfer procedures [Lautenberger et al,, 2016].

The rate of radiation heat transfer from a flaming fuel pack-
age of total energy release rate, Q, to a facing surface element
of an exposed fuel package can be estimated from the follow-
ing equation:

[E.6.3g]

ro
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Table E.6.2(a) Relation of Calorimeter-Measured Properties to
Fire Analysis

Flame Fire Size
Property Ignition Spread (energy)
Rate of heat release* X X
Mass loss* X
Time to ignition* X X
Eftective thermal X X
propertiest
Heat of combustion X X
Heat of gasificationt X
Critical ignition fluxt X X
Ignition temperaturet X X

*Property is a funcrion of the externally applied incident flux.
tDerived properties from calorimerer measurements.

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

25 kW/m? 50 kW/m? 75 kW/m’
Exposing Exposing Exposing

Material Orientation Flux Flux Flux
PMMA Horizontal 650 900 1300
Vertical 560 720 1300
Pine Horizontal 140 240 265
Vertical 130 170 240
Sample A Horizontal 125 200 250
Vertical 90 130 220
Sample B Horizontal 140 175 240
Vertical 60 200 330
Sample C Horizontal 215 250
Vertical 165 170
Sample B Horizontal 70 145 145
Vertical 125 125
2000
0 -
£ 1600———| — 0kW/m? ---- 25 KW/m? =50 KW/m? |-
3 14004 kS
2 1200 e
~ 1000 ;
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FIGURE E.6.2 Typical Graphic Output of Cone Calorimeter
Test.

E.6.4 Estimating Rate of Heat Release. As discussed in E.6.2,
tests have demonstrated that the energy feedback from a burn-
ing fuel package ranges from approximately 25 kW/m’ to
50 KW/ m?> For a reasonably conservative analysis, it is recom-
mended that test data developed with an incident flux of
50 kW/m? be used. For a first-order approximation, it should
be assumed that all of 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-
cter with an incident flux of 50 kW/m? for a free-burning mate-
rial and 75 kW/m? to 100 kW/m?>for postflashover conditions.

In making this estimate, it is necessary to assume that all
surfaces that can “see” an exposing flame (or superheated gas,
in the postflashover condition) are burning and releasing
energy and mass at the tested rate. If sufficient air is present,
the rate of heat release estimate is then calculated as the prod-
uct of the exposed area and the rate of heat release per unit
area as determined in the test calorimeter. Where test data are
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 Equation E.6.4a to
calculate the mass burning rate per unit area.

[E.6.4a]

.

'?f}

m” ===
h,

£

The resulting mass loss rate is then multiplied by the derived
effective heat of combustion and the burning area exposed to
the incident flux to produce the estimated rate of heat release
as follows:

[E.6.4b]
Q =w"h A

E.6.5 Flame Spread. If it is desired to predict the growth of
fire as it propagates over combustible surfaces, it is necessary to
estimate flame spread. The computation of flame spread rates
is an emerging technology still in an embryonic stage. Predic-
tions should be considered as order of magnitude estimates.

Flame spread is the movement of the flame front across the
surface of a material that is burning (or exposed to an ignition
flame), but whose exposed surface is not yet fully involved.
Physically, flame spread can be treated as a succession of igni-
tions resulting from the heat energy produced by the burning
portion of a material, its flame, and any other incident heat
energy imposed on the unburned surface. Other sources of
incident energy include another burning object, high-
temperature gases that can accumulate in the upper portion of
an enclosed space, and the radiant heat sources used in a test
apparatus such as the cone calorimeter or the LIFT mecha-
nism.

For analysis purposes, flame spread can be divided into the
following two categories:

(1) Concurrent, or wind-aided, flame spread, which moves in
the same direction as the flame

(2) lateral, or opposed, flame spread, which moves in any
other direction
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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 and tends to be much
slower in progression unless an external source of heat flux is
present. Concurrent flame spread for thermally thick materials
can be expressed as follows:

[E.6.5]
s @)L
kpe(T, —T,)

The values for kpc and ignition temperature are calculated
from the cone calorimeter as discussed. For this equation, the
flame length, L, is measured from the leading edge of the
burning region, and 7 is the initial temperature of the solid
material.

E.6.6 Classification of Fires for Engineering Equations. The
engineering equations in Chapter 8 are appropriate for steady
fires, limited-growth fires, and #squared forms of continuous-
growth fires.

Annex F Design Informasion

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

F.1 Growth times for combustible arrays have been obtained
[see Table I'1(a)]. These are specified for certain storage heights.

