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This edition of NFPA 555, Guide on Methods fo1· Evaluating Potential for Room Flashove1·, was prepared 
by the Technical Committee on Hazard and Risk of Contents and Furnishings. It was issued by the 
Standards Council on Octo bet- 5, 2020, with an effective date of October 25, 2020, and supersedes all 
previous editions. 

This edition ofNFPA 555 was approved as an American National Standard on October 25, 2020. 

Origin and Development ofNFPA 555 

This guide was the first document prepared by the Technical Committee on Hazard and Risk of 
Contents and Furnishings. The 1996 edition was the first edition, developed in recognition that life 
safety and property protection can be enhanced by preventing the occurrence of flashover or, at 
least, by decreasing its probability. 

The 2000 edition represented a reconfirmation of the 1996 edition. 

The 2009 edition contained a small addition to Chapter 9 for individual fuel packages and minor 
revisions throughout the document. Annex B was completely revised to provide more up-to-date 
information on room fire models. 

The 2013 edition added references in Chapter 9 to NFPA 289, Standard Method of Fire TestfoT 
Individual Fuel Packages, and to NFPA 556, Guide on Methods fm· Evaluating Fi1·e Hazm·d to Occupants of 
Passenger Road Vehicles, for use in estimating heat release rates. 

The 2017 edition adds new language to Chapter 9 regarding the heat release rates of electrical 
and optical fiber cables, which were obtained from vertical cable tray tests and cone calorimeter test 
methods. Additional language in Chapter 9 references new studies on determining the typical heat 
release curve for residential fires. 

The 2021 edition includes the addition of a test method required for materials of low heat 
release. Additional fire scenarios to be considered for tightly closed compartment� have been 
provided. New definitions wet-e added to clarify concepts and provide further considerations for 
hazards including identification of additional fire spread mechanisms and fuel loads that contribute 
to the fire. 

NFPA and National Fire Protection Association are registered trademarks of the National Fire Protection Association, Quincy, Massachusetts 02169. 
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IMPORTANT NOTE: This NFPA document is made ava.ilable for 
use subject to important rwtices and legal disclaimers. These rwtices 
and disclaimers appear in all publications containing this document 
and may be found under the heading "Important Notices and 
Disclaimers Concerning NFPA Standards. " They can also be viewed 
at www. njpa.org! disclaimers or obtained on request from NFPA. 

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

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

A reference in brackets [ l following a section or paragmph 
indicates material that has been exu·acted from another NFPA 
document. Exu·acted text may be edited for consistency and 
style and may include the t·evision 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 exu·acted publications can 
be found in Chapter 2 and Annex C. 

Chapter 1 Administration 

1.1  Scope. 

1.1.1 This guide addresses methods for evaluating the poten
tial for room flashover from fire involving the contents, 
furnishings, and interior finish of a room. The methods 
addressed by this guide include prevention of ignition; installa
tion of automatic fire suppression systems; conu·ol of ventila
tion factors; and lirnitation of the heat release rate of individual 
and grouped room contents, furnishings, and interior finish. 

1.1.2 The accuracy, precision, and relevance of this guide are 
a function of the accuracy, precision, and relevance of the data 
from the test methods and calculations used. The principles 
and concepts presented are among the most reliable available. 
The use of these techniques can help to minimize the probabil
ity of flashover or delay its occurrence, but might not prevent 
it. 
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1.2 Purpose. 

1.2.1 The purpose of this guide is to provide tools for individ
uals or organizations attempting to implement methods to 
prevent the occurrence of flashover or, at least, to decrease it� 
probability. 

1.2.2 Any limitations on the availability of data, of appropriate 
test procedures, of adequate fire models, or of state-of-the-an 
scientific knowledge place significant constraints on the pmce
dures described in this guide. 

1.2.3 This guide describes some standard tests conducted 
under controlled laboratory conditions. Such tests should not 
be deemed to establish performance levels for all situations. 

Chapter 2 Referenced Publications 

2.1 General. The documents or portions thereof listed in this 
chapter are referenced within this guide and should be consid
ered part of the recommendations of this document. 

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

NFPA 12, Standm·d on Cm"bo-n Dioxide t-xtinguishing Systems, 
2021 edition. 

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

NFPA 13D, Standat·d far the Installation of Sptinkler Systems in 
One- and 11vo-Family Dwellings and Manufactured Homes, 2019 
edition. 

NFPA 13R, StandanJ. for the Installation of Sprinkler Systems in 
Low-Rise Residential Occupanc ies, 2019 edition. 

NFPA 15, Standmri fm· Water Spray Fixed Systems fm· FiTe Pmtec
tion, 2017 edition. 

NFPA 16, StandaTd Jot· the Installation of Foam-Water SjJI"inkler 
and Foam-Water Spray Systems, 2019 edition. 

NFPA 17, Standard joT Dt)' Chemical Extinguishing Systems, 2021 
edition. 

NFPA 17 A, StandaTd Jot· Wet Chemical Extingu ishing Systems, 
2021 edition. 

NFPA 25, StandaTdjoT the Inspection, listing, and Maintenance 
ofWatet� Based Fire Protection Systems, 2020 edition. 

NFPA 92, Standa·rd joT Smoke Contml Systems, 2021 edition. 
NFPA 204, Standm·d for Smoke and Heat Venting, 2021 edition. 
NFPA 265, Standm·d Metho cL� of FiTe Tests for Evaluating Room 

FiTe Growth Contribution of Textile or Expanded Vinyl Wall Coverings 
on Full Height Panels and Walls, 2019 edition. 

NFPA 286, StandaTd Methods of Fzt·e Tests far Evaluating Contri
bution of Wall and Ceiling Interim· Finish to Room FiTe Growth, 2019 
edition. 

NFPA 289, Standm·d Method of FiTe Test for Individual Fuel Pack
ages, 2019 edition. 

NFPA 556, Guide on Methods joT Evaluating Fit"C Hazmri to Occu
pants of Passenger &ad Vehicles, 2020 ecli tion. 

NFPA 750, Standm·d on Water Mist FiTe Ptvtection Systems, 2019 
edition. 

NFPA 2001, Standmri on Clean Agent Fire .Extinguishing Systems, 
2021 edition. 
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2.3 Other Publications. 

2.3.1 ASTM Publications. ASTM International, 100 Barr 
Harbor Drive, P.O. Box C700, West Conshohocken, PA 
19428-2959. 

ASTM D5537, Iest Method fm· Heat Release, Flame Spmad, Smoke 
Obscumtion, and Mass Loss Iesting of Insulating Materials 
Contained in l!.'lectrical m· Optical Fiber Cables W hen Bw-ning in a 
Vertical Cable Tray Configumtion, 2018. 

ASTM D6113, Test Method fm· Using a Cone Calorimeter to Deter·· 
mine Fire- Test-Response Chamcteristics of Insulating Materials 
Contained in Electrical m· Optical Fiber Cables, 2016. 

ASTM E119, 1est Methods for Fire Tests of Building Construction 
and Materials, 2019. 

ASTM E136, Test Method for Assessing Combustibility of Mate1ials 
U�ing a Vertical TubeFumace at 750°C, 2019. 

ASTM E603, Guide for Room Fire Expetiments, 201 7. 

ASTM E1321, 1est Method for Determining Mate1ial ignition and 
Flam e Spread Proper·ties, 2018. 

ASTM E1354, ]est Method fo·r Heat and Visible Smoke Release 
Rates for Materials and Products Using an Oxygen Consumption Calo-
1imeter, 2017. 

ASTM E1474, Test Method fo·r Determining the Heat Release Rate 
of UphoL�tered Furnitut1! and Maltt1!SS Components or Composites 
Using a Bench Scale Oxygen Consumption Calorimete1; 2020. 

ASTM E l 537, Test Method fo·r Fire Testing of UphoL�tered Furni
ture, 2016. 

ASTM El 590, 1est Method for Fire Jesting of MattTI'.sses, 2017. 

ASTh1 E1740, 1est Method Jot· Determining the Heat Release Rate 
and Other Fit1!-Test-Response Characteristics of Wall Covming or Ceil
ing Coveting Composites Using a Cone Calmimetet;2020. 

ASTM E l 822, 1est Method fm· Fire Jesting of Stacked Chait'S, 
2017. 

ASTM E2058, Test Methods fm· Measurement of Material Flamma
bility Using a Fi1·e Propagation Appamtus (FPA), 2019. 

ASTh1 E2061, Guide for Fi11! Haz(l1·d Assessment of Rail Transpm·
tation Vehicles, 2018. 

ASTM E2067, Practice joT Full-Scale O:xygen Consumption Calo-
1imetl)' Fi1·e 1/ists, 2015. 

ASTM E2257, 1est Method for Room Fi11! 1est of Wall and Ceiling 
Materials and Assemblies, 2017. 

ASTM E2280, Guide fm· the Fi11! HazaTd Assessment of the }_}feet of 
Upholstm1!d Seating Fumiture Within Patient Rooms of Health Care 
Facilities, 2017. 

ASTM E2965, 1est Method fm· Determination of Low Levels of 
Heat Release Rate far Matmials and Products Using an Oxygen 
Consumption Calmimeter, 2017. 

2.3.2 BSI Publications. BSI British Standards, 12110 Sunset 
Hills Road, Suite 200, Reston, VA 20190-5902. 

BS EN 50399, "Common test methods for cables under fire 
conditions. Heat ,-elease and smoke production measurement 
on cables during flame spread test. Test apparatus, procedures, 
results," 2011. 

2.3.3 FM Publications. FM Global, 270 Central Avenue, P.O. 
Box 7500,Jolmston, RI 02919-4923. 

FM 3972, Test Standard fm· Cable Fi11! Propagation, 2009. 

2.3.4 ISO Publications. International Organization for Stand
ardization, ISO Central Seuerat-iat, BIBC II, Chemin de Blan
donnet 8, CP 401, 1214 Verniet� Geneva, Switzerland. 

ISO 9705-1, Reaction to Fi11! Tests - Room Comer TP.st fm· Wall 
and Ceiling Lining Products - PaTt 1: 1est Method for a Small Room 
Configumtion, 2016. 

2.3.5 SFPE Publications. Society of Fire Protection Engineers, 
9711 Washingtonian Blvd, Suite 380, Gaithersbmg, MD 20878. 

SFPE S.01, Enginee1ing Standm·d on Calculating Fi11! Exposw1!s to 
Structum, 2011. 

SFPE Engineming Guide for Assessing Flame Radiation to Extemal 
Tmgets from Pool Fires, 1999. 

SFPE Engineeting Guide to Pmformance-Based Fi-re Protection, 
Second Edition, 2007. 

SFPE Enginemng Guide to Piloted Ignition of Solid Matmials 
Under Radiant Exposure, 2002. 

SFPE Handbook of Fir1! Protection Enginemng, 5th edition, 2016. 

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

UL 1685, Vertical-Tray Fire-Propagation and Smoke-Release Test for 
E'lect1ical and Optical-Fiber Cables, 2015. 

UL 1975, Fi-re Tests fm· Foamed Plastics Used joT Decorative Pmpo
ses, 2006. 

2.3. 7 Other Publications. 

ACT /DFA, Flammability Studies of Selected Fab1ics, Flame
Blocking Banier-s, and Polyw·ethane Foams in the California Technical 
Bulletin 133 and Cone Calarirneter Protocols, Association for 
Conu·act Textiles and Decorative Fabrics, Fort Worth, TX, 
1995. 

Ames, S. A., Babrauskas, V., and Parket� Vo,T. ]., "Upholstered 
Furniture: Prediction by Correlations," Heat Release in Fires, 
Bab1·auskas, V., and Grayson, S.]. (eds.), Elsevier, London, pp. 
519-544, 1992. 

Ames, S. A., Rogers, S., and Murray, C., "Small and Full Scale 
Studies of Heat Release from Building Contents," Proceedings 
Interflam 1993, Interscience Comnumications, London, 1993. 

Babrauskas, V., Full-Scale Burning Behavior of Upholster1!d 
Chairs, NBS Technical Note 1103, National Bureau of Stand
ards, Gaithersburg, MD, 1979. 

Babrauskas, V., "Estimating Room Flashover Potential," Fi11! 
1echnology 16:94-103, 112; 1980a. 

Babrauskas, V., "Fire Tests and Hazard Analysis of Uphol
stered Chairs," Fi11! journal 74:35-39; 1980b. 

Babrauskas, V., "Will the Second Item Ignite?" Fire Safety jmu·
nal 4:281-292; 1981-82. 

Babrauskas, V., "Upholstered Furniture Heat Release Rates: 
Measurements and Estimation," joumal Fi11! Science 1:9-32; 
1983. 
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Babrauskas, V., Bench-Scale Predictions of MattTess and Uphol
stered Chai-r Fi1·es - Similarities and Diffe·rences, NIST Internal 
Report (NISTIR) 5152, National Institute of Standards and 
Technology, Gaithersburg, MD, 1993. 
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Fumitw-e, NBS Monograph 173, National Bureau of Standards, 
Gaithersburg, MD, 1985. 

Barnes, M. A., Briggs, P. J, Hirschler, M. M., Matheson, A. F., 
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Chapter 3 Definitions 

3.1 General. The definitions contained in this chapter apply 
to the terms used in this guide. \!\There terms are not defined in 
this chapter or within another chapter, they should be defined 
using their ordinarily accepted meanings within the context in 
which they are used. Merriam--Webster's Collegiate Dictionm)', 11th 
edition, is the source for the ordinarily accepted meaning. 

3.2 NFPA Official Definitions. 

3.2.1 Guide. A document that is advisory or informative in 
nature and that contains only nonmandatory provisions. A 
guide may contain mandatory statements such as when a guide 
can be used, but tl1e document as a whole is not suitable for 
adoption into law. 

3.2.2 Should. Indicates a t·ecommendation or that which is 
advised but not required. 

3.3 General Definitions. 

3.3.1 Contents and Furnishings. Any movable objects in a 
building that normally are seemed or otherwise put in place 
for functional reasons, excluding (1) part� of the internal su·uc
ture of the building and (2) any items meeting the definition 
of interior finish. (See al5o 3.3. 7, Interi.od"inish.) 

3.3.2 Fire Hazard. The potential for harm a�sociated with 
fit·e. 

3.3.3 Fire Risk. An estimation of expected fire loss that 
combines the potential for harm in various fire scenarios that 
can occm· with the probabilities of occurrence of those scenar
ios. 

3.3.4 Flaming Droplets. Liquefied material that separates and 
drips from the test specimen during the fire test and continues 
to burn with flame. 

3.3.5* Flashover. A stage in the development of a contained 
fire in which all exposed surfaces •·each ignition temperatures 
more or less simultaneously and fire spreads rapidly through
out the space. 

3.3.6* Fuel Package. A grouping of one or more furnishings 
or contents items, or both, whose proximity is sufficiently close 
that the ignition of one item can be expected to cause the 
spread of fire to the remaining items in the fuel package. 

3.3.7* Interior Fmish. The exposed surfaces of walls, ceilings, 
and floors within buildings. r 101, 2018] 

3.3.8* Item. A single combustible object within the compart
ment that is permanent or transient, movable, or fixed. 

2021 Edition 
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Chapter 4 Instructions for Use of This Guide 

4.1 Procedures. This guide is best used with a proper under
standing of its various procedures. Its core consists of five chap
tel·s that guide the user through analyses and procedures used 
to determine the likelihood of a compartment under investiga
tion reaching flashover under fire conditions and to minimize 
the potential for flashovec 

4.2 Illustration of Use. Figure 4.2 illustrates the steps for 
using this guide in the evaluation of the potential for room 
flashover. 

4.3 Analyses. After conducting the analysis provided in each 
chapter, the user can determine whether the potential for 
flashover has been decreased sufficiently 01· whether additional 
analysis is necessa1y. Howeve1� the user need not necessarily 
complete the analysis of each chapter before moving on to 
another. 

Fire occurs in room. 

� 
Is a properly designed 

and functional automatic Yes 
suppression system present? 

(See Chapter 5.) 

!No 

Is oxygen limitation or sufficient 
venting present to preclude upper Yes 

layer flashover temperatures? 
(See Chapter 6.} 

!No 

Determine minimum energy required 
for flashover to occur in room. 

