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APPENDIX E. CURRENT NATIONAL FIRE PROTECTION ASSOCIATION
(NFPA) CODES AND STANDARDS

Table E-1. NFPA Codes and Standards

NFPA Title Edition

1 Uniform Fire Code™ 2003

10 Standard for Portable Fire Extinguishers 2002

11 Standard for Low-Expansion Foam 2002

11A Standard for Medium-and High-Expansion Foam Systems 1999

12 Standard on Carbon Dioxide Extinguishing Systems 2000

12A Standard on Halon 1301 Fire Extinguishing Systems 1997

13 Standard for Installation of Sprinkler Systems 2002

13D Standard for Installation of Sprinkler Systems in One-and Two1-Family
Dwellings and Manufactured Homes

2002

13E Recommended Practice for Fire Department Operations in Properties
Protected by Sprinkler and Standpipe Systems

 2000

13R Standard for the Installation of Sprinkler Systems in Residential
Occupancies up to and Including Four Stories in Height  

2002

14  Standard for the Installation of Standpipe and Hose Systems   2003

15 Standard for Water Spray Fixed Systems for Fire Protection  2001

16 Standard for the Installation of Foam-Water Sprinkler and Foam-Water
Spray Systems  

2003

17 Standard for Dry Chemical Extinguishing System 2002

17A Standard for Wet Chemical Extinguishing Systems  2002

18 Standard on Wetting Agents 1995

20 Standard for the Installation of Stationary Pumps for Fire Protection  1999

22 Standard for Water Tanks for Private Fire Protection  2003

24 Standard for the Installation of Private Fire Service Mains and Their
Appurtenances  

2002

25 Standard for the Inspection, Testing, and Maintenance of Water-Based
Fire Protection System

2002

30 Flammable and Combustible Liquids Code 2000
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Table E-1. NFPA Codes and Standards (continued)

NFPA Title Edition

22 Standard for Water Tanks for Private Fire Protection 2003

24 Standard for the Installation of Private Fire Service Mains and Their
Appurtenances 

2002

25 Standard for the Inspection, Testing, and Maintenance of Water-Based
Fire Protection Systems

2002

30 Flammable and Combustible Liquids Code 2000

30A Code for Motor Fuel Dispensing Facilities and Repair Garages  2000

30B Code for the Manufacturer and Storage of Aerosol Products 2002

31 Standard for the Installation of Oil-Burning Equipment 2001

32 Standard for the Drycleaning Plants 2000

33 Standard for Spray Application Using Flammable or Combustible
Materials 

2000

34 Standard for Dipping and Coating Processes Using Flammable or
Combustible Liquids

2000

35 Standard for the Manufacturer of Organic Coatings 1999

36 Standard for Solvent Extraction Plants 2001

37 Standard for the Installation and Use of Stationary Combustion Engines
and Gas Turbines

2002

40 Standard for the Storage and Handling of Cellulose Nitrate Motion Picture
Film  

2001

42 Code for the Storage of Pyroxylin Plastic 2002

45 Standard on Fire Protection for Laboratories Using Chemicals  2000

50 Standard for Bulk Oxygen Systems at Consumer Sites 2001

50A Standard for Gaseous Hydrogen Systems at Consumer Sites  1999

50B Standard for Liquefied Hydrogen Systems at Consumer Sites 1999

51 Standard for the Design and Installation of Oxygen-Fuel Gas Systems for
Welding, Cutting, and Allied Processe  

2002

51A Standard for Acetylene Cylinder Charging Plants 2001
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Table E-1. NFPA Codes and Standards (continued)

NFPA Title Edition

51B Standard for Fire Prevention During Welding, Cutting, and Other Hot
Work  

1999

52 Compressed Nature Gas (CNG) Vehicular Fuel Systems Code  2002

53 Recommended Practice on Materials, Equipment, and Systems Used in
Oxygen-Enriched Atmospheres 

1999

54 National Fuel Code 2002

55 Standard for the Storage, Use, and Handling of Compressed Gases and
Cryogenic Fluids in Portable and Stationary Containers, Cylinders, and
Tanks

2003

57 Liquified Petroleum Gas (LNG) Vehicular Fuel Systems Code 2002

58 Liquified Petroleum Gas Code 2001

59 Utility LP-Plant Code 2001

59A Standard for the Protection, Storage, and Handling of Liquefied Natural
Gases (LNG)

2001

61 Standard for the Prevention of Fires and Dust Explosions in Agriculture
and Food Products Facilities

2002

68 Guide for Venting of Deflagrations 2002

69 Standard on Explosion Prevention Systems 1997

70 National Electrical Code® 2002

70B Recommended Practice for Electrical Equipment Maintenance 2002

70E Standard for Electrical Safety Requirements for Employee Workshops 2000

72 National Fire Alarm Code® 2002

73 Electrical Inspection Code for Existing Dwellings 2000

75 Standard for the Protection of Information Technology Equipment 2003

76 Recommended Practice for the Fire Protection of Telecommunications
Facilities

2002

77 Recommended Practice on Static Electricity 2000

79 Electrical Standard for Industrial Machinery 2002
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Table E-1. NFPA Codes and Standards (continued)

NFPA Title Edition

80 Standard for Fire Doors and Fire Windows 1999

80A Recommended Practice for Protection of Building from Exterior Fire
Exposures

2001

82 Standard on Incinerators and Waste and Linen Handling Systems and
Equipment

1999

85 Boiler and Combustion Systems Hazards Code 2001

86 Standard for Oven and Furnaces 1999

86C Standard for Industrial Furnaces Using a Special Processing and
Equipment

1999

86D Standard for Industrial Furnaces Using Vacuum as an Atmosphere 1999

88A Standard for Parking Structures 2002

88B Standard for Repair Garages 1997

90A Standard for the Installation of Air-Conditioning and Ventilating Systems 2002

90B Standard for the Installation of Warm Air Heating and Air-Conditioning
Systems

2002

91 Standard for Exhaust Systems for Air Conveying of Vapor, Gases, Mists,
and Noncombustibles Particulate Solids

1999

92A Recommended Practice for Smoke-Control Systems 2000

92B Guide for Smoke Management Systems in Mall, Atria, and Large Areas 2000

96 Standard for Ventilation Control and Fire Protection of Commercial
Cooking Operations

2001

97 Standard Glossary of Terms Relating to Chimneys, Vents, and Heat-
Producing Appliances

2003

99 Standard for Health Care Facilities 2002

99B Standard for Hypobaric Facilities 2002

101® Life Safety Code® 2003

101A Guide to Alternative Approaches to Life Safety 2001

101B Code for Mean of Egress for Buildings and Structures 2002
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Table E-1. NFPA Codes and Standards (continued)

NFPA Title Edition

102 Standard for Grandstands, Folding and Telescopic Seating, Tents, and
Membrane Structures

1995

105 Standard for the Installation of Smoke Door Assemblies 2003

110 Standard for Emergency and Standby Power Systems 2002

111 Standard on Stored Electrical Energy Emergency and Standby Power
Systems

2001

115 Recommended Practice on Laser Fire Protection 1999

120 Standard for Coal Preparation Plants 1999

121 Standard on Fire Protection for Self-Propelled and Mobile Surface Mining
Equipment

2001

122 Standard for Fire Prevention and Control in Underground Metal and
Nonmetal Mines

2000

123 Standard for Fire Prevention and Control in Underground Bituminous Coal
Mines

1999

130 Standard for Fixed Guideway Transit and Passenger Rail Systems 2000

140 Standard on Motion Picture and Television Production Studio 
Soundstages and Approved Production Facilities

1999

150 Standard on Fire Safety in Racetrack Stables 2000

160 Standard for Flame Effects Before an Audience 2001

170 Standard for Fire Safety Symbols 2002

203 Guide on Roof Coverings and Roof Deck Constructions 2000

204 Guide for Smoke and Heat Venting 2002

211 Standard for Chimneys, Fireplace, Vents, and Solid Fuel-Burning
Appliances

2003

214 Standard on Water-Cooling Towers 2000

220 Standard on Types of Building Construction 1999

221 Standard for Fire Walls and Fire Barrier Walls 2000

225 Model Manufactured Home Installation Standard 2003

230 Standard for the Fire Protection of Storage 2003
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Table E-1. NFPA Codes and Standards (continued)

NFPA Title Edition

232 Standard for the Protection of Records 2000

241 Standard for Safeguarding Construction, Alteration, and Demolition
Operations

2000

251 Standard Methods of Tests of Fire Endurance of Building Construction
and Materials

1999

252 Standard Methods of Fire Tests of Door Assemblies 1999

253 Standard Method of Test for Critical Radiant Flux of Floor Covering
Systems Using a Radiant Heat Energy Source

2000

255 Standard Method of Test of Surface Burning Characteristics of Building
Materials

2000

256 Standard Methods of Fire Tests of Roof Coverings 1998

257 Standard on Fire Test for Window and Glass Block Assemblies 2000

258 Recommended Practice for Determining Smoke Generation of Solid
Materials

2001

259 Standard Test Method for Potential Heat of Building Materials 2003

260 Standard Methods of Tests and Classification System for Cigarette
Ignition Resistance of Components of Upholstered Furniture

1998

261 Standard Method of Test for Determining Resistance of Mock-Up
Upholstered Furniture Material Assemblies to Ignition by Smoldering
Cigarettes

1998

262 Standard Method of Test for Flame Travel and Smoke of Wires and
Cables for Use in Air-Handling Spaces

2002

265 Standard Methods of Fire Tests for Evaluating Room Fire Growth
Contribution of Textile Wall Coverings on Full Height Panels and Walls

2002

267 Standard Method of Test for Fire Characteristics of Mattresses and
Bedding Assemblies Exposed to Flaming Ignition Source

1998

268 Standard Test Method for Determining Ignitability of Exterior Wall
Assemblies Using a Radiant Heat Energy Source

2001

269 Standard Test Method for Developing Toxic Potency Data for Use in Fire
Hazard Modeling

2000
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Table E-1. NFPA Codes and Standards (continued)

NFPA Title Edition

270 Standard Test Method for Measurement of Smoke Obscuration Using a
Conical Radiant Source in a Single Closed Chamber

2002

271 Standard Method of Test for Heat and Visible Smoke Release Rates for
Materials and Products Using an Oxygen Consumption Calorimeter

2001

272 Standard Method of Test for Heat and Visible Smoke Release Rates for
Upholstered Furniture Components or Composites and Mattresses Using
an Oxygen Consumption Calorimeter

2003

285 Standard Method of Test for the Evaluation of Flammability
Characteristics of Exterior Non-Load-Bearing Wall Assemblies Containing
Combustible Components Using the Intermediate-Scale, Multistory Test
Apparatus

1998

286 Standard Methods of Fire Tests for Evaluating Contribution of Wall and
Ceiling Interior Finish to Room Fire Growth

2000

287 Standard Test Methods for Measurement of Flammability of Materials in
Cleanrooms Using a Fire Propagation Apparatus (FPA)

2001

288 Standard Methods of Fire Tests of Floor Fire Door Assemblies Installed
Horizontally in Fire Resistance–Rated Floor Systems 

2001

291 Recommended Practice for Fire Flow Testing and Marking of Hydrants 2002

295 Standard for Wildfire Control 1998

301 Code for Safety to Life from Fire on Merchant Vessels 2001

302 Fire Protection Standard for Pleasure and Commercial Motor Craft 1998

303 Fire Protection Standard for Marinas and Boatyards 2000

306 Standard for the Control of Gas Hazards on Vessels 2001

307 Standard for the Construction and Fire Protection of Marine Terminals,
Piers, and Wharves

2000

312 Standard for Fire Protection of Vessels During Construction, Repair, and
Lay-Up

2000

318 Standard for the Protection of Cleanrooms 2000

326 Standard for the Safeguarding of Tanks and Containers for Entry,
Cleaning, or Repair

1999

329  Recommended Practice for Handling Releases of Flammable and
Combustible Liquids and Gases

1999
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Table E-1. NFPA Codes and Standards (continued)

NFPA Title Edition

385 Standard for Tank Vehicles for Flammable and Combustible Liquids 2000

402 Guide for Aircraft Rescue and Fire Fighting Operations 2002

403 Standard for Aircraft Rescue and Fire-Fighting Services at Airports 1998

405 Recommended Practice for the Recurring Proficiency Training of Aircraft
Rescue and Fire-Fighting Services

1999

407 Standard for Aircraft Fuel Servicing 2001

408 Standard for Aircraft Hand Portable Fire Extinguishers 1999

409 Standard on Aircraft Hangars 2001

410 Standard on Aircraft Maintenance 1999

412 Standard for Evaluating Aircraft Rescue and Fire-Fighting Foam
Equipment

1998

414 Standard for Aircraft Rescue and Fire-Fighting Vehicles 2001

415 Standard on Airport Terminal Buildings, Fueling Ramp Drainage, and
Loading Walkways

2002

 418 Standard for Heliports  2001

 422 Guide for Aircraft Accident Response  1999

423 Standard for Construction and Protection of Aircraft Engine Test Facilities 1999

424 Guide for Airport/Community Emergency Planning 2002

430 Code for the Storage of Liquid and Solid Oxidizers 2000

432 Code for the Storage of Organic Peroxide Formulations 2002

434 Code for the Storage of Pesticides 2002

450 Guide for Emergency Medical Services and Systems 2003

471 Recommended Practice for Responding to Hazardous Materials Incidents 2002

472 Standard on Professional Competence of Responders to Hazardous
Materials Incidents

2002

473 Standard for Competencies for EMS Personnel Responding to Hazardous
Materials Incidents

2002
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Table E-1. NFPA Codes and Standards (continued) 

NFPA Title Edition

484 Standard for Combustible Metals, Metal Powders, and Metal Dusts 2002

490 Code for the Storage of Ammonium Nitrate 2002

495 Explosive Materials Code 2001

496 Standard for Purged and Pressurized Enclosures for Electrical Equipment 1998

497 Recommended Practice for the Classification of Flammable Liquids,
Gases, or Vapors and of Hazardous (Classified) Locations for Electrical
Installations in Chemical Process Areas

1997

498 Standard for Safe Havens and Interchange Lots for Vehicles Transporting
Explosives

2001

499 Recommended Practice for the Classification of Combustible Dusts and
of Hazardous (Classified) Locations for Electrical Installations in Chemical
Process Areas

1997

501 Standard on Manufactured Housing 2003

501A Standard for Fire Safety Criteria for Manufactured Home Installations,
Sites, and Communities

2003

502 Standard for Road Tunnels, Bridges, and Other Limited Access Highways 2001

505 Fire Safety Standard for Powered Industrial Trucks Including Type
Designations, Areas of Use, Conversions, Maintenance, and Operation

2002

520 Standard on Subterranean Spaces 1999

550 Guide to the Fire Safety Concepts Tree 2002

551 Guide for the Evaluation of Fire Risk Assessments 2003

555 Guide on Methods for Evaluating Potential for Room Flashover 2000

560 Standard for the Storage, Handling, and Use of Ethylene Oxide for
Sterilization and Fumigation

2002

600 Standard on Industrial Fire Brigades 2000

601 Standard for Security Services in Fire Loss Prevention 2000

610 Guide for Emergency and Safety Operations at Motorsports Venues      2003
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 Table E-1. NFPA Codes and Standards (continued) 

NFPA Title Edition

654 Standard for the Prevention of Fire and Dust Explosions from the
Manufacturing, Processing, and Handling of Combustible Particulate
Solids

2000

655 Standard for Prevention of Sulfur Fires and Explosions 2001

664 Standard for the Prevention of Fires and Explosions in Wood Processing
and Woodworking Facilities

2002

701 Standard Methods of Fire Tests for Flame Propagation of Textiles and
Films

1999

703 Standard for Fire Retardant Impregnated Wood and Fire Retardant
Coatings for Building Materials

2000

704 Standard System for the Identification of the Hazards of Materials for
Emergency Response

2001

705 Recommended Practice for a Field Flame Test for Textiles and Films 1997

720 Recommended Practice for the Installation of Household Carbon
Monoxide (CO) Warning Equipment

2003

730 Premises Security Code 2003

731 Installation of Premises Security Equipment 2003

750 Standard on Water Mist Fire Protection Systems 2003

780 Standard for the Installation of Lightning Protection Systems 2000

801 Standard for Fire Protection for Facilities Handling Radioactive Materials 2003

804 Standard for Fire Protection for Advanced Light Water Reactor Electric
Generating Plants

2001

805 Performance-Based Standard for Fire Protection for Light Water Reactor
Electric Generating Plants

2001

820 Standard for Fire Protection in Wastewater Treatment and Collection
Facilities

1999

850 Recommended Practice for Fire Protection for Electric Generating Plants
and High Voltage Direct Current Converter Stations

2000

851 Recommended Practice for Fire Protection for Hydroelectric Generating
Plants

2000

853 Standard for the Installation of Stationary Fuel Cell Power Plants 2000
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Table E-1. NFPA Codes and Standards (continued) 

NFPA Title Edition

900 Building Energy Code 2003

901 Standard Classifications for Incident Reporting and Fire Protection Data 2001

906 Guide for Fire Incident Field Notes 1998

909 Code for the Protection of Cultural Resources 2001

914 Code for Fire Protection of Historic Structures 2001

921 Guide for Fire and Explosion Investigations 2001

1000 Standard for Fire Service Professional Qualifications Accreditation and
Certification Systems  

2000

1001 Standard on Fire Fighter Professional Qualifications 2002

1002 Standard for Fire Apparatus Driver/Operator Professional Qualifications 1998

1003 Standard for Airport Fire Fighter Professional Qualifications 2000

1006 Standard for Rescue Technician Professional Qualifications 2003

1021 Standard on Fire Officer Professional Qualifications 1997

1031 Standard for Professional Qualifications for Fire Inspector and Plan
Examiner

1998

1033 Standard for Professional Qualifications for Fire Investigator 1998

1035 Standard for Professional Qualifications for Public Fire and Life Safety
Educator

2000

1041 Standard for Fire Service Instructor Professional Qualifications 2002

1051 Standard for Wildland Fire Fighter Professional Qualifications 2002

1061 Standard for Professional Qualifications for Public Safety
Telecommunicator

2002

1071 Standard for Emergency Vehicle Technician Professional Qualifications 2000

1081 Standard for Industrial Fire Brigade Member Professional Qualifications 2001

1122 Code for Model Rocketry 2002

1123 Code for Fireworks Display 2000

1124 Code for the Manufacture, Transportation, Storage, and Retail Sales of
Fireworks and Pyrotechnic Articles

2003
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Table E-1. NFPA Codes and Standards (continued) 

NFPA Title Edition

1125 Code for the Manufacture of Model Rocket and High Power Rocket
Motors

2001

1126 Standard for the Use of Pyrotechnics before a Proximate Audience 2001

1127 Code for High Power Rocketry 2002

1141 Standard for Fire Protection in Planned Building Groups 1998

1142 Standard on Water Supplies for Suburban and Rural Fire Fighting 2001

1145 Guide for the Use of Class A Foams in Manual Structural Fire Fighting 2000

1150 Standard on Fire-Fighting Foam Chemicals for Class A Fuels in Rural,
Suburban and Vegetated Area

1999

1192 Standard on Recreational Vehicles 2002

1194 Standard for Recreational Vehicle Parks and Campgrounds 2002

1201 Standard for Developing Fire Protection Services for the Public 2000

1221 Standard for Installation, Maintenance, and Use of Emergency Service
Communications Systems

2002

1250 Recommended Practice in Emergency Service Organization Risk
Management

2000

1401 Recommended Practice for Fire Service Training Reports and Records 2001

1402 Guide to Building Fire Service Training Centers 2002

1403 Standard on Live Fire Training Evolutions 2002

1404 Standard for a Fire Department Self-Contained Breathing Apparatus
Program

2002

1405 Guide for Land-Based Fire Fighters Who Respond to Marine Vessel Fires 2001

1410 Standard on Training for Initial Emergency Scene Operations 2000

1451 Standard for a Fire Service Vehicle Operations Training Program 2002

1452 Guide for Training Fire Service Personnel to Conduct Dwelling Fire Safety
Surveys

2000

1500 Standard on Fire Department Occupational Safety and Health Program 2002

1521 Standard for Fire Department Safety Officer 2002
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Table E-1. NFPA Codes and Standards (continued) 

NFPA Title Edition

1561 Standard on Emergency Services Incident Management System 2002

1581 Standard on Fire Department Infection Control Program 2000

1582 Standard on Medical Requirements for Fire Fighters and Information for
Fire Department Physicians

2000

1583 Standard on Health-Related Fitness Programs for Fire Fighters 2000

1584 Recommended Practice on the Rehabilitation of Members Operating at
Incident Scene Operations and Training Exercises                                    

2003

1600 Standard on Disaster/Emergency Management and Business Continuity
Programs

2000

1620 Recommended Practice for Pre-Incident Planning 1998

1670 Standard on Operations and Training for Technical Rescue Incidents 1999

1710 Standard for the Organization and Deployment of Fire Suppression
Operations, Emergency Medical Operations, and Special Operations to
the Public by Career Fire Department

2001

1720 Standard for the Organization and Deployment of Fire Suppression
Operations, Emergency Medical Operations, and Special Operations to
the Public by Volunteer Fire Departments

2001

1851 Standard on Selection, Care, and Maintenance of Structural Fire Fighting
Protective Ensembles

2001

1852 Standard on Selection, Care, and Maintenance of Open-Circuit Self
Contained Breathing Apparatus (SCBA)

2002

1901 Standard for Automotive Fire Apparatus 1999

1906 Standard for Wildland Fire Apparatus 2001

1911 Standard for Service Tests of Fire Pump Systems on Fire Apparatu 2002

1912 Standard for Fire Apparatus Refurbishin 2001

1914 Standard for Testing Fire Department Aerial Devices  2002

1915 Standard for Fire Apparatus Preventive Maintenance Program 2000

1925 Standard on Marine Fire-Fighting Vessels 1998
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Table E-1. NFPA Codes and Standards (continued) 

NFPA Title Edition

1931 Standard on Design of and Design Verification Tests for Fire Department
Ground Ladders

1999

1932 Standard on Use, Maintenance, and Service Testing of Fire Department
Ground Ladders

1999

1936 Standard on Powered Rescue Tool Systems 1999

1951 Standard on Protective Ensemble for USAR Operations 2001

1961 Standard on Fire Hose 2002

1962 Standard for the Inspection, Care, and Use of Fire Hose, Couplings, and
Nozzles and the Service Testing of Fire Hose

2003

1963 Standard for Fire Hose Connections 1998

1964 Standard for Spray Nozzles 2003

1971 Standard on Protective Ensemble for Structural Fire Fighting 2000

1975 Standard on Station/Work Uniforms for Fire and Emergency Services 1999

1976 Standard on Protective Ensemble for Proximity Fire Fighting 2000

1977 Standard on Protective Clothing and Equipment for Wildland Fire Fighting 1998

1981 Standard on Open-Circuit Self-Contained Breathing Apparatus for the
Fire Service

2002

1982 Standard on Personal Alert Safety Systems (PASS) 1998

1983 Standard on Fire Service Life Safety Rope and System Components 2001

1989 Standard on Breathing Air Quality for Fire and Emergency Services
Respiratory Protection

2003

1991 Standard on Vapor-Protective Ensembles for Hazardous Materials
Emergencies

2000

1992 Standard on Liquid Splash-Protective Ensembles and Clothing for
Hazardous Materials Emergencies

2000

1994 Standard on Protective Ensembles for Chemical/Biological Terrorism
Incidents

2001

1999 Standard on Protective Clothing for Emergency Medical Operations 2003
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Table E-1. NFPA Codes and Standards (continued) 

NFPA Title Edition

2001 Standard on Clean Agent Fire Extinguishing Systems 2000

2112 Standard on Flame-Resistant Garments for Protection of Industrial
Personnel Against Flash Fire

2001

2113 Standard on Selection, Care, Use, and Maintenance of Flame-Resistant
Garments for Protection of Industrial Personnel Against Flash Fire

2001

5000 Building Construction and Safety Code™ 2003
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APPENDIX F. GLOSSARY OF FIRE PROTECTION TERMS
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APPENDIX F. GLOSSARY OF FIRE PROTECTION TERMS

The purpose of this appendix is to provide definitions and meanings of fire protection engineering
term being used in the field of fire science, engineering, and technology today.  This appendix
contains a collection of terminology and a description of terms and can be used as reference
source to understand basic terminology used in fire protection engineering.  The reference for the
definition is provided in parentheses.

accelerant—a material (gas, liquid, or solid) used to initiate or promote the spread of fire incident.
Most accelerants are highly flammable. (Nolan, 2000)

access door—a fire door smaller than conventional doors provides access to utility shafts, chases,
manways, plumbing, and various other concealed spaces and equipments. 
(NFC Online Glossary)

abort switch—a manually activated switch provided for fixed gaseous fire suppression system to
cancel the signal to release and discharge the system agent. The use of an abort switch is
preferred over other manual means, such as portable fire extinguishers or when a false alarm
condition is immediately known, to avoid the unnecessary release of large quantities of fire
suppression agent. An abort switch is only practical where individuals may be present to
immediately investigate the cause of the system activation and have time to activate the switch.

absolute temperature—a temperature measured in Kelvin (K) or degree Rankine (R).  Zero is the
lowest possible temperature and 273 K corresponds to 0 °F and 460 °R corresponds to 0 °F.  
K = °C + 273 and °R = °F + 460.  (Nolan, 2000)

access door, horizontal—an access door installed in the horizontal plane used to protect openings
in fire-rated floors or ceilings of floor–ceiling or roof–ceiling assemblies.  
(NFC Online Glossary)

access door, vertical—an access door installed in the vertical plane used to protect openings in
fire-rated walls.  (NFC Online Glossary)

access floor system—an assembly consisting of panels mounted on pedestals to provide an
under-floor space for the installations of mechanical, electrical communication, or similar systems
or to serve as an air supply or return-air plenum.  (NFC Online Glossary)

access openings—a window, panel, or similar opening meeting the following criteria:  (a)  The
opening has minimum dimensions of not less than 22 in. (55.9 cm) in width and 24 in. (61 cm) in
height and is unobstructed to allow for ventilation and rescue operations from the exterior, and  (b)
The bottom of the opening is not more than 44 in. (112 cm) above the floor, and  (c)  The opening
is readily identifiable from both the exterior and interior, and  (d) The opening is readily openable
from both the exterior and interior.  (NFC Online Glossary)

access panel—a closure device used to cover an opening into a duct, an enclosure, equipment,
or an appurtenance.  (NFC Online Glossary)
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accessible—having access to but which first may require the removal of a panel, door, or similar
covering of the item described.  (NFC Online Glossary)

accessible (as applied to wiring methods)—capable of being removed or exposed without
damaging the building structure or finish, or not permanently closed in by the structure or finish of
the building.  (NFC Online Glossary)

accessible—(as applied to equipment.) Admitting close approach; not guarded by locked doors,
elevation, or other effective means.  (NFC Online Glossary)

accessible means of egress—a path of travel, usable by a person with a severe mobility
impairment, that leads to a public way or an area of refuge and that complies with the accessible
route requirements of ICC/ANSI A117.1, ?American National Standard for Accessible and Usable
Buildings and Facilities”.(NFC Online Glossary)

accommodation area—a group of accommodation spaces and interconnecting corridors or spaces.
(NFC Online Glossary)

accommodation space—spaces designed for living purposes.  
(NFC Online Glossary)

accommodation spaces—accommodation spaces shall include, but are not limited to, all portions
of a vessel used for such purposes as overnight residence, deliberation, worship, entertainment,
dining, or amusement.  Accommodation spaces shall include the following:  (a) passenger or crew
cabins  (b) lounge areas  (c) athletic facilities  (d) gaming areas  (e) office spaces  (f) spaces for
religious worship  (g) theaters  (h) restaurants/messing areas  (i) public toilets/washrooms  (j) public
sales/shops. (NFC Online Glossary)

active fire barrier—a fire barrier element that must be physically repositioned from its normal
configuration to an alternate configuration in order to provide its protective  function.  Example
include ventilation system fire dampers and normally open fire door.  

activation energy—the minimum energy that colliding fuel and oxygen molecules must possess to
permit chemical interaction.  (NFC Online Glossary)

active fire protection—a fire protection method that requires manual, mechanical, or other means
of initiation, replenishment, or sustenance for its performance during a detected hazard or fire
incident.  Typical activations include switching on, directing, injecting, or expelling in order to
combat smoke, flame, or thermal loadings.  Fire sprinkler systems and manual firefighting efforts
are examples.  Active systems are commonly composed of an integrated detection, signaling, and
automated fire control system.  (Nolan, 2000)

active smoke detection system—a fire detection system where smoke is transported to and into
a sampling port to aspirate smoke into the detector-sensing chamber rather than relying totally on
outside forces such as fire plume strength or environmental air flows. These systems actively draw
smoke into the sensing chamber through the use of suction fans. Smoke in the immediate vicinity
of the sampling ports is drawn into the detector-sensing chamber.  (Nolan, 2000)
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adiabatic—Referring to any change in which there is no gain or loss of heat.  (McGraw-Hill)  

adiabatic flame temperature—the maximum possible flame temperature that can be achieved by
a particular combustion process (with no hat loss from the combustion).  For example, the adiabatic
flame temperatures for hydrocarbon fuels burning in air range from 2,000 °C to 2,300 °C 
(3,632 °F to 4,172 °F).  (Nolan, 2000)

advanced light water reactors (ALWR)—advanced light water reactors are divided into two types:
(a) evolutionary plants.  These are simpler, improved versions of conventional designs employing
active safety systems.  (b) revolutionary plants.  These are the result of completely rethinking the
design philosophy of conventional plants.  Revolutionary plants currently being proposed replace
mechanical safe shutdown systems with passive features that rely on physical properties such as
natural circulation, gravity flow, and heat sink capabilities.  (NFC Online Glossary)
 
aerosol—A gaseous suspension of ultramicroscopic particles of a liquid or a solid.  (McGraw-Hill)

aerosol detector—a detector designed to be activated by the liquid and solid particulates in smoke.

AFFF-Aqueous Film Forming Foam—a foam that forms a spreading aqueous film over the surface
of a flammable liquid.  AFFF is a combination of fluorocarbon surfactants and synthetic foam
agents.  They produce a foam that slides across the surface of hydrocarbon fuels.  This is
accomplished by the formation of a film that spreads ahead of the foam bubbles.  
(NFC Online Glossary)

air sampling-type detector—a detector that consists of a piping or tubing distribution network that
runs from the detector to the area(s) to be protected. An aspiration fan in the detector housing
draws air from the protected area back to the detector through air sampling ports, piping, or tubing.
At the detector, the air is analyzed for fire products.

air/fuel ratio, air-rich—the ratio of air to fuel by weight or volume which is significant for proper
oxidative combustion of the fuel.  (McGraw-Hill)  

alarm—a signal indicating an emergency that requires immediate action, such as a signal indicative
of fire.  (Nolan, 2000)

alarm signal—a signal indicating a concentration of carbon monoxide that could pose a risk to the
life safety of the occupants in the family living unit, requiring immediate action.  
(NFC Online Glossary)

alarms and indicators—any device capable of providing audible, visual, or olfactory indication. 

alternative shutdown capability—the ability to safely shut down the reactor and maintain shutdown
using equipment and processes outside the normal reactor shutdown process. 

ambient temperature—the temperature of the surrounding medium; usually used to refer to the
temperature of the air in which a structure is situated or a device operates.

American Wire Gauge (AWG)—a standardized system used to designate the size or ?gauge” of
wire.  As the diameter of wire gets smaller, the ?AWG” number of the wire gets larger.  The
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smallest AWG size is 40 and looks like a metal thread.  ?Four ought” (0000) is the largest AWG
wire size designation. Wires larger than this size are designated by the Thousand Circular Mill
system or ?KCMIL” sizes (known until recently as MCM).  

ampacity—the current, in amperes, that a conductor can carry continuously under the conditions
of use without exceeding its temperature rating. 

analysis, sensitivity—an analysis performed to determine the degree to which a predicted output
will vary given a specified change in an input parameter, usually in relation to models. 
(NFC Online Glossary)

analysis, uncertainty—an analysis performed to determine the degree to which a predicted value
will vary.  (NFC Online Glossary)

analyzer, gas—a device that measures concentrations, directly or indirectly, of some or all
components in a gas or mixture.  (NFC Online Glossary)

annunciator—a unit containing two or more identified targets or indicators lamps in which each
target or lamp indicates the circuit, condition, or location to be annunciated.  
(NFC Online Glossary)

antifreeze sprinkler system—a wet pipe sprinkler system employing automatic sprinklers that are
attached to a piping system that contains an antifreeze solution and that are connected to a water
supply.  The antifreeze solution is discharge, followed by water, immediately upon operation of
sprinklers opened by heat from a fire.  (NFC Online Glossary)

Appendix R cables—the set of cables that must remain free of fire damage to ensure safe
shutdown conditions can be  achieved within established criteria.

Appendix R fire area—an area, as defined in the Appendix R analysis, sufficiently bounded by fire
barriers that will withstand the fire hazards within the fire area and, as necessary, to protect
important equipment within a fire area from a fire outside the area the area.  A fire area must be
made up of rated fire barriers with openings in the barriers provided with fire doors, fire dampers,
and fire penetration seal assemblies having a fire resistance rating at least equivalent to the barrier
in which it is installed.

Appendix R fire zones—subdivisions of a fire area.

Appendix R requirements—fire protection requirements specified in Appendix R to 10 CFR 50,
?Fire Protection Program for Nuclear Power Facilities Operating Prior to January 1, 1979,” (It
should be noted that while some specific Appendix R requirements apply to all plants operating
prior to January 1, 1979, plants licensed after January 1, 1979, are not subject to Appendix R
requirements.  These plants must meet the fire protection condition of their licenses which are
based upon the guidelines of NUREG-0800, specifically Branch Technical Position CMEB 9.5-1,
which mirrors Appendix R with additional information).

approach fire fighting—limited, specialized exterior fire fighting operations at incidents involving
fires producing very high levels of conducted, convective, and radiant heat, such as bulk flammable
gas and bulk flammable liquid fires. Speciality thermal protection from exposure to high levels of
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radiant heat is necessary for the persons involved in such operations due to the limited scope of
these operations and greater distance from the fire that these operations are conducted. Not entry,
proximity, or structural, or wildland fire-fighting.  (NFC Online Glossary)

approved—tested and accepted for a specific purpose or application by a recognized testing
laboratory.  (Regulatory Guide 1.189)

approved—acceptable to authority having jurisdiction.  (NFPA 805)

aqueous film-forming foam (AFFF) concentrate—a concentrated aqueous solution of fluorinated
surfactant(s)and foam stabilizers that is capable of producing an aqueous fluorocarbon film on the
surface of hydrocarbon fuels to suppress vaporization.  (NFC Online Glossary)

arcing—the flashing occurring at electrical terminals when the circuit has been opened or closed.

armored cable—type AC armored cable is a fabricated assembly of insulated conductors in a
flexible metallic enclosure.  (NFC Online Glossary)

assembly—a unit or structure composed of a combination of materials or products, or both. 
(NFC Online Glossary)

assembly occupancy—an occupancy (1) used for a gathering of 50 or more persons for
deliberation, worship, entertainment, eating, drinking, amusement, awaiting transportation, or
similar uses; or (2) used as a special amusement building, regardless of occupant load. 
(NFC Online Glossary)

associated circuits—circuits that do not meet the separation requirements for safe shutdown
systems and components and are associated with safe shutdown systems and components by
common power supply, common enclosure, or the potential to cause spurious operations that could
prevent or adversely affect the capability to safely shutdown the reactor as a result of fire induced
failure (hot shorts, open circuits, and short to ground).  (Regulatory Guide 1.189)

associated circuit analysis—a documented, systematic, evaluation of associated circuits of concern
to post-fire safe shutdown.

atmospheric pressure—the pressure of the weight of air and water vapor on the surface of the
earth, approximately 14.7 pounds per square inch (psia) (101 kPa absolute) at sea level.  
(NFC Online Glossary)

atmospheric tank—a storage tank that has been designed to operate at gauge pressures from
atmospheric through 0.5 psi (3.45 kPa).  (NFC Online Glossary)

atmospheric vents—all points where pipes, stacks, or ducts are open to the atmosphere including
discharge points from emissions control devices, vent pipes from safety valves, vent pipes from
filters or pumps, and other vents.  (NFC Online Glossary)

Authority Having Jurisdiction (AHJ)—the organization, office, or individual responsible for approving
equipment, materials, an installation, or a procedure.  (NFPA 805)
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autoignition—the initiation of fire or combustion process by external heat without the application
of a spark or flame.  (NFC Online Glossary)

autoignition temperature—the lowest temperature at which a mixture of fuel and oxidizer can
propagate a flame without the aid of an initiating energy source (pilot, a spark or flame).

autoignition temperature—the lowest temperature at which a vapor/air mixture within its
flammability limits can undergo spontaneous ignition.

automatic closing device—a mechanism that can be fitted to a door which will cause the door to
close if there is a fire.

automatic door release—a device on a self-closing door that holds the door open during normal
operation but causes it to close by releasing electromagnetic holders when activated by a signal,
such as from a fire alarm. The closed door prevents the spread of fire and smoke. For personnel
exit applications and other locations where smoke spread is a concern, fusible links or other similar
heat-activated door-closing devices are not recommended because smoke may pass through the
door opening before there is sufficient heat to melt the fusible device.  (Nolan, 2000)

automatic fire alarm system—a system of controls, initiating devices, and alarm signals in which
all or some of the initiating circuits are activated by automatic devices, such as smoke detectors.
(Nolan, 2000)

automatic fire detection system—an arrangement of detectors that ascertains the presence of a
combustion process by sensing heat, smoke, or flames. The detectors can be self-annunciating
or connected to a fire alarm control panel (FACP) to initiate other alarm devices or signaling
systems. Various codes and standards are used to design and provide a fire alarm system, notably
NFPA 72, ?National Fire Alarm Code®”.  (Nolan, 2000)

automatic fire door—a fire door that closes immediately following the detection of a fire incident.
Most fire doors that automatically close are held open by electromagnetic holders. When the fire
is detected by a fire detection system, power is removed from the magnetic holders, and the doors
swing closed from their self-closer. It may also be called an automatic-closing fire door.
(Nolan, 2000)

automatic fire extinguishing system—a fire suppression system that automatically senses the
occurrence of a fire and signals a control device for the application of extinguishing agents. It is
designed to distribute and apply the extinguishing agents in sufficient quantities and densities to
effect fire control and extinguishment. No human intervention is required.  Almost all automatic fire
extinguishing systems are required to be designed and installed according to prescribed rules and
regulations that ensure they are reliable and effective for fire protection applications.  (Nolan, 2000)

automatic fire protection—active fire protection measures that are activated immediately following
a fire incident without human intervention.  Automatic fire protection systems pro-vide for both fire
detection and extinguishment.  (Nolan, 2000)

automatic sprinkler—a water spray device, commonly a nozzle with a perpendicular spray deflector
attached, used to deflect the water spray to a predetermined area at a predetermined density for
the purpose of fire protection.  Automatic sprinklers for fire protection applications are available in
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a variety of configurations and decorative features. The sprinklers for fire protection are normally
required to be tested or approved by an independent testing agency (UL or FM).  Sprinklers may
be installed with an open orifice (dry sprinklers) or provided with an element that contains the
system water supply (wet sprinklers). Water is sprayed from the sprinkler once the heat from a fire
causes a fusible element in the sprinkler head to melt. Once the element has melted it releases a
tension mounted cap on the outlet of the sprinkler.  The sprinkler outlet is connected to a water
distribution pipe network. Water pressure in the pipe network directs water onto the sprinkler
deflector, providing the water spray.  (Nolan, 2000)

auxiliarized local system—a local system that is connected to the municipal alarm facilities.

auxiliarized proprietary system—a proprietary system that is connected to the municipal alarm
facilities. 

auxiliary protective signaling system—a connection to the municipal fire alarm system to transmit
an alarm of fire to the municipal communication center.  Fire alarms from an auxiliary center on the
same equipment and by the same alerting methods as alarms transmitted from municipal fire alarm
boxes located on streets.

back pressure—pressure against which a fluid is flowing, resulting from friction in lines, restrictions
in pipes or valves, pressure in vessel to which fluid is flowing, hydrostatic head, or other
impediment that causes resistance to fluid flow.  (NFC Online Glossary)

Backdraft—limited ventilation during an enclosure fire can lead to the production of large amount
of unburnt gases.  When an opening is suddenly introduced, the inflowing air may mix with these,
creating a combustible mixture of gases in some part of the enclosure.  Any ignition sources, such
as a flowing ember, can ignite this flammable mixture, resulting in an extremely rapid burning of
the gases.  Expansion due to the heat created by the combustion will expel the burning gases out
through the opening and cause a fireball outside the enclosure.  The phenomenon can be
extremely hazardous.  (NFC Online Glossary)

backfire arrester—a flame arrester installed in fully premixed air–fuel gas distribution piping to
terminate flame propagation therein, shut off fuel supply, and relieve pressure resulting from a
backfire.  (NFC Online Glossary)

barrier —a part providing protection against direct contact from any usual direction of access. 
(IEC 50-826.)  (NFC Online Glossary)

barrier failure—the breach of a fire barrier, by a fire or other cause, which could permit propagation
of a fire or its combustion products across the barrier.

barrier material—a single-layer fabric or a laminated or coated, multilayer material considered as
a single-layer fabric that limits transfer from the face of the layer to the other side.  
(NFC Online Glossary)

barrier, smoke—a continuous membrane, or a membrane with discontinuities created by protected
openings, where such membrane is designed and constructed to restrict the movement of smoke.
(NFC Online Glossary)
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barrier, thermal—a material that limits the average temperature rise of an unexposed surface to
not more than 120 °C (250 °F) for a specified fire exposure complying with the standard
time-temperature curve of NFPA 251, ?Standard Methods of Tests of Fire Endurance of Building
Construction and Materials”.  (NFC Online Glossary)

blackbody temperature—the temperature of a perfect radiator; a surface with an emissivity of unity
and, therefore, a reflectivity of zero.  (NFC Online Glossary)

blanketing (or padding)—a technique of maintaining an atmosphere that is either inert or fuel-
enriched in the vapor space of a container or vessel.  (NFC Online Glossary)

blast—a transient change in the gas density, pressure, and velocity of the air surrounding an
explosion point.  The initial change can be either discontinuous or gradual.  A discontinuous change
is referred to as a shock wave, and a gradual change is known as a pressure wave.  Blast is also
called pressure wave.  (Nolan, 2000)

blast area—the area including the blast site and the immediate adjacent area within the influence
of flying rock, missiles, and concussion.  (NFC Online Glossary)

blast pressure front—the expanding leading edge of an explosion reaction that separates a major
difference in pressure between normal ambient pressure ahead of the front and potentially
damaging high pressure at and behind the front.  (NFC Online Glossary)

blast site—the area where explosive material is handled during loading of the blasthole, including
15.3 m (50 ft) in all directions from the perimeter formed by loaded holes. A minimum of 9.15 m 
(30 ft) can replace the 15 m (50 ft) requirement if the perimeter for loaded holes is marked and
separated from nonblast site areas by a barrier. The 15.3 m (50 ft) or 9.15 m (30 ft) distance
requirements, as applicable, apply in all directions along the full depth of the blasthole. In
underground mines, at least 4.6 m (15 ft) of a solid rib, pillar, or broken rock can be substituted for
the 15.3 m (50 ft) distance.  (NFC Online Glossary)

blasting agent—a material or mixture intended for blasting that meets the requirements of the DOT
?Hazardous Materials Regulations,” as set forth in Title 49, Code of Federal Regulations, Parts
173.56, 173.57, and 173.58, Explosive 1.5D.  (NFC Online Glossary)

blaze—terminology for a free-burning fire characterized as spectacular in flame evolution.

Boiling Liquid Expanding Vapor Explosion(BLEVE) —a catastrophic rupture of a pressurized vessel
containing a liquid at a temperature above its normal boiling point with the simultaneous ignition
of the vaporizing fluid. A short-duration, intense fireball occurs if the liquid is flammable. During the
rupture of the vessel, a pressure wave may be produced and fragments of the containment vessel
will be thrown considerable distances.  (Nolan, 2000)

boilover—a phenomenon that can occur during a fire over an open tank containing a blend of
flammable liquids, such as crude oil; water must be present at the bottom of the tank for boilover
to occur.  (Friedman, 1998)
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boiling point—the maximum temperature at which a liquid can evaporate under normal;
atmospheric conditions; equilibrium temperature for a liquid and its vapor to coexist at 1
atmosphere of pressure.

boiling point—the temperature at which the vapor pressure of a liquid equals the surrounding
atmospheric pressure. For purposes of defining the boiling point, atmospheric pressure shall be
considered to be 14.7 psia (760 mm Hg).  For mixtures that do not have a constant boiling point,
the 20 percent evaporated point of a distillation performed in accordance with ASTM D86, Standard
Method of Test for Distillation of Petroleum Products, shall be considered to be the boiling point.
(NFC Online Glossary)

bounding analysis—an analysis that intentionally makes use of methods and assumptions (e.g.,
those pertaining to parameters describing a hazard, a resulting initiating event, and a plant’s
resistance to the initiator) designed to result in an upper-bound or demonstrably conservative
estimate of risk.

British Thermal Unit (Btu)—the quantity of heat required to raise the temperature of one pound of
water -17 °C (1 °F) at the pressure of one atmosphere and the temperature of 60 °F (15.5 °C).
building characteristics—a set of data that provides a detailed description of a building, such as
building layout (geometry), access and egress, construction, building materials, contents, building
services, and fire safety (hardware) systems.  (NFC Online Glossary)

building code—a set of requirements intended to ensure that an acceptable level of safety
(including fire safety) is incorporated into a building at the time of construction.

building construction types—there are five general types of building construction classifications
defined for fire protection purposes. They are classified according to their fire resistive properties.
They include the following (Nolan, 2000):

fire resistive—a broad range of structural systems capable of withstanding fires of specified
intensity and duration without failure. Common fire-resistive components include masonry
load- bearing walls, rein-forced concrete or protective steel columns, and poured or precast
concrete floors and roofs (Ref. NFPA 220, Type I).

noncombustible—type of structure made of noncombustible materials in lieu of fire-resistant
materials. Steel beams, columns, and masonry or metal walls are used 
(Ref. NFPA 220, Type II).

ordinary—consists of masonry exterior load-bearing walls that are of noncombustible
construction. Interior framing, floors, and roofs are made of wood or other combustible
materials, whose bulk is less than that needed to qualify as heavy-timber construction. If
the floor and roof construction and their supports have a one-hour fire resistance rating and
all openings through the floors (stairwells) are enclosed with partitions having a one-hour
fire resistance rating, then the construction is classified as “protected ordinary construction”
(Ref. NFPA 220, Type III).

heavy timber—characterized by masonry walls, heavy-timber columns and beams, and
heavy plank floors. Although not immune to fire, the large mass of the wooden members
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slows the rate of combustion. Heavy timber construction can be used where the smallest
dimension of the members exceeds 5.5 in. (14 cm). When timbers are this large, they are
charred but not consumed in a fire and are generally considered akin to a fire-resistant type
of construction (Ref. NFPA 220, Type IV).

wood frame—building construction characterized by use of wood exterior walls, partitions,
floors, and roofs. Exterior walls may be sheathed with brick veneer, stucco, or metal-clad
or asphalt siding (Ref. NFPA 220, Type V).

building occupancy—the primary activity for which a building is designed and built. Fire code
requirements are based on the risk a building occupancy represents, and, therefore, various
building occupancies are normally defined by a fire code. Common building occupancies include
assembly, business, educational, factory or industrial, hazardous or high hazard, institutional,
mercantile, residential, storage and utility, special, or miscellaneous.  (Nolan, 2000)

building services—provisions, such as heating, plumbing, electrical and air handling systems, that
render a building habitable.

burning rate—the combustion rate of a fuel, expressed either as the rate of mass consumption per
unit exposed area.

burnout—point at which flames cease.  (Nolan, 2000)

burning velocity—the speed with which a laminar flame moves in a direction normal to its surface,
relative to the unburned portion of combustible gas mixture, at constant pressure.  Its value
depends on mixture composition, temperature, and pressure. 

buoyancy—an effective force on fluid due to density or temperature differences in a gravitational
field.  (NFC Online Glossary)

burn injury—an injury to the skin and deeper tissues caused by hot liquids, flames, radiant heat,
and direct contact with hot solids, caustic chemicals, electricity, or electromagnetic (nuclear)
radiation.  A first-degree burn injury occurs with a skin temperature of about 48 °C (118 °F), and
a second-degree burn injury occurs with a skin temperature of 55 °C (131 °F).  Instantaneous skin
destruction occurs at 72 °C (162 °F). Inhaling hot air or gases can also burn the upper respiratory
tract.  

The severity of a burn depends on its depth, its extent, and the age of the victim. Burns are
classified by depth as first, second, and third degree.  First-degree burns cause redness and pain
(sun-burn) and affect only the outer skin layer. Second-degree burns penetrate beneath the
superficial skin layer and are marked by edema and blisters (scalding by hot liquid).  In third-degree
burns, both the epidermis and dermis are destroyed, and underlying tissue may also be damaged.
It has a charred or white leathery appearance and initially there may be a loss of sensation to the
area. The extent of a burn is expressed as the percent of total skin surface that is injured.
Individuals less than 1 year old and over 40 years old have a higher mortality rate than those
between 2 and 39 years old for burns of similar depth and extent. Inhalation of smoke from a fire
also significantly increases mortality.   Thermal destruction of the skin permits infection, which is
the most common cause of death for extensively burned individuals.  Body fluids and minerals are
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lost through the wound. The lungs, heart, liver, and kidneys may be affected by infection and fluid
loss.  First aid for most burns involves the application of cool water as soon as possible after the
burn. Burns of 15-percent of the body surface or less are usually treated in hospital emergency
rooms by removing dead tissue (debridement), dressing with antibiotic cream (often silver
sulfadiazine), and administering oral pain medication.  Burns of 15 to 25-percent of the body
surface often require hospitalization to provide intravenous fluids and avoid complications. Burns
of more than 25-percent of the body surface are usually treated in specialized burn centers.
Aggressive surgical management is directed toward early skin grafting and avoidance of such
complications as dehydration, pneumonia, kidney failure, and infection. Pain control with
intravenous narcotics is frequently required. The markedly increased metabolic rate of severely
burned patients requires high-protein nutritional supplements given intravenously and by mouth.
Extensive scarring of deep burns may cause disfigurement and limitation of joint motion. Plastic
surgery is often required to reduce the effects of the scars.  Psychological problems often result
from scarring.  Investigations are underway to improve burn victims’ nutritional support, enhance
the immune response to infection, and grow skin from small donor sites in tissue culture to cover
large wounds.  Since over 50 percent of all burns are preventable (separation, barriers, protective
clothing, etc.), safety programs can significantly reduce the incidence of burn injuries.
(Nolan, 2000)

cable failure—a breakdown in the physical and/or chemical properties (e.g., electrical continuity,
insulation integrity) of cable conductor(s) such that the functional integrity of the electrical circuit
can not be assured (e.g.,  interrupted or degraded). 

cable jacket—a protective covering over the insulation, core, or sheath of a cable.
(IEEE Std.100-1988).

cable penetration—an assembly or group of assemblies for electrical conductors to enter and
continue through a fire-rated structural wall, floor, or floor-ceiling assembly. 
(IEEE Std. 100-1988).

cable routing—the pathway electrical wiring takes through the plant from power source or control
point to component location.

cable-to-cable fault—a fault condition of relatively low impedance between conductors of one cable
and conductors of a different cable.

cable tray fire break—a noncombustible or limited-combustible material used for vertical cable trays
to limit fire spread.

carbon dioxide—colorless, odorless, electrically nonconductive inert gas that is a suitable medium
for extinguishing Class B and Class C fires.  Liquid carbon dioxide forms dry ice (snow) when
released directly into the atmosphere.  Carbon dioxide gas is 1½ times heavier than air.  Carbon
dioxide extinguishers fire by reducing the concentrations of oxygen, the vapor phase of the fuel,
or both in the air to the point where combustion stops. (NFC Online Glossary)

C-factor—a relative roughness coefficient used in mathematical calculations of friction losses for
water flow in pipes for fire protection systems when using the Hazen-Williams friction loss formula.
C-factors are dependent on the smoothness of the internal surfaces of pipes and are features of
the pipe material and system age.  A high C factor (120) represents a smooth internal pipe and a



F-14

low C-factor (80 or 90) is a rough internal pipe surface.  The C- factor decreases as the level of
friction within the pipe interior surface increases.  When computerized hydraulic programs are used
to determine water pressures and flow conditions within a water distribution system, the friction
coefficients to use are specified as part of the input data. Common piping C factors used for fire
protection applications include the following (Nolan, 2000):

Unlined Cast or Ductile Iron - 100
Asbestos Cement, Cement-Lined
Cast or Ductile Iron, Cement-Lined
Steel and Concrete - 140
Polyethylene, Polyvinyl Chloride (PVC), and Fiberglass 
Epoxy-150 Copper - 150

calorimetry—the heat release rate for a fire is the most significant measure of the magnitude and
destructive potential of a fire.  The growth rate of the fire is determined by the burning rate
characteristics of the fuel as well as the ignitability, flame spread, and geometry of the item.  Given
the significant complexities of the fire growth process, there is a need to be able to experimentally
measure the heat release rate history of combustibles materials.  The method for measuring heat
release rates are collectively referred to as calorimetry.

While it is in principle to possible to measure the heat output of a fire by thermal means, early
attempts to use thermal methods were generally unsatisfactory due to practical details of
instrument design.  Modern calorimeters makes use of the empirical fact that the heat released per
unit of oxygen consumed is a constant, 13 kJ/g of oxygen.  This direct relationship between oxygen
consumption and heat release means that a measurement of oxygen depletion can be used to
measure the heat release rate.

cavitation—formation of a partial vacuum (creating gas bubbles), in a liquid by a swiftly moving
solid body (a propeller). Cavitation may occur in a firewater pumping system due to improper
design, arrangement, or installation. The generation and collapse of the gas bubbles produce a
vibration and sometimes severe mechanical strain on the pumping system, reducing performance
and causing accelerated deterioration of the pumping components (especially the impeller).
Specific design and installation requirements are set forth in NFPA 20, ?Standard for the Installation
of Stationary Pumps for Fire Protection,” to prevent cavitation from occurring in fixed fire-water
pump installations.

ceiling jet—the radially outward flow under a ceiling resulting when a fire plume impinges on a
ceiling.  (Friedman, 1998) 

cellulosic—a natural polymer (C6H10O5)n, which is a principle constituent of cotton, wood, and
paper.  (Friedman, 1998)

cellulosic fire—a fire with a fuel source com-position predominantly of cellulose (wood, paper,
cotton, etc.). A fire involving these materials is relatively slow growing, although its intensity may
ultimately reach or exceed that of a hydrocarbon fire. Standard building fire barriers are based on
a cellulosic fire exposure as defined by ASTM E119, ?Standard Test Methods for Fire Tests of
Building Construction and Materials,”; ISO Standard No. 834; or BS 476 Part 20. Cellulosic fires
reach a maximum temperature of just over 900 °C (1,652 °F).
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central station system (or Central station firealarm system)—A fire alarm system controlled and
operated by a designated business for fire alarm system operation and maintenance. All signals
generated by the system report to a central station (office) and are acted upon as required.  
(Nolan, 2000)

Celsius temperature—a temperature scale on which pure water at sea level freezes at 0 °C and
boils at 100 °C (212 °F).  (Friedman, 1998)

char—the carbonaceous remains of burned materials. 

charring—the production of a solid carbonaceous residue on heating or burning a solid.

circuit failure modes—open circuit - a condition that is experienced when an individual conductor
within a cable loses electrical continuity.

short-to-ground—a condition that is experienced when an individual conductor comes in
electrical contract with a grounded conducting device, such as a cable tray, conduit , or
metal housing.  

hot short—a condition that is experienced when individual conductors of the same or
different cables come in contact with each other. 

Class of fires (NFPA 10, 2002 Edition)—a letter designation given to a particular fire category for
the purpose of generally classifying it accordance to the type if fuel and possible spread of fire.

Class A Fires—fires in ordinary combustible materials, such as , wood, cloth, paper, rubber,
and many plastics.

Class B Fires—fires in flammable liquids, combustibles liquids, petroleum greases, tars,
oils, oil-based paints, solvents, lacquers, alcohols, and flammable gases,.

Class C Fires—fires that involve energized electrical equipment where the electrical non-
conductivity of the extinguishing media is of importance.  (When electrical equipment is de-
energized, fire extinguishers foe Class A or Class B fires can be use safely).

Class D Fires—fires in combustible metals, such as magnesium, titanium, zirconium,
sodium, lithium, and potassium.

Class K Fires—fires in cooking appliances that involve combustible cooking media
(vegetable or animal oils and fats).

circuit—a conductor or system of conductors through which electrical current flows.
(IEEE Std.100-1988)

circuit—interconnection of components to provide an electrical path between two or more
components.
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circuit breaker—a device designed to open and close a circuit by nonautomatic means, and to open
the circuit automatically on a predetermined overload of current without injury to itself when
properly applied within its rating. 
(IEEE Std 100-1988)

circuit breaker—a mechanical switching device capable of making, carrying and breaking currents
under normal circuit conditions and also, making, carrying for a specified period of time, and
breaking currents under specified abnormal circuit conditions such as those of short circuit.
 (IEEE Std. 100-1988)

clean agent—a volatile or gaseous fire extinguishing agent that is not electrically conductive and
does not leave any residue during or after its application following evaporation.  Common clean
agents include carbon dioxide, Halon, Inergen, and FM-200. Although Halon is considered a clean
agent, it may contribute to the Earth’s ozone depletion and therefore is considered environmentally
harmful.  (Nolan, 2000)

clean agent fire suppression system (CAFSS)—a fire suppression application system that utilizes
a volatile or gaseous fire extinguishing agent that is not electrically conductive and does not leave
any residue during or after its application following evaporation.  (Nolan, 2000)

closed-circuit self-contained breathing apparatus (SCBA)—a recirculation-type SCBA in which the
exhaled gas is rebreathed by the wearer after the carbon dioxide has been removed from the
exhalation gas and the oxygen content within the system has been restored from sources such as
compressed breathing air, chemical oxygen, liquid oxygen, or compressed gaseous oxygen.

code—comprehensive set of requirements intended to address fire safetyin a facility.  Code may
reference numerous standards.

code of record—the codes and standards refer to the edition of the code or standard in effect at
the time of fire protection systems or features was designed or specifically committed to the
authority having jurisdiction.

cold smoke—smoke that is produced from a smoldering fire. The fire itself does not generate
adequate quantities of heat to produce a flaming fire. Cold smoke therefore lacks the buoyancy of
smoke from a flaming fire because its low heat content does not generate a strong convection
current. Cold smoke may be more difficult to detect by ceiling mounted smoke detectors due to its
lack of buoyancy.  (Nolan, 2000)

combustion—the burning of gas, liquid, or solid, in which the fuel is oxidized, evolving heat and
often light.  (McGraw-Hill)

combustion efficiency—the ratio of heat actually developed in a combustion process to the heat
that would be released if the combustion were perfect.  (McGraw-Hill)

combustible gas detector—an instrument designed to detect the presence or concentration of
combustible gases or vapors in the atmosphere. It is usually calibrated to indicate the concentration
of a gas as a percentage of its lower explosive limit (LEL) so that a reading of 100-percent indicates
that the LEL has been reached. They use either a solid-state circuit, infrared (IR) beam,
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electrochemical, or dual catalytic bead for the detection of gas in an area.  Portable monitors are
used for personnel protection and fixed installations are provided for property protection.

combustible liquid—as generally defined, it is any liquid that has a closed-cup flash point at or
above 100 °F (37.8 °C). Combustible liquids are classified as Class II or Class III, and flammable
liquids are classified as IA, IB or IC.  (NFPA 30)

Class II Liquid—any liquid tested with a flash point at or above 37.8 °C (100°F) and below
60 °C (140°F).