Actual tests [Yu and Stavrianidis, 1991] have demonstrated
that it is reasonable to assume that the instantaneous heat
release rate per unit height of the storage array is insensitive to
the storage height. Such behavior corresponds to the growth
time, 4, being inversely proportional to the square root of the
storage height. Alternatively, it corresponds to the fire growth
coefficient, «, being directly proportional to the storage
height. For example, if the storage height is one-third the
tested height, the growth time is [1/(4)]% = 1.73 times the
growth time from the test. If the storage height is three times
the tested height, the growth time is ()" = 0.58 times the
growth time from the test. For fuel configurations that have not
been tested, the procedures discussed in Annex E might be
applicable.

t-Squared [ires. Over the past decade, those interested in

developing generic descriptions of the rate of heat release of

accidental open flaming fires have used a f-squared approxima-
tion for this purpose. A tsquared fire is one in which the burn-
ing rate varies proportionally to the square of time. Frequently,
tsquared fires are classified by their speed of growth as fast,
medium, or slow (and occasionally ultra-fast). Where these
classes are used, they are determined by the time needed for
the fire to grow to a rate of heat release of 1000 kW. The times
for each of these classes are provided in Table F.1(b). For many
fires involving storage arrays, the time to reach 1000 kW might
be much shorter than the 75 seconds depicted for ultra-fast
fires.

The general equation is as follows:
[F.1]

9
O=a,

2021 Edition

where:

Q = rate of heat release (kW)

a, = a constant describing the speed of growth (kW/sec?)
t = time (sec)

A f-squared fire can be viewed as a fire in which the rate of
heat release per unit area is constant over the entire ignited
surface, and in which the fire spreads in circular form with a
steadily increasing radius. In such cases, the increase in the
burning area is the square of the steadily increasing fire radius.
Of course, other fires that do not have such a conveniently
regular fuel array and consistent burning rate might or might
not actually produce a tsquared curve. The tacit assumption is
that the #squared approximation is close enough for reasona-
ble design decisions.

Figure 8.3.1 demonstrates that most fires have an incubation
period during which the fire does not conform to a fsquared
approximation. In some cases, this incubation period might be
a serious detriment to the use of the #squared approximation.
In most instances, this is not a serious concern in large spaces
covered by this standard. It is expected that the rate of heat
release during the incubation period will not usually be suffi-
cient to cause activation of the smoke detection system. In any
case, where such activation occurs, or where human observa-
tion results in earlier activation of the smoke-venting system, a
fortuitous safeguard will result.

Figure F.1 (a) compares rate of heat release curves developed
by the aforementioned classes of tsquared fires and two test
fires commonly used for test purposes. The test fires are shown
as dashed lines labeled as furniture and 6 ft storage. The
dashed curves farther from the fire 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 that also are frequently
used as astandard test fire.

The other set of dashed lines in Figre F.1(a) shows these
same fire curves relocated to the origin of the graph. This is a
more appropriate comparison with the generic curves. It can
be seen that the rate of growth in these fires is actually faster
than that prescribed for an ultra-fast fire. This is appropriate
for a test fire designed to challenge the fire suppression system
being tested.

Figure F.1(b) relates the classes of tsquared fire growth
curves to a selection of actual fuel arrays.

F.2 For consistency with Annex B and with referenced docu-
ments on the fire model LAVENT, the nomenclature for this
section differs from that of the other section in this annex. The
definitions for the variables used in this section are provided in
Section B.7.

A ceiling vent design is successful to the extent that it
controls a fire-generated environment developing in a space of
fire origin according to any of a variety of possible specified
criteria. For example, if the likely growth rate of a fire in a
particular burning commodity is known, a vent system with a
large enough vent area, designed to provide for timely opening
of the vents, can be expected to lead to rates of smoke removal
that are so large that firefighters, arriving at the fire at a speci-
fied time subsequent to fire detection, are able to attack the
fire successfully and protect commodities in adjacent spaces
from being damaged.
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Table F.1(a) Continuous-Growth Fires

Grewth Time*
Fuel (sec)

Wood pallets, stacked 0.46 m high 160-320
(6%-12% moisturc)

Wood pallets, stacked 1.52 m high 90-190
(6%-12% moisturc)

Wood pallets, stacked 3.06 m high 80-120
(6%-12% moisturc)

Wood pallets, stacked 4.88 m high 756-120
(6%~12% moistuic)