(See Chapter 7.) 

! 
Define fuel package. 

(See Chapter 8.} 

� 
Is peak heat release rate below Yes 
minimum energy for flashover? 

(See Chapter 9.} 

�No 

Will separation or spreading 
of fuel load decrease fuel Yes 

peak heat release rate below 
minimum energy for flashover? 

(See Chapter 10.) 

!No 

Flashover likely. 

I Likely termination before full 
room involvement. 

FIGURE 4.2 Flowchart for Use ofNFPA 555. 
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4.4 Means of Fire Control. The first considerations in the 
analysis are the means of fire control, either via the existence of 
a properly designed and functional automatic suppression 
system or via techniques for smoke venting or reduction in 
oxygen availability. These issues are addressed in Chapter 4 and 
Chapter 5, respectively. A properly designed and functional 
system of either kind is likely to be a satisfactory means of 
reducing the potential for flashover. 

4.5 Conditions for Further Analyses. If either of the follo\'ling 
conditions exists, the user should conduct the analysis specified 
in Chapters 7 du·ough 10: 

(1) There is neither a properly designed and functional auto
matic suppression system no1· a similarly adequate 
method of reduction in oxygen availability. 

(2) Added precautions are desired. 

4.6 Fuel Packages. Fuel packages should be defined using the 
concepts in Chapter 8. 

4.7 Flashover-Potential Analysis. Chapter 7 contains tech
niques for predicting flashover in comparunents, irrespective 
of the contents, furnishings, or interior finishes involved. Chap
ters 8 and 9 indicate how the fire performance of contents, 
furnishings, or interior finishes can be used to assess the poten
tial for flashover. Chapter 10 explains how the techniques in 
Chapter 9 can be expanded to include groups of items or prod
ucts as fuel packages. 

4.8* Applications in Codes. The performance-based options 
commonly included in codes and standards are typical applica
tions where the results of an analysis such as the one 
performed based on this guide would be useful. 

4.9* Noncombustibility. Codes and regulations often provide 
a contrast between combustible materials and products and 
those that are noncombustible, with the implicit assumption 
that noncombustible materials and products do not contribute 
to fi1·e hazard 01· flashover. Whethe1· a material is noncombusti
ble is typically assessed by determining whether the material 
complies with the criteria needed to pass the test in ASTM 
E136, 1est Method for Assessing Combustibility of Materials Using a 
Vertical Tube Furnace at 750°C. 

Chapter 5 Automatic Suppression Systems 

5.1 General. Automatic suppression systems are tl1e most 
widely used method for automatically controlling a fire. 
Consideration should be given to using an automatic suppres
sion system to limit the fire hazard potential in a room in order 
to reduce the probability of wom flashover. 

5.2 System Failure. Although automatic suppression systems 
have an outstanding record of success, it is possible for such 
systems to fail. Failures are often due to weaknesses in the 
system that could have been avoided if appropriate attention 
had been given at tl1e time of design, installation, or inspec
tion. Issues pe1·taining to system integrity should be add1·essed 
careft.tlly to increase the probability of successft.tl operation of a 
suppression system. If a properly designed and functioning 
automatic suppression system is used in the design of a room, a 
fire that occLtrs in that room is likely to be controlled or extin
guished by the suppression system prior to ft.tll room involve
ment (flashover). Figw·e 5.2 provides a graphic rep1·esentation 
of the effect of automatic suppression systems on heat release 
rate from a fire. 
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HRR 

Extinguished by 
automatic suppression 

Without automatic suppression 

Controlled by 
automatic suppression 

Time 

FIGURE 5.2 Effect of Automatic Fire Suppression Systems 
on Heat Release Rate. (Source: SFPE Engineering Guide to 
Performance-Based Fire Protection, Figure 9-4.) 

5.3 Hazard Protection. Many standards exist to aid designers 
in the development of appropriate automatic suppression 
system design criteria for a wide range of occupancy types and 
hazards. Because the range and severity of occupancy types and 
fire types are rather broad, and because protection goals vary 
from minimal property protection to large-scale life safety, it is 
essential that hazards be identified and evaluated and that 
applicable design criteria be employed. 

5.4 Evaluation Considerations for Automatic Suppression 
Systems. 

5.4.1 If a recognized design standard is not the basis for a 
suppression system design or if a unique or innovative suppres
sion system approach is proposed, an evaluation of suppression 
system capabilities should be conside1·ed. Such an approach 
should include an analysis of the time to activation of the 
proposed suppression system compared to an evaluation of the 
"design fire" growth time with respect to the onset of flashover. 

5.4.2 Factors that significantly affect an automatic suppression 
system's ability to prevent flashover include fire growth rate, 
quantity and arrangement of combustibles, enclosure charac
teristics, oxygen availability, fire detector (sprinkler) response 
characteristics, agent application rate (density), agent 
discharge characteristics, and dmation of agent supply. 
Depending on the circumstances of the hazard and the level of 
protection required, some or all of the preceding factors might 
have to be evaluated to establish confidence in an automatic 
suppression system's ability to reduce the probability of flash
over significantly. 

5.5 Design, Installation, and Maintenance. The design, instal
lation, and maintenance of automatic suppression systems are 
covered by a number of NFPA standards, including tl1e follow
ing: 

(1) NFPA 12 
(2) NFPA 13 
(3) NFPA 130 
(4) NFPA 13R 
(5) NFPA 15 
(6) NFPA 16 
(7) NFPA 17 
(8) NFPA 17A 

(9) NFPA 25 
(10) NFPA 750 
(11) NFPA 2001 

Chapter 6 Oxygen Availability and Ventilation 

6.1 Considerations. 0)\.'Ygen availability or ventilation parame
ters can play a significant role in fire growth, the combustion 
process, and conditions that influence flashover potential in 
various types of fire scenarios. 

6.1.1 Typical Fire Scenarios. No1·mal air contains 20.9 percent 
oxygen, 79.1 percent nitrogen, and traces of other gases. In the 
combustion process, fuel combines with oxygen in air, and the 
size of a resulting fire can be limited by the amount of either 
fuel or oxygen available for the combustion process. In most 
common fire scenarios, it should be reasonable to assume that 
oxygen is supplied to the fire from the surrounding air and 
tl1at sufficient ventilation or air leakage paths are present to 
allow a continued supply of air and oxygen. The continued 
availability of air allows the growth of fire and the continued 
burning of contents, furnishings, or interior finishes in a 
compartment. 

6.1.2 Tightly Closed Compartments. In fire scenarios in 
which a compartment is tightly closed or lacks sufficient ventila
tion or air leakage paths, the available O)I.'Ygen is consumed in 
the combustion process until the oxygen volume concentration 
is reduced to between 8 percent and 12 percent. At these 
reduced O)I.'Ygen levels, the flaming combustion of content�. 
furnishings, or interi01· finishes in a compartment can cease, 
and the remaining oxygen will not be consumed. These conrli
tions can prevent the fire from growing to a size sufficient to 
produce flashover conditions. However, a sudden inu·oduction 
of air (and oxygen) can result in a highly dangerous, rapid 
combustion of products of incomplete combustion, called a 
backdmft. A backdraft might occur when doo1·s are opened or 
windows are broken in the process of manual firefighting. If 
operable windows are present or if fire doors are not self
closing 01· automatic closing or are not pwpedy maintained, 
tv;o scenarios should be considered to determine their reliabil
ity for limiting oxygen supplied to a fire. One scenario should 
involve an opening and one should have no opening. 

6.1.3 Vented Scenarios. In some fire scenarios, tl1ere is an 
abundance of ventilation in the form of a smoke/heat venting 
means 01· other exhaust mechanism that relieves sufficient heat 
and gases from a compartment, precluding the temperature 
rise conditions necessary to induce flashover (Hinkley, 1 988). 

6.2 Oxygen Consumption. 

6.2.1 Principle of Oxygen Consumption. A determination has 
been made that the heat released per unit mass of oxygen 
consumed is nearly constant for most 01·ganic fuel�. In air
limited fire scenarios, this value can be useful in determining 
whether the fire duration or maximum heat release rate 
predicted to cause flashover can be achieved. The value of heat 
released per unit mass of oxygen consumed is 13.1 kJ/g (on an 
oxygen basis). The value of heat released per unit volume of 

oxygen consumed, /'-,he x Po, , is 18.7 x 103 kJ/m3 (on an 
oxygen basis), at OOC. The corresponding values on an air basis 
are 3 kJ!g and 3.9 x 103 kJ/m3 (also at OOC). 

2021 Edition 
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6.2.2 Tightly Closed Compartments. 

6.2.2.1 In tightly closed compartments, flashover potential 
exists only if the heat released by the fire can exceed the heat 
release rate necessary for fla�hover using the Oll.'}'gen supply 
available in the compartment. 

6.2.2.2 The duration of burning in a tightly closed compart
ment can be estimated for steady fires and for unsteady fires in 
which tl1e heat release rate grows proportionally to the square 
of time (t-square fires). Estimations are based on the volume of 
the space and the heat release rate as shown in Equation 
6.2.2.2a for steady fires and Equation 6.2.2.2b for unsteady 
( t-square) fires. 

[6.2.2.2a] 

[6.2.2.2b] [ 3V. 
]1/3 

t =  :' (M, xpo. ) 
where: 

t = time (sec) 
V

o,, 
= volume of oxygen available to be consumed in 

combustion process {see 6.2.2.3} (m3) 
!'!l.h, x Po, = heat release per unit volume of oxygen consumed 

(kj/m3) 
Q = heat release rate from steady fire (kW) 

a = constant governing the speed of fire growth 
(kJ/sec3) 

6.2.2.2.1 Values of a for typical fire growths are a� shown in 
Table 6.2.2.2. 1 .  

6.2.2.2.2 The maximum heat release rate for the unsteady (t
square) fire can be estimated as follows in Equation 6.2.2.2.2, 
where tis the time, as determined from Equation 6.2.2.2b: 

[6.2.2.2.2] 

6.2.2.2.3 The equations consider the energy associated with 
the mass (or volume) of oxygen consumed in the compart
ment, and the energy is divided by the anticipated heat release 
rate of the fire. 

Table 6.2.2.2.1 Values of o. 

Speed of Fire 

Slow 
Medium 
Fast 
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SI Units 

2.93 X 10·3 kj/sec3 
11 .72 x l0"3 kj/sec3 

46.88 x 10·3 kj/sec3 

U.S. Customary 
Units 

0.00278 Btu/sec3 
0.0 1 1 1 1  Btu/sec3 
0.04444 Btu/sec3 

6.2.2.3 It can be estimated that the maximum volume of 
oxygen available to be consumed in the combustion pmcess is 
approximately half of the total available Oli.'Ygen, since flaming 
combustion usually is not sustained once oxygen concentra
tions fall to the range of 8 percent to 12 percent. 

6.2.3 Temperature Rise in Compartment. 

6.2.3.1 vVith the times of fire duration determined from Equa
tions 6.2.2.2a and 6.2.2.2b, Equation 6.2.3. 1 ,  based on the 
compartment volume (containing air as an ideal gas at 
constant pressure with constant specific heat), can be used to 
estimate the temperature rise in the compartment and to 
determine whether temperature conditions are sufficient for 
flashover (Milke and Movvrer, 1993). 

[6.2.3.1] 

!'!l.T= 1� [ exp(Q,, /Qo) - 1  J 
6.2.3.2 In Equation 6.2.3. 1 ,  Q,, is the net total heat released, 
which can be determined from Equation 6.2.3.2a or Equation 
6.2.3.2b, depending on the type of fire, and Qo is the total 
ambient energy of air in tl1e compartment, calculated using 
Equation 6.2.3.2c. 

Q,, = ( 1- xi. )Q (!'!J.t) (steady fires) 

CJ.t

3 
Q,, = ( 1- x�. )3 [unsteady (t-square) fires] 

[6.2.3.2a] 

[6.2.3.2b] 

[6.2.3.2c] 

6.2.3.3 The terms used in Equations 6.2.3. 1 ,  6.2.3.2a, 6.2.3.2b, 
and 6.2.3.2c are described as follows: x�. = fraction of heat loss to compartment boundaries (typical 
range, 0.6 to 0.95) 
Q = heat release rate of the fire (kW) 
a =  a constant governing the speed of fire growth (kj/sec3) 
�� = time period (sec) 
Po =  density of air (kg/m3) 
cp = specific heat of air [kj/ (kg K)] 
To = initial air temperature (K) 
V= volume of air in compartment (m3) 

6.2.4* Other than the method of analysis outlined using the 
equations in 6.2.2.2 through 6.2.3.3, there are computer-based 
models that can evaluate the oxygen depletion, ventilation, and 
heat transfer effects that impact the fla�hover potential in 
tightly closed compartments. 

6.3 Venting and Exhaust of Hot Smoke Layer. 

6.3.1 Smoke produced from a flaming fire in a space is 
assumed to be buoyant, rising in a plume above the fire and 
su·iking the ceiling or stratifying due to temperature inversion. 
The space can be expected to begin to fill with smoke, with the 
smoke layer interface descending. The descent rate of the 
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smoke layer interface depends on the rate at which smoke is 
supplied to the smoke layer from the plwne. This scenario 
assumes a two-zone model in which there is a distinct interface 
between the bottom of the smoke layer and the ambient air. 
For engineering purposes, the smoke supply rate from the 
plume can be estimated to be the air entrainment rate into the 
plume below the smoke layer interface. 

6.3.2 The heat that is convected upward into the space or 
compartment results in an increase in temperature in the 
smoke layer in the space. The provision of vents or mechanical 
means of exhaust can serve to t-emove the hot gases from the 
rising fire plume, which increases the amount of air entrain
ment and promotes a lower smoke layer temperature. With 
appropriate consideration given to the amount of venting or 
exhaust and the expected fire size, the compartment smoke 
layer gas temperatures can be limited below the 600°C thresh
old indicator fot- flashover. Additional guidance and calculation 
methods can be found in NFPA 92 and NFPA 204. 

Chapter 7 Predicting Flashover for Fire Hazard Calculations 

7.1 Background. 

7.1.1 General. The occurrence of flashover within a room is 
the ultimate signal of untenable conditions within the room of 
fire origin as well as a sign of greatly increased risk to other 
rooms within the building. A number of experimental studies 
of full-scale fires have been performed that provide an 
adequate but imprecise definition of flashover in terms of 
measlll-able physical propet-ties. Computer simulations of the 
growth of a fire within a room are available. 

7.1.2* Temperature. Temperature rise in the upper layer of a 
compartment has been used as a criterion for indication of 
flashover. Documentation indicates that a gas temperature rise 
at flashover of 600°C is a reasonable expectation. 

7.1.3* Heat Flux. Heat flux at floor level also has been used 
as a criterion for indication of flashover. Documentation indi
cates that a heat flux at floor level at flashover of20 kW/m2 is a 
reasonable expectation. 

7.2 Estimating Room Flashover Potential. 

7.2.1 * Room flashover potential is best estimated by using 
Thomas' flashover correlation (Thomas, 1981), as provided in 
Equation 7.2.la. The constants in Equation 7.2. l a  represent 
values correlated to experiments that produce flashover. 

[7.2.1a] 

Q =7.8J\oom + 378(1\�m�H-.m ) . equl\"<tlenl 

[7.2.lb] 

A = A + A . .  + A - (A ) � .. ·oom noor " '"te1hng ""\..':llls "\'enlS equio.oalem 

[7.2.lc] 

where: 

Q = heat release rate of the fire (kW) 
A ,  .... , = H,�"' "\�"' (m2) in which the product, H,�"' "\�"" 

represents the dimensions of an equivalent vent 
defined by Equation 7.2.la 

H venrequw· = difference between the elevation of the highest 
alenr point among all of the vents and the elevation of 

the lowest point among all of the vents (m) 
W, .• "' = width of a virtual vent that has an area equivalent 

equ;valenl (for tl1e purposes of determining flashover) to the 
combined area of all individual vents from the 
room of consideration (m) 

7.2.2* Alternative methods of estimating heat release at flash
over also have been reported (Babrauskas, 1980a; Babrauskas 
and Krasny, 1985; McCaffrey et a!., 1981; Quintiere, 1982; Deal 
and Beyler, 1990). A review of tedmiques for predicting flash
over has been conducted (Peacock et a!., 1999). 