Class III A—any liquid tested with a flash point at or above 60 °C (140 °F), but below 93
°C (200 °F).

Class III B—any liquid tested with a flash point at or above 93 °C (200 °F).

combustible liquid area-fixed—an area used for storage of Class II and Class III combustible
liquids that is infrequently moved, and where the aggregate quantity present shall not exceed 5,000
gallon (18, 925 L).  Handling of liquids incidental to transfer can take place within a storage area.
(NFC Online Glossary)

combustible liquid area-large—an area used for storage of Class II and Class III combustible
liquids where the aggregate quantity present shall not exceed 1,000 gallon (3,785 L).  Handling of
liquids incidental to transfer can take place within a storage area.  (NFC Online Glossary)

combustible liquid area-mobile—self-propelled or mobile equipment fitted with suitable containers
or tanks and other related fixtures used for the storage, transport, and dispensing of Class II and
Class III combustible liquids.  The aggregate quantity of combustible liquid carried on such
equipment shall not exceed 1,000 gallon (3,785 L).  (NFC Online Glossary)

combustible liquid area-portable—an area used for storage of Class II and Class III combustible
liquids that is periodically moved, and where the aggregate quantity present shall not exceed 1,000
gallon (3,785 L).  Handling of liquids incidental to transfer can take place within a storage area.
(NFC Online Glossary)

combustible liquid area-small—an area used for storage of Class II and Class III combustible
liquids that is periodically moved, and where the aggregate quantity present shall not exceed 60
gallon to 1,000 gallon (227 L to 3,785 L).  Handling of liquids incidental to transfer can take place
within a storage area.  (NFC Online Glossary)
combustible material—any material that will burn or sustain the combustion process when ignited
or otherwise exposed to fire conditions.  (Regulatory Guide 1.189)

common enclosure—an enclosure (e.g., cable tray, conduit, junction box) that contains circuits
required for the operation of safe shutdown components and circuits for non-safe shutdown
components.

common-mode failure—multiple failures that are attributable to a common cause. 
(IEEE Std. 100-1988. 
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common power supply/source—a power supply that feeds safe shutdown circuits and non-safe
shutdown circuits (Regulatory Guide 1.189)

common path of travel—the portion of an exit access that building occupants must traverse before
two distinct paths of travel or two exits are available.  (NFC Online Glossary)

compartmentation—a type of building design in which a building is divided into sections that can
be closed off from each other so that there is resistance to fire spread beyond the area of origin.

compartmentation—a fire protection strategy whereby a building is subdivided into compartments
that are separated from one another by fire resistant barriers.

complete combustion—refers to the chemical reaction where all the product components are in
their most stable state.

compressed breathing gas—a respirable gas mixture stored in a compressed state and supplied
to the user in a gaseous form.  (NFC Online Glossary)

compressed gas—any material or mixture having, when in its container, an absolute pressure
exceeding 40 psia (an absolute pressure 276 kPa) at 21.1 °C (70 °F) or, regardless of the pressure
at 21.1 °C (70 °F), having an absolute pressure exceeding 104 psia (an absolute pressure of 717
kPa) at 54.4 °C (130 °F).  (NFC Online Glossary)

computer fire model—a computer fire model is normally realized as a computer program for
predicting fire.  This is most common, but not necessarily always true.  A computer fire model, for
example, could be realized as only a flowchart. 

concentration—the percentage of material per unit mass (or volume) of its mixture.

conduction—the mode of heat transfer associated with solid in direct contact, or  heat transfer due
to molecular energy transfer following Fourier’s Law.

conductor—a substance or body that allows a current of electricity to pass continuously along it.
(IEEE Std. 100-1988)

conductor—a wire or combination of wires, not insulated from one another, suitable for carrying an
electric current. (IEEE Std. 100-1988)

conductor-to-conductor fault—a circuit fault condition of relatively low impedance between two or
more conductors of the same or different circuit.

conductor-to-conductor fault—a cable failure mode of relatively low impedance between two or
more conductors of the same multi-conductor cable (Intra-cable fault) or between two or more
separate cables (Inter-cable fault).

configuration factor—fraction of radiation received by a target compared to the total emitted by the
source.
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conflagration or mass fire—a fire over a large tract of land where generally the flames are much
shorter than the horizontal extent of the fire.

contain a fire—to take suppression action that can reasonably be expected to check the fire spread
under prevailing and predicted conditions.

control of burning—application of water spray to equipment or areas where a fire can occur to
control the rate of burning and thereby limit the heat release from a fire until the fuel can be
eliminated or extinguishment effects.

control cable—cable applied at relatively low current levels or used for intermittent operation to
change the operating status of a utilization device of the plant auxiliary system. 
(IEEE Std. 100-1988)

control circuit—the circuit that carries the electrical signals directing the performance of the
controller but does not carry the main power circuit (IEEE Std. 100-1988).
 
control panel—an assembly of man/machine interface devices (IEEE Std. 100-1988).

control power/voltage—the voltage applied to the operating mechanism of a device to actuate it.
(IEEE Std. 100-1988)

control-power transformer—a transformer which supplies power to motors, relays, and other
devices used for control purposes. (IEEE Std. 100-1988)

control a fire—to complete a control line around a fire, any spot fire therefrom, or any interior island
to be saved; to burn out any unburned area adjacent to the fire side of the control line and cool
down all hot spots that are an immediate threat to the control line.(NFC Online Glossary)

convection—the heat transfer associated with fluid movement around the heated body.  Warmer,
less dense fluid rises and is replaced by cooler, more dense fluid.  Convection current rise during
a fire event due to heat transfer to the surrounding air, causing it to rise and allow cooler air to
enter the fire environment at the base of the fire.

convective heat—energy that is carried by a hot moving fluid.

convective heat transfer coefficient—a quantity that represent the ability of heat to be transformed
from a moving fluid to a solid surface expressed in terms of heat flux per unit temperature
difference.

consequences—consequences are expected effects from the realization of the hazard and
severity, usually measured in terms of property damage, business interruption, life safety exposure,
environmental impact, company image etc.

corrosion-resistant material—materials such as brass, copper, monel, stainless steel, or other
equivalent corrosion-resistant materials.  (NFC Online Glossary)

cracking—pyrolysis; breaking gaseous molecules into other molecules.
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credited shutdown equipment—the set of equipment that is relied on (credited in the SSA) for
achieving post-fire safe shutdown conditions in the event of fire in a specific fire area.  

creep—the high temperatures [over 500 °C (1,000 °F)] reached during fire greatly accelerate the
creep strain rate (gradual degradation) in a building element.  Although this time-dependent strain
is important in all building elements, its effects are critical in the case of tension loads in structural
steel members are reinforcing steel.  The influence of creep strain on elements should be
considered in all but the most gross estimates of fire resistance.  An increase in creep strain rate
will have the net effect of increased deformation.  In general, the stress relief provided by increased
creep strain may preclude catastrophic failures in steel beams.  

critical heat flux—a threshold level of heating below which ignition (or in other context, flame
spread) is not possible.

critical temperature—the temperature at which a structural metal (such as steel) softens when
heated and can no longer support load.  It is usually below its melting temperature.

cross-linked polymer—a polymer in which the long chains are bonded to one another at
intermediate points.  Cross-linked reduces flexibility and tendency to melt, and increase the
tendency to form char on heating.  (Friedman, 1998)

cross-zoning—a method of fire detection whereby adjacent fire detectors are connected to different
sensing circuits to the fire alarm control panel. Confirmed fire detection is only achieved if two
detectors are activated, one from each of the separate alarm circuits. Cross-zoning is used
primarily as a deterrent against false alarms and in particular where a fixed fire suppression system
(such as a CO2 system) is arranged to automatically discharge upon fire detection to avoid
accidental release of the suppression gas. It may also be referred to as a voting system.  
(Nolan, 2000)

cross-zone analysis—the analysis of a potential fire scenario involving fire propagation between
adjacent fire zones.

cryogenic gas—a refrigerated, liquid gas having a boiling point below -90 °C (-130 °F) at
atmospheric pressure.  (NFC Online Glossary)

current licensing basis (CLB)—the set of NRC requirements applicable to a specific plant and a
licensee's written commitments for ensuring compliance with and operation within applicable NRC
requirements and the plant-specific design basis (including all modifications and additions to such
commitments over the life of the license) that are docketed and in effect. The CLB includes the
NRC regulations contained in 10 CFR Parts 2, 19, 20, 21, 26, 30, 40, 50, 51, 54, 55, 70, 72, 73,
100 and appendices thereto; orders; license conditions; exemptions; and technical specifications.
It also includes the plant-specific design-basis information defined in 10 CFR 50.2 as documented
in the most recent final safety analysis report (FSAR) as required by 10 CFR 50.71 and the
licensee's commitments remaining in effect that were made in docketed licensing correspondence
such as licensee responses to NRC bulletins, generic letters, and enforcement actions, as well as
licensee commitments documented in NRC safety evaluations or licensee event reports. (10 CFR
54.3) See also: Regulatory Guide 1.189.
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curtain wall—an exterior wall non-load bearing prefabricated wall, usually more than one story high
supported by the structural frame, which protects the building’s interior from weather, noise, or fire.

damper, fire—a device (damper) arranged to seal off airflow automatically through part of an air
distribution system to resist the passage of heat and flame. It is usually an assembly of louvers
arranged to close from the heat of a fire by melting a fusible link or through a remote activation
signal.  Fire dampers are required by all building codes to maintain the required level of fire
resistance rating for walls, partitions, and floors when they are penetrated by air ducts or other
ventilation openings. There are two significant ratings when applying a fire damper; the fire
resistance rating and the airflow closure rating. The fire rating is dependent on meeting the fire
resistant rating of the fire barrier being penetrated by the airflow duct and the airflow rating is either
static or dynamic, depending on whether the air flow is automatically shut down upon fire detection.
(NFC Online Glossary)

damper, smoke—a damper arranged to restrict the spread of smoke in a heating, ventilation and
air conditioning (HVAC) air duct system. It is designed to automatically shut off air movement in
the event of a fire. It is usually applied in a Passive Smoke Control System or as part of an
Engineered Smoke Control System to control the movement of smoke within a building when the
HVAC is operational in an engineered smoke control system. HVAC control fans are used to create
pressure differences in conjunction with fixed barriers (walls and floors). Higher pressures surround
the fire area and prevent the spread of smoke from the fire zone into other areas of the building.
A smoke damper also can be a standard louvered damper serving other control functions, provided
the location lends itself to the dual purpose. A smoke damper is not required to meet all the design
functions of a fire damper. Smoke dampers are classified according to leakage rates: Class 1
(lowest), 2, 3, and 4 (highest); elevated temperature 250 °F (121 °C), 350 °F (177 °C) or higher;
and prescribed pressure and velocity differences at the damper (specific velocity of airflow when
open and to close against a specific pressure differential).  (NFC Online Glossary)

dead end—a corridor, hallway, or passageway open to a corridor that can be entered from the exit
access without passage through a door, but which does not lead to an exit.

dedicated smoke control systems—systems that are intended for the purpose of smoke control
only.  They are separate systems of air moving and distribution equipment that do not function
under normal building operating conditions.  Upon activation, these systems operate specifically
to perform the smoke control function.

dedicated shutdown—the ability to shut down the reactor and maintain shutdown conditions using
structures, systems, or components dedicated to the purpose of accomplishing post-fire safe
shutdown functions. (Regulatory Guide 1.189)

deep-seated fire—a deep-seated fire occurs when the burning solid material (e.g., cable) is not just
a surface burning phenomena but  pyrolysing beneath the surface.  This is postulated to occur
when the cable fire has reached the stage of a fully developed fire.  Extinguishment of a surface
does not guarantee a deep-seated fire may also be eliminated.  Extinguishment of deep-seated
fires requires an individual to investigate the interior of a material once the surface fire has been
extinguished to determine if interior extinguishment has also been accomplished.  If a deep-seated
fire in an enclosed area is to be extinguished by a gaseous agent, the period of agent concentration
has to be adequate to ensure suppression has been accomplished. 
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deep-seated fire—a deep-seated fires may become established beneath the surface of fibrous or
particulate material.  This condition may result from flaming combustion at the surface or from the
ignition within the mass of fuel.  Smoldering combustion then progresses slowly through the mass.
A fire of this kind is referred to in this standard as a “deep-seated” fire.  The burning rate of these
fires can be reduced by the presence of Halon 1301, and they may be extinguished if a high
concentration can be maintained for an adequate soaking time.  However, it is not normally
practical to maintain a sufficient concentration of Halon 1301 for a sufficient time to extinguish
deep-seated fires.

defense-in-depth—a principle aimed at providing a high degree of fire protection by achieving a
balance of (a) preventing fores from starting (b) detecting fires quickly and suppressing those fires
that occur, thereby limiting damage; and (c) designing the plant to limit the consequences of fire
to life, property, environment, continuity of plant operation, and safe shutdown capability.  It is
recognized that, independently, no one of these items is complete in itself.  Strengthening any item
can compensate for weaknesses, known or unknown, in the other items. 

deflagration—mechanism for the propagation of an explosion reaction through a flammable gas
mixture that is thermal in nature.  The velocity of the reaction is always less than the speed of
sound in the mixture but is capable of causing damage.  A deflagration is possible if a gases
concentration rises above its lower flammability limit (LFL).  (Nolan, 2000)

deflagration pressure containment—the technique of specifying the design pressure of a vessel
and its appurtenances so they are capable of withstanding the maximum pressure resulting from
an internal deflagration.  (Nolan, 2000)

deflagration suppression—the technique of detecting and arresting combustion in a confined space
while the combustion is still in its incipient stage, thus preventing the development of pressure that
could result in an explosion.  (Nolan, 2000)

deluge—the immediate release of a commodity, usually referring to a water spray release for fire
suppression purposes.  (Nolan, 2000)

deluge sprinkler system—a system that uses open sprinklers or nozzles so that all flow water is
discharged when the deluge valve actuates.

deluge water mist system—water mist system with open nozzles that discharge water mist
simultaneously from all nozzles on the system.

density—the property of a substance which is expressed by the ratio of its mass to its volume.

design fire curve—an engineering description of the development of a fire for use in a design fire
scenario.  Design fire curves might be described in terms of heat release rate versus time.

design fire scenario—a set of conditions that defines or describe the critical factors for determining
outcomes of trial designs.

detonation—propagation of a combustion zone at a velocity that is greater than the speed of sound
in the un-reacted medium.  (NFC Online Glossary)
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developing fire—the early stage of growth (in a compartment fire) before flashover and full
involvement.

diffusion—process of species transport in a mixture from its high to low concentration.

diffusion flame—a flame in which the fuel and oxygen are transported (diffused) from opposite
sides of the reaction zone (flame).  (Nolan, 2000)

dimensionless—having no units of measure (terms combine to produce no units).

draft curtains—barriers suspended from the roof of a structure to limit the spread of smoke.

dry chemicals—a power composed of very small particles, usually sodium bicarbonate, potassium
bicarbonate, or ammonium phosphate-based with added particulate supplemented by special
treatment to provide resistance to packing, resistance to moisture absorption (caking), and the
proper flow capabilities.  (NFC Online Glossary)

Early Suppression Fast Response (ESFR) sprinkler—an automatic fire sprinkler designed to
activate quickly from fire conditions.  ESFR sprinklers have a thermal element with a response time
index (RTI) of 50 (meters-seconds)1/2 or less. Standard sprinklers have a thermal element with an
RTI of 80 (meters-seconds)1/2 or more. ESFR sprinklers are used for special high hazard
applications. Large drop ESFR sprinklers are specifically designed for wet pipe sprinkler systems
protecting high-piled storage commodity applications. They were developed by the Factory Mutual
Research Corporation (FMRC) in the late 1970s and early 1980s.  (Nolan, 2000)

egress—a way out or exit.  (NFC Online Glossary)

electrical fire—a fire involving energized electrical equipment. They are usually propagated by
electrical short circuits, faults, arcs, and sparks, and the equipment remains energized during the
fire event. Due to the possibility of electrical shock, nonconductive extinguishing agents, Class C
(carbon dioxide), must be used for fire control and suppression efforts. When the equipment is de-
energized, Class A or B extinguishing agents may be used.  (Nolan, 2000)

ember—a particle of solid material that emits radiant energy due to its temperature or the process
of combustion on its surface.  (NFC Online Glossary)

emergency voice/alarm communication system—a system that provides dedicated manual or
automatic, or both, facilities for originating and distributing voice instructions, as well as alert and
evacuation signals pertaining to a fire emergency to the occupants of a building.  
(NFC Online Glossary)

emissivity—the ratio of radiant energy emitted by a surface to that emitted by a black body of the
same temperature (the property (0 to 1) that gives the fraction of being a perfect radiator).

emissive power—the total radiative power discharged from the surface of a fire per unit area (also
referred to as surface emissive power).

emissive power—the rate at which radiant energy is emitted by unit surface area of an object.
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energy—a state of matter representative of its ability to do work or transfer heat.

energy balance—three modes of heat transfer (i.e., conduction, convection, and radiation) can be
combined by adding gains and losses to determine the temperature at some point.  This
combination of energy gains and energy losses is called an energy balance.  The exact form of the
energy balance will differ for each situation evaluated. 

entrainment—the process of air or gases being drawn into a fire, plume, or jet.

equivalent length—a length of pipe of a given diameter whose friction loss is equivalent to the
friction loss of a pipe of differing diameter.

equivalent fitting length—a length of straight pipe that has the same friction loss as a fitting where
the water changes direction.

evaporation—the process of gas molecules escaping from the surface of a liquid.

exit—the portion of the means of egress that leads from the interior of a building or structure to the
outside at ground level, or an area of refuge.  (NFC Online Glossary)

exit access—any portion of an evacuation path that leads to an exit.  (NFC Online Glossary)

exit discharge—that portion of a means of egress between the termination of the exit and the
exterior of the building at ground level.  (NFC Online Glossary)

explosion—a sudden violent expansion or production of gases which may be accompanied by heat,
shock waves, and the disruption or enclosing of nearby structural materials.

exposed (cables/circuits /equipment/structures)—structures, systems and components (SSCs), that
are subject to the effects of fire and/or fire suppression activities.  

exposed (cables/circuits/equipment/structures)—SSC not provided with fire protection features
sufficient to satisfy Section III.G.2 of Appendix R or Position C.5.b of SRP 9.5.1.

exposure fire—a fire in a given area that involves either in situ or transient combustibles and is
external to any structures, systems, and components located in or adjacent to that same area.  The
effects of such fire (e.g., smoke, heat, or ignition) can adversely affect those structures, systems,
and components important to safety.  Thus, a fire involving one success path of safe shutdown
equipment may constitute an exposure fire for the redundant success path located in the same
area, and a fire involving combustibles other than either redundant success path may constitute
an exposure fire to both redundant trains in the same area.  (Regulatory Guide 1.189)
exposure hazard—a structure at a location (15.24 m (50 ft) of another building and 9.3 m2 (100 ft2)
or larger in area.

extinguish—to cause a material to cease burning; to completely control a fire so that no abnormal
heat of smoke remains, or to cause to cease burning, or completely put out a fire.  (Nolan, 2000)
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extinguish—to cause a material to cease burning; to completely control a fire so that no abnormal
heat or smoke remains.  Fire extinguishment may be obtained by several methods: cooling, oxygen
depletion or removal, inhibition of chemical reaction, and flame removal (blowout).

extinguisher rating—the numerical rating given to an extinguisher which indicates the extinguishing
potential of the unit based on standardized tests developed by Underwriters' Laboratories, Inc. 

Extra Large Orifice (ELO) sprinkler—a fire suppression sprinkler for automatic sprinkler systems
that has an orifice size of 0.675 in. (1.59 cm). Standard sprinklers have an orifice size of 0.5 in.
(1.27 cm).  ELO sprinklers are used for hazards requiring a higher density of water application such
as those with a high fuel loading.  (Nolan, 2000)

failsafe circuits—circuits designed in such a way that fire-induced faults will result in logic
actuation(s) to a desired, safe, mode which can not be overridden by any subsequent circuit
failures.

failure mode—the action of a device or system to revert to a specified state upon failure of the utility
power source that normally activates or controls the device or system.  Failure modes are normally
specified as fail open (FO), fail closed (FC), or fail steady (FS) which will result is a fail to danger
arrangement.

fault—any undesired state of a component or system. A fault does not necessarily require failure
(for example, a pump may not start when required because its feeder breaker was inadvertently
left open.  (IEEE Std. 100-1988)

fault—a partial or total local failure in the insulation or continuity of a conductor.
(IEEE Std. 100-1988)

fault—a physical condition that causes a device, a component or an element to fail to perform in
a required manner, for example a short-circuit, a broken wire, an intermittent connection. 
(IEEE Std.100-1988)

fault current—a current that flows from one conductor to ground or another conductor owing to an
abnormal connection (including an arc) between the two. (IEEE Std. 100-1988)
 
fault current—a current that results from the loss of insulation between conductors or between a
conductor and ground. (NEMA Std. ICS-1, 1988)

fire—the process of an advancing fire front: smoldering or flaming or an uncontrolled chemical
reaction producing light and sufficient energy.

fire—a processing entailing rapid oxidative, exothermic reactions in which part of the released
energy sustains the process.

fire—a rapid oxidation process with the evoluation of light and heat in varying intensities.
(NFC Online Glossary)

firebrand—a flaming or smoldering airborne object emerging from a fire, which can sometimes
ignite remote combustibles.
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fire area—the portion of a building or plant that is separated from other areas by rated fire barriers
adequate for the fire hazards.  (Regulatory Guide 1.189)

fire area boundaries—the term ?fire area” as used in Appendix R means an area sufficiently
bounded to withstand the hazards associated with the area and, as necessary, to protect important
equipment within the area from a fire outside the area. In order to meet the regulation, fire area
boundaries need not be completely sealed floor-to-ceiling, wall-to-wall boundaries. However, all
unsealed openings should be identified and considered the evaluating the effectiveness of the
overall barrier. Where fire area boundaries are not wall-to-wall, floor-to-ceiling boundaries with all
penetrations sealed to the fire rating required of the boundaries, licensees must perform an
evaluation to assess the adequacy of fire boundaries in their plants to determine if the boundaries
will withstand the hazards associated with the area. This analysis must be performed by at least
a fire protection engineer and, if required, a systems engineer. 
(Generic Letter 86-10)

fire ball—a burning fuel-air cloud whose energy is emitted primarily in the form or radiant heat.  The
inner core of the cloud consists almost completely of fuel, whereas the outer layer (where ignition
first occurs) consists of a flammable fuel-air mixture.  As the buoyancy forces of hot gases
increases, the burning cloud tends to rise, expand, and assume a spherical shape.

fire barrier—components of construction (wall, floor, and their supports), including beams, joists,
columns, penetration seals or closures, fire doors, and fire dampers that are rated by approving
laboratories in hours of resistance to fire, that are used top prevent the spread of fire.

fire characteristics—a set of data that provides a description of a fire.

fire control—limiting the size of a fire by distribution of water so as to decrease the heat release
rate and pre-wet adjacent combustibles, while controlling ceiling gas temperatures to avoid
structural damage.  (NFC Online Glossary)

fire control—the stage is firefighting whereby a fire incident is controlled and not allowed to escalate
in magnitude.  Following fire control, suppression or extinction of the fire incident will occur.  Fire
control limits the growth of a fire by pre-wetting adjacent combustibles and controlling ceiling gas
temperatures to prevent structural damage.

fire department connection—device that allows the fire department to pump water into a fire a fire
protection system from their trucks.

fire dynamics—fire dynamics is the scientific description of fire phenomena (e.g., ignition, flame
spread, burning, smoke spread) in quantitative terms.  It encompasses chemistry, physics,
mathematics, fluid mechanics as well as heat and mass transfer.

fire dynamics—the interaction among the complex phenomena involved in a building fire.

fire endurance—the length of time that a structural element can resist fire either up to the point of
collapse, or alternatively, to the point when the deflection reaches a limiting value.  (Nolan, 2000)

fire extinguishment—the complete suppression of a fire until there are no burning combustibles
material.  (NFC Online Glossary)
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fire extinguisher rating—a rating set forth in NFPA 10, Standard for Portable Fire Extinguishers.
This rating is identified on an extinguisher by number (e.g., 5, 20, 70), indicating relative
effectiveness, followed by a letter (e.g., A, B, C, or D) indicating the class or classes of fires for
which the extinguisher has been found to be effective.  (NFC Online Glossary)

fire-fighting foam—a fire fighting medium that is created by adding a foaming agent to a liquid
(usually water).

fire growth potential—the potential size or intensity of a fire over a period of time based on the
available fuel and the fire’s configuration.  (NFC Online Glossary)

fire growth rat—rate of change of the heat release rate.  Some factors that affect the fire growth
rate are exposure, geometry, flame spread, and fire barrier.  (NFC Online Glossary)

fire hazard—the existence of conditions that involve the necessary elements to initiate and support
combustion, including in situ or transient combustible materials, ignition sources (e.g., heat, sparks,
open flame), and an oxygen environment.

fire hazard analysis—an analysis used to evaluate the capability of a nuclear power plant to
perform safe shutdown functions and minimize radioactive releases to the environment in the event
of a fire.  The analysis includes the following features (Regulatory Guide 1.189):

• Identification of fixed and transient fire hazards.
• Identification and evaluation of fire prevention and protection measures

relative to the identified hazards.
• Evaluation of the impact of fire in any plant area on the ability to safely

shutdown the reactor and maintain shutdown conditions, as well as to
minimize and control the release of radioactive material. 

fire hazard analysis—a comprehensive assessment of the potential for a fire at any location to
ensure that the possibility of injury to people or damage to buildings, equipment, or the environment
is within acceptable limits.  (NFC Online Glossary)

fire hydraulic—term for the science or study of water in motion (fluid mechanics) as applied to fire
protection application (firefighting, fire suppression, fixed water-based suppression systems etc.)

fire hydrant—a device that provides a water supply to fire department pumpers for use in
combating structure fires.

fire growth rate—the periodic increase in a fire, dependent on the ignition process, flame spread,
and mass burning rate over the area involved.

fire-induced fault—an electrical failure mode (e.g., hot short, open circuit, or short to ground) that
may result from circuit/cable exposure to the effects of fire (e.g., heat and smoke) and/or
subsequent fire suppression activities (e.g., water spray, hose streams ).

fire-induced vulnerability evaluation (FIVE)—five is a semi-quantitative method of fire risk and
hazard analysis for screening purposes.  The methodology has been used to perform risk-based
fire-induced vulnerability evaluations for NPPs.  This technique was developed by the Electric
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Power Research Institute (EPRI) under the guidance of the Severe Accident Working Group of the
Nuclear Management and Resources Council (NUMARC) and the industry’s experts, for the
purpose of addressing the fire portion of licensee’s IPEEE studies.

fire load—the fire load for an enclosure is a measure of the total energy released by the
combustion of all combustible materials in the enclosure.  It is assigned the symbol W, and is given
in joules (J).

fire loading—the amount of combustible present in a given area, expressed in kJ/m2 (Btu/ft2).
(NFC Online Glossary)

fire load density—the fire load density is the fire load per unit area.  The fire load density is
assigned the symbol Q” and is given in J/m2.  Some times the fire load is given is per unit floor area
of the enclosure or some times in terms of the total enclosure surface area.

fire model—a physical or mathematical procedure that incorporates engineering and scientific
principles in the analysis of fire and fire effects to simulate or predict fire characteristics and
conditions of the fire environment. 

fire modeling—fire modeling can normally be considered as the predication of fire characteristics
by the use of a mathematical method which is expressed as a computer program.

fire performance—the response of a material or product to a source of heat or flame under
controlled fire conditions.  Fire performance includes: ease of ignition, flame spread, smoke
generation, fire resistance and toxicity of smoke.

fire plume—a buoyant column of fire gases and smoke rising above, usually with flames in the
lower portion.  In a confined area a fire plume rises almost vertically.  In an outside, unconfined
area the configuration of a fire plume is affected by ambient conditions (wind, temperature etc.)

fire point—the minimum temperature to which a liquid must be heated in a standardized apparatus,
so that sustained combustion results when a small pilot flame is applied, as long as the liquid is at
normal atmospheric pressure.

fire point—the lowest temperature at which flaming can be sustained at the liquid’s surface.

fireproofing—a common industry term used to denote materials or methods of construction that
provide fire resistance for a defined fire exposure and specific time.

fireproof—common trade name for materials used to provide resistance to a fire exposure.
Essentially nothing is fireproof, but some materials are resistant to effects of fire (heat flame etc.)
for limited periods.

fire prevention code—a set of requirements intended to ensure that, following construction,
building, buildings are equipped, operated and maintained to provide an acceptable level of
protection from potential hazards created by fires or explosions.

fire prevention research engineer—conducts research to determine cause and methods of
preventing fires and prepares educational materials concerning fire prevention for insurance
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companies, performing duties as described under Research Engineer. (?Dictionary of Occupational
Titles,” Volume 1, 14th Edition, U.S. Department of Labor Employment and Training Administration,
1991.) 

fire protection engineer—advises and assists private and public organization and military services
for purpose of safeguarding life and property against fire, explosion, and related hazards.  Make
studies of industrial, mercantile. And public buildings, homes, and other property before and after
construction, considering factors, such as fire resistance of construction, usage or contents of
buildings, water supplies and water delivery, and egress facilities.  Designs or recommends
materials or equipment, such as structural components protection, fire detection equipment, alarm
systems, fire extinguishing devices and systems, and advises on location, handling, installation,
and maintenance.  Recommends materials, equipment, or methods for alleviation of conditions
conductive to fire.  Devices fire protection programs, and organizes and trains personnel to carry
out such programs.  May evaluate fire departments and adequacy of laws, ordinances, and
regulations affecting fire prevention or fire safety.  Conducts research and test on fire retardants
and fire safety of materials and devices and to determine fire causes and methods of fire
prevention.  May determine fire causes and methods of fire prevention.  May teach courses on fire
prevention and protection at accredited educational institutions.  May advise and plan for prevention
of destruction by fire, wind, water, or other causes of damage.  (?Dictionary of Occupational Titles,”
Volume 1, 14th Edition, U.S. Department of Labor Employment and Training Administration, 1991.)
 
fire protection rating—a designation of fire resistance duration for a material or assembly when
exposed to standard test conditions, having met all acceptance criteria.  (Nolan, 2000)

fire resistance—the ability of an element of building construction, component, or structure to fulfill,
for a stated period of time, the required load-bearing functions, integrity, thermal insulation, or other
expected duty specified in a standard fire-resistance test.

fire resistive construction—construction in which the structural members, including walls, columns,
floors, and roofs are noncombustible or limited-combustible materials, and have fire resistance
rating not less than those specified in NFPA 220; fire resistive construction has more ability to resist
structural damage from fire than any other construction type.

fire retardant coating—a coating that reduces that flame spread of combustible materials surfaces
to which it is applied, by at least 50 percent or to a flame spread classification value of 75 or less,
whichever is the lesser value, and smoke developed rating not exceeding 200.  (Nolan, 2000)

fire retardant material—means materials that has been coated or treated with chemical, paints, or
other materials that designed to reduce the combustibility of the treated material.  The retardants
are intended to make the material ignite less readily or burn more slowly, once ignited.

fire risk—refers to the combination of the probability of a given fire event occurring and the
estimated consequences of the event should it occur.  (Regulatory Guide 1.189)

fire rated cable—electrical cable with a fire resistance rating on maintaining functionality when
exposed to fire tests.

fire-resistant cable—electrical cable that has been tested and found resistant to the spread of
flames.
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fire resistance rating —the time that a particular construction will withstand a standard fire exposure
in hours as determined by ASTM E119.

fire resistance rating—the time that materials or assemblies have withstood a fire exposure as
established in accordance with the test procedures of NFPA 251 and ASTM E119.  
(Regulatory Guide 1.189)

fire pump—a device that provides the required water flow and pressure for a fire protection system.

fire scenario—a set of conditions that defines the development of fire and the spread of combustion
products throughout a building or part of a building.

fire separation—a fire-resistive barrier to restrict the spread of fire, provided in a horizontal or
vertical orientation.

fire severity—the maximum effects that can be caused by a fire event.  Usually described in terms
of temperature and duration, and may be used to described the potential for fire destruction for a
particular location.  The rate of heat release has also been accepted as a guide of fire severity.
(Nolan, 2000)

fire signature—a property of fire (temperature, smoke concentration, etc.) that is used to detect the
presence of fire.

fire spread—the process of an advancing flame front through smoldering or flaming.

fire stop—a feature to the construction that prevents fire propagation along the length of cables or
prevents spreading of fire to nearby combustibles within a given fire area or fire zone.

fire suppression—control and extinguishing of fire (fire-fighting).  Manual fire suppression is the use
of hoses, portable extinguishers, or manually actuated fixed systems by plant personnel.  Automatic
fire suppression is the use of automatically actuated systems such as water, Halon, or carbon
dioxide systems (Regulatory Guide 1.189).  Firefighting activity concerned with controlling and
reducing a fire prior to its actual extinguishment.  Fire suppression is generally taken as the sharp
reduction of the rate of heat release of a fire and the prevention of its growth.  Fire extinguishment
activities encompass the actual direct fire extinction process.

fire suppression—all the work of confining and extinguishing wildland fires.  
(NFC Online Glossary)

fire suppression—sharply reducing the heat release rate of a fire and preventing its regrowth by
means of direct and sufficient application of water through the fire plume to the burning fuel
surface.  (NFC Online Glossary)

fire suppression—the activities involved in controlling and extinguishing fires.  Fire suppression
shall include all activities performed at the scene of a fire incident or training exercise that expose
fire department members to the dangers of heat, flame, smoke, and other products of combustion,
explosion, or structural collapse.  (NFC Online Glossary)
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fire suppression—control and extinguishing of fires (firefighting).  Manual fire suppression employs
the use of hoses, portable extinguishers, or manually actuated fixed systems by plant personnel.
Automatic fire suppression is the use of automatically actuated fixed systems such as water, Halon,
or carbon dioxide systems.
(Regulatory Guide 1.189).

fire suppression—actions taken with the intend to control the growth of a fire.

fire suppression impacts—the susceptibility of structures, systems and components and operations
response to suppressant damage (due to discharge or rupture) (NFPA 805).

fire triangle—a concept describing fire as consisting of three ingredients: fuel, oxygen, and energy.

fire tetrahedron—a schematic representation of fire in which the four elements required to initiate
and maintain fire (fuel, oxidant, heat and chain reactions) are depicted as the four corners of a
tetrahedron.

fire watch—individuals responsible for providing additional (e.g., during hot work) or compensatory
(e.g., for system impairments) coverage of plant activities or areas for the purposes of detecting
fires or for identifying activities and conditions that present fire hazard.  The individuals should be
trained in identifying conditions or activities that present potential fire hazards, as well as the use
of fire extinguishers and the proper notification procedures.  (Regulatory Guide 1.189)

fire zones—a subdivisions of fire areas (Regulatory Guide 1.189)

fixed fire suppression system—a total flooding or local application system consisting of a fixed
supply of extinguishing agent permanently connected for fixed agent distribution to fixed nozzles
that are arranged to discharged an extinguishing agent in an enclosure (total flooding), directly onto
a hazard (local application), or a combination of both; or an automatic sprinkler system.
(NFC Online Glossary)

fixed fire suppression system—a fire suppression system that provides local application, area
coverage, or total flooding protection. It consists of a fixed supply of extinguishing agent,
permanently connected distribution piping, and fixed nozzles that are arranged to discharge an
extinguishing agent into an enclosure (total flooding), directly onto a hazard (local application), over
an entire area (area coverage), or a combination of application.

FIVE—a fire-induced vulnerability evaluation - a quantitative screening technique sponsored by
EPRI under the guidance of the Severe Accident Working Group of the Nuclear Management and
Resources Council (NUMARC) and the industry’s experts, for the purpose of addressing the fire
portion of licensees’ IPEEE studies.

fire PRA methodology—the set of procedures, based on probabilistic risk analysis, for estimating
core damage frequency due to fire events. 

fire zones—subdivisions of fire areas. 

flare—a flame condition of a fire in which burning occurs with an unsteady flame.



F-32

flame arrester—a device installed in a pipe or duct to prevent the passage of smoke.

flame arrester—a device that prevents the transmission of a flame through a flammable gas/air
mixture by quenching the flame on the surface of an array of small passages through which the
flame must pass.  The emerging gases are sufficiently cooled to prevent ignition on the protected
side.  (NFC Online Glossary)

flame burning velocity—the burning velocity of a laminar flame under stated conditions of
composition, temperature, and pressure of the unburned gas.  (NFC Online Glossary)

flame detector—a detector that is activated by electromagnetic radiation emitted by flames.
 
flame height—the vertical measurement of the combustion region.

flame speed—the speed of a flame front relative to a fixed reference point.  It is dependent on the
turbulence, the equipment geometry, and the fundamental burning velocity. 

flame spread—the increase in the perimeter of a fire.  Flame spread depends on orientation and
the surrounding fluid flow.  It can be associated with solids, liquids, forest fuels, smoldering, and
gas-phase propagation for premixed systems.  Flame spread is influenced by gravity (flame
buoyancy) and wind effects.

Relative flame spread speeds are indicated below (Nolan, 2000):

Phenomenon        Speed (cm/sec)
smoldering 10-3 to 10-2

downward or horizontal spread (thick solids) 10-1

upward spread (thick solids) 1 to102

wind-driven spread through forest debris 1 to 30
horizontal spread on liquids 1 to 102

laminar deflagration 10 to 102

detonation ~105

flame spread index—a relative performance of fire travel over the surface of a material when tested
in accordance with the provisions of NFPA 255, Standard method of Test of Surface Burning
Characteristics of Building Materials.  (Nolan, 2000)

flame spread rating—flame spread rating is a numerical classification determined by the test
method ASTM E84, which indexes the relative burning behavior of a material by quantifying the
spread of flame of at test specimen.  The surface burning characteristic of a material is not a
measure of resistance to fire exposure.  (NFC Online Glossary)

flammable limits—the minimum and maximum concentration of combustible material in a
homogeneous mixture with a gaseous oxidizer that will propagate a flame.

flammable—capable of being ignited.

flammable liquid—as defined by the most fire safety codes (NFPA 30, ?Flammable Combustible
Liquids Code”), generally a flammable liquid is any liquid that has a closed-cup flash point below
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37.8 °C (100 °F).  Flash points are determined by procedures and apparatus set fort in ASTM D56,
?Standard Method of Test for Flash Point by the Tag Closed Tester”.

Class I Flammable Liquid—any liquid that has a defined closed-cup flash point below 37.8
°C (100 °F) and a Reid vapor pressure not exceeding 40 psi (2,068.6 mm Hg) at 37.8 °C
(100 °F), as determined by the ASTM D323, ?Standard Method of Test for Vapor Pressure
of Petroleum Products (Reid Method)”.

Class I liquids are further sub-classified into A and B as follows:

Class IA flammable liquids—liquids that have a defined flash point below 22.8 °C (73 °F)
and boiling points below 37.7 °C (100 °F).

Class IB flammable liquids—liquids that have a defined flash point below 22.8 °C (73 °F)
and boiling points at or above 37.7 °C (100 °F).

Class�II flammable liquids—any liquid that has a flash point at or above 37.8 °F (100 °F)
and below 60 °C (140 °F).

Class�IIIA flammable liquids—any liquid that has a flash point at or 60 °C (140 °F), but
below 93 °C (200 °F).

Class�IIIB flammable liquids—any liquid that has a flash point at or 93 °C (200 °F).

flame temperature—most open flames of any type produce a flame temperature in the region of
1,093 °C (2,000 °F).  The hottest burning substance is carbon subnitride (C4N2), which at one
atmospheric pressure can produce a flame calculated to reach 4,988 °C (9,010 °F).  (Nolan, 2000)

flash—a quick spreading flame or momentary intense outburst of radiant heat.  It may also be used
to refer to a spark or intense light of short duration.

flash fire—a fire that spreads rapidly through a diffuse fuel, such as dust, gas, or the vapors of an
ignitable liquid, without the production of damaging pressure.  (NFC Online Glossary)

flash point—the minimum temperature to which a liquid must be heated in a standardize apparatus,
so that a transient flame moves over the liquid when a small pilot flame is applied.
(NFC Online Glossary)

flash point—the flash point of a liquid is the temperature at which the vapor and air mixture laying
just above its vaporizing surface is capable of just supporting a momentary flashing propagation
of a flame prompted by a quick sweep of small gas pilot flame near its surface, hence the term
flash point.  The flash point is mainly applied to a liquid.  The flash point of liquid is one of its
characteristics that normally determines the amount of fire safety features requires for its handling,
storage and transport.

flashover—the transition from fire growth period to the full developed stage in the enclosure fire
development that is the demarcation point between two stages of a compartment fire, pre-flashover
and post-flashover.  Flashover is a phenomenon which defines the point in a compartment fire
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where all combustibles in the compartment are involved and flames appears to fill the entire
volume.  Gas temperatures of 300 to 650 °C (572 to 1,202 °F) have been associated with the onset
of flashover, although temperatures of 500 to 600 °C (932 to 1,112 °F) are more widely used.

flashover—when a fire in a compartment is allowed to grow without intervention, assuming
sufficient fuel in the burning item, temperatures in the hot upper lager will increase, with increasing
radiant heat flux to all objects in the room.  If a critical level of heat flux is reached, all exposed
combustible items in the room will begin to burn, leading to a rapid increase in both heat release
rate and temperatures.  This transition is ?flashover”.  The fire is then referred to as ?post-flashover
fire”, a ?fully developed fire” or a fire which has reached ?full room involvement”.

flashover—the formal definition of flashover, from International Standards Organization (ISO), is
given as, ?the rapid transition to a state of total surface involvement in a fire of combustion material
within an enclosure”.  Flashover is the term given to the relatively abrupt change from a localized
fire to the complete involvement of all combustibles within a compartment.  This is from ISO,
?Glossary of Fire Terms and Definitions,” ISO/CD 13943, International Standards Organization,
Geneva, 1996.

flash vaporization—the instantaneous vaporization of some or all a liquid whose temperature is
above its atmospheric boiling point when its pressure is suddenly reduced to atmosphere.

flow hydrant—a hydrant selected to measure the water flow available from the water supply.

flux—pertains to mass or heat flow rates per unit area.

forced flow—refers to air flow produced by wind or a fan.

free-burning—burning in open-air.

free of fire damage—the structure, system, or component under consideration is capable of
performing its intended function during and after the postulated fire, as needed without repair
(Regulatory Guide 1.189).  In promulgating Appendix R, the Commission has provided methods
acceptable for assuring that necessary structures, systems and components are free of fire
damage (see Section III.G.2a, b and c), that is, the structure, system or component under
consideration is capable of performing its intended function during and after the postulated fire, as
needed. Licensees seeking exemptions from Section III.G.2 must show that the alternative
proposed provides reasonable assurance that this criterion is met.  The term "damage by fire" also
includes damage to equipment from the normal or inadvertent operation of fire suppression
systems. (Generic Letter 86-10).
Note: Section III.G.2 of Appendix R and Position C.5.b of SRP 9.5.1 establish fire protection
features  necessary to ensure that systems needed to achieve and maintain hot shutdown
conditions remain free of fire damage. 

fuel-controlled or fuel-limited fire—after ignition and during the initial fire growth stage, the fire is
said to be fuel-controlled, since in the initial stages there is sufficient oxygen available for
combustion and the growth of the fire entirely depends on the characteristics of the fuel and its
geometry.  The fire can also be fuel-controlled in later stages.

fuel lean—description of fuel burning in an excess supply of air.
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fuel-limited—state of a compartment fire where the air supply is sufficient to maintain combustion.

fully developed—state of a compartment fire during which the flames fill the room involving all the
combustibles, or the state of maximum possible energy release in a room fire.

fundamental burning velocity—the burning velocity of a laminar flame under stated conditions of
composition, temperature, and pressure of the unburned gas.

fuse—a device that protects a circuit by fusing open its current responsive element when an
overcurrent or short-circuit current passes through it. (IEEE Std. 100-1988). 

fuse—a protective device that opens by the melting of a current-sensitive element during specified
overcurrent conditions (NEMA Std. FU-1 1986).

fuse current rating—the ac or dc ampere rating which the fuse is capable of carrying continuously
under specified conditions.  (NEMA Std. FU-1 1986)

fuse voltage rating—the maximum rms ac voltage or the maximum dc voltage at which the fuse is
designed to operate.  (NEMA Std. FU-1 1986)

fusible link—a system of levers and links held together with a metal alloy which melts at a
predetermined temperature.

fusible link—a connecting link of a low-melting alloy  that holds an automatic sprinkler head in the
closed position and melts at a predetermined temperature; it may also be used to hold a fire door
or fire damper in the open position.

gas combustible—gas that is capable of being ignited and burned, such as hydrogen, methane,
propane, etc.

gas sensing detector—a detector activates when a critical concentration of some gaseous product
of combustion is reached.

generic issue (GI)—a concern that may affect the design, construction, or operation of all, several,
or a class or nuclear power plants, which either does not affect safe operation of the plant or the
safety significance of the issue has not yet been determined.

generic safety issue (GSI)—according to the NUREG-0933, ?A Prioritization of Generic Safety
Issues,” a GSI is a safety concern that may affect the design, construction, or operation of all,
several, or a class of nuclear power plants, and may have the potential for safety improvements
and promulgation of new or revised requirements or guidance. 

glove box—a sealed enclosure in which items inside the box are handled exclusively using long
rubber or neoprene gloves sealed to ports in the walls of the enclosure.  The operator places his
or her hands and forearms into the gloves from the room outside of the box in order to maintain
physical separated from the glove box environment.  This allows the operator to retain the ability
to manipulate items inside the box with relative freedom while viewing the operation through a
window.  (NFC Online Glossary)
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glowing combustion—luminous burning of solid material without a visible flame.  A stage in the
ignition of a solid material that occurs before sufficient volatile fuel has evolved to sustain a gas-
phase flame.  (NFC Online Glossary)

gravity—the force of mutual attraction between masses.  

gravity—the force that causes a body to accelerate while falling, usually expressed as 32.2 ft/sec2

(9.81 m/sec2).

ground—a conducting connection, whether intentional or accidental, by which an electric circuit or
equipment is connected to the earth, or to some conducting body of relatively large extent that
serves in place of the earth. (IEEE Std. 100-1988)

grounded circuit—a circuit in which one conductor or point (usually the neutral conductor or neutral
point of transformer or generator windings) is intentionally grounded, either solidly or through a
non-interrupting current limiting grounding device. (IEEE Std.100-1988)

Halon—any one of several halogenated hydrocarbon compounds, two of which
(bromotriflioromethane and bromochlorodifuoromethane) are commonly used as extinguishing
agents; they are inert to almost all chemicals, and resistant to both high and low temperatures. 

Halon—as employed in the fire protection industry, a gaseous fire suppression agent.  Halon is an
acronym for halogenated hydrocarbons, commonly bromotriflioromethane Halon 1301) and
bromochlorodifuoromethane (Halon 1201).  Consider obsolete for fire protection purposes due to
a possible environmental impact to the Earth’s atmosphere ozone layer and beginning to be
phased out or eliminated. In order for a Halon fire suppression system to be an effective fire
suppression, the system must:
Provide a very rapid response and be completely discharged while the fire is in its incipient stages,
i.e., the fire is still controllable.  The system discharge enough of the agent to effectively actively
the chemical chain breaking mechanism of the diffusion flame combustion process and that
discharge be contained in the area for a long enough period for this to be accomplished.

hazard—a possible source of danger that can initiate or cause undesirable consequences if
uncontrolled.

hazard—hazard is a chemical or physical condition that has the potential for causing damage to
people, property, or the environment.  An example would be flammable liquids or explosive gases
or dusts used in the process or in storage.

hazardous material—a substance that, upon release, has the potential of causing harm to people,
property, or the environment. 

HAZOP—an acronym for the hazard and operability study in which the hazards and operability of
a system are identified and analyzed in a systematic manner to determine if adequate safe guards
are in place.  (Nolan, 2000)

heat—energy transfer due to temperature difference.
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heat capacity—the energy that must be added to a unit mass of a substance in order to rise its
temperature by 1 °C (34 °F) (as long as no phase change occurs).  Also called thermal capacity.

Heat collector plate or Canopy—a covering provided over a heat detector or automatic sprinkler
placed in the open, to trap and collect updrafts of heat from a fire incident to aid in its detection or
sprinkler activation.  They commonly consist of a sheet of steel (Nolan, 2000).  Heat collectors were
intended to reduce the time a fire takes to activate sprinklers located too far below the ceiling.
When sprinklers are too far below the ceiling, most of the heat energy rises past the sprinklers and
heat collectors and the sprinklers are not activated.  Locating the sprinkler close to the ceiling
ensures that the sprinkler will be in the hot gas layer, minimizing activation time and enabling the
sprinkler to provide a fully developed water spray pattern to control the fire.  In addition, the water
from the sprinkler cools the upper gas layer (preventing flashover conditions) and cools the
structural steel supports of the compartment boundaries (preventing structural collapse).

heat flux—the rate of heat transfer per unit area that is normal to the direction of heat flow.  It is a
total of heat transmitted by radiation, conduction, and convection.  A radiant heat flux of 1 kW/m2

(312.5 Btu/ft2-hr) (that is, direct sunlight) will be felt as pain to exposed skin.  A radiant heat of 4
kW/m2 (1,250 Btu/ft2-hr) will cause a burn on exposed skin.  A heat flux density of 10–20 kW/m2

(3,125–6,250 Btu/ft2-hr) may cause objects to ignite, and a heat flux density of 37.8 kW/m2 (11,813
Btu/ft2-hr) will cause major damage.  Heat flux may also be called heat flow rate.  (Nolan, 2000)

heat of combustion—the energy released by the fire per unit mass of fuel burned.  
(Quintiere, 1998)

heat of condensation—the energy released when a unit mass of vapor condenses to a liquid.
(Friedman, 1998)

heat of decomposition—the amount of heat released during a chemical decomposition reaction.
(Nolan, 2000)

heat of fusion—the energy absorbed when a unit mass of a solid melts.  (Friedman, 1998)

heat of gasification—energy required to produce a unit mass of fuel vapor from a solid or liquid.
(Quintiere, 1998)

heat of solidification—the energy released when a unit mass of a liquid solidifies.  (Friedman, 1998)

heat of sublimation—the energy absorbed when a unit mass of a solid gasifies directly, without
forming a liquid and without chemical change.  (Friedman, 1998)

heat of vaporization—the energy absorbed when a unit mass of liquid vaporizes.  (Friedman, 1998)

heat release rate—the rate at which heat energy is generated by burning.  The heat release rate
of a fuel is related to its chemistry, physical form, and availability of oxidant and is expressed as
kW (kJ/sec) or Btu/sec.  (Nolan, 2000)

heat resistance—the property of a foam to withstand exposure to high heat fluxes without loss of
stability.  (NFC Online Glossary)
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heat transfer—the branch of physics dealing with the calculation of the rate at which thermal energy
(heat) moves from a hotter to a cooler region or the transport of energy from a high-to a low-
temperature object.

high/low pressure interface—reactor coolant boundary valves whose spurious operation due to fire
could: (a)  potentially rupture downstream piping on an interfacing system, or (b) result in a loss
of reactor coolant inventory in excess of the available makeup capability.  

high-impedance fault—an electrical fault of a value that is below the trip point of the breaker on
each individual circuit.  (Generic Letter 86-10)

high-impedance fault—a circuit fault condition resulting in a short to ground, or conductor to
conductor hot short, where residual resistance in the faulted connection maintains the fault current
level below the component’s circuit breaker long-term setpoint.  (Regulatory Guide 1.189)

horizontal exit—an exit from one building to another on approximately the same level; or a passage
through or around a rated wall or partition that affords protection from fire or smoke coming from
the area from which escape is made.  (NFC Online Glossary)

hot short—an electric cable failure mode, resulting from a fire, which involves making an electrical
connection between a conductor with power and a conductor that does not currently have power,
without a simultaneous short to ground or open-circuit condition.  Such failure might, for example,
simulate the closing of a control switch, cause errors in an instrument reading, or result in the
application of power to an unpowered circuit.
Individual conductors of the same or different cables come in contact with each other and may
result in an impressed voltage or current on the circuit being analyzed. (Regulatory Guide 1.189)
Clarification: The term ?hot short” is used to describe a specific type of short circuit fault condition
between energized and de-energized conductors. Should a de-energized conductor come in
electrical contact with an energized conductor (or other external source), the voltage, current or
signal being carried by the energized conductor(or source) would be impressed onto one or more
of the de-energized conductors

hot work—activities that involve the use of heat, sparks, or open flame such as cutting, welding,
and grinding.  (Regulatory Guide 1.189)

humidity—the property of the water-air mixture that measure the amount of water present relative
to the equilibrium concentration.

hybrid mixture—a mixture of a combustible gas with either a combustible dust or combustible mist.

hyperthermia—heat stress.

hypergolic—property of a material which describes its ability to spontaneously ignite or explode
upon contact with an oxidizing agent.

Ignition process—ignition is broadly defined as the initiation of the chemical process of combustion
(burning) in any fuel.  In most fire protection problems, ignition involves both a heat source and
target fuel.  A burning wastebasket can be an ignition source for a nearby chair.  The burning chair
subsequently can be ignition source for another fuel.
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In an otherwise free-free environment, the first unwanted burning is the initial ignition, and the initial
heat source is called an igniter.
In the environments where gases, vapors, or dust are present, the initial ignition may yield
combustion fast enough to generate a pressure or shock wave.  This type of sudden over-pressure
requires different fire defense than spread from combustible to combustible without a pressure
wave.

ignition temperature—the surface temperature needed to cause ignition in solids.  (Quintiere, 1998)

ignition temperature—temperature at which an element or compound will catch fire in air
(atmospheric oxygen).

impairment—the degradation of a fire protection system or feature that adversely affects the ability
to the system or feature to perform its intended function.  (Regulatory Guide 1.189)

impulse—a measure that can be used to define the ability of a blast wave to do damage.  It is
calculated by the integration of the pressure-time curve.

important to safety—nuclear power plant structures, systems, and components ?important to
safety” are those required to provide reasonable assurance that the facility can be operated without
undue risk to the health and safety of the public. (Regulatory Guide 1.189)

incipient stage—refers to the severity of a fire where the progression is in early stage and has not
developed beyond that which can be extinguished using portable fire extinguishers or handlines
flowing up to 125 gpm (473 L/min).  A fire is considered to be beyond the incipient stage when the
use of thermal protective clothing or self-contained breathing apparatus is required or an industrial
fire brigade member is required to crawl on the ground or floor to stay below smoke and heat.
(NFC Online Glossary)

incipient stage fire—a fire which is in the initial or beginning stage and which can be controlled or
extinguished by portable fire extinguishers, Class II standpipe or small hose systems without the
need for protective clothing or breathing apparatus.  

incomplete combustion—a combustion process that does not go the most stable species such as
H2O and CO2.  (Quintiere, 1998)

inflammable—not a permissible word, because it introduces confusion as to whether flammable
or nonflammable is meant.  (Friedman, 1998)

Inflammable—identical meaning as flammable, however the prefix ?in” indicates a negative in many
words and can cause confusion, therefore the use of flammable is preferred over inflammable.
(Nolan, 2000)
indicating appliance—any audible or visible signal employed to indicate a fire, supervisory, or
trouble condition.  Example of audible signal appliances are bells, horns, sirens, electronic horns,
buzzers, and chimes.  A visible indicators consists of a lamp, target, meter deflection, or equivalent.

indicating appliance circuit—a circuit or path directly connected to an indicating deflection, or
equivalent.
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inert gas—gases, such as carbon dioxide or nitrogen, that will not support combustion.

inert gas agents—an agents that contains one or more inert gases, such as helium, neon, argon,
nitrogen, and carbon dioxide.  (NFC Online Glossary)

inerting—the process of removing an oxidizer (usually air or oxygen) to prevent a combustion
process from occurring normally accomplished by purging.

inerting—adding an agent within an enclosure to reduce a flammable concentration of gas or vapor.

initiating device (appliance)—a manually or automatically operated device, the normal intended
operation of which results in a fire alarm or supervisory signal indication from the control unit.
Example of alarm signal indicating devices are thermostats, manual boxes, smoke detectors, and
water flow switches.  Examples of supervisory signal initiating devices are water level indicators
sprinklers system, valve position switches, pressure supervisory transmitters, and water
temperature switches.  

individual plant examination (IPE)—an evaluation to identify any plant-specific vulnerabilities to
severe accidents initiated by internal events, including flooding, during full power operation.
(Generic Letter 88-20 has requested each licensee of a U.S. power plant to perform such
evaluation for its plant(s).

individual plant examination (IPEEE)—an evaluation to identify any plant-specific vulnerabilities to
severe accidents initiated by external events during full power operation.  (Generic Letter 88-20,
Supplement 4, has requested each licensee of a U.S. power plant to perform such evaluation for
its plant(s).

internal fire—a fire initiated anywhere within the plant boundaries, including both areas within plant
structure and buildings, and contiguous outdoor areas such as the electrical switchyard and
transformer areas.

inter-cable fault—a fault between conductors of two or more separate cables.

inter-cable fault—a fault between two or more conductors within a single multi-conductor cable.