Mail bags, filled, stored 1.52 m high 190

Cartons, compartmented, stacked 4.57 m high 60

Paper, vertical rolls, stacked 6.10 m high 17-28

Cotton (also PE, PE/cot acrylic/nylon/PE), 22-43
garments in 3.66 m high rack

Ordinary combustibles rack storage, 40-270
4.57m-9.14m high

Paper products, densely packed in cartons, 470
rack storage, 6.10 m high

PE lctter trays, filled, stacked 1.52 m high 180
on cart

PE trash barrels in cartons, stacked 55
4.57 m high

FRP shower stalls in cartons, stacked 85
4.57 m high

PE hottles packed in compartmented cartons, 85
stacked 4.57 m high

PE bottles in cartons, stacked 4.57 m high 75

PE pallets, stacked 0.91 m high 150

PE pallets, stacked 1.83 m—2.44 m high 32-57

PU mattress, single, horizontal 120

PU insulation board, rigid f oam, stacked 8
4.57 m high

PS jars packed in compartmented cartons, 55
stacked 4.57 m high

PS tubs nested in cartons, stacked 4.27 m high 110

PS toy parts in cartons, stacked 4.57 m high 120

PS insulation board, tigid foam, stacked 7
4.27m high

PVC bottles packed in compaitmented 9
cartons, stacked 4.57 m high

PP tubs packed in compartmented cartons, 10
stacked 4.57 m high

PP und PE filin in rolls, stacked 4.27 i high 40

Distilled spirits in barrels, stacked 6.10 i high 25-40

FRP: fiberglass-reinforced polyester. PE: polyethylene. PP:
polypropylene. PS: polystyrene. PU: polyurethane. PVC: polyvinyl

chloride.

*Growth times of developing fires in various combustibles, assuming

100 percent combustion efficiency.

To evaluate the success of a particular design, it is necessary
to predict the development of the fire environment as a func-
tion of any of a number of physical characteristics that define
and might have a significant effect on the fire scenario. Exam-
ples of such characteristics include the following:

(1) The floor-to-ceiling height and area of the space and the
thermal properties of its ceiling, walls, and floor

(2) The type of barriers that separate the space of fire origin
and adjacent spaces (e.g., full walls with vertical door-like
vents or ceiling-mounted draft curtains)

(3) The material type and arrangement of the burning
commoadities (e.g., wood pallets in plan-area arrays of 3 m
x 3 m and stacked 2 m high)

(4) The type, location, and method of deployment of devices
that detect the fire and actuate the opening of the vents
(e.g., fusible links of specified RTI and distributed at a
specified spacing distance below the ceiling)

(5) Thesize of the open area of the vents themselves

The best way to predict the fire environment and evaluate
the likely effectiveness of a vent design is to use a reliable math-
ematical model that simulates the various relevant physical
phenomena that come into play during the fire scenario. Such
an analytical tool should be designed to solve well-formulated
mathematical problems, based on basic relevant principles of
physics and on fundamentally sound, well-established, empiri-
cal relationships. Even in the case of a particular class of prob-
lem, such as an engineering problem associated with successful
vent design, there is a good deal of variation among applicable
mathematical models that could be developed to carry out the
task. Such models might differ from one another in the
number and detail of the individual physical phenomena taken
into account. Therefore, the list of physical characteristics that
define and could have a significant effect on the fire scenario
does not include outside wind conditions, which could have an
important influence on the fire-generated environment. A
model might or might not include the effect of wind. A model
that does include the effect of wind is more difficult to develop
and validate and is more complicated to use. Note that the
effect of wind is not taken into account in the following discus-
sion of the LAVENT model. However, by using reasonably well-
accepted mathematical modeling concepts, LAVENT could be
developed to the point that it could be used to simulate this
effect.

The discussion that follows describes a group of phenomena
that represent a physical basis for estimating the fire-generated
environment and the response of heat-responsive elements in
well-ventilated compartment fires with draft curtains and ceil-
ing vents activated by fusible links, thermoplastic drop-out
paniels, or other alternative means of activation or smoke detec-
tors. The phenomena include the following:

(1) Growth of the smoke layer in the curtained area
(2) The flow dynamics of the buoyant fire plume

Table F.1(b) Classilications of ¢Squared Fires

Time to Reach

1000 kW
Class (sec)
Ultra-fast 75
Fast 150
Medium 300
Slow 600

(3) The flow of smoke through open ceiling vents

(4) The flow of smoke below draft curtains

(5) Continuation of the fire plume in the upper layer

(6) Heat transfer to the ceiling surface and the thermal
response of the ceiling

(7) The velocity and temperature distribution of plume-
driven, near-ceiling flows

(8) The response of nearceiling deployed heatresponsive

elements and smoke detectors
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FIGURE F.1(a)

Rates of Energy Release for Squared Fire. (Redrawn from NIST, 1987.)
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FIGURE F.1(b)

All the phenomena in items (1) through (8) are taken into
account in the LAVENT model, which was developed to simu-
late well-ventilated compartment fires with draft curtains and
fusible link-actuated or smoke detector—actuated ceiling vents.
Other models that could be developed for a similar purpose
typically would also be expected to simulate these basic
phenomena.

The space to be considered is defined by ceiling-mounted
draft curtains with a fire and with near-ceiling fusible link-
actuated ceiling vents and sprinklers. The curtained area
should be considered as one of several such spaces in a large
building area. Also, by specifying that the curtains be deep
enough, they can be thought of as simulating the walls of a
single uncurtained area.
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Relation of #Squared Fires to Some Fire Tests.