7.2.3* General Information on Thomas' Correlation. 

7.2.3.1 The formulation of the energy balance considered 
only the heat losses from the hot gas layer and heated walls to 
the cooler lower walls and floor surfaces. The term Amom 
actually should include all surfaces inside the room, exclusive 
of the vent area. 

7.2.3.2 The fire area should not be subtracted from the floor 
area, because the fire conducts and convect� heat into the floor 
underneath the fuel footprint. 

7.2.3.3 Equation 7.2.1a is not dependent on the location or 
form of the vent (a window or a door); however, the equation 
was developed from tests where venting was through a window 
as well as a door. 

7.2.3.4 Equation 7.2.la does not address the external insula
tion of the walls. Thus, using the equation for compartments 
with thin metal walls might be inappropriate. 

7.2.3.5 Equation 7.2.la was developed from tests using fast
growth fires and has not been vet-ified for fires that grow slowly 
or at moderate rates. 

7.2.3.6 Equation 7.2. l a  was developed from experiments 
conducted in rooms not exceeding 16 m2 in floor area. Exu-ap
olation of the results from this equation for application to 
rooms vvith much larger floor areas might not be valid. 

7.2.3.7 Equation 7.2.1a is not valid fot- compartments without 
ventilation, because it would predict the possibility offlashovet� 
which would be unlikely due to oxygen starvation of the fire. 

7.2.3.8 The experiments used to develop this equation inclu
ded the use of compartments with thermally thick walls and 
wood crib fires. The validity of the equation was later 
confirmed in gypsum-lined rooms using furnitut·e fires (Parker 
and Lee, 1973). Its validity for other surfaces or fire sources has 
not been fully established. 

7.2.4 SFPE S.Ol ,  1-,ngineming Standard on Calculating Fin1 Expo
sures to Structun1s, provides a methodology on how to determine 
whether flashover is expected to occur when predicting boun
dary conditions for fully developed fit-es to a structure. 
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Chapter 8 Fuel Package Definition 

8.1 Introduction. This chapter describes methods for defin
ing a fuel package for use in predicting heat release rates, 
compartment temperatures, and flashover potential. 

8.2 Fuel Package. The two aspects of fuel packages that are 
discussed in this chapter are the definition of a fuel package 
and the ignition of a fuel package due to heating by another 
fuel package within the compartment. 

8.3 Defining Fuel Packages. 

8.3.1 Guidance. This section includes some simple definitions 
of fuel packages. These definitions should be used for guid
ance rather than as strict definitions. 

8.3.2 Proximity. Objects that are close enough in physical 
proximity so that continuous flame spread from item to item is 
possible generally are considered to be a fuel package. In such 
a simation, the ignition delays associated with object-to-object 
spread do not dominate the heat release rate history. 

8.3.2.1 Items that are so far away from other items or fuel 
packages that they cannot be ignited by heat transfet· from 
other items or fuel packages are not considered a part of a fuel 
package. 

8.3.2.2 Items that are near enough to other items or fuel pack
ages that ignition of an item is possible due to heat transfer 
from other items or fuel packages are not included as part of a 
fuel package if any of the following apply: 

(1) The ignition delay is sufficiently long that the peak heat 
release rate will have passed before the item reaches its 
peak burning rate. 

(2) The methods of Chapter 8 cannot be reasonably used if 
the item is included a� part of a nearby fue I package. 

(3) Both 8.3.2.2(1) and 8.3.2.2(2) apply. 

Chapter 9 Estimation Techniques for Heat Release Rate 

9.1 * Introduction. This chapter present� techniques for esti
mating the heat release rate for various individual items or 
products in a compartment, based on the results of direct 
measurements. Heat release rate is a crucial property for assess
ing fire safety, because its maximum value is the numerical 
representation of the peak intensity of a fire. Therefore, esti
mates of heat release rate are critical in predicting whether 
flashover can occur in a compartment, based on the items or 
products contained in the compartment and the distances 
between them. Sections 9.2 through 9.8 present a hierarchy of 
the preferred techniques for such estimates. The following 
guidance documents issued by standards-making organizations 
will be of assistance to anyone considering methods for evaluat
ing potential for flashover: 

( 1) ASTM E2061, Guide for Fi:re Hazard Assessment of Rail Tmns
pm·tation Vehicles, investigates fire hazard assessment in a 
specific occupancy, such as a rail transportation vehicle, 
which is one type of comparnnent. 

(2) ASTM £2280, Guide for the Fz1·e Hazard As5essment of the 
l!.Jfect of Upholstered Seating Fumiture Within Patient Rooms of 
Health Cm-e Facilities, investigates fire hazard assessment of 
a specific pmduct, such as upholstered furnimre in a 
patient room of a health care occupancy. 

2021 Edition 

(3) NFPA 556 investigates the use of such techniques, as well 
as others, to evaluate and lower fire hazard in passenger 
road vehicles, such as cars. 

9.2 Preferred Hierarchical Order. The preferred hierarchical 
order indicates that the reliability of results is likely to decrease 
as the order of technique descends from the optimal to other 
types. Tests on individual materials and comparative estimates 
are the techniques with the lowest reliability for assessing tl1e 
potential for room flashover. The optimal technique is a full 
compartment test that includes items or products contained in 
the comparnnent, with the distances between items and prod
ucts identical to those in the compartment of interest. The 
applicable techniques are described in more detail in Sections 
9.3 tJu·ough 9.8. The preferred hierarchical order is as follows: 

(1) A full compartment fire test, including all items expected 
to be contained within the compartment 

(2) Full-scale fire tests on individual items 
(3) Tests on large-scale mock-ups of individual items 
( 4) Bench-scale tests, using composite samples representative 

of the end-use composite assemblies 
(5) Bench-scale tests using individual materials rather than 

composites as samples 
(6) Use of estimation techniques for calculating heat release 

rate in the compartment as determined from the results 
of tests in 9.2(1) through 9.2(5). This might be done by 
one of the following: 

(a) Quantitative estimation techniques 
(b) Relative estimation techniques 

9.3 Full-Compartment Fire Tests. 

9.3.1 Ideally, the heat release rate from the combination of 
contents, furnishings, and interior finishes contained in a 
compartment is obtained by carrying out a full compartment 
fire test, whet·ein each major combustible item, product, or fuel 
package is included, replicating a� much a� possible the loca
tions where the items are to be placed in the compartment 
under investigation. ASTM E603, Guide for Room Fi1-e Expe1iments, 
provides proper guidance for the various choices that should 
be made. These include information on operator safety and on 
the most appropriate experimental techniques for various 
measurements. This approach is best suited for cases where 
multiple compartments \vith very similar contents and distribu
tions are to be consn·ucted. ASTM £2067, Practice for Full-Scale 
Oxygen Consumption Calmimetry Fire 11>.sts, describes the methods 
to construct, calibrate, and use full-scale oxygen consumption 
calot·imeters to help minimize testing result discrepancies 
between laboratories. The ASTM E2067 practice goes beyond 
standardized test methods in discussing the conduction of 
different types of tests, including some in which the objective is 
to assess comparatively the fire performance of products releas
ing low amounts of heat or smoke and some in which the 
objective is to assess whether flashover will occur. It also 
describes the equations required for calculations of heat and 
smoke release. 

9.3.2 One of the most important issues that needs to be 
addressed by the designer of a full-scale test is the selection of 
an ignition source. 

9.3.2.1 If the only objective is to ensure that flashover cannot 
occur \vith the existing combustible contents, the size of the 
ignition source used is of little importance as long as it is not 
large enough to cause fla�hover on its own. An initial test 
should be carried out, with the ignition source as the only item 
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present, to confirm that flashover does not occur in the 
absence of other combustible items. The objective of this test is 
extremely limited. 

9.3.2.2 If the experiment is being carried out to determine 
the fire hazard inherent in the compartment being considered, 
the choices of ignition source and its location are crucial to the 
results of the test. They should be chosen to represent a realis
tic fire source in the occupancy under investigation. 

9.3.2.3 If the experiment is being carried out in order to make 
a decision between various types of items or fuel packages of a 
particular type (e.g., an upholstered chair m- a mattress), the 
ignition source should be sufficiently large to be a realistic fire 
source but small enough so that total consumption of the item 
is not inevitable. Therefore, the ignition source for such a full
scale test should not be so large as to overwhelm the product, 
irrespective of its fire performance. 

9.3.3 Disadvantages to carrying out full compartment fire tests 
include the following: 

(1) They are costly, both in tet-ms of actual expense and in 
terms of preparation. 

(2) They are less susceptible to generalization, because small 
differences in item or fuel package location can have 
major effects on fire performance. 

(3) They cannot easily identity the effect� of individual items 
or fuel packages on the overall fire performance of the 
whole compar011ent. 

9.3.4 The ultimate objective of the tests should be to deter
mine whether the comparunent, as configured, is expected to 
reach flashover. If flashover is not reached, the results can be 
used for comparisons between items or products with similar 
fimctions but differing construction or materials. Results from 
tests that do not reach flashover should be compared with the 
calculated heat release rates necessary for fla�hover or the 
upper gas layer temperatures necessary for flashover. The 
potential for flashover should be assessed in light of the repro
ducibility of test results and the impact of test result variability 
on achieving flashover conditions. 

9.3.5 The concept of the typical heat release curve for residen
tial fires is based on work of Simon lngberg of the National 
Bureau of Standards. He published a paper in 1928 on the 
severity of fire in which he equated the gross combustible fuel 
load (combustible content in mass per unit area) to the poten
tial fire exposure in terms of duration of exposm-e to a fire 
following the standard (ASTM E l l 9, Test Methods for Fzt-e Tests of 
Building Construction and MatetiaL�) time-temperantre curve for 
fire resistance tests. This means that Ingberg demonstrated that 
the standard ASTM E l l 9  fire curve was representative of the 
typical severity of the fires associated witl1 combustible contents 
present in buildings in the 1920s (i.e., their fire load). Mot-e 
recent studies, (e.g., by UL) where full scale experiments were 
conducted to examine the changes in fire development in a 
modern room's contents versus contents that might have been 
found in a mid-20th century house (legacy rooms). The 
modern rooms utilized synthetic contents that were readily 
available new at various ,-etail outlets, and the legacy rooms 
utilized contents that were purchased used from a number of 
second-hand outlets. The rooms measured 3.7 m by 3.7 m with 
a 2.4 m ceiling and a 2.4 m wide by 2.1 m tall opening on the 
front wall. Both rooms contained similar types and amounts of 
like fi.Jrnishings. Both rooms were ignited by placing a lit 
candle on the right side of the sofa and allowed to go to flash-

over and maintain flashover for a period of time before being 
extinguished. The fire in the modern room transitioned to 
flashover in 3 minutes and 30 seconds; the fire in the legacy 
room did the same (with a slightly lower peak temperature) 
after 29 minutes and 30 seconds. It is clear that modern rooms 
result in hotter fires that go to flashover fastet� so that the time 
temperature curve of the ASTM E l l 9  fire test (which is based 
on tl1e fire growth in legacy rooms) is less likely to be represen
tative of the actual fire hazard. Therefore, protection required 
in the 21st century must be at least as high as that required in 
the 1970s. This might need to be taken into account when 
assessing heat release for flashover. 

9.4 Full-Scale Tests on Individual Items or Fuel Packages. 

9.4.1 General. 

9.4.1.1 Full-scale tests have been developed for a variety of 
individual items, including \vall finish, upholstered furnintre, 
and mattresses. Full-scale tests also can be conducted on indi
vidual fuel packages in the same way in which they are conduc
ted for individual items. The choices of ignition source and 
location are crucial to the results of the test. They should be 
chosen to represent a realistic fire source in the occupancy 
under investigation. 

9.4.1.2* If it is possible that items or fuel packages could dete
riOI-ate through normal use or special situations, such as 
vandalism, additional tests might be necessary to evaluate the 
items after a suitable period of use or after the occunence of 
such special situations (e.g., slashed cover and barrier). 

9.4.1.3* If quantitative precision or bias statements have not 
been developed for the full-scale tests used, compensation 
should be made for the lack of information regarding precision 
or bias. 

9.4.1.4 Aesthetic design as well as geometric and spatial 
configuration can have significant influence on the ignition 
and burning properties of all items used for room contents, 
furnishings, and interior finishes. The issues of design, geome
try, and spatial configuration are far too complex, important, 
and detailed to cover in this document. The references 
contained in Chapter 2 and Annex C provide resources on 
these subjects. 

9.4.1.5* The number of material combinations that can be 
used in the construction of room fm-nishings is almost infinite. 
Heat release rate values for each of the composite items are 
likely to vary significantly and unpredictably from one compo
site type to another. Component materials can produce signifi
cantly differing heat release values, depending on the presence 
of the other materials and on the physical design or geometry 
of the item. Thus, the value of design rules of thumb is limited 
and does not guarantee low rate of heat release values. Product 
testing therefore is necessary to determine the heat release rate 
fm any given item. 

9.4.2* Wall Finish. Full-scale fire performance of wall finishes 
can be tested by means of NFPA 286, NFPA 265, ASTM E2257, 
Test Method fm· Room FiTe Test of Wall and Ceiling MatetiaL� and 
Assemblies, or ISO 9705-1, Reaction to FzTe Tests - Room Corner Test 
fm· Wall and Ceiling Lining Products - PaTt 1: Test Method fm· a 
Small Room Configumtion. NFPA 286 is intended to assess heat 
release and smoke release from interior finish products, with 
the exception of textile wall coverings, and it applies to wall 
and ceiling finishes. The reason for its bmadet· applicability 
than NFPA 265 is that its ignition source is sufficiently large 
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(160 kW, after 5 minutes of test, with the burner flush against 
the corner) that it generates flames that reach the ceiling of 
the standard room. 

9.4.3 Upholstered Fumiture. 

9.4.3.1 Full-scale fire perfonnance of upholstered fi.trniture 
can be tested by means of ASTM E1537, 1est Method far Fire Test
ing of Upholstered Furniture. 

9.4.3.2 ASTM E l 537, 1est Method far Fire Testing of Upholstered 
Fumitm-e, requires noting in the test report whether the uphol
stered furniture item generates flaming droplet� during the 
test. The rationale for that requirement is that flam..ing droplets 
have the potential to spread the fire along the floor away from 
the burning furniture item. 

9.4.3.3 Models exist that allow the effects of reradiation from 
room walls on heat release rate to be added to the results of the 
test� carried out in a furniture calorimeter. These effects are 
negligible unless the peak heat release rate of the fi.Jrniture 
item exceeds 600 kW if tested in a furnimre calorimeter or in a 
room of dimensions ranging from 2.5 m x 3.7 m to 3 .1  m x 

3.7 m, with a height of 2.5 m. If the heat release rate is that 
high, the importance of minor effects is probably of little 
consequence in a flashover prevention strategy (Parker et al., 
1990). 

9.4.4* Mattresses. 

9.4.4.1 Full-scale fire performance of mattresses can be tested 
by means of ASTM E1590, Test Method fvr Fi-re TI'-Sting of 
Matt?-esses. 

9.4.4.2 ASTM E1590, Test Method fo·r Fin! Testing of Matl1-esses, 
t-equires noting in the test report whethet- the mattress gener
ates flaming droplets during the test. The rationale for the 
requirement is that flaming droplets have the potential to 
spread the fire along the floor away fmm the burning mattress. 

9.4.4.3 Models exist that allow the effects of reradiation from 
room walls on heat release rate to be added to the results of the 
tests carried out in a furnimre calorimeter. These effect� are 
negligible unless the peak heat release rate of the mattress 
exceed� 600 kW if tested in a fi.trnimre calorimeter or in a 
mom of dimensions ranging from 2.5 m x 3.7 m to 3 .1  m x 

3.7 m, witl1 a height of 2.5 m. If the heat release rate is that 
high, the importance of minor effects is probably of little 
consequence in a flashover prevention strategy. 

9.4.5 Stacked Chairs. 

9.4.5.1 Full-scale fire performance of stacked chairs can be 
tested by means of ASTM E1822, Test Method joT Fire Jesting of 
Stacked Cha i1-s. 