Interlock—a device actuated by the operation of some other device with which it is directly
associated to govern succeeding operations of the same or allied devices. Note: Interlocks may
be either electrical or mechanical. (IEEE Std.100-1988)

interrupting device—a breaker, fuse, or similar device installed in an electrical circuit to isolate the
circuit (or a portion of the circuit) from the remainder of the system in the event of an overcurrent
or fault downstream of the interrupting device. (Regulatory Guide 1.189)

isolating device/isolation device—a device in a circuit which prevents malfunctions in one section
of the circuit from causing unacceptable influences in other sections of the circuit or other circuits.
(IEEE Std. 100-1988; Regulatory Guide 1.189)
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isolation transfer switch—a device used to provide electrical isolation from the fire affected area
and transfer control of equipment from the main control room to the local control station (alternate
shutdown panel).

insulated conductor—a conductor covered with a dielectric(other than air) having a rated insulating
strength equal to or greater than the voltage of the circuit in which it is used. (IEEE Std. 100-1988).

insulation (cable, conductor)—that which is relied on to insulate the conductor or other conductors
or conducting parts from ground. (IEEE Std. 100-1988)

intumescent coating—a protective chemical coating, which, when heated, internally generates
gases and expands, resulting in a thermally insulating crust that contains cavities.

in situ combustibles—combustibles materials that constitute part of the construction, fabrication,
or installation of plant structure, systems, and components and as such are fixed in place.

irritants—toxicant that irritate the eyes, upper respiratory tract and/or lungs.

irritant gases—acid gases and other hydrocarbon byproducts that can cause pain on contact or
inhalation.

jet—a discharge pressurized liquid, vapor, or gas into free space from an orifice, the momentum
of which induces the surrounding atmosphere to mix with the discharged material.

jet fire—combustion occurring at the release of liquid, vapor, or gas under pressure from a leakage
point (orifice), the momentum of which causes entrainment of the surrounding atmosphere.  The
jet fire has a high heat flux, turbulent flame, and capability of eroding the material it impacts.

jet flame—flame due to high velocity fuel supply.

K-factor—coefficient specified for individual sprinklers based on their orifice design and used for
hydraulic calculations of the sprinkler system. K-factors are determined by the design and
manufacturer of the sprinkler head.  (Nolan, 2000) 

K-factor—the thermal conductivity coefficient of materials. It is a measurement in standard terms
of the amount of heat conducted per the thickness of the material per the degree of temperature.

Kelvin (K)—absolute Celsius temperature, 273 + °C.

laminar—refers to orderly, unfluctuating fluid motion.  (Quintiere, 1998)

latent heat—the characteristic amount of energy absorbed or released by a substance during a
change in its physical state that occurs without changing its temperature.  The latent heat
associated with melting a solid or freezing a liquid is called the heat of fusion; that associated with
vaporizing a liquid or a solid or condensing a vapor is called the heat of vaporization.  (Nolan, 2000)

leakage current (Insulation)—the current that flows through or across the surface of insulation and
defines the insulation resistance at the specified direct current potential (IEEE Std. 100-1988).
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lean mixture—a mixture of flammable gas or vapor and air in which the fuel concentration is below
of fuel’s lower limit of flammability.

lean mixture—a mixture of air and gas that contains too much air for the amount of gas present to
cause an explosion and is thus below the lower flammable limit.

limited sprinkler system—an automatic sprinkler system that is limited to a single fire area and
consists of not more than twenty sprinklers.

line fire—elongated fires on a horizontal fuel surface.  (Nolan, 2000)

listed—equipment or materials included on a list published by a recognized testing laboratory,
inspection agency, or other organization concerned with product evaluation that maintains periodic
inspection of production of listed equipment or materials, and whose listing states that certain
specific equipment or materials meet nationally recognized standards and have been tested and
found suitable for use in a specific manner.  ((Regulatory Guide 1.189, NFC Online Glossary)

local control—operation of shutdown equipment using remote controls (e.g., control switches)
specifically designed for this purpose from a location other than the main control room.

local control station—a control panel located in the plant which allows operation and monitoring of
plant equipment from outside of the main control room.  For post-fire safe shutdown control
functions and monitoring variables on these panels must be independent (physically and
electrically)from those in the main control room.

local operation—manipulation of plant equipment from a location outside of the main control room.
For example, manual operation of the circuit breakers or turning the handwheel on the valve to
change its position.

load breaker—a circuit breaker that is located on the load side of a power source. Synonym: branch
breaker.

LOI—the limiting oxygen index, a characteristic of solid combustibles measured in a standards
apparatus in which the O2/N2 ratio of the atmosphere is varied, to provide a measure of relative
flammability.  Also called oxygen index (OI).

lower flammability limit—the lowest concentration of fuel in air at normal temperature and pressure
that can support flame propagation is known as the lower flammability limit (LFL) or lower explosive
limit (LEL). 

lowe flammability limit—the lowest concentration of a vapor/air mixture which can be ignited by a
pilot. 

manual action—physical manipulation (operation) of equipment when local or remote controls are
no longer available of a plant component such as a valve, switch or circuit breaker.

manual valve—a valve that does not have the capability of being manipulated remotely.
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manually operated valve—term used to denote a valve credited in the SSA or shutdown procedures
for being manually manipulated.  
Note: A manually operated valve may be a manual valve or a remotely operated valve (e.g., MOV)
that has its power and control capability disabled or removed. 

mass burning flux—burning rate per unit area.  (Quintiere, 1998)

mass loss rate—the mass of fuel vaporized but not necessarily burned per unit time.  
(Quintiere, 1998)

mass optical density—a normalized value of the optical density of a smoke cloud, which is intended
to be independent of measuring apparatus.
material safety data sheets—a document, prepared in accordance with DOL 29 CFR, that contains
information regarding the physical and health hazards associated with a given product or substance
and a recommended emergency action.

means of egress—a safe, continuous, and unobstructed way of travel out of any building or
structure; this include the exit access, exit, and exit discharge.  

model—a model of anything is, simply, a systematic representation of that thing.  For example, we
can have: thought models (or conceptual models), scale models, and mathematical models.  These
three examples are probably the main representation which are used by scientists.  A thought or
conceptual model is simply a proposed schema explaining how something works. Scale models
are often used in structural engineering, fluid dynamics, and have occasionally been used in fire
science.  Model trains are familiar to all.  A scale model in scientific work is simply a reduced-size
object on which certain measurements will be made.  The mathematical model is a series of
equations which describe a certain process.  If the equations are simple enough, they can be
solved on the hand calculator.  More commonly, the equations are not so simple.  Consequently,
a computer is required for their solution.  Thus, in the fire field, we would speak of computer fire
model. 

molded-case circuit breaker—a circuit breaker that is assembled as an integral unit in a supporting
and enclosing housing of molded insulating material. (IEEE Std. 100-1988)

modulus of elasticity—as with yield strength, the modulus of elasticity degrades with temperature,
causing deformations at elevated temperatures.  This degradation has serious impact on the
buckling behavior of columns and the midspan deflection of beams.

moisture content—moisture content will affect the thermal transmission qualities of an element
significantly, and in rigorous analysis becomes a very complex problem.  Methods for idealizing the
treatment of moisture have been developed successfully.  Water evaporation can also cause
chemical changes in material, usually resulting in discontinuous values of thermal properties.
Concrete and gypsum materials are good examples.  Moisture content also affects the shrinkage
and modulus elasticity properties of concrete.  Moisture condensation on reinforced and
prestressed cables also affects the temperature in these elements. 

multi-conductor cable (multiple conductor cable)—a combination of two or more conductors cabled
together and insulated from one another and from sheath or armor where used.
Note: Specific cables are referred to as 3-conductor cable, 7-conductor cable, 50-conductor cable,
etc. (IEEE Std. 100-1988).
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National Fire Protection Association (NFPA) codes and standards—consensus codes and
standards intended to minimize the possibility and adverse consequences of fires.

negative phase —that portion of a blast wave whose pressure is below ambient.

neutral plane—the height in a compartment above which smoke will or can flow out during a fire
event. A neutral plane may change from one-half to one-third of the compartment height as the fire
becomes fully involved in flames.  However, the smoke interface can extend very close to the floor
of the compartment.

non-combustible material—(a) material that, in the form in which it is used and under conditions
anticipated, will not ignite, burn, support combustion, or release flammable vapors when subjected
to fire or heat or (b) material having a structural base of noncombustible material, with a surfacing
not over 1/8 inch thick that has a flame spread rating not higher than 50 when measured in
accordance with the ASTM E84, ?Standard Test Method for Surface Burning Characteristics of
Building Materials”.

non-essential (conductor, cable, component or system)—structures, systems, and components
(Class 1E, Non-Class 1E, safety related or non-safety related) whose operation is not required to
support the performance of systems credited in the SSA for accomplishing post-fire safe shutdown
functions. 
  
norcotic effect—the effect of producing drowsiness and ultimately unconsciousness.  Chemical
substances in smoke, when inhaled, can enter the bloodstream and interfere with the oxygen
supply to the brain, causing narcosis and possible death.

nonflammable—not capable of being ignited.

normally closed or normally open—the component status during normal operating modes of the
plant.  This terminology is usually applied to valve, circuit breaker, and relay operating positions.

open circuit—a failure condition that results when a circuit (either a cable or individual conductor
within a cable) loses electrical continuity. 

open circuit—a failure condition that results when a circuit (either a cable or individual conductor
within a cable) loses electrical continuity. (Regulatory Guide 1.189)
Clarification: A circuit fault condition where the electrical path has been interrupted or "opened" at
some point so that current will not flow.  Open circuits may be caused by a loss of conductor
integrity due to heat or physical damage (break). 

optical density—a number quantifying the fraction of a beam of light that is unable to pass through
a given smoke cloud.

overpressure—any pressure above atmospheric caused by a blast.

overcurrent—any current in excess of the rated current of equipment or the rated ampacity of a
conductor.  It may result from overload, short-circuit, or ground-fault. A current in excess of rating
may be accommodated certain equipment and conductors for a given set of conditions. Hence, the
rules for overcurrent protection are specific for particular situations (IEEE Std. 100-1988).
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overcurrent protection—a form of protection that operates when current exceeds a predetermined
value. (IEEE Std. 100-1988)

overcurrent relay—a relay that operates when its input current exceeds a predetermined value.
(IEEE Std. 100-1988).

overload—loading in excess of normal rating of equipment (IEEE Std. 100-1988).

overload—generally used in reference to an overcurrent that is not of sufficient magnitude to be
termed a short circuit. (IEEE Std. 100-1988). 

oxidization—removal electrons from an atom or molecule, usually by chemical reaction with
oxygen.

oxidizing agent—chemical substance that gives up oxygen easily, removes hydrogen from another
substance, or attracts electrons.

oxygen starvation—for the case where there are no openings in the enclosure or only small
leakages areas, the hot gas layer will soon descend toward the flame region and eventually cover
the flame.  The air entrained into the combustion zone now contains little oxygen and fire may die
out due to oxygen starvation.  

paired cable—a cable in which all the conductors are arranged in the form of twisted pairs 
(IEEE Std. 100-1988).

passive fire barriers—a fire barrier that provides its protective function while in its normal
orientation, without any need to be repositioned.  (Examples of passive fire barriers include walls
and normally closed fire doors).

passive fire protection (PFP)—protection measures that prolong the fire resistance of an installation
before an eventual fire occurrence from the effects of smoke, flames, and combustion gases.
These can consist of insulation (fireproofing) of a structure, choice of noncombustible materials of
construction, use of fire-resistant partitions, and compartmentation to resist the passage of fire. It
includes coatings, claddings, or free-standing systems that provide thermal protection in the event
of fire and that require no manual, mechanical, or other means of initiation, replenishment, or
sustainment for their performance during a fire incident. Passive systems also embrace the basic
requirements for area separation and classification.  (Nolan, 2000)

passive smoke detection system—a fire detection system where smoke is transported to and into
a sensing chamber by outside forces, that is, fire plume strength or environmental air-flows.  A
passive smoke detection system may have difficulty detecting smoke from smoldering types of fires
because this smoke may not be hot enough to rise to the smoke detector location.  (Nolan, 2000)

penetration seal—a purposely made seal (or seals) formed in situ to ensure that penetrations or
“poke through” to fire barriers do not impair its fire resistance. Wiring, cable or piping openings,
ducting through floors, ceilings, walls, and building joints must be provided with fire-rated
penetration seals to prevent the spread of fire or its effects. The penetration sealing material is to
be made of limited-combustible or noncombustible material that meets the requirements of ASTM
E 814, ?Fire Tests of Through-Penetration Fire Stops,” or UL 1479, ?Standard for Safety Fire Tests
of Through-Penetration Firestops”.  (Nolan, 2000)
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performance-based fire protection design—an engineering approach to fire protection design based
on (1) agreed upon fire safety goals, loss objectives, and design objectives; (2) deterministic and
probabilistic evaluation of fire initiation, growth, and development; (3) the physical and chemical
properties of fire and growth effluents; and (4) a quantitative assessment of the effectiveness of
design alternatives against objectives. 
One primary difference between a prescriptive and a performance based design is that a fire safety
goal life safety, property protection, mission continuity, and environmental impact is explicitly
stated. Prescriptive requirements may inhibit fire safety components from effectively meeting the
fire safety goals as an integrated system.  (Nolan, 2000)

performance codes—regulations providing for engineering analysis.

performance-based requirements—codes and standards that require design solution be
engineered to address the expected hazard in such a fashion that an acceptable level of safety
(performance) is ensured.

photoelectric (light scattering) smoke detector—a method of smoke detection that uses the
scattering of a light beam from the presence of smoke particles onto a photosensitive detector to
sense a fire condition and send a signal for alarm.  (Nolan, 2000)

piloted ignition—ignition of flammable fuel-air mixture by a hot spot spark, or small flame (pilot).
(Quintiere, 1998)

pilot head detection system—a fire detection system that uses fusible heads on a pneumatic
charged system placed over the area of protection or hazard. Activation of the fusible head
releases the system pressure, which normally is linked by a pressure switch to a water suppression
trip valve to activate water flow to a deluge water spray system. The system provides forautomatic
fire detection and activation of protective devices or alarms.  (Nolan, 2000)

plume—the column of hot gases, flames, and smoke rising above a fire. In a confined area a fire
plume rises almost vertically. In an outside, unconfined area the configuration of a fire plume is
affected by ambient conditions (wind, temperature, etc.). A fire plume consists of a flame plume,
a thermal column of combustion gases, and smoke particles.  A fire plume’s temperature
decreases rapidly after the combustion process due to the entrainment of air. Therefore, the
ignition hazard from a fire plume is primarily dependent on the flame height of the plume. Objects
located above a flame are not likely to ignite unless large amounts of radiated heat are present or
flame contact is made. It may also be called a convection column, thermal updraft, or thermal
column.  (Nolan, 2000)

pneumatic fire detection system—a fire detection system that detects fire from heat, which either
melts fusible elements (spot-type detection) in the system or a low melting point pneumatic (plastic)
tubing (linear detection).  Loss of pressure in the system activates a pressure switch that sends a
signal for an alarm and fixed fire suppression system activation.  (Nolan, 2000)

pool fire—a turbulent diffusion fire burning above an upward facing horizontal of vaporizing liquid
fuel (usually symmetrical) under conditions where the fuel vapor or gas has zero or very low initial
momentum.  (Nolan, 2000)

positive phase—that portion of blast wave whose pressure is above ambient.
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premixed flame—a flame in which fuel and air are mixed first before combustion.  (Quintiere, 1998)

pre-flashover fire—the growth stage of a fire, where the emphasis in the fire safety engineering
design is on the safety of humans.  The design load is in this case characterized by a heat release
rate curve, where the growth phase of the fire is most important.

potential transformer—a special class of transformer used to step down high distribution system
level voltages (typically 480V and above) to a level that can be safely measured by standard
metering equipment.  PT's have a voltage reduction ratio given on their nameplate. A PT with a
voltage reduction ratio of 200: 5 would reduce the voltage by a ratio of 200 divided by 5 or 40 times.

post-flashover fire—when the objective of fire safety engineering design is to ensure structure
stability and safety of firefighters, the post-flashover fire is of greatest concern.  The design load
in this case is characterized by the temperature-time curve assumed for the full developed fire
stage.

positive-pressure breathing apparatus—self-contained breathing apparatus in which the pressure
in the breathing zone is positive in relation to the immediate environment during inhalation and
exhalation. 

positive pressure ventilation (PPV)—the application of positive air ventilation to an enclosed fire
event to influence the degree of ventilation, aid in firefighting activities, and influence burning
activity.  Mechanical ventilators (fans) are used to blow fresh air into an enclosure in sufficient
amounts to create a pressure differential within the enclosure that forces the existing air or products
of combustion through an exit opening in the enclosure. Positive pressure ventilation has been
used to assist in firefighting operations.  (Nolan, 2000)

power cable/circuit—a circuit used to carry electricity that operates a load.

pre-discharge employee alarm—an alarm which will sound at a set time prior to actual discharge
of an extinguishing system so that employees may evacuate the discharge area prior to system
discharge.

pre-fire position/operating mode—terminology used to indicate equipment status prior to a fire. 

prescriptive requirements—detailed and often rigid measures mandated in codes and standards
as the means to ensure fire safety.

probable maximum loss (PML)—the loss due to a single fire scenario, which assumes an
impairment to one suppression system and a possible delay in manual fire-fighting response.

probabilistic safety assessment (PSA)—a comprehensive evaluation of the risk of a facility or
process; also referred to a probabilistic risk assessment (PRA).

product safety engineer—develops and conducts tests to evaluate product safety levels and
recommends measures to reduce or eliminate hazards.  Establishes procedures for detection and
elimination of physical and chemical hazards and avoidance of potential toxic effects and other
product hazards.  Investigates causes of accidents, injuries, and illnesses resulting from product
usage and develops solution.  Evaluates potential health hazards or damage which could result
from misuse of products and applies engineering principles and product standards to improve
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safety.  May participate in preparation of product usage and precautionary label instructions.
(?Dictionary of Occupational Titles,” Volume 1, 14th Edition, U.S. Department of Labor Employment
and Training Administration, 1991.) 

protective relay—a device whose function is to detect defective lines or apparatus or other power
system conditions  of an abnormal or dangerous nature and to initiate appropriate control action.
A protective relay may be classified according to its input quantities, operating principal, or
performance characteristics. (IPEEE Std. 100-1988)
Clarification: Protective relays are small, fast acting, automatic switches designed to protect an
electrical system from faults and overloads.  A single 4160V switchgear  have many relays, each
with a specific purpose. Protective relays are classified by the variable they monitor or the function
they perform. When a relay senses a problem (e.g., short circuit) it quickly sends a signal to one
or many circuit breakers to open, or trip, thus protecting the remainder of distribution system.
pyrolysis—the process of heating fuel to cause decomposition.

pyrophoricity—spontaneous combustion of a material upon exposure to air (atmospheric oxygen).

qualitative—measuring or describing with regards to characteristics, generalities, or trends.

quantitative—measuring or describing based on number or quantity.

qualitative risk analysis—an evaluation of risk based on the observed hazards and protective
systems that are in place, as opposed to an evaluation that uses specific numerical techniques

quantitative risk analysis—an evaluation of both the frequency and the consequences of potential
hazardous events to make a logical decision on whether the installation of a particular safety
measure can be justified on grounds of safety and loss control.  Frequency and consequences are
usually combined to produce a measure risk that can be expressed as the average loss per year
in terms of injury or damage arising from an accidental event.  The risk calculations of different
alternatives can be compared to determine the safest and most economical options.  Calculated
risk may be compared to set criteria that have been accepted by society or required by law.

qualified cable—a cable that is certified to meet all of the requirements of the IEEE-383 standard
(including both the flame spread and the LOCA exposure test protocols).

quick disconnect valve—a device which starts the flow of air by inserting of the hose (which
leads from the facepiece) into the regulator of self-contained breathing apparatus, and stops the
flow of air by disconnection of the hose from the regulator. 

raceway—an enclosure channel of metal or nonmetallic materials designed expressly for holding
wires, cables, or busbars, with additional functions as permitted by code.  Raceways include, but
are not limited to, rigid metal conduit, rigid nonmetallic conduit, intermediate metal conduit, liquid-
tight flexible conduit, flexible metallic tubing, flexible metal conduit, electrical nonmetallic tubing,
electrical metallic tubing, underfloor raceways, cellular concrete floor raceways, cellular metal floor
raceways, surface raceways, wireways, and busways. 
(Regulatory Guide 1.189; IEEE Std. 100-1988).

raceway fire barrier—non-load-bearing partition type envelope system installed around electrical
components and cabling that are rated by test laboratories in hours of fire resistance and are used
to maintain safe shutdown functions free of fire damage.  (Regulatory Guide 1.189)
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radiation—heat transfer due to electromagnetic energy transfer such as light.  (Quintiere, 1998)

Rankine (°R)—absolute Fahrenheit temperature scale, 460 °F.  (Quintiere, 1998)

radiant energy (heat) shield—a non-combustible or fire resistive barrier installed to provide
separation protection of redundant cables, equipment, and associated non-safety circuits within
containment.  (Regulatory Guide 1.189)

rated fire barrier—a fire barrier with a fire endurance rating established in accordance with the test
procedure of NFPA 251, ?Standard Methods of Fire Test of Building Construction and Materials”.

rated voltage—the voltage at which operating and performance characteristics of apparatus and
equipment are referred.  (IEEE Std. 100-1988).

rated voltage—for cables, either single-conductor or multiple conductor, the rated voltage is
expressed in terms of phase-to-phase voltage of a three phase system.  For single phase systems,
a rated voltage of �3 * the voltage to ground should be assumed. (IEEE Std. 100-1988).

redundant shutdown—if the system is being used to provide its design function, it generally is
considered redundant. If the system is being used in lieu of the preferred system because the
redundant components of the preferred system do not meet the separation criteria of Section
III.G.2, the system is considered an alternative shutdown capability. 

redundant shutdown—for the purpose of analysis to Section III.G.2 criteria, the safe shutdown
capability is defined as one of the two normal safe shutdown trains. If the criteria of Section III.G.2
are not met, an alternative shutdown capability is required. (Generic Letter 86-10)
Note: For BWRs, the use of safety relief valves and  low pressure injection systems has been found
to meet the requirements of a redundant means of post-fire safe shutdown under Section III.G.2
of 10 CFR 50, Appendix R.

regression rate—the burning rate of a solid or liquid, usually measured in centimeters per second
measured perpendicular to the surface.

relay—an electrically controlled, usually two-state, device that opens and closes electrical contacts
to effect the operation of other devices in the same or another electric circuit.  
(IEEE Std. 100-1988)

re-radiation—the radiation re-emitted from a heated surface. 

reflected pressure—impulse or pressure experienced by an object facing a blast.

remote shutdown—the capability, including necessary instrumentation and control, to safely
shutdown the reactor and maintain shutdown conditions from outside the main control room.
(Regulatory Guide 1.189)

remote control—control of an operation from a distance: this involves a link, usually electrical,
between the control device and the apparatus to be operated.  (IEEE Std. 100-1988)
Note: Remote control may be accomplished  from the control room or local control stations.
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remote shutdown location—a plant location external to the main control room that is used to
manipulate or monitor plant equipment during the safe shutdown process.  Examples include the
remote shutdown panel or valves requiring manual operation.

repair—to restore by replacing a part or putting together what is broken. 
(Webster’s Ninth New Collegiate Dictionary).

Response Time Index (RTI)—a relative measure of the sensitivity of an automatic fire sprinkler’s
thermal element as installed in a specific sprinkler. It is usually determined by plunging a sprinkler
into a heated laminar airflow within a test oven. This type of ?plunge” test is not currently applicable
to certain sprinklers. These sprinklers must have their thermal sensitivity determined by other
standardized test methods. A response time index is also used to quantify the responses of heat
detectors used in a fire detection system. A normal RTI for a sprinkler is 300. Early suppression
fast response (ESFR) sprinklers have an RTI of 50 or less.  (Nolan, 2000)

restricted area—any area to which access is controlled by the licensee for purposes of protecting
individuals from exposure to radiation and radioactive materials.

rich mixture—a mixture of flammable gas or vapor and air in which the fuel concentration is above
the fuel’s upper limit of flammability.

risk—risk is a quantitative measure of fire or explosion incident loss potential in terms of both the
event likelihood and aggregate consequences.

risk-informed—the risk-informed approach the analyst factors is not just the severity of a fire but
also the likelihood that the fire will occur. 
For example, based on the knowledge and experience of the equipment operator, a fire in a given
turbine generator is likely to occur 80-percent of the time.  Or, based on the knowledge and
experience of the fire protection engineer, the sprinkler system protecting that generator is 90-
percent likely to be contain and control that fire.  Because the risk-informed, performance-based
methodology quantifies the likelihood of a fire hazard and the likelihood that the fire protection
system will contain or control the fire it provides a more realistic prediction of the actual risk.

risk reduction—risk reduction in define as the application of technological or administrative
measures to reduce fire and explosion risk to a tolerable level.

safety engineer—develops and implements safety program to prevent or correct unsafe
environmental working conditions, utilizing knowledge of industrial processes, mechanics,
chemistry, psychology, and industrial health and safety laws.  Examines plans and specifications
for new machinery or equipment to determine if all safety precautions have been included.
Determines amount of weight that can be safely placed on plant floor.  Tour to inspect fire and
safety equipment, machinery, and facilities to identify and correct potential hazards and enclothing
and devices, and designs, builds, and installs, or directs installation or safety devices on machinery.
Conducts or coordinates safety and first aid training to educate workers about safety policies, laws,
and practices.  Investigates industrial accidents to minimizes recurrence and prepares accident
reports.  May conduct air quality tests for presence of harmful gases and vapors.  (?Dictionary of
Occupational Titles,” Volume 1, 14th Edition, U.S. Department of Labor Employment and Training
Administration, 1991.)    
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safety factor—safety factors have been used in most engineering designs to account for
uncertainties in calculations.  Safety factors are also used in fire protection engineering designs,
especially for evacuation times and structural fire safety performance design.  The addition of
safety factors to performance criteria permits the designer to make a conservative assessment
while allowing for smaller margin of error by accounting for uncertainty in the models, the input data
and the assumptions.

safe shutdown—for fire events, those plant conditions specified in the plant Technical
Specifications as Hot Standby , Hot Shutdown, or Cold Shutdown.  (Regulatory Guide 1.189)

safe shutdown analysis (post-fire safe shutdown analysis)—a documented evaluation of the
potential effects of a postulated fire (including an exposure fire) and fire suppression activities in
any single area of the plant (fire area), on the ability to achieve and maintain safe shutdown
conditions in a manner that is consistent with established performance goals and safety objectives.
(i.e., Sections III.G and III.L of Appendix R or Position C.5.b of SRP 9.5.1).     

safe shutdown system—all structures, equipment (components, cables, raceways cable enclosures
etc.), and  supporting systems (HVAC,  electrical distribution, station and instrument air, cooling
water, etc.) needed to perform a shutdown function. 

self-heating—the result of exothermic reaction, occurring spontaneously in some materials under
certain conditions, whereby heat is liberated at a rate sufficient to rise the temperature of the
material.

severity—severity is a qualitative estimate of the hazard intensity in terms of source intensity, time,
and distance; for example heat flux, temperature, toxic or corrosive smoke concentration, explosion
over-pressure versus distance.

short circuit—a failure condition that results when a circuit (either a cable or individual conductor
within a cable) comes into electrical contact with another circuit.  (Regulatory Guide 1.189)

short circuit—an abnormal connection (including an arc) of relatively low impedance, whether made
accidentally or intentionally, between two points of different potential. (IEEE Std. 100-1988)

short to ground—a short circuit between conductor(s) and a grounded reference point (e.g.,
grounded conductor, conduit, raceway, metal enclosure, shield wrap or drain wire within a cable).

short-to ground—a failure condition that results when a circuit (either a cable or individual
conductor within a cable) comes into electrical contact with a grounded conducting device such as
a cable tray, conduit, grounded equipment, or grounded component.  (Regulatory Guide 1.189) 

solid conductor self-ignited cable fire—a conductor consisting of a single wire. (IPEEE Std.100-
1988).  Electrical cables are often considered as a source of fire because they carry electric power
(a potential source of ignition) and are constructed of materials that can sustain combustion.  A fire
that initiates from a cable, either due to a fault in the cable or due to a current overload, is refereed
to as a self-ignited cable fire.

SI units—an internationally accepted systems of measurement units.
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small hose system—a system of hose ranging in diameter from 5/8" up to 1½" which is for the use
of employees and which provides a means for the control and extinguishment of incipient stage
fires. 

smoke (from fire)—the mixture of tiny particles and gases produced by a fire.  The particles consist
mainly of soot, aerosol mist, or boot, or gases, no longer chemically reacting, that emanate from
the fire.

smoke barrier—a continuous surface (wall, floor, HVAC damper, or ceiling assembly) that is
designed and constructed to restrict the movement of smoke. A smoke barrier may or may not also
have a fire resistance rating. Such barriers might have protected openings.   (Nolan, 2000) 

smoke bomb—a device for generating smoke from a chemical source (a pyrotechnic device) to
simulate fire conditions. Smoke bombs are used in confined spaces for testing and training
purposes (testing smoke detection, smoke management systems, or firefighter training). They
usually produce smoke at a standard rate and quality and can be supplied in various durations.
Smoke bombs are sometimes called smoke candles.  (Nolan, 2000)

smoke chaser—terminology used for a forest firefighter who is lightly equipped to enable him or
her to get to a fire quickly.  (Nolan, 2000)

smoke compartment—an area enclosed by smoke barriers on all sides, including the top and
bottom.  (Nolan, 2000)

smoke condensate—the condensed residue of suspended vapors and liquid products of incomplete
combustion.  (Nolan, 2000)

smoke control—the control of smoke movement by the use of the airflow by itself, if it is of sufficient
velocity and application of air pressure differences of sufficient strength across a barrier. Dilution
of a smoke environment by only supplying air and extracting air is not considered a method of
smoke control within an enclosure for fire safety concerns.  (Nolan, 2000)

smoke control system—a system to limit and direct smoke movement within a building to protect
occupants and assist with evacuation measures. It consists of mechanical fans that are engineered
to produce air flows and pressure differences within the building compartments to achieve smoke
control.  (Nolan, 2000)

smoke control zone—the subdivision of a building to inhibit the movement of smoke from one area
to another for the purpose of life safety, evacuation, and property protection. A smoke control zone
can consist of one or more floors, or a floor can consist of more than one smoke control zone.
Each zone is separated from the others by partitions, floors, and doors that can be closed to
prevent the spread of smoke.  (Nolan, 2000)

smoke curtain—salvage covers placed around an area by the fire service to prevent the spread of
smoke that may cause further damage.  (Nolan, 2000)

smoke damage—the harmful effects to property from the occurrence of unwanted smoke exposure
and combustion gases, consisting of stains, odors, and contamination. Exposure of combustion
gases and smoke in some locations may cause property damages higher than physical fire
damages. High technology clean rooms and the food processing industry, for example, require high
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cleanliness standards for their products and smoke damage may cause harmful chemicals to
deposited on the products, making them unsuitable for use or salvage.   (Nolan, 2000)

smoke damper—a device to restrict the passage of smoke through a duct that operates
automatically and is controlled by a smoke detector.  (Nolan, 2000)

smoke density—the relative quantity of solid and gaseous airborne products of combustion in a
given volume.  (Nolan, 2000)

smoke detection—the sensing of the products of combustion and sending a signal or an alarm for
the purpose of safeguarding life or property. Various devices are available that can sense the
presence of smoke, which is considered evidence of unwanted combustion.  (Nolan, 2000)

smoke detector—a device that senses visible or invisible particles of combustion. They are very
effective for a slow smoldering fire and will generally provide an alarm before a heat detector.  They
may cause a false alarm or be ineffective if not sited and installed where air currents from
ventilation or air conditioning systems are likely to carry smoke and other products of combustion
away from the detectors.  Usually used to warn occupants of a building of the presence of a fire
before it reaches a rapidly spreading stage and inhibits escape or attempts to extinguish it. On
sensing smoke, the detectors emit a loud, high-pitched alarm tone, usually warbling or intermittent,
and are usually accompanied by a flashing light. There are two types of smoke detector:
photoelectric and ionization. Photoelectric smoke detectors utilize a light-sensitive cell in either of
two ways.  In one type, a light source (a small spotlight) causes a photoelectric cell to generate
current that keeps an alarm circuit open until visible particles of smoke interrupt the ray of light or
laser beam, breaking the circuit and setting off the alarm. The other photoelectric detector widely
used in private dwellings employs a detection chamber shaped so that the light-sensitive element
cannot ordinarily ?see” the light source (usually a light-emitting diode, LED). When particles of
smoke enter a portion of the chamber that is aligned with both the LED and the photocell, the
particles diffuse or scatter the light ray so it can be ?seen” by the photocell. Consequently, a current
is generated by the light-sensitive cell, producing an alarm.

ionization detectors employ radioactive material in quantities so tiny they are
believed to pose no significant health hazard to ionize the air molecules between a
pair of electrodes in the detection chamber. This enables a minute current to be
conducted by the ionized air. When smoke enters the chamber, particles attach
them-selves to ions and diminish the flow of current by attaching themselves to the
ions in the air from the radioactive source. The reduction in current sets off the
alarm circuit.

photoelectric smoke detectors are relatively slow to respond and are most effective
in sensing the larger smoke particles generated by a smoldering, slow-burning fire.
Ionization detectors are much faster to respond and are best at sensing the tiny
smoke particles released by a fast-burning fire. Ionization smoke detection is also
more responsive to invisible particles (smaller than 1 micron in size) produced by
most flaming fires. It is somewhat less responsive to the larger particles typical of
most smoldering fires. For this reason, some manufacturers produce combination
versions of detectors. Many fire prevention authorities recommend the use of both
photoelectric and ionization types in various locations in a private home. Either type
of detector can be powered by batteries or by household current. Air sampling
smoke detectors is a fire detection system where smoke is transported to and into
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a sampling port but they aspirate smoke into the detector sensing chamber rather
than chamber using suction fans. Smoke in the immediate vicinity of the sampling
ports is drawn into the detector sensing chamber. Air sampling smoke detectors
have been employed in zero gravity environments (space vehicles) to detect the
presence of smoke. The first smoke alarm was invented by W. Jaeger and E. Meili
of Switzerland in 1941. The alarm was part of a project named Minerva Fire Alarm
System. It was battery powered and had a flashing light and audible alarm when
activated. It was also capable of sending a signal to the local fire station.
(Nolan, 2000) S

smoke detector, duct—a device located within a building air-handling duct, protruding into the duct,
or located outside the duct that detects visible or invisible particles of combustion flowing within the
duct. Actuation of the device may allow operation of certain control functions. National and local
fire codes recognize the hazard posed by building air-handling systems to spread smoke, toxic
gases, and flame from one area to another unless they are shut down. The primary purpose of duct
smoke detection is to prevent injury, panic, and property damage by preventing the spread (re-
circulation) of smoke. Duct smoke detection can also assist in protecting the air-handling system
itself as well as sensitive equipment such as computer hardware. Duct smoke detectors may also
be used to activate smoke exhaust dampers.  Duct smoke detectors are not rated to be used as
general area protection nor are general area detectors listed as duct smoke detectors. It may also
be called a duct detector (DD).  (Nolan, 2000)

smoke developed index (SDI)—a relative index of smoke produced during the burning of a material
as measured by a recognized test. The smoke developed rating of materials is deter-mined by
NFPA 255, ?Standard Test of Surface Burning Characteristics of Building Materials”; ASTM E84,
?Surface Burning Characteristics of Building Materials”; and UL 723, ?Tests for Surface Burning
Characteristics of Building Materials”.  (Nolan, 2000)

smoke developed rating—a relative index for the smoke produced from a building material test
sample as measured and calculated by the Steiner Tunnel Tests (NFPA 255, ?Standard Method
of Test of Surface Burning Characteristics of Building Materials”; ASTM E84, ?Surface Burning
Characteristics of Building Materials”; or UL 723, ?Tests for Surface Burning Characteristics of
Building Materials”).  Red oak has a rating of 100, whereas cement board has a rating of zero.  It
may also be called a smoke density index (SDI). (Nolan, 2000)

smoke eater—slang terminology referring to a firefighter. It has been applied due to the conse-
quences of firefighters inhaling smoke during a fire incident.  (Nolan, 2000)

smoke ejector—a device similar to a fan used to exhaust heat, smoke, and harmful combustion
gases from a post-fire enclosed environment and to induct fresh air to the affected enclosure.
Smoke ejectors are usually carried as part of the complement of equipment on a fire-fighting
vehicle and are commonly electrically powered.  (Nolan, 2000) 

smoke exhaust system—natural (chimney) or mechanical (fans) ventilation for the removal of
smoke from an enclosure to its exterior. The provision of a tenable environment for human life is
not considered within the capability of a smoke exhaust system.  (Nolan, 2000)

smoke extraction—the removal of smoke from an enclosed structure to aid firefighting operations.
It is generally acknowledged that correct ventilation in fire conditions reduces (lateral) fire spread
and resultant damage, enables firefighters to enter a building fire more easily, and provides greater



F-55

visibility for fire-fighting activities. Manual efforts at the time of the fire may be employed, either
through rapidly cut openings or the use of portable smoke extraction fans. Where smoke
production may be anticipated in buildings, they are provided with automatic smoke extraction
devices.  (Nolan, 2000)

smoke extractor—machine or fan blower device for extracting or removing smoke and gases from
a building or an enclosure. 

smokehouse—a structure used to provide simulated smoke conditions for the training of
firefighters. Training is provided in smoke environments where conditions can be monitored and
observations made to improve performance. Simulated smoke is used as a safety measure and
real fires are avoided.  (Nolan, 2000)

smoke gas explosion—when unburnt gases from an unventilated fire flow through leakages into
an closed space connected to the fire room, the gases there can mix very well with air to form a
combustible gas mixture.  A small spark is then enough to cause a smoke gas explosion, which can
have very serious consequences.  This phenomenon is, however, very observed in enclosure fires.

smoke inhalation—the breathing of the combustion products into the lungs. It is considered an
injury that damages the respiratory system. The main dangers of smoke inhalation to the lungs are
the presence of narcotic gases, principally carbon monoxide (CO), hydrogen cyanide (HCN),
carbon dioxide (CO2 ), and the asphyxiating effects of an oxygen-depleted atmosphere.  Inhalation
of narcotic gases often leads to hyperventilation, leading to an increase in the amount of narcotic
gases taken into the lungs.
Narcotic gases also cause incapacitation by attacking the central nervous system. A low level of
oxygen in the blood results in low oxygen levels to the brain, which causes impaired judgment and
concentration. These effects may confuse, panic, or incapacitate an individual. Incapacity occurs
in less than 10 minutes with a 0.2 percentage concentration of carbon monoxide (CO) if heavy
activities are being performed.  Carbon monoxide combines with the hemoglobin of the blood,
preventing oxygen from binding with hemoglobin, which will cause death. Carbon monoxide has
an affinity to hemoglobin 300 times that of oxygen. The degree of poisoning depends on the time
of exposure and concentration of the combustion gases. If the percentage of carbon monoxide in
the blood rises to 70 to 80-percent, death is likely to ensue. Hydrogen cyanide is also referred to
as hydrocyanic acid. The cyanides are true proto-plasmic poisons, combining in the tissues with
enzymes associated with cellular oxidation.  They therefore render oxygen unavailable to the
tissues and cause death through asphyxia. Inhaling concentrations of more than 180 ppm of HCN
leads to unconsciousness in a matter of minutes, but the fatal effects would normally be caused
by carbon monoxide poisoning after HCN has made the victim unconscious. Exposure to
concentrations of 100 to 200 ppm for periods of 30 to 60 minutes can also cause death. Inhalation
of hot smoke gases into the lungs will also cause tissue damage (burns) such that fatal effects
could result in 6 to 24 hours after the exposure. Whenever the effects of smoke may affect
individuals, protective measures must be provided, such as smoke management systems, smoke
barriers, or fresh air supplies.  (Nolan, 2000)

smoke interface—the layer in a compartment that separates the smoke layer from the non-smoke
layer.  A smoke layer will gradually increase as the fire increases if the smoke layer is not vented,
which lowers the smoke interface and may eventually fill the compartment. Fully developed fires
have a smoke interface several centimeters (inches) above the floor. Cooling, or a decrease in the
fire, may allow the smoke layer to dissipate and the interface will rise. May also be called smoke
layer interface.  (Nolan, 2000)
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smoke layer—the accumulated thickness of smoke in an enclosure.  (Nolan, 2000)

smoke management system (SMS)—natural or mechanical ventilation for the control or removal
of smoke from an enclosure. Smoke management systems provide for smoke control to assist in
personnel evacuation and firefighting activities. They provide pressurized areas within a building
to prevent the entrance of smoke or to direct smoke to the outside of the building.  Smoke control
systems can be designated a dedicated or nondedicated. A dedicated smoke control system is
provided for smoke control only within an enclosure. It is a separate air moving and distribution
system that does not function under normal building operating conditions.  It is specifically
designated for smoke control functions.  A nondedicated smoke control system shares its
components with other building systems such as the heating, ventilation, and air conditioning
(HVAC) system.  Activation of it causes the system to change its mode of operation from normal
building HVAC requirements to that of smoke control.  (Nolan, 2000)

smoke pencil—a chemical solid that is ignited to produce smoke for testing purposes, primarily for
the integrity testing of enclosures that are protected by fixed gaseous fire suppression systems.
(Nolan, 2000)

smoke-proof—resistant to the spread of smoke.  (Nolan, 2000)

smoke shaft—a continuous shaft extending the full height of a building, with opening at each floor
and a fan at the top; during a fire, the dampers on the fire floor open and the fan vents the
combustion products.

smoke seal—a flexible membrane provided around the edge of a rated fire door frame. It is used
to prevent the passage of smoke particles and combustion gases through the door seam
surrounding a fire-rated door when it is closed.

smoke stop—a barrier provided to stop the spread of smoke to another area.  (Nolan, 2000)

smoke test—a method for confirming the integrity of a chimney and for detecting any cracks in a
masonry chimney flue, or deterioration or breaks in the seal or joints of a factory-built or metal
chimney flue. Smoke is generated in a fire-place or solid fuel-burning appliance while
simultaneously covering the chimney termination. Smoke leakages are then checked for through
the chimney walls or suspected openings.  (Nolan, 2000)

smoke visibility—the ability to perceive objects through smoke at a specific distance.  Smoke
visibility is necessary during fire conditions for evacuation of occupants, rescue operations, and
firefighting activities.  The ability to see through smoke is a measure of smoke visibility and can be
related to the mass optical density (the yield of solid and liquid particulates of smoke generation).
Smoke reduces visibility by a reduction in available light through the absorption and scattering of
light by the smoke particulates.  (Nolan, 2000) 

smoldering—a slow combustion process between oxygen and a solid fuel.  (Quintiere, 1998)

soot—tiny particles consisting of carbon, often formed in diffusion flames and in very rich premixed
flames. 

spalling—generally, the breaking away or explosion of concrete materials from a fire exposure.  It
occurs due to stresses set up by steep temperature gradient onto aggregates in the concrete that
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expand, or moisture that is trapped and vaporizes without any means of venting safely.  Major
factors that affect spalling behavior are moisture contact, rate of temperature rise, permeability,
porosity, restraint, and reinforcement.  Spalling also is known to occur in fire-resistant protective
coating for steel where asbestos or other fiber fillers are added to concrete or other cementitious
material to increase insulation value.  Spalling promotes exposure of structural steel, steel
reinforcing or pre-stressing cables; thermal transmission due to decreased section thickness; fire
passage due to openings caused by extreme spalling; and degradation in moment-bearing capacity
due to reduced element cross sections.  (Nolan, 2000) 

species—another name for chemical compounds, usually gases.  (Quintiere, 1998)

specific heat—property that measures the ability of matter to store energy.  (Quintiere, 1998)

spot detector—a device whose detection element is concentrated at a particular location.
Examples are bimetallic detectors, fusible alloy detectors, local rate-of-rise and smoke detectors,
and thermoelectric detectors.  Spot-type detectors have a defined area of coverage.  (Nolan, 2000)

spontaneous combustion—the outbreak of fire without application of heat from an external source.
Spontaneous combustion may occur when combustible matter, such as hay or coal, is stored in
bulk.  It begins with a slow oxidation process (bacterial fermentation or atmospheric oxidation)
under conditions not permitting ready dissipating of heat, such as in the center of a haystack or a
pile of oil rags.  Oxidation gradually raises the temperature inside the mass to the point at which
a fire starts.

spontaneous combustion—ignition of a combustible material caused by the accumulation of heat
from oxidation reactions.

spontaneous heating—slow oxidation of an element or compound which causes the bulk
temperature of the element/compound to rise without the addition of an external heat source.

spontaneous ignition—ignition that occurs as a result of progressive heating, as contrasted with
instantaneous ignition caused by exposure to a spark or a flame.  The spontaneous ignition can
result from self-heating caused by slow oxidation, or from an external heat source. 

sprinkler—a water deflector spray nozzle device used to provide distribution of water in specific
characteristic patterns and densities for the purpose of cooling exposures exposed to unacceptable
heat radiation, and controlling and suppressing fires or combustible vapor dispersions. Water
droplet size from a discharging sprinkler is one key factor in deter-mining the effectiveness of its
water spray.  Water droplets penetrate a fire plume to reach a burning commodity by two modes:
gravity and momentum. In the gravity mode, the downward velocity of the water droplets falling
through a fire plume must be greater than the upward velocity of the fire plume for it to reach the
base of the fire. Gravity action alone cannot accomplish this. Increased system pressure provides
water droplets with greater downward thrust (momentum) to over-come the upward thrust of the
fire plume.  (Nolan, 2000)
 
sprinkler, automatic—a fire suppression or control device that operates automatically when its heat-
actuated element is heated to its thermal rating or above, allowing water to discharge over a
specific area.  (NFC Online Glossary)
sprinkler density—calculated by gallons per minute discharge divided by the square footage
covered.
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sprinkler, dry (pendent)—an automatic sprinkler that is not provided with water continuously at its
inlet. It is provided where freezing conditions are a concern if the sprinkler system is seasonally
drained down. A seal is provided at the main supply pipe to prevent water from entering the
sprinkler assembly until the sprinkler is activated from fire conditions. Typically, it is designed so
that the fusible element opens the sprinkler and releases a spring-loaded tube that breaks the glass
inlet water seal. This allows water to flow to the sprinkler. pattern of the sprinkler.  (Nolan, 2000)

sprinkler, on-off—a cycling (on-off), self-actuating snap-action, heat-actuated sprinkler.  Water flow
automatically shuts off from the sprinkler when the fire has been extinguished (no heat is available
to activate the sprinkler head) and it is automatically reset for later operations.   This type of
sprinkler requires a water supply that is free of contaminants (potable) that could interfere with its
operation. It does not have to be replaced after operation. It is provided to avoid water damage by
eliminating the need to shut off the water supply after a fire has been extinguished. Typical
applications include areas containing high-value inventories, materials, or equipment highly
sensitive to water areas subject to flash or repeat fires, and where the water supply is limited.
(Nolan, 2000)

sprinkler, open—a sprinkler device that has a permanent open orifice and is not actuated by a heat
responsive element. Instead, an upstream device controls water flow from the sprinkler. Its primary
purpose is to provide adequate distribution of water in a prescribed pattern.  (Nolan, 2000)

sprinkler, pendent—a sprinkler designed for and installed with the head in a downward fashion from
the piping, rather than placed in an upward position above the supply pipe.  They are primarily used
where upright sprinklers cannot be used because of lack of space (headroom) or where
concealment of sprinkler piping above a false ceiling is desired because of aesthetic reasons (office
areas).  (Nolan, 2000)

sprinkler, pilot—an automatic sprinkler head or thermostatic fixed temperature device used in a
pneumatic or hydraulic fire detection system, normally connected to an actuating valve that
releases when the pilot device is activated.  (Nolan, 2000)

sprinkler pintle—an indicating device on sprinklers that have small and large orifices and a standard
0.5 in. (1.27 cm) pipe thread. A pintle highlights the sprinkler orifice size difference compared to
standard orifices; that is, 0.5 in. (1.27 cm) sprinklers with 0.5 in. (1.27 cm) pipe threads. It consists
of a small, short cylinder centrally mounted and perpendicular to the deflector plate, on the side
opposite the water discharge.  (Nolan, 2000)

sprinkler, recessed—sprinklers in which all or part of the body, other than the shank thread, is
mounted within a recessed housing. Recessed sprinklers are mainly provided for aesthetic
reasons, although protection of the sprinkler installed, tested, and evaluated before the installation
of the finished ceiling.  (Nolan, 2000)

sprinkler, residential—a type of fast-response sprinkler that is well known for its ability to enhance
human survivability in the room of fire origin and is used in the protection of dwelling units as
specified by listing or approval agencies.  The first effective fast-response sprinkler for residential
use was developed by the Factory Mutual Research Corporation (under contract to the United
States Fire Administration) and was demonstrated in 1979.  (Nolan, 2000)
sprinkler riser—the vertical portion of a sprinkler system piping from the ground main to the
horizontal cross main that feeds the branch lines.  (Nolan, 2000)
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sprinkler, sidewall—sprinkler designed to be installed on piping along the sides of a room instead
of the normal sprinkler spacing requirements.  The sprinkler is made with a special deflector that
deflects most of the water away from the nearby walls in a pattern similar to a quarter of a sphere.
A small portion of the water is directed at the wall behind the sprinkler.  Sidewall sprinklers are
generally used because of aesthetic concerns, building construction arrangements, or installation
economy considerations.  (Nolan, 2000)

sprinkler spacing—distribution of automatic sprinklers to provide the area coverage specified for
light, ordinary, and extra hazardous occupancies.  (Nolan, 2000)

sprinkler system—for fire protection purposes, an integrated system of underground and overhead
piping designed in accordance with fire protection engineering standards. The installation includes
one or more automatic water supplies. The portion of the sprinkler system above ground is a
network of specially sized or hydraulically designed piping installed in a building, structure, or area,
generally over-head, and to which sprinklers are attached in a systematic pattern. The valve
controlling each system riser is located in the system riser or its supply piping. Each sprinkler
system riser includes a device for actuating an alarm when the system is in operation. The system
is usually activated by heat from a fire and discharges water over the fire area. 

The first recorded patented sprinkler system was developed in London in 1806 by John Carey. It
consisted of a pipe fed by a gravity tank with a number of valves held closed by counterweights on
strings; when a fire burned the strings, the valves were opened. The sprinkler head consisted of
an outlet similar to a water can perforated nozzle that faced downward. A refined sprinkler system
was patented (British Patent No. 3201) by William Congreve in 1809. His system used fusible metal
on the wires controlling water supply valves and had various water distribution devices including
perforated pipes, devices similar to sidewall sprinklers. Many manually operated systems were
installed in 19th century buildings. The first system in America was installed in a plant in Lowell,
Massachusetts in about 1852. A number of perforated pipes were fed by a main riser that could
be turned on in an adjoining area. James B. Francis improved the distribution of this system by
using pipe with perforations about 0.1 in. (0.25 cm) in diameter and spaced 9 in. (22.86 cm) apart,
alternately on different sides, to provide a spray at water at an angle slightly above the horizontal.
Insurance companies of the time continued to improve on the design. These systems resulted in
frequent water damage in parts of a room or building untouched by fire. An improvement was
sought and found in the Parmelee sprinkler head, which was introduced in the United States in the
1870s. The Parmelee head had a normally closed orifice that was opened by heat from a fire. The
first sprinkler successfully used over a long period was the Grinnel ?glass button,” which appeared
in 1890 (previous Grinnel types were developed from 1884 to 1888). Since about 1900, most
changes to sprinklers have been refinements in the design (deflector or activating mechanism
improvements) rather than conceptual changes. Modern versions use a fusible link or a bulb
containing chemicals that breaks at about 160 °F (70 °C) to open the orifice. Modern sprinkler
heads are designed to direct a spray downward.  Most sprinkler systems are wet-head; that is, they
use pipes filled with water. Where there is danger of freezing, however, dry-head sprinklers are
used, in which the pipes are filled with air under moderate pressure; when the system is activated,
the air escapes, opening the water-feeder valves. An improved version has air under only
atmospheric pressure and is activated by heat-sensing devices. Another special type, used in high-
hazard locations, is the deluge system, which delivers a large volume of water quickly. The
definitions of several types of sprinkler systems follow.  (Nolan, 2000)

wet pipe system—a sprinkler system that uses automatic sprinklers installed in a piping
system containing water and connected to a water supply. Individual sprinklers discharge
immediately when they are affected by the heat of a fire. Sprinklers that are not affected by
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the heat remain closed. It is used where there is no danger of the pipes freezing and where
no other conditions require the use of a special system.  A wet pipe sprinkler system that
uses automatic sprinklers installed in a piping system containing an antifreeze solution and
connected to a water supply. The antifreeze solution is discharged (followed by water)
immediately upon operation of the sprinklers, which are opened from the heat effects from
a fire.

dry pipe system—a sprinkler system that uses automatic sprinklers installed in a piping
system containing air or nitrogen under pressure. A release of pressure on the system (as
from the opening of a sprinkler) permits the water pressure to open a valve known as a dry
pipe valve. The water then flows into the piping system and out the opened sprinklers. Dry
pipe systems operate more slowly than do wet pipe systems and are more expensive to
install and maintain, therefore they are only used where there is an absolute necessity,
such as freezing conditions.

pre-action system—a sprinkler system using automatic sprinklers installed in a piping
system containing air that may or may not be under pressure, with a supplemental detection
system installed in the same areas as the sprinklers. Actuation of a detection system opens
a valve that permits water to flow into the sprinkler piping system and to be        discharged
from any sprinklers that have opened from the effects of a fire.  Sprinklers that are not
affected by heat from a fire remain closed.  They are designed to counteract the operational
delay of dry pipe systems and eliminate the damage from a broken pipe or sprinkler head.

combined dry pipe and pre-action system—a sprinkler system that uses automatic
sprinklers installed in a piping system containing air under pressure, with a supplemental
fire detection system installed in the same areas as the sprinklers. Operation of the
detection system actuates tripping devices that open dry pipe valves simultaneously without
a loss of air pressure in the system.  Operation of the fire detection system also opens air
exhaust valves at the end of the system feed main, facilitating the filling of the system with
water, which normally occurs before any sprinklers open.  The detection system also serves
as an automatic fire alarm system for the area. Only sprinklers that are affected by heat
from a fire are opened; others remain closed.

deluge system—a sprinkler system using open sprinklers installed in a piping system
connected to a water supply through a valve that is opened by the operation of a detection
system installed in the same areas as the sprinklers.  When the deluge valve opens, water
flows into the system piping and discharges from all sprinklers. There are no closed
sprinklers in a deluge system. Its objective is to deliver the most amount of water in the
least amount of time.  Deluge systems are specified for high hazard locations where a fire
occurs quickly and reaches very high temperatures, such as from highly flammable fuels.

water spray system—a fixed pipe system connected to a water supply and equipped with
spray nozzles for specific discharge and distribution over the surface or area to be
protected.  The piping system is connected to the water supply through an automatic or
manually activated valve that initiates the flow of water. The control valve is actuated by the
operation of automatic fire detection devices installed in the same area as the water spray
nozzles (in special cases the automatic detection devices may be located in another area).



F-61

foam-water sprinkler system—a fire protection piping system that is connected to a source
of air-foam concentrate and a water supply and is equipped with appropriate discharge
devices for extinguishing agent discharge and for distribution over the area to be protected.

foam-water spray system—a fire protection piping system connected to a source of air-
foam concentrate and a water supply and equipped with foam-water spray nozzles
(aspirating or non-aspirating) for extinguishing agent discharge and for distribution over the
area to be protected.

Fire protection sprinkler systems may also have several different piping arrangements.

gridded system—a sprinkler system piping arrangement where parallel cross-mains are
connected by multiple branch lines. An operating sprinkler receives water from both ends
of its branch line while other branch lines help transfer water between cross-mains.

looped system—a sprinkler system piping arrangement where multiple cross-mains are
connected to provide more than one path for water to flow to an operating sprinkler, and
branch lines are connected to each other.

circulating closed-loop system—a wet pipe sprinkler system that has a non-fire-protection
connection to an automatic sprinkler system in a closed-loop piping arrangement.  This
allows the sprinkler piping to conduct water for heating or cooling in an economical fashion
without impacting the ability of the sprinkler system to support its fire protection purpose.
Water is not removed or used from the system, but is only circulated through the piping
system. 

sprinkler temperature classes—sprinklers are designated to operate at specific fire temperatures
and are segregated into temperature classes. The actual
temperature rating of sprinklers may be less important than is
popularly perceived. Where ceiling temperatures rise rap-idly, the
difference between 165 °F (74 °C) and 212 °F (100 °C) for the first
sprinkler to operate may not be important, but it may affect the
number of heads that operate. Higher temperature sprinklers are
used where the ambient temperatures may be higher than ordinary
temperature ratings.

sprinkler tong—a portable tool used to stop the flow from a sprinkler head.

sprinkler types-spray sprinkler
conventional sprinkler
fast-response sprinkler
residential sprinkler
extended coverage sprinkler
quick-response sprinkler
quick-response extended coverage sprinkler
large-drop sprinkler
early suppression fast response sprinkler (ESFR)
open sprinkler
special sprinkler
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specific application sprinkler
flush sprinkler
concealed sprinkler
recessed sprinkler
corrosion-resistant sprinkler
in-rack sprinkler
dry sprinkler

sprinkler, upright—a sprinkler designed for and placed in an upward position above the sup-ply
pipe, rather than installed in a downward fashion from the supply pipe. It directs 100-percent of its
water toward the floor. A sprinkler designated for upright installation cannot be used in the
downward position because the water will be directed to the ceiling instead of toward the fire
incident and will not achieve its density pattern for fire control and extinguishment.  (Nolan, 2000)

spurious actuation—an undesirable actuation of a component or system due to an uncontrolled or
unintended signal.

spurious actuation/operation—a change (full or partial) in the operating mode or position of
equipment. These operations include but are not limited to: (a) opening or closing normally closed
or open valves, (b) starting or stopping of pumps or motors, (c) actuation of logic circuits, (d)
inaccurate instrument reading.

spurious operation—the undesired operation of equipment resulting from a fire that could affect the
capability to achieve and maintain safe shutdown.  (Regulatory Guide 1.189)

spurious indications—false indications (process monitoring, control, annunciator, alarm, etc.) that
may occur as a result of fire and fire suppression activities. 

spurious signals—false control or instrument signals that may be initiated as a result of fire and fire
suppression activities.

suppression—the sum of all the work done to extinguish a fire from the time of its discovery.

stack effect—the air or smoke movement of migration through a tall building due to pressure
differentials caused by temperature.

stair pressurization—increasing the air pressure in stair wells (usually with fan systems) to provide
refuge area from fire and smoke.

standard—document that address a specific fire safety issue.  There are standard practices for
installing and inspecting fire protection equipment; and standard methods for testing personal
protective equipment, building products and fire protection equipment.

standard sprinkler pendent (SSP)—a sprinkler designated to be installed with its outlet oriented to
allow its spray to be directed upward.
 
standard sprinkler upright (SSU)—a sprinkler designated to be installed with its outlet
orientated to allow the spray to be directed downwards. 
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standpipe hose cabinet—a cabinet provided for the provision of standpipe outlets and/or fire hose
storage. Fire hoses are usually pre-connected and stored in a rack with release pins.

standpipe, manual—a standpipe system that relies on the fire service to supply water to it to meet
its demands.

standpipe, semi-automatic—a standpipe system that is connected to an adequate water supply,
but requires a control device activation to supply water to the hose outlets.

standpipe system—the provision of piping, riser pipes, valves, firewater hose  connections, and
associated devices for the purpose of providing or supplying firewater hose applications in a
building or structure by the occupants or fire department personnel. Standpipe systems are
classified according to their intended use by the building occupants, the fire department, or both.
Many high-rise or other large buildings have an internal system of water mains (standpipes)
connected to fire hose stations. Trained occupants or employees of the building management
operate the hoses until the fire department arrives. Firefighters can also connect their hoses to
outlets near the fire. The National Fire Protection Association (NFPA) classifies standpipe systems
based on their intended use as Classes I, II, or III. Class I is provided for fire service use or other
personnel trained in handling heavy fire streams. It is distinguished by the provision of 2.5 in. (6.35
cm) hose stations or hose connections. A Class II standpipe system is provided for use by the
building occupants and by the fire service during initial attack operations. It is characterized by the
provision of 1.5 in. (3.81 cm) hose stations. A Class III standpipe system combines both the
features of Class I and Class II systems.