500 600 700

This section discusses critical physical phenomena that
determine the overall environment in the curtained space up
to the time of sprinkler actuation. The objective is to identify
and describe the phenomena in a manner that captures the
essential features of this generic class of fire scenario and that
allows for a complete and general, but concise and relatively
simple, mathematical/computer simulation.

The overall building area is assumed to have near-floor inlet
air openings that are large enough to maintain the inside envi-
ronment, below any near-ceiling smoke layers that might form,
at outside-ambient conditions. Figure F.2(a) depicts the
generic fire scenario considered. It is assumed that a two-layer
zone-type model adequately describes the phenomena under
investigation. The lower layer is identical to the outside ambi-
ent. The upper smoke layer thickness and properties change
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with time, but the layer is assumed to be uniform in space at
any time. Conservation of energy and mass along with the
perfect gas law is applied to the upper layer. This leads to equa-
tions that necessitate estimates of the net rate of enthalpy flow
plus heat transfer and the net rate of mass flow to the upper
layer. Qualitative features of the phenomena that contribute to
these flows and heat transfer are described briefly.

Flow is driven through ceiling vents by cross-vent hydrostatic
pressure differences. The traditional calculation uses orifice-
type flow calculations. Bernoulli's equation is applied across a
vent, and it is assumed that, away from and on either side of
the vent, the environment is relatively quiescent. Figure F.2(b)
depicts the known, instantaneous, hydrostatic pressure distribu-
tion in the outside environment and throughout the depth of
the curtained space. These pressures are used to calculate the
resulting cross-vent pressure difference, then the actual instan-
taneous mass and enthalpy flow rates through a vent.

If and when the smoke layer boundary face drops below the
bottom of the draft curtains, the smoke starts to flow out of the
curtained space. As with the ceiling vents, this flow rate is deter-
mined by the cross-vent hydrostatic pressure difference. As
depicted in Figure F.2(c), however, the pressure difference in
this case is not constant across the flow. Nonetheless, even in
this configuration, the instantaneous flow rates are easily deter-
mined with well-known vertical-vent flow equations used tradi-
tionally in zone-type fire models.

The major contributors to the upper-layer flow and surface
heat transfer are the fire and its plume. These properties are
depicted in Figure F.2(d). It is assumed that the rate of energy
release of the fire's combustion zone does not vary significantly
from known free-burn values that are available and assumed to
be specified (see Chapter 8). A known, fixed fraction of this
energy is assumed to be radiated isotropically, as in the case of
a point source, from the combustion zone. The smoke layer is
assumed to be relatively transparent (i.e., all radiation from the
fire is incident on the bounding surfaces of the compartment).

A plume model, selected from the several available in the
literature, is used to determine the rate of mass and enthalpy
flow in the plume at the elevation of the smoke layer boundary.
It is assumed that all of this flow penetrates the smoke layer
boundary and enters the upper layer. As the plume flow enters
the upper layer, the forces of buoyancy that act to drive the
plume toward the ceiling are reduced immediately because of
the temperature increase of the upper-layer environment over
that of the lower ambient. As a result, the continued ascent of
the plume gases is less vigorous (i.e., is at a reduced velocity)
than it would be in the absence of the layer. Also, as the plume
gases continue their ascent, the temperature becomes higher
than it would be without the upper layer. Such higher tempera-
tures are a result of the modified plume entrainment, which is
now occurring in the relatively high-temperature upper layer
rather than in the ambient-temperature lower layer. Methods
of predicting the characteristics of the modified upper-plume
flow are available.

Having penetrated the smoke layer boundary, the plume
continues to rise toward the ceiling of the curtained area. As it
impinges on the ceiling surface, the plume flow turns and
forms a relatively high-temperature, high-velocity, turbulent-
ceiling jet that flows radially outward along the ceiling and
transfers heat to the relatively cool ceiling surface. The ceiling
jet is cooled by convection, and the ceiling material is heated
by conduction. Eventually, the now-cooled ceiling jet reaches

the extremities of the curtained space and is deposited into
and mixed with the upper layer. The convective heat transfer
rate and the ceiling surface temperature on which it depends
are both strong functions of the radial distance from the point
of plume-ceiling impingement, and both decrease rapidly with
increasing radius.

The thermal response of the ceiling is driven by transient
heat conduction. For the time period typically considered,
radial gradients in ceiling surface conditions are small enough
so that the conduction heat transfer is quasi—one dimensional
in space. Therefore, the thermal response of the ceiling can be
obtained from the solution to a set of one-dimensional conduc-
tion problems at a few discrete radial positions. These prob-
lems can be solved subject to net convection and radiation heat
flux boundary conditions.

Interpolation in the radial direction between the solutions
leads to a sufficiently smooth representation of the distribu-
tions of ceiling surface temperature and convective heat trans-
fer rate. The latter is integrated over the ceiling surface to
obtain the net instantaneous rate of convective heat transfer
losses from the ceiling jet.