9.4.5.2 The concept� discussed for upholstered furnintre and 
for mattresses also apply to stacked chairs. However, it is impor
tant to note that the accelerating effect of stacking combusti
bles will result in a significantly larger heat release from a stack 
of combustibles than from the same combustibles placed side 
by side. Smdies on the heat release of stacked chairs (Hirschler 
and Trevino, 1997) have shown that self-propagating fires 
(which are likely to lead to flashover if sufficient combustibles 
are present) can result from stacking individual chairs, each 
one of which generates low heat release. 
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9.4.6 Electrical and Optical Fiber Cables. 

9.4.6.1 Heat release of electrical or optical fiber cables is often 
assessed by conducting vertical cable tray fire tests. 

9.4.6.2 It has been shown that when vertical cable tray fire 
tests are conducted on elecu-ical and optical fiber cables using 
test methods such as ASTM D5537, Test Method for Heat Release, 
Flame Sp·t-ead, Smoke Obscumtion, and Mass Loss Testing of Insulat
ing Material5 Contained in Electrical ar Optical Fiber Cables When 
Bu·ming in a Vertical Cable Tray Canfigumtion; UL 1685, Vertical
Tray Fi1·e-Propagation and Smoke-Release 1est fm· E'lect1"ical and 
Optical-Fiber Cables; or BS EN 50399, "Common test methods fot
cables under fire conditions. Heat release and smoke produc
tion measurement on cables during flame spread test. Test 
apparatus, procedures, results," all of which assess heat and 
smoke release of bunched cables, the heat release rate results 
give adequate indications of the fire performance of such 
cables in realistic scenarios (Grayson et al., 2000; H..irschler, 
1992a and 1992b; H..irschler, 1996; H..irschler, 1997; Van Hees et 
al., 1999 and 2000). 

9.4.6.3 It also has been shown that tl1e heat release rate results 
from these vertical cable tray tests can be, to some extent, 
predicted from test� using the cone calorimeter test as applied 
to electrical cables, namely ASTM D6113, Test Method far Using a 
Cone Calmimeter to Determine Fire-Test-Response Cha-racteristics of 
Insulating Mate1"ials Cantained in Elect1"ical or Optical Fiber Cables, 
when testing is conducted at tl1e appropt-iate initial test heat 
flux, which is often considered to be in the range of 20-
40 k\<\T /m2 (Grayson et a!., 2000; Hirsch let� 1994). 

9.4.6.4 Moreover, heat release result� of cable fire test� 
conducted in accordance with ASTM D6113 can often be 
predicted also from heat release results on the materials 
contained in the cables when conducted in the generic cone 
calorimeter test method, ASTM E1354, 1est Method for Heat and 
Visible Smoke Release Rates for Mate1"ials and Products Using an 
Oxygen Consumption Calorimeter (Barnes et al., 1996a and 
1996b). 

9.4.6.5 An alternate approach to predicting the vertical fire 
propagation of vertical cables is the use of FM fire propagation 
apparatus in ASTM E2058, 1est Methods for Mea.mnmtent of Mate-
1"ial Flammability Using a Fi1-e Propagatian Appamtus (FPA), or FM 
3972, 1est Standard jo1· Cable Fire Propagation (Tewarson and 
Kahn, 1989). 

9.4.7 Other Items. 

9.4.7.1 Full-scale fire performance testing of other items 
should be performed by designing specialized tests for the item 
under consideration. Similar types of criteria related to the 
documents referenced in 9.4.2, 9.4.3, 9.4.4, and Section 9.5 
should be developed. Items or fuel packages of potential inter
est include pallet� of storage commodities, case goods, and 
cleaning supplies. 

9.4. 7.2 It is recommended that ASTM E603, Guide far Room Fi.111 
Experiments, and ASTM E2067, Practice far Full-Scale Oxygen 
Consumption Calorimet1)' FiTe 1ests, be used as sources of informa
tion for developing the test and for making the measurements. 

9.4.7.3 Currently, no standard full-scale fire test exists for floor 
finish (see A.9.6.4). In genet-a!, floor finish is not involved in 
fires until flashover is approached. 
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9.4.7.4 Furniture Calorimeter Tests. 

9.4.7.4.1 Furniture calorimeter test methods are useful tech
niques to assess the heat release and other fire properties of 
individual fuel packages. Such tests consist of an ignition 
source that exposes a pr·oduct or an individual fuel package, 
with the ignition source and the item to be exposed placed on 
a load cell and under a hood. 

9.4.7 .4.2 UL 1975, Fire Tests for Foamed Plastics Used for Dewrative 
Purposes, was developed with the intent to assess the heat 
release and rate of fire development of products containing 
foamed plastics to be used for displays, stage settings, and other 
decorative applications. It uses a 12 oz (340 g) wood crib as the 
ignition source. It is being used in codes for other products, 
usually ones containing foam plastics, including signs and 
components of children's playgrounds. 

9.4.7.4.3 More recently, NFPA 289 was developed as a generic 
furnin.H·e calorimeter test, which uses several gas burnet· igni
tion sources at incident gas levels of 20 kW, 40 kW, 70 kW, 
100 kW, 160 kW, and 300 kW, to expose individual fuel pack
ages. It is normally used in codes at the incident gas level of 
20 kW, typically for decorative materials (such as artificial vege
tation, including Christmas trees) and as a potential replace
ment for UL 1975. NFPA 289 can also be used at other incident 
gas levels when intended for research, such as the assessment 
of probability of flashover. 

9.4.7.4.4 In spite of tl1e name, furnin.rre calot·imeter tests are 
not limited to exposing furnin.rre. However, standard test� 
intended to assess the fire performance of upholstered furni
ture and mattresses, such as ASTM E1537, Test Method for Fin1 
Testing of Uphol5tered FurnitunJ and ASTM E1590, Test Method for 
Fi:re Testing of Mattresses, can be conducted in both a room and 
as furniture calorimeter tests. 

9.4.7.5 Individual Fuel Packages. 

9.4.7.5.1 The contribution of an individual fuel package to 
fire growth can be determined by product calorimeter fire test 
methods. NFPA 289 should be used for fire testing and general 
ranking of individual fuel package materials and decorative 
objects. 

9.4.7.5.2* The individual fuel package, in its intended form 
and orientation, is positioned on a load cell and is exposed to 
and ignited by a gas burner with a heat output representative of 
the type of individual fuel package and its intended applica
tion. It is recommended that the individual fuel package be 
exposed to various ignition sources to assess the potential for 
the fuel package to cause flashover in the end-use application. 
Typical heat output levels used in product calorimeter fire test 
methods include 20 kW, 40 kW, 70 kW, 100 kW, 160 kW, and 
300 kW, witl1 exposures for 15 minutes. 

9.4.7.5.3 A full description of the fuel package and time 
history profile of the quantitative test data should be reponed 
(heat relea�e. smoke release, mass loss, and combustion prod
uct release). A qualitative description of individual fuel pack
age performances should also include the following: 

(1) Flame spread on or within the individual fuel package 
during exposure 

(2) Presence of falling debris or burning droplets on the 
protective barrier that persist in burning for 30 seconds 
or more 

(3) Visibility information in the fire test area 

(4) Other pertinent details with respect to fire growth 
(5) Falling debris or melting or dt·ipping of matel'ials 

9.4.8 Advantages and Disadvantages. The use of tests on indi
vidual items has both advantages and disadvantages over testing 
all components of a comparonent. 

9.4.8.1 The advantages of testing individual items include the 
following: 

(1) Lower cost 
(2) Greater specificity on the individual importance of the 

item under test 
(3) Easier identification of the effects of composition or 

construction of the item under test on anticipated fire 
performance 

9.4.8.2 The m�or disadvantage of testing individual items is 
that the test is incapable of identifYing the effect of the item 
being tested on the remaining items in the companment. 

9.4.9 Assessing Results. To a�sess whetl1er the comparonent, 
as configured, is likely to reach flashover� tests should be 
carried out on all major items and the results combined. The 
simplest way to combine the results is to add the peak heat 
release rates obtained from the individual items and to 
compare them witl1 the predicted heat t·elease rate necessary 
for flashover as determined from Chapter 7. This method can 
be improved by combining the concept of ignition of "second" 
items due to the t·adiation fi·om burning items, based on the 
ignition propensity of each item and the distance between 
them (Babrauskas, 1981-82) (see also 10.3. 3). A further 
improvement involves the use of an applicable modeling tech
nique, incorporating experimental fire test data, to predict the 
potential interactions between the burning items. 

9.5 Tests on Large-Scale Mock-Ups of Individual Items. 

9.5.1 The effects of product composition on fire performance 
can be predicted to a considerable extent by carrying out large
scale fire tests on mock-ups of individual items (e.g., for uphol
stered furniture, see ASTM E1537, Test Method for FinJ Testing of 
UjJholstered Furniture) . Such tests should be done in the same 
way as the tests on full-scale products. 

9.5.2 This technique does not provide the investigator \vith an 
understanding of the effects of construction on fire perform
ance. 

9.5.3 For tests of upholstered fmniture, it has been suggested 
that fire performance predictions can be improved by includ
ing factors associated with the mass, the type of frame, and the 
style of construction (Babrauska�. 1979, 1980b, 1983; Ames et 
a!., 1992; Krasny et al., 2001). All of the aforementioned varia
bles have important effects on heat release; insufficient quanti
tative information exists to allow estimates of the full-scale 
effects to be made. 

9.5.4 Such testing should not be confused with testing on 
small-scale mock-ups, which very often is unsatisfactory because 
the effect� of radiation from the flame are missing. 

9.6 Bench-Scale Tests on Composite Samples. 

9.6.1 General. Heat release and other fire test response char
acteristics of upholstered furnimre or mattress composites in 
bench scale can be detet·mined by using an application of the 
cone calorimeter (ASTM E1354, 1est Method for Heat and Visible 
Smoke Release Rates for MateriaL� and Products Using an Oxygen 
Consumption Calorimeter) , as specified in ASTM E1474, Test 
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Method for Determining the Heat Release Rate of Upholstered Furniture 
and Mattress Components or Composites Using a Bench Scale Oxygen 
Consumption Calorimeter, at an incident radiant heat flux of 
35 kW/m2. 

9.6.1.1 It is more critical to predict a full-scale heat release 
t-are that is consistent with an inability to escape safely (Sund
strom, 1995) rather than use a regulat01y pass/fail criterion, 
which may be arbiu-ary. A number of studies attempting to 
t-elate test results fi-om bench-scale tests to fire performance in 
full-scale tests have been conducted, and some of these are 
discussed in 9.6.1.2 through 9.6.1.9. The peak heat release rate 
and the average (3-minute) heat release rate of fi.trniture 
composites i.n the cone calorimeter (ASTM E l 354, Test Method 
fo-r Heat and Visible Smoke Release Rates for Materials and Products 
Using an Oxygen Consumption Calorimete-r) can be used to deter
mine whether or not the composite, if used in an actual chair 
configuration, will lead to a self-propagating fire, thus increas
ing the potential fot· flashover. It is important to note that the 
data published to date have failed to show consistent correla
tion between bench-scale and full-i!cale testing for fire test 
t-esponse characteristics. 

9.6.1.2 Estimations have been made of peak heat release rate 
data in the full-scale furniture fire test specified in ASTM 
E1537, Test Method for Fire Jesting of Upholstered Furnitu1·e, based 
on the cone calorimeter (ASTM E1474, Test Method fo-r Determin
ing the Heat Release Rate of Upholstered Furniture and Mattress 
Components or Composites Using a Bench Scale O�)•gen Consumption 
Calmimeter). The initial work, done cooperatively by NIST and 
the California Bureau of Home Furnishing and illustrated in 
Figure 9.6.1.2, suggested that the average (3-minute) heat 
release rate is capable of predicting full-scale peak heat release 
rate. Figure 9.6.1.2 compares the average rates of heat release 
obtained ft-om the cone calorimetet- (ASTM E l 354, Test Method 
fo-r Heat and Visible Smoke Release Rates for Mate1ials and Products 
Using an Oxygen Consumption Calmimete-r) at an incident flux of 
35 kW /m2 with the full-scale test (ASTM E1537, Test Method fm· 
Fin: Jesting of Upholstered Furnitu-re) peak rates of heat release. 
The work suggested that there is a threshold at approximately 
100 kvV/m2, so that systems that generated values below this 
threshold at-e not likely to develop self-propagating fires when 
they are made into actual fi.trniture. Similarly, it suggested that 
average heat release rate values above 200 kW/m2 are likely to 
result in fi.trnintre that can cause self�propagating fires. The 
follmvi.ng equation determines the non-self�propagating fire 
region found by that study as follows: 

[9.6.1.2] 

Q (full scale) = 0.75 xQ" 

where: 

Q (full scale) = peak rate of heat release in ASTM E1537 (kW) 

Q" = average (3-minute) heat release rate per unit 
area in ASTM E1474, Test Method for Determining 
the Heat Release Rate of Upholstered Furniture and 
Mattress Components or Composites Using a Bench 
Scale Oxygen Consumption Calmimete-r, at an inci
dent flux of 35 k\I\Tjm2 (Parker et a!., 1990) 

9.6.1.3 Anothet- series of test� were carried out in which nine 
chairs were tested in ASTM E1537, Test Methodfm· Fin: Jesting of 
Upholstered Furniture, and the systems were tested in the cone 
calorimeter (although not following the procedure in ASTM 
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F1GURE 9.6.1.2 Relation of the Results of Full-Scale 
Upholstered Furniture Tests with the Average Rate of Heat 
Release from the Cone Calorimeter. 

El 474, Test Methodf&r Detennining the Heat Release Rate of Uphol
stered Furniture and Mattress Components m· Composites Using a 
Bench Scale Oxygen Consumption Calmimeter) . All systems had d1e 
same foam, interliner, and chair construction but used differ
ent fabrics. Figure 9.6.1.3 shows the relationship of the results 
of one series of full-scale (ASTM E l 537) upholstered furniture 
tests with the peak rate of heat release from the cone calorime
ter (ASTM E1354, Test Method for Heat and Visible Smoke Release 
Rates for Male!iaLs and Products Using an Oxygen Consumption Calo-
1·imeter) , at an incident flux of 35 kW /m2. It illustrates a linear 
relationship betw·een the peak (not average) heat release rate 
in the cone and the peak heat release rate in the full-scale test, 
\vi.d1 a regression correlation coefficient of 86 percent from the 
results of that sntdy (Hirsch let� 1995). 

9.6.1.4 It was also estimated that, if the 3-minute average heat 
release rate in the cone calorimeter was under 160 k\1\T /m2, the 
composite, when made into a standard mock-up upholstered 
furniture item, would be vety unlikely to lead to a self� 
propagating fire (Hirschler, 1999). The cone calorimeter was 
not being used, in this regard, as a direct predictor of full-scale 
heat release rate, but rather as an indicator of the probability 
of a composite to be made into an item of upholstered furni-
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ture with good fire performance. The results of this approach 
suggested that there is a "zone" (with low cone average heat 
release rate and low standard mock-up peak heat release rate) 
for which furnintre upholstety systems are likely to lead to safer 
constructions, within a reasonable probability. 

9.6.1.5 It should be stated, however, that such estimations are 
heavily dependent on the systems tested. Figure 9.6.1.5 shows 
the relationship of the results of tht·ee series of full-scale 
(ASTM E 1537, Test Method for Fire Testing of Upholstered FurnitU?-e) 
upholstered furniture tests with the peak rate of heat release 
fi·om the cone calorimeter (ASTM E1354, Test Method jllr Heat 
and Visible Smoke Release Rates for Materials and Products U5ing an 
Oxygen Consumptiun Calorimeter) , at an incident flux of 
35 kW /m2, and with correlation coefficients of 86 percent, 
77 percent, and 73 percent. It indicates that, for three separate 
series of tests, the regressions found, although all lineat� con·e
sponded to dillerent linear equations (Hirschler, 1995). 

9.6.1.6 Other studies have also been made (Sundstrom, 1995; 
Forsten, 1995; Ohlemiller and Shields, 1995; ACT/DFA, 1995). 
These studies have shown different types of estimations and 
have highlighted some difficulties. 