For fire protection purpose, an integrated system of underground and overhead piping designed
in accordance with fire protection engineering standards.  The installation includes one or more
automatic water supplies.  The portion of the sprinkler system aboveground is a network of
specially sized or hydraulically designed piping installed in a building, structure, or area, generally
overhead, and to which sprinklers are attached in a systematic pattern.  The valve controlling each
system riser is located in the system riser or its supply piping.  Each sprinkler system riser includes
a device for actuating an alarm when the system is in operation.  The system is usually activated
by heat from a fire and discharged water over the fire area.

standpipe systems 
Class I standpipe system—a 2½" hose connection for use by fire departments and those trained
in handling heavy fire streams. 
 
Class II standpipe system—a 1½" hose system which provides a means for the control or
extinguishment of incipient stage fires. 

Class III standpipe system—a combined system of hose which is for the use of employees trained
in the use of hose operations and which is capable of furnishing effective water discharge during
the more advanced stages of fire (beyond the incipient stage) in the interior of workplaces. Hose
outlets are available for both 1½" and 2½" hose. 

standpipe, wet—a standpipe system that is permanently charged with water for immediate use.

static ignition hazard—an electrical charge build-up of sufficient energy to be considered an ignition
source. For an electrostatic charge to be considered an ignition source, four conditions must be
present: (1) a means of generating an electrostatic charge, (2) a means of accumulating an
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electrostatic charge of sufficient energy to be capable of producing an incendiary spark, (3) a spark
gap, and (4) an ignitable mixture in the spark gap. Removal of one or more of these features will
eliminate a static ignition hazard. Static charges can accumulate on personnel and metallic
equipment. If the static accumulation is separated by materials that are electrically nonconducting,
a dangerous potential difference may occur. These nonconducting materials or insulators act as
barriers to inhibit the free movement of electrostatic charges, pre-venting the equalization of
potential differences. A spark discharge can occur only when there is no other available path of
greater conductivity by which this equalization can be affected (bonding or grounding).
S
spurious operation—the undesired of equipment resulting from a fire that could affect the capability
to achieve and maintain safe shutdown.

standard time-temperature curve—curve representing the standard reproducible test fire used
since 1918 to measure the fire endurance of building materials.

Stefan-Boltzmann law—an equation that specifies the intensity of radiation emitted by an object,
in terms of its absolute temperature (K).

steiner tunnel test—test to determine the surface burning characteristics of building materials in
which the flame spread of the test material is compared to asbestos cement board, rated 0, and
red oak, rated 100.  The higher the rating, the greater the potential hazard.  In addition to flame
spread, the test also measure smoke development and fuel contributed to the fire.  ASTM E84,
NFPA 255, UL 723.

stoichiometric—refers to the amount of air needed to burn the fuel (and to combustion products
formed).

stoichiometric reaction—chemical A is said to undergo a stoichiometric reaction with chemical B
when the proportions of A and B are such that there is no excess of A and B remaining after the
reaction.

stoichiometric air to fuel mass ratio—the ratio of air to fuel mass needed to burn all the fuel to
combustion.

stoichiometry—a balance chemical equation defines the stoichiometry of a reaction; stoichiometry
gives the exact proportions of the reactants for complete conversion to products, where no
reactants are remaining.  Stoichiometric ratio is the ideal reaction mass fuel to oxygen (or air) ratio
and is given the symbol r.

stratification—the rising or setting of layers of smoke, according to the density or weight, with the
heaviest layer on the bottom; smoke layers usually collect from the ceiling down.

sublimation—the evaporation of molecules from a solid to form a gas in the absence of a liquid.

surface emissive power—the heat that is radiated outward from a flame per unit surface area of
the flame.  It measurement and calculation units are normally kW/m2.   (Nolan, 2000)

superheat limit temperature—the temperature of a liquid above which flash vaporization can
proceed explosively.
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supervisory service—the service required to monitor performance of guard patrols and the
operative condition of automatic sprinkler systems and of other systems for the protection of life
and property.

supervisory signal—a signal indicating the need of action in connection with the supervision of
guards’ tours, sprinkler and other extinguishing systems or equipment, or with the maintenance
features of other protective systems.

suppression—the sum of all the work done to extinguish an unwanted fire from the time of its
discovery until extinguishment.  (NFC Online Glossary)

temperature—measurement of heat energy content for a substance/material/fluid, etc.

thermal conductivity—the property of matter that represents the ability to transfer heat by
conduction.

thermal decomposition—chemical breakdown of a material induced by the application of heat.

thermal decomposition (pyrolysis)—a process whereby chemical bonds within macromolecules
forming a solid are broken by heat and flammable vapors are released.

thermal diffusivity—ratio of a material’s thermal conductivity to the product of its heat capacity and
density.  It is the measure of a material’s disposition to absorb and transmit heat to the interior of
the material.

thermal energy—energy directly related to the temperature of an object.

thermal expansion—thermal expansion becomes important when an element is heated non-
uniformly, as in the case of a fire.  It may cause increased axial loads in columns, resulting in
earlier buckling failure.  In case of beams, however thermal expansion also affects the strain and
subsequent stress distribution through a beam section.  Normally, tensile strain is increased while
compressive strain is decreased.  The resulting strain distribution causes a greater deflection of
the beam at midspan.  The coefficient if thermal expansion varies with temperature.  In case of
concrete, thermal expansion is significantly affected by aggregate type.  Thermal expansion also
affects spalling (chipping and scaling) characteristics at the surface of an element.
If the member is partially restrained axially, any added axial thrust caused by the thermal expansion
of the element will have the net effects of increasing the moment-bearing capacity (load) of the
beam.  Of course, the strain caused by the thermal expansion should be considered when
calculating deflection histories of elements.  Generally, beam-type assemblies are given restrained
and unrestrained fire resistance rating. 

thermal/hydraulic time line—a documented evaluation of the response of important reactor plant
parameters to a postulated transient (thermal/hydraulic analysis) with respect to the time available
to accomplish required shutdown functions. For example, the time available to establish Auxiliary
Feedwater (AFW) following a reactor scram in a PWR would be determined by a thermal/hydraulic
analysis.  The objective of the thermal/hydraulic time line is to compare this time to the time needed
for operators to perform all system and equipment alignments necessary to establish a secure
source of AFW.  
Note: All operator actions delineated in alternative shutdown procedures must be supported by a
thermal/hydraulic timeline.
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thermal inertia—a thermal property responsible for the rate of temperature rise, k�c.  Low k�c -
Surface heats rapidly, fast ignition (b) High k�c - Surface heats slowly, slow ignition.

thermal inertia—thermal inertia is a measure of the tendency of heat to collect on the surface of
a material.  It may be a better indicator of ignitability than ignition temperature.  Material such as
balsa wood and foamed plastics have low thermal inertia; their surfaces will heat up quickly, making
them easy to ignite, and to produce rapid flame spread.  By contrast, materials with relatively high
thermal inertia, such as ebony wood, are difficult to ignite and do not spread fire as rapidly.

thermal inertia—thermal inertia is the resistance to temperature change in a material when the
surrounding temperature changes.  The lower the thermal inertia of a material, the faster its surface
will heat, with accompanying increasing temperature.  Thus response to exposing conditions is
important in terms of how quickly a combustible material reaches its ignition temperature, how fast
it burns when ignited, and the rate of flame spread across its surface.  Thermal inertia also plays
an important part in determining the amount of heat absorbed by wall, ceiling, and other materials
in a compartment.  Thermal inertia has an important effect on both the onset of flashover and
eventual impact of the fire.
Thermal inertia is an intrinsic material property.  Its influence on the temperature of an object is
strictly a function of heat transferred to the object.  As a materia’s surface is heated (or cooled),
heat is conducted to (or from) the material’s interior.  At first, this heat transfer is not constant and
depends on the thermal inertia of the material.  Once the rate of heat transfer from the surface to
the interior is constant , the rate of surface temperature range depends only on the conductivity of
the material, without regard to the material’s density or specific heat.  For thicker materials with
high density thermal inertia, the time to reach this condition can be extensive.    

thermal insulation—one or more layers of noncombustible or fire-resistant, high-density material
to reduce the passage of heat for protection against exposure of an ignition source (hot surface),
burn injuries, or heat damage.  (Nolan, 2000)

thermal lag—when a fixed temperature device senses a rise in ambient temperature, the
temperature of the surrounding air will always be higher than the operating temperature of the
device itself. This difference between the operating temperature and the actual air temperature is
commonly referred to as thermal lag, an  is proportional to the rate at which the temperature is
rising.  (Nolan, 2000)
 
thermal layering—the process of gases to form layers based on temperature where the hottest
layers in a confined space are located at the highest elevations (due to lower densities) and the
lowest temperature gases are located at the lowest elevations (due to the highest densities).
(Nolan, 2000)

thermal protective clothing—the protective apparel provided for and used by firefighters and other
individuals as protective insulation against the adverse effects of heat. Generally consisting of
helmets, boots, gloves, hoods, coats, and pants.  (Nolan, 2000)

thermal penetration time—time required to be conducted through a particular object, typically to
each side of the wall material.

thermal runway—an accelerating chemical reaction due to an imbalance between heat loss and
energy production.
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thermocouple—device made of two dissimilar metal wires to measure temperature.  
(Quintiere, 1998).  A temperature difference across an interface of two different metals causes a
voltage proportioned to the temperature difference.

thermoplastic—a polymeric solid which melts at a temperature lower that its ignition temperature.

thermoset—a polymeric solid which does not melt but decomposes to generate vapors and char.

thermal lag—the difference between the operating temperature of a fire detection device such as
sprinkler head and the actual air temperature when the device activates.

thermal transmission —among the standard criteria for the fire resistance of a building element is
its ability to insulate an adjacent space from the fire zone to prevent ignition of combustibles on the
unexposed side of the wall.  The problem concerning the prediction of the element’s temperature
distribution evolves from the effects of increased temperature on thermal properties.  The values
of thermal conductivity, heat capacity, and density often vary considerably with temperature and
material composition, as in the case of concrete.  These terms define the thermal diffusivity, which
is critical to the analysis of heat flux through an element. 

thermoplastic cable—a cable material which will soften, flow, or distort appreciably when subjected
to sufficient heat and pressure. Examples are polyvinyl chloride and polyethylene.
Note: Cables using thermoplastic insulation are not usually qualified to IEEE Std. 383.

thermoset cable—a cable material which will not soften, flow, or distort appreciably when subjected
to heat and pressure. Examples are rubber and neoprene. 
Note: Cables using thermoplastic insulation are usually qualified to IEEE Std. 383.

time/current characteristic curve (trip curves)—a graphic illustration of  the operating characteristics
of electrical protection devices (fuse, circuit breaker, or relay).  The tripping characteristics of
protective devices is represented by a characteristic tripping curve that plots tripping time versus
current level. The curve shows the amount of time required for the protective device to trip at a
given overcurrent level. The larger the overload or fault current, the faster the breaker/fuse will
operate to clear the circuit (referred to as inverse time characteristics). A comparison of
characteristic trip curves is necessary to determine if proper coordination exists between devices.

TNT equivalence—the amount of TNT (trinitrotoluene) that would produce observer damage effects
similar to the explosion under consideration. For non-dense phase explosion, the equivalence has
meaning only at a considerable distance from the explosion source, where the nature of the blast
wave arising is more or less comparable with that of TNT.

total enclosure surface area—the total surface area bounding the enclosure, not including
openings.

total flooding system—a fixed suppression system which is arranged to automatically discharge
a predetermined concentration of agent into an enclosed space for the purpose of fire
extinguishment or control. 

total flooding system—a supply of dry chemical permanently connected to fixed piping and nozzles
that are arranged to discharged dry chemical into an enclosure surrounding the hazard.
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The provision of a fire extinguishing agent in an enclosed area that completely fills the volume to
effect extinguishment or prevent a fire incident. They may be gaseous, liquid, or solid. Most
common agents are gaseous, such as carbon dioxide (CO2) or Halon; liquid types use foaming
agents, such as high expansion foam, and solid form may use dry chemical systems. Gaseous
agents require a particular concentration of agent to be achieved within the volume before
extinguishment can be achieved. Total flooding is used where it may be difficult to immediately
reach the seat of a fire, such as in machinery spaces, a computer room, and engine compartments.
Because some agents (CO2) may deplete oxygen from the enclosure to extinguish the fire, special
precautions (pre-alarm, evacuation notification, reentry precautions, etc.) must be implemented
where personnel may also be present.  Application of a total flooding system to an enclosure
requires the enclosure to be adequately sealed to prevent the release of the agent out of the
enclosure once it is applied.

toxicity—the nature and extent of adverse effects of a substance upon a living organism.

transmissivity—the fraction of radiant energy transmitted from a radiating object through the
atmosphere to a target after reduction by atmospheric absorption.

transient combustibles—combustibles materials that are not fixed in place or an integral part of an
operating systems or components.  (Regulatory Guide 1.189)

travel distance—the length of the path a building occupant must travel before reaching an exterior
door or enclosed exit stairway, exit passageway, or horizontal exit.  The total length of the exit
access.

triplex cable—a  cable composed of three insulated single conductor cables twisted together. 
(IEEE Std. 100-1988) 
Note: AC power cables are usually of triplex design.

trouble signal—an audible signal indicating trouble of any nature, such as a circuit break or ground,
occurring in the devices or wiring associated with a protective signaling system.

turbulent—refers to randomly fluctuating fluid motion around a mean flow.

under-ventilated—Less than stoichiometric air is available.

upper and lower flammability limits—Concentration of fuel in air in which a premixed flame can
propagate.

unconfined vapor cloud explosion (UNVC)—unconfined vapor cloud explosion where there is a
cloud of flammable gas/vapor which is within the flammable region and an ignition source creates
a deflagration seen as a fireball.

unpiloted ignition—ignition point of a material due entirely to incident heat flux on object, with no
pilot or spark present.

unprotected cable/circuit—a cable/circuit which is not provided with fire protection features
sufficient to satisfy applicable requirements (Section III.G.2 of Appendix R or Position C.5.b of SRP
9.5.1).
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unresolved safety issue (USI)—according to NUREG-0933, ?A Prioritization of Generic Issues,” a
USI is defined as a matter affecting of nuclear power plants that poses important questions
concerning the adequacy of existing safety requirements for which a final resolution has not yet
been developed and that involves conditions not likely to be acceptable over the lifetime of the
plants affected.

upper flammability limit—the highest concentration of fuel in air at normal temperatures and
pressure that can support flame propagation is known as the upper flammability limit (UFL) or
upper explosive limit (UEL).

vapor barrier—that material used to prevent or substantially inhibit the transfer of water, corrosive
liquids and steam or other hot vapors from the outside of a garment to the wearer's body. 

vaporization temperature—the temperature of a vaporizing fuel while burning, or needed to cause
vaporization.

vent, heat, and smoke—an assembly rated for the release of heat or smoke from a fire event.  Heat
and smoke vents are commonly provided in the roofs of buildings. They may be activated by means
of automatic detection or constructed of materials that cause the material to melt from the heat of
the fire and create an opening for venting. The sizing of heat or smoke vents should be based on
the anticipated fire event.

vent flow—if there is an opening to the adjacent room or out to the atmosphere, the smoke will flow
out through it as soon as the hot layer reaches the top of the opening.  Often, the increasing heat
in the enclosure will cause the breakage of windows and thereby create an opening.

ventilation—the process of supplying or removing an atmosphere to or form any space by natural
or mechanical means.

ventilation factor—the parameter controlling smoke flow rate through a door or window

ventilation-limited or ventilation-controlled—state of a compartment fire where the air supply is
limited; smoke gases will have nearly zero oxygen left; under-ventilated

ventilation-controlled fire—a fire which the heat release rate or growth is controlled by the amount
of air available to the fire.  (NFC Online Glossary)

ventilation, mechanical—the use of exhaust fans, blowers, air conditioning systems, or smoke
ejectors to remove products of combustion (smoke, heat, gases) from an area affected by a fire
event.  (Nolan, 2000)

ventilation rate—ventilation rate is based on air changes per hour and is calculated by the use of
100-percent outside air for the supply air that is exhausted.  Air changes per hour is calculated on
the basis of the maximum aggregate volume (under normal operating conditions) of the space to
be ventilated.  (NFC Online Glossary)

venting, fire—the escape of smoke, noxious or toxic fumes, and heat through openings in a building
provided as part of the structure (a chimney) or instituted during emergency fire-fighting actions
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for the removal of hot gases and smoke particles. In fire conditions, it is generally accepted that
the efficient venting of heat, hot gases, and smoke reduces the lateral spread and subsequent
damage and enables firefighters to more easily enter a building on fire and begin fire protection
measures. In order for roof or ceiling vents to operate efficiently, there has to be an adequate
source of low level replacement air. Ventilation through the top of a structure or its roof vents or
similar devices (skylights) is called vertical ventilation or top ventilation.  (Nolan, 2000)

view factor—the ratio of the incident radiation received by a surface to the emissive power from the
emitting surface per unit area.

visibility—the maximum distance one can recognize objects, often referring to an exit sign in a
smoke-filled compartment.

voltage—the effective root-mean-square (rms) potential between any two conductors or between
a conductor and ground.  Voltages are expressed in nominal values unless otherwise indicated.
(IEEE Std 100-1988)
Clarification: The electrical force that causes free electrons to move from one atom to another.
Similar to pressure in a water pipe.

water curtain—a screen or wide angle spray of water that is set up and used to protect exposures
from fire effects mainly from radiated heat, smoke, and billowing flames. It normally consists of
open or closed sprinkler heads or perforated pipes installed on the exterior of a building at eaves,
cornices, window openings, or peaked roofs under manual control, or installed around the openings
in floors or walls of a building with the water supply under thermostatic control. Manual firefighting
operations may also provide and position water spray nozzles to provide a water curtain to protect
exposures. It may also be called a water screen.

water damage—the damage sustained to a property as a direct result of water-based fire-fighting
efforts or because of leakage from a fixed water-based suppression system (sprinkler system).

water flow alarm—a sounding device activated by a water-flow detector or alarm check valve and
arranged to sound an alarm that is audible in all living areas over background noise levels with all
intervening doors closed.

water flow detector—an electric signaling indicator or alarm check valve actuated by water flow in
one direction only.

water flow switch—an assembly approved for the service and so constructed and installed that any
flow of water from sprinkler system equal to or greater than that from a single automatic sprinkler
of the smallest orifice size installed on the system will result in activation of this switch and
subsequently indicate an alarm condition.

water flow test—an evaluation of water sup-plies and a piping distribution network to deter-mine
whether it is of sufficient capacity and pressure to provide or meet fire protection needs or
requirements. Static pressure, residual pressure, hydraulic profile, and flow rates may be obtained
during water flow tests.  (Nolan, 2000)

water horsepower—power necessary to move water.
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water supply—source of water for fire protection purposes typically described in terms of volume,
flow rate, and pressure.

Watt—Power necessary to move a weight of 1 newton a distance of 1 meter in i second.  One
horsepower is equal to 746 watts.

wet chemical—normally a solution of water and potassium carbonate-based chemical, potassium
acetate-based chemical, potassium citrate-based chemical, or a combination thereof that forms an
extinguishing agent.

wet chemical—a solution of water and potassium carbonate-based chemical, potassium acetate-
based chemical, or a similar combination that is used as a fire extinguishing agent. Its application
may cause corrosion or staining of the protected equipment if not removed. Wet chemical solutions
are generally considered relatively harmless and normally have no lasting significant effects on
human skin, the respiratory system, or personal clothing.  (Nolan, 2000)

wet chemical fire suppression system—an automatic fire suppression system that uses a liquid
agent. It is applied through a system of piping and nozzles with an expellant gas from a storage
cylinder. It is usually released by automatic mechanical thermal linkage. The agent leaves a residue
that is confined to the protected area that must be removed after application.  Primarily applied to
having cooking range hoods and ducts and associated appliances. The wet chemical agent consist
of water and usually potassium carbonate or potassium acetate.  (Nolan, 2000)

wetting agent—a wetting agent is a chemical compound that, when added to water in amounts
indicated by the manufacturer, will materially reduce the water’s surface tension, increase its
penetrating and spreading abilities, and might also provide emulsification and foaming
characteristics. Decreased surface tension disrupts the forces holding the film of water together,
thereby allowing it to flow and spread uniformly over solid surfaces and to penetrate openings and
recesses over which it would normally flow. Water treated in this manner not only spreads and
penetrates, but displays increased absorptive speed and superior adhesion to solid surfaces. Water
normally has a surface tension of 73 dynes per centimeter and wetting agents can lower it to about
25 dynes per centimeter. Leaks in piping connections and pump packing can occur that would not
have occurred if the wetting agent had not been used. Visual inspection should be made during wet
water operations. Wet water should be applied directly to the surface of the combustible.  These
agents do not increase the heat absorption capacity of water, but the greater spread and
penetration of the wet water increase the efficiency of the extinguishing properties of water, as
more water surface is available for heat absorption and run-off is decreased. Therefore they
enhance fire control and suppression applications, especially for three dimension fires. Wetting
agents are broadly defined as being surfactants (surface acting agents).  All wetting agents are
concentrated and are mixed with a liquid at varying percentages (usually 1 to 2 per-cent). The
wetting agent can be liquid or pow-der.  The liquid into which it is mixed for firefighting purposes
is water. However, the primary sales for some wetting agents are for use as a carrier for liquid
fertilizers, fungicides, insecticides, and herbicides. These wetting agents can be, and are, used for
firefighting purposes. They do not have additives that protect tanks, pumps, valves, and bushings,
etc., so it is recommended that unused mixtures be drained out of the tank and a flush of all parts
made with plain water. With all wetting agents, hard water usually requires a greater amount of
additive to produce the same results. Wetting agents designed for fire department use will normally
contain rust inhibitors to protect the tank, pump, piping, and valves. Generally, the mixture loses
some of its rust-inhibiting characteristics if left in the tank. Wetting agents are best used as a
soaking or penetrating agent for a three-dimensional burning mass such as wild-land fuels, coal
piles, sawdust, cotton (bales, bedding, upholstery), rags, paper, etc. These agents are used very
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effectively on smoldering or glowing combustibles. All of the commercially available products that
fall into the pre-ceding category will satisfactorily suppress Class A fires.  (Nolan, 2000)

wet water—firefighting water to which a wet-ting agent has been added to reduce its surface
tension and increase its penetrating power into the fire environment. Wet water is useful in
congested environments where normal water application may be blocked or restricted. Wet water
can more easily seep into inaccessible areas. 

worst case scenario—a scenario resulting in the worst consequence as defined by the stakeholders
or a code.  The criteria must be explicitly stated because worst case conditions for life safety and
property protection might be incompatible.

worst credible fire—For a specific site, a fire, as defined by the stakeholders or a code, that can
be reasonably expected to result in unfavorable consequences equal to or less severe than those
resulting from a worst case scenario.

yield strength—yield strength, both compressive and tensile, is degraded by an increase in
temperature.  This loss of strength can result in the mechanical failure of an element at an elevated
temperature.  The temperature dependence of the yield strength is a multi-variate function.

zone smoke control—a smoke control system that provides smoke exhaust for a smoke zone and
pressurization of all adjacent smoke control zones, thereby providing removal of smoke from the
primary area of concern and using preventive measures to avoid additional smoke infiltration to
primary area of concern.  (Nolan, 2000)
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APPENDIX G. ABBREVIATIONS USED IN FIRE PROTECTION ENGINEERING

The purpose of this appendix is to provide abbreviations of the numerous engineering and scientific
terms that appear in fire protection printed and electronic information.  This collection has been
complied from various sources [e.g., National Fire Protection Association (NFPA), Society of Fire
Protection Engineers (SFPE)].  No one abbreviation is recommended to the exclusion of another
because the same abbreviation may with equal validity apply to two or more terms.  The following
abbreviations are commonly used in the field of fire science, engineering, and technology.

ACI American Concrete Institute
AIChE American Institute of Chemical Engineers
ACMV Air Conditioning and Mechanical Ventilation
ACV Alarm Check Valve
ADA Americans with Disabilities Act
ADAAG Americans with Disabilities Act Accessibility Guidelines
ADD Actual Delivered Density
AFA Automatic Fire Alarm
AFAA Automatic Fire Alarm Association (USA)
AFD Aspirating Fire Detection
AFFF Aqueous Film-forming Foam (fire suppression agent)
AFP Active Fire Protection
AFSA American Fire Sprinkler Association
AFT Adiabatic Flame Temperature
AHJ Authority Having Jurisdiction
AIA American Insurance Association
AISC American Institute of Steel Construction
AISI American Iron and Steel Institute
AIT Autoignition Temperature
ALC Approximate Lethal Concentration
ALV Alarm Valve
ANSI American National Standards Institute
AOV Air-Operated Valve
AP Annunciator Panel (fire alarm)
AR-AFFF Alcohol Resistant-Aqueous Film Forming Foam (fire suppression agent)
ARC Alcohol-Resistant Concentrates
ARV Air Release Valve
AS Automatic Sprinkler
ASCE American Society of Civil Engineers
ASD Automatic Smoke Detection
ASET Available Safe Egress Time
ASSE American Society of Safety Engineers
ASET Available Safe Egress Time
ASHRAE American Society of Heating, Refrigerating, and Air Conditioning Engineers
ASME American Society of Mechanical Engineers
ASMET Atria Smoke Management Engineering Tools
ASRS Automatic Storage and Retrieval System
AST Aboveground Storage Tank
ASTM American Society for Testing and Materials
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ATC Alcohol Type Concentrate
ATS Automatic Transfer Switch
AWG American Wire Gage
BCMC Board of Coordination of the Model Code
BHF Bureau of Home Furnishings
BHP Brake Horsepower
BI Barrier Integrity
BLEVE Boiling Liquid Expanding Vapor Explosion
BOCA Building Officials and Code Administrators International, Inc.
BNBC BOCA National Building Code
BNFPC BOCA National Fire Prevention Code
BOMA Building Owners and Managers Association
BOP Blowout Preventor (valve)
BP Boiling Point Temperature
BSD Beam Smoke Detector
BTU British Thermal Unit
BFRL Building and Fire Research Laboratory (USA)
CABO Council of American Building Officials
CAFS Compressed Air Foam System
CAFSS Clean Agent Fire Suppression System
CCDS Critical Combustible Data Sheet
CCFM Consolidated Compartment Fire Model (computer code developed by NIST)
CCPA Center of Chemical Process Safety (AIChE)
CDG Carbon Dioxide Generation Calorimetry
CDS Chemical Data System
CFAST Consolidated Model of Fire Growth and Smoke Transport 

(computer code developed by NIST)
CFI Certified Fire Investigator (NFPA)
CFPE Certified Fire Plan Examiner (NFPA)
CFD Computational Fluid Dynamics
CFPS Certified Fire Protection Specialist (NFPA)
CFR Code of Federal Regulation
CFSI Congressional Fire Service Institute (USA)
CGA Compressed Gas Association (USA)
CHF Critical Heat Flux
CIB Conseil International du Batiment
CLE Coefficient of Linear Expansion
CNG Compressed Natural Gas
CO Carbon Monoxide
CO2 Carbon Dioxide
COR Code of Record
COHB Carboxyhemoglobin
CSAA Central Station Alarm Association
CSDS Critical Screen Data Sheet
CSI Construction Specifications Institute
CSRF Construction Sciences Research Foundation
CSP Certified Safety Professional (Board of Certified Safety Professionals, USA)
CSPS Consumer Product Safety Commission (USA)
CV Check Valve
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CVD Combustible Vapor Dispersion
DACR Digital Alarm Communicator Receiver
DACS Digital Alarm Communicator System
DACT Digital Alarm Communicator Transmitter
DARR Digital Alarm Radio Receiver
DARS Digital Alarm Radio System
DART Digital Alarm Radio Transmitter
DC Dry Chemical (fire extinguisher agent)
DCVA Double Check Valve Assembly
DD Duct Detector
DDT Deflagration-to-Detonation Transition
DH Double Outlet, Fire Hydrant
DID Defense-in-Depth
DIERS Design Institute for Emergency Relief Systems
DP Dry Pipe or Dry Pendant Sprinkler
DPV Dry Pipe Valve
EC Expansion Coefficient
EDS Explosive Detection System
EFP Electric Fire Pump
EFS Equivalent Fire Severity
ELO Extra Large Orifice (sprinkler)
EEBD Emergency Egress Breathing Device
ELO Extra Large Orifice
EMD Electric Motor Driven
EOLR End of Line Resister
EPA Environment Protection Agency (USA)
ER Electrical Resistance
ERFBS Electric Raceway Fire Barrier System
ESF Engineered Safety Feature
ESFR Early Suppression Fast Response (sprinkler)
ESS Emergency Shutdown System
ETA Event Tree Analysis
ESW Emergency Service Water
FA Fire Alarm
FACP Fire Alarm Control Panel
FAG Fire Alarm Group
FAST Fire Growth and Smoke Transport (computer code developed by NIST)
FB Fire Brigade
FCIA Fire Compartment Interaction Analysis
FCP Fire Control Plan
FD Fire Department, Fire Damper, Fire Detection
FDC Fire Department Connection, Functional Design Criteria
FDI Fire Detection Institute (USA)
FDPC Fire Department Pumper
FDU Fire Detecting Unit
FE Fire Endurance, Fire Escape, Fire Extinguisher
F&E Fire and Explosion
FDMS Fire Data Management System
FDS Fire Dynamics Simulator (CFD computer code developed by NIST)
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FED Fractional Effective Exposure Dose
FEDB Fire Event Data Base
FED Fractional Effective Dose
FEHM Fire and Explosion Hazard Management
FEMA Federal Emergency Management Agency (USA)
FERP Fire Emergency Response Plan
FFFP Film-forming Fluoroprotein foam (fire suppression foam agent)
FFM Furniture Fire Model
FFR Fire-Resistance Rating
FGC Fireground Command
FH Fire Hydrant, Fire Hose
FHA Fire Hazards Analysis or Assessment
FHAR Fire Hazards Analysis Report
FHR Fire Hose Reel
FHSR Fire Hazards Safety Report
FHZ Fire Hazard Zone
FIDO Fire Incident Data Organization (NFPA)
FID Fractional Incapacitating Dose
FIGRA Fire Growth Rate Index
FIVE Fire Induced Vulnerability Evaluation
FL Friction Loss
FLC Friction Loss Coefficient
FLD Fractional Lethal Dose
FLED Fire Load Energy Density
FMANA Fire Marshals Association of North America
FM Fire Modeling
FMEA Failure Mode and Effect Analysis
FMRC Factory Mutual Research Corporation (USA)
FP Fire Protection, Fire Pump
FP Flash Point, Flammability Parameter
FPE Fire Protection Engineer
FPETOOL Fire Protection Engineering Tools for Hazard Estimation 

(computer code developed by NIST)
FPFG Fire Protection Focus Group 
FPH Fire Pump House
FPI Fire Propagation Index
FPFI Fire Protection Functional Inspection
FPR Fire Protection Rating
FPS Fire Protection System
FPSS Fire Protection and Supporting Systems
FPWG Fire Protection Working Group 
FR Fire Retardant
FRAM Fire Risk Assessment Method
FRIS Fire Research Information Services (NIST)
FRG Fire Resisting Glazing
FS Flow Switch (water)
FSAR Final Safety Analysis Report
FSBBS Fire Safety Bulletin Board System (NIST)
FSCS Fire Fighter’s Smoke-Control Station
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FSES Fire Safety Evaluation System
FSHA Federal Hazardous Substance Act
FSI Flame Spread Index
FSR Flame Spread Rating
FSS Fire Suppression System
FSM Fire Screening Methodology
FSSD Fire Safe Shutdown
FTA Fault Tree Analysis
FW Fire Water
FWP Firewater Pump
FWS Firewater System
GC/MS Gas Chromatography/Mass Spectrometry
GBHP Gross Break Horsepower
GPM Gallon Per Minute
GTR Gas Temperature Rise Calorimetry
HAD Heat-Activated Device, Heat-Actuated Device
HAG Halon Alternative Group
HALON Halogenated Hydrocarbon (Gaseous fire suppression agent)
HAZOP Hazard and Operability Study
HC Hose Cabinet, Hose Connection
HCFC Hydrpchlorofluorocarbon
HCN Hydrogen Cyanide
HCP Halon Control Panel
HCS Hydrogen Control System
HD Heat Detector, Heat of Decomposition
HDA Heat Actuated Device
HEPA High-Efficiency Particulate Air
HFC Hydrofluorocarbon
HG Hydrogen Gas
HGL Hot Gas Layer
HIFT High Intensity Fire Testing
HMIS Hazardous Materials Inventory Statement
HMIS Hazardous Materials Identification System
HMMP Hazardous Materials Management Plan
HMR Hazardous Materials Regulations
HPM Hazardous Production Materials
HP Heat of Polymerization
HPR Highly Protected Risk
HRR Heat Release Rate
HRC Halon Recycling Corporation
HRP Heat Release Parameter
HSSC Highly Safety Significant Component
HSSD High Sensitivity Smoke Detection
HST Hot-Smoke Test
HTA High Temperature Accelerant
HTF Heat Transfer Fluid
HTOC Halon Technical Options Committee
HVAC Heating, Ventilation, and Air Conditioning
HX Heat Exchanger
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GN2 Gaseous Nitrogen
IAFC International Association of Fire Chiefs
IAFSS International Association of Fire Safety Science
ICBO International Conference of Building Officials
I&C Instrumentation and Controls
ICC International Code Council
ICE International Electrotechnical Commission
ICS Incident Command System
IDC Initiating Device Circuits
IE Initiating Events
IEC International Electrotechnical Commission
IEEE Institute of Electrical and Electronic Engineers, Inc.
IFCI International Fire Code Institute
ILBP In-Line Balanced Proportioner
IPA Integrated Plant Assessment
IP Inert Point, Inspection Procedure
IR Infrared
IRI Industrial Risk Insurers
ISDS Ignition Source Data Sheet
ISI Inservice Inspection
ISO International Organization for Standardization
IST Inservice Testing
ITM Inspection, Testing, and Maintenance
JCAHO Joint Commission on Accreditation of Health Organizations
LBTF Large Building Test Facility
LC Limited-Combustible
LC50 The Concentration Lethal 50 Percent of a Population
LD50 Respiratory Depression
L/D Length to Diameter
LDH Large Diameter Hose
LEL Lower Explosive Limit
LES Large Eddy Simulation
LFG Liquefied Flammable Gas 
LFL Lower Flammability Limit
LFS Limiting Fire Scenarios
LHD Linear Heat Detection
LIFT Lateral Ignition and Flame Spread Test (ASTM E1321)
LNG Liquefied Natural Gas
LO Large Orifice (sprinkler)
LOC Limiting Oxidant Concentration, Lower Oxygen Concentration, Loss of Containment
LOI Limiting Oxygen Index
LOX Liquid Oxygen
LP Liquefied Petroleum
LPG Liquefied Petroleum Gas, Liquefied Propane Gas
LRFD Load and Resistance Factor Design
LSC Life Safety Code® (NFPA 101)
LOST Lube Oil Storage Tank
M/A Manual or Automatic
MAC Manual Activation Call Point (fire alarm)
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MAG Maximum Allowable Concentration
MCFL Maximum Credible Fire Loss
MC Moisture Content
MCSC Model Codes Standardization Council
MDH Medium Diameter Hose
MEC Minimum Explosive Concentration
MEFS Maximum Expected Fire Scenario
MESG Maximum Experimental Safe Gap
MIC Minimum Ignition Current, Microbiologically Influenced Corrosion
MIE Minimum Ignition Energy
MLR Mass Loss Rate
MOC Maximum Allowable Oxygen Concentration
MOD Mass Optical Density
MOV Motor Operated Valve
MPFL Maximum Possible Fire Loss
MPS Manual Pull Station
MPV Minimum Proper Value
MS Mitigating Systems
MSDS Material Safety Data Sheet
NAC Notification Appliance Circuits
NAFED National Association of Fire Equipment Distributors (USA)
NBFAA National Burglar and Fire Alarm Association, Inc. (USA)
NBHP Net Break Horsepower
NBFU National Board of Fire Underwriters
NC Non-Combustible, Non-Compliance
NCEES National Council of Examiners for Engineering and Surveying
NCHRR Normalized Chemical Heat Release Rate
NCSBCS National Conference of States on Building Codes and Standards
NEC National Electrical Code® (NFPA 70)
NFC National Fire Code
NFDC National Fire Data Center (USA)
NFD Nominal Fire Duration
NFDRS National Fire Danger Rating System (USA)
NFIC National Fire Information Council (USA)
NFIRS National Fire Incident Reporting System (FEMA/USFA)
MFL Maximum Allowable Fuel Loading
NFPRF National Fire Protection Research Foundation (USA)
NBS National Bureau of Standards (now NIST)
NEMA National Electric Manufacturers Association
NFPA National Fire Protection Association (USA)
NFPRF National Fire Protection Research Foundation (USA)
NFR Non-Fire Retardant
NFSA National Fire Sprinkler Association (USA)
NHT National Hose Thread
NIBS National Institute of Building Sciences (USA)
NICET National Institute for Certification in Engineering Technologies (USA)
NIFC National Interagency Fire Center (USA)
NIOSH National Institute for Occupation Safety and Health (USA)
NIST National Institute of Standards and Technology (USA)
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NLE Normal Loss Expectancy
NPP Neutral Pressure Plane 
NPSH Net Positive Section Head
NPSHA Net Positive Section Head Available
NPSHR Net Positive Section Head Required
NRS Nonrising Stem (gate valve)
NRTL Nationally Recognized Testing Laboratory
NS Non-sprinklered
NSC National Safety Council
NST National Standard Thread
NTP Normal Temperature and pressure
NUMARC Nuclear Management and Resources Council
OC Over Compliance
OD Optical Density, Outer Diameter
ODP Ozone Depletion Potential
ODS Ozone Depleting Substance
OI Oxygen Index
OSHA Occupational Safety and Health Administration (USA)
OSR Operational Safety Requirement
FSS Fire Systems Services
OS Open Sprinkler
OS&Y Outside Stem and York or Outside Screw and Yoke (valve)
OWSI Open Web Steel Joist
PASS Personal Alert Safety System
PAV Pre-Action Valve
PCV Pressure Control Valve
PDP Pump Discharge Pressure
PDS Point of Demand Supply
PE Professional Engineer (NCEES)
PEL Permissible Exposure Limit
PFC Perfluorocarbon
PFDAS Plant Fire Detection and Alarm System
PFHA Preliminary Fire Hazard Analysis
PFP Passive Fire Protection
PFPCDS Plant Fire Protection Carbon Dioxide Subsystem
PFPHS Plant Fire Protection Halon Subsystem
PFPS Plant Fire Protection System
PFPWS Plant Fire Protection Water Subsystem
PHA Process Hazard Analysis
PHRR Peak Heat Release Rate
PIM Performance Integrity Measure
PIV Post Indicator Valve
PLFA Power-Limited Fire Alarm (circuits or cables)
PLG Pressure Liquefied Gas
PML Probable Maximum Loss
P&IDs Piping & Instrumentation Diagram, Piping & Instrumentation Drawing, Process &

Instrumentation Diagram 
pphm Parts Per Hundred Million
ppm Parts Per Million
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PPV Positive Pressure Ventilation
PRA Probabilistic Risk Assessment
PRV Pressure Relief Valve
PSA Probabilistic Safety Analysis or Probabilistic Safety Assessment
PSF Potential of Fire Spread
PSV Pressure Safety Valve
PS Pressure Switch, Pull Station (fire alarm, manual)
PZR Pressurizer
QH Quadruple Outlet, Fire Hydrant
QOD Quick Opening Devices
QR Quick-Response (sprinkler)
QRA Quantitative Risk Analysis or Quantitative Risk Assessment
QRES Quick-Response Early Suppression (sprinkler)
RARSR Radio Alarm Repeater Station Receiver
RASSR Radio Alarm Supervising Station Receiver
RAS Radio Alarm System
RAT Radio Alarm Transmitter
RCAP Root Cause Analysis Report
RDD Required Delivered Density
RHR Rate of Heat Release
RF Radio Frequency
RI/PB FP Risk-Informed and Performance-Based Fire Protection
RMV Respiratory Minute Volume
ROR Rate of Rise
RPE Respiratory Protection Equipment
RPM Revolution Per Minute
RPZ Reduced Pressure Zone (water)
RSET Required Safe Egress Time
RTI Response Time Index
RV Riser Valve, Relief Valve
RVP Reid Vapor Pressure
SAWG Severe Accident Working Group
SBC Standard Building Code
SBCCI Southern Building Code Congress International, Inc.
SCBA Self-Contained Breathing Apparatus
SCFM Standard Cubic Feet Per Minute
SD Smoke Detector, Smoke Damper
SDH Small Diameter Hose
SDI Smoke Density Index or Smoke Developed Index or Smoke Damage Index
SDP Significance Determination Process
SEA Specific Extinction Area
SEI Structural Engineering Institute (USA)
SEP Surface Emissive Power
SEPSS Stored Emergency Power Supply System
SF Safety Factor
SFP Steam Fire Pump
SFPC Standard Fire Prevention Code
SFPE Society of Fire Protection Engineers (USA)
SHEVS Smoke and Heat Exhaust Ventilation System
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SIS Safety Instrumented Systems
SL Stoichiometric Limit
SLC Signaling Line Circuits
SMS Smoke Management System
SMACNA Sheet Metal and Air Conditioning Contractors’ National Association, Inc. (USA)
SOP Standard Operating Procedures
SPR Smoke Production Rate
SRV Safety Relief Valve
STA Success Tree Analysis
STD Standard Orifice Sprinkler
STP Standard Temperature and Pressure
SSCs Systems, Structures, and Components
SSP Standard Spray Pendant (sprinkler head)
SSU Standard Spray Upright (sprinkler head)
STI Steel Tank Institute
STTC Standard Time-Temperature Curve (ASTM E119)
SV Smoke Vent, Safety Valve
SW Service Water
TC Thermocouple
TDL Threshold Damage Limit
TDR Tender Delivery Rate
TGA Thermogravimetric Analysis
THC Total Unburned Hydrocarbons
THR Total Heat Released
TLV Threshold Limit Value
TNT Trinitrotoluene
TPP Thermal Protective Performance
TR Temperature Rise
TRP Thermal Response Parameter
TSR Total Smoke Released
TTI Time to Sustained Ignition
TV Tidal Volume
TWA Time Weighted Average
UBC Uniform Building Code
UEL Upper Explosive Limit
UFC Uniform Fire Code
UFL Upper Flammability Limit
UFSAR Updated Final Safety Analysis Report
UL Underwriter’s Laboratories, Inc.
UPS Uninterruptible Power Supply
UFSAR Updated Final Safety Analysis Report
USFA United States Fire Administration
UST Underground Storage Tank
UV Ultraviolet
VESDA Very Early Smoke Detection and Alarm
UVCE Unconfined Vapor Cloud Explosion
VCE Vapor Cloud Explosion
VOC Volatile Organic Compound
VSP Volume of Smoke Production
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WATS Wide Area Telephone Service
WE Wet Chemical (fire extinguisher agent)
WCCE Worst Case Creditable Event
WH Wall Hydrant
WHMIS Workplace Hazardous Materials Identification Systems
WHP Water Horsepower
WIC Withstand and Interrupting Current 
WOBO World Organization of Building Officials
WOM Water Oscillating Monitor
WPIV Wall Post Indicator Valve
WSO World Safety Organization
ZV Zone Valve (sprinkler)
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1Licensee event reports (LERs) are form reports that are often accompanied by narratives,
which licensees and the nuclear industry submitt to the U.S. Nuclear Regulatory Commission, in
accordance with the regulatory requirements following the occurrence of reportable events.  Oak Ridge
National Laboratory (ORNL) maintains all LERs in a searchable database for use of NRC and its
licensees.
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APPENDIX H. SELECTED U.S. COMMERCIAL NUCLEAR POWER PLANT
FIRE INCIDENTS 

H.1 Introduction

Over the past few decades, a number of large fires have occurred in commercial nuclear power
plants (NPP), both in the United States and abroad.  Particularly notable among the U.S. events
was the cable spreading room (CSR) and reactor building fire at Browns Ferry Nuclear Power Plant
(BFNP) in 1975, in which a single fire partially or totally disabled numerous safety- and nonsafety-
related systems.

Empirical data indicate that a nuclear facility will experience event precursors (in this case, smaller
fires that have no impact on nuclear safety) more frequently than actual fires affecting nuclear
safety equipment (such as the BFNP fire).  Many argue that no fire in a NPP is without nuclear
safety implications because every fire threatens safety through its effects on either equipment or
personnel operating the facility.  Nevertheless, the industry expects a NPP to experience a fire that
affects nuclear safety equipment every 6 to 10 years (Ramsey and Modarres, 1998).  

The remainder of this appendix provides a summary table and detailed narrative discussions
concerning the major fires that have occurred at U.S. commercial NPPs since 1968.  The specific
incidents included are those fires that led to severe or widespread damage and those that
challenged nuclear safety.  Additional detail concerning these fire incidents is available in the NRC
inspection reports and licensee event reports (LERs)1.

These general description are provided for information only.  The events can be used to develop
real life example problems for use with the fire dynamics spreadsheets.

Reference

Ramsey, C.B., and M. Modarres, Commercial Nuclear Power Assuring Safety For The Future, John
Wiley & Sons, Inc., New York, 1997.
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Table H.1-1. Summary of Selected U.S. Commercial Nuclear Power Plant Fire Incidents

Plant Date of Incident Description of Fire Incident

San Onofre Nuclear
Generating Station,
Unit 1

February 7 and 
March 12, 1968

Two similar incidents involving self-ignited cable
fires took place within a 5-week period.  On
February 7, 1968, San Onofre Nuclear Generating
Station (SONGS) Unit 1 experienced a self-ignited
cable fire adjacent to a containment penetration
and on March 12, 1968, another self-ignited cable
fire occurred in a 480-volt switchgear room.  These
fires showed significant fire propagation beyond
the initiating cable.  The licensee reported that
three horizontal stacked cable trays were burning
at the time that the fire brigade arrived on the
scene (several minutes after the apparent time of
ignition).

Browns Ferry
Nuclear Power Plant,
Unit 1 

March 22, 1975 A cable spreading room and reactor building fire
challenged nuclear safety and led to important
changes in the NRC’s fire protection program.

North Anna Power
Station, Unit 2

July 3, 1981 A severe fire involved a large transformer, but did
not affect any safety-related components or
electrical circuits.

Rancho Seco
Nuclear Generating
Station

March 19, 1984 A hydrogen fire and explosion occurring in the
turbine building.

Waterford Steam
Electric Generating
Station, Unit 3

June 26, 1985 This main feedwater pump fire involved operator
error leading to a loss of redundant trains.  The
plant operator at the scene called the control room
with the wrong pump tag number.  This error
resulted in the undamaged pump being shut down
from the control room.

Fort St. Vrain
Nuclear Generating
Station

October 2, 1987 This large turbine building fire involved hydraulic oil
and affected control room habitability as a result of
smoke ingress.

Oconee Nuclear
Station, Unit 1

January 3, 1989 A fire in a nonsafety-related switchgear led to
equipment failure.  Smoke from fire propagates
outside fire area (e.g., smoke control room from
turbine building switchgear fire).  In this incident
equipment was unavailable to use water to
suppress the fire, and fire induced independent
failures challenge the operator. 
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Table H.1-1. Summary of Selected U.S. Commercial Nuclear Power Plant Fire Incidents
(continued)

Plant Date of Incident Description of Fire Incident

H.B. Robinson
Steam Electric
Plant, Unit 2

January 7, 1989 This event involved hydrogen fires at multiple
locations during an outage because of
maintenance crew error.

Calvert Cliffs
Nuclear Power
Plant, Unit 2

March 1, 1989 This incident involved multiple initial fires, including
a small fire in the control room.

Shearon Harris
Nuclear Power Plant

October 9, 1989 This incident involved multiple initial and
secondary fires involving one of the main
transformers and electrical equipment in the
turbine building.

Salem Nuclear
Generating Station,
Unit 2

November 9, 1991 This turbine building fire was caused by a turbine
blade failure and ejection.

Waterford Steam
Electric Generating
Station, Unit 3

June 10, 1995 This incident involved a 4,160V switchgear cabinet
fire.  The cause of the fire was improper automatic
bus transfer due to slow circuit breaker caused by
hardened grease. A fire initiated inside a
switchgear propagates outside of the switchgear
boundary (e.g., arcing, smoke, ionized gases
damaged four more switchgear cabinets; and
overhead cables are damaged in part from failure
of a cable tray fire barrier).  The fire burned over
an hour.  The fire induced and independent
equipment failures that challenge the operator.

Palo Verde Nuclear
Generating Station,
Unit 2

April 4, 1996 This incident involved multiple initial fires, including
a small fire in the main control room.

San Onofre Nuclear
Generating Station,
Unit 3

February 3, 2001 This incident involved a circuit breaker fault
resulted in a fire, loss of offsite power, and reactor
trip.  The damage extended to the associated
electrical bus and cable trays in the switchgear
room.  A subsequent failure to start the turbine
emergency DC lubricating (lube) oil pump resulted
in extensive turbine damage.  In this event, a 4.16-
kV switchgear fault had an explosive release of
energy and the ensuing fire was substantial
enough to damage other plant equipment.
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Table H.1-1. Summary of Selected U.S. Commercial Nuclear Power Plant Fire Incidents
(continued)

Plant Date of Incident Description of Fire Incident

Point Beach Nuclear
Plant, Unit 1

April 24, 2001 A small fire originate as the result of a short in a
12-Vdc communication box during a refueling
outage in the steam generator (S/G) vault on the
access platform to the primary side manway
covers.  The fire consumed a bag of rags and
testing equipment debris, and lasted for
approximately 23 minutes.  After multiple failed
attempts in which the fire brigade discharged
approximately 70 pounds of dry chemical (3
portable fire extinguishers), the fire was finally
extinguished using 15–20 gallons of water.  The
dry chemical fire extinguishing agent was
dispersed through large areas of the S/G and
reactor coolant pump (RCP) vaults.  Certain
chemicals in the extinguishing agent can result in
potential stress corrosion cracking on the exposed
stainless steel pipe and tube surfaces in the
presence of halogens (chlorides, fluorides, and
sulfates) with high temperatures (greater than 250
°F). contaminating of  motors, air-operated valves,
safety-related snubbers, and other electrical
contacts and components.  This incident illustrated
the importance of fire extinguishing practice and
the choice and use of fire extinguishing agents.   

Prairie Island
Nuclear Generating
Plant, Unit 1 

August 3, 2001 A fire occurred in a 4,160V nonsafety-related
electrical panel on Unit 1, during initial startup
while plant operators were transferring the plant’s
electrical power from reserve transformer to the
main transformer.  The breaker failure initiated a
fire in cubicle 12-4 of bus 12.  The failure also
actuated the generator transformer protective
relaying scheme, including a lockout of bus 12.
The bus lockout opened breaker 12-1 (bus 12 is
the source from the 1RX transformer), and
actuated the protective relaying scheme.  The
protective relaying scheme initiated a
turbine/reactor trip and actuation of the auxiliary
feedwater system. 
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Table H.1-1 Summary of Selected U.S. Commercial Nuclear Power Plant Fire Incidents
(continued)

Plant Date of Incident Description of Fire Incident

Fort Callhoun
Station, Unit 1

December 19,
2001

A fire occurred in a corridor between safety
injection pump room 22 and the containment
tension stressing gallery as a result of an
overloaded extension cord used to supply power to
a 55-gallon grease drum heater.  The fire ignited
ordinary combustible materials in the area.  Room
22 was completely filled with dense smoke in
addition to spreading to adjacent remote areas.
The smoke travel resulted in a deluge system
actuating in the auxiliary building stairwell (water
curtain).  The ensuing water sprayed onto safety-
related motor control centers (MCCs), causing
shorts on safety-related circuits.  The water curtain
was required since there is no fixed fire barrier
between the fire areas.  The root cause of this fire
event was determined to be unauthorized
modifications to the male connection of an
extension cord, which resulted in overheating and
the subsequent fire.

McGuire Nuclear
Station, Unit 2

August 23, 2002 A fire occurred from a leak in the hydrogen dryer
associated with the Unit 2 turbine generator.  The
fire area was in the Unit 2 turbine building, one
level below the turbine.  The automatic sprinkler
system activated in response to the fire alarm.   A
manual reactor trip was initiated and Unit 2
experienced an elevated steam generator water
level.  The plant fire brigade responded to the
hydrogen dryer fire and isolated the hydrogen leak.
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San Onofre Nuclear Generating Station, Unit 1, February 7 and March 12, 1968

Two similar incidents involving self-ignited cable fires took place within a 5-week period.  On
February 7, 1968, San Onofre Nuclear Generating Station (SONGS) Unit 1 experienced a self-
ignited cable fire adjacent to a containment penetration and on March 12, 1968, another self-ignited
cable fire occurred in a 480-volt switchgear room.  These fires showed significant fire propagation
beyond the initiating cable.  The licensee reported that three horizontal stacked cable trays were
burning at the time that the fire brigade arrived on the scene (several minutes after the apparent
time of ignition).

At 4:45 p.m., on February 7, 1968, the unit was operating at 360 MWe and performing core
depletion tests.  All of the pressurizer heaters had been on for 96 hours when the operator noticed
that the heaters were not actually operating.  At about the same time, the control room received
a 480-volt bus ground alarm, a loud noise was heard in the control room, and the lights flickered.

At 4:47 p.m. a security officer reported a fire at the southeast side of the containment.  The reactor
operator transferred the #1 480-volt bus, to the #3 480-volt bus which caused ground indications
on both buses.  The reactor operator then transferred the 480-volt buses back to their normal
sources.  The #1 480-volt bus ground cleared when the Group C pressurizer heater breaker was
opened.  Fire-fighting was initiated immediately, and the fire was very quickly reported to be under
control at 4:47 p.m., (Just 2 minutes after the first signs of the presence of fire).  The fire was
fought with carbon dioxide (CO2) and Ansul portable extinguishers.

At 5:10 p.m., the reactor and turbine (generator) were manually tripped.  No spurious equipment
operations were noted during the incident, and there was no apparent effect on the reactor
shutdown/cooldown efforts. 

On March 12, 1968, SONGS Unit 1 experienced another cable fire, this time in a cable tray in the
#2 480-volt switchgear room.  At the time of the fire incident, the unit was operating at 380 MWe
when, at 12:21 a.m., the control room received several alarms including ?Intake Structure Hi Level,”
?480-volt System Ground,” ?Station DC Bus Ground or Low Voltage,” and ?Hydraulic Stop Gate
Trouble”.  These were followed by a “Sphere Heating and Ventilating System Trouble” alarm.

At 12:25 a.m., the annunciator panel for the turbine generator first out, auxiliary, and electrical
boards were lost.  An auxiliary operator reported smoke in the #2 480-volt switchgear room.  At
12:27 a.m., operators observed blue arcing above the east door window of the #2 480-volt
switchgear room.  At 12:32 a.m., fire was observed in three cable trays above east door.  

The reactor was tripped at 12:34 a.m., and operator began unit shutdown actions at 12:37 a.m.
The #2 480-volt was cleared by over current relay operation. 

At 12:35 a.m., the licensee requested assistance from the closest outside fire department, which
happened to be a Marine Corps Fire Department.  At 12:45 a.m., 24 minutes after the first control
room alarms were received, the fire department arrived on the scene, but the electric motor-driven
fire pumps would not start.  Therefore, at 12:56 am., the licensee started the gasoline engine driven
backup emergency fire pump.  The fire was declared extinguished at 1:00 a.m., 39 minutes after
the initial control room alarms.
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During cooldown efforts following the fire, licensee determined that the coolant boron concentration
was decreasing instead of increasing as expected.  As a result, the cooldown was suspended for
3 hours and 40 minutes until the problem was diagnosed and fixed.

Post-fire investigation revealed that power and/or control circuits were affected for residual heat
removal (RHR) suction and discharge valves, the component cooling water (CCW) heat exchanger
outlet valve, the south primary makeup water pump, and three annunciator panels.  Damaged
cables rendered the following equipment electrically inoperable:

! safety injection recirculation valves
! west recirculation pump and discharge valve
! electric auxiliary feedwater pump
! safety injection train valves (west train motor-operated values (MOVs))
! refueling water pump discharge valve to recirculation system

The following equipment was lost as a result of the relay cutout of the #2 480-volt bus:

! west RHR pump
! south transfer pump
! boric acid injection pump
! boric acid storage tank heaters and boric acid system heat tracing
! south primary plant makeup pump
! flash tank bypass valve
! east and west flash tank discharge pumps
! center component cooling water pump
! several other MOVs

  
While the first incident had only a minimal impact on the plant, the second incident rendered a large
number of components.  Nevertheless, a sufficient number of components and systems remained
available to allow for orderly shutdown and core cooling.  In addition, at least one of the alarms
received in the control room was (namely the Intake Structure Hi Level alarm) apparently spurious.
An operator reporting from the intake structure found no reason for this alarm to have sounded.