Convective heating and the thermal response of a near-
ceiling heat-responsive element, such as a fusible link or ther-
moplastic drop-out panel, are determined from the local
ceiling jet velocity and temperature. Velocity and temperature
depend on vertical distance below the ceiling and radial
distance from the fire plume axis. If and when its fusion (activa-
tion) temperature is reached, the device(s) operated by the
link or other heat-responsive element is actuated.

For specific radial distances that are relatively near the
plume, the ceiling jet is an inertially dominated flow. Its veloc-
ity distribution, depicted in Figure F.2(e), can be estimated
from the characteristics of the plume, upstream of ceiling
impingement. The ceiling jet temperature distribution, depic-
ted in Figure F.2(f) for a relative “hot” or “cool” ceiling surface,
is then estimated from the velocity (which is now known),
upper-layer temperature, ceiling-surface temperature, and heat
flux distributions.

Annex B provides details of all equations of the LAVENT
mathematical fire model and its associated computer program,
developed to simulate all the phenomena described thus far.
LAVENT can be used to simulate and study parametrically a
wide range of relevant fire scenarios involving these phenom-
ena.

Included in B.5.5 is a summary of guidelines, assumptions,
and limitations to LAVENT. For example, as specified in that
subsection, LAVENT assumes that, at all times during a simula-
ted fire, the overall building space containing the curtained
area of fire origin is vented to the outside (e.g., through open
doorways). It is assumed, furthermore, that the area of the
outside vents is large relative to the area of the open ceiling
vents in the curtained area.

Therefore, if the total area of the outside vents is A,,, then
(A,./A)7° is significantly larger than 1 (e.g., A,/ Ay > 2). If the
outside vents are in the bounding walls of the curtained space,
not in adjacent spaces, they should be located entirely below
the smoke layer boundary. Subsection B.5.5 should be refer-
enced for the details of other guidelines, assumptions, and
limitations.
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If the actual size of the outside vents is not significantly
larger than the vent area, consideration should be given to
increasing the vent area to account for the restrictions in inlet
air using the following multiplier:

[F.2]

where:
M = multiplier
Ay = total area of open ceiling in curtained space

T,., = outside temperature

Ay, = total area of open vents to outside exclusive of Ay
T, = upper layer temperature

Annex C is a user guide for the LAVENT computer code.
Annex C includes a comprehensive discussion of the inputs
and calculated results of a default simulation involving a fire
growing in a large pile of wood pallets ({squared growth to a
steady 33 MW) in a 9.1 m high curtained warehouse-type space
with multiple fusible-link-actuated vents and near-ceiling—
deployed fusible sprinkler links. Vents actuated by alternative
means such as thermoplastic “drop-out” panels with equivalent
performance characteristics can also be modeled using
LAVENT. Inputs to LAVENT include the following.

(1) Bimensions of the Curtained Area of Fire Origin. length,
width, and height of the curtained area of fire origin

(2) Bimensions of the Braft Curtain. Floor to bottom of the
curtain separation distance and length of the curtain (a
portion of the perimeter of the curtained space can
include floor-to-ceiling walls)

(3)  Proferties of the Ceiling. Thickness, density, thermal conduc-
tivity, and heat capacity of the ceiling material

(4) Characteristics of the Fire. Elevation of the base of the fire
above the floor (see 9.2.3.6), total energy release rate of
the fire, at different times during the course of the simu-
lated fire scenario (the computer code uses linear inter-
polation to approximate between these times); and the
plan area of the fire, or the total energy release rate per
unit area of the fire (in cases where the user supplies the
latter input, the computer code estimates the changing
area of the fire at any moment by using the current total
energy release rate)

(5)  Characteristics of the Ceiling Vent—Actuating Fusible Links or
Vent-Actuating Swmoke Betectors and of the Corresponding Ceil-
ing Vents. Horizontal distance from the fire, vertical
distance below the ceiling surface, RTI, and fuse tempera-
ture of the ceiling vent-actuating fusible links; also, the
clear open area, Ay, of their associated ceiling vents

(6)  Characteristics of Fusible Sprinkler Links. Horizontal distance
from the fire, vertical distanice below the ceiling surface,
RTI and fuse temperature of fusible sprinkler links

LAVENT is written in Fortran 77. The executable code oper-
ates on PC-compatible computers.

LAVENT has had some limited experimental validation in
experiments with 3.34 m> pool firesin a 37 m x 40 m x 14 m
high aircraft hangar [Walton and Notarianni, 1993; Notarianni,
1992]. The hangar was equipped with near-ceiling-mounted
brass disks of known RTI, which were used to simulate sprinkler
links or heat detector elements. The experiments did not
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involve ceiling vents. Experimental validation of the various
mathematical submodel equation sets that comprise the gener-
alized LAVENT simulation is also implicit. This is the case,
since the mathematical submodels of LAVENT, presented in
Annex B, are based on carefully reproduced correlations of
data acquired in appropriate experimental studies of the isola-
ted physical phenomena that, taken together, make up the
combined effects of a LAVENT-simulated fire scenario. The
experimental basis and validation of the LAVENT submodels
can be found in the references listed in Section B.6.