9.6.1.7 Other smdies in the cone calorimeter using incident 
heat fluxes of 25 kW/m2 (Hirschler and Smith, 1990) and 
30 kW /m2 (Ames et al., 1993) have also been made. 

9.6.1.8* Input from the cone calorimeter (ASTM E1474, 1est 
Method jm· Determining the Heat Release Rate of Upholstered Furniture 
and Mattress Components or ComjJ0.5ites Using a Bench Scale Oxygen 
Cunsumptiun Calorimeter) and from the Lateral Ignition and 
Flame Spread Test (LIFT) apparatus (ASTM E1321, Test Method 
for Determining Material Ignition and Flame Spread Properties) can 
be used for predictions of furniture fire growth in a compart
ment. 

9.6.1.9 Correlation between bench-scale and full-scale test 
t·esults might be impt·oved by incorporating factors that repre
sent the effects of total mass, frame materials, frame style, and 
fi.lrnintre design. 

9.6.2 Bedding Materials. 

9.6.2.1 Recent work has shown that estimates simil a r  to those 
for upholstered furniture also apply to mattresses, relative to 
ASTM E1474, Test Method for Determining the Heat Release Rate of 
Upholstered Furniture and Matt1·ess Compunents or Composites Using a 
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FIGURE 9.6.1.5 Three Series of Full-Scale Upholstered 
Furniture Tests with the Peak Rate of Heat Release from the 
Cone Calorimeter. 

Bench Scale Oxygen Cunsumptiun Calorimeter, and ASTM E1590, 
Test Method jllr Fi1-e Jesting of Matt1-esses (Babrauskas, 1993). 

9.6.2.2 Experience has shown that bedding materials can 
substantially affect heat release from mattresses, particularly 
whet·e tl1e mattress itself has demonsu·ated fairly poor fire 
performance. Thus, in general, tests with mattresses and 
bedding are of interest mainly for systems with fairly high heat 
release rate values. 

9.6.3 Wall Lining Materials. 

9.6.3.1 * Several fire models can predict heat release and fire 
growth of wall linings in a comparUnent. 

9.6.3.2 A standard application procedure, fow1d in ASTM 
E1740, Test Method for Determining the Heat Release Rate and Other 
FiTI'-Test-Respunse Chamcteristics of Wall Covering 01· Ceiling Covering 
Composites Using a Cune Calmimetm� has been developed for 
using the cone calorimeter with wall linings. For that standard, 
some of the issues regarding mounting techniques have been 
investigated (Fritz and Hunsberger, 1992). 

9.6.3.3 It has been shown that the addition of up to two coats 
of paint on materials pt·eviously shown to have an acceptable 
fire performance as interior wall or ceiling finish materials is 
unlikely to change their fire performance to a significant 
extent (Waksman and Ferguson, 1974). The presence of multi
ple layers of paint on an interior surface (especially if one or 
more are partially peeling off) is a cause of potential added fire 
hazard, as the fire performance of the wall lining will be signifi
cantly worse than that associated with the material originally 
installed. 

9.6.4* Floor Fmish Materials. It has been shown that carpets 
can be tested in the cone calorimeter (ASTM E1354, 1est 
Method for Heat and Visible Smoke Release Rates jo1· Mate1ials and 
Products Using an Oxygen Cunsumption Calorimeter) at incident 
heat fluxes of 25 kW/m2 to 30 kW/m2 (Briggs et al., 1992; 
Ames et al., 1993; Hirschler, 1992a; Tom ann, 1993). Lower heat 
fluxes might be more appropriate for testing floor finish prod
ucts. 

9. 7 Bench-Scale Tests on Individual Materials. 

9.7.1 Tests on individual materials offer important input infor
mation to fire safety analyses resulting from products burning 
in a room. This is especially important in terms of me emitted 
heat release rate. However, information on materials cannot 
address the issue of tl1e potential interaction (synergistic or 
antagonistic) between the various materials contained in a 
product. 

9. 7.2 Results of fire tests on materials, d1erefore, are useful 
eitl1er as a predictor of the relative performance of the materi
als (based on the assumption that interactions between materi
als are negligible) or as input into specific fire models 
developed to predict the fire performance of products from 
that of the component materials. 

9.7.3 Two methods have been proposed as empirical relative 
analyses of overall material fire performance. Both methods 
require testing of materials in the cone calot·imeter (ASTM 
El 354, Test Method joT Heat and Visible Smoke Release Rates for 
Mate1ials and Products U5ing an O:>.:)'gen Cunsumptiun Calorimeter) . 

9.7.3.1 The first method is an empirical relationship for 
predicting time to flashover from room wall lining materials in 
the same test as that covered by the Eurefic model specified in 
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ISO 9705-1, Reaction to Fin: Tests - Room Comer 1est for WaU and 
Ceiling Lining Products - PaTt 1: Test Method joT a Small Room 
Config;umtion (options 100 kW and 300 kW; three walls and ceil
ing covered). This method has been applied successfully to the 
Eurefic test data. It uses input data from the cone calorimeter 
and the following equation: 

[9.7.3.1] 

k 
t;gn,{p k t , = + � + ' Jo a 

/...t Q 
.. Ph v 

where: 
tfo = predicted time to flashover in ISO 9705 (sec) 

t ign = time to ignition in the cone calorimeter at an incident 
flux of 25 kW/m2 (sec) 

p = the density (kg/m3) 
[Q" = total heat released per unit area during d1e peak 

H' period in the cone calorimeter at an incident heat 
flux of 50 kW/m2 

k. = constant, 2.76 x 106 J (kg/mt0·5 
k, = constant, -46 sec 

9.7.3.2 The other method is even simpler. It is a first-order 
approximation for relative time to flashover in a room-corner 
scenario, as shown in me following equation: 

where: 

t. 
t aFPI = �  Jo PkQ" 

[9.7.3.2] 

t ign = time to ignition (seconds), measured in the cone calo
rimeter at an incident flux that is relevant to the 
scenario in question 

FPI = fire performance index (sec m2 /HV) 
PkQ" = peak heat release rate per unit area at that same inci

dent flux (kW/m2) 

9.7.3.3 If the material does not ignite, 4gn can be assigned a 
value of 10,000 seconds. The incident heating flux to be used 
should be relevant to me fire scenario being investigated and is 
to be specified by the investigator. This method is useful as a 
relative indication of propensity to flashover and cannot be 
used quantitatively (Hirschler, 1992a, 1992b, 1992c). However, 
it has been applied to two series of large-scale tests: FAA aircraft 
panels in a full-scale simulated aircraft interior (Lyon, 1994) 
and the Eurefic test data. Both test set·ies were compared to 
cone calorimeter data at 540 kW/m2. Figure 9.7.3.3 illustrates a 
comparison of full-scale times to flashover for FAA panels 
\vithin an aircraft, and for wall lining materials in ISO 970!'}.1, 
Reaction to Fi:re 1est5 - Room Come1· 1est for Wall and Ceiling 
Lining Pmducts - PaTt 1: 1est Method fm· a Small Room Configum
tion, \vith the ratio of time to ignition to peak rate of heat 
release in me cone calodmetet· (ASTM E1354, Test Method fm· 
Heat and Visible Smoke Release Rates for Mate1ials and PnJducts 
Using an Oxygen Consumption Calorimeter) at an incident flux of 
50 kW/m2. 

9.7.4 More recently, it has been found that correlation meth
ods can be used to predict the results of room corner test meth
ods (Dillon et al., 2001), principally whether flashover is likely 
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FIGURE 9. 7.3.3 Comparison of Full-Scale Times to 
Flashover with the Ratio of Time to Ignition to Peak Rate of 
Heat Release in the Cone Calorimeter. 

to occw·, or to pt·edict whethet· a material is likely to t·esult in a 
self-propagating fire (Karlsson 1994, Hirschler 1999). A useful 
survey was made by Janssens et al. (2003) of prediction meth
ods, both correlations and via modeling. 

9.8 Other Prediction Methods. 

9.8.1 * Several methods can be used as partial predictors of 
relative adequacy of pedormance of products and as additional 
tools. 

9.8.2 Experienced observers are also capable of investigating 
which factors in me construction of upholstered furniture are 
most critical for potentially worsening fire performance to such 
an extent that a self-propagating fire can result. 

9.9 Materials of Low Heat Release. It has been found that 
some materials are combustible but still exhibit very low levels 
of heat release on burning and, thus, are likely to contribute 
little to me pmbability of flashover. ASTM E2965, Test Method 
for Determination of Low Levels of Heat Release Rate fm· Materials and 
Products Using an Oxygen ConSttmption Calorimeter, is a method 
for assessing such low levels of heat release. 

Chapter 10 Ignition of Secondary Items by Radiative Heating 

10.1 Methods/Tools. A set of analytical methods or tools is 
needed to provide a means for performing the evaluations 
embodied by the definitions in Section 8.3. In particular, meth
ods are needed to predict the heating to ignition of materials 
contained within a fuel package as well as tl1e radiative heat 
transfer to the material ft·om other fuel packages or the hot gas 
layer. This chapter focuses on the radiative ignition of a mate
rial not in direct contact with a flame. 

10.2* Radiative Ignition of Materials. Many different models 
of radiative ignition of materials exist, with varying levels of 
sophistication and usability. This section focuses on the method 
developed by Quintiere and Harklewad ( 1985). As \vith many 
of d1e available models, this model assumes that surface 
temperature can be used as a criterion for piloted ignition. 
This directly implies that ignition cannot occur if the radiant 

heat flux, i(; , is less than a critical heat flux, IJ';.ig . The igni
tion time, l;g, varies with radiant flux above this critical flux. 
Based on a very simple heat transfer model, the time to igni
tion is determined by Equation 10.2, as follows: 
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where: 
L;g = ignition time 

t. = q •. <g q '  ( . . . . 1 · "  J2 og b 

iJ �.ig = critical heat flux 

q'; = incident radiative heat flux 

[10.2] 

b = a variable related to the thermal properties of the 
material 

10.2.1 These data normally are obtained using the LIFT appa
ratus (ASTM El321, Test Method fm· Determining Material ignition 
and Flame Spn:ad Prope1·ties) but also can be obtained using the 
cone calorimeter (ASTM E1354, Test Method far Heat and Visible 
Smoke Release Rates fm· Materials and Products Using an Oxygen 
Cvnswnption Calorimeter) or the alternate calorimeter intended 
for low levels of heat release (ASTM E2965, Test Method fm· Dete1� 
mination of Low Levels of Heat Release Rate fm· Materials and Prod
ucts Using an Oxygen Consumption Calvrimeter) . Figure 10.2.1 
illusu·ates the ignition behavior of one type of fiberboard using 
this method (Quintiere and Harkleroad, 1985). This method is 

valid for constant values of the incident heat flux, I(; . More 
general methods are also available in the referenced literature. 

10.2.2 Equation 10.2 is based on a model of surface tempera
ture ( 7�) rise during heating given by Equation 10.2.2, as 
follows: 

[10.2.2] 

10.2.3 F(t) in Equation 10.2.2 is determined from either of the 
following equations, where t,. is the time necessary for equili
bration of the surface temperature: 

2ht112 
F(t) = for t <  t., 

( nkpc )1 12 .. 

F(t) = 1 for t ?.  t., 

[10.2.3a] 

[10.2.3b] 

10.2.4 The first regime, for t < t,,. is modeled assuming no 
heat losses, while the second regime, for t = t,., is modeled as a 
steady state. The ignition condition is derived by setting the 
surface temperantre equal to the ignition temperature. The 

critical flux for ignition, iJ'�.ig , is defined by the flux necessary 
to t·each the ignition temperattu·e when t = t,.. Equation 10.2 is 
developed fi·om the use of these considerations. 

10.2.5 The product of the thermal conductivity, k, the density, 
p, and the heat capacity, c, is a fundamental material property 
often described simply as kpc. Because of the simplifying 
assumptions used, the value kpc derived from LIFT (ASTM 
E1321, 1est Method fm· Determining Material Ignition and Flame 
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Spread Prope1·ties) or cone calorimeter (ASTM E l 354, 1est Method 
far Heat and Visible Smoke Release Rates for Materials and Products 
Ufing an Oxygen Consumptivn Calmimete1') data is to be regarded 
as an effective kpc and should not be expected to be equal to 
the kpc derived from methods used to measure these heat trans
fer properties. 

10.3 Radiative Heating. 

10.3.1 In order to evaluate the ignition of a material 
contained in a tat·get fuel package, the radiative heat flux to 
the material from other fuel packages and the hot layer must 
be determined. A number of methods can be used to make this 
determination. Additional information regarding methods 
used to evaluate the ignition of an item by radiative heating can 
be found in the SFPE Engineering Guide to Piloted lgnitivn of Solid 
Materials Unde1· Radiant ExpoS?.a'l!. 
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10.3.2 The radiative heat fluxes generated by a range of fuel 
packages over a range of distances from the fuel package have 
been investigated (Babrauskas, 1981-82). Based on knowledge 
of the burning rate of the radiating fuel package, the heat flux 
at specific distances from the fuel package can be estimated. 
Incident flux levels of 10 kW/m2, 20 kW/m2, and 40 kW/m2 
are defined as critical flux for ignition of general fi.lels and are 
described as easy, normal, and difficult to ignite, respectively. 
As noted in Section 10.2, the heat flux and duration of radia
tive exposure determine whether ignition can occur. 

10.3.3 Equations 10.3.3a, 10.3.3b, and 10.3.3c are used to 
determine the critical rate of heat release necessary to enable a 
burning object to ignite a target object that is classified as easy, 
normal, or hard to ignite, respectively, at a distance, D: 

where: 

Q = 30 x l O(D + 0.08 ) 
0.89 

Q = 30 x lO (D+ 0.05 ) 
O.Q19 

Q = 30 x l O(D + 0.02 ) 
0.0092 

Q = heat release rate (kW) 

D = distance (m) 

[10.3.3a] 

[10.3.3b] 

[10.3.3c] 

I 0.3.3.1 If the rate of heat release of this burning object is 
increasing, the time at which the fire's rate of heat release is 
first reached is the time to ignition of the target object. 

10.3.3.2 Equations 10.3.3a, 10.3.3b, and 10.3.3c are plotted in 
Figure 10.3.3.2. This graph can be used as a solution by reading 
up the appt·opriate curve to locate the sepat·ation distance, 
then finding the corresponding critical rate of heat release. 

10.3.3.3 Separation distance values of 140 em, 90 em, and 
40 em fm- easy-. normal-, and hard-to-ignite objects, respec
tively, represent distances beyond which the target oQjects are 
not considered part of the fuel package. 

10.3.4 Two simple methods for evaluating radiation from pool 
fires to targets outside the flame have been developed (Mudan 
and Croce, 1988; Shokri and Beyler, 1989). Although these 
methods are based on pool fire test data, they can be applied to 
fi.lel packages. No studies have been performed to validate 
these methods where applied to furnimre items. The pool fire 
data include diameters of 1 m to 50 m. Most fuel packages are 
at the low end of this range. The procedures for these methods 
are outlined in 10.3.4.1 and 10.3.4.2. Both methods model the 
flame as a cylindrical t·adiator with a specified emissive power. 
Configuration factors are then employed for the radiant heat 
flux calculation. The two methods differ only in their flame 
t·adiator height expressions and emissive power expressions. 
Additional information regarding radiation from pool fires can 
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be found in the SFPE Engineering Guide fo·r Assessing Flarne Radia
tion to l!.xtemal Tmgets frorn Pool Fi:res. 

10.3.4.1 The radiator is described as a cylinder with a t·adius 
determined by the size of the base of the fuel package. The 
height of the radiator is determined by a flame height correla
tion. Table 10.3.4.1 shows the flame height expressions used in 
tl1e two models. The emissive powers used in the two models 
are given in Table 10.3.4.1 and are illustrated in Figure 
10.3.4.1(a) and Figure 10.3.4. l (b). The radiant flux to the 

tat·get from the fi.lel package, i/,:.1/, , is detennined by the 
following equation: 

[10.3.4.1] 

where: Fft,4, = configuration factor between the cylindrical radiator 
(fuel package) 

E = emissive powet· of the mdiator 

10.3.4.2 The configuration factors for several relevant geome
tries are shown in Figure 10.3.4.1 (a) and Figure 10.3.4.1 (b). 
These figures show the geometry, the equation, and a graph of 
tl1e configuration factor. Configuration factors for other 
geometries related to those shown can be generated from tl1e 
configuration factors provided, since configuration factors are 
cumulative. For instance, the worst-case configuration at a 
given distance from the radiator is a target facing the flame at 
half the radiat01· height. 