In terms of the fire cause, the two incidents shared many similarities.  The investigation concluded
that the most probable cause of both fires was thermally and mechanically stressed cables,
coupled with the use of individual fuses to provide for clearing of faults on each phase of the three-
phase 340-volt circuits.  It also appeared that the cables were undersized for their design current
loads under their actual installation conditions.

The initial fault was thought to be a cable-to-cable, phase-to-phase hot shot involving two separate
power feeds from the same three-phase power bus.  The fusing configuration allowed back-feeding
of fault current through the unfaulted phases of each power feed, which led to an even more severe
overcurrent condition for the conductors.

Both incidents involved self-ignited cable fires.  As such, they are important because they were the
earliest fire incidents at a nuclear power plant where self-ignition of cables resulted in extensive
equipment damage and loss of equipment operability.  While the first incident resulted in little or
no fire spread, the second incident involved fire spread to three cable trays that were entirely
burned for 4.60 m (15 ft).  Investigation of the incidents led to recommendations that urged the
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industry to reexamine cable qualification and raise the standards for establishing cable ampacity
limits and for improving the flammability behavior of cables.

In both incidents, the fires did not cause complete loss of core cooling capability, core damage,
radiation release or any injury to plant personnel or the public.  The available sources do not offer
detailed discussion of  fire-fighting activities, occurrence of hot shorts (other than the initial cable-
to-cable fault that initiated the second incident), the nature of the other circuit failures or operator
actions in response to the failures, caused by the fire.  

Reference

San Onofre Nuclear Generating Station Unit 1, Report on Cable Failures—1968, Southern
California Edison Company, San Diego Gas & Electric Company, Publication date unknown, but
circa 1968.

Browns Ferry Nuclear Power Plant, Unit 1, March 22, 1975

At noon on March 22, 1975, both Units 1 and 2 at the Browns Ferry Nuclear Power Plant (BFNP)
were operating at full power, delivering 2,200 megawatts of electricity to the Tennessee Valley
Authority (TVA).

The BFNP consists of three boiling-water reactors (BWRs).  Units 1 and 2 share a common cable
spreading room (CSR) located beneath the control room (CR).  Cables carrying electrical signals
between the CR and various pieces of equipment in the plant pass through the CRS.  Just below
the plant’s control room, two electricians were trying to seal air leaks in the CSR, where the
electrical cables that control the two reactors are separated and routed through different tunnels
to the reactor buildings.  There were using strips of spongy foam rubber to seal the leaks.  They
were also using candles to determine whether or not leaks had been successfully plugged by
observing how the flame was affected by escaping air.  One of the electrician put the candle too
close to the foam rubber, and it burst into flame.

Following ignition of the polyurethane (PU) foam in Unit 1 CRS, the fire propagated through the
penetration in the wall between the CSR and the Unit 1 reactor building.  After the insulation burned
off, the electrical cables shorted together and grounded to either their supporting trays or the
conduits.  In addition to the direct fire damage, the fire deposited an extensive amount of soot on
all equipment located in the reactor building below the refueling floor. More than 600 of the burned
cables contained circuits for the safe shutdown of one or both of the operating reactors.  The direct
fire loss was $10 million, and the cost of fossil fuel used to produced the replacement electricity
over the next 18 months was $200 million. 

Approximately 15 minutes passed between the time the fire started (12:20 p.m.) and the time at
which a fire alarm was turned in.  One of the electricians told a plant guard inside the turbine
building that a fire had broken out, but confusion over the correct telephone number caused a delay
in sounding the fire alarm. 

This fire burned a large number of cables associated with penetrations between the CSR and the
reactor building.  The fire initiated in the CSR and initially involved the readily combustible and
exposed PU foam of an incomplete cable penetration seal.  The fire immediately propagated
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through a gap in the penetration seal into the adjacent reactor building.  This spread was enhanced
by air flow through the penetration seal gap, caused by the negative pressure in the reactor
building.  In this case, the penetration seal was not complete (i.e., the seal was still under
construction and lacked noncombustible cover panels). 

The fire at BFNP demonstrates that given a sufficient initial source of readily combustible fuel (the
PU foam in this case) in close proximity to a large concentration of cables in open cable trays, a
self-sustaining and propagating cable fire may result.  In this case, fire propagated both horizontally
and vertically, thereby igniting and damaging cables.  Cables inside conduits running near the
burning cable trays were also damaged.  

The fire in the Browns Ferry CSR was controlled and extinguished without the use of water.  The
fire in the reactor building was unsuccessfully fought for several hours with portable carbon dioxide
(CO2) and dry chemical extinguishers; however, once water was used, the fire was extinguished
in a few minutes.  After actuation of the CSR CO2 fire suppression system, openings between the
CR and the CSR had to be plugged to stop the entry of smoke and CO2 into the CR.  Some of
these openings were in the floor of the CR at the points where the cables entered the CR.  This
appears to violate the design provision that these cable entryways would be sealed.  Actuation of
the CO2 system in the CSR made the situation worse, driving the smoke and toxic fumes into the
CR, which became uninhabitable. 

The BFNP design incorporated provisions for sealing the openings between major structural
divisions, such as the reactor building, the CSR and the control room.  However, in the case of the
Browns Ferry fire, one such seal between the CSR and the reactor building was ineffective in
limiting the spread of the fire and was ultimately the primary cause of the fire.  The lack of other
seals, such as those between the CSR and the CR, impeded plant operation during the fire.

Notably, the smoke detectors in the Browns Ferry CSR did not alarm, despite presence of smoke
possibly because the normal flow of air from the CRS to the reactor building drew the smoke away
from the installed detector in the CSR.  The smoke also penetrated the control room (through the
unsealed cable entryways), but the fire detectors installed in the control room were of the ionization
type and did not detect the combustion products generated by the cable fire and did not alarm.  The
reactor building also had a great deal of smoke in the vicinity of the fire, but the licensee had not
installed detectors in that area.

A principal lesson learned from the of BFNP fire is the failure of fire prevention. The Review Group
(NUREG-0050) recommended that the licensees review the ventilation systems in all operating
nuclear power plants (NPPs) and upgrade then as appropriate to ensure their continued functioning
if needed during a fire.  The Review Group further recommended that the licensees should
provided the capability to control ventilation systems to deal with fire and smoke, but such
provisions must be compatible with requirements for the containment of radioactivity.  Licensees
should also protect the CR from both radioactivity and smoke or toxic gases.  Adequate breathing
apparatus and recharging equipment should be available for operators, fire-fighters, and damage
control crews who may be work required to simultaneously during a prolonged incident.

The Review Group concluded that more comprehensive regulatory guidance was needed to
provide fire protection design criteria to implement the requirements of General Design Criterion
(GDC) 3 as specified by Appendix A to Title 10, Part 50 of the Code of Federal Regulations (10
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CFR Part 50).  The Browns Ferry fire and its aftermath revealed some significant inadequacies in
design and procedures related to fire at the plant, including gaps in the defense against fires. 
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North Anna Power Station, Unit 2, July 3, 1981

On July 3, 1981, North Anna Unit 2 was at a power level of 17.9-percent when an internal fault in
one phase of main transformer B led to a catastrophic transformer failure and fire.  Ceramic
insulation shifted, the side of the transformer ruptured, and transformer oil sprayed from the
opening over the transformer and the outside wall of the turbine building.

The fire caused the feeder breakers from a reserve station service transformer to two station
service buses to trip open.  The voltage transient caused by this event led to several bi-stables in
the solid-state protection system to drop out, resulting in a high steam line flow signal.  Since the
reactor coolant temperature was low, this led to a safety injection signal.

The fire brigade was activated immediately the licensee also contacted the local fire department
for assistance.  The deluge systems on transformers B and C activated.  However, the fire was too
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severe for the capability of the system and the fire continued to burn.  It took the fire brigades about
1 hour to bring the fire under control.

Although this incident is considered a severe fire in classical fire protection terms, it affected only
nonsafety components.  Despite the low potential risk impact, the incident provided an interesting
insight about fixed fire suppression system capabilities.  Specifically, the incident demonstrated that
a fixed fire suppression system can be overwhelmed even when the fire initiates in those
components that the system is intended to protect.  In other words, it showed that the effectiveness
of the suppression system may be an important factor. 

Reference

Licensee Event Report (LER) 339-81-055, North Anna Power Station, Unit 2, Docket No. 50–339,
Virginia Electric and Power Company. July 15, 1981.

Rancho Seco, March 19, 1984

On March 19, 1984, Rancho Seco was operating at 85-percent power, and had been experiencing
problems with the automatic level control of the de-foaming tank and hydrogen side drain regulator
tank of the main generator.  The licensee switched the drain regulator tank level to manual mode,
requiring direct operator level control.  However, operators apparently failed to pay adequate
attention to the level control and this allowed the main generator seal oil pressure to decrease.
This, in turn, allowed hydrogen to escape from the generator.  At 9:50 p.m., hydrogen gas exploded
and started a fire.

Plant personnel in the area immediately detected the fire, and it was extinguished by the fixed
automatic carbon dioxide (CO2) system within 14 minutes.  Nonetheless, the fire caused significant
damage in a relatively short frame, primarily because of the initial explosion and early burning.

This fire is one of few turbine building fire incidents in the United States that has caused significant
damage.  The incident demonstrated the unique nature of the turbine building fire hazards, which
in this case, included a  hydrogen gas leak and explosion and the potential for fast-developing fires
that may cause damage despite effective operation of the fire suppression systems.  This incident
also demonstrated that turbine building analyses may warrant attention to more severe fires than
might reasonably be postulated in other plant areas.  This particular incident apparently had a
minimal impact on plant operations and safety systems, but the impact on operators is a plant
specific-factor, consistent with the presence (or absence) of safety-significant equipment in the
turbine building. 

Waterford Steam Electric Station, Unit 3, June 26, 1985

On June 26, 1985, the plant was operating at power when a fire occurred in one of the main
feedwater pumps.  An electrician notified the control room that smoke was emanating from main
feedwater pump A and an operator dispatched to the scene reported back to the control room that
the pump was on fire.  Control room (CR) operators tripped the cited pump, began reducing reactor
power, and declared that an unusual event was underway.
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Five minutes after the initial report of a fire, the operator notified to the CR that the fire was actually
in main feedwater pump  B, rather than A as previously reported.  As a result, the CR operators
immediately tripped the turbine, which, in turn, caused the reactor to trip.  Since both main
feedwater pumps were secured, the steam generator level dropped below the emergency
feedwater system setpoint.

The licensee activated the fire brigade upon confirmation of the fire.  The fire brigade used a local
hose station and water streams to fight the fire and managed to extinguish it in about 10 minutes.
The fire was limited to a small portion of the outer wrapping of insulation on the feedwater piping
and was attributed to design and fabrication errors.

In most senses, this fire was relatively small and, overall, presented a relatively minor challenge
to nuclear safety (a reactor trip with all safety systems available).  The interesting aspect of this
incident is that operator/personnel error led to an initial report identifying the wrong pump as the
one on fire.  As a result, the operator initially tripped the unaffected pump, and ultimately were
forced to trip both main feedwater pumps.  Although this incident involved only nonsafety-related
trains, it provided an interesting insight into the possibility of an indirect impact of fire on multiple
train availability.  That is, for various reasons, a fire may lead to unaffected trains being taken out
of service.  In this case, the cause was operator error and the operator’s actions were classified
as an error of commission.  This is, rather than failing to take a desirable action, the operator in this
case took an action that was undesirable. 

Fort St. Vrain Nuclear Generating Station, October 2, 1987

Fort St. Vrain is a single-unit high temperature gas-cooled reactor (HTGR), which (like other
HTGRs) reactor uses graphite as a moderator and helium gas for heat removal from the core.  Fort
St. Vrain had two main cooling (helium) loops.  After passing through the core, the helium flowed
through the two steam generators (one per cooling loop).  Two steam-driven circulators for each
loopprovided motive power for the helium.  The steam for the circulators comes from the discharge
of the high-pressure turbine of the turbine-generator.  The steam then passes through the steam
generators once more for superheating before being taken to the intermediate and low-pressure
turbines.   

On October 2, 1987, the plant was coming out of a long outage and was in the midst of its initial
power ascension.  As part of this process, the operators closed a hydraulic valve in the turbine
building, when they noticed a drop in hydraulic oil pressure.  An inquiry into the causes of this drop
revealed that a filter bowl (canister) had failed and high-pressure oil (about 3,000 psig) was
spraying (close to a 15-ft distance) onto hot exposed steel.  The petroleum-based hydraulic oil
ignited, starting the fire, because the temperature of the hot surfaces was above the auto-ignition
point of the oil.  The equipment operator who discovered the fire initially succeeded in extinguishing
it using a portable dry-chemical extinguisher.  However, since he did not close the valve feeding
the failed filter, the oil continued to spray and re-flashed (re-ignited).  By this time, the fire was
relatively large (estimated at 8 ft x 3 ft).

The licensee immediately activated the plant’s fire brigade was asked an outside fire department
to respond.  The licensee also dispatched a reactor operator to the reactor building to close the two
control valves for the hydraulic system to cut off the supply of oil to the failed filter.  That operator
managed to close one of the two valves immediately.  However, the handle for the other valve was
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missing and, therefore, some delay occurred in cutting off the oil from the fire.  As soon as the oil
was cut off, the fire was extinguished and the operators managed to close off and isolate the failed
filter and activate the available hydraulic system train.

The damage caused by this fire was limited to the immediate area of the fire at the north end of the
turbine building.  The fire also damaged several cables that had some effect on the control room
(CR).  In addition, the fire affected valves, instruments, and structural elements.  However, the fire
had only a minor impact on the plant shutdown and reactor cooling capabilities.

The fire also had some impact on CR habitability.  Apparently, the burning oil and cables generated
large quantities of smoke that hampered the initial fire-fighting efforts.  The cables damaged by the
fire also caused the CR ventilation system to shift to radiation emergency mode, and caused a loss
of electric power at the fire location, thereby rendering the electric motor-driven smoke ejectors
useless.  In this mode, the system shifted to suction from the turbine building, thereby drawing
some smoke into the CR.  Within 2 minutes of the shift in ventilation systems, the ventilation
system to the purge mode.  However, smoke continued to enter the CR because positive pressure
in the room could not be maintained as a result of frequent use of the door between the CR and
the turbine building.  Ultimately, the operators had to prop open the door separating the control
room and Building 10 to allow fresh air to be drawn into the CR.

Reference

?Preliminary Report on the Impact of the FSV October 2nd Fire,” Fort St. Vrain Nuclear Generating
Station, Public Service Company of Colorado. October 30, 1987.

Oconee Nuclear Station, Unit 1, January 3, 1989

On January 3, 1989, Oconee Unit 1, was being brought up to power following a trip that had
occurred a few days earlier.  The unit had reached 26-percent power at 7:16pm., when the 6.9 kV
switchgear (1TA) failed explosively and caught fire.  Subsequent investigation could not establish
the precise cause of this incident.

As a result of the switchgear failure, the main turbine and two reactor coolant pumps tripped,
thereby initiating a reactor transient.  The operators immediately began to reduce reactor power.
The average reactor temperature was 302 °C (575 °F) at the beginning of the incident, and core
cooling was initally maintained by the two operating reactor coolant pumps (RCPs) and main
feedwater flow through the steam generators (S/Gs).  The operators also started two high-pressure
injection pumps to compensate for contraction of the water in the main coolant loop as it was
cooling down in response to the power reduction.  When the power dropped to 4-percent, the
operators tripped the reactor.

Meanwhile, the control room (CR) received fire alarms and activated the fire brigade to respond
to the fire.  Later, the licensee called offduty shift personnel to assist in the fir- fighting effort.  The
fire brigade made two initial attempts to suppress the fire using carbon dioxide (CO2) and dry
chemical fire extinguishers, but failed extinguish the fire.  CR operators deenergized the DC power
bus in order to isolate the impacted 1TA switchgear from all electrical sources.  The fire brigade
then decided to apply water to the fire using a fog nozzle.  To further protect the fire-fighters, the
operators also deenergized the other train of the nonsafety related 6.9 kV switchgear (i.e., 1TB),
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which was located near 1TA.  Fire brigade used the water fog on the fire and at 8:15 pm., about
1 hour after the switchgear failure, the fire brigade declared the fire as being completely
extinguished.

Tripping of switchgear 1TB (to protect the fire fighters) caused the remaining reactor coolant pumps
to trip.  Under these conditions, the integrated control system (ICS) is designed to raise the water
level in the S/G to 50-percent and swap the feedwater nozzles from main to auxiliary.  However,
because of fire damage to the signal cables, the ICS failed and the operators had to manually
execute these two actions.  In doing so, however, the operators forgot to close the main feedwater
valve.  This further accelerated the rapid cooldown process that was already underway.
Furthermore, since the operators focused on in-core thermocouple readings to monitor reactor
temperature, they did not properly monitor the rate of cooldown at different points of the main
coolant loop.  As a result cold leg temperature dropped to about 219 °C (426 °F) in about 1 hour.
The shift engineer and shift supervisor determined that the temperature in parts of the reactor may
have dropped faster than 38 °C (100 °F) in that hour, which means that the plant may actually have
entered the thermal shock operation region (overcooling).

Because operators had started the high-pressure injection system, reactor pressure reached 2,355
psig for a short time.  Later, the pressure reached 2,385 psig, also for a short time.  Operations
then stopped the high-pressure pumps to control the high-pressure condition.  These two pressure
spikes, combined with the possibility of operating in the thermal shock operation region, could have
endangered the integrity of the main vessel if the conditions had persisted for an extended time.

At some point in the incident, smoke did find its way into the main control room.  The available
literature does not describe either the extent of the smoke or the path by which the smoke found
its way into the CR.  Consequently, it is not clear whether the smoke had any impact on operator
performance, although one report cites the smoke (rather in passing) as a contributing factor to the
error that led to the overcooling transient.

Reference

Licensee Event Report (LER) 26989002, ?Fire in 1TA Switchgear Due to Unknown Cause,” Oconee
Nuclear Station, Unit 1, Event Date 01/03/89.

H.B. Robinson Steam Electric Plant, Unit 2, January 7, 1989

At the time of this incident on January 7, 1989, Robinson Unit 2, was in a refueling outage.  At
10:30 pm., as part of an air test of the main generator, a maintenance crew erroneously connected
the instrument air header to the main generator hydrogen manifold using a rubber hose.  This
allowed the bulk hydrogen supply, which is at 120 psig, to be directly connected to the station’s 95
psig compressed air system.  The configuration was such that hydrogen flow to the generator was
blocked, but flow into the station air system was not.  Hence, hydrogen spread into the plant’s
general purpose compressed air system.

At the time the maintenance crew established the hose connection, the station air compressor was
out of service and the station air system was connected to the instrument air system.  The station
air system was in greater demand because plant personnel were using air-driven tools throughout
the plant.  This caused the majority of the hydrogen to migrate into the station air system.
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Approximately 1 hour after the maintenance crew established the connection, the crew noticed that
generator pressure had not increased.  At approximately the same time a small fire was discovered
in an air junction box on the turbine deck inside the turbine building, the fire quickly extinguished
and did not notice any damage.  However, approximately 3 hours after the maintenance crew
established the connection, a contract worker reported that flames were coming out of his air
operated-grinder.  Upon this discovery, the licensee ceased all work that could cause a spark and
prohibited the use of the air system.

The licensee then took samples of the air at several locations and discovered that the hydrogen
concentration ranged from 50-percent to 150-percent of lower explosive limit (LEL).  The hydrogen
had also migrated into the entire system, which encompassed practically all plant locations
including the auxiliary building and the containment.  No further fires occurred, and the licensee
eventually purged the system of hydrogen.

This incident is of interest because it illustrates the somewhat unique point, that unexpected fire
sources can arise during a refueling outage.  In this case, at least two minor fires occurred, and
there was clearly an inherent potential for more, and perhaps more serious, fires.  

Reference

Licensee Event Report 26189001, ?Hydrogen Introduced Into the Instrument Air System,” H.B.
Robinson Steam Electric Plant, Unit 2, Event Date 01/07/89.

Calvert Cliffs Nuclear Power Plant, Unit 2, March 1, 1989

On March 1, 1989, Calvert Cliffs Unit 2 was operating at 100-percent power.  At 4:45 pm., a fire
was discovered in a control panel in the main control room (MCR).  At the time, an operator was
in the process of verifying a repair on the over-speed trip mechanism of the auxiliary feedwater
pump trip/throttle valve actuator.  As part of this procedure, the operator put the hand switch for the
valve in the shut position.  The shut position indicating light flickere, and the operator heard a
buzzing noise on the control panel.  The operator repeated the action with the same result.  The
operator opened the panel cover and discovered a fire at the hand switch.  Using a hand-held
Halon fire extinguisher, the operator extinguished the fire in 1–2 minutes.  In the meanwhile, a 10-
amp fuse in the associated circuit blew.  However, because the fire was extinguished quickly, the
control room supervisor did not call the fire brigade.

When the operator discovered the fire, a turbine building operator was called to reset the throttle
valve.  In the attempt to reset the valve, that operator discovered that a solenoid associated with
the valve was smoking, but there were no visible flames.  The solenoid stopped smoking,
apparently when the 10-amp fuse blew.  The fire in the MCR panel caused some damage to
nearby wires, but the licensee did not notice any other damage resulting from this incident.
Moreover, this incident did not cause a significant safety hazard and its impact was limited to an
isolated part of a safety-related system.  The lack of damage can be attributed, at least in part, to
the immediate response of the operator whose actions led to the initiation of the fire.

This incident is one of only a very few incidents in U.S. commercial nuclear power plants (NPPs)
that lend insight into multiple fire ignitions in a single incident.  In this case, a small fire occurred
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in the MCR and an incipient fire (the smoking solenoid) occurred in the auxiliary feedwater pump
room; the common link between the fires was a common electrical circuit. 

Reference

Licensee Event Report 31889004, ?Auxiliary Feedwater Pump Trip Circuitry Fire in Control Room
Due to Maintenance Error,” Calvert Cliffs Nuclear Power Plant, Unit 2, Event Date 03/01/89.

Shearon Harris Nuclear Power Plant, October 9, 1989

On October 9, 1989, the Shearon Harris plant was operating at full power.  At 11:05 pm., a turbine
generator and main power transformer differential relay tripped and started a chain of events that
led to fires at three locations involving one main transformer and the main generator. As a result
of the relay trip, the main generator output breaker also tripped.  This, in turn, caused a turbine trip
and a reactor trip.  The auxiliary feedwater system actuated as designed, but the turbine-driven
pump failed to operate properly so operators switched to motor-driven auxiliary feedwater pumps.
The operators closed the main steam isolation valves to limit the cooldown rate.

The initial cause of the event was multiple ground faults in a bus duct near main power transformer
B.  The licensee event report (LER) stated that the ground faults apparently resulted from
aluminum debris carried into the duct by the forced air ventilation system used to cool the bus duct.
The licensee suspected that the debris entered the ventilation system as a result of two damper
failures, one of which occurred on February 27, 1988, and a second one during the summer of
1989.  The ground fault caused arcing over a 50-foot length of the bus, thereby reducing the
dielectric strength of the air.  In accordance with the air, per the design of the system, the air then
entered the bushing box of the transformer, causing ground faults in the bushing box and leading
to a crack in the low-voltage bushings. The bushing crack, in turn, led to a spill of oil and ignition
of the first fire at the transformer.

The fault in the main transformer bushing box and bus duct A caused the voltage of the generator
neutral to become elevated.  A current transformer was mounted around the neutral conductor,
from which it was isolated by insulating tape.  However, the insulation resistance of the tape was
apparently insufficient to withstand the elevated neutral voltage and an electrical breakdown
occurred, causing the neutral conductor to short to ground.  The arcing caused by this short burned
holes in generator-related piping, which, in turn, subsequently allowed the housing above the
hydrogen fire to ignite (the third fire).

At 11:09 pm., the control room (CR) was notified of a fire at main power transformer B, and an oil
fire on the second level of the turbine deck underneath the main generator.  The licensee
immediately activated its onsite fire brigade who also noted a hydrogen fire on the second level of
the turbine deck underneath the main generator (second fire).  The deluge system at the main
transformer activated as designed.

The licensee also contacted offsite fire departments shortly after the initiation of the incident to
assist in the fire-fighting efforts.  Later, the licensee created the prompt notification of offsite fire
departments as having limited the damage caused by the fires.
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As previously noted, the auxiliary feedwater system automatically actuated in response to the
incident.  However, the turbine-driven auxiliary feedwater pump tripped shortly after it started.  The
licensee later identified the cause of the trip a spurious over-speed trip signal from the tachometer.
No link between the failure of the auxiliary feedwater pump and the fire has been established, and
this appears to have been an independent (random) failure event.

At 11:35 pm., an alert was declared and activated the technical support center (TSC).  By 12:13
am., on October  10 (a little more than over 1 hour after initiation of the event), the oil fire at the
generator hosing was extinguished.  Also, the fire at the main power transformer was believed to
be under control by the deluge system.  The hydrogen fire underneath the generator was also
considered to be under control.

By 01:45 am., a small residual oil fire at the main transformer was extinguished using a portable
dry chemical extinguisher.  By 02:45 am., (2 hours and 40 minutes after incident initiation) the
licensee completed walkdowns to verify that all three fire were extinguished, fire watches were
posted at the fire locations, and purged the main generator CO2.

The fires in this incident were of relatively long duration, lasting about 1 hour and 45 minutes total,
and were relatively severe from a classical fire protection perspective.  However, from a nuclear
safety perspective, the fires had a relatively modest overall impact.  The plant did trip automatically
and an auxiliary feedwater pump did fail (apparently a random failure).  However, the operators
responded appropriately to the situation and properly controlled the plant shutdown including proper
control of the cooldown rate. 

The incident is of interest because it is one of the few incidents in the United States that involved
multiple fires occurring concurrently.  As such, the incident demonstrated that multiple fires may
occur simultaneously in different areas of a plant.  As seen in other such incidents, one of the
common links was a common electrical system.  However, the secondary hydrogen fire was
apparently the result of damage caused by the failure of the current sensor on the generator
neutral cable, so there were multiple contributing factors rather than simply a common electrical
system that became overloaded.  

Reference

Licensee Event Report # 40089017, ?Electric Fault on Main Generator Output Bus Causing Plant
Trip and Fire Damage in Turbine Building,” Shearon Harris Nuclear Power Plant, Event Date
10/09/89.

Salem Generating Station Unit 2, November 9, 1991

On November 9, 1991, Salem Unit 2, was operating at full power when a reactor trip occurred,
causing the main generator breaker to open.  The auto stop oil system was in test mode and, as
result, the turbine valves cycled open while the generator was disconnected from the grid (i.e., the
turbine re-started without an appropriate generator load on the system).  An over-speed condition
occurred, but the over-speed protection system failed to function properly and allowed the turbine’s
rotational speed to exceed 2,500 rpm compared to the normal operating speed of 1,800 rpm.  The
forces associated with this level of over-speed caused the blades to break apart, ejecting fragments
from the turbine casing.  Hydrogen gas escaped and caught fire because of a seal failure caused
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by the excessive vibration.  The vibration also severed the lube oil pipes causing a release of the
oil that also caught fire.

The following automatic fire suppression systems actuated promptly as designed:

! deluge system protecting the inboard generator bearing housing

! deluge system protecting the low-pressure bearing housing

! low pressure CO2 system protecting the main generator exciter

! wet pipe sprinkler system below the main generator pedestal

The entire sequence of events leading to turbine failure lasted 74 seconds.  Fires had already
occurred by that time and some of the automatic suppression systems had activated.  The
automatic suppression systems managed to extinguish some of the fires.

By coincidence the fire brigade happened to be outside the protected area at the time of fire.  With
the assistance of plant security, the brigade promptly re-entered the plant proper and managed to
be on the scene in full gear within 5 minutes of fire ignition.  With the help of plant fire brigade
personnel, the fire was contained rapidly and extinguished within 15 minutes.  The fire caused
relatively little damage compared to that done by the ejected blades.  

The licensee subsequently determined that the fire impacted turbine and exciter end of the main
generator.  Because the main turbine generator of Salem Unit 2 is not enclosed, the hydrogen and
smoke from the fire escaped directly into the atmosphere.  As a result, the fire brigade did not need
to be concerned with hydrogen pocketing under the structural elements of the ceiling.

This incident is considered important because despite the potential for a very severe fire, the
licensee observed only very limited fire damage.  In this case, catastrophic failure of a turbine led
to a fire.  This event is somewhat unique in that the fire suppression system was adequate to
control the ensuing fire and, coupled with the response of the fire brigade, was to extinguish the
fire very quickly.  Some localized fire damage resulted, and the costs of replacing the failed turbine
were extensive, but the fire had was no impact on the safety-related elements of the plant.

Another notable aspect of this incident is that a failure related to a main turbine generator system
led to turbine disintegration, which, in turn, caused the fire.  It is also interesting to note that two
independent events contributed directly to the initiation of the fires.  First, the auto-stop oil system
was in test mode and this created a condition where the turbine was, in effect, re-started without
an appropriate load and this, in turn, led directly to the potential for an over-speed condition to
occur.  Second, the over-speed protection system failed to function, allowing the over-speed
condition to progress unchecked.  

Reference

Licensee Event Report 31191017, ?Reactor/Turbine Trip on Low Auto-Stop Oil Pressure Followed
by Turbine/Generator Failure,” Salem Generating Station Unit 2, Event Date 11/00/91.
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Waterford Steam Electric Station Unit 3, June 10, 1995

On June 10, 1995, Waterford Unit 3 was operating at 100-percent power.  At 8:58 am., failure of
a lightning arrester on a substation transformer (230 kV/34.5 kV) caused a severe electrical
transient that, in combination with the failure of a breaker, led to failure of non-vital switchgear 2A
and fire in the breaker cubicle for the startup transformer.  This led to a reactor trip and a series
of other nonsafety-related equipment trips, signal actuations, and equipment activations.

All 36 fire detectors for the turbine building switchgear room alarmed to the control room (CR)
indicating panel.  However, the CR operators did not become aware of the fire detector alarms
because other plant alarms were sounding at the same time, the fire protection alarm board was
in an area not readily visible to the operators, and the fire detector alarm panel buzzer had been
covered with tape.  Hence, CR operators remained unaware of the fact that a fire had started in
the switchgear room.

At 9:06 a.m., the control room received a report from an auxiliary operator, who happened to be
a trained fire brigade member, that heavy smoke was coming out of the switchgear room.  The shift
supervisor asked if the auxiliary operator could observe flames or an orange glow.  The auxiliary
operator responded that he could not see flames but a large amount of smoke was coming out of
the switchgear room.  The shift supervisor instructed the auxiliary operator to confirm the presence
of an actual fire and report back.

Two auxiliary operators donned self-contained breathing apparatus (SCBA) and entered the
switchgear room to verify the presence of a fire and subsequently notified the CR that a fire was
indeed in progress.  The exchange of information took place about 30 minutes after the first fire
alarm sounded in the CR (i.e., approximately 9:30 a.m.,).  At that time the shift supervisor,
announced the presence of fire and activated the fire brigade.

The fire brigade arrived on the scene and initially attempted to extinguish the fire using hand-held
fire extinguishers charged with carbon dioxide (CO2), Halon, and dry chemical agents.  However,
all of their attempts proved ineffective.  According to the plant procedures, the shift supervisor, then
assumed the leadership of the fire brigade and left the CR for the fire location.

The shift supervisor summoned the local offsite fire department was summoned at 9:41 a.m., and
they arrived at about 9:58 a.m., (17 minutes later).  Upon arrival, the offsite fire department
recommended the use of water.  However, the shift supervisor, in consultation with other members
of plant operations team, decided to continue using non-water suppression media.  The shift
supervisor ultimately gave permission to use water about 90 minutes after the initiation of the fire
(i.e., about 10:30 a.m.,).  The fire fighters brought the fire under control within 4 minutes after initial
application of water and declared the extinguished about 2½ hours after initiation.

As noted, the fire was initiated as result of a failure of a switchgear breaker cubicle.  The fire
propagated out of the top of the cubicle and ignited vertical cable tray risers above the cubicle.
(One can inferr that the switchgear cubicle fire broke through the steel top of the panel and
propagated to those cables.  However, it is impossible to determine whether this was attributable
to heat damage to the top panel or whether the top panel may have been damaged in the initial
electrical fault.)  In its progression, the fire jumped over a fire stop installed in the vertical section
of the cable tray and continued to propagate.  As a results, the fire damaged cables in a 5-foot
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diameter column up to a height of about 10 feet above the panel top, and the associated heat
damaged the fire detectors immediately above the fire zone.

The fire eventually reached a horizontal cable tray about 17 feet above the floor (10 feet above the
top of the panel).  The fire then propagated horizontally until it came to a fire stop installed in the
horizontal cable tray about 8 feet from the junction with the vertical trays.  From the available
information, one can inferr that, for the horizontal segment of the cable trays, the flames were of
limited height and/or limited duration.  This is because the 6.9-kV power cables that were located
a few inches above the burning 4.16-kV cables were not ignited and had only minor surface
damage after the fire.

The fire also severely damaged two adjacent switchgear cubicles, but four other nearby cubicles
experienced exterior damage only.  The investigators postulated that the radiative heat reflected
from the shield wall separating the two switchgear trains caused the exterior damage to those four
cubicles.  The fire did not damaged any of the redundant train cubicles (on the opposite side of the
shield wall).

It is also interesting to note that the plant’s log records indicated erratic behavior of the A2 unit
auxiliary transformer breaker that was involved in the fire.  Operators also noted a few other erratic
indications on the control board during the course of the incident.  The records indicated that the
transformer breaker first showed closed and then open.  One can inferr from this that breaker
control circuit faults led to inaccurate indications on the sequence of events log.

The non-vital switchgear fire at Waterford Unit 3 had little impact on safety-related functions.
Switchgear fires are considered one of the most likely fire scenario in a nuclear power plant.

This incident provides an interesting account of what can happen to the switchgear cubicles and
the cables above it in the event of a switchgear fault and fire.  In this case, three cubicles suffered
extensive damage, and four experienced minor damage.  Further, the fire propagated through the
steel panel top into a vertical cable tray, about 10-ft up the vertical tray to a crossing horizontal tray,
and about 8-ft along the intersecting horizontal tray before being stopped by a raceway fire barrier.
The potential for fires inside closed electrical panels to propagate outside of the panel has been
a point of significant recent debate.  This incident clearly illustrates that this potential exists under
some conditions.

A second factor of interest is the fact that fire fighting was considerably delayed in this incident.
The delay was caused by three nominally unrelated factors, two of which related to decisions made
by plant personnel during the incident.

One of these three factors was the decision made by the shift supervisor, who insisted on direct
observation of flames before declaring a fire and activating the fire brigade.  It took close to 30
minutes an hour (from time of ignition) for two operators to don protective breathing apparatus,
enter the room, verify the presence of flames, seek out the source of the fire, retreat from the room
and report back to the CR.

The second factor related to the strategy used to fight the fire.  Once the fire was declared and the
fire brigade arrived on-scene, the fire brigade resisted using water on an electrical fire until multiple
attempts to extinguish the fire using portable extinguishers proved ineffective.  As a result, the fire
was allowed to burn far longer and observed damage was perhaps made worse than if prompt and
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effective fire suppression had been undertaken.  The licensee did not report the reason for the
failure of CO2, Halon, and dry chemical agent to control the fire.  

The final factor contributing to the delay in declaring a fire emergency is the position of the fire
protection annunciator panel and the suppressed sound of the alarm.  The panel was not readily
visible to the operators in the CR must have diverted attention from the fire panel.  It is important
to note that even after receiving a verbal report of smoke in the switchgear room, the operators did
not approach the fire protection panel to verify the condition of the fire detectors.

Another point of interest in this incident is the fact that operators noted a few erratic indications on
the control board during the course of the incident.  This indicates that control circuits can fail
erratically under fire conditions.  The licensee did not report the exact reasons for the observed
behavior.

This incident also demonstrated that a fire stop in a horizontal cable tray can be effective in
stopping the progression of the fire.  In this case, the fire propagation in the horizontal tray ended
at a raceway fire stop; however, a fire stop in a vertical cable tray may be ineffective.  In this case
the fire in the riser jumped past a fire stop and continued to propagate. It is not clear whether the
fire stop delayed propagation.   

References

Inspection Report 50-282/95-15, ?NRC Augmented Inspection of Waterford 3,” U.S. Nuclear
Regulatory Commission. July 7, 1995.

Information Notice 95-33, ?Switchgear Fire and Partial Loss of Offsite Power at Waterford
Generating Station, Unit 3,” U.S. Nuclear Regulatory Commission. August 23, 1995.  

Palo Verde Nuclear Generating Station Unit 2, April 4, 1996

On April 4, 1996, Palo Verde Unit 2 was in a refueling outage.  At 5:00 a.m., a fire watch detected
smoke in the back panel area of the control room (CR), emanating from the Train B emergency
lighting uninterruptible power supply (UPS) panel.  At about the same time, an auxiliary operator
discovered smoke and fire in the Train B DC equipment room at the 100-ft elevation of the auxiliary
building.  This second fire was discovered on the 480/120-volt essential lighting isolation
transformer.  However, multiple trouble alarms on the fire detectors masked the actual fire alarm
coming from this equipment room such that operators did not notice the valid fire alarm signal.

The fires led to the loss of power to the Train B CR emergency lighting circuits, some of general
plant essential lighting, and plant fire detection and alarm system panels.  The circuit breaker
supplying power to the UPS panel tripped open when cables in the conduit supplying the power
supply panel overheated causing various conductors to short-circuit.  The circuit breaker trip also
deenergized power to the fire detection and alarm panels in the auxiliary building.  The fire alarm
annunciator monitor (a computer screen) indicated a large number of fire detector trouble alarms
and these multiple alarms were scrolling on the monitor.  This was attributed to the deenergized
fire detection and alarm panels.
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The fire in the equipment room was reported by the auxiliary operator to the CR and the shift
supervisor activated the onsite fire brigade.  The onsite fire brigade attacked the fire immediately
and extinguished it in a short time.  It is not entirely clear whether the fire brigade also reported to
the CR or not.  The operators approximately handled the  fire in the CR and the CR fire was also
quickly extinguished.  The damaged caused by these fires was limited to the components of origin.
That is, neither fire propagated beyond its point of ignition.

In this incident, the fires were not severe either from a classical fire protection standpoint or a
nuclear safety standpoint.  The most interesting aspect of this incident is the occurrence of multiple
simultaneous fires, one of which occurred in the plant’s main control room.  Incidents involving
multiple initial fires have been observed in several other plants.  In some cases, particularly
incidents at non-U.S. reactors, the fires have led to extensive damage.

The cause of simultaneous fires at Palo Verde was traced to a fault in the isolation transformer
located in the Train B DC equipment room.  This failure caused a short-circuit fault to the station
ground through the transformer’s panel ground.  The neutral leg of the transformer was not
connected to ground.  Also, an inverter that served as the alternative essential lighting UPS was
improperly grounded.  The ground connection of the inverter served as the return path for the
isolation transformer’s ground fault, which passed through the essential lighting power supply
panel.  The conductors that carried the fault current were not designed to handle the high currents
caused by the fault. As a result, they overheated and ignited the combustible materials around
them.  Clearly, the common factor leading to multiple ignitions was a common overheated electrical
conductor.

It is also interesting to note that the fires in this case were, in effect, self-ignited cable fires.  An
electrical fault led to an ampacity overload on a particular cable, and the cable ignited in two
locations as a result.  The units at  Palo Verde are relatively new (Unit 2 construction began in 1976
and the current U.S. cable flammability standard, IEEE-383, was adopted in 1975); hence, one can
assume that the cable installed in the plant are of the low flame spread type.  This incident is one
of the very few incidents, if not the only incident, where a self-ignited cable fire in low flame spread
cable has not self-extinguished.  This incident appears to illustrate that the possibility of such fires
does exist at some level, although the actual frequency of such fires remains uncertain.

Reference

Information Notice 97-01, ?Improper Electrical Grounding Results in Simultaneous Fires in The
Control Room and the Safe-Shutdown Equipment Room, U.S. Nuclear Regulatory Commission.
January 8, 1997.

San Onofre Nuclear Generating Station, Unit 3, February 3, 2001

On February 3, 2001, San Onofre Unit 3, was operating at 39-percent power following a refueling
outage.  While switching offsite power sources for Unit 3, a 4160kV breaker (3A0712) faulted and
initiated a fire.  This resulted in a loss of power to Unit 3 nonsafety-related systems, a reactor trip,
a turbine/generator trip, and an automatic start of both Unit 3 emergency diesel generators (EDGs).

The main control room (MCR) received an annunciator fire alarm, along with a visual report of
smoke and flames at the 30-foot elevation switchgear room of the turbine building.  The incident
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was further complicated when the MCR annunciators were lost as a result of a tripped breaker
approximately 5 minutes into the event. 

The SONGS onsite fire department was dispatched upon receipt of the fire alarm in the switchgear
room and arrived at the scene within 7 minutes.  The on-scene fire department captain requested
additional support from an offsite fire department.  Firefighters observed that the room was
completely filled with heavy smoke, with essentially zero visibility.  The source of the heavy smoke
and heat was determined to be within the closed cubicle 4160-V switchgear cabinetry.  The
firefighters also noted flames from burning instrument gauges on the front of cubicle 3B14, which
is located directly across from the 4160-V breaker cubicle.  The onsite fire department captain
established a command post, initiated fire suppression using portable fire extinguishers, and began
ventilating the area.  Communication between the onsite fire department captain and the plant shift
manager was through the technical advisor at the scene.  The firefighters discharged portable
Halon and dry chemical fire extinguishers through the cabinet vents in an attempt to extinguish any
active fire within the cabinet.  The extinguishing agents had no noticeable effect on the production
of smoke.  The technical advisor transmitted to the operations shift manager a report that the fire
was out, although the fire department captain only advised the operations technical advisor that
flames were no longer visible.

With the exception of some low-voltage circuits, all power was isolated to the 4160-V switchgear.
The firefighters then determined that the cubicle door could be opened safely.  Upon opening the
cubicle door, the firefighters observed flames within the cubicle, and discharged additional dry
chemical in another attempt to extinguish the flames.  The firefighters then closed the cubicle door
as a containment measure.  The cubicle door was subsequently opened several times, and each
time the door was opened, in-rushing air caused the fire to reflash.  Firefighters then used dry
chemical each time the fire reflashed.

The fire department captain advised the operations technical advisor that the fire could not be
completely extinguished unless the firefighters applied water to the fire.  It appeared that the dry
chemical temporarily removed air from the fire, but did not reduce the heat, and the fire would
reflash once air was reintroduced.  The operations technical advisor relayed this request to the shift
manager for permission to use water on the smoldering area inside the cubicle to prevent reflash.
Because he was concerned that the buses were still energized with 125-V dc and low-voltage ac
power, the shift manager initially denied the fire department captain’s request to use water.
However, after the fire department captain spoke directly with the shift manager to advise him that
the deep-seated fire could not be extinguished unless water was applied, the shift manager granted
permission to use water to extinguish the fire.  The fire was ultimately extinguished after firefighters
applied water.  The deep-seated fire burned for approximately 3 hours before finally being
extinguished.  The licensee later determined that communication weaknesses in identifying the
actual fire status during the event contributed to the delay in extinguishment.

Discussion

The extensive damage made it difficult to determine the exact cause of the fault.  The licensee
found that the 4160-V switchgear phase C arcing contact had completely melted, and concluded
that the phase C circuit breaker failed to close completely during the bus transfer.  The breaker was
approximately 25 years old and had its last preventive maintenance performed in 1997.  The
licensee also believed that arcing, fire, smoke, and ionized gases in the 4160-V circuit breaker
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caused multiple faults on a 3A07 bus and the offsite power circuit terminal connection at circuit
breaker 3A0714. 

The licensee also determined that the fire event generated a much higher heat release rate (HRR)
than would normally be assumed in typical fire risk modeling to perform probabilistic risk
assessment (PRA).  In “A Supplement to EPRI Fire PRA Implementation Guide (TR-105928),”
report SU-105928, the Electric Power Research Institute (EPRI) provides data for electrical cabinet
fires, indicating an HRR of either 68.60 kW or 200.50 kW (65- or 190 Btu/sec), depending on the
type of cable installed.  The EPRI data focus on the HRR contributions of combustibles in the
electrical cabinet (only cable insulation) and neglect the large amounts of electrical energy that may
be released from electrical faults.  According to a report by the NRC’s Office of Nuclear Regulatory
Research, entitled ?Operating Experience Assessment Energetic Faults in  4160-V  kV to 13800-V
Switchgear and Bus Ducts That Caused Fires in Nuclear Power Plants in 1986–2001” (ADAMS
Accession # ML021290358, February 28, 2002) for medium- and high-voltage applications, the
research indicates that these HRR values [68.60 kW and 200.50 kW (65- and 190 Btu/sec)] may
be under predicted by a factor of 1,000. 

This operating experience indicates that equipment rated at  4160-V and higher is vulnerable to
particularly energetic electrical faults.  This event demonstrates that energetic electrical faults
instantaneously release large amounts of electrical energy and may bypass the normal fire initiation
and growth stages.  In the SONGS fire event, the equipment that caught fire was directly
connected to the auxiliary transformer (AT), which is powered from the grid or main generator.  If
a circuit breaker is stuck or slow in responding, there is sufficient energy to cause an explosion and
vaporize metal in a few cycles.

Conclusion

This event demonstrates the importance of using water to extinguish deep-seated electrical cable
fires.  It is similar to previous fire events (Browns Ferry 1975, Waterford 1995) in which delayed
application of water on electrical fires extended the duration of the fires and delayed recovery from
the events.  It is essential that fire brigade and operator training address the appropriate use of
water in firefighting operations in energized electrical equipment.  This event also highlights that
the HRR from fires in electrical cabinets may be much greater than  assumed in NPP fire hazard
analysis (FHA). 
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Significant Event Report, SER 5-01, ?4-kV Breaker Failure Resulting in a Switchgear Fire and
Damage to the Main Turbine Generator,” San Onofre Nuclear Generating Station Unit 3.
September 21, 2001.

Point Beach Nuclear Plant, Unit 1, April 24, 2001 

On April 24, 2001, while Point Beach Unit 1 was shut down and defueled for refueling outage
U1R26, a fire occurred in the “A” steam generator (S/G) vault on the access platform to the primary
side manway covers.  The fire was believed to originate as the result of a short in a 12-Vdc
communication box.  The fire consumed a bag of rags and testing equipment debris, and lasted
for approximately 23 minutes.  After multiple failed attempts in which the fire brigade discharged
approximately 70 pounds of dry chemical (3 portable fire extinguishers), the fire was finally
extinguished using 15–20 gallons of water.  The licensee reported that approximately 50 percent
of the containment basement floor (8 feet elevation), 50 percent of the “A” S/G vault, and 30
percent of the “A” reactor coolant pump (RCP) vault were covered in white dust (dry chemical fire
extinguishing agent).  Also, a white dust layer was visible on components on the main refueling
floor (66 feet evaluation).  Smoke and soot resulting from the fire left a mark about 4 feet wide by
25 feet high against the vault wall.

Discussion

The dry chemical extinguishing agent is discharged by an inert gas when a fire extinguisher is
used.  All forms of dry chemical act as extinguishing agents to suppress the flame of a fire
(Friedman, 1998), but may require extensive cleanup after use, as illustrated by this event.

Most chemical extinguishing agents can produce some degree of corrosion or other damage, but
of the seven types of dry chemicals, monoammonium phosphate is especially acidic and tends to
corrode more readily than other dry chemicals, which tend to be more neutral or mildly alkaline.
Furthermore, corrosion resulting from the other dry chemicals is stopped in a moderately dry
atmosphere, while phosphoric acid generated by using monoammonium phosphate has such a
strong affinity for water that an exceedingly dry atmosphere would be needed to stop the corrosion.

Application of dry chemical agents on electrical fires is considered a safe practice from the
viewpoint of electric shock.  However, these agents, especially monoammonium phosphate, can
damage delicate electrical equipment.

One potential issue with using dry chemical extinguishers results from the sudden release of the
agent and the large area of discharge.  Dry chemicals become sticky when heated and, therefore,
are not recommended for locations where it may be difficult to remove residue from equipment.
It is important to note that when water is applied to the affected areas, corrosion will occur because
moisture initiates a chemical reaction that accelerates corrosion of equipment exposed to the dry
chemical.  

Dry chemicals are generally nontoxic, but can pose a health hazard when used in closed areas.
Persons who breathe concentrations of the dry chemical powder may experience respiratory
irritation and coughing.  When dry chemicals are discharged into an enclosed area, impaired
breathing and reduced visibility should be considered.
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Conclusion

Although the Point Beach incident lasted approximately 23 minutes, it was not a large fire in terms
of HRR.  The dry chemical extinguishing agent did suppress the fire, but failed to completely
extinguish the fire (the fire reflashed twice).  The fire brigade unsuccessfully attempted to
extinguish the fire with dry chemical agent three times before easily extinguishing it with a hose line
(water).  A more thorough selection of extinguishing media should be considered in light of the
cleanup effort from the small fire.  It is important to recognize that the fire was successfully
extinguished with a relatively small quantity of water, which required minimal post-fire cleanup.  
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Prairie Island Nuclear Generating Plant, Unit 1, August 3, 2001

On August 3, 2001, at 8:44 p.m., an operator enroute to the Unit 1 bus 11/12 area observed fire
and smoke, but could not identify the cubicle from which it was originating.  The operator entered
the bus 13/14 room and called the main control room (MCR) to report the fire.  The MCR
immediately initiated the fire alarm and activated the onsite fire brigade.  The MCR also notified the
offsite Red Wing Fire Department (RWFD).

The fire brigade entered the turbine building to assess the extent and exact location of the fire.
They reported flames in the upper and lower compartments of the 12-4 cubicle and along the left
side of the breaker.  They also found that the door in both the upper and lower compartments of
the cubicle were blown open. 

At 8:58 p.m., the fire brigade began initial suppression of the fire using three portable carbon
dioxide (CO2) extinguishers and one Halon extinguisher through the open front door of the breaker
cubicle.  The fire was not extinguished, and the fire brigade observed electrical arcing in cubicle
12-4.

The fire appeared to be localized in one area and not spreading.  The initial efforts to deenergize
the bus from the MCR failed.  The fire brigade chief reported to the MCR that breaker 12-4 was still
energized, as evidenced by arcing observed in cubicle 12-4.  Because of the uncertainty as to
whether bus 12 was deenergized, the Unit 2 shift supervisor decided to deenergize the 1R
transformer.  The fire department reported to the MCR that there were small flames and heavy
smoke in breakers 12-1 and 12-4.  At 10:13 p.m., approximately 1.5 hours into the event, the fire
brigade extinguished the fire with assistance from the RWFD. 
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Discussion

The fire was extinguished after 1.5 hours by using more than 20 portable CO2 fire extinguishers
in the evolution (in addition to the 3 CO2 extinguishers and 1 Halon extinguisher used in the initial
attack).  One factor that complicated extinguishing the fire was the decision not to use water
because of energized electrical equipment.  This resulted in continued burning and elevated
temperature.  Because of the elevated temperature caused by this electrical fire, two fire brigade
members were treated for heat exhaustion at the site, and one of them was subsequently
transported to the hospital for further treatment.  In addition, several inches of the copper feed
stabs from the 1M transformer completely vaporized during this fire (providing additional evidence
of high temperature).
 
The licensee determined that the cause of the event was a poor electrical connection between the
breaker 12-4 C-phase primary disconnect assembly (PDA) and the 1MY bus stab, which caused
the PDA to overheat.  The arcing also actuated the protective relaying, which resulted in an
automatic turbine/reactor trip.  The arcing event at breaker 12-4 released enough energy to cause
the cubicle to expand and the door to be blown open.  The breaker compartment was heavily
oxidized and holes were burned through the cubicle on either side of the breaker.  The arcing event
destroyed many of the springs and fingers in the PDAs.  A few were found at the very bottom of
the debris, particularly below C phase.

Conclusion

The root cause evaluation of the nonsafety-related breaker fire concluded that maintenance
practices could have contributed to the failure of the PDA by creating a poor connection, which
caused localized over heating of parts of the PDA.  This overheating caused the PDA to
disintegrate.  At that point, the loose parts of the PDA created a short-to-ground path.  Once the
arc was struck, phase-to-phase faulting occurred between the A-B and B-C phases.  The initial
arcing to ground quickly interrupted the dc circuit below the breaker pan (located directly below the
PDA). 

In this fire event, the use of portable CO2 and Halon fire extinguishers may not have been the most
effective choice of extinguishing agent to use.  Operating experience in energized electrical
equipment fires shows that the use of a relatively small quantity of water was effective in successful
fire extinguishment.
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Fort Calhoun Station, Unit 1, December 19, 2001

In October 2001, the licensee for Fort Calhoun Station began a surveillance of the Unit 1
containment prestressing system.  This surveillance included testing the tension of the containment
concrete tensioning cables.  It also involved pumping lubricating grease into the containment
tendon sheathings to replace the grease that had been lost as a result of leakage.  In support of
this activity, 55-gallon drums of grease were located in the tension gallery.  During this surveillance
activity, the plant personnel discovered that the grease was too cold to pump and would need to
be heated before use.  Drum heaters were, therefore, used on the outside of the drums to heat the
grease and facilitate pumping into the containment tension sheathings.  Two drum heaters were
used, one powered from a receptacle located in the tension gallery and the second powered from
a receptacle located in room 22.  In order to supply power from the outlet in room 22 to one of the
drum heaters, two extension cords were connected in series and routed through the open door
separating room 22 from the tension gallery.  At the end of the day, the drum heater powered from
the receptacle in room 22 was left energized to keep the grease warm overnight so that work could
begin the next morning. 

Unbeknownst to plant personnel involved in performing the surveillance, the extension cords used
to power the drum heater were not rated for this application.  The extension cords were rated at
15 amperes, and had male connections that would only allow them to be connected to 15-ampere
receptacles.  However, the 20-ampere male connection on the drum heater had been
inappropriately modified to allow it to be connected to a 15-ampere plug or receptacle.  The
licensee later determined that the, 2000-watt drum heater drew a current of 17.39 amperes.

As a result of using underrated extension cords, the extension cords continued to heat up during
the evening.  The extension cords eventually overheated and ignited the plastic on the radiological
control point stepoff pad and a rubber air hose.

On December 19, 2001, at 2:48 a.m., the MCR operators received an alarm from an ionization
smoke detector located in room 22.  A control room operator dispatched the auxiliary building
operator and a radiation protection technician to investigate the cause of the fire alarms.  The
auxiliary building operator arrived at the door to room 22, cracked the door open, and determined
that there was too much smoke to enter the room without using protective firefighting bunker gear
and a self-contained breathing apparatus (SCBA) and informed the MCR.  The fire brigade was
activated while operators entered the abnormal operating procedure for fighting fires.  During this
event, the MCR received another ionization smoke detector alarm in corridor 4. 

The fire brigade laid out an attack line from the hose cabinet outside room 22 and a backup line
from the cabinet outside room 6 before the attack team prepared to enter room 22.  The attack
team entered room 22 and proceeded down the stairs toward the entrance to the containment
tension stressing gallery.  The nozzle man described room 22 as being completely filled with smoke
with no visibility.  The smoke that traveled from room 22 through the open door caused the
actuation of the water curtain open head deluge system on the auxiliary building stairwell, which
resulted in water being sprayed onto safety-related motor control centers (MCCs), which
subsequently caused actuation of the 480-V bus ground alarms in the MCR. 
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          Standard  
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These MCCs are safety-related but are not required to function during a safe shutdown event, as
defined by Appendix R to Title 10, Part 50, of the Code of Federal Regulations (10 CFR Part 50).
Operators also restarted the room 22 ventilation to remove the smoke.
  
Discussion

Licensee personnel performed unauthorized modifications to the male connections of two drum
heaters, allowing them to be inserted into underrated outlets and extension cords, which ultimately
caused the fire.  The licensee concluded that the root cause of the fire was the modification of the
male connection on a 2,000-watt drum heater.  The plug on a second 2,000-watt drum heater was
also found to be modified.  This unauthorized modification defeated a manufactured safety device
(electrical connector standards), thereby allowing the heaters to be energized using undersized
extension cords and electrical outlets.  On one of the plugs, a prong was twisted 90 degrees to
make it similar to a 15-ampere plug.  On the other heater, the plug was completely removed and
replaced with a 15-ampere plug (see illustrations below).

Conclusion

The fire was a result of modified plugs on two drum heaters, which defeated the intent of the design
of electrical outlets.  The licensee failed to with comply the procedural requirements for a temporary
modification.  The heavy smoke from the fire caused a deluge sprinkler system to actuate in a
different fire area which sprayed on safety-related electrical equipment.  10 CFR 50.48(a) requires
licensees to have a fire protection plan that meets General Design Criterion (GDC) 3 of Appendix
A to 10 CFR Part 50.  GDC 3 requires that structures, systems, and components that are important
to safety shall be designed and located to minimize, the probability and effect of fires and
explosions, consistent with other safety requirements. 

Reference

Fort Calhoun Station NRC Special Team Inspection Report, 50-285/02-06, U.S. Nuclear Regulatory
Commission. April 5, 2002. (ADAMS Accession # ML020960001).
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APPENDIX I. MATHEMATICS REVIEW AND SYSTEM OF UNITS

This appendix discusses the following topics, which provide the essential, mathematical foundation
for quantitative fire hazard analysis: 

I.1    Mathematics Review

While it was our goal to minimize the use of mathematics as much as possible, there is a need to
use some relatively simple mathematics to understand the principles of fire dynamics used in this
NUREG.  The mathematical methods used in this NUREG hinge on an understanding of units of
measurement, the ability to read various types of graphs, the ability to solve simple algebraic
equations and to determine the unit consistency of an equation, and the ability to use simple
functions commonly found on a basic scientific calculator.  The spreadsheets were designed with
this in mind, i.e., each sheet shows equations and variables being input.  It was the authors goal
to further the science of fire dynamics while not burdening the users down with complex
mathematical operations.  Like wise it’s the users responsibility to use the spreadsheets to gain an
understanding of fire dynamics and not view them as ?black boxes”. 