If ceiling vents are actuated by smoke detectors, the guide-
lines outlined in 9.2.5.4.3 should be followed. LAVENT can be
made to simulate this function with a very sensitive fusible link
(i.e., alink with a negligibly small RTI) and an appropriate fuse
temperature.

As specified in B.4.1, LAVENT always assumes that the flow
coefficient, G, for ceiling vents is 0.68; if the user has reason to
believe that a different value, C,,,, is more appropriate for a
particular vent (such as the value 0.6 suggested in 9.2.4.2), then
the input vent area for that vent should be scaled up propor-
tionately (i.e., Ay, input = A,C,,, /0.68).

LAVENT calculates the time that the first sprinkler link fuses
and the fire environment that develops in the curtained space
prior to that time. Because the model does not simulate the
interaction of sprinkler sprays and fire environments, any
LAVENT simulation results subsequent to sprinkler waterflow
should be ignored.

Draft curtain Ceiling vents  Ceiling jet

\ N N N
A W |
|

Layer interface y””’““-x]_

FIGURE F.2(a) LAVENT Model: Fire ina Building Space
with Draft Curtains and Ceiling Vents.
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F.3 Objectives of the vent system should be defined and
considered. Objectives can include the following:

(1) Provide for firefighter safety and facilitate post-fire smoke
removal by the fire department. The two key issues
include activation type (remote or manual removal at
roof level by firefighters), and vent ratio (gross vent area
to roof area). Remote activation is a preferred method;
however, manual activation at rooflevel does considerably
reduce the time a firefighter must spend on the roof
(versus cutting a hole in the roof) and might be consid-
ered acceptable.

(2) Allow extended egress travel distances.

(3) Reduce smoke damage to the contents. Besign features
such as ganging all vents within a sprinkler zone, and
automatically activating all of the vents within one zone
following sprinkler activation might achieve objectives 2
and 3; however, additional research is needed to validate
this concept.

Chapters 4 through 10 represent the state of technology of
vent and draft curtain board design in the absence of sprin-
klers. A broadly accepted equivalent design basis for using
sprinklers, vents, and curtain boards together for hazard
control (e.g., property protection, life safety, water usage,
obscuration) is currently not available. Besigners are strongly
cautioned that use of venting with automatic sprinklers is an
area of ongoing research to determine its benefit and effect in
conjunction with automatic suppression.

This annex section provides design considerations for vent-
ing systems in sprinkler-protected areas. These design consider-
ations are based on the research that has been conducted.

Larly Research. For occupancies that present a high challenge
to sprinkler systems, concern has been raised that the inclusion
of automatic roof venting, draft curtains, or both can be detri-
mental to the performance of automatic sprinklers. Although
there is no universally accepted conclusion from fire experi-
ence [Miller, 1980], studies on a model scale [Heskestad, 1974]
suggested the following:

(1) Venting delays loss of visibility.

(2) Venting results in increased fuel consumption.

(3) Bepending on the location of the fire relative to the
vents, the water demand necessary to achieve control is
either increased or decreased over an unvented condi-
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tion. With the fire directly under the vent, water demand
is decreased. With the fire equidistant from the vents,
water demand is increased.

A series of tests was conducted to increase the understanding
of the role of automatic roof vents simultaneously employed
with automatic sprinklers [Waterman et al, 1982]. The data
submitted did not provide a consensus on whether sprinkler
control was impaired or enhanced by the presence of auto-
matic (roof) vents for the typical spacing and area.

Large-scale fire tests, conducted at the Factory Mutual
Research fire test facility without vents, indicated that certain
configurations of draft curtains can have a detrimental effect
on the performance of a sprinkler system during a high-
challenge fire [Troup, 1994]. Two tests were conducted, one in
which a fire was initiated adjacent to a draft curtain, and one
near the junction of two draft curtains. Sprinkler performance
in these two tests was considered unsatisfactory because an
excessive number of sprinklers operated and damage signifi-
cantly increased in comparison to similar tests conducted with-
out draft curtains.

Other large-scale fire tests were conducted [Hinkley et al.,

1992] employing liquid fuels, small vent spacings (minimum of

4.7 m), and vents open at ignition. Hinkley reached the follow-
ing conclusions:

(1) The prior opening of vents had little effect on the opera-
tion of the first sprinkler.

(2) Venting substantially reduced the total number of sprin-
kler operations.

In an independent analysis of these tests, Gustafsson [1992]
noted that sprinklers near the fire source were often delayed or
did not operate at all.