10.3.4.3 This configuration factor can be created by consider
ing the radiator to be composed of two cylinders, one above 
the target and one below. Because, in this case, the two cylin
ders are equal in size, the final configuration factor is simply 
twice the configuration factor for a radiator with a height equal 
to half the flame height. 
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Table 10.3.4.1 Flame Height and Emissive Power 

Expression Model l* Model 2t 

Flame height 
H = 0.23Q215 - 1.02D [m,kW] 

Emissive power E = 58(10.oooB23D) 

H= flame height (m); Q = heal release rate (kW); p, = density of air (kg/m3); !'>H, = heat of combustion (kj/ 
kg); g= gravitational constant (9.81 m/sec2) ;  D =  the diameter oflhe fire (m); E= emissive power of the 
radiator (kW/m2).  
*Mudan and Croce, 1988. 
tShokri and Beyler, 1989. 

10.3.5* The radiation from the hot gas layer can be estimated 
by methods similar to those described in 10.3.4 for the flame. 
The hot layer radiant can be modeled as a blackbody at the hot 
gas layer tempet-ature, 1�. The configuration factor between 
the layer and the target, F"u'' can be estimated based on the 
configm-ation factor between a flat rectangular radiator posi
tioned at the location of the hot gas layer interface. The inci-

dent radiant heat flux from the layer to the target, 1(; .. ,.1 , is 
determined by Equation 10.3.5: 

[10.3.5] 

where: 
c> = Stefan-Boltzmann constant (5.67 X w-ll kW/m2 K4) 

Fhi-<JI = configuration factor between the layer and the target 
1�, = Hot gas layer temperature in Kelvin ("C + 273) 

10.3.6 The worst case is a configuration factor of 1, which 
occurs if the target surface is facing the hot layer interface and 
is very close to the interface. The configuration factors for 
several relevant geometries are shown in Figure 10.3.6(a) and 
Figure 10.3.6(b). These figures show the geomeuy, the equa
tion, and a graph of the configuration factor. Configuration 
factors for other geometries related to those shown can be 
generated from the configuration factors provided, since 
configuration factors are cumulative. For instance, if the target 
is at the center of the room and facing upward, the configura
tion factor is the sum of four configuration factors, one for 
each quadrant of the room. If the ta rget is centered in the 
mom, all four configuration factors are equal. If the tat·get is 
close to the radiatot� the maximum individual configuration 
factor is 0.25, and the maximum configuration factor is four 
times this value (i.e., 1.0, as previously discussed). 

10.4 Example Methods. The methods described in Chap
ter 10 are examples of those that can be used for this type of 
analysis. They might not be the best methods for every situa
tion. Nothing in this chapter should be taken to exclude the 
use of better methods than those discussed. 
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FIGURE 10.3.4.1 (a) Configuration Factor for a Vertical 
Target and a Vertical Cylindrical Radiator. 
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FIGURE 10.3.6(a) Configuration Factor for One Quadrant 
of the Hot Gas Layer to a Target Facing the Hot Layer. 
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ANNEX A 

FIGURE 10.3.6(b) Configuration Factor for One Quadrant 
of the Hot Gas Layer to a Target Not Facing the Hot Layer. 

Annex A Explanatory Material 

Annex A is not a part of the recommendations of this NFPA document 
but is included for informational purposes only. This annex contains 
e:�.planatory mate1ial, numbered to co·rrespond with the applicable text 
pamgraphs. 

A.3.3.5 Flashover. Flashover occurs when the surface temper
atures of combustible contents rise, pmducing pyrolysis gases, 
and the room heat flux becomes sufficient to heat all such 
gases to their ignition temperatures. (See Section 7. 1.) 

A.3.3.6 Fuel Package. For a given gt·oup of items, there is no 
precise grouping that constitutes a fuel package. The purpose 
of the fuel package definition guidance provided in Chapter 8 
is solely to facilitate the application of the methods described 
in Chapter 9 for estimating heat release rates. 

A.3.3. 7 Interior Finish. The term interio1· finish includes inte
t·ior wall and ceiling finish and interi01· floot· finish. \1\Tith 
respect to interior wall and ceiling finish, this means the 
exposed interior surfaces of buildings including, but not limi
ted to, fixed or movable walls and partitions, colmnns, and ceil
ings. With respect to interior floor finish, this means the 
exposed floor surfaces of buildings, including coverings that 
might be applied over a normal-finished floor or stairs, includ
ing risers. Furnishings, which in some cases are secured in 
place for functional reasons, should not be considered as inte
t·ior finish. 
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A.3.3.8 Item. An item can be a collection of combustible 
materials such as chairs, wastebaskets with contents, or a 
combustible wall or floor. A precise definition of an item is not 
generally possible or necessary. 

A.4.8 Examples of codes and standards that include 
performance-based design options include NFPA 5000, NFPA 
101, NFPA 1, NFPA 914, NFPA 909, NFPA 301, NFPA 92, 
NFPA 130, and the ICC Performance Code® for Bttildings and Facili
ties. 

A.4.9 Note that materials can be classified as noncombustible 
by meeting the criteria needed to pass the test in ASTM E136 
and still ignite, since both some limited flaming and some mass 
loss are permitted. 

A.6.2.4 The computer-based models are addressed in the 
following publications: 

(1) Bukowski et al. ( l989a) 
(2) Bukowski et al. ( 1989b) 
(3) Cooper et a!. ( 1990) 
(4) Mitler and Rockett ( 1987) 
(5) Nelson ( 1990) 

A.7.1.2 Observations include the following: 

(1) In a set·ies of full-scale comparunent burnout tests 
(surface area of 55 m2), the average upper gas tempera
ture rises ranged fi·om 198°C to 959°C, with an average 
of 584°C for fully developed fires in an enclosure 
(Harmathy, 1972a, 1972b). 

(2) In a study of the behavior of fully developed fires in 
single comparUnents by several laboratories, gas temper
attires that were centrally measured at a point below the 
ceiling that was one-fourth the distance to the floor 
reached an avet·age of l 070°C to 1145°C during three 
series of tests (Thomas and Heselden, 1972; Heselden, 
1973). 

(3) Flames exiting the doorw·ay (a critet·ion for possible 
flashover) were observed during tests when the gas 
temperature measured approximately 10 mm below the 
ceiling reached 600°C (Haggltmd et al., 1974). When 
this criterion was applied to a series of full-scale matu·ess 
fires, two out of ten exhibited potential to flashover 
(Babt·auskas, 1977). These tw·o mattress fires produced 
maximum gas temperatltres of 938°C and 1055°C. 

( 4) In full-scale enclosure experiments, an average upper 
room temperatltre ranging from 4500C to 650°C pt·ovi
ded sufficient radiation transfer to ignite crumpled 
newspaper at floor level in the comparUnent (Fang, 
1975). The average upper room gas temperature needed 
for ignition of t11e newspaper was 540°C ± 40°C. rsome 
temperatures were measured at the mid-height of the 
room (low values); temperatlll·es measured 25 mm 
( 1  in.) below the ceiling almost always exceeded 600°C) . 

(5) During tests in the living room of a mobile home, igni
tion of crumpled newspapet· indicators was observed, 
with upper room temperatures ranging from 673°C to 
771 oc (Budnick, 1978; Klein, 1978; Budnick et al., 1978; 
Budnick and IUein, 1979). In those tests in which no full 
room involvement occurred, maximum upper room 
temperatures ranged from 311 °C to 520°C. Test� reach
ing flashover and starting in the master bedroom of a 
typically consu·ucted, single-width mobile home showed 
peak temperatures ranging from 634°C to 734°C at flash-
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over. Temperatures were measured 25 mm ( 1  in.) below 
the ceiling in the center of the room. 

(6) Full-scale and quarter-scale tests of submarine hull insu
lation found ignition of newspaper on the floor at room 
air and doorway air temperatures of at least 6500C and 
550°C, respectively (Lee and Breese, 1979). For tests 
during which fla�hover was not obtained, the maximum 
temperatures achieved were 427°C and 324°C, respec
tively. The authors noted, howevet� that ignition of news
print or a particular minimum doorway or interior air 
temperature is only a mugh indicat01- of flashover 
because of the variation in the thermal and physical 
properties of crumpled newsprint, the nonuniform 
distribution of temperatures throughout the compart
ment, and the differences between tests of the combined 
thermal radiation from the smoke, the hot air, and the 
heated surfaces. The hot air inside the compartment 
usually became well mixed by the time it exited through 
the doorway. Thus, it was concluded that doonvay 
temperatures might be more reliable flashover indica
tors than interior air temperatures. 

(7) Maximum temperatures of over 800°C were observed 
during a flashover test of a urethane foam block chair 
(Babrauskas, 1979). For tests of upholstered chairs 
during which flashover did not occur, temperatures 
remained below 6000C. 

(8) During a series of 16 full-scale fire tests of residential 
basement rooms, ignition of paper flashover indicators 
at floor level with an average upper room gas tempera
mre of 706°C ± 92°C indicated a possibility of flashover 
of 90 percent (Fang and Breese, 1980). 

(9) During a study of burning wood cribs and plastic cribs in 
a room, a gap was found between low-temperature fires 
(ceiling layer gas temperature <450°C) and high
temperature fires (ceiling layer gas temperature >600°C) 
(McCaffrey and Rockett, 1977; Quin tiere and McCaffrey, 
1980). The potential for flashover \vas identified by the 
fact that cellulose filter paper indicators ignited or were 
destroyed in d1e five cases (out of 16) involving high ga� 
temperatures. 

(10) Thomas's semi-empirical calculation of ilie rate of heat 
release necessary to cause flashover in a compartment 
(Thomas, 1981) is based on a simple model of flashover. 
It predicts a temperature rise of 520°C and a blackbody 
radiation level of22 k\l\i/m2 to an ambient surface that is 
not in the proximity of burning wood fuel at d1e predic
ted critical heat release rate necessat)' to cause flashover. 

A. 7.1.3 Generalizations include the following: 
( 1 )  The concept of using the heat flux to exposed items 

within the fire room as a criterion for flashover \vas first 
suggested in 1974 (Parker and Lee, 1974). It was stated 
iliat, at a heat flux of 20 kW/m2 at floor level, cellulosic 
fuels in the lower part ofd1e room are likely to ignite. 

(2) Table A.7. 1 .3 provides the critical ignition fluxes for some 
materials for a 50-second exposure (Babrauskas, 1977). 
The unpiloted values are probably more appropriate for 
determination of full room involvement, since the 
distance between the flames and the item to be ignited is 
considerable. A value of20 kW/m2 represents, according 
to W. K. Smith (date unknown), an unpiloted ignition 
time of approximately 180 seconds for box cardboard 
and is close to an ultimate asymptotic value. 

(3) In one study of a series of room burns, sU-ips of newsprint 
placed at floor level ignited at fluxes of 17 kW /m2 to 
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25 kW/m2, while 6.4 mm (Y., in.) thick fir plywood ignited 
at 21 kW/m2 to33 kW/m2 (Fang, 1975). 

(4) In mobile home tests in which flashover occurred, the 
minimum total incident heat flux at the center of the 
floon vas 15 kW/m2 (Budnick, 1978). 

(5) In submarine compartments, average heat fluxes at floor 
level of 17 kW/m2 to 30 HV/m2 at flashover were found 
(Lee and Breese, 1979). 

(6) In basement room tests, substantial agreement was found 
between the time to ignition of newsprint flashover indi
cators and ilie time at which the incident heat flux meas
ured at the center of the floor in the burn room reached 
a level of 20 kW /m2 (Fang and Breese, 1980). 

(7) Ignition of filtet- paper flashover indicators in tests wiili 
wood and plastic cribs was observed at a minimum heat 
flux of 17.7 kW/m2, applied for at least 200 seconds 
(Quintiere and McCaffrey, 1980). Under mOt-e controlled 
laboratory conditions, with radiant exposure to the same 
target configuration, the paper \vas charred black at 
25 kW/m2 and ripped at 120 seconds but only decom
posed to a brown color under 15 kW/m2. Thus, the crite
rion recommended \vas a heat flux of 20 kW /m2. 

A.7.2.1 Two alternative approaches to that of Thomas (1981) 
have been proposed to estimate the onset of flashover within a 
room. 

A.7.2.2 The first approach (Babrauskas, 1980; Babrauskas and 
Krasny, 1985) is based on a simple combustion model with a 
flashover criterion of /'<,. T = 575°C. It provides a simple rule to 
estimate the minimum heat relea�e rate to produce flashover, 
as determined in Equation A.7.2.2a: 

where: 
Q = estimated t-ate of heat release (M\1\1) 

A venr = door area (m2) 
Hvenr = door height (m) 

[A.7.2.2a] 

The ��"' � Hvem pmduct is usually designated as the "ventila
tion factor." 

Equation A.7.2.2a results hom assuming that the rate of heat 
release of the fire is pmportional to the energy released per 
kilogram of air consumed (approximately 3.00 MJ/kg) and to 
the fraction of the maximum airflow into the compartment at 
the onset of .flashover (an assigned value of0.4). 

Equation A.7.2.2a has been shown to generate adequate 
agreement with experimental data. In two-thirds of the cases 

Table A. 7.1.3 Critical Ignition Heat Flux at a 60-Second 
Exposure 

Material Piloted Unpiloted 

Newspaper want ads 46 48 
Box cardboard 33 43 
Polyurethane foam 19 
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studied, the rate of heat release of the fire ranged benveen the 
t-esults of Equations A.7.2.2b and A.7.2.2c: 

[A.7.2.2b] 

Q = 0.45A,�"'JH,�.,, 

[A.7.2.2c] 

Q = 1.05A,.em J H,�m 

A. 7.2.3 Another approach was based on a regression analysis 
in order to provide a correlation to predict upper-layer gas 
temperature (McCaffrey et a!., 1981; Quintiere, 1982). Using 
data from more than 100 experiment�, the correlation found 
needed two dimensionless quantities, as shown in Equation 
A.7.2.3a: 

[A.7.2.3a] 

where: 
D. T = temperature rise relative to ambient (0C) 

h, = effective heat u·ansfer coefficient to ceilings/walls 
A, = effective surface area for heat u·ansfer, including door 

area 
g = gt·avitational constant 

Cp = specific heat of gas 
Po = ambient ga� density 
J0 = initial ambient absolute temperature 

A method for calculating the effective heat transfer coeffi
cient, h,, ranges has also been published (Pape and Waterman, 
1976). 

The correlation coefficient between the experimental data 
and the predictions of Equation A.7.2.3a ranges benveen 0.959 
and 0.947, depending on whether the floor is included in the 
calculation of the wall area and the effective heat u·ansfer coef
ficient. 

By substituting typical values for Ct, p0, T0, and a flashover 
criterion of D. T =  500°C, Equation A.7.2.3a can be reduced to 
Equation A.7.2.3b as follows: 

. [ 1!9] 1 /2 Q = 0.61 h1,A,,A(h) -

[A.7.2.3b] 

where Q is in MvV, A, and A are in m2, h is in m, and h; is in 
kW/ (m2 K-1) .  

A.9.1 With regards to NFPA 556, i t  should be noted that the 
passenger road vehicle can serve as a fuel source in a structure 
in which the passenger road vehicle is located. 