I.1.1       Units of Measurement

Fire dynamics most often uses units of measure from the system international (SI) metric system.
While this may seen foreign at first, the transition to metric units is relatively easy and, once
mastered, the metric system is much easier to use than English units of measure.  Many of the
spreadsheets are designed to allow the user to enter the information in English units, the
spreadsheet will convert them to SI units, solve the problem and convert the answer back to
English units.

Table I.1-1 summarizes the basic units of measure.  These are units of length, mass, time,
temperature, electric current, amount of light, and quantity of matter.  All other units can be derived
from these seven basic units.  For instance, velocity (or speed) is a derived unit, expressed as
meter per second (m/s), which is formed from the units of length and time. 

Table I.1-1. Basic Units

Units of Measure Symbol Unit (SI) SI Symbol

Length L meter m

Mass m kilogram kg

Time t second s

Temperature T Celsius, Kelvin °C, K

Electric current A ampere A

Amount of light cd candela cd

Quantity of matter mol mole mol
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Table I.1-2 presents a partial listing of the derived units that are useful in fire dynamics.  The table
does not include units relevant to electricity, magnetism, or other areas that are not relevant to fire
dynamics.  Note that some units named after individuals are capitalized, while other units are not.
For example, because the unit of power watt is named for James Watt of steam engine fame,  the
abbreviation (W) is capitalized. 

Table I.1-2. Derived Units

Unit of Measure Unit (SI) SI Symbol

Acceleration meter per square second m/s2

Area square meter m2

Density kilogram per cubic meter kg/m3

Energy joule (J) N-m

Force newton (N) Kg-m/s2

Frequency hertz (Hz) l/s

Heat (quantity) joule (J) N-m

Heat flux kilowatts per square meter kW/m2

Illuminance lux (lx) lm/m2

Luminance candela per square meter cd/m2

Luminous flux lumen (lm) lm/m2

Power (heat release rate) watt (W) J/s

Pressure pascal (Pa) N/m2

Radiant intensity watt per steradian W/sr

Specific heat joule per kilogram-kelvin J/kg-K

Stress pascal (Pa) N/m2

Thermal conductivity watt per meter-kelvin W/m-K

Velocity meter per second m/s

Viscosity, dynamic pascal-second Pa-sec

Viscosity, kinematic square meter per second m2/s

Volume cubic meter m3

Work joule (J) N-m
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Simple units of the types shown in Table I.1-1 and I.1-2 can be cumbersome if the magnitudes are
very large or very small.  For example, it is problematic to speak of distances between cities in
meters (as in ?City A is 5,000 meters from City B”).  While this distance may be accurate, meters
is not the most convenient unit in terms of magnitude.  To avoid very large and very small numbers,
the metric system uses prefixes to modify the magnitude of the basic unit.  For example, 5,000 m
is equivalent to 5 km.  The prefix k refers to kilo and indicates multiplication by 1,000.  Table I.1-3
lists the common prefixes used in the metric system form names and symbols of multiples (decimal
multiples and sub-multiples) of the SI units.  While these prefixes are optional, they often simplify
matters.  The distance in the example above 5,000 m or 5 km) is a common foot race distance,
which is often further simplified by referring to a 5-k race. 

Table I.1-3. SI Prefixes

Multiplication Factors Prefix SI Symbol

1 000 000 000 000 = 1012

1 000 000 000 = 109

1 000 000 = 106

1 000 = 103

0.01 = 10-2

0.001 = 10-3

0.000 001 = 10-6

0.000 000 001 = 10-9

0.000 000 000 001 = 10-12

0.000 000 000 000 001 = 10-15

0.000 000 000 000 000 001 = 10-18

tera
giga
mega
kilo
centi
milli
micro
nano
pico
femto
atto

T
G
M
k
c
m
�

n
p
f
a

Table I.1-4 introduces another useful concept, known as scientific notation.  Rather than writing out
1,000,000, it is useful to use scientific notation, which indicates the number of zeros as an
exponent.  In Table I.1-3, we see an entry for the prefix mega, which refers to multiplication by
1,000,000 or, in scientific notation, 106 or 10E+06.  Thus, a distance of 5,000,000 m could be
expressed as 5 x 106 m or 5 Mm.  We see that scientific notation has essentially the same function
as the prefixes.  

Table I.1-4. Scientific Notations, Prefixes and
Abbreviations 

Multiplier Prefix Abbreviation

1012 tera T

109 giga G

106 mega M

103 kilo k

102 hecto h

10-2 centi c
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Table I.1-4. Scientific Notations, Prefixes
(continued)

Multiplier Prefix Abbreviation

10-3 milli m

10-6 micro �

10-9 nano n

10-12 pico p

10-18 atto a

While the information required for use in fire dynamics is generally available in metric units, the
data are sometimes available only in English units and conversion to metric is needed.  Table I.1-5
gives some of the most common conversions required for fire dynamics.  These conversions are
simple to apply.  For example, to convert from feet to meter, multiply the number of feet by 3.048
x 10-1 (0.3048) to get the number in meter.  Many of the spreadsheets have this conversion
features built in to the sheet.

Table I.1-5. Selected Unit Conversions

To Convert from To Multiply by

Area
     foot2

     inch2
meter2 (m2)
meter2 (m2)

9.290304 x 10-2

6.451600 x 10-4

Energy/Area Time
    watt/centimeter2

watt/meter2 (W/m2) 1.0 x 104

Length
    foot
    inch

meter (m)
meter (m)

3.048 x 10-1

2.540 x 10-2

Mass/Area
    pound-mass/foot2 kilogram/meter2 (kg/m2)

4.882428 x 100

Mass/Volume (including
Density and Mass Capacity)
    pound-mass/foot3

kilogram/meter3 (kg/m3) 1.601846 x 101
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Table I.1-5. Selected Unit Conversions (continued)

To Convert from To Multiply by

Pressure
    atmosphere
    bar
    inch of mercury
    inch of water
    pound-force/inch2 (psi)
    torr mm Hg, 0 °C)

Pascal (Pa)
Pascal (Pa)
Pascal (Pa)
Pascal (Pa)
Pascal (Pa)
Pascal (Pa)

1.01325 x 105

1.0 x 105

3.37685 x 103

2.4884 x 102

6.894757 x 103

1.33322 x 102

Temperature
    degree Celsius
    degree Celsius
    degree Celsius
    degree Fahrenheit
    degree Fahrenheit
    degree Fahrenheit
    Kelvin
    Kelvin
    Kelvin
    Rankine
    Rankine
    Rankine

degree Fahrenheit (°F)
Kelvin (K)
Rankine (R)
degree Celsius (°C)
Kelvin (K)
Rankine (R)
degree Celsius (°C)
degree Fahrenheit (°F)
Rankine (R)
degree Celsius (°C)
degree Fahrenheit (°F)
Kelvin (K)

9/5 °C + 32
°C + 273.15
5/9 (R + 491.67)
5/9 (°F - 32)
5/9 °F + 255.37
°F + 459.67
K - 273.15
9/5(K - 255.37)
9/5 K
5/9 (R - 491.67)
R - 459.67
5/9 R

Time
    day (mean solar)
    hour (mean solar)
    minute (mean solar)

second (s)
second (s)
second (s)

8.640 x 104

3.60 x 103

6.0 x 101

Velocity (includes Speed)
    foot/second
    mile/hour

meter/second (m/s)
meter/second (m/s)

3.0480 x 10-1

4.4704 x 10-1

Volume (including Capacity)
    foot3

    gallon (U.S. liquid)
    liter

meter3 (m3)
meter3 (m3)
meter3 (m3)

2.831685 x 10-2

3.785412 x 10-3

1.0 x 10-3

The approach taken in converting from customary English units to SI units has been to retain the
precision of the original measurement.  For example, ?It is about 8-miles,” properly translates to ?It
is about 13 kilometers.”  Thus, would be inappropriate to convert the imprecise 8-mile
measurement to a precise value of 12.875 kilometers (based on the exact conversion).  The degree
of precision implied by such an exact conversion is simply not implied by the original measurement.
Therefore, conversions have been chosen to properly reflect the precision of the original
measurement.  For example, a 12-foot run of sprinkler piping converts to 3.7 meters, if the piping
is measured to the nearest inch.  If measured to the nearest foot, the appropriate conversion is 4
meters.
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For the most part the SI units into which quantities have been converted follow the SI practice of
expressing a quantity so that its numerical value falls between 0.1 and 1,000.  For example, 14.7
psi would be converted to 101 kPa, not 101,000 Pa.  Some deviations from this practice have been
allowed in instances where several values of the same quantity are being compared or presented
in tabular form.  For example, if four fire test samples have masses of 500 kg, 800 kg, 900 kg, and
1,200 kg, it would be inappropriate to express the last entry as 1.2 Mg.

I.1.2 Math Functions

This section discusses several mathematical functions that are common to many of the equations
and empirical correlations used in fire dynamics.  These functions can all be calculated using a
simple scientific hand calculator.

 
(1) A ?power” is an exponent (x) that operates on a base (y) real number in the function yx.

When the power is a whole number, the function can be expressed as the base multiplied
by itself the number of times indicated by the power.

yx = (3.2)3 = (3.2) x (3.2) x (3.2) = 32.768

When the same base (y) is raised to different powers and the quantities are multiplied, the ?powers”
are added, as illustrated by the following examples:

(a) � � � � � � � �Q Q Q Q
3
2

4
2

3
2
4
2

7
2. � �

�

(b)     � � � � � � � �Z Z Z Z2 3 2 3 5. � �

�

Similarly, when the same base (y) is raised to different powers and the quantities are divided, the
power are subtracted as illustrated by the following examples:

(a)         � �

� �
� � � �

Q

Q
Q Q

3
2

2
2

3
2
2
2

1
2� �

�

(b)             � �

� �
� � � �

� �

Z

Z
Z Z

Z Z

2

3
2 3 1

1
1 1

� � � �

� �

By contrast, when a power (x) is raised to another power, they multiply, as illustrated by the
following example:

� � � �Z.Q Z
1
2

�

�
�

�

�
� � �

3
1 3 1

2
3 3

3
2x xQ Z Q. .

Finally when a number or variable has no ?power”, it is assumed to be raised to the power of 1
because any ?base” raised to the ?power” of 1 is equal to the ?base” as illustrated by the following
examples:



I-7

(Z)1 = Z
(Q)1 = Q

In summary, the following examples are valid mathematical equations using powers:

(a)  Q Q Qx r x r
�

�

(b) Q
Q

Q
x

r
x r

�
�

(c) � �Q Qx r xr
�

A scientific calculator typically has a yx button.

(2) A logarithm is an exponent indicating the power to which a fixed number (the base) must
be raised to produce a given number.  For example, if nx = a, then the logarithm of a, with
n as the base, is x, as illustrated by the following function:

LOGn (a) = x

Scientific calculators typically have two logarithmic buttons typically identified as LOG and LN.
In such cases, LOG returns the logarithm of the imputed value using a base equal to 10.

This common logarithm functions as follows:

LOG10 (value entered) = x (value calculator returns)

By contrast, LN returns the logarithm of the imputed value using the base equal to ?e”, which is the
real number for which the whose natural logarithm is 1 (�2.718).  This ?natural logarithm” function
as follows:

LOGe (value entered) = x (value calculator returns).

I.1.3 Solving Equations

?Equation solving” is a central theme in mathematics which is considerably broader than the
treatment given here.  The FDTs we are using for fire hazard analysis (FHA) is simply based on
algebraic equations, in which we substitute numbers for the variables and calculate a numerical
result.  This calculation hinges on inserting numbers for the variable names with units included, and
then checking or adjusting the units to ensure dimensional consistency through a process called
dimensional analysis.  This process is based on the principle that units associated with numbers
are operated on, just as the numerical values are, through algebraic manipulations.

Units follow the rules set forth for powers, because units can also have associated powers.

! When divided, units cancel through power subtraction, as illustrated by the following
examples:
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(a) kg m
kg

kg m m�

� � �
�1 1

(b) kg m
kg

kg m kg m
3

3 1 2�

� � � �
�

! When multiplied units combine through power addition, as illustrated by the following
examples:

(a) 3 5 152 3kg x kg kg�

�
�

�

�
�

�

�
�

�

�
� �

(b) m m
kg

m
kg

�

�2

2

2

! When raised to other powers, units powers are multiplied, as illustrated by the following
examples:

(a) x kg m s x kg m s x kg m s
1
3 3 2

1
2 1

2
1
3
1
2

31
2
21
2

1
2

1
6

3
2 1�

�
�

�

�
� � �

The horizontal flame spread rate on thick solid fuels equation will serve as good illustration::

� �
V

k c T Tig a

�
�

�

�
2

Where:
V = flame spread rate (m/sec)

 = a flame spread modulus (kW)2/m3 (determined experimentally)�

k�c = thermal inertia (kW/m2 K)2 sec
Tig = material ignition temperature (°C)
Ta = initial material temperature (°C)

The literature provides the following data for plywood:

 = 12.9 (kW)2/m3
�

k�c = 0.54 (kW/m2 K)2 sec
Tig = 390 °C

We cannot solve for the flame spread rate until we select a material temperature Ta.  Indeed, the
point of the equation is to show how the flame spread rate varies with material and material
temperature.  As an example, let’s use Ta = 200 °C.  Substituting the numerical values in the
equation, we can compute the flame spread rate on plywood, as follows:
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� �

V

kW
m

kW
m K

C C
�

�
�
�

�
�
� � 	 �

�

�
�

�

�
�

129

054 390 200

2

3

2

2 2

.

. sec

� �� �
V

kW
m

kW
m K

C
�

�

129
054 190 2

2

3

2

4 2
2

.
. sec

We can now use a calculator to perform the multiplications and division to obtain an answer as
follows:

V

kW
m

kW
m K

C
�

�

0 00066

2

3

2

4 2
2

.
sec

It remains to check the consistency of the units.  The kW2 and m3 in the above equation, as follows:

V
C

m K

�

�

0 00066 1
2

2

.
sec

At first inspection, it does not appear that the two temperature units will cancel, even though they
are both raised to the power of 2.  However, because the °C2 unit comes from a temperature
difference, it will cancel because the only difference between °C and K is an added constant.  Thus
to convert from °C to K, you add 273, as follows:

(390 °C - 200 °C)2 = [(390 °C + 273 K) - (200 °C + 273 K)]2 
       = [663 K - 473 K]2

       = 190 K2

The result in terms of temperature differentials (�T),190 °K2 is the same as 190 °C2.

If the °C term were not difference, it would require the conversion to K2.  Thus, in this case, the °C2

and the K2 units cancel.

V

m

� 0 00066 1. sec

The resulting unit is m/s as follows:.

V m
� 0 00066.

sec



I-10

Thus, the result is complete and the units are consistent and reasonable.  Meter/second (m/s) is
the unit of velocity as the equation indicated it should be.

I.1.4 Cautions with �T Conversions

A word of caution is in order about converting temperature between Celsius (°C) and Fahrenheit
(°F).  For conversion between the temperature scales:

°F = (°C x 1.8) + 32

°C = (°F - 32) / 1.8

For example, to convert the temperature 250 °F to °C;

°C = (250 °F - 32) / 1.8
     = (218) / 1.8
     = 121.11 ~121 °C

However, to establish a ration such as a temperature rise (�T);

°F = (°C x 1.8) 

°C = (°F / 1.8)

For example, to convert a temperature rise (�T) of 250 °F to °C;

°C = (250 °F / 1.8)
     = 138.89 ~ 139 °C

Note that ASTM E119, ?Standard Test Method for Fire Tests of Building Construction and
Materials,” properly applies these conversions as illustrated in ?Tests of Nonbearing Walls and
Partitions,” Section 18.1.3, ?Transmission of heat through the wall or partition during the fire
endurance test shall not have been such as to rise the temperature on its unexposed surface more
than 250 °F (139 °F) above its initial temperature”.

NFPA 251, 1995 Edition, ?Standard Method of Fire Tests of Building Construction and Materials,”
does not make this same conversion, ?Transmission of heat through the wall or partition during the
fire endurance test shall not be sufficient to rise the temperature on its unexposed surface more
than 250 °F (121 °C) above its initial temperature.  For the purpose of this NUREG, the conversion
of ASTM E119 will be used. 

I.1.5 Miscellaneous Information

The following information provide that involve measurement of geometrical quantities in the form
of diameter, circumference, and area etc.
 
! To find the diameter of a circle, multiply the circumference by 0.31831.
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D Cc � 031831.

! To find the circumference of a circle, multiply the diameter by 3.14159.

C D Dc � �� 314159.

! To find the area of a circle, multiply the square of the diameter by 0.78539.

A D Dc � �

�

4
0 785392 2.

! To find the surface of a sphere, multiply the square of the diameter by 3.14159.

A D Ds � ��
2 2314159.

! To find the volume of a sphere, multiply the cube of the diameter by 0.52369.

V D Ds � �

�

6
0523693 3.

! Doubling the diameter of a pipe or hose increases its capacity four times.

2 4D Capacity�
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I.2 Notation Conventions

This section provide various notation conventions used in the fire dynamics to expressed a quantity
related to fire protection engineering, for example, heat flux density or heat release rate .� �� ��q � ��Q

X, x Generally letters are assigned to physical phenomena.  In fire protection
engineering there is often a  special significance implied by either upper or lower
case.  The use of notation is important in fire dynamics, upper and lower case are
recommended.

The following symbols indicate additional characteristics of a single quantity to simplify both
memorization needs and dimensional verification of calculations.

A dot over a letter means that quantity ?per unit time” (e.g., rate).�X

A double dot over a letter means that quantity ?per unit time per unit time” (e.g.,��X

acceleration is the change in velocity over a period of time).

An apostrophe to the right of a letter means that quantity ?per unit length”.�X

Two apostrophies to the right of a letter means that quantity ?per unit area.”��X

Three apostrophies to the right of a letter means that quantity ?per unit volume.”���X

A bar over a letter means the arithmetic average value (the mean value) of varyingX

quantity.

The following usage conventions also apply to the equations used in FHA.

Notations may be combined as needed.���X

kW With unit abbreviations, it is customary to use a capital letter when the abbreviation
signifies a person’s name (e.g., W for Watt, kW for kilowatt).

x/y Units in the denominator are generally shown without a prefix (s, m, etc.), but there
is an exception (i.e., kg).

 
x/(y z0) Quantities with more than one unit in the denominator are shown with the

denominator in parentheses and units separated by a space.

I.2.1 Reference

SI Units Fire Protection Engineering, 1980 Report of the Measurement of Fire Phenomena
Committee, Society of Fire Protection Engineers (SFPE), Boston, Massachusetts, March 1980.
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I.3 System of Units

When expressing a physical quantity by a numerical value, a unit must be selected for that quantity
defined by appropriate notation, letters or symbols. Certain units are by convention regarded as
dimensionally independent; these units are called base units, and all other units (derived units) can
be expressed algebraically in terms of the base units.  The following section describes the
fundamental basic and derived units of measurements. 

I.3.1 Length, Area, and Volume Units

The basic SI unit of length is the meter (m).  Originally, the meter was selected as one ten-millionth
of the distance from earth’s equator to the North Pole.

The basis SI units of area is square meter (m2), square centimeter (cm2), and so on.  Land areas
are expressed in hectares (ha); 1 hectare is 10,000 m2.  The English equivalent of the hectare is
2.47 acres.

Similarly, volume is expressed in cubic meters (m3), cubic centimeters (cm3), and so on.  The liter
(L), which is also is commonly used as a unit of volume, is the same as 1 cubic decimeter (dm3)
or 1,000 cubic centimeters (cm3).  The English equivalency of the liter is 0.264 U.S. gallons.

I.3.2 Mass and Density Units

The basic SI unit of mass is the kilogram (kg).  The kilogram was selected because it is
approximately the mass of 1 liter of water.  The gram (g), also widely used, is one one-thousandth
of a kilogram, which is approximately the mass of 1 cubic centimeter of water.  (Water expands or
contracts slightly as its temperature changes.)

Density (mass per unit volume) is generally expressed in grams per cubic centimeter (g/cm3) or
kilograms per cubic decimeter (kg/dm3).  The numerical value of density is the same in either of
these units.  ?Specific gravity” refers to the ratio of the density of a substance to that of liquid water.

Confusion often exists between mass and weight.  Weight refers to the force acting on an object
because of gravitational attraction.  As such, it is a convenient way to measure mass at sea level
on earth.  However, if an object were on the moon, its weight would be only about one-sixth of its
weight on earth and in an orbiting space station, the object would be weightless; however, its mass
would be the same in each case as it is on earth.  The mass of an object is the sum of masses of
its constituent atoms and is invariant (except in a nuclear bomb explosion, when mass changes into
energy). This fact can be proved by an experiment measuring the inertia of an object (the force
needed to accelerate it the object). 

I.3.3 Time Units

Units of  time are the same in the SI system as in the English system.  The basic unit is the 
second (s).
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I.3.4 Force and Pressure Units

The basic unit of force in the SI system is the newton (N).  A newton is the force needed to
accelerate a mass of 1 kg at the rate of 1 m/sec2.  In the English system, 1 lb of force will
accelerate 1 lb of mass at the rate of 32.2 ft/sec2.  This definition was selected so that 1 lb of mass
at sea level would feel a gravitational attraction of 1 lb of force. 

From the relationships between the pound and the kilogram, and between the foot and the meter,
it is easy to show that a newton is equal to 0.224 lb of force.  The gravitational force on 1 kg of
mass at sea level is 9.81 N.

Pressure is force per unit area.  The basic SI unit of pressure is the pascal (Pa), which is 1 N/m2.
One Pa is a very low pressure; therefore, we also use a unit called the bar, which is defined as
100,000 Pa or 100 kilopascals (kPa).  One bar is only 1.3 percent greater than normal atmospheric
pressure at sea level; therefore, 1 bar is nearly equal to 1 atmosphere (atm).

In the English system, pressure is often expressed in pounds per square inch (psi) or in inches of
water (H2O) or mercury (Hg).  One bar equals 14.89 psi and kPa equals 4.02 in. of water.

I.3.5 Energy Units

The basic SI unit of energy is the joule (J).  A joule is the quantity of energy expended when a force
of 1 N pushes something a distance of 1 m.  Both thermal and mechanical energy can be
expressed as joules.  One joule equals 0.239 calorie (cal), and 4.187 J equals 1 cal.  (A calorie is
the energy needed to heat 1 g of water 1 °C; a dietitian’s calorie is actually 1,000 calories.)

Electrical energy can also be expressed in joules; in the case, 1 J equals 1 watt-second (Ws) and
one megajoule (MJ) (1,000,000 J) equals 0.278 kilowatt-hour (kW-h).  For example, if a power of
1 kW is released in an electric iron for 0.278 h, 1 MJ of thermal energy has been released.

In English units, energy is expressed in foot-pounds (ft-lb) or British thermal units (Btu).  One ft-lb
is equal to 1.355 J, and 1 Btu is equal to 1,044 J or 252 cal.

I.3.6 Power Units

Power is the rate at which energy is expended.  In SI units, power is expressed in watts (W),
kilowatts (1,000 W) or megawatts (MW) (1,000,000 W).  One watt is 1 J/sec.  In English units,
power is expressed as horsepower (hp), where one horsepower equals 745 W.  Also, note that 1
Btu/sec equals 1.055 kW.  (For first order approximation, 1 Btu/sec roughly equals 1 kW).

I.3.7 Temperature Units

The SI system uses both the Celsius (°C) and Kelvin scale (K) temperature scales.  A Celsius
degree (previously called centigrade) is one one-hundredth of the difference between the
temperature of melting ice and boiling water at a pressure of 1 atmosphere (atm).  On the Celsius
scale (at sea level), 0° is the melting point of ice (or the freezing point of water) and 100° is the
boiling point of water.  Negative temperatures are possible.
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On the Kelvin scale (Celsius absolute), sometimes called the thermodynamic temperature, the zero
point is called ?absolute zero” and equals -273.15 °C.  No temperature colder than this is possible;
that is, negative temperatures are not possible.  The Kelvin scale is expressed in Kelvin, not
degrees Kelvin.

Other features of the Kelvin scale indicate its basic nature:

! The volume occupied by a gas is proportional to its temperature on the Kelvin scale, as long
as its pressure is held constant (except at pressures far above atmospheric pressure).

! The thermal radiation emitted by an opening in a hot furnace is proportional to the fourth
power of the Kelvin temperature.

! The velocity of sound through a gas is proportional to the square root of its Kelvin
temperature.

Because of these and other scientific facts, it would be logical to use only the Kelvin scale for
temperature.  However, the world continues to use both scales because the Celsius was used for
more than century before these facts were discovered.

By contrast, the English system uses the Fahrenheit temperature scale (°F).  One Fahrenheit
degree is 1one eightieth of the difference between the temperature of melting of ice and boiling
water at a pressure of 1 atm.  On the Fahrenheit  scale (at sea level), 32° is the melting point of
ice  (or the freezing point of water), and 212° is the boiling point of water.

I.3.8 References

ASTM E-380-93, ?Standard Practice for Use of the International System of Units (SI) (the
Modernized Metric System),” American Society for Testing and Materials (ASTM), West
Conshohocken, Pennsylvania.

IEEE/ASTM SI 10-1997, ?Standard for Use of the International System of Units (SI): The Modern
Metric System,” Institute of Electrical and Electronics Engineer, Inc., (IEEE), New York, New York,
and American Society of Testing and Materials (ASTM), West Conshohocken, Pennsylvania, 1997.

Taylor, B.N., ?Guide for the Use of the International System of Units (SI),” NIST Special Publication
811, 1995 Edition, National Institute of Standards and Technology (NIST), Gaithersburg, Maryland.
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I.4 Physical Constants for General Use

Table I.4.1 provides common values of physical constants used in the fire dynamics and other
engineering and scientific calculations.  Table I.4.1 show the values of several different constants
in SI units having special names and symbols.   

Table I.4-1. Values of Constants for General Use

Constant Name Symbol Value SI Unit

Standard atmospheric pressure Pa 100 kPa

Absolute zero (temperature) T 0 K

Standard acceleration due to gravity g 9.80665 m/s2

Velocity of sound in air (Pa, 20 °C, 50% R.H.) M 344 m/s

Specific volume of perfect gas at standard
temperature and pressure

Va 22.414 m3/(k-mol)

Characteristic gas constant for air Ra 287.045 J/(kg K)

Characteristic gas constant for water vapor Rv 461.52 J/(kg K)

Natural logarithms e 2.7182818285 –

Pi � 3.1415926536 –

Stenfan-Boltzman constant � 5.67032 x 10-11 kW/(m2 K4)

I.4-1 Reference

SI Units Fire Protection Engineering, 1980 Report of the Measurement of Fire Phenomena
Committee, Society of Fire Protection Engineers (SFPE), Boston, Massachusetts. March 1980.
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APPENDIX J. PRACTICE PROBLEMS AND SOLUTIONS
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APPENDIX J. PRACTICE PROBLEMS AND SOLUTIONS

This appendix contains problems to apply the principles learned in the NUREG with the FDTs

program.  This appendix provide some additional practice to solve problems related to fire
dynamics.

NUREG Chapter and Related Calculation Methods 

Problem NUREG Chapter FDTs

J-1 Chapter 2. Predicting Hot Gas Layer   
Temperature and Smoke Layer Height in a Room 
Fire with Natural and Forced Ventilation  
Method of McCaffrey, Quintiere, and Harkleroad
(MQH)
Compartment with Thermally Thick Boundaries

Temperature_NV.xls
(Temperature-NV Thermally
Thin)

J-2 Chapter 2. Predicting Hot Gas Layer   
Temperature and Smoke Layer Height in a Room 
Fire with Natural and Forced Ventilation

Method of Foote, Pagni, and Alvares (FPA)
Compartment with Thermally Thick Boundaries

Method of Deal and Beyler
Compartment with Thermally Thick Boundaries

Temperature_FV1.xls
(Temperature-FV Thermally
Thick)

Temperature_FV2.xls
(Temperature-FV Thermally
Thick)

J-3 Chapter 2. Predicting Hot Gas Layer   
Temperature and Smoke Layer Height in a Room 
Fire with Natural and Forced Ventilation

Method of McCaffrey, Quintiere, and Harkleroad
(MQH)
Compartment with Thermally Thick Boundaries

Chapter 2.  MetPredicting Hot Gas Layer
Temperature in Room Fire with Forced Ventilation

Method of Foote, Pagni, and Alvares (FPA)
Compartment with Thermally Thick Boundaries

Method of Deal and Beyler
Compartment with Thermally Thick Boundaries

Temperature_NV.xls
(Temperature-NV Thermally
Thin)

Temperature_FV1.xls
(Temperature-FV Thermally
Thick)

Temperature_FV2.xls
(Temperature-FV Thermally
Thick)
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 NUREG Chapter and Related Calculation Method (continued)

Problem NUREG Chapter FDTs 

J-4 Chapter 3.  Estimating Burning Characteristics
of Liquid Pool Fire, Heat Release Rate, Burning
Duration and Flame Height

Heat Release Rate, Burning Duration, and
Flame Height

HRR_Flame_Height_Burning_
Duration_Calculation.xls

J-5 Chapter 4.  Estimating Wall Fire Flame Height,
Line Fire Flame Height Against the Wall, and
Corner Fire Flame Height

Flame_Height_Calculations.xls
Wall_Line_Flame_Height
Corner_Flame_Height
Wall_Flame_Height

J-6 Chapter 2. Predicting Hot Gas Layer   
Temperature and Smoke Layer Height in a
Room  Fire with Natural and Forced Ventilation

Method of Foote, Pagni, and Alvares (FPA)
Compartment with Thermally Thick Boundaries

Method of Deal and Beyler
Compartment with Thermally Thick Boundaries

Temperature_FV1.xls
(Temperature-FV Thermally
Thick)
(Compartment with Thermally
Thin Boundaries)

Temperature_FV2.xls
(Temperature-FV Thermally
Thick)
(Compartment with Thermally
Thin Boundaries)

J-7 Chapter 5.  Estimating Radiant Heat Flux from
Fire to a Target Fuel

Wind Free Condition
Solid Flame Radiation Model (Target at Above
Ground Level)

Heat_Flux_Calculations_Wind_
Free.xls
(Solid Flame 2)

J-8 Chapter 6.  Estimating the Ignition Time of a
Target Fuel Exposed to a Constant Radiative
Heat Flux        

   
Method of Estimating Piloted Ignition Time of
Solid Materials Under Radiant Exposures.
Method of 
(1) Mikkola and Wichman (2) Quintiere and        
 Harleroad and (3) Jansssens

Ignition_Time_Calculations.xls

(Ignition_Time_Calculations1)
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 NUREG Chapter and Related Calculation Method (continued)

Problem NUREG Chapter FDTs

J-9 Chapter 7.  Estimating the Full-Scale Heat
Release Rate of a Cable Tray Fire

Burning_Duration_Soild.xls

J-10 Chapter 9.  Estimating the Centerline
Temperature of a Buoyant Fire Plume

Plume_Temperature_Calculations.
xls

J-11 Chapter 10.  Estimating Sprinkler
Response Time

Detector_Activation_Time.xls
(Sprinkler)

J-12 Chapter 12.  Estimating Heat Detector
Response Time

Detector_Activation_Time.xls
(FTHDetector)

J-13 Chapter 13.  Predicting Compartment
Flashover

Compartment Post-Flashover
Temperature.  Method of Law
Minimum Heat Release Rate Required to
Compartment Flashover.  Method of (1)
McCaffrey, Quintiere, and Harkleroad
(MQH) (2) Babrauskas, and (3) Thomas

Compartment_ Flashover_
Calculations.xls

(Post_Flashover_Temperature)

(Flashover-HRR)

J-14 Chapter 14.  Estimating Pressure Rise
Attributable to a Fire in a Closed 
Compartment

Compartment_Over_Pressure_
Calculations.xls

J-15 Chapter 17. Calculating the Fire
Resistance of Structural Steel Members
Empirical Correlations

FR_Beams_Columns_Substitution_
Correlation.xls
FR-Beam
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 NUREG Chapter and Related Calculation Method (continued)

Problem NUREG Chapter FDTs

J-16 Chapter 3.  Estimating Burning
Characteristics of Liquid Pool Fire, Heat
Release Rate, Burning Duration, and
Flame Height

Heat Release Rate, Burning Duration, and
Flame Height

Chapter 2.  Predicting Hot Gas Layer
Temperature and Smoke Layer Height in a
Room Fire with Natural and Forced
Ventilation
Method of McCaffrey, Quintiere, and
Harkleroad (MQH)
Compartment with Thermally Thick
Boundaries

Chapter 9.  Estimating the Centerline
Temperature of a Buoyant Fire Plume

Chapter 5.  Estimating Radiant Heat Flux
from Fire to a Target Fuel

Wind Free Condition
Point Source Radiation Model (Target at
Groung Level)
Solid Flame Radiation Model (Target at
Above Ground Level)

Chapter 10.  Estimating Sprinkler
Response Time

Chapter 13.  Predicting Compartment
Flashover

HRR_Flame_Height_Burning_
Duration_Calculation.xls

Temperature_NV.xls
(Temperature-NV Thermally Thin)

Plume_Temperature_Calculations.
xls

Heat_Flux_Calculations_Wind_Free
.xls
(Point Source)
(Solid Flame 2)

Detector_Activation_Time.xls
(Sprinkler)

Compartment_ Flashover_
Calculations.xls
(Flashover-HRR)
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  NUREG Chapter and Related Calculation Method (continued)

Problem NUREG Chapter FDTs

J-17 Chapter 3.  Estimating Burning
Characteristics of Liquid Pool Fire, Heat
Release Rate, Burning Duration, and
Flame Height

Heat Release Rate, Burning Duration, and
Flame Height

Chapter 2.  Predicting Hot Gas Layer
Temperature and Smoke Layer Height in a
Room Fire with Natural and Forced
Ventilation
Method of McCaffrey, Quintiere, and
Harkleroad (MQH)
Compartment with Thermally Thick
Boundaries

Chapter 9.  Estimating the Centerline
Temperature of a Buoyant Fire Plume

Chapter 5.  Estimating Radiant Heat Flux
from Fire to a Target Fuel

Wind Free Condition
Point Source Radiation Model (Target at
Groung Level)
Solid Flame Radiation Model (Target at
Above Ground Level)

Chapter 10.  Estimating Sprinkler
Response Time

Chapter 13. Predicting Compartment
Flashover

HRR_Flame_Height_Burning_
Duration_Calculation.xls

Temperature_NV.xls
(Temperature-NV Thermally Thin)

Plume_Temperature_Calculations.
xls

Heat_Flux_Calculations_Wind_Free
.xls
(Point Source)
(Solid Flame 2)

Detector_Activation_Time.xls
(Sprinkler)

Compartment_ Flashover_
Calculations.xls
(Flashover-HRR)
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  NUREG Chapter and Related Calculation Method (continued)

Problem NUREG Chapter FDTs

J-18 Chapter 3.  Estimating Burning
Characteristics of Liquid Pool Fire, Heat
Release Rate, Burning Duration, and
Flame Height

Heat Release Rate, Burning Duration, and
Flame Height

HRR_Flame_Height_Burning_
Duration_Calculation.xls

J-19 Chapter 3.  Estimating Burning
Characteristics of Liquid Pool Fire, Heat
Release Rate, Burning Duration, and
Flame Height

Heat Release Rate, Burning Duration, and
Flame Height

HRR_Flame_Height_Burning_
Duration_Calculation.xls
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Problem 1: Compartment Fire with Natural Ventilation

Problem J-1

Problem Statement
Consider a compartment 9.0 m wide x 9.0 m long x 3.7 m high (30 ft wide x 30 ft long x 12 ft high)
(wc x lc x hc) with a door vent that is 0.92 m wide x 2.15 m high (3 ft wide x 7 ft high) (wv x hv).  The
fire is constant with an HRR of 1,500 kW (1,422 Btu/sec).  Assume that the top of the vent is at
2.45 m (8 ft).  Compute the hot gas temperature in the compartment, as well as the smoke layer
height, at 5 minutes after the ignition, assuming that the compartment boundaries are made of 2.54
cm (1.0 in) thick gypsum board. 

Solution
Purpose:

(1) Determine the hot gas temperature in the compartment (Tg) at t = 5 min after ignition.
(2) Determine the smoke layer height (z) at t = 5 min after ignition. 

Assumptions:

(1) Air properties (ambient) are at 25 °C (77 °F).
(2) The ceiling is unconfined, unobstructed, and flat.
(3) The heat flow through the compartment boundaries is one-dimensional.
(4) The heat release rate (HRR) is constant.
(5) The fire is located at the center of the compartment or away from the walls.

Spreadsheet (FDTs) Solution Procedure:

Use the following FDTs:

(a) Temperature_NV.xls (select Temperature_ NV Thermally Thin)
Note: Since the interior boundary material thickness is equal to 2.54 cm (1 in), use
the spreadsheet for thermally thin material.

FDTs Input Parameters:

Enter the following parameters in the spreadsheet (values only):
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- Compartment Width (wc) = 30 ft
- Compartment Length (lc) = 30 ft
- Compartment Height (hc) = 12 ft
- Vent Width (wv) = 3 ft
- Vent Height (hv) = 7 ft
- Top of Vent from Floor (VT) = 8 ft
- Interior Lining Thickness (δ) = 1 in
- Select Material: select Gypsum Board from the combo box
- Fire Heat Release Rate = 1,500 kW� ��Q
- Time after Ignition (t) = 5 min

Note: When Gypsum Board is selected, its thermal properties are automatically
selected from the table and entered in the corresponding input cells.

Results*
From the table of results of the spreadsheet at t = 5 minutes after ignition we obtain:

Hot Gas Layer Temperature
Tg °C (°F) 

Smoke Layer Height
z m (ft)

527 (981) 0.09 (0.28)  
compartment filled with smoke

*spreadsheet calculations attached on next page
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CHAPTER 2 - METHOD OF PREDICTING HOT GAS LAYER TEMPERATURE
AND SMOKE LAYER HEIGHT IN ROOM FIRE WITH NATURAL VENTILATION
COMPARTMENT WITH THERMALLY THIN BOUNDARIES �

  
The following calculations estimate the hot gas layer temperature and smoke layer height in enclosure fire.
Parameters should be specified ONLY IN THE YELLOW INPUT PARAMETER BOXES.
All subsequent output values are calculated by the spreadsheet and based on values specified in the input
parameters.  This spreadsheet is protected and secure to avoid errors due to a wrong entry in a cell(s).
The chapter in the NUREG should be read before an analysis is made.

INPUT PARAMETERS
COMPARTMENT INFORMATION

Compartment Width (wc) 30.00 ft 9.144 m

Compartment Length (lc) 30.00 ft 9.144 m

Compartment Height (hc) 12.00 ft 3.6576 m

Vent Width (wv) 3.00 ft 0.914 m

Vent Height (hv) 7.00 ft 2.134 m

Top of Vent from Floor (VT) 8.00 ft 2.438 m

Interior Lining Thickness (�) 1.00 in 0.0254 m
For thermally thin case the interior lining thickness should be less than or equal to 1 inch.

AMBIENT CONDITIONS
Ambient Air Temperature (Ta) 77.00 °F 25.00 °C

298.00 K
Specific Heat of Air (cp) 1.00 kJ/kg-K
Ambient Air Density (�a) 1.20 kg/m3

THERMAL PROPERTIES OF COMPARTMENT ENCLOSING SURFACES  
Interior Lining Thermal Inertia (k�c) 0.18 (kW/m2-K)2-sec
Interior Lining Thermal Conductivity (k) 0.00017 kW/m-K
Interior Lining Specific Heat (c) 1.1 kJ/kg-K
Interior Lining Density (�) 960 kg/m3

EXPERIMENTAL THERMAL PROPERTIES FOR COMMON INTERIOR LINING MATERIALS
k�c k c � Select Material

(kW/m2-K)2-sec (kW/m-K) (kJ/kg-K) (kg/m3)

Aluminum (pure) 500 0.206 0.895 2710 Scroll to desired material 
Steel (0.5% Carbon) 197 0.054 0.465 7850 Click on selection
Concrete 2.9 0.0016 0.75 2400
Brick 1.7 0.0008 0.8 2600
Glass, Plate 1.6 0.00076 0.8 2710
Brick/Concrete Block 1.2 0.00073 0.84 1900
Gypsum Board 0.18 0.00017 1.1 960
Plywood 0.16 0.00012 2.5 540
Fiber Insulation Board 0.16 0.00053 1.25 240
Chipboard 0.15 0.00015 1.25 800
Aerated Concrete 0.12 0.00026 0.96 500
Plasterboard 0.12 0.00016 0.84 950
Calcium Silicate Board 0.098 0.00013 1.12 700
Alumina Silicate Block 0.036 0.00014 1 260
Glass Fiber Insulation 0.0018 0.000037 0.8 60
Expanded Polystyrene 0.001 0.000034 1.5 20

Reference:  Klote, J., J. Milke, Principles of Smoke Management , 2002, Page 270.

FIRE SPECIFICATIONS
Fire Heat Release Rate (Q) 1500.00 kW
Time after ignition (t) 5.00 min. 300 sec

Material Gypsum Board

Spreadsheet Calculations



J-12

METHOD OF McCAFFREY, QUINTIERE, AND HARKLEROAD (MQH)
Reference: SFPE Handbook of Fire Protection Engineering , 2nd Edition, 1995, Page 3-139.

�Tg = 6.85[Q2/(Av(hv)1/2) (AThk)]1/3

Where �Tg = Tg - Ta = upper layer gas temperature rise above ambient (K)
Q = heat release rate of the fire (kW)
Av = area of ventilation opening (m2)
hv = height of ventilation opening (m)
hk = convective heat transfer coefficient (kW/m2-K)
AT = total area of the compartment enclosing surface boundaries excluding area of vent openings (m2)

Area of Ventilation Opening Calculation
Av = (wv)(hv)
Av = 1.95 m2

Thermal Penetration Time Calculation Thermally Thin Material
tp = ( cp/k)( /2)2

Where � = interior construction density (kg/m3)
cp = interior construction heat capacity (kJ/kg-K)
k = interior construction thermal conductivity (kW/m-K)
� = interior construction thickness (m)

tp = 1001.90 sec

Heat Transfer Coefficient Calculation
hk = k/ for t > tp
Where k = interior construction thermal conductivity (kW/m-K)

� = interior construction thickness (m)
hk = 0.00669 kW/m2-K

Area of Compartment Enclosing Surface Boundaries
AT = [2(wc x lc) + 2(hc x wc) + 2(hc x lc)] - Av

AT = 299.05 m2

Compartment Hot Gas Layer Temperature With Natural Ventilation
�Tg = 6.85[Q2/(Av(hv)1/2) (AThk)]1/3

�Tg = 502.37 K
�Tg = Tg - Tv

Tg = Tg + Tv

Tg = 800.37 K
Tg = 527.37 °C 981.27 °F ANSWER  
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ESTIMATING SMOKE LAYER HEIGHT
METHOD OF YAMANA AND TANAKA 

z = ((2kQ1/3t/3Ac) + (1/hc
2/3))-3/2

Where z = smoke layer height (m)
Q = heat release rate of the fire (kW)
t = time after ignition (sec)
hc = compartment height (m)
Ac = compartment floor area (m2)
k = a constant given by k = 0.076/�g

�g = hot gas layer density (kg/m3)
�g�is given by �g = 353/Tg

Tg = hot gas layer temperature (K)

Compartment Area Calculation
Ac = (wc) (lc)
Ac = 83.61 m2

Hot Gas Layer Density Calculation
�g =  353/Tg

�g =  0.44 kg/m3

Calculation for Constant K
k = 0.076/�g

k = 0.17

Smoke Gas Layer Height With Natural Ventilation
z = ((2kQ1/3t/3Ac) + (1/hc

2/3))-3/2 STOP - IF Z = VT, SMOKE EXITING VENT
z = 0.09 m 0.28 ft ANSWER

If # REF! is given as the smoke layer height then  the smoke has completely filled the room

NOTE
The above calculations are based on principles developed in the SFPE Handbook of Fire
Protection Engineering, 2nd Edition, 1995.
Calculations are based on certain assumptions and have inherent limitations.  The results of such
calculations may or may not have reasonable predictive capabilities for a given situation, and should
only be interpreted by an informed user.
Although each calculation in the spreadsheet has been verified with the results of hand calculation,
there is no absolute guarantee of the accuracy of these calculations.
Any questions, comments, concerns, and suggestions, or to report an error(s) in the spreadsheet,
please send an email to nxi@nrc.gov.
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Problem 2: Compartment Fire with Forced Ventilation

Problem J-2

Problem Statement
Consider a compartment 12.0 m wide x 12.0 m long x 3.7 m high (40.0 ft wide x 40.0 ft long x 12.0
ft high) (wc x lc x hc) with a forced ventilation rate of 3.78 m3/s (8,000 cfm).  Calculate the hot gas
layer temperature in the compartment for a fire size of 2,000 kW (1,896 Btu/sec) at 5 minutes� ��Q
after ignition, assuming that the compartment boundaries are made of 5.10 cm (2.0 in) thick
gypsum board.

Solution
Purpose:

(1) Determine the hot gas temperature in the compartment (Tg) at t = 5 min after ignition.

Assumptions:

(1) Air properties (ambient) are at 25 °C (77 °F).
(2) The ceiling is unconfined, unobstructed, and flat.
(3) The heat flow through the compartment boundaries is one-dimensional.
(4) The heat release rate (HRR) is constant.
(5) The fire is located at the center of the compartment or away from the walls.
(6) The compartment is open to the outside at the inlet (pressure =1 atm).

Spreadsheet (FDTs) Solution Procedure:

Use the following FDTs: 

(a) Temperature_FV1.xls (select Temperature-FV Thermally Thick)
(b) Temperature_FV2.xls (select Temperature-FV Thermally Thick)

Note: Since the interior boundary material thickness is greater than 2.54 cm 
(1 in), use the spreadsheet for thermally thick material.  Also each spreadsheet has
a different method to calculate the hot gas layer temperature (Tg).  Both methods
will be used to compare results.
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FDTs Input Parameters:

Enter the following parameters in both spreadsheets (values only):

- Compartment Width (wc) = 40 ft
- Compartment Length (lc) = 40 ft
- Compartment Height (hc) = 12 ft
- Interior Lining Thickness (δ) = 2 in
- Select Material: select Gypsum Board from the combo box 
- Compartment Ventilation Rate  = 8,000 cfm� ��m

- Fire Heat Release Rate = 2,000 kW� ��Q

Note: When Gypsum Board is selected, its thermal properties are automatically
selected from the table and entered in the corresponding input cells.

Results
From the table of results of the spreadsheet at t = 5 minutes after ignition we obtain:

Hot Gas Layer Temperature* Tg °C (°F) 

Method of Foot, Pagani, and
Alvares (FPA)

Method of Deal & Beyler

202 (396) 243 (467)
       *spreadsheet calculations attached on next page
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CHAPTER 2 - METHOD OF PREDICTING HOT GAS LAYER TEMPERATURE
IN ROOM FIRE WITH FORCED VENTILATION
COMPARTMENT WITH THERMALLY THICK BOUNDARIES 

 
The following calculations estimate the hot gas layer temperature and smoke layer height in enclosure fire.
Parameters should be specified ONLY IN THE YELLOW INPUT PARAMETER BOXES.
All subsequent output values are calculated by the spreadsheet and based on values specified in the input
parameters.  This spreadsheet is protected and secure to avoid errors due to a wrong entry in a cell(s).
The chapter in the NUREG should be read before an analysis is made.

INPUT PARAMETERS
COMPARTMENT INFORMATION

Compartment Width (wc) 40.00 ft 12.19 m

Compartment Length (lc) 40.00 ft 12.19 m

Compartment Height (hc) 12.00 ft 3.66 m

Interior Lining Thickness ( ) 2.00 in 0.0508 m
For thermally thick case the interior lining thickness should be greater than 1 inch.

AMBIENT CONDITIONS
Ambient Air Temperature (Ta) 77.00 °F 25.00 °C

298.00 K
Specific Heat of Air (cp) 1.00 kJ/kg-K
Ambient Air Density ( a) 1.20 kg/m3

THERMAL PROPERTIES OF COMPARTMENT ENCLOSING SURFACES  
Interior Lining Thermal Inertia (k c) 0.18 (kW/m2-K)2-sec
Interior Lining Thermal Conductivity (k) 0.00017 kW/m-K
Interior Lining Specific Heat (c) 1.1 kJ/kg-K
Interior Lining Density ( ) 960 kg/m3

THERMAL PROPERTIES FOR COMMON INTERIOR LINING MATERIALS
k c k c Select Material

(kW/m2-K)2-sec (kW/m-K) (kJ/kg-K) (kg/m3)

Aluminum (pure) 500 0.206 0.895 2710 Scroll to desired material then 
Steel (0.5% Carbon) 197 0.054 0.465 7850 Click on selection
Concrete 2.9 0.0016 0.75 2400
Brick 1.7 0.0008 0.8 2600
Glass, Plate 1.6 0.00076 0.8 2710
Brick/Concrete Block 1.2 0.00073 0.84 1900
Gypsum Board 0.18 0.00017 1.1 960
Plywood 0.16 0.00012 2.5 540
Fiber Insulation Board 0.16 0.00053 1.25 240
Chipboard 0.15 0.00015 1.25 800
Aerated Concrete 0.12 0.00026 0.96 500
Plasterboard 0.12 0.00016 0.84 950
Calcium Silicate Board 0.098 0.00013 1.12 700
Alumina Silicate Block 0.036 0.00014 1 260
Glass Fiber Insulation 0.0018 0.000037 0.8 60
Expanded Polystyrene 0.001 0.000034 1.5 20
Reference:  Klote, J., J. Milke, Principles of Smoke Management , 2002 Page 270.

Material
Gypsum Board

Spreadsheet Calculations
Method of Foote, Pagni, and Alvares (FPA)
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COMPARTMENT MASS VENTILATION FLOW RATE
Forced Ventilation Flow Rate (m) 8000.00 cfm 3.776 m3/sec

4.531 kg/sec
FIRE SPECIFICATIONS

Fire Heat Release Rate (Q) 2000.00 kW

METHOD OF FOOTE, PAGNI, AND ALVARES (FPA)
Reference: SFPE Handbook of Fire Protection Engineering , 2nd Edition, 1995, Page 3-140.

�Tg/Ta = 0.63(Q/mcpTa)0.72(hkAT/mcp)-0.36

Where �Tg = Tg - Ta = upper layer gas temperature rise above ambient (K)
Ta = ambient air temperature (K)
Q = heat release rate of the fire (kW)
m = compartment mass ventilation flow rate (kg/sec)
cp = specific heat of air (kJ/kg-K)
hk = convective heat transfer coefficient (kW/m2-K)
AT = total area of the compartment enclosing surface boundaries (m2)

Thermal Penetration Time Calculation Thermally Thick Material
tp = ( cp/k)( /2)2

Where � = interior construction density (kg/m3)
cp = interior construction heat capacity (kJ/kg-K)
k = interior construction thermal conductivity (kW/m-K)
� = interior construction thickness (m)

tp = 4007.58 sec

Heat Transfer Coefficient Calculation
hk = v(k c/t) for t < tp
Where k c = interior construction thermal inertia (kW/m2-K)2-sec

(a thermal property of material responsible for the rate of temperature rise)
t = time after ignition (sec)

Area of Compartment Enclosing Surface Boundaries
AT = 2 (wc x lc) + 2 (hc x wc) + 2 (hc x lc)
AT = 475.66 m2

Compartment Hot Gas Layer Temperature With Forced Ventilation
�Tg/Ta = 0.63(Q/mcpT0)

0.72(hkAT/mcp)
-0.36

�Tg = Tg - Ta  

Tg = Tg + Ta

RESULTS

Time after Ignition (t) hk Tg/T0 Tg  Tg  Tg  Tg  
(min) (s) (kW/m2-K) (K) (K) (°C) (°F)

0 0 - - - 298.00 25.00 77.00
1 60 0.05 0.45 132.72 430.72 157.72 315.89
2 120 0.04 0.50 150.36 448.36 175.36 347.64
3 180 0.03 0.54 161.74 459.74 186.74 368.13
4 240 0.03 0.57 170.34 468.34 195.34 383.60
5 300 0.02 0.60 177.32 475.32 202.32 396.17
10 600 0.02 0.67 200.88 498.88 225.88 438.58
15 900 0.01 0.73 216.09 514.09 241.09 465.96
20 1200 0.01 0.76 227.57 525.57 252.57 486.63



J-19

NOTE
The above calculations are based on principles developed in the SFPE Handbook of Fire Protection
Engineering, 2nd Edition, 1995.
Calculations are based on certain assumptions and have inherent limitations.  The results of such
calculations may or may not have reasonable predictive capabilities for a given situation, and should
only be interpreted by an informed user.
Although each calculation in the spreadsheet has been verified with the results of hand calculation,
there is no absolute guarantee of the accuracy of these calculations.
Any questions, comments, concerns, and suggestions, or to report an error(s) in the spreadsheet,
please send an email to nxi@nrc.gov.
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CHAPTER 2 - METHOD OF PREDICTING HOT GAS LAYER TEMPERATURE
IN ROOM FIRE WITH FORCED VENTILATION
COMPARTMENT WITH THERMALLY THICK BOUNDARIES 

 
The following calculations estimate the hot gas layer temperature in enclosure fire.
Parameters should be specified ONLY IN THE YELLOW INPUT PARAMETER BOXES.
All subsequent output values are calculated by the spreadsheet and based on values specified in the input
parameters.  This spreadsheet is protected and secure to avoid errors due to a wrong entry in a cell(s).
The chapter in the NUREG should be read before an analysis is made.

INPUT PARAMETERS
COMPARTMENT INFORMATION

Compartment Width (wc) 40.00 ft 12.19 m

Compartment Length (lc) 40.00 ft 12.19 m

Compartment Height (hc) 12.00 ft 3.66 m

Interior Lining Thickness (�) 2.00 in 0.0508 m
For thermally thick case the interior lining thickness should be greater than 1 inch.

AMBIENT CONDITIONS
Ambient Air Temperature (Ta) 77.00 °F 25.00 °C

298.00 K
Specific Heat of Air (cp) 1.00 kJ/kg-K
Ambient Air Density (�a) 1.20 kg/m3

THERMAL PROPERTIES OF COMPARTMENT ENCLOSING SURFACES  
Interior Lining Thermal Inertia (k�c) 0.18 (kW/m2-K)2-sec
Interior Lining Thermal Conductivity (k) 0.00017 kW/m-K
Interior Lining Specific Heat (c) 1.1 kJ/kg-K
Interior Lining Density (�) 960 kg/m3

THERMAL PROPERTIES FOR COMMON INTERIOR LINING MATERIALS
k�c k c � Select Material

(kW/m2-K)2-sec (kW/m-K) (kJ/kg-K) (kg/m3)

Aluminum (pure) 500 0.206 0.895 2710 Scroll to desired material then 
Steel (0.5% Carbon) 197 0.054 0.465 7850 Click on selection
Concrete 2.9 0.0016 0.75 2400
Brick 1.7 0.0008 0.8 2600
Glass, Plate 1.6 0.00076 0.8 2710
Brick/Concrete Block 1.2 0.00073 0.84 1900 .
Gypsum Board 0.18 0.00017 1.1 960
Plywood 0.16 0.00012 2.5 540
Fiber Insulation Board 0.16 0.00053 1.25 240
Chipboard 0.15 0.00015 1.25 800
Aerated Concrete 0.12 0.00026 0.96 500
Plasterboard 0.12 0.00016 0.84 950
Calcium Silicate Board 0.098 0.00013 1.12 700
Alumina Silicate Block 0.036 0.00014 1 260
Glass Fiber Insulation 0.0018 0.000037 0.8 60
Expanded Polystyrene 0.001 0.000034 1.5 20

Reference:  Klote, J., J. Milke, Principles of Smoke Management , 2002, Page 270.

Material
Gypsum Board

Method of Deal & Beyler
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COMPARTMENT MASS VENTILATION FLOW RATE
Forced Ventilation Flow Rate (m) 8000.00 cfm 3.776 m3/sec

4.531 kg/sec

FIRE SPECIFICATIONS
Fire Heat Release Rate (Q) 2000.00 kW

METHOD OF DEAL AND BEYLER
Reference: SFPE Handbook of Fire Protection Engineering , 3nd Edition, 2002, Page 3-178.

Heat Transfer Coefficient Calculation
hk = 0.4 v(k�c / t) for t < tp
Where k�c = interior construction thermal inertia (kW/m2-K)2-sec

(a thermal property of material responsible for the rate of temperature rise)
� = thickness of interior lining  (m)

hk = 0.022 kW/m2-K

Area of Compartment Enclosing Surface Boundaries
AT = 2(w c x lc) + 2(h c x wc) + 2(hc x lc)
AT = 475.66 m2

Compartment Hot Gas Layer Temperature With Forced Ventilation

�Tg = Q / (m cp + hk AT)

Where �Tg = Tg - Ta = upper layer gas temperature rise above ambient (K)
Ta = ambient air temperature (K)
Q = heat release rate of the fire (kW)
m = compartment mass ventilation flow rate (kg/sec)
cp = specific heat of air (kJ/Kg-K)
hk = convective heat transfer coefficient (kW/m2-K)
AT = total area of the compartment enclosing surface boundaries (m2)

Results:

hk �Tg  Tg  Tg  Tg  
(min) (s) (kW/m2-K) (K) (K) (°C) (°F)

0 0 - - 298.00 25.00 77.00
1 60 0.02 133.76 431.76 158.76 317.77
2 120 0.02 168.07 466.07 193.07 379.53
3 180 0.01 189.62 487.62 214.62 418.32
4 240 0.01 205.31 503.31 230.31 446.56
5 300 0.01 217.60 515.60 242.60 468.68
10 600 0.01 255.55 553.55 280.55 536.99
15 900 0.01 276.95 574.95 301.95 575.51
20 1200 0.00 291.50 589.50 316.50 601.71

Time after ignition (t)
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NOTE
The above calculations are based on principles developed in the SFPE Handbook of Fire 
Protection Engineering, 3nd Edition, 2002.
Calculations are based on certain assumptions and have inherent limitations.  The results of such
calculations may or may not have reasonable predictive capabilities for a given situation, and should
only be interpreted by an informed user.
Although each calculation in the spreadsheet has been verified with the results of hand calculation,
there is no absolute guarantee of the accuracy of these calculations.
Any questions, comments, concerns, and suggestions, or to report an error(s) in the spreadsheet,
please send an email to nxi@nrc.gov.
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Problem 3: Compartment Fire with Multiple Vents

Problem J-3 

Problem Statement 
Consider a compartment 4.6 m wide x 5.5 m long x 3.0 m high (15 ft wide x 18 ft long x 10 ft high)
with multiple vents and 15.24 cm (6 in) of gypsum board as interior boundary material.  The
compartment has two vents of 0.6 m wide x 0.6 m high (2 ft wide x 2 ft high) and one vent of 1.2
m wide x 2.1 m high (4 ft wide x 7 ft high), all located on the same wall.  The top of the highest vent
is at 2.4 m (8 ft) above the floor. If the ventilation system is not operating (natural ventilation) and
at 10 minutes after a fire ignition the hot gas layer temperature reaches the failure temperature of
the IEEE-383 unqualified cable (i.e. Tg = 218 °C) (Tg = 425 °F); what minimum HRR might cause
this failure?  Is the smoke exiting the compartment at the time of cable failure?  