Recent Research. The Fire Protection Research Foundation,
tormerly known as the National Fire Protection Research Foun-
dation, organized large-scale tests to study the interaction of
sprinklers, roof vents, and draft curtains [McGrattan et al,
1998], involving heptarie spray fires and arrays of cartoned
plastic commodity of a standard configuration. The test space
was ventilated by a smoke abatement system. The findings were
as follows:

(1) In the heptane spray fires, venting had no significant
effect on sprinkler operations, unless a fire was ignited
directly under a vent, in which case the number of sprin-
kler operations decreased.

(2) When a draft curtain was installed in the heptane spray
fires, the number of operating sprinklers increased.

(3) In five tests with the cartoned plastic commodity, three
tests opened 20-23 sprinklers and two tests opened 5--7
sprinklers, which was attributed to variability in the initial
fire growth and not to any of the variables under study.

(4) One of these tests with ignition near a draft curtain
consumed much more fuel than the other tests, which
was attributed to fire spread under the draft curtain.

(5) Effects of venting through roof vents on smoke obscura-
tion could not be determined because of the dominant
effect of the building smoke abatement system.

(6) In all experiments in this study where, in some cases,
vents were open at the start of the fire, and in those
instances where the fire was located directly under a vent,
sprinklers performed satisfactorily. Satisfactory sprinkler
performance is defined by all of the following criteria:
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(a) Firedidnotjump the aisles.
(b) The number of sprinklers operating did not exceed
the design area.
(c) Firedid not spread to an end of the fuel array.
While the use of automatic venting and draft curtains in
sprinklered buildings is still under review, the designer is
encouraged to use the available tools and data referenced
in this document for solving problems peculiar to a
particular type of hazard control [Miller, 1980; Heskestad,
1974; Waterman, 1982; Troup, 1994; Hinkley, et al,, 1992;
Gustafsson, 1992; McGrattan et al., 1998].

(7) In tests where the vents were opened by fusible link, a
number of the vents failed to open, which was attributed
to either the cooling effects of the control mode sprin-
klers on the smoke layer or direct spray cooling of the
fusible links.

Design Considerations. As a result of the research, the follow-
ing guidelines are provided for the design of venting systems in
those areas of a building protected with an automatic sprinkler
system designed and installed in accordance with NFPA 13 for
the specific occupancy hazard.

(1) Braft curtains and open vents of venting systems should
not adversely affect sprinklers that are capable of
discharging water onto the fire, either in time of opera-
tion or in the water discharge pattern.

(2) Vents that are open prior to sprinkler operations in a
region surrounding the ignition point, within a radius of
1'% sprinkler spacings, can interfere with the opening of
sprinklers capable of delivering water to the fire. The vent
system design should consider the following:

(a) This interference is likely to be a factor if the total
vent area is divided among many closely spaced
vents, as in the investigation by Hinkley et al
[1992], commented on by Gustafsson [1992].

(b) If the vent spacing is several times as large as the
sprinkler spacing, model fire tests simulating a
1.2mx 1.2 mventina 7.6 m high building [Heskes-
tad, 2016] showed that sprinkler operations were
significantly delayed whenever ignition occurred
anywhere under the area of an open vent. Other-
wise, there was little delay. This delay can be impor-
tant for systems with early suppression fast response
(ESFR) sprinklers.

(c) Use of high-temperature, heat-responsive actuation
mechanisms, compared to the sprinklers, can miti-
gate the problem of open vents. For example, for
74°C rated ESFR sprinklers, a minimum 180°C acti-
vation temperature should be provided for vents.
Another approach would be to provide gang opera-
tion of the vents at the moment a conservative
number of sprinklers are operating.

(d) The vent system design should consider the effects
of the venting system on the ceiling jet.

(8) The location of draft curtains should be determined
considering the following:

(a) Braft curtains can delay or prevent operation and
can interfere with the discharge of sprinklers capa-
ble of delivering water to the fire. In practice, sprin-
klers capable of delivering water to the fire can be
considered to be those that are within 1% sprinkler
spacings of the ignition point.
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(4)
(%)

(6)

(b) Braft curtains should be located in aisles and
should be horizontally separated from combustible
contents.

(c) The layout of the sprinkler protection and the
width of the aisle below the draft curtain should be
sufficient to prevent the fire from jumping the aisle
space. Accordingly, if a draft curtain is positioned
midway between two sprinklers, the nearest possible
ignition point should be at least % of one sprinkler
spacing away from the draft curtain. In other words,
there can be no storage of combustible material
within % of one sprinkler spacing of a draft curtain.
Aisles firee of combustible storage, centered under
draft curtains, should be at least 14 sprinkler spac-
ings wide (e.g., a minimum of 15 ft aisle for 10 ft
sprinkler spacing in the direction perpendicular to
the draft curtain). For situations where such an aisle
width is not practical, the aisle space can be
reduced to a minimum of 8 {t, when a line of sprin-
klers is provided on each side of the draft curtain,
4 in. to 12 in. horizontally from the face of the draft
curtain. For existing sprinkler installations, these
sprinklers near the draft curtain might need to be
staggered horizontally with respect to adjacent line
of sprinklers, in order to maintain the minimum
separation required by NFPA 13 and to prevent
sprinkler skipping.