A.9.4.1.2 A guide on fire hazard assessment of rail transporta
tion vehicles, ASTM E2061 ,  Guide for Fi:re Hazmd Assessment of 
Rail Transportation Vehicles, gives clear guidelines on how to 
address this issue. It states that, in fire scenarios intended to 
t·eflect vandalism of the initially fabricated seat (or mattress) 
assembly, before fire ignition, an example of vandalism may be 
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a knife cut 6 in. long and 1 in. deep in the middle of an actual 
seat (or mattress) assembly, thus suggesting that this is one way 
of testing an upholstered system. It goes on to state that any 
bench-scale representations of the proposed vandalism should 
take into account test method sample sizes. A standardized 
bench-scale test method exists (albeit only for a specific occu
pancy: correctional facilities) to assess the heat release and 
ignitibility of composites of matu-esses or furniture in a vandal
ized manner, to expose the filling material. ASTM F1550, Test 
Method for Dete1mination of Fin;-Jest-Response Chamcte�istics of 
Component5 or Composites of Mattresses or Furnitu1·e for Use in Correc
tional Facilities ajte�· Exposm-e to Vandalism, by Employing a Bench 
Seal£ Oxygen Consumption Cal01imete1� can be used to assess, for 
correctional facilities, upholstery composites that have been 
vandalized in a prescribed manner to expose the filling mate
rial, by using the cone calorimeter (ASTM E1354, Jest Method 
for Heat and Visible Smoke Release Rates for Materials and Product5 
Using an O:xygen Consumption Calorimete�·) . 

A.9.4.1.3 The ASTM Committee on Fire Standards assessed 
the precision of ASTM E1537, Jest Method fm· Fire Jesting of Real 
Seal£ Upholstered Furniture, ASTM E1590, Jest Method fOJ· Fire Jest
ing of Matt1-esses, and ASTM E 1822, Test Method for Fi1·e Jesting of 
Stacked Chain. Results of round-wbin testing indicate signifi
cant variability in the test data. The results fi·om full-scale fire 
tests such as those referenced above might be dependent upon 
the lab conducting the test, the test method itself, and the vat·i
ability of the test specimen. 

A.9.4.1.5 Several preliminary fire research projects have inves
tigated the role of materials and product design charactet-istics 
on the flammability properties of room contents and furnish
ings (Babrauskas, 1981-82; Babrauskas et al., 1982; Babrauskas 
and Walton, 1986; Damant et al., 1989; Smiecinski et al., 1989; 
Schuhmann and Hartzell, 1989; Hirschler and Smith, 1990; 
Parker et al., 1990; Damant and Nurbakhsh, 1991; Hirschler 
and Shakir, 1991; Villa and Babrauskas, 1991; Gallaghet� 1992; 
Barile, 1993; Grand et al., 1994). 

A.9.4.2 NFPA 101, as well as other U.S. building and fire 
codes, includes some t-equirement� on the use of NFPA 286 
and of NFPA 265, while international specifications often refer
ence ISO 9705-1 ,  Reaction to Fi1-e 7est5 - Room Carner Test for Wall 
and Ceiling Lining Product5 - Part 1: Jest Method for a Small Room 
Configumtion (ASTM E2257, Test Method for Room Fire Jest of Wall 
and Ceiling Materials and Assemblies, has been developed as an 
alternative, technically equivalent version). Comparative details 
of the tests have been discussed (Hirschler, 1994). The fire 
performance of wall or ceiling finish is often a�sessed in Ameri
can codes according to test results in the Steiner tunnel test 
(ASTM E84, Jest Method f01· Su1jace Burning Chamcte1istics of 
Building MateJials, this test method is similar and technically 
equivalent). However, the results obtained from the Steiner 
tunnel test are not suitable for use in the calculations cited in 
this document (Belles et al., 1988). 

A.9.4.4 An analysis of fire data and fire statistics from mattress 
and bedding products was conducted by the National Institute 
of Standards and Technology (NIST) and is reported in NIST 
Technical Note 1446, &timating Reduced FiTe Risk Resulting from 
an Impr011ed MattJ-ess Flammability Standm·d (Gann and Ohlemil
ler, 2002). The fire testing of mattresses for this study was 

conducted using a fire test method that involves testing a 
mattress with a set of burners, as described below. Overall, the 
smdy suggests that the use of bed systems with improved fire 
performance would achieve very significant reductions in fire 
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risk. The fire performance of the best bed system tested in this 
study (about 400 kW) was predicted to lead to a much lower 
probability of flashover, leading to a one-third reduction in fire 
fatalities associated with bedroom fires. Technical work was 
based on earlier work by Ohlemiller et al. (NISTIR 6497, 
2000). 

The ignition source for the test conducted for NISTIR 6497 
consists of twu T-shaped burners. One burner impinged flames 
on the top surface of the mattress (at 12.9 L/min of propane, 
for 70 seconds), and the second burner impinged flames on 
the side of the mattress and on the side of the foundation (at 
6.61 L/min for 70 seconds). Each burner incorporated a stand
off foot to set its distance from the test specimen surface. Both 
burners were mounted with a mechanical pivot point, but the 
side burner was locked in place to prevent movement about 
this pivot in normal usage. The top burner, however, was fi·ee to 
rotate about its pivot during a burner exposm·e and was lightly 
weighted so as to exert a downward force on the mattress top 
through its stand-off foot. Thus the burner would follow a 
t·eceding top surface on the test specimen. 

A.9.4.7.5.2 Some codes address testing of decorative objects 
constructed of foamed plastic and such as stage settings, 
foamed panels, and portable exhibit booths, by means of 
UL 1975, Fire Tests for Foamed Plastics Used for Decomtive Pwposes, 
which is similar to using a product calorimeter with an ignition 
source of20 kW. UL 1975 uses a 340 g wood crib as the ignition 
source. More recently, tl1ose codes have added the option of 
using NFPA 289 with the gas burner at the incident gas level of 
20 kW as an alternative approach. 

A.9.6.1.8 The Dayton University Furniture Fire Model uses 
input data from the cone calorimeter (ASTM E1474, Test 
Method for Determining the Heat Release Rate of Upholstered Furniture 
and Mattress Components or Composites Using a Bench Scale Oxygen 
Consumption Calorimeter) and the UFT apparatus (ASTM El321,  
Test Method for Determining Matmial Ignition and Flame Spread Prop
erties) to predict the furniture fire growth and burnout in a 
room and the spread of combustion products (gases, smoke, 
heat) to othet· rooms (Dietenberger, 1992). It is a zone model, 
associated with the FAST room fire model developed by the 
National Institute of Standards and Technology (Jones and 
Peacock, 1989), and has significant flexibility. It can simulate a 
piece of furniture witl1 up to four cushions. Howevet� this fire 
model is of high complexity and uses a complex set of data 
inputs. The LIFT appat·atus is used in the Dayton University 
model to derive three parameters associated with flame spread: 
( 1 )  The thermal inertia [kpc in  units of (kW /m2 K)2 sec l 
(2) The ignition temperature T1g in oc 
(3) The flame heating parameter (<T?, in units ofkW2/m3) 

It has been shown (Janssens, 1992) that information on 
concurrent flow flame spread (i.e., where the flame moves in 
the same direction as the prevalent wind) can be obtained 
directly from cone calorimetet· data. On the other hand, 
opposed flow flame spread probably still needs LIFT data, espe
cially to determine the flame heating parameter. The flame 
spread rate, "f, is calculated using the following equation 
(where 7� is the initial surface temperature in oq : 
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<I> 
�, = 2 

kpc(1� -T.) 

[A.9.6.1.8] 

A.9.6.3.1 See Annex B for descriptions of fire models used to 
pt·edict heat t·elease and fire gmwth in compartments. 

A.9.6.4 Fire performance of floor finish items is often assessed 
by determining the critical radiant flux in the flooring radiant 
panel (NFPA 253 or A.STM E648, 1est Method joT Critical Radiant 
flux of f1oor-Cove1ing Systems Using a Radiant Heat Energy Sou-rce; 
these test methods are similar and technically equivalent). 
However, the results of this test are not suitable for use in tl1e 
calculations cited in dlis document (Briggs et al., 1992; Lawson, 
1993; Tomann, 1993). 

A.9.8.1 A "backyard test" can be a useful screening method fot· 
predicting the heat release rate of upholstered furniture. In 
this test, an actual piece offurnintre (or a full-scale mock-up) is 
exposed to the same ignition source as that in ASTM E1537, 
Test Method ji;r FiTe Jesting of Real Scale Upholstered Fumitw·e, in a 
relatively draft"free environment. Visual observations of the 
results at·e made, but no heat release measm·ements are made. 
This setup allows reasonable predictions of some heat release 
rate results in the acntal instrumented fire tests. It does not 
provide any estimation of total heat release. Figure A.9.8. 1(a) 
represents results where chairs were divided into those that 
produce peak rates of heat release of under 40 kW and those 
that produce rates over 300 kW. Of fourteen systems tested and 
deemed to give off low heat release rates, none acntally excee
ded peak values of 250 kW, and four exceeded 80 kW. Of six 
systems tested and deemed to give off high heat release rates, 
none gave off peak values lower tl1an 80 kW, and tl1ree gave off 
values between 100 kW and 250 kW. 

The acnml experiments for which results are represented in 
Figure A.9.8.1 (a) were all carried out with balanced, woven 
fabrics of different types but with the same foam and interliner 
barrier. A number of other individual experiments were made 
with otl1er materials, and the reliability of the results was much 
less satisfactory. However, this work indicates the clear value of 
visual observation by those who are experienced. 

An attempt also has been made to predict peak heat release 
rate values based on fabric weight. It has been shown that 
fabric weight alone might not be a reliable indicator of furni
ture heat release rate. In this case, a number of tests were 
carried out using a single specific fabric/interliner/foam/chair 
conso·uction system. The only variable was the weight of the 
fabric. In a follow-up series of tests, a different type of fabric 
was used. All tl1e results are shown in Figure A.9.8.1 (b), which 
indicates that a fivefold inct·ease in fabric weight was not suffi
cient, in this particular case, to differentiate significantly 
among the fire performance of the chairs . In one series, a defi
nite trend toward increa�ed heat release with increased fabric 
weight was evident, even though the error bars overlapped. In 
the other case, all systems produced nondifferentiable results. 
This is somewhat surprising, since other work has shown that, 
in some systems, the el:fect of the fabric is tl1e dominant one on 
fire performance (Hirschler and Shakir, 1991).  

A.I0.2 Table A.10.2(a) shows values of the critical heat flux, b, 
which is related to the thermal properties of the material, and 
t,., the time required for equilibration of the surface tempera
ture, for a wide range of materials. Table A. l 0.2(b) illustrates 
that ignition properties witl1in a genet·ic category of materials 
can vary substantially. The values provided in the tables are 
intended as hypothetical results only. They provide a general 
indication of the magnitudes and ranges of the parameters. 
The materials tested were not sufficiently characterized to allow 
specific use of the data in particular applications. 
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A.I0.3.5 Equation 10.3.5 assumes that the upper layer can be Table A.l0.2(a) Ignition Properties of Materials 
taken as a blackbody t-adiator. The emissivity is a function of 
the concentration of soot and gaseous combustion products, 
such as carbon monoxide, carbon dioxide, and water. It is 
assumed that, when the temperature of the upper layer is high 
enough to contribute significant radiative heat, the concenu-a
tion of soot and gaseous combustion products is high enough 
for the upper layet- to be optically thick, and an emissivity value 
of 1 is appropriate. This estimate is conservative with regard to 
upper-layer contribution to ignition. This estimate can be 
t-educed on the basis of a detailed t-adiation analysis. 
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FIGURE A.9.8.1 (a) Predictions of the Results of Full-Scale 
ASTM El537 Tests with Upholstered Furniture Items 
(Backyard Test) and Actual Observed Values. 
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FIGURE A.9.8.1 (b) Effect of Fabric Weight on Heat Release 
Rate in Full-Scale ASTM El537 Upholstered Furniture Tests 
Using Two Fabrics, A and B. 

q�,;g b 
Material (W/cm2) (sec.o·5) 

Plywood, plain, 0.635 em 1 .6 O.o7 
Plywood, plain, 1.27 em 1 .6 O.o7 
Plywood, FR, 1.27 em 4.4 0.1  
Hardboard, 6.35 mm 1 0.03 
Hardboard, 3.175 mm 1 .4  0.05 
Hardboard, gloss paint, 1 .7 0.05 

3.4 mm 
Hardboard, nitrocellulose 1 .7 0.06 

paint 
Particle board, 1.27 em stock 1 .8 0.05 
Douglas fir particle board, 1 .6 0.05 

1.27 em 
Fiber insulation board 1 .4  O.o7 
Polyisocyanurate, 5.08 em 2.1 0.36 
Polysryt-ene, 5.08 em 4.6 0.14 
Polycarbonate, 1.52 mm 3 0.06 
Foam, rigid, 2.54 em 2 0.32 
Foam, flexible, 2.54 em 1 .6 0.09 
PMMA Type G, 1.27 em 1 .5 0.05 
PMMA polycast, 1.59 em 0.9 0,04 
Carpet #1 (wool stock) 2.3 0.18 
Carpet #2 (wool, untreated) 2 0 . 1 1  
Carpet #2 (wool, treated) 2.2 0.12 
Carpet (nylon/wool blend) 1 .8 0.06 
Carpet (acrylic) 1 0.06 
Gypsum board, common, 3.5 0 . 1 1  

1.27 em 
Gypsum board, FR, 1.27 em 2.8 0.1  
Gypsum board, wallpaper 1 .8 O.o7 

(S142M) 
Asphalt shingle 1 .5 0.06 
Fiberglass shingle 2.1  0.08 
GRP, 2.24 mm 1.6 0.09 
GRP, 1 . 1 4 mm 1.7 0.06 
Aircraft panel epoxy fiberite 2.8 0.13 
Source: Qumuere and Harkleroad ( 1985). 
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Table A.l0.2(b) Ignition Times of Different Materials in Cone 
Calorimeter 

Material 

Time to 
Thickness Ignition 

(em) (sec) 

Flexible polyether-type polyurethane foam 
1.2 PCF conventional foam 5.1 1 1  
1.5 PCF conventional foam 5.1 22 
1.8 PCF conventional foam 5.1 28 
1.2 PCF 1 1 7 foam 5.1 38 
1 .5 PCF 1 1  7 foam 5.1 39 
1.8 PCF 1 1 7 foam 5.1 37 
3.0 PCF melamine foam 5.1 77 

Rigid polyetheHype polyurethane foam 
1.2 PCF MOl-based foam 5.1 40 
1.5 PCF MDI-based foam 5.1 55 
2.0 PCF MDI-based foam 5.1 95 

Plywood 
AB Douglas fir 1.27 330 
AB Douglas fir 1.91 410 
BC Douglas fir 1.27 160 
BC Douglas fir 1.91 180 
Birch ICC 1.27 490 
Birch ICC 1.91 550 
BC yellow pine 1.27 90 
BC yellow pine 1.91 100 
BC yellow pine 1.27 125 
BC yellow pine 1.27 140 

Note: All results are the mean of six replications. 

20 
20 
20 
20 
20 
20 
20 
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Annex B Room Fire Models to Predict Heat Release and Fire 
Growth 

This annex is not a pm·t of the recommendations of this NFPA docu
ment but is included for infonnational purposes only. 

B.l Limitations of Room Fire Models. Babrauskas stated in 
1996 that the main limitation of room fire models is that they 
are not capable of predicting heat release rate and fire growth 
and that they can only predict the consequences of a user
specified fire (Babrauskas, 1996). This is particularly true when 
flame spread over large wall and ceiling surfaces is involved. 
For the most part, Babrauskas' statement is still valid today, 
although computational fluid dynamics (CFD) codes have the 
potential of addressing this limitation in the near future. 
However, there is one important exception. A gt-eat deal of 
work has been done on modeling of fire growth in a room/ 
corner test. This work is reviewed in this annex. 

B.2 The Room/Corner Test. Thet·e are seveml room/corner 
test standards (e.g., ASTM E2257, Test Method fm· Room Fire Test 
of Wall and Ceiling Material.� and Assemblies; ISO 9705-1,  Reaction 
to Fi:re Tests - Room Corner Test for Wall and Ceiling Lining Prod
ucts - Pm·t 1: 1est Method for a Small Room Configuration; 
NFPA 265 and NFPA 286) that are all based on the same 
concept. The test apparatus consist of a mom is approximately 
2.4 m (8 ft) wide by 3.6 m (12 ft) deep by 2.4 m (8 ft) high and 
has an open door in the front wall measuring approximately 
0.8 m (32 in.) by 2.0 m (80 in.). The product to be tested is 
attached to the side walls, the back wall, and/or the ceiling 
depending on the standard test protocol that is followed. The 
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product is exposed to the flame of a gas burner located in one 
of the reat· corners of the room. The geometry of and heat 
output from the burner vary according to the test standard that 
is used. All products of combustion generated in the test are 
collected in a hood outside the room and extracted through an 
exhaust duct. Measurements typically include upper layer 
temperatures in the room, heat flux to the floor, and heat 
release and smoke pmduction rate in the exhaust duct. 