Consider the same compartment with a mechanical ventilation rate of 0.236 m3/s (500 cfm) and
a fire with an intensity equals to the HRR of the natural ventilation scenario. What would be the hot
gas layer temperature around the cable trays at 10 minutes after ignition? (Use method of FPA and
method of Deal & Beyler).  What is the effect of the ventilation system on the hot gas layer
temperature?  Compare the results of the forced ventilation scenario as a function of time after
ignition and explain the discrepancy between methods.

Solution
Purpose:

(1) Determine the minimum HRR that could cause the IEEE-383 unqualified cable failure
at 10 min after ignition in a natural ventilation scenario.

(2) Determine if the smoke is exiting the compartment at 10 min after ignition.
(3) Determine the hot gas layer temperature (Tg) at 10 min after ignition if the mechanical

ventilation system is activated and the HRR is equal to the HRR of the natural
ventilation scenario (i.e. use the answer of purpose 1).

(4) Evaluate the effect of the ventilation system in the hot gas layer temperature (i.e.
increase, decrease, etc).

(5) Analyze the discrepancy between method of FPA and method of Deal & Beyler and
mention possible causes of that discrepancy.
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Assumptions:

(1) Air properties (ambient) are at 25 °C (77 °F).
(2) The ceiling is unconfined, unobstructed and flat.
(3) The heat flow through the compartment boundaries is one-dimensional.
(4) The HRR is constant.
(5) The fire is located at the center of the compartment or away from the walls.
(6) The compartment is open to the outside at the inlet (pressure = 1 atm).

Pre FDTs Calculations:

Equivalent Vent

Since the FDTs are designed to calculate the hot gas layer temperature and smoke layer
height based in only one vent compartment, we need to calculate an equivalent vent that
represents the three vent openings.

Vent Opening Characteristics

Width wv
(ft)

Height hv
(ff)

Are Ao
(ft2)

MQH Factor Ao hv

(ft5/2)

2 2 4 5.66

2 2 4 5.66

4 7 28 74.08

Total 36 84.4

The equivalent vent dimensions must satisfy the following conditions in order to have the
same effect of the actual multiple vents:

Condition 1: Ao = 85.4 ft5/2 Condition 2: wv x hv = 36 ft2hv

36 ft2 = 85.4 ft5/2 wv x 5.63 ft = 36 ft2hv

hv = 5.63 ft = 5.6 ft wv = 6.39 ft = 6.4 ft

Spreadsheet (FDTs) Solution Procedure:

Natural Ventilation Scenario

Use the following FDTs:

(a) Temperature_NV.xls (select Temperature_NV Thermally Thick)

Note: Since the interior boundary material is greater than 2.54 cm (1 in), use the
spreadsheet for thermally thick material.
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FDTs Input Parameters:

Enter the following parameters in the spreadsheet (values only):

- Compartment Width (wc) = 15 ft
- Compartment Length (lc) = 16 ft
- Compartment Height (hc) = 10 ft
- Vent Width (wv) = 6.4 ft
- Vent Height (hv) = 5.6 ft
- Top of Vent from Floor (VT) = 8 ft
- Interior Lining Thickness (δ) = 6 in
- Select Material: select Gypsum Board from the combo box
- Fire Heat Release Rate = 100 kW* � ��Q

Note: When Gypsum Board is selected, its thermal properties are automatically
selected from the table and entered in the corresponding input cells. 

*The HRR value is a starting value for the trial and error procedure explained below.

Because we are looking for a HRR value that could generate a hot gas layer temperature
of 218 °C (425 °F), we need to enter HRR values on the spreadsheet until get a
temperature close to 218 °C (425 °F) at 10 min after ignition.  This trial and error procedure
is shown in the following table.

Trial and error procedure to determine the HRR
Target: Tg = 425 °F for natural ventilation scenario

Trial Heat Release Rate
(kW)� ��Q

Hot Gas Layer Temperature (Tg) at 
10 min after Ignition (°F)

1 100 213

2 200 293

3 300 360

4 400 420

5* 410 425
*spreadsheet calculations attached on next page for last trial at t = 10 min

Results
According with the method of McCaffrey, Quintiere, and Harkleroad (MQH), a HRR of approximate
410 kW could generate a hot gas layer temperature of 213 °C (425 °F) at 10 minutes after ignition.
But, what is important for practical purposes is that for the given compartment and ventilation
conditions, a fire power of about 400 kW (379 Btu/sec) may generate a hot gas layer temperature
of 204+°C (400+°F).  Also, the smoke layer height at 10 minutes after ignition is approximately z
= 0.38 m (1.27 ft), based on the method of Yamana and Tanaka.  That means that the smoke
could be exiting the compartment because z is less than the height of the vent top (VT).



J-26

CHAPTER 2 - METHOD OF PREDICTING HOT GAS LAYER TEMPERATURE
AND SMOKE LAYER HEIGHT IN ROOM FIRE WITH NATURAL VENTILATION
COMPARTMENT WITH THERMALLY THICK BOUNDARIES 

 
The following calculations estimate the hot gas layer temperature and smoke layer height in enclosure fire.
Parameters should be specified ONLY IN THE YELLOW INPUT PARAMETER BOXES.
All subsequent output values are calculated by the spreadsheet and based on values specified in the input
parameters.  This spreadsheet is protected and secure to avoid errors due to a wrong entry in a cell(s).
The chapter in the NUREG should be read before an analysis is made.

INPUT PARAMETERS
COMPARTMENT INFORMATION

Compartment Width (wc) 15.00 ft 4.572 m

Compartment Length (lc) 16.00 ft 4.8768 m

Compartment Height (hc) 10.00 ft 3.048 m

Vent Width (wv) 6.40 ft 1.951 m

Vent Height (hv) 5.60 ft 1.707 m

Top of Vent from Floor (VT) 8.00 ft 2.438 m

Interior Lining Thickness (�) 6.00 in 0.1524 m
For thermally thick case the interior lining thickness should be greater than 1 inch.

AMBIENT CONDITIONS
Ambient Air Temperature (Ta) 77.00 °F 25.00 °C

298.00 K
Specific Heat of Air (cp) 1.00 kJ/kg-K
Ambient Air Density (�a) 1.20 kg/m3

THERMAL PROPERTIES OF COMPARTMENT ENCLOSING SURFACES FOR
Interior Lining Thermal Inertia (k�c) 0.18 (kW/m2-K)2-sec
Interior Lining Thermal Conductivity (k) 0.00017 kW/m-K
Interior Lining Specific Heat (c) 1.1 kJ/kg-K
Interior Lining Density (�) 960 kg/m3

EXPERIMENTAL THERMAL PROPERTIES FOR COMMON INTERIOR LINING MATERIALS
k�c k c � Select Material

(kW/m2-K)2-sec (kW/m-K) (kJ/kg-K) (kg/m3)

Aluminum (pure) 500 0.206 0.895 2710 Scroll to desired material then 
Steel (0.5% Carbon) 197 0.054 0.465 7850 Click the selection
Concrete 2.9 0.0016 0.75 2400
Brick 1.7 0.0008 0.8 2600
Glass, Plate 1.6 0.00076 0.8 2710
Brick/Concrete Block 1.2 0.00073 0.84 1900
Gypsum Board 0.18 0.00017 1.1 960
Plywood 0.16 0.00012 2.5 540
Fiber Insulation Board 0.16 0.00053 1.25 240
Chipboard 0.15 0.00015 1.25 800
Aerated Concrete 0.12 0.00026 0.96 500
Plasterboard 0.12 0.00016 0.84 950
Calcium Silicate Board 0.098 0.00013 1.12 700
Alumina Silicate Block 0.036 0.00014 1 260
Glass Fiber Insulation 0.0018 0.000037 0.8 60
Expanded Polystyrene 0.001 0.000034 1.5 20

Reference:  Klote, J., J. Milke, Principles of Smoke Management , 2002, Page 270.

Material Gypsum Board

Spreadsheet Calculations
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FIRE SPECIFICATIONS
Fire Heat Release Rate (Q) 410.00 kW

METHOD OF McCAFFREY, QUINTIERE, AND HARKLEROAD (MQH)
Reference: SFPE Handbook of Fire Protection Engineering , 2nd Edition, Page 3-139.

�Tg = 6.85[Q2/(Av(hv)
1/2) (AThk)]

1/3

Where �Tg = Tg - Ta = upper layer gas temperature rise above ambient (K)
Q = heat release rate of the fire (kW)
Av = area of ventilation opening (m2)
hv = height of ventilation opening (m)
hk = convective heat transfer coefficient (kW/m2-K)
AT = total area of the compartment enclosing surface boundaries excluding area of vent openings (m2)

Area of Ventilation Opening Calculation
Av = (wv)(hv)
Av = 3.33 m2

Thermal Penetration Time Calculation Thermally Thick Material
tp = (�cp/k)(�/2)2

Where � = interior construction density (kg/m3)
cp = interior construction heat capacity (kJ/kg-K)
k = interior construction thermal conductivity (kW/m-K)
� = interior construction thickness (m)

tp = 36068.239 sec

Heat Transfer Coefficient Calculation
hk = v(k�c/t) for t < tp
Where k�c = interior construction thermal inertia (kW/m2-K)2-sec

(a thermal property of material responsible for the rate of temperature rise)
t = time after ignition (sec)

Area of Compartment Enclosing Surface Boundaries
AT = [2(wc x lc) + 2(hc x wc) + 2(hc x lc)] - Av

AT = 98.86 m2

Compartment Hot Gas Layer Temperature With Natural Ventilation
�Tg = 6.85[Q2/(Av(hv)

1/2) (AThk)]
1/3

�Tg = Tg - Ta

Tg = �Tg + Ta

RESULTS

Time after Ignition (t) hk �Tg Tg Tg Tg
(min) (s) (kW/m2-K) (K) (K) (°C) (°F)

0 0.00 - - 298.00 25.00 77.00
1 60 0.05 131.88 429.88 156.88 314.39
2 120 0.04 148.03 446.03 173.03 343.46
3 180 0.03 158.38 456.38 183.38 362.08
4 240 0.03 166.16 464.16 191.16 376.09
5 300 0.02 172.46 470.46 197.46 387.42
10 600 0.02 193.57 491.57 218.57 425.43
15 900 0.01 207.11 505.11 232.11 449.79
20 1200 0.01 217.28 515.28 242.28 468.10
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ESTIMATING SMOKE LAYER HEIGHT
METHOD OF YAMANA AND TANAKA 

z = ((2kQ1/3t/3Ac) + (1/hc
2/3))-3/2

Where z = smoke layer height (m)
Q = heat release rate of the fire (kW)
t = time after ignition (sec)
hc = compartment height (m)
Ac = compartment floor area (m2)
k = a constant given by k = 0.076/�g

�g = hot gas layer density (kg/m3)
�g�is given by �g = 353/Tg

Tg = hot gas layer temperature (K)

Compartment Area Calculation
Ac = (wc) (lc)
Ac = 22.30 m2

Hot Gas Layer Density Calculation
�g =  353/Tg

Calculation for Constant K
k = 0.076/�g

Smoke Gas Layer Height With Natural Ventilation
z = ((2kQ1/3t/3Ac) + (1/hc

2/3))-3/2
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Natural Ventilation
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RESULTS

Time �g k z z
(min) kg/m3 (kW/m-K) (m) (ft)

0 1.20 0.063 3.05 10.00
1 0.82 0.093 0.45 1.47
2 0.79 0.096 0.43 1.41
3 0.77 0.098 0.42 1.38
4 0.76 0.100 0.41 1.35
5 0.75 0.101 0.41 1.33

10 0.72 0.106 0.39 1.27
15 0.70 0.109 0.37 1.23
20 0.69 0.111 0.37 1.20

NOTE
The above calculations are based on principles developed in the SFPE Handbook of Fire
Protection Engineering, 2nd Edition, 1995.
Calculations are based on certain assumptions and have inherent limitations.  The results of such
calculations may or may not have reasonable predictive capabilities for a given situation, and should
only be interpreted by an informed user.
Although each calculation in the spreadsheet has been verified with the results of hand calculation,
there is no absolute guarantee of the accuracy of these calculations.
Any questions, comments, concerns, and suggestions, or to report an error(s) in the spreadsheet,
please send an email to nxi@nrc.gov.
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Spreadsheet (FDTs) Solution Procedure:

Forced Ventilation Scenario

Use the following FDTs:

(a) Temperarture_FV1.xls (select Temperature_NV Thermally Thick)
(b) Temperarture_FV2.xls (select Temperature_NV Thermally Thick)

Note: Since the interior boundary material is greater than 2.54 cm (1 in), use the
spreadsheet for thermally thick material.  Also each spreadsheet has a different
method to calculate the hot gas layer temperature (Tg).  Both methods will be used
to compare results.

FDTs Input Parameters:

Enter the following parameters in both spreadsheets (values only):

- Compartment Width (wc) = 15 ft
- Compartment Length (lc) = 16 ft
- Compartment Height (hc) = 10 ft
- Interior Lining Thickness (δ) = 6 in
- Material: select Gypsum Board from the combo box
- Compartment Ventilation Rate = 500 cfm� ��m

- Fire Heat Release Rate = 410 kW� ��Q
Note: When Gypsum Board is selected, its thermal properties are automatically
selected from the table and entered in the corresponding input cells.

Results
From the table of results of the spreadsheet at t = 10 minutes after ignition we obtain:

Hot Gas Layer Temperature* Tg °C (°F) 

Method of Foot, Pagani, and
Alvares (FPA)

Method of Deal & Beyler

328 (622) 439 (822)
*spreadsheet calculations attached on next page 

These results demonstrate that the ventilation system is able to increase the hot gas layer
temperature.  That is, for a specific compartment and heat release rate, the ventilation
system can drastically increase the hot gas layer temperature due to the oxygen supply.
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CHAPTER 2 - METHOD OF PREDICTING HOT GAS LAYER TEMPERATURE
IN ROOM FIRE WITH FORCED VENTILATION
COMPARTMENT WITH THERMALLY THICK BOUNDARIES 

 
The following calculations estimate the hot gas layer temperature and smoke layer height in enclosure fire.
Parameters should be specified ONLY IN THE YELLOW INPUT PARAMETER BOXES.
All subsequent output values are calculated by the spreadsheet and based on values specified in the input
parameters.  This spreadsheet is protected and secure to avoid errors due to a wrong entry in a cell(s).
The chapter in the NUREG should be read before an analysis is made.

INPUT PARAMETERS
COMPARTMENT INFORMATION

Compartment Width (wc) 15.00 ft 4.57 m

Compartment Length (lc) 16.00 ft 4.88 m

Compartment Height (hc) 10.00 ft 3.05 m

Interior Lining Thickness (�) 6.00 in 0.1524 m
For thermally thick case the interior lining thickness should be greater than 1 inch.

AMBIENT CONDITIONS
Ambient Air Temperature (Ta) 77.00 °F 25.00 °C

298.00 K
Specific Heat of Air (cp) 1.00 kJ/kg-K
Ambient Air Density (�a) 1.20 kg/m3

THERMAL PROPERTIES OF COMPARTMENT ENCLOSING SURFACES  
Interior Lining Thermal Inertia (k�c) 0.18 (kW/m2-K)2-sec
Interior Lining Thermal Conductivity (k) 0.00017 kW/m-K
Interior Lining Specific Heat (c) 1.1 kJ/kg-K
Interior Lining Density (�) 960 kg/m3

THERMAL PROPERTIES FOR COMMON INTERIOR LINING MATERIALS
k�c k c � Select Material

(kW/m2-K)2-sec (kW/m-K) (kJ/kg-K) (kg/m3)

Aluminum (pure) 500 0.206 0.895 2710 Scroll to desired material then 
Steel (0.5% Carbon) 197 0.054 0.465 7850 Click on selection
Concrete 2.9 0.0016 0.75 2400
Brick 1.7 0.0008 0.8 2600
Glass, Plate 1.6 0.00076 0.8 2710
Brick/Concrete Block 1.2 0.00073 0.84 1900
Gypsum Board 0.18 0.00017 1.1 960
Plywood 0.16 0.00012 2.5 540
Fiber Insulation Board 0.16 0.00053 1.25 240
Chipboard 0.15 0.00015 1.25 800
Aerated Concrete 0.12 0.00026 0.96 500
Plasterboard 0.12 0.00016 0.84 950
Calcium Silicate Board 0.098 0.00013 1.12 700
Alumina Silicate Block 0.036 0.00014 1 260
Glass Fiber Insulation 0.0018 0.000037 0.8 60
Expanded Polystyrene 0.001 0.000034 1.5 20
Reference:  Klote, J., J. Milke, Principles of Smoke Management , 2002 Page 270.

Material
Gypsum Board

Spreadsheet Calculations

FDTs: Temperature_FV1.xls (Method of FPA)
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COMPARTMENT MASS VENTILATION FLOW RATE
Forced Ventilation Flow Rate (m) 500.00 cfm 0.236 m3/sec

0.283 kg/sec

FIRE SPECIFICATIONS
Fire Heat Release Rate (Q) 410.00 kW

METHOD OF FOOTE, PAGNI, AND ALVARES (FPA)
Reference: SFPE Handbook of Fire Protection Engineering , 2nd Edition, 1995, Page 3-140.

�Tg/Ta = 0.63(Q/mcpTa)
0.72(hkAT/mcp)

-0.36

Where �Tg = Tg - Ta = upper layer gas temperature rise above ambient (K)
Ta = ambient air temperature (K)
Q = heat release rate of the fire (kW)
m = compartment mass ventilation flow rate (kg/sec)
cp = specific heat of air (kJ/kg-K)
hk = convective heat transfer coefficient (kW/m2-K)
AT = total area of the compartment enclosing surface boundaries (m2)

Thermal Penetration Time Calculation Thermally Thick Material
tp = (�cp/k)(�/2)2

Where � = interior construction density (kg/m3)
cp = interior construction heat capacity (kJ/kg-K)
k = interior construction thermal conductivity (kW/m-K)
� = interior construction thickness (m)

tp = 36068.24 sec

Heat Transfer Coefficient Calculation
hk = v(k�c/t) for t < tp
Where k�c = interior construction thermal inertia (kW/m2-K)2-sec

(a thermal property of material responsible for the rate of temperature rise)
t = time after ignition (sec)

Area of Compartment Enclosing Surface Boundaries
AT = 2 (wc x lc) + 2 (hc x wc) + 2 (hc x lc)
AT = 102.19 m2

Compartment Hot Gas Layer Temperature With Forced Ventilation
�Tg/Ta = 0.63(Q/mcpT0)0.72(hkAT/mcp)-0.36

�Tg = Tg - Ta  

Tg = �Tg + Ta

RESULTS

Time after Ignition (t) hk �Tg/T0 �Tg  Tg  Tg  Tg  
(min) (s) (kW/m2-K) (K) (K) (°C) (°F)

0 0 - - - 298.00 25.00 77.00
1 60 0.05 0.67 200.13 498.13 225.13 437.24
2 120 0.04 0.76 226.73 524.73 251.73 485.11
3 180 0.03 0.82 243.89 541.89 268.89 516.01
4 240 0.03 0.86 256.85 554.85 281.85 539.34
5 300 0.02 0.90 267.38 565.38 292.38 558.29

10 600 0.02 1.02 302.91 600.91 327.91 622.24
15 900 0.01 1.09 325.85 623.85 350.85 663.52
20 1200 0.01 1.15 343.16 641.16 368.16 694.69
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NOTE
The above calculations are based on principles developed in the SFPE Handbook of Fire Protection
Engineering, 2nd Edition, 1995.
Calculations are based on certain assumptions and have inherent limitations.  The results of such
calculations may or may not have reasonable predictive capabilities for a given situation, and should
only be interpreted by an informed user.
Although each calculation in the spreadsheet has been verified with the results of hand calculation,
there is no absolute guarantee of the accuracy of these calculations.
Any questions, comments, concerns, and suggestions, or to report an error(s) in the spreadsheet,
please send an email to nxi@nrc.gov.
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CHAPTER 2 - METHOD OF PREDICTING HOT GAS LAYER TEMPERATURE
IN ROOM FIRE WITH FORCED VENTILATION
COMPARTMENT WITH THERMALLY THICK BOUNDARIES 

 
The following calculations estimate the hot gas layer temperature in enclosure fire.
Parameters should be specified ONLY IN THE YELLOW INPUT PARAMETER BOXES.
All subsequent output values are calculated by the spreadsheet and based on values specified in the input
parameters.  This spreadsheet is protected and secure to avoid errors due to a wrong entry in a cell(s).
The chapter in the NUREG should be read before an analysis is made.

INPUT PARAMETERS
COMPARTMENT INFORMATION

Compartment Width (wc) 15.00 ft 4.57 m

Compartment Length (lc) 16.00 ft 4.88 m

Compartment Height (hc) 10.00 ft 3.05 m

Interior Lining Thickness (�) 6.00 in 0.1524 m
For thermally thick case the interior lining thickness should be greater than 1 inch.

AMBIENT CONDITIONS
Ambient Air Temperature (Ta) 77.00 °F 25.00 °C

298.00 K
Specific Heat of Air (cp) 1.00 kJ/kg-K
Ambient Air Density (�a) 1.20 kg/m3

THERMAL PROPERTIES OF COMPARTMENT ENCLOSING SURFACES  
Interior Lining Thermal Inertia (k�c) 0.18 (kW/m2-K)2-sec
Interior Lining Thermal Conductivity (k) 0.00017 kW/m-K
Interior Lining Specific Heat (c) 1.1 kJ/kg-K
Interior Lining Density (�) 960 kg/m3

THERMAL PROPERTIES FOR COMMON INTERIOR LINING MATERIALS
k�c k c � Select Material

(kW/m2-K)2-sec (kW/m-K) (kJ/kg-K) (kg/m3)

Aluminum (pure) 500 0.206 0.895 2710 Scroll to desired material then 
Steel (0.5% Carbon) 197 0.054 0.465 7850 Click on selection
Concrete 2.9 0.0016 0.75 2400
Brick 1.7 0.0008 0.8 2600
Glass, Plate 1.6 0.00076 0.8 2710
Brick/Concrete Block 1.2 0.00073 0.84 1900 .
Gypsum Board 0.18 0.00017 1.1 960
Plywood 0.16 0.00012 2.5 540
Fiber Insulation Board 0.16 0.00053 1.25 240
Chipboard 0.15 0.00015 1.25 800
Aerated Concrete 0.12 0.00026 0.96 500
Plasterboard 0.12 0.00016 0.84 950
Calcium Silicate Board 0.098 0.00013 1.12 700
Alumina Silicate Block 0.036 0.00014 1 260
Glass Fiber Insulation 0.0018 0.000037 0.8 60
Expanded Polystyrene 0.001 0.000034 1.5 20

Reference:  Klote, J., J. Milke, Principles of Smoke Management , 2002, Page 270.

Material
Gypsum Board

FDTs: Temperature_FV2.xls (Method of Deal & Beyler)
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COMPARTMENT MASS VENTILATION FLOW RATE
Forced Ventilation Flow Rate (m) 500.00 cfm 0.236 m3/sec

0.283 kg/sec

FIRE SPECIFICATIONS
Fire Heat Release Rate (Q) 410.00 kW

METHOD OF DEAL AND BEYLER
Reference: SFPE Handbook of Fire Protection Engineering , 3nd Edition, 2002, Page 3-178.

Heat Transfer Coefficient Calculation
hk = 0.4 v(k�c / t) for t < tp
Where k�c = interior construction thermal inertia (kW/m2-K)2-sec

(a thermal property of material responsible for the rate of temperature rise)
� = thickness of interior lining  (m)

hk = 0.022 kW/m2-K

Area of Compartment Enclosing Surface Boundaries
AT = 2(w c x lc) + 2(h c x wc) + 2(hc x lc)
AT = 102.19 m2

Compartment Hot Gas Layer Temperature With Forced Ventilation

�Tg = Q / (m cp + hk AT)

Where �Tg = Tg - Ta = upper layer gas temperature rise above ambient (K)
Ta = ambient air temperature (K)
Q = heat release rate of the fire (kW)
m = compartment mass ventilation flow rate (kg/sec)
cp = specific heat of air (kJ/Kg-K)
hk = convective heat transfer coefficient (kW/m2-K)
AT = total area of the compartment enclosing surface boundaries (m2)

Results:

hk �Tg  Tg  Tg  Tg  
(min) (s) (kW/m2-K) (K) (K) (°C) (°F)

0 0 - - 298.00 25.00 77.00
1 60 0.02 162.56 460.56 187.56 369.61
2 120 0.02 219.68 517.68 244.68 472.43
3 180 0.01 260.18 558.18 285.18 545.33
4 240 0.01 292.31 590.31 317.31 603.15
5 300 0.01 319.20 617.20 344.20 651.56
10 600 0.01 413.65 711.65 438.65 821.56
15 900 0.01 476.05 774.05 501.05 933.88
20 1200 0.00 523.08 821.08 548.08 1018.55

Time after ignition (t)
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NOTE
The above calculations are based on principles developed in the SFPE Handbook of Fire 
Protection Engineering, 3nd Edition, 2002.
Calculations are based on certain assumptions and have inherent limitations.  The results of such
calculations may or may not have reasonable predictive capabilities for a given situation, and should
only be interpreted by an informed user.
Although each calculation in the spreadsheet has been verified with the results of hand calculation,
there is no absolute guarantee of the accuracy of these calculations.
Any questions, comments, concerns, and suggestions, or to report an error(s) in the spreadsheet,
please send an email to nxi@nrc.gov.
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Further Analysis

We have seen a significant difference between the method of FPA and method of Deal & Beyler
in various forced ventilation problems.  Since we obtained a difference in hot gas layer temperature
in this problem, we are going to analyze the discrepancy between the FPA and Deal & Beyler
methods as a function of time exposure using the data of problem 3.  Plotting the results of each
method will help us to understand the limitations and validity of the empirical correlations. 

Problem Data:
From any attached spreadsheet calculations of problem 3 we can obtain:

Heat Release Rate: = 410 kW� ��Q
Compartment Initial Temperature: Ta = 25 °C (298K)
Ventilation mass flow rate: = 0.283 kg/sec�m
Air specific Heat at Ta: Cp = 1.0 kJ/kg-K
Exposure time: t =10 min = 600 sec 
Total area of compartment enclosing surfaces: AT = 102.19 m2

Material Thermal Inertia: k c .
kW

m K
� �

�

�

�
�

�

�
�018

2

2

Heat Transfer Coefficient:

 Method of FPAh k c
t tk � �
� 018.  

   Method of Deal and Beylerh k c
t tk � �0 4 0 4 018. . .�  

Hot Gas Layer Temperature according to method of FPA
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(1)� �Tg 298 1.967 0.18
t

0.36
298�

�

�

�
�
�

�
�
�

Where t is in seconds and Tg is in Kelvin
Hot Gas Layer Temperature Method of Deal & Beyler

Tg
Q

m C h A
T

410

0.283(1.0) 0.4 0.18
t

(102.19)
298

p k T
a�

�

� �

�

�

�

�

           (2)Tg
410

0.283 44.88 0.18
t

298�

�

�

Where t is in seconds and Tg is in Kelvin

Hot Gas Layer Temperature Plot

Using Microsoft Excel, we can plot the hot gas layer temperature as a function of time
according with equations (1) and (2).
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From this Tg vs time plot we can observe how the temperature difference between the two methods
(�Tg) increases with the exposure time.  We can see that both methods coincide only in one point
of the graph ( t =140 sec), after this point there is a rapid increase in the �Tg value.  Also, we have
seen during this analysis that �Tg is strictly dependent of the compartment dimensions, HRR and
boundary material properties.  That means that the �Tg - time relation is not constant for all fire
scenarios.  

The difference in two methods could be the nature of the experiments where the correlations were
developed.  Each experiment maybe was performed under different compartment conditions,
configuration, and instruments for measurements.  Hence, for a specific fire scenario, we should
use the most conservative value depending on the safety significance of the fire hazard.
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Problem 4: Compartment with Liquid Pool Fire Scenario

Problem J-4

Problem Statement
Consider a pool fire caused by a 38.0 liters (10 gallons) spill flammable liquid (kerosine oil) in a
0.55 m2 (6.0 ft2) dike area in a compartment with a concrete floor.  The kerosine oil is ignited and
spread rapidly over the surface, reaching steady burning almost instantly.  Compute the HRR,
burning duration, and flame height of the pool fire.  The dimensions of the compartment are 6.0 m
wide x 6.0 m long x 3.7 m high (20.0 ft wide x 20.0 ft long x 12.0 ft).  Two cable trays are located
above the pool fire at heights of 2.15 m (7.0 ft) and 3.0 m (10.0 ft), respectively.  Determine
whether flame will impinge upon the cable trays.  Assume instantaneous, complete involvement
of the liquid pool with no fire growth and no intervention by the plant fire department or automatic
suppression systems.

Solution
Purpose:

(1) Determine the HRR of the liquid pool fire.
(2) Determine the flame duration.
(3) Determine flame height (Hf).
(4) Determine if the flame will impinge the cable trays.

Assumptions:

(1) There is instantaneous and complete involvement of the liquid in the pool fire.
(2) The pool fire is burning in the open.
(3) The pool is circular or nearly circular and contains a fixed mass of liquid volume.
(4) The pool fire is in the center of the  compartment or away from the walls.

Spreadsheet (FDTs) Solution Procedure:

Use the following FDTs:

(a) HRR_Flame_Height_Burning_Duration_Calculations.xls

FDTs Input Parametrs:
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Enter the following parameters in the spreadsheet (values only):

- Fuel spill volume (V) = 10 gallons
- Fuel Spill Area or Dike Area (Adike) = 6.0 ft2

- Select Fuel Type: select Kerosine from the combo box

Note: When Kerosine is selected, its properties are automatically selected from the
table and entered in the corresponding input cells.

Results

Heat Release Rate*
kW (Btu/sec)�Q

Burning
Duration*
tb (min)

Pool Fire Flame Height*
Hf m (ft)

Method of
Heskestad

Method of
Thomas

939 (890) 24 2.8 (9.1) 2.5 (7.6)
*spreadsheet calculations attached on next page

Both methods for pool fire flame height estimation show that the flame could impinge
upon the cable trays.
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CHAPTER 3 - METHOD OF ESTIMATING THE HEAT RELEASE RATE, BURNING
DURATION, AND FLAME HEIGHT FOR A LIQUID POOL FIRE

  
The following calculations estimate the heat release rate, burning duration, and flame height for liquid pool fire.
Parameters should be specified ONLY IN THE YELLOW INPUT PARAMETER BOXES.
All subsequent output values are calculated by the spreadsheet and based on values specified in the input
parameters.  This spreadsheet is protected and secure to avoid errors due to a wrong entry in a cell(s).
The chapter in the NUREG should be read before an analysis is made.

INPUT PARAMETERS

Fuel Spill Volume (V) 10.00 gallons 0.0379 m3

Fuel Spill Area or Dike Area (Adike) 6.00 ft2 0.557 m2

Mass Burning Rate of Fuel (m") 0.039 kg/m2-sec
Effective Heat of Combustion of Fuel (�Hc,eff) 43200 kJ/kg
Fuel Density (�) 820 kg/m3

Gravitational Acceleration (g) 9.81 m/sec2

Ambient Air Density (�a) 1.20 kg/m3

THERMAL PROPERTIES DATA  
                                BURNING RATE DATA FOR LIQUID HYDROCARBON FUELS

Density Select Fuel Type
� (kg/m3)

Methanol 796 Scroll to desired fuel type then 
Ethanol 794 Click on selection
Butane 573
Benzene 874
Hexane 650
Heptane 675
Xylene 870
Acetone 791
Dioxane 1035
Diethy Ether 714
Benzine 740
Gasoline 740
Kerosine 820
Diesel 918
JP-4 760
JP-5 810
Transformer Oil, Hydrocarbon 760
Fuel Oil, Heavy 970
Crude Oil 855
Lube Oil 760
Reference:  SFPE Handbook of Fire Protection Engineering , 2nd Edition, 1995, Page 3-2.

Fuel

46,000
39,700
42,600

26,200
34,200
44,700
43,700

44,700
44,600

46,000

43,200
44,400
43,500
43,000

40,800
25,800

20,000
26,800
45,700
40,100

0.039
0.035
0.0335
0.039

0.039
0.045
0.051
0.054

0.018
0.085
0.048
0.055

0.074
0.101
0.09
0.041

0.017
0.015
0.078
0.085

Mass Burning Rate
m" (kg/m2-sec)

Heat of Combustion
�Hc,eff (kJ/kg) Kerosine

Spreadsheet Calculations
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ESTIMATING POOL FIRE HEAT RELEASE RATE
Reference:  SFPE Handbook of Fire Protection Engineering , 2nd Edition, 1995, Page 3-4.

Q = m"�Hc,eff Af

Where Q = pool fire heat release rate (kW)
m" = mass burning rate of fuel per unit surface area (kg/m2-sec)
�Hc,eff = effective heat of combustion of fuel (kJ/kg)
Af = Adike = surface area of pool fire (area involved in vaporization) (m2)

Heat Release Rate Calculation (Liquids with relatively high flash point, like transformer oil, require
Q = m"�Hc Af localized heating to achieve ignition)

Q = 939.14 kW 890.13 BTU/sec ANSWER  

ESTIMATING POOL FIRE BURNING DURATION
Reference:  SFPE Handbook of Fire Protection Engineering , 2nd Edition, 1995, Page 3-197.

tb = 4V/�D2
�

Where tb = burning duration of pool fire (sec)
V = volume of liquid (m3)
D = pool diameter (m)
� = regression rate (m/sec)

Pool Fire Diameter Calculation
Adike = �D2/4
D = v(4Adike/�)
D = 0.842 m

Calculation for Regression Rate
� = m"��
Where m" ��mass burning rate of fuel (kg/m2-sec)

� = liquid fuel density (kg/m3)
� = 0.000048 m/sec

Burning Duration Calculation
tb = 4V/�D2

�

tb = 1427.85 sec 23.80 minutes ANSWER
Note that a liquid pool fire with a given amount of fuel can burn for long periods of time over small area or for
short periods of time over a large area.

ESTIMATING POOL FIRE FLAME HEIGHT
METHOD OF HESKESTAD

Reference:  SFPE Handbook of Fire Protection Engineering , 2nd Edition, 1995, Page 2-10.

Hf = 0.235 Q2/5 - 1.02 D
Where Hf = pool fire flame height (m)

Q = pool fire heat release rate (kW)
D = pool fire diameter (m)

Pool Fire Flame Height Calculation
Hf = 0.235 Q2/5 - 1.02 D
Hf = 2.77 m 9.10 ft ANSWER
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METHOD OF THOMAS
Reference:  SFPE Handbook of Fire Protection Engineering , 2nd Edition, 1995, Page 3-204.

Hf = 42 D (m"��a v (g D))0.61

W here Hf = pool fire flame height (m)
m" = mass burning rate of fuel per unit surface area (kg/m 2-sec)
�a = ambient air density (kg/m 3)
D = pool fire diameter (m)
g = gravitational acceleration (m/sec2)

Pool Fire Flame Height Calculation
Hf = 42 D (m"��a v (g D))0.61

Hf = 2.30 m 7.54 ft ANSWER

NOTE
The above calculations are based on principles developed in the SFPE Handbook of Fire Protection
Engineering, 2nd Edition, 1995. Calculations are based on certain assumptions and have inherent lim itations.
The results of such calculations may or may not have reasonable predictive capabilities for a given situation
and should only be interpreted by an informed user.  Although each calculation in the spreadsheet has 
been verified with the results of hand calculation, there is no absolute guarantee of the accuracy of these 
calculations. Any questions, comments, concerns, and suggestions, or to report an error(s) in the
spreadsheets, please send an email to nxi@nrc.gov.
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Problem J-5

Problem Statement
Consider a compartment with cable trays at 4.60 m (15 ft) above floor.  The cable trays are very
close to the compartment walls.  If 7.6 liters (2 gallons) of lube oil spills covering an area of 1.4 m2

(15 ft2), what location or type of fire source will allow the fire flame to impinge on the cable trays?

Solution
Purpose:

(1) Determine what type of fire source will impinge upon the cable tray.

Assumptions:

(1) Air is entrained only from one side during the combustion process.

Spreadsheet (FDTs) Solution Procedure:

Use the following FDTs:

(a) Flame_Height_Calculations.xls 
select Wall_Line_Flame _Height for line fire analysis 
select Corner_Flame _Height for corner fire analysis 
Wall_Flame _Height for wall fire analysis

FDTs Input Parameters:

Enter the following parameters in all spreadsheets (values only):

- Fuel spill volume (V) = 2 gallons
- Fuel Spill Area or Dike Area (Adike) = 15 ft2

- Select Fuel Type: select Lube Oil from the combo box

Note: When Lube Oil is selected, its properties are automatically selected from the
table and entered in the corresponding input cells.

Results

Fire Source Flame Height*
Hf m (ft)

Line Fire 2.80 (9.20)

Corner Fire 8.20 (26.9)

Wall Fire 5.60 (18.40)
*spreadsheet calculations attached on next page

The spreadsheet calculations show that a corner or wall fire of lube oil with a dike area
of (1.4 m2) 15 ft2 could impinge upon the cable trays.
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CHAPTER 4 - METHOD OF ESTIMATING LINE FIRE FLAME HEIGHT AGAINST
THE WALL
The following calculations estimate the line fire flame height against the wall. 
Parameters should be specified ONLY IN THE YELLOW INPUT PARAMETER BOXES.
All subsequent output values are calculated by the spreadsheet and based on values specified in the input
parameters.  This spreadsheet is protected and secure to avoid errors due to a wrong entry in a cell(s).
The chapter in the NUREG should be read before an analysis is made.

INPUT PARAMETERS
Fuel Spill Volume (V) 2.00 gallons 0.0076 m3

Fuel Spill Area or Dike Area (Adike) 15.00 ft2 1.394 m2

Mass Burning Rate of Fuel (m") 0.039 kg/m2-sec
Effective Heat of Combustion of Fuel (�Hc,eff) 46000 kJ/kg

THERMAL PROPERTIES FOR  
                        BURNING RATE DATA FOR LIQUID HYDROCARBON FUELS

Select Fuel Type

Methanol Scroll to desired fuel type then
Ethanol Click on selection
Butane
Benzene
Hexane
Heptane
Xylene
Acetone
Dioxane
Diethy Ether
Benzene
Gasoline
Kerosene
Diesel
JP-4
JP-5
Transformer Oil, Hydrocarbon
Fuel Oil, Heavy
Crude Oil
Lube Oil
Reference: SFPE Handbook of Fire Protection Engineering , 2nd Edition, Page 3-2.

Heat Release Rate Calculation
Reference: SFPE Handbook of Fire Protection Engineering , 2nd Edition, 1995, Page 3-4.

Q = m"�Hc,effAf

Where Q = pool fire heat release rate (kW)
m" = mass burning rate of fuel per unit surface area (kg/m2-sec)
�Hc,eff = effective heat of combustion of fuel (kJ/kg)
Af = Adike = surface area of pool fire (area involved in vaporization) (m2)

Q = m"�HcAf (Liquids with relatively high flash point, like transformer
oil require localized heating to achieve ignition)

Q = 2500.02 kW 2369.57 BTU/sec

               Fuel Mass Burning Rate
m" (kg/m2-sec)

0.017
0.015
0.078
0.085
0.074
0.101
0.09

0.041
0.018
0.085
0.048
0.055
0.039
0.045
0.051
0.054
0.039
0.035
0.034
0.039

20,000
26,800
45,700
40,100
44,700
44,600
40,800

43,500

25,800
26,200
34,200
44,700

46,000

Heat of Combustion
�Hc,eff (kJ/kg)

43,000
46,000
39,700
42,600

43,700
43,200
44,400

JP-5

Spreadsheet Calculations
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Heat Release Rate Per Unit Length of Fire Calculation
Q' = Q/L
Where Q' = heat release rate per unit length (kW/m)

Q = fire heat release rate of the fire (kW)
L = length of the fire source (m)

Fire Source Length Calculation
L x W = Adike 

L x W = 1.394 m2

L = 1.180 m

Q' = Q/L
Q' = 2117.79 kW/m

ESTIMATING LINE WALL FIRE FLAME HEIGHT
Reference: NFPA Fire Protection Handbook , 18th Edition, 1997, Page 11-96.

Hf(wall line) = 0.017 Q' 2/3

Where Hf(wall line) = wall fire flame height (m)
Q' = rate of heat release per unit length of the fire (kW/m)

Hf(wall line) = 0.017 Q' 2/3

Hf(wall line) = 2.80 m 9.20 ft ANSWER

NOTE
The above calculations are based on principles developed in the SFPE Handbook of Fire
Protection Engineering, 2nd Edition, 1995, and NFPA Fire Protection Handbook, 18th Edition, 1997.
Calculations are based on certain assumptions and have inherent limitations.  The results of
such calculations may or may not have reasonable predictive capabilities for a given situation, and
should only be interpreted by an informed user.
Although each calculation in the spreadsheet has been verified with the results of hand calculation,
there is no absolute guarantee of the accuracy of these calculations.
Any questions, comments, concerns, and suggestions, or to report an error(s) in the spreadsheets,
please send an email to nxi@nrc.gov.
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CHAPTER 4 - METHOD OF ESTIMATING CORNER FIRE FLAME HEIGHT  
  

The following calculations estimate the corner fire flame height. 
Parameters should be specified ONLY IN THE YELLOW INPUT PARAMETER BOXES.
All subsequent output values are calculated by the spreadsheet and based on values specified in the input
parameters.  This spreadsheet is protected and secure to avoid errors due to a wrong entry in a cell(s).
The chapter in the NUREG should be read before an analysis is made.

INPUT PARAMETERS
Fuel Spill Volume (V) 2.00 gallons 0.0076 m3

Fuel Spill Area or Dike Area (Adike) 15.00 ft2 1.394 m2

Mass Burning Rate of Fuel (m") 0.039 kg/m2-sec
Effective Heat of Combustion of Fuel ( Hc,eff) 46000 kJ/kg

THERMAL PROPERTIES FOR  
                        BURNING RATE DATA FOR LIQUID HYDROCARBON FUELS

Select Fuel Type

Methanol Scroll to desired fuel type then
Ethanol Click on selection
Butane
Benzene
Hexane
Heptane
Xylene
Acetone
Dioxane
Diethy Ether
Benzene
Gasoline
Kerosene
Diesel
JP-4
JP-5
Transformer Oil, Hydrocarbon
Fuel Oil, Heavy
Crude Oil
Lube Oil
Reference: SFPE Handbook of Fire Protection Engineering , 2nd Edition, 1995, Page 3-2.

Heat Release Rate Calculation
Reference: SFPE Handbook of Fire Protection Engineering , 2nd Edition, 1995, Page 3-4.

Q = m" Hc,effAf

Where Q = pool fire heat release rate (kW)
m" = mass burning rate of fuel per unit surface area (kg/m2-sec)
�Hc,eff = effective heat of combustion of fuel (kJ/kg)
Af = Adike = surface area of pool fire (area involved in vaporization) (m2)

Q = m" HcAf (Liquids with relatively high flash point, like transformer
oil require localized heating to achieve ignition)

Q = 2500.02 kW 2369.57 BTU/sec  

Fuel      Mass Burning Rate
    m" (kg/m2-sec)

0.017
0.015
0.078
0.085
0.074
0.101
0.09

0.041
0.018
0.085
0.048
0.055
0.039
0.045
0.051
0.054
0.039
0.035
0.034
0.039

   Heat of Combustion
�Hc,eff (kJ/kg)

20,000
26,800
45,700
40,100
44,700
44,600
40,800
25,800
26,200
34,200
44,700
43,700
43,200

39,700
42,600
46,000

44,400
43,500
43,000
46,000

Lube Oil
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ESTIMATING CORNER FIRE FLAME HEIGHT
Reference:  SFPE Handbook of Fire Protection Engineering , 2nd Edition, Page -2-10.

Hf(corner) = 0.075 Q3/5

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

Hf(corner) = 0.075 Q3/5

Hf(corner) =  8.20 m 26.90 ft ANSWER

NOTE
The above calculations are based on principles developed in the SFPE Handbook of Fire
 Protection Engineering, 2nd Edition, 1995.
Calculations are based on certain assumptions and have inherent limitations.  The results of
such calculations may or may not have reasonable predictive capabilities for a given situation,
and should only be interpreted by an informed user.
Although each calculation in the spreadsheet has been verified with the results of hand calculation,
there is no absolute guarantee of the accuracy of these calculations.
Any questions, comments, concerns, and suggestions, or to report an error(s) in the spreadsheet,
please send an email to nxi@nrc.gov.
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CHAPTER 4 - METHOD OF ESTIMATING WALL FIRE FLAME HEIGHT
 

The following calculations estimate the wall fire flame height. 
Parameters should be specified ONLY IN THE YELLOW INPUT PARAMETER BOXES.
All subsequent output values are calculated by the spreadsheet and based on values specified in the input
parameters.  This spreadsheet is protected and secure to avoid errors due to a wrong entry in a cell(s).
The chapter in the NUREG should be read before an analysis is made.

INPUT PARAMETERS
Fuel Spill Volume (V) 2.00 gallons 0.0076 m3

Fuel Spill Area or Dike Area (Adike) 15.00 ft2 1.394 m2

Mass Burning Rate of Fuel (m") 0.039 kg/m2-sec
Effective Heat of Combustion of Fuel (�Hc,eff) 46000 kJ/kg

THERMAL PROPERTIES FOR  
                       BURNING RATE DATA FOR LIQUID HYDROCARBON FUELS

Select Fuel Type

Methanol Scroll to desired fuel type then
Ethanol Click on selection
Butane
Benzene
Hexane
Heptane
Xylene
Acetone
Dioxane
Diethy Ether
Benzene
Gasoline
Kerosene
Diesel
JP-4
JP-5
Transformer Oil, Hydrocarbon
Fuel Oil, Heavy
Crude Oil
Lube Oil
Reference: SFPE Handbook of Fire Protection Engineering , 2nd Edition, Page 3-2.

Heat Release Rate Calculation
Reference: SFPE Handbook of Fire Protection Engineering , 2nd Edition, 1995, Page 3-4.

Q = m"�Hc,effAf

Where Q = pool fire heat release rate (kW)
m" = mass burning rate of fuel per unit surface area (kg/m2-sec)
�Hc,eff = effective heat of combustion of fuel (kJ/kg)
Af = Adike = surface area of pool fire (area involved in vaporization) (m2)

Q = m"�HcAf (Liquids with relatively high flash point, like transformer
oil require localized heating to achieve ignition)

Q = 2500.02 kW 2369.57 BTU/sec

39,700
42,600
46,000

44,400
43,500
43,000
46,000

34,200
44,700
43,700
43,200

44,600
40,800
25,800
26,200

0.035
0.034
0.039

Heat of Combustion
�Hc,eff (kJ/kg)

20,000
26,800
45,700
40,100
44,700

0.045
0.051
0.054
0.039

0.085
0.048
0.055
0.039

0.101
0.09

0.041
0.018

0.015
0.078
0.085
0.074

Fuel    Mass Burning Rate
m" (kg/m2-sec)

0.017
Lube Oil
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Heat Release Rate Per Unit Length of Fire Calculation
Q' = Q/L
Where Q' = heat release rate per unit length (kW/m)

Q = fire heat release rate of the fire (kW)
L = length of the fire source (m)

Fire Source Length Calculation
L x W = Adike 

L x W = 1.394 m2

L = 1.180 m

Q' = Q/L
Q' = 2117.79 kW/m

ESTIMATING WALL FIRE FLAME HEIGHT
Reference: NFPA Fire Protection Handbook , 18th Edition, 1997, Page 11-96.

Hf(wall) = 0.034 Q'2/3

Where Hf(wall) = wall fire flame height (m)
Q' = rate of heat release per unit length of the fire (kW/m)

Hf(wall) = 0.034 Q'2/3

Hf(wall) = 5.61 m 18.40 ft ANSWER

NOTE
The above calculations are based on principles developed in the SFPE Handbook of Fire
Protection Engineering, 2nd Edition, 1995, and NFPA Fire Protection Handbook, 18th Edition, 1997.
Calculations are based on certain assumptions and have inherent limitations.  The results of
such calculations may or may not have reasonable predictive capabilities for a given situation, and
should only be interpreted by an informed user.
Although each calculation in the spreadsheet has been verified with the results of hand calculation,
there is no absolute guarantee of the accuracy of these calculations.
Any questions, comments, concerns, and suggestions, or to report an error(s) in the spreadsheet,
please send an email to nxi@nrc.gov.
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Problem 6: Compartment Fire with Forced Ventilation

Problem J-6

Problem Statement
Consider a compartment that is 15.2 m wide x 12.20 m long x 3.70 m height (50 ft wide x 40 ft long
x 12 ft height) with two forced ventilation rates: 2.4 m3/s and 2.8 m3/s (5,000 cfm and 6,000 cfm).
If a fire scenario arises with a fire power of 1,500 kW (1,422 Btu/sec), find the minimum thickness
of gypsum board (boundary material) to prevent the hot gas temperature of reaching the failure
temperature of the IEEE-383 unqualified cable [Tg = 218 °C (425 °F)] at 15 min after ignition.

Solution
Purpose:

(1) Determine the minimum thickness of gypsum board to prevent Tg = 425 °F for two
ventilation rates (5,000 cfm and 6,000 cfm) at 15 minutes after ignition.

Assumptions:

(1) Air properties (ambient) are at 25 °C (77 °F).
(2) Neglect the effect of the cable trays on the plume profile.
(3) The heat flow trough the compartment boundaries is one-dimensional.
(4) The HRR is constant.
(5) The fire is located at the center of the compartment or away from the walls.
(6) The compartment is open to the outside at the inlet (pressure = 1 atm).

Spreadsheet (FDTs) Solution Procedure:

Use the following FDTs: 

(a) Temperature_FV1.xls (Temperature-FV Thermally Thick and 
Temperature-FV Thermally Thin will be required for this analysis)

(b) Temperature_FV2.xls (Temperature-FV Thermally Thick and 
Temperature-FV Thermally Thin will be required for this analysis)
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Note: Since the material thickness is unknown we have to consider the thermally thick
and thermally thin possibilities for the solution.  Also we are going to use both methods
for forced ventilation scenarios (PFA and Deal & Beyler) to compare results.

FDTs Input Pameters:

Enter the following parameters in both spreadsheets (values only):

- Compartment Width (wc) = 40 ft
- Compartment Length (lc) = 40 ft
- Compartment Height (hc) = 12 ft
- Interior Lining Thickness = 2 in (first trial and error value)
- Select Material: select Gypsum Board from the combo box
- Compartment ventilation rate = 5,000 cfm and 6,000 cfm� ��m

- Fire Heat Release Rate  = 1,500 kW� ��Q

Note: When Gypsum Board is selected, its thermal properties are automatically
selected from the table and entered in the corresponding input cells.

Results
This problem is solved using a trial and error procedure.  Since we are looking for the minimum
thickness to avoid that Tg = 218 °C 425 °F), we need to enter thickness values on the spreadsheets
until get a hot gas layer temperature of 218 °C (425 °F) at 15 minutes after ignition.  We have to
be careful using the FDTs, because the material can be thick or thin and there is a specific
spreadsheet for each case.  For example, taking the case where the ventilation rate is 2.4 m3/s
(5,000 cfm), if we are using the thermally thick spreadsheet and during the trial and error process
the minimum material thickness tends to be less or equal to 2.54 cm (1 in), we have to leave the
thermally thick spreadsheet and go to the thermally thin spreadsheet to continue the trial and error
process. The following table summarizes the trial and error procedure until get a reasonable
solution.
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Ventilation
rate 

(cfm)�m

Trial Material
Thickness (in)

Hot Gas Layer Temperature Tg (°F)

Method of FPA Method of Deal & Beyler

5,000 1 2 451 566

2 1 567 740

3 0.5 459 584

4 0.3 395 464

5 0.35 413 499

6 0.25 375 423

6,000 1 2 451 520

2 1 536 660

3 0.5 435 536

4 0.3 375 435

5 0.35 392 466

6 0.25 356 400
*spreadsheet calculations attached on next page

Following the results of the FPA and Deal & Beyler method, we could say that any thickness above
0.635 cm (0.25 in) of gypsum board could provide enough heat loss to allow the hot gases reach
the 200 °C (400 °F) at 15 minutes after a fire ignition with a HRR of 1,500 kW (1,422 Btu/sec).
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CHAPTER 2 - METHOD OF PREDICTING HOT GAS LAYER TEMPERATURE
IN ROOM FIRE WITH FORCED VENTILATION
COMPARTMENT WITH THERMALLY THIN BOUNDARIES �

 
The following calculations estimate the hot gas layer temperature and smoke layer height in enclosure fire.
Parameters should be specified ONLY IN THE YELLOW INPUT PARAMETER BOXES.
All subsequent output values are calculated by the spreadsheet and based on values specified in the input
parameters.  This spreadsheet is protected and secure to avoid errors due to a wrong entry in a cell(s).
The chapter in the NUREG should be read before an analysis is made.

INPUT PARAMETERS
COMPARTMENT INFORMATION

Compartment Width (wc) 40.00 ft 12.19 m

Compartment Length (lc) 40.00 ft 12.19 m

Compartment Height (hc) 12.00 ft 3.66 m

Interior Lining Thickness (�) 0.25 in 0.00635 m ,
For thermally thin case the interior lining thickness should be less than or equal to 1 inch.

AMBIENT CONDITIONS
Ambient Air Temperature (Ta) 77.00 °F 25.00 °C

298.00 K
Specific Heat of Air (cp) 1.00 kJ/kg-K
Ambient Air Density (�a) 1.20 kg/m3

THERMAL PROPERTIES OF COMPARTMENT ENCLOSING SURFACES
Interior Lining Thermal Inertia (k�c) 0.18 (kW/m2-K)2-sec
Interior Lining Thermal Conductivity (k) 0.00017 kW/m-K
Interior Lining Specific Heat (c) 1.1 kJ/kg-K
Interior Lining Density (�) 960 kg/m3

THERMAL PROPERTIES FOR COMMON INTERIOR LINING MATERIALS
k�c k c � Select Material

(kW/m2-K)2-sec (kW/m-K) (kJ/kg-K) (kg/m3)

Aluminum (pure) 500 0.206 0.895 2710 Scroll to desired material then 
Steel (0.5% Carbon) 197 0.054 0.465 7850 Click on selection
Concrete 2.9 0.0016 0.75 2400
Brick 1.7 0.0008 0.8 2600
Glass, Plate 1.6 0.00076 0.8 2710
Brick/Concrete Block 1.2 0.00073 0.84 1900
Gypsum Board 0.18 0.00017 1.1 960
Plywood 0.16 0.00012 2.5 540
Fiber Insulation Board 0.16 0.00053 1.25 240
Chipboard 0.15 0.00015 1.25 800
Aerated Concrete 0.12 0.00026 0.96 500
Plasterboard 0.12 0.00016 0.84 950
Calcium Silicate Board 0.098 0.00013 1.12 700
Alumina Silicate Block 0.036 0.00014 1 260
Glass Fiber Insulation 0.0018 3.7E-05 0.8 60
Expanded Polystyrene 0.001 3.4E-05 1.5 20
Reference:  Klote, J., J. Milke, Principles of Smoke Management , 2002 Page 270.

Material
Gypsum Board

Spreadsheet Calculations
Note: The following spreadsheets show the final result (or last trial) of the solution process.  Only
the 5,000 cfm case is shown, spreadsheet calculations for 6,000 cfm scenario are similar.

Method of Foote, Pagni, and Alvares (FPA)
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COMPARTMENT MASS VENTILATION FLOW RATE
Forced Ventilation Flow Rate (m) 5000.00 cfm 2.360 m3/sec

2.832 kg/sec

FIRE SPECIFICATIONS
Fire Heat Release Rate (Q) 1500.00 kW

METHOD OF FOOTE, PAGNI, AND ALVARES (FPA)
Reference: SFPE Handbook of Fire Protection Engineering , 2nd Edition, 1995, Page 3-140.

�Tg/Ta = 0.63(Q/mcpTa)0.72(hkAT/mcp)-0.36

Where �Tg = Tg - Ta = upper layer gas temperature rise above ambient (K)
Ta = ambient air temperature (K)
Q = heat release rate of the fire (kW)
m = compartment mass ventilation flow rate (kg/sec)
cp = specific heat of air (kJ/kg-K)
hk = convective heat transfer coefficient (kW/m2-K)
AT = total area of the compartment enclosing surface boundaries (m2)

Thermal Penetration Time Calculation Thermally Thin Material
tp = (�cp/k)(�/2)2

Where � = interior construction density (kg/m3)
cp = interior construction heat capacity (kJ/Kg-K)
k = interior construction thermal conductivity (kW/m-K)
� = interior construction thickness (m)

tp = 62.62 sec

Heat Transfer Coefficient Calculation
hk = k/� for t > tp
Where k = interior construction thermal conductivity (kW/m-K)

� = interior construction thickness (m)
hk = 0.03 kW/m2-K

Area of Compartment Enclosing Surface Boundaries
AT = 2 (wc x lc) + 2 (hc x wc) + 2 (hc x lc)
AT = 475.66 m2

Compartment Hot Gas Layer Temperature With Forced Ventilation
�Tg/Ta = 0.63(Q/mcpTa)

0.72(hkAT/mcp)
-0.36

�Tg/Ta = 0.55
�Tg = 165.34 K
�Tg = Tg - Ta  

Tg = �Tg + Ta

Tg = 463.34 K
Tg = 190.34 °C 374.61 °F ANSWER
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NOTE
The above calculations are based on principles developed in the SFPE Handbook of Fire Protection
Engineering, 2nd Edition, 1995.
Calculations are based on certain assumptions and have inherent limitations.  The results of such
calculations may or may not have reasonable predictive capabilities for a given situation, and should
only be interpreted by an informed user.
Although each calculation in the spreadsheet has been verified with the results of hand calculation,
there is no absolute guarantee of the accuracy of these calculations.
Any questions, comments, concerns, and suggestions, or to report an error(s) in the spreadsheet,
please send an email to nxi@nrc.gov.
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CHAPTER 2 - METHOD OF PREDICTING HOT GAS LAYER TEMPERATURE
IN ROOM FIRE WITH FORCED VENTILATION
COMPARTMENT WITH THERMALLY THIN BOUNDARIES �

 
The following calculations estimate the hot gas layer temperature and smoke layer height in enclosure fire.
Parameters should be specified ONLY IN THE YELLOW INPUT PARAMETER BOXES.
All subsequent output values are calculated by the spreadsheet and based on values specified in the input
parameters.  This spreadsheet is protected and secure to avoid errors due to a wrong entry in a cell(s).
The chapter in the NUREG should be read before an analysis is made.

INPUT PARAMETERS
COMPARTMENT INFORMATION

Compartment Width (wc) 40.00 ft 12.19 m

Compartment Length (lc) 40.00 ft 12.19 m

Compartment Height (hc) 12.00 ft 3.66 m

Interior Lining Thickness (�) 0.25 in 0.00635 m
For thermally thin case the interior lining thickness should be less than or equal to 1 inch.

AMBIENT CONDITIONS
Ambient Air Temperature (Ta) 82.00 °F 27.78 °C

300.78 K
Specific Heat of Air (cp) 1.00 kJ/kg-K
Ambient Air Density (�a) 1.20 kg/m3

THERMAL PROPERTIES OF COMPARTMENT ENCLOSING SURFACES
Interior Lining Thermal Inertia (k�c) 0.18 (kW/m2-K)2-sec
Interior Lining Thermal Conductivity (k) 0.00017 kW/m-K
Interior Lining Specific Heat (c) 1.1 kJ/kg-K
Interior Lining Density (�) 960 kg/m3

THERMAL PROPERTIES FOR COMMON INTERIOR LINING MATERIALS 
k�c k c � Select Material

(kW/m2-K)2-sec (kW/m-K) (kJ/kg-K) (kg/m3)

Aluminum (pure) 500 0.206 0.895 2710 Scroll to desired material then 
Steel (0.5% Carbon) 197 0.054 0.465 7850 Click on selection
Concrete 2.9 0.0016 0.75 2400
Brick 1.7 0.0008 0.8 2600
Glass, Plate 1.6 0.00076 0.8 2710
Brick/Concrete Block 1.2 0.00073 0.84 1900
Gypsum Board 0.18 0.00017 1.1 960
Plywood 0.16 0.00012 2.5 540
Fiber Insulation Board 0.16 0.00053 1.25 240
Chipboard 0.15 0.00015 1.25 800
Aerated Concrete 0.12 0.00026 0.96 500
Plasterboard 0.12 0.00016 0.84 950
Calcium Silicate Board 0.098 0.00013 1.12 700
Alumina Silicate Block 0.036 0.00014 1 260
Glass Fiber Insulation 0.0018 3.7E-05 0.8 60
Expanded Polystyrene 0.001 3.4E-05 1.5 20

Reference:  Klote, J., J. Milke, Principles of Smoke Management , 2002, Page 270.

Material
Gypsum Board

Method of Deal & Beyler
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COMPARTMENT MASS VENTILATION FLOW RATE
Forced Ventilation Flow Rate (m) 5000.00 cfm 2.360 m3/sec

2.832 kg/sec

FIRE SPECIFICATIONS
Fire Heat Release Rate (Q) 1500.00 kW

METHOD OF DEAL AND BEYLER
Reference: SFPE Handbook of Fire Protection Engineering , 3nd Edition, 2002, Page 3-178.

�Tg = Q / (m cp + hk AT)

Where �Tg = Tg - Ta = upper layer gas temperature rise above ambient (K)
Ta = ambient air temperature (K)
Q = heat release rate of the fire (kW)
m = compartment mass ventilation flow rate (kg/sec)
cp = specific heat of air (kJ/kg-K)
hk = convective heat transfer coefficient (kW/m2-K)
AT = total area of the compartment enclosing surface boundaries (m2)

Heat Transfer Coefficient Calculation
hk = 0.4 (k/�) for t > tp
Where k = thermal conductivity of interior lining (kW/m-K)

(a thermal property of material responsible for the rate of temperature rise)
� = thickness of interior lining  (m)

hk = 0.011 kW/m2-K

Area of Compartment Enclosing Surface Boundaries
AT = 2(wc x lc) + 2(hc x wc) + 2(hc x lc)
AT = 475.66 m2

Compartment Hot Gas Layer Temperature With Forced Ventilation
�Tg = Q / (m cp + hk AT)
�Tg = Tg - Ta 189.26  

Tg = 490.04 K

Tg = 217.04 °C 422.677 °F ANSWER

NOTE
The above calculations are based on principles developed in the SFPE Handbook of Fire 
Protection Engineering, 3nd Edition, 2002.
Calculations are based on certain assumptions and have inherent limitations.  The results of such
calculations may or may not have reasonable predictive capabilities for a given situation, and should
only be interpreted by an informed user.
Although each calculation in the spreadsheet has been verified with the results of hand calculation,
there is no absolute guarantee of the accuracy of these calculations.
Any questions, comments, concerns, and suggestions, or to report an error(s) in the spreadsheet,
please send an email to nxi@nrc.gov.
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Problem J-7

Problem Statement
Consider a compartment with an open vent that allows the air entrance at 3.60 m/s (700 ft/min).
Assume that heptane from a tank spills on the concrete floor forming a 113.0 m2 (126 ft2) pool.  The
edge to edge distance from the pool fire to a certain target is about 9.0 m (30 ft).  The target is 3
m (10 ft) above ground.  Calculate the flame radiative heat flux at ground level using the solid flame
model.

Solution
Purpose:

(1) Calculate the radiant heat flux from the pool fire to the target using the solid flame
radiation model and considering the effect of the wind. 

Assumptions:

(1) The pool is circular or nearly circular.
(2) The correlation for solid flame radiation model is suitable for heptane.

Spreadsheet (FDTs) Solution Procedure:

Use the following FDTs:

(a)  Heat_Flux_Calculations_Wind.xls (select Solid Flame 2) 

FDTs Input Parameters:

Enter the following parameters in the spreadsheet (values only):

- Fuel Spill Area or Dike Area (Adike) = 1,261 ft2

- Distance between Fire and Target (L) = 30 ft
- Vertical Distance of Target from Ground Level (H1 = Hf1) = 10 ft
- Wind Speed or Velocity (uw) = 700 ft/min
- Select Fuel Type: select Heptane from the combo box

Note: When Heptane is selected, its thermal properties are automatically selected
from the table and entered in the corresponding input cells.

Results
Radiation Model Radiant Heat Flux* 

�"q
 kW/m2 (Btu/ft2-sec)

Solid Flame 10.54 (0.93)
*spreadsheet calculations attached on next page
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CHAPTER 5 - METHOD OF ESTIMATING RADIANT HEAT FLUX FROM FIRE 
TO A TARGET FUEL ABOVE GROUND LEVEL IN PRESENCE OF WIND (TILTED FLAME) 
SOLID FLAME RADIATION MODEL

     
The following calculations estimate the radiative heat flux from a fire to a target fuel in the presence of wind.
The purpose of this calculation is to estimate the radiation transmitted from a burning fuel array to a target
fuel positioned some distance from the fire above ground level to determine if secondary ignitions are likely in presence of wind.
Parameters should be specified ONLY IN THE RED INPUT PARAMETER BOXES.
All subsequent output values are calculated by the spreadsheet and based on values specified in the input
parameters.  This spreadsheet is protected and secure to avoid errors due to a wrong entry in a cell(s).
The chapter in the NUREG should be read before an analysis is made.
 
INPUT PARAMETERS

Mass Burning Rate of Fuel (m") 0.101 kg/m2-sec

Effective Heat of Combustion of Fuel (�Hc,eff) 44600 kJ/kg

Fuel Area or Dike Area (Adike) 1261.00 ft2 117.15 m2

Distance between Fire and Target (L) 30.00 ft 9.144 m
Vertical Distance of Target from Ground Level (H1 = Hf1) 10.00 ft 3.048 m

Wind Speed or Velocity (uw) 700 ft/min 3.56 m/sec

Gravitational Acceleration (g) 9.81 m/sec2

Ambient Air Density (�a) 1.20 kg/m3

Density of Combustion Products (�c) 0.28 kg/m3

THERMAL PROPERTIES DATA  
                                                BURNING RATE DATA FOR FUELS

Mass Burning Rate Heat of Combustion Select Fuel Type
m" (kg/m2-sec) �Hc,eff (kJ/kg)

Methanol 0.017 20,000 Scroll to desired fuel type then Click on selection
Ethanol 0.015 26,800
Butane 0.078 45,700
Benzene 0.085 40,100
Hexane 0.074 44,700
Heptane 0.101 44,600
Xylene 0.09 40,800
Acetone 0.041 25,800
Dioxane 0.018 26,200
Diethy Ether 0.085 34,200
Benzine 0.048 44,700
Gasoline 0.055 43,700
Kerosine 0.039 43,200
Diesel 0.045 44,400
JP-4 0.051 43,500
JP-5 0.054 43,000
Transformer Oil, Hydrocarbon 0.039 46,000
Fuel Oil, Heavy 0.035 39,700
Crude Oil 0.0335 42,600
Lube Oil 0.039 46,000  
Douglas Fir Plywood 0.01082 10,900
Reference: SFPE Handbook of Fire Protection Engineering , 2nd Edition, 1995, Page 3-2.

Fuel
Heptane

Spreadsheet Calculations
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ESTIMATING RADIATIVE HEAT FLUX TO A TARGET FUEL IN PRESENCE OF WIND
Reference:  SFPE Handbook of Fire Protection Engineering, 3rd Edition, 1995, Page 3-272.

SOLID FLAME RADIATION MODEL IN PRESENCE OF WIND
q" = EF1->2
Where q" = incident radiative heat flux on the target (kW/m2)

E = emissive power of the pool fire flame (kW/m2)
F1->2 = view factor between target and the flame in presence of wind

Pool Fire Diameter Calculation
Adike = pD2/4
D = v(4 Adike/p)
D = 12.21314646 m
 
Pool Fire Radius Calculation
r = D/2
r = 6.106573231 m

Flame Emissive Power Calculation
E = 58 (10-0.00823 D)
E = 46.01652277 (kW/m2)
 
View Factor Calculation in Presence of Wind
p F1->2,V1 = See Equation 5-19
p F1->2,V2 = See Equation 5-20
A1 = a12 + (b +1)2 - 2a1 (b + 1) sinq
A2 = a22 + (b +1)2 - 2a2 (b + 1) sinq
B1 = a12 + (b - 1)2 - 2a1 (b - 1) sinq
B2 = a22 + (b - 1)2 - 2a2 (b - 1) sinq
C = 1 + (b2 - 1) Cos2q
a1 = 2Hf1/r = 2H1/r
a2 = 2Hf2/r = 2 (Hf - Hf1)/r
b = R/r
F1->2,V = F1->2,V1 + F1->2,V2

Where F1->2,V = total vertical view factor in presence of wind
R = distance from center of the pool fire to edge of the target (m)
Hf = height  of the pool fire flame (m)
r = pool fire radius (m)
q = flame tilt or angle of deflection (radians)

Distance from Center of the Pool Fire to Edge of the Target Calculation
R = L+ r = 15.25057323 m

Heat Release Rate Calculation
Q = m"DHcAf
Q = 527717.1939 kW
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Pool Fire Flame Height Calculation
Hf = 55 D (m"/ a v(g D))0.67 (u*)-0.21   

Where m" = mass burning rate of fuel (kg/m2-sec)
D = pool fire diameter (m)
�a = ambient air density (kg/m3)
g = gravitational acceleration (m/sec2)
u* = nondimensional wind velocity

Nondimensional Wind Velocity Calculation
u* = uw/(g m" D/ c)

1/3

Where uw = wind velocity (m/sec)
g = gravitational acceleration (m/sec2)
m" = mass burning rate of fuel (kg/m2-sec)
D = pool fire diameter (m)
�c = density of combustion products (kg/m3)

u* = uw/(g m" D/ c)
1/3

u* = 1.013

Hf = 55 D (m"/ a (vg D))0.67 (u*)-0.21

Hf = 25.68 m

Flame Tilt or Angle of Deflection Calculation
COS  = 1    for u* = 1 
COS  = 1 / (vu*) for u* = 1  

Since u* = 1
��� ACOS(1/(u*)^0.5) 0.115 Rad 6.58 degree

0.115 Rad 6.58 degree
0 Rad 0.00 degree

A1 = a1
2 + (b +1)2 - 2a1 (b + 1) sin 12.43

A2 = a2
2 + (b +1)2 - 2a2 (b + 1) sin 61.22

B1 = a1
2 + (b - 1)2 - 2a1 (b - 1) sin 2.90

B2 = a2
2 + (b - 1)2 - 2a2 (b - 1) sin 54.62

C = 1 + (b2 - 1) Cos2 6.17
a1 = 2Hf1/r = 2H1/r = 1.00
a2 = 2Hf2/r = 2 (Hf - Hf1)/r = 7.41
b = R/r = 2.50

F1->2,V1 0.13579 FV1 FV2 FV3 FV4 FV5 FV6 FV7 F1->2,V1

F1->2,V2 0.09325 0.416 1.277 0.935 0.400 0.321 0.105 0.241 0.135786
F1->2 = F1->2,V1 + F1->2,V2 = 0.22904 FV1 FV2 FV3 FV4 FV5 FV6 FV7 F1->2,V2

4.467 1.002 0.606 0.400 0.321 0.105 2.588 0.093251
Radiative Heat Flux Calculation in Presence of Wind
q" = EF1->2

q" = 10.54 kW/m2 0.93 BTU/ft2-seANSWER
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CRITICAL HEAT FLUX FOR CABLE FAILURE
Cable Type Damage Threshold Heat Flux

(kW/m2)  
IEEE-383 qualified 10  
IEEE-383 unqualified 5  
Reference: EPRI TR-100370, Fire-Induced Vulnerability Evaluation (FIVE), April 1992, page 10.4-7. 

NOTE
The above calculations are based on principles developed in the SFPE Handbook of Fire Protection
Engineering, 3rd Edition, 2002.
Calculations are based on certain assumptions and have inherent limitations.  The results of such
calculations may or may not have reasonable predictive capabilities for a given situation, and should
only be interpreted by an informed user.
Although each calculation in the spreadsheet has been verified with the results of hand calculation,
there is no absolute guarantee of the accuracy of these calculations.
Any questions, comments, concerns, and suggestions, or to report an error(s) in the spreadsheet,
please send an email to nxi@nrc.gov.
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Problem J-8

Problem Statement
Consider a compartment that has been insulated with 1.27 cm (½ in) of gypsum board, wallboard
(S142M). If a pool fire scenario arises with a heat flux of 75 kW/m2, what will be the ignition time
of the gypsum board?

Solution
Purpose:

(1) Calculate the ignition time of Gypsum Board, Wallboard (S142M) for the given
conditions.

Assumptions:
(1) The material is infinitely thick.

Spreadsheet (FDTs) Solution Procedure:
Use the following FDTs:

(a) Ignition_Time_Calculations.xls (select Ignition_Time _Calculations1) 
FDTs Input Parameters:

Enter the following parameters in the spreadsheet (values only):

-Exposure or External Radiative Heat Flux to Target Fuel = 75 kW/m2� ��
"q e

-Select Material: select Gypsum Board, Wallboard (S142M) from the combo box
Note: When Gypsum Board, Wallboard (S142M) is selected, its thermal properties
are automatically selected from the table and entered in the corresponding input cells.

Results
Calculation Method Ignition Time*

tig (min)

Mikkola and Wichmann 0.34 min

Quintiere and Harkleroad 0.20 min

Janssens 0.86 min
*spreadsheet calculations attached on next page
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CHAPTER 6 - METHOD OF ESTIMATING THE IGNITION TIME OF A TARGET FUEL
EXPOSED TO A CONSTANT RADIATIVE HEAT FLUX

 
The following calculations estimate time to ignition for flame spread of solid fuels exposed to a constant 
external radiative heat flux.
Parameters should be specified ONLY IN THE YELLOW INPUT PARAMETER BOXES.
All subsequent output values are calculated by the spreadsheet and based on values specified in the input parameters.
This spreadsheet is protected and secure to avoid errors due to a wrong entry in a cell(s).
The chapter in the NUREG should be read before an analysis is made.
 
INPUT PARAMETERS
MATERIAL FLAME SPREAD PROPERTIES

Material Ignition Temperature (Tig) 412.00 °C
Material Thermal Inertia (k�c) 0.57 (kW/m2-K)2-sec
Material Critical Heat Flux for Ignition (q"critical) 18.00 kW/m2

Flame Spread Parameter b 0.07 (s)-1/2

Exposure or External Radiative Heat Flux (q"e) 75.00 kW/m2

Ambient Air Temperature (Ta) 77.00 °F 25.00 °C

Heat Transfer Coefficient at Ignition (hig) 0.0275 kW/m2-K

FLAME SPREAD PROPERTIES OF COMMON MATERIALS
Ignition Temperature Tig Thermal Inertia k�c Critical Heat Flux q"critical Flame Spread Parameter  b Select Material

(°C) (kW/m2-K)2-sec (kW/m2) (s)-1/2

PMMA Polycast (1.59 mm) 278 0.73 9 0.04 Scroll to desired material then
Hardboard (6.35 mm) 298 1.87 10 0.03 Click on selection
Carpet (Arcylic) 300 0.42 10 0.06
Fiber Insulation Board 355 0.46 14 0.07
Hardboard (3.175 mm) 365 0.88 14 0.05
PMMA Type G (1.27 cm) 378 1.02 15 0.05
Asphalt Shingle 378 0.7 15 0.06
Douglas Fire Particle Board (1.27 cm) 382 0.94 16 0.05
Plywood Plain (1.27 cm) 390 0.54 16 0.07
Plywood Plain (0.635 cm) 390 0.46 16 0.07
Foam Flexible (2.54 cm) 390 0.32 16 0.09
GRP (2.24 mm) 390 0.32 16 0.09
Hardboard (Gloss Paint) (3.4 mm) 400 1.22 17 0.05
Hardboard Nitrocellulose Paint) 400 0.79 17 0.06
GRP (1.14 mm) 400 0.72 17 0.06
Particle Board (1.27 cm Stock) 412 0.93 18 0.05
Carpet (Nylon/Wool Blend) 412 0.68 18 0.06
Gypsum Board, Wallboard (S142M) 412 0.57 18 0.07
Carpet # 2 (Wool Untreated) 435 0.25 20 0.11
Foam Rigid (2.54 cm) 435 0.03 20 0.32
Fiberglass Shingle 445 0.5 21 0.08
Polyisoyanurate (5.08 cm) 445 0.02 21 0.36
Carpet # 2 (Wool Treated) 455 0.24 22 0.12
Carpet # 1 (Wool, Stock) 465 0.11 23 0.18
Aircraft Panel Expoxy Fiberite 505 0.24 28 0.13
Gypsum Board FR (1.27 cm) 510 0.4 28 0.1
Polycarbonate (1.52 mm) 528 1.16 30 0.06
Gypsum Board (Common) (1.27 mm) 565 0.45 35 0.11
Plywood FR (1.27 cm) 620 0.76 44 0.1
Polystyrene (5.08 cm) 630 0.38 46 0.14
Reference:  SFPE Engineering Guide, "Piloted Ignition of Solid Materials Under Radiant Exposure," 2002, Page 14.

Materials
Gypsum Board, Wallboard (S142M)

Spreadsheet Calculations
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METHOD OF MIKKOLA AND WICHMAN
THERMALLY THICK MATERIALS

Reference:  SFPE Engineering Guide, "Piloted Ignition of Solid Materials Under Radiant Exposure," 2002, Page 7.

tig = �/4 k�c (Tig - Ta)2 / (qe" - qcritical")2

Where tig = material ignition time (sec)
k�c = material thermal inertia (kW/m2-K)2-sec
Tig = material ignition temperature (°C)
Ta = ambient air temperature (°C)
qe" = exposure or external heat flux (kW/m2)
q"critical = material critical heat flux for ignition (kW/m2)

tig = �/4 k�c (Tig - Ta)2 / (qe" - qcritical")2

tig = 20.64 sec 0.34 minute ANSWER

METHOD OF QUINTIERE AND HARKLEROAD
THERMALLY THICK MATERIALS

Reference:  SFPE Engineering Guide, "Piloted Ignition of Solid Materials Under Radiant Exposure," 2002, Page 12.

tig = (qcritical" / b qe")
2

Where tig = material ignition time (sec)
q"critical = material critical heat flux for ignition (kW/m2)
b = flame spread parameter (s)-1/2

qe" = exposure or external heat flux (kW/m2)

tig = (qcritical" / b qe")2

tig = 11.76 sec 0.20 minute ANSWER

METHOD OF JANSSENS
THERMALLY THICK MATERIALS

Reference:  SFPE Engineering Guide, "Piloted Ignition of Solid Materials Under Radiant Exposure," 2002, Page 15.
tig = 0.563 (k�c / hig

2) ((qe" / qcritical")-1)-1.83

Where tig = material ignition time (sec)
k�c = material thermal inertia (kW/m2-K)2-sec
hig = heat transfer coefficient at ignition (kW/m2-K)
qe" = exposure or external heat flux (kW/m2)
q"critical = material critical heat flux for ignition (kW/m2)

tig = 0.563 (k�c / hig
2) ((qe" / qcritical")-1)-1.83

tig = 51.48 sec 0.86 minute ANSWER

SUMMARY OF RESULTS
METHOD OF MIKKOLA AND WICHMAN 0.34 minute
METHOD OF QUINTIERE AND HARKLEROAD 0.20 minute
METHOD OF JANSSENS 0.86 minute

NOTE
The above calculations are based on principles developed in the SFPE Engineering Guide 
"Piloted Ignition of Solid Materials Under Radiant Exposure," January 2002.
Calculations are based on certain assumptions and have inherent limitations.  The results of such
calculations may or may not have reasonable predictive capabilities for a given situation, and should
only be interpreted by an informed user.
Although each calculation in the spreadsheet has been verified with the results of hand calculation,
there is no absolute guarantee of the accuracy of these calculations.
Any questions, comments, concerns, and suggestions, or to report an error(s) in the spreadsheet,
please send an email to nxi@nrc.gov.
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Problem J-9

Problem Statement
A 75.0 liters (20 gallons) trash bag exposure fire source is located 3.0 m (10.0 ft) beneath a
horizontal cable tray.  Assume that the trash fire ignites an area of approximately 1.0 m2 (11.0 ft2)
of the cable tray, and the cables in the tray are IEEE-383 qualified XPE/FRPE cables.  Compute
the full-scale HRR, of the XPE/FRPE cable insulation.  The bench scale HRR of the� ��Qfs � �� "Qbs

XPE/FRPE is 475 kW/m2.

Solution
Purpose:

(1) Calculate the full-scale HRR of the XPE/FRPE for the given scenario.
Assumptions:

(1) Lee’s correlation is valid for this fire scenario.
Spreadsheet (FDTs) Solution Procedure:

Use the following FDTs:
(a) Cable_HRR_Calculations.xls

FDTs Input Parameters:
Enter the following parameters in the spreadsheet (values only):

-Exposure Cable Tray Burning Area (Af) = 11 ft2

-Select Cable Typel: select XPE/FRPE from the combo box
Note: When XPE/FRPE is selected, its thermal properties are automatically
selected from the table and entered in the corresponding input cells.

Results

Cable Insulation Full Scale HRR
�Qfs

kW (Btu/sec)

XPE/FRPE 218 (207)
*spreadsheet calculations attached on next page.
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CHAPTER 7 - METHOD OF ESTIMATING FULL-SCALE HEAT RELEASE
RATE OF A CABLE TRAY FIRE

 
The following calculations estimate the full-scale cable tray heat release rate.
Parameters should be specified ONLY IN THE YELLOW INPUT PARAMETER BOXES.
All subsequent output values are calculated by the spreadsheet and based on values specified in the input
parameters.  This spreadsheet is protected and secure to avoid errors due to a wrong entry in a cell(s).
The chapter in the NUREG should be read before an analysis is made.

INPUT PARAMETERS

Cable Bench-Scale HRR (Qbs) 475 kW/m2

Exposed Cable Tray Burning Area (Af) 11.00 ft2 1.022 m2

HEAT RELEASE RATE DATA FOR CABLE TRAY FIRE
              BENCH-SCALE HRR OF CABLE TRAY FIRE 

Bench-Scale HRR Select Cable Type
per Unit Floor Area

Q"bs (kW/m2) Scroll to desired cable type then Click on selection
1071
589
475
395
359
354
345
312
302
299
271
258
231
218
204
182
178
177
128
98

Reference: "Categorization of Cable Flammability, Part 1: Laboratory Evaluation of 
Cable Flammability Parameters," EPRI Research Project 1165-1, NP-1200, Part 1.

ESTIMATING FULL-SCALE CABLE TRAY HEAT RELEASE RATE
Reference: SFPE Handbook of Fire Protection Engineering , 2nd Edition 1995, Page 3-12.

Qfs = 0.45 Qbs Af

Where Qfs = cable tray full-scale HRR (kW)
Qbs = cable tray bench-scale HRR (kW)
Af = exposed cable tray burning area (m2)

Heat Release Rate Calculation
Qfs = 0.45 Qbs Af

Qfs = 218.44 kW 207.04 BTU/sec ANSWER

Cable Type

ld PE
PE/PVC
XPE/FRXPE
PE/PVC
PE/PVC
XPE/Neoprene
PE, PP/Cl.S.PE
PE/PVC
XPE/Neoprene
PE, PP/Cl.S.PE
PE, PP/Cl.S.PE
FRXPE/Cl.S.PE
PE, Nylon/PVC, Nylon

PE, PP/Cl.S.PE
Silicone, glass braid
Teflon

PE, Nylon/PVC, Nylon
XPE/Cl.S.PE
Silicone, glass braid, asbestos
XPE/XPE

XPE/FRXPE

Spreadsheet Calculations
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NOTE
The above calculations are based on principles developed in the SFPE Handbook of Fire Protection
Engineering, 2nd Edition, 1995.
Calculations are based on certain assumptions and has inherent limitations.  The results of such
calculations may or may not have reasonable predictive capabilities for a given situation, and should
only be interpreted by an informed user.
Although each calculation in the spreadsheet has been verified with the results of hand calculation,
there is no absolute guarantee of the accuracy of these calculations.
Any questions, comments, concerns, and suggestions, or to report an error(s) in the spreadsheet,
please send an email to nxi@nrc.gov.
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Problem J-10

Problem Statement
Estimate the maximum plume temperature (Tp(centerline)) at the ceiling of a 6.0 m (20.0 ft) high
compartment above a 1,420 kW fire involving a 1½ ft high stack of wood pallets in a 0.92 m2 (10.0
ft2) pallet area. Assume that the ambient temperature is 25 �C (77 �F).

Solution
Purpose:

(1) Estimate the maximum plume temperature for the given fire scenario.
Assumptions:

(1) All heat is released at a point. 
(2) Buoyant forces are more significant than momentum forces.

Spreadsheet (FDTs) Solution Procedure:
Use the following FDTs:

(a) Plume_Temperature_Calculations.xls
FDTs Input Parameters:

Enter the following parameters in the spreadsheet (values only):
-Heat Release Rate = 1,420 kW� ��Q
-Distance from the Top of the Fuel to the Ceiling (z) = 20 ft
-Area of Combustible Fuel = 10 ft2

Results
Heat Release Rate

(kW)�Q

Plume Centerline
Temperature
Tp(centerline)
°C (°F)

1,420 135 (276) 
*spreadsheet calculations attached on next page.
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CHAPTER 9 - METHOD OF ESTIMATING CENTERLINE TEMPERATURE
OF A BUOYANT FIRE PLUME 

The following calculations estimate the centerline plume temperature in a compartment fire.
Parameters should be specified ONLY IN THE YELLOW INPUT PARAMETER BOXES.
All subsequent output values are calculated by the spreadsheet and based on values specified in the input
parameters.  This spreadsheet is protected and secure to avoid errors due to a wrong entry in a cell(s).
The chapter in the NUREG should be read before an analysis is made.

INPUT PARAMETERS

Heat Release Rate of the Fire (Q) 1420.00 kW
Distance from the Top of the Fuel to the Ceiling (z) 20.00 ft 6.10 m
Area of Combustible Fuel (Ac) 10.00 ft2 0.93 m2

AMBIENT CONDITIONS
Ambient Air Temperature (Ta) 77.00 °F 25.00 °C

298.00 K
Specific Heat of Air (cp) 1.00 kJ/kg-K
Ambient Air Density (�a) 1.20 kg/m3

Acceleration of Gravity (g) 9.81 m/sec2

Convective Heat Release Fraction ��c) 0.50
ESTIMATING PLUME CENTERLINE TEMPERATURE

Reference: SFPE Handbook of Fire Protection Engineering, 2nd Edition, 1995, Page 2-9.

Tp(centerline) - Ta = 9.1 (Ta/g cp
2 �a

2)1/3 Qc
2/3 (z - z0)

-5/3

Where Qc = convective portion of the heat release rate (kW)
Ta = ambient air temperature (K)
g = acceleration of gravity (m/sec2)
cp = specific heat of air (kJ/kg-K)
�a = ambient air density (kg/m3)
z = distance from the top of the fuel package to the ceiling (m)
z0 = hypothetical virtual origin of the fire (m)

Convective Heat Release Rate Calculation
Qc = �c Q

Where Q = heat release rate of the fire (kW)
�c = convective heat release fraction
Qc = 710 kW  

Pool Fire Diameter Calculation
Ac = �D2/4
D = v(4 Ac/�)
D = 1.09 m

Spreadsheet Calculations
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Hypothetical Virtual Origin Calculation
z0/D = -1.02 + 0.083 (Q2/5)/D

Where z0 = virtual origin of the fire (m)
Q = heat release rate of fire (kW)
D = diameter of pool fire (m)

z0/D = 0.37
z0 = 0.40 m

Centerline Plume Temperature Calculation
Tp(centerline) - Ta = 9.1 (Ta/g cp

2 �a
2)1/3 Qc

2/3 (z - z0)
-5/3

Tp(centerline) - Ta =  110.29
Tp(centerline) = 408.29 K

Tp(centerline) = 135.29 °C 275.52 °F ANSWER

NOTE
The above calculations are based on principles developed in the SFPE Handbook of Fire
Protection Engineering, 2nd Edition, 1995.
Calculations are based on certain assumptions and have inherent limitations.  The results of such
calculations may or may not have reasonable predictive capabilities for a given situation, and
should only be interpreted by an informed user.
Although each calculation in the spreadsheet has been verified with the results of hand calculation,
there is no absolute guarantee of the accuracy of these calculations.
Any questions, comments, concerns, and suggestions, or to report an error(s) in the spreadsheet,
please send an email to nxi@nrc.gov.
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Problem 11: Fire Scenario with Sprinkler Protection

Problem J-11

Problem Statement
A  fire with = 3,000 kW occurs in a makeup pump room protected with sprinkler protection.   The�Q
sprinklers are rated at 74 °C (165 °F) [standard response bulb with RTI 235 (m-sec)1/2 and located
3.0 m (10.0 ft) from the center of the fire source.  The height from the top of the fuel package to
the ceiling is 5.5 m (18.0 ft).  Determine whether the sprinklers would activate and if so, how long
it would take for them to activate.

Solution
Purpose:

(1) Determine if the sprinklers will be activated for the given fire scenario.
(2) If the sprinkles are activated, determine how long it takes for the activation.

Assumptions:
(1) The fire is located away from walls and corners.
(2) The fire is steady state 
(3) The ceiling is unconfined, unobstructed, and flat. 
(4) Only convective heat transfer from the hot fire gases is considered.
(5) There is heavily obstructed overhead.
(6) The ambient temperature before the fire ignition is 70 �F

Spreadsheet (FDTs) Solution Procedure:
Use the following FDTs:

(a) Detector_Activation_Time.xls (select Sprinkler) 
FDTs Input Parameters:

Enter the following parameters in the spreadsheet (values only):
- Heat Release Rate of the Fire = 3,000 kW� ��Q
- Distance from the Top of the Fuel Package to the Ceiling (H) = 18 ft
- Radial Distance from the Plume Centerline to the Sprinkler (r) = 10 ft
- Ambient Air Temperature (Ta) = 70 �F
- Select Type of Sprinkler = select Standard response bulb from the combo box
- Select Sprinkler Classification = select Ordinary from the combo box
Note: Ordinary classification is selected because the rated value for the sprinklers
in this problem (165 �F) is within the range of temperature ratings for ordinary
sprinklers (135 �F–170 �F).
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Note: When the sprinkler type and classification are selected, their respective
values are automatically selected from the table and entered in the corresponding
input cells.

Results

Sprinkler Type Sprinkler Activation Time*
tactivation (min.)

Standard
response bulb

3

    *spreadsheet calculations attached on next page.
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CHAPTER 10 - METHOD OF ESTIMATING SPRINKLER RESPONSE TIME 

The following calculations estimate sprinkler activation time.
Parameters should be specified ONLY IN THE YELLOW INPUT PARAMETER BOXES.
All subsequent output values are calculated by the spreadsheet and based on values specified in the input
parameters.  This spreadsheet is protected and secure to avoid errors due to a wrong entry in a cell(s).
The chapter in the NUREG should be read before an analysis is made.
INPUT PARAMETERS

Heat Release Rate of the Fire (Q) 3000.00 kW
Sprinkler Response Time Index (RTI) 235 (m-sec)1/2

Activation Temperature of the Sprinkler (Tactivation) 165 °F 73.89 °C

Distance from the Top of the Fuel Package to the Ceiling (H) 18.00 ft 5.49 m
Radial Distance from the Plume Centerline to the Sprinkler (r) 10.00 ft 3.05 m
Ambient Air Temperature (Ta) 70.00 °F 21.11 °C

294.11 K
Convective Heat Release Fraction ��c) 0.70
r/H = 0.56

GENERIC SPRINKLER RESPONSE TIME INDEX (RTI)* 
Common Sprinkler Type Generic Response Time Index Select Type of Sprinkler

RTI (m-sec)1/2

Standard response bulb 235 Scroll to desired sprinkler type then Click on selection
Standard response link 130
Quick response bulb 42
Quick response link 34
Reference: Madrzykowski, D., "Evaluation of Sprinkler Activation Prediction Methods"
ASIAFLAM'95, International Conference on Fire Science and Engineering, 1st Proceeding,  
March 15-16, 1995, Kowloon, Hong Kong, pp. 211-218.
*Note: The actual RTI should be used when the value is available.

GENERIC SPRINKLER TEMPERATURE RATING (Tactivation)*  
Temperature Classification Range of Temperature Ratings   Generic Temperature Ratings Select Sprinkler Classification

(°F)  (°F)

Ordinary 135 to 170 165 Scroll to desired sprinkler class
Intermediate 175 to 225 212 then Click on selection
High 250 to 300 275
Extra high 325 to 375 350
Very extra high 400 to 475 450
Ultra high 500 to 575 550
Ultra high 650 550
Reference: Automatic Sprinkler Systems Handbook, 6th Edition, National Fire Protection  
Association, Quincy, Massachusetts, 1994, Page 67.
*Note: The actual temperature rating should be used when the value is available.

Standard response bulb

Ordinary

Spreadsheet Calculations
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ESTIMATING SPRINKLER RESPONSE TIME
Reference: NFPA Fire Protection Handbook , 18th Edition, 1997, Page 11-97.
tactivation = (RTI/(vujet)) (ln (Tjet - Ta)/(Tjet - Tactivation))

Where tactivation = sprinkler activation response time (sec)
RTI = sprinkler response time index (m-sec)1/2

ujet = ceiling jet velocity (m/sec)
Tjet = ceiling jet temperature (°C)
Ta = ambient air temperature (°C)
Tactivation = activation temperature of sprinkler (°C)

Ceiling Jet Temperature Calculation
Tjet - Ta = 16.9 (Qc)2/3/H5/3 for r/H = 0.18
Tjet - Ta = 5.38 (Qc/r)

2/3/H for r/H > 0.18

Where Tjet = ceiling jet temperature (°C)
Ta = ambient air temperature (°C)
Qc = convective portion of the heat release rate (kW)
H = distance from the top of the fuel package to the ceiling level (m)
r = radial distance from the plume centerline to the sprinkler (m)

Convective Heat Release Rate Calculation
Qc = �c Q

Where Q = heat release rate of the fire (kW)
�c = convective heat release fraction

Qc = 2100 kW

 Radial Distance to Ceiling Height Ratio Calculation
r/H = 0.56 r/H > 0.15

Tjet - Ta =  {5.38 (Qc/r)^2/3}/H
Tjet - Ta =  76.49
Tjet =  97.61 (°C)

Ceiling Jet Velocity Calculation
ujet = 0.96 (Q/H)1/3 for r/H = 0.15
ujet = (0.195 Q1/3 H1/2)/r5/6 for r/H > 0.15

ujet = ceiling jet velocity (m/sec)
Q = heat release rate of the fire (kW)
H = distance from the top of the fuel package to the ceiling (m)
r = radial distance from the plume centerline to the sprinkler (m)

Radial Distance to Ceiling Height Ratio Calculation
r/H = 0.56 r/H > 0.15

ujet = (0.195 Q^1/3 H^1/2)/r^5/6
ujet = 2.602 m/sec

Sprinkler Activation Time Calculation

tactivation = (RTI/(vujet)) (ln (Tjet - Ta)/(Tjet - Tactivation))
tactivation = 170.59 sec
The sprinkler will respond in approximately 2.84 minutes ANSWER
NOTE: If tactivation = "NUM" Sprinkler does not activate 
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NOTE
The above calculations are based on principles developed in the NFPA Fire Protection Handbook
18th Edition, 1997.  Calculations are based on certain assumptions and have inherent limitations.  
The results of such calculations may or may not have reasonable predictive capabilities for a given
situation, and should only be interpreted by an informed user.
Although each calculation in the spreadsheet has been verified with the results of hand calculation,
there is no absolute guarantee of the accuracy of these calculations.
Any questions, comments, concerns, and suggestions, or to report an error(s) in the spreadsheet,
please send an email to nxi@nrc.gov.
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Problem 12: Fire Scenario with Heat Detectors

Problem J-12

Problem Statement
A trash fire with an HRR of 1,000 kW occurs in a battery room protected with fixed temperature� ��Q
heat detectors with an RTI of 306 (m-sec)1/2.  The distance from the top of the fuel package to the
ceiling 3.7 m (12 ft) and the radial distance from the plume center to the heat detector location is
10 ft. Calculate the activation time (tactivation) for the detectors, using listed spacing of 4.6 m 
(15.0 ft).  Assume that the detector activation temperature of 54 °C (128 °F), and the ambient
temperature is 20 °C (68 °F).

Solution
Purpose:

(1) Determine the response time of the fixed-temperature heat detectors for the given fire
scenario.

Assumptions:

(1) The fire is located away from walls and corners.
(2) The fire is steady state 
(3) The ceiling is unconfined, unobstructed, and flat. 
(4) Only convective heat transfer from the hot fire gases is considered.
(5)  There is heavily obstructed overhead.

Spreadsheet (FDTs) Solution Procedure:

Use the following FDTs:

(a) Detector_Activation_Time.xls (select FTHDetectors) 

FDTs Input Parameters:

Enter the following parameters in the spreadsheet (values only):

- Heat Release Rate of the Fire = 1,000 kW� ��Q
- Radial Distance to the Detector (r) = 10 ft
- Distance from the Top of the Fuel Package to the Ceiling (H) = 12 ft
- Ambient Air Temperature (Ta) = 68 �F
- Select the option button (�) for FTH detectors with Tactivation = 128 �F
- Select Detector Spacing: select 15 from the combo box
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Note: When Tactivation and  Detector Spacing are selected, their respective values
are automatically selected from the table and entered in the corresponding input
cells.

Results

Detector Type Heat Detector Activation Time
tactivation (min.)

Fixed
Temperature

4

          *spreadsheet calculations attached  on next page.
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CHAPTER 12 - METHOD OF ESTIMATING FIXED TEMPERATURE HEAT DETECTOR  

The following calculations estimate fixed temperature heat detector activation time.
Parameters should be specified ONLY IN THE YELLOW INPUT PARAMETER BOXES.
All subsequent output values are calculated by the spreadsheet and based on values specified in the input
parameters.  This spreadsheet is protected and secure to avoid errors due to a wrong entry in a cell(s).
The chapter in the NUREG should be read before an analysis is made.
INPUT PARAMETERS

Heat Release Rate of the Fire (Q) 1000.00 kW

Radial Distance to the Detector **never more than 1/2 of the listed spacing** 10.00 ft 3.05 m
Activation Temperature of the Fixed Temperature Heat Detector (Tactivation) 128 °F 53.33 °C
Detector Response Time Index (RTI) 306.00 (m-sec)1/2

Distance from the Top of the Fuel Package to the Ceiling (H) 12.00 ft 3.66 m
Ambient Air Temperature (Ta) 68.00 °F 20.00 °C

293.00 K
Convective Heat Release Fraction ��c) 0.70
r/H = 0.83

INPUT DATA FOR ESTIMATING HEAT DETECTOR RESPONSE TIME 

      Activation 
    Temperature Tactivation

UL Listed Spacing Response Time Index Activation
r (ft)  RTI (m-sec)1/2 Temperature (°F) Select Detector Spacing
10 490 128
15 306 128 Scroll to desired spacing then
20 325 128 Click on selection
25 152 128
30 116 128
40 87 128
50 72 128
70 44 128

UL Listed Spacing Response Time Index Activation
r (ft)  RTI (m-sec)1/2 Temperature (°F) Select Detector Spacing
10 404 135
15 233 135 Scroll to desired spacing then
20 165 135 Click on selection
25 123 135
30 98 135
40 70 135
50 54 135
70 29 135

T= 128 F

T= 135 F

15

Spreadsheet Calculations
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UL Listed Spacing Response Time Index Activation
r (ft)  RTI (m-sec)1/2 Temperature (°F) Select Detector Spacing
10 321 145
15 191 145 Scroll to desired spacing then
20 129 145 Click on selection
25 96 145
30 75 145
40 50 145
50 37 145
70 11 145

UL Listed Spacing Response Time Index Activation
r (ft)  RTI (m-sec)1/2 Temperature (°F) Select Detector Spacing
10 239 160
15 135 160 Scroll to desired spacing then
20 86 160 Click on selection
25 59 160
30 44 160
40 22 160

UL Listed Spacing Response Time Index Activation
r (ft)  RTI (m-sec)1/2 Temperature (°F) Select Detector Spacing
10 196 170
15 109 170 Scroll to desired spacing then
20 64 170 Click on selection
25 39 170
30 27 170

UL Listed Spacing Response Time Index Activation
r (ft)  RTI (m-sec)1/2 Temperature (°F) Select Detector Spacing
10 119 196
15 55 196 Scroll to desired spacing then
20 21 196 Click on selection

Reference:  NFPA Standard 72, National Fire Alarm Code, Appendix B, Table B-3.2.5.1, 1999, Edition.

ESTIMATING FIXED TEMPERATURE HEAT DETECTOR RESPONSE TIME
Reference:  NFPA Fire Protection Handbook , 18th Edition, 1997, Page 11-97.

tactivation =( RTI/(vujet)) (ln (Tjet - Ta)/(Tjet - Tactivation))

Where tactivation = detector activation time (sec)
RTI = detector response time index (m-sec)1/2

ujet = ceiling jet velocity (m/sec)
Tjet = ceiling jet temperature (°C)
Ta = ambient air temperature (°C)
Tactivation = activation temperature of detector (°C)

T= 145 F

T= 160 F

T= 170 F

T= 196 F
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Ceiling Jet Temperature Calculation
Tjet - Ta = 16.9 (Qc)

2/3/H5/3 for r/H = 0.18
Tjet - Ta = 5.38 (Qc/r)

2/3/H for r/H > 0.18

Where Tjet = ceiling jet temperature (°C)
Ta = ambient air temperature (°C)
Qc = convective portion of the heat release rate (kW)
H = distance from the top of the fuel package to the ceiling level (m)
r = radial distance from the plume centerline to the detector (m)

Convective Heat Release Rate Calculation
Qc = �c Q

Where Q = heat release rate of the fire (kW)
�c = convective heat release fraction

Qc = 700 kW

 Radial Distance to Ceiling Height Ratio Calculation
r/H = 0.83 r/H > 0.15

>0.15 55.16 <0.15 153.4469934

Tjet - Ta =  5.38 ((Qc/r)^2/3)/H
Tjet - Ta =  55.16
Tjet =  75.16 (°C)

Ceiling Jet Velocity Calculation
ujet = 0.96 (Q/H)1/3 for r/H = 0.15
ujet = (0.195 Q1/3 H1/2)/r5/6 for r/H > 0.15

ujet = ceiling jet velocity (m/sec)
Q = heat release rate of the fire (kW)
H = distance from the top of the fuel package to the ceiling (m)
r = radial distance from the plume centerline to the detector (m)

`fc
Radial Distance to Ceiling Height Ratio Calculation
r/H = 0.83 r/H > 0.15

ujet = (0.195 Q^1/3 H^1/2)/r^(5/6)
ujet = 1.473 m/sec

Detector Activation Time Calculation

tactivation =( RTI/(vujet)) (ln (Tjet - Ta)/(Tjet - Tactivation))
tactivation = 233.71 sec
The detector will respond in approximately 3.90 minutes ANSWER
NOTE: If tactivation = "NUM" Detector does not activate 

NOTE
The above calculations are based on principles developed in the NFPA Fire Protection Handbook 18th Edition,
1997.  Calculations are based on certain assumptions and have inherent limitations.  
The results of such calculations may or may not have reasonable predictive capabilities for a given situation,
and should only be interpreted by an informed user.
Although each calculation in the spreadsheet has been verified with the results of hand calculation,
there is no absolute guarantee of the accuracy of these calculations.
Any questions, comments, concerns, and suggestions, or to report an error(s) in the spreadsheet,
please send an email to nxi@nrc.gov.
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Problem J-13

Problem Statement
Calculate the HRR necessary for flashover  and the post-flashover temperature in a long� ��QFO

access corridor that is 30.5 m long  x 5.5 m wide x 3.0 m high (100.0 ft long x 18.0 ft wide x 10.0
ft high), with an opening that is 0.91 m (3.0 ft) wide x 2.5 m (8.0 ft) high.  Assume that corridor
boundary material is 15 cm (6 in) thick concrete.

Solution
Purpose:

(1) Determine the HRR necessary for flashover and the post-flashover temperature for the
given compartment

Assumptions:

(1) Natural Ventilation.

Spreadsheet (FDTs) Solution Procedure:

Use the following FDTs:

(a) Compartment_Flashover_Calculations.xls 
select Flashover-HRR to calculate the HRR for flashover
select Post_Flashover_Temperature to calculate the post-flashover temperature

FDTs Input Parameters:

Enter the following parameters in both spreadsheets (values only):

- Compartment Width (wc) = 18 ft 
- Compartment Length (lc) = 100 ft
- Compartment Height (hc) = 10 ft
- Vent Width (wv) = 3 ft
- Vent Height (hv) = 8 ft
- Interior Lining Thickness (δ) = 6 in (Flashover-HRR only)
- Select Material: select Concrete from the combo box (Flashover-HRR only)

Note: When Concrete is selected in Flashover-HRR spreadsheet, its respective
properties are automatically selected from the table and entered in the
corresponding input yellow cells.

Results

Post-Flashover
Temperature 
TPFO(max)
�C (°F)

Flashover HRR
 kW (Btu/sec)�QFO

Method of Law Method of MQH Method of Brabauskas Method of Thomas

478 (892) 2,739 (2,596) 2,611 (2,475) 5,618 (5,325
*spreadsheet calculations attached on next page
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CHAPTER 13 - METHOD OF PREDICTING COMPARTMENT FLASHOVER
  

The following calculations estimate the minimum heat release rate required to compartment flashover.
Parameters should be specified ONLY IN THE YELLOW INPUT PARAMETER BOXES.
All subsequent output values are calculated by the spreadsheet and based on values specified in the input
parameters.  This spreadsheet is protected and secure to avoid errors due to a wrong entry in a cell(s).
The chapter in the NUREG should be read before an analysis is made.

INPUT PARAMETERS
COMPARTMENT INFORMATION

Compartment Width (wc) 18.00 ft 5.4864 m

Compartment Length (lc) 100.00 ft 30.48 m

Compartment Height (hc) 10.00 ft 3.048 m

Vent Width (wv) 3.00 ft 0.914 m

Vent Height (hv) 8.00 ft 2.44 m
Interior Lining Thickness (�) 6.00 in 0.1524 m
Interior Lining Thermal Conductivity (k) 0.0016 kW/m-K

THERMAL PROPERTIES DATA
Thermal Conductivity Select  Material

k (kW/m-K)

Aluminum (pure) 0.206 Scroll to desired material then Click on selection
Steel (0.5% Carbon) 0.054
Concrete 0.0016
Brick 0.0008
Glass, Plate 0.00076
Brick/Concrete Block 0.00073
Gypsum Board 0.00017
Plywood 0.00012
Fiber Insulation Board 0.00053
Chipboard 0.00015
Aerated Concrete 0.00026
Plasterboard 0.00016
Calcium Silicate Board 0.00013
Alumina Silicate Block 0.00014
Glass Fiber Insulation 0.000037
Expanded Polystyrene 0.000034
Reference: Klote, J., J. Milke, Principles of Smoke Managemen t, 2002, Page 270.

Material
Concrete

Spreadsheet Calculations
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PREDICTING FLASHOVER HEAT RELEASE RATE
METHOD OF McCAFFREY, QUINTIERE, AND HARKLEROAD (MQH)

Reference: SFPE Handbook of Fire Protection Engineering , 2nd Edition, 1995, Page 3-145.

QFO = 610 v(hk AT Av (vhv))
 
Where QFO = heat release rate necessary for flashover (kW)

hk = effective heat transfer coefficient (kW/m2-K)
AT = total area of the compartment enclosing surface boundaries excluding area of vent op
Av = area of ventilation opening (m2)
hv = height of ventilation opening (m)

Heat Transfer Coefficient Calculation
hk = k/� Assuming that compartment has been heated thoroughly before flashover, i.e., t > tp

Where hk = effective heat transfer coefficient (kW/m2-K)
k = interior lining thermal conductivity (kW/m-K)
� = interior lining thickness (m)

hk = 0.010 kW/m2-K

Area of Ventilation Opening Calculation
Av = (wv) (hv)

Where
Av = area of ventilation opening (m2)
wv = vent width (m)
hv = vent height (m)

Av = 2.23 m2

Area of Compartment Enclosing Surface Boundaries
AT = [2 (wc x lc) + 2 (hc x wc) + 2 (hc x lc)] - Av

Where AT = total area of the compartment enclosing surface boundaries excluding area of vent op
wc = compartment width (m)
lc = compartment length (m)
hc = compartment height (m)
Av = area of ventilation opening (m2)

AT = 551.47 m2

Minimum Heat Release Rate for Flashover
QFO = 610 v(hk AT Av (vhv))
QFO = 2738.77 kW ANSWER

METHOD OF  BABRAUSKAS
Reference:  SFPE Handbook of Fire Protection Engineering , 2nd Edition, 1995, Page 3-145.

QFO = 750 Av (vhv)

Where QFO = heat release rate necessary for flashover (kW)
Av = area of ventilation opening (m2)
hv = height of ventilation opening (m)

Minimum Heat Release Rate for Flashover
QFO = 750 Av (vhv)
QFO = 2611.29 kW ANSWER
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METHOD OF THOMAS
Reference:  SFPE Handbook of Fire Protection Engineering , 2nd Edition, 1995, Page 3-146.

QFO = 7.8 AT + 378 Av (vhv)

Where QFO = heat release rate necessary for flashover (kW)
AT = total area of the compartment enclosing surface boundaries excluding area of vent openings (m2)
Av = area of ventilation opening (m2)
hv = height of ventilation opening (m)

Minimum Heat Release Rate for Flashover
QFO = 7.8 AT + 378 Av (vhv)
QFO = 5617.57 kW ANSWER

SUMMARY OF RESULTS 
Flashover HRR

METHOD OF MQH 2739 kW
METHOD OF BABRAUSKAS 2611 kW
METHOD OF THOMAS 5618 kW

NOTE
The above calculations are based on principles developed in the SFPE Handbook of Fire
Protection Engineering, 2nd Edition, 1995.
Calculations are based on certain assumptions and have inherent limitations.  The results
of such calculations may or may not have reasonable predictive capabilities for a given
situation, and should only be interpreted by an informed user.
Although each calculation in the spreadsheet has been verified with the results of hand
calculation, there is no absolute guarantee of the accuracy of these calculations.
Any questions, comments, concerns, and suggestions, or to report an error(s) in the
spreadsheets, please send an email to nxi@nrc.gov.
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CHAPTER 13 - METHOD OF PREDICTING COMPARTMENT
POST-FLASHOVER TEMPERATURE
The following calculations estimate the compartment post-flashover temperature.
Parameters should be specified ONLY IN THE YELLOW INPUT PARAMETER BOXES.
All subsequent output values are calculated by the spreadsheet and based on values specified in the input
parameters.  This spreadsheet is protected and secure to avoid errors due to a wrong entry in a cell(s).
The chapter in the NUREG should be read before an analysis is made.

INPUT PARAMETERS
COMPARTMENT INFORMATION

Compartment Width (wc) 18.00 ft 5.4864 m

Compartment Length (lc) 100.00 ft 30.48 m

Compartment Height (hc) 10.00 ft 3.048 m

Vent Width (wv) 3.00 ft 0.914 m
Vent Height (hv) 8.00 ft 2.438 m

PREDICTING COMPARTMENT POST-FLASHOVER TEMPERATURE
METHOD OF LAW

Reference: SFPE Handbook of Fire Protection Engineering , 2nd Edition, 1995, Page 3-142.

TPFO (max) = 6000 (1 - e-0.1�)/(v�)

Where TPFO (max) = maximum compartment post-flashover temperature (°C)
� = ventilation factor

Where � = (AT - Av)/Av (vhv)
AT = total area of the compartment enclosing surface boundaries excluding area of vent openings (m
Av = area of ventilation opening (m2)
hv = height of ventilation opening (m)

Area of Ventilation Opening Calculation
Av = (wv) (hv)

Where Av = area of ventilation opening (m2)
wv = vent width (m)
hv = vent height (m)

Av = 2.23 m2

Area of Compartment Enclosing Surface Boundaries
AT = [2 (wc x lc) + 2 (hc x wc) + 2 (hc x lc)] - Av

Where AT = total area of the compartment enclosing surface boundaries excluding area of vent openings (m
wc = compartment width (m)
lc = compartment length (m)
hc = compartment height (m)
Av = area of ventilation opening (m2)

AT = 551.47 m2
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Ventilation Factor Calculation
� = (AT - Av)/Av (vhv)

Where � = ventilation factor
AT = total area of the compartment enclosing surface boundaries excluding area of vent openings (m
Av = area of ventilation opening (m2)
hv = vent height (m)

� = 157.75 m-1/2

Compartment Post-Flashover Temperature Calculation
TPFO (max) = 6000 (1 - e-0.1�)/(v�)
TPFO (max) = 477.71 °C 891.88 °F ANSWER

NOTE
The above calculations are based on principles developed in the SFPE Handbook of Fire
Protection Engineering, 2nd Edition, 1995.
Calculations are based on certain assumptions and have inherent limitations.  The results of
such calculations may or may not have reasonable predictive capabilities for a given situation,
and should only be interpreted by an informed user.
Although each calculation in the spreadsheet has been verified with the results of hand
calculation, there is no absolute guarantee of the accuracy of these calculations.
Any questions, comments, concerns, and suggestions, or to report an error(s) in the 
spreadsheets, please send an email to nxi@nrc.gov.
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Problem J-14

Problem Statement
Consider a closed compartment in a facility (a pump room) 2.75 m wide x 2.75 m long x 3.7 m high
(9.0 ft wide x 9.0 ft long x 12 ft high) (wc x lc x hc).  A fire starts with a constant power of 75 kW.
Estimate the pressure increase attributable to the expansion of gases after 15 seconds.

Solution
Purpose:

(1) Estimate the pressure rise in the compartment at 15 seconds after ignition.

Assumptions:

(1) The energy release rate is constant.
(2) The mass rate of the fuel is neglected in the conversion of mass.
(3) The specific heat is constant with temperature.
(4) The hydrostatic pressure difference over the height of the compartment is negligible

compared to the dynamic pressure.

Spreadsheet (FDTs) Solution Procedure:

Use the following FDTs:

(a) Compartment_Over_Pressure_Calculations.xls   

FDTs Input Parameters:

Enter the following parameters in the spreadsheet (values only):

- Compartment Width (wc) = 9 ft 
- Compartment Length (lc) = 9 ft
- Compartment Height (hc) = 12 ft
- Fire Heat Release Rate = 75 kW� ��Q
- Time After Ignition (t) = 15 sec

Results
Pressure Rise*
kPa (psi)

16.83 (2.44)

*spreadsheet calculations attached on next page
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CHAPTER 14 - METHOD OF ESTIMATING PRESSURE RISE DUE TO A  
FIRE IN A CLOSED COMPARTMENT 

 
The following calculations estimate the pressure rise in a compartment due to fire and combustion.
Parameters should be specified ONLY IN THE YELLOW INPUT PARAMETER BOXES.
All subsequent output values are calculated by the spreadsheet and based on values specified in the input
parameters.  This spreadsheet is protected and secure to avoid errors due to a wrong entry in a cell(s).
The chapter in the NUREG guide should be read before an analysis is made.

INPUT PARAMETERS

COMPARTMENT INFORMATION
Compartment Width (wc) 9.00 ft 2.74 m

Compartment Length (lc) 9.00 ft 2.74 m

Compartment Height (hc) 12.00 ft 3.66 m

Fire Heat Release Rate (Q) 75.00 kW
Time after Ignition (t) 15.00 sec

AMBIENT CONDITIONS
Ambient Air Temperature (Ta) 68.00 °F 20.00 °C

293.00 K
Initial Atmospheric Pressure (Pa) 14.70 psi 101.35 kPa

Specific Heat of Air at Constant