(d) Where aisles of sufficient width cannot be main-
tained, full-height partitions can be used in lieu of
draft curtains.

The design fire’s rate of heat release rate-time history

should account for the operation of the sprinkler system.

Betermination of the smoke layer temperature should

take into account the operation of the control mode

sprinkler system. Control mode sprinklers operate when a

temperature-rated element fuses in each individual

control mode sprinkler head. Since in most fires only a

small number of control mode sprinkler heads close to

the seat of the fire operate, it follows that the bulk
temperature of the smoke layer and/or the ceiling jet
beyond the operating control mode sprinklers catnot be
significantly higher than the control mode sprinkler fusi-
ble element operating temperature, due to the cooling
effect on the smoke of the operating control mode sprin-
klers. Therefore once the first control mode sprinkler has
operated, if calculations show the smoke layer tempera-
ture to be above the control mode sprinkler fusible
clement operating temperature, the smoke layer temper-
ature should be modified to reflect this effect. A possible
approach when vents are used would be to set the smoke
layer temperature equal to the control mode sprinkler

fusible elements operating temperature, this being a

reasonably conservative design solution.

The vent flow, smoke movement, and position of the

smoke layer boundaryshould take into account the down-

drag effect produced by operation of the sprinkler
system.

The effect of control mode sprinkler cooling may limit

the number of vents opening if control of the vent is only

by fusible link or if drop-out panels are used. If the fusible
link or drop-out panel operating temperature is equal to
or higher than the control mode sprinkler fusible
clement operating temperature, then vents outside the
outer ring of operating control mode sprinklers are
unlikely to open. This could significantly limit the effec-

tiveness of the smoke vent system. Use of ganged vents
operated from detectors or a sprinkler flow switch is a way
to avoid this situation.

Recent Literature Review

A recent paper examines the interaction of control mode
sprinklers with smoke and heat vents [Beyler and Cooper,
2001]. The paper reviews 13 experimental studies that have
some relevance to the claims posed for and against the
combined use of control mode sprinklers and smoke/heat
vents. These studies are used to evaluate the positive and nega-
tive claims that have been made with regard to the combined
use of control mode sprinklers and smoke/heat vents. Three of
the studies investigate the use of smoke/heat vents alone. Four
investigations include control mode sprinklers, but do not
include roof vents. Three of these are test series in which
perimeter vents were used in the test facility, and the fourth
included control mode sprinklers, a partial draft curtain, and
no smoke/heat vents. Four test series included control mode
sprinklers, smoke/heat vents, and draft curtains, but utilized
spray or pool fires that were not subject to extinguishment by
the control mode sprinklers. Four test series included control
mode sprinklers, smoke/heat vents, and draft curtains, and
used Class A fuels that were subject to extinguishment.

The studies of smoke and heat venting used in conjunction
with control mode sprinklers do not provide evidence that
venting has a negative effect on control mode sprinkler
performance.

Experimental studies have shown that venting does limit the
spread of products of combustion by releasing them from the
building within the curtained compartment of fire origin. This
improves visibility for building occupants and firefighters who
need to find the seat of the fire to complete fire extinguish-
ment. Limiting the spread of smoke and heat also reduces
smoke and heat damage to the building. In the event that
control mode sprinklers do not operate, venting remains a
valuable aid to manual control of the fire.

The experimental studies have shown that early vent activa-
tion has no detrimental effects on control mode sprinkler
performance and have also shown that current design practices
are likely to limit the number of vents operated to one and
vents may in fact not operate at all in very successful control
mode sprinkler operations. Besign practices should move to
methods that assure early operation of vents, and vent opera-
tion should be ganged so that the benefit of roof vents is fully
realized. Control mode sprinkler design with vents and draft
curtains needs to take full account of draft curtains as obstruc-
tions.

Following the publication of the paper by Beyler and Cooper
[2001], in a letter to the editor Heskestad [2002] reviewed the
conclusions of the authors that (1) venting clearly does not
have a negative effect on sprinkler performance, (2) venting
limits spread of combustion products, and (3) venting remains
a valuable aid to manual control of the fire in the event the
sprinklers do not operate. He argues the view that the first two
of these conclusions are performance measures that are not
met, or well met, by current technology based on the studies
cited by the authors. With respect to the third conclusion,
Heskestad refers to the FM Global position that venting, in-
stalled as backup to an automatic sprinkler system that is inade-
quate or impaired, is not cost-effective because it is unlikely a
large loss will be averted solely due to the presence of vents.
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