B.3 Models of the Room/Corner Test. There are three 
distinct types of room/ corner test models: regression models, 
physics-based models, and analytical models. Regt·ession 
models express a relationship between a particular room/ 
corner test petformance characteristic, usually the time to 
flashover, and small-scale fire test data for the same product. 
Regression models are based on a statistical analysis of room/ 
corner and small-scale test data for a set of products and can be 
used as a screening tool. Physics-based models predict how the 
room environment varies as a function of time and how flames 
spread over the walls and ceiling of the compartment. There is 
a strong interaction between the two because the conditions in 
the room determine the heat that is transferred back to the 
wall and ceiling surfaces, which affects the flame spread and 
the heat release and smoke pmduction rate of burning wall 
and ceiling sections. Analytical models predict fire growth, but 
do not simulate the room environment. 

B.4 Regression Models. 

B.4.1 Ostman's Flashover Time Correlation. Ostman and 
Nussbaum developed a correlation to predict time to flashover 
in the ISO 9705 room on the basis of ignition time (at 
25 kW/m2) and average heat release rate measured during the 
"peak burning period" (at 50 kW /m2) in the cone calorimeter 
(ASTM E1354, 1est Method for Heat and Visible Smoke Release Rates 
for Mate1iaLs and Products Using an Oxygen Consumption Calorime
tm; and ISO 5660-1 ,  Reaction-trrfire tests - Heat n:lease, smoke 
p!·oduction and mass loss rate - Pm·t 1: Heat 1tJlease rate (cone calrr 
1imeta method), and the density of the product (Ostman and 
Nussbaum, 1989). The Ot-iginal regression model was based on 
test data for 13 products. The correlation was revised in 1994 
and 2002 based on expanded data sets fo�: 28 and 57 products, 
respectively (Hansen and Hovde, 2002; Ostman and Tsantari
dis, 1994). The most recent study also involved application of 
the analytical model developed by Wicksu·om and Coransson 
( 1992) and a multivariate statistical method (multiple discrimi
nant function analysis). 

B.4.2 Cleary's Flashover Parameter. Cleary and Quintiere 
developed a parameter that provides an indication whether 
flashover is likely to occur in the ISO 9705-1 room/ corner test 
(Cleary and Quintiere, 1991).  The parameter is a function of 
the average heat release rate at peak burning, the ignition 
time, and the burning time measured in the cone calorimeter. 
Dillon et a!., modified the parameter to account for the dynam
ics of the heat release rate curve and to p1·edict the likelihood 
of flashover in NFPA 265 and NFPA 286 room/corner tests 
(Hansen and Hovde, 2001 ). They also presented correlations 
based on cone calorimeter data to predict the peak heat 
release rate and total smoke produced in a room/ corner test 
that does not flash over. 

B.4.3 Ostman's Smoke Production Correlation. Ostman and 
Tsantaridis found that total smoke production and peak smoke 
production rate prior to flashover can be predicted reasonably 
well from the total smoke pmduction during the "peak burn-
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ing period" and peak smoke production rate, respectively, 
m_easured in the cone calorimeter at a heat flux of 50 k\l\'/m2 
(Ostman and Tsantaridis, 1991).  A more extensive analysis 
b�ed on data for 28 products was published two years later 
(Ostman and T�antaridis, 1993). The product� were divided 
into two groups: products with a flashover time of 10 minutes 
or greater and d1ose with a flashover time of less than 
10 minutes. For the first group, both average rate of smoke 
production and total smoke production in the cone calorime
ter at 50 kW/m2 appear to be a good indicator of smoke 
release in the room/ corner test. For d1e second group of prod
ucts, however, no good correlation could be found. 

B.4.4 Karlsson's Flashover Time Correlation. Karlsson devel
oped physics-based and analytical models of the ISO 9705-1 
room/ corner test (Karlsson, 1992). He used the physics-based 
model (see B.5.3 for a brief description) to genet·ate a dataset 
of flashover times for virtual room/corner tests on a range of 
products with varying ignition, heat release rate, and flame 
spread characteristics. These chat·actet·istics can be measw·ed in 
the cone calorimeter and the LIFT (Lateral Ignition and Flame 
Spread Test) apparatus (ASTM E1321, Jest Method for Determin
ing Material Ignition and Rame Spread Properties). The virtual 
dataset was then used to develop power law correlations to 
predict the time to flashover as a function of the small-scale 
data for two specimen configtu·ations: test specimens on walls 
and ceiling (scenario A) and test specimens on walls only 
(scenario B) .  Since opposed-flow flame spread does not signifi
cantly affect fire growth in scenario A, the opposed-flow flame 
spread properties from the LIFT apparatus could be omitted in 
the power law correlation for this scenario without loss ofaccu
t·acy. 

B.4.5 Kokkala's Heat Release and lgnitibility Indices. 
Kokkala, Thomas, and Karlsson derived tvvo indices, an igniti
bility index and a heat release index, that were combined into 
a fire growth parameter to predict the time to flashover in the 
ISO 9705-1 room/corner test (Kokkala et al., 1993). Both indi
ces are calculated from test results obtained in the cone calo
rimeter at a heat flux of 50 kW I m2. The ignitibility index is the 
inverse of the time to ignition. The heat release rate index is 
obtained by integrating the rate of heat release in time, weigh
ted so that the initial heat release rates are of higher impor
tance than those at later times. The Building Code of Australia 
now permits the use of Kokkala's indices to demonstt·ate that 
an interior finish material meets specific ISO 9705 perform
ance requirements. 

B.4.6 Heskestad's Smoke Production Correlation. Heskestad 
and Hovde developed a regression model to predict the smoke 
production rate in the ISO 9705-1 room/corner test at the time 
when the heat release rate is 400 kW (Heskestad and Hovde, 
1999). This model is valid for products with a time to flashover 
ofless than 10 minutes. The independent variables are ignition 
time, time to peak heat release rate, total heat t·eleased, and 
total carbon monoxide production in the cone calorimeter at a 
heat flux of 50 kW /m2. 

B.4.7 Dietenberger's Smoke Production Correlation. Dieten
berger found a direct proportionality betw·een the average 
specific extinction area (SEA) in the ISO 9705-1 room/corner 
test and the peak SEA measured in the cone calorimeter at a 
heat flux of 35 kW/m2 (Dietenberger and Grexa, 2000). The 
mass loss rate in the t·oom/corner test wa$ estimated as the 
ratio of the heat release rate measured in the room/ corner test 
to the effective heat of combustion measured in the cone calo-
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rimeter. The ISO 9705-1 room/ corner tests considered for this 
smdy were conducted with test specimens on the walls only. 

B.4.8 IMO Criteria for Fire-Restricting Materials. The lnte?·
national Code of Safe ty for High-Speed C1·ajt (HSC) of the Interna
tional Maritime Organization (IMO) allows for the use of 
combustible compartment linings and furniture, provided they 
consist of "fire-restricting materials." The criteria for linings are 
based on performance in the ISO 9705-1 room/corner tests 
and consist primarily of limits for the heat release and smoke 
production rates and total values. Furniture components must 
meet specific critet·ia based on result� obtained from cone calcr 
rimeter testing at a heat flux of 50 kW/m2. The cone calorime
ter criteria are consistent with the ISO 9705-1 room/corner test 
criteria and were established on the basis of a research 
progt·am conducted by the United States Coast Guard at South
west Research Institute in San Antonio, Texas (Grenier et al., 
2000). 

B.4.9 Hansen's Smoke Production Model. A model to 
predict smoke production in the ISO 9705-1 room/ corner test 
on the basis of cone calorimeter measurements obtained at a 
heat flux of 50 kW/m2 was developed fi·om multiple discrimi
nant analysis of a dataset for 28 products (Hansen and Hovde, 
2001) .  

B.5 Physics-Based Models. 

B.5.1 Steckler's Model. Stecklet� at the National Bureau of 
Standards, developed flame spread algorid1ms and combined 
them with a two-zone compartment fire model (Steckler, 1983). 
The model was based on a conceptual framework developed by 
Quintiere (Quintiere, 1981).  Steckler's algorithms do not 
address upward and wind-aided flame spread, and only calcu
late lateral spread in the direction away fi·om the cornet·. 

B.5.2 OSU Model. The Ohio State University (OSU) model, 
developed by Ed Smith and several of his graduate students at 
OSU, was one of the fint compt·ehensive fire models of a 
room/corner fire. The model predicts fire growth of wall and 
ceiling linings on the basis of ignition, flame spread, and heat 
and smoke release data obtained from the OSU small-scale 
heat release calorimeter (ASTM E906/E906M, Test Method for 
Heat and Visible Smoke Release Rates for Mate1ials and Products). 
The physical basis of the OSU model is discussed in detail in a 
paper by Jat1$Sens, who provided a critical analysis of the model 
and questioned its validity Qanssens, 1994). The OSU model 
has been shown to provide predictions that are in reasonable 
agreement with experimental data for room/corner tests on 
wood products but is less satisfactory for other configurations 
(wall fires) and other types of products (Tran, 1994). 

B.5.3 Karlsson's Physics-Based Model. Karlsson's Ph.D. 
dissertation describes a 1:\vo-zone model of the room/corner 
test (Karlsson, 1992). The layer interface is fixed at the soffit 
height, and the upper layer temperature is estimated on the 
basis of a modified version of a steady-state con-elation (McCaf
frey et al., 1981).  Fire growth algorithms consist of equations 
for upward and downward flame spread. The former require 
ignition and heat release properties of the product that is 
tested. The latter use lateral flame spread data from d1e LIFT 
apparatus. The model considers the follO\ving five sources of 
heat release: 
( l )  The gas burner 
(2) The vertical wall area behind the burner flame 
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(3) A horizontal strip of material at the wall-ceiling intersec
tion cOt-responding to the thickness of the ceiling jet 

( 4) The \'/all material in the upper layer after flame spread 
has started 

(5) The wall linings burning below the hot gas layer 

B.5.4 Quintiere's Model. This model is similar to Karlsson's 
model (see B.5.3), except that the room gas temperature is 
assumed to be uniform thr·oughout the compar·unent (one 
zone) and \'lind-aided flame spread is calculated on the basis of 
the solution of an ordinary differential equation as opposed to 
an analytical solution (Quintiere, 1993). In addition, Quin
tiere's model also accounts for burnout. 

B.5.5 Janssens' Model. This model is a modified version of 
Quintiere's model (Janssens et al., 1995). The model includes 
algorithms to characterize the geometry and wall heat flux of 
the burner flame (Janssens et al., 1995). Janssens also devel
oped impmved procedures to obtain ignition, flame spread, 
and heat release properties from cone calorimeter and LIFT 
test data (Janssens, 1991).  

B.5.6 Opstad's Model. Opstad used the I<AMELEON CFD 
code developed at SlNTEF in Norway to simulate the ISO 
9705-1 room test (Opstad, 1995). An engineering approach was 
used to model flame spread over surfaces on the basis of mate
rial properties derived from cone calorimeter data (Opstad and 
Hovde, 1994). 

B.5.7 Wade's Model. This model is described in detail in 
Colleen Wade's M.S. thesis (Wade, 1996). Quintiere's flame 
spread algorithms were coupled with a two-zone enclosure fire 
model. Wade uses Janssens' procedures to obtain ignition and 
flame spread data, and improved Quintiere's method to obtain 
heat release rates under time-varying heat flux conditions from 
cone calorimeter data. A significantly revised version of the 
model was published in 2004 (Wade, 2004). 

B.5.8 Yan's Model. Yan combined a CFD code developed at 
Lund University in Sweden with a m01·e fundamental pyrolysis 
model (Yan and Holmstedt, 1996). This approach is not as 
versatile as Opstad's model, because the pyrolysis model can 
only be used for certain types of charring fuels, and it requires 
an extensive number of fundamental thermo-physical proper
ties of the material. 

B.5.9 HAl Model. The flat wall flame spread model devel
oped at Hughes Associates (HAl) for the U.S. Navy (Beyler et 
al., 1997) \'laS improved to include opposed-flow flame spread 
and hot layer effects (Lattimer et al., 2003). The latter is 
accomplished by coupling the flame spread algorithms with the 
two-zone compartment fire model CFAST. The resulting fire 
gt·owth model has been validated against ISO 9705-1 test data. 

B.5.10 SwRI Model. Janssens' model was further modified by 
Southwest Research Institute (SwRI) to improve heat rate 
predictions and to include smoke production t·ate calculations 
(Beyler et al., 1999). Reasonably accurate predictions were 
obtained for a set of nine marine fiber reinforced polymer 
(FRP) composites tested according to ISO 9705-1 .  

B.5. 1 1  WPI Model. An enhanced version of Mider's flame 
spread algorithms (Mider and Steckler, 1995) \'laS implemen-
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ted in CFAST (Peacock et al., 1997) at Worcester Polytechnic 
Institute (VI'PI). The model \'laS used to pt·edict t·oom/corner 
fire test performance of the marine FRP composites tested at 
SwRI (Beyler et al., 1999). 

B.6 Analytical Models. 

B.6.1 Magnusson's Model. Thirteen building products were 
tested in a full ISO 9705-1 room, a \fg-scale room, and a number 
of small-scale tests, including the cone calorimeter. A simple 
analytical method was developed by Magnusson and Sundsu·om 
to predict the heat release rate curve in the ISO 9705-1 room as 
a function of ignition and heat release rate parameters 
obtained from analysis of the small-scale data (Magnusson and 
Sundstrom, 1984). The heat release rate curve was assumed to 
be exponentially rising, with a time lag to account for delays 
associated \-vi th room filling and transport of the fire gases from 
the mom to the instrumentation section in the exhaust duct. 

B.6.2 Karlsson's Analytical Model. As part of his Ph.D. thesis 
work, Karlsson also developed an analytical model of the ISO 
9705-1 mom/corner test (Karlsson, 1992). This model is a 
closed-form solution of the \'lind-aided flame spread equation 
and is based on the following assumptions: 
( 1 )  The heat release rate of the product can be expressed 

mathematically as an exponentially decaying function of 
time. 

(2) The flame area is a linear function of the heat release 
rate. 

(3) The initial pyrolysis area below the ceiling is a function of 
the heat output from the burner and the heat released by 
the product in the corner behind the burner flame. 

B.6.3 SP Model. Eleven building pt·oducts were tested in the 
ISO 9705-1 room and in various small-scale tests. This program 
was conducted in the Nordic counu·ies, and is referred to as 
the Eurefic program. A semi-empirical calculation method was 
developed by '"7ickstrom and Goransson at the National Testing 
Institute (SP) in Sweden to estimate the ISO 9705-1 heat 
release curve on the basis of ignition time and heat release rate 
measured in the cone calorimeter at one heat flux level (Wick
strom and Gi:iransson, 1992). 

B.6.4 Dietenberger's Model. Dietenberger, at the Forest 
Products LaboratOI)' in Madison, W"isconsin, developed an 
analytical medwd to predict fire growth in the ISO 9705-1 
room/corner test with material on the \'/ailS only (Grexa et at., 
1998). The method accounts for errors associated with the 
dynamic response characteristics of the room/corner test 
instrumentation, and gives reasonable estimates of the heat 
release rate measured for 1 1  unu·eated wood products, three 
types of FR-treated plywood, Type X gypsum board, and FR
treated polyurethane foam. A simplified version of the model 
was published more recently (Dietenberger and White, 2001 ) .  

B. 7 Additional Considerations. Extensive validation based on 
room/ corner test data shows that several physics-based models 
provide reasonably accurate predictions of room/corner tests 
performance for a wide range of products. Recent efforts using 
CFD codes to simulate room/corner tests are very pmmising 
and indicate that it may become the preferred approach in the 
very near funtre (Apte et al., 2004). 
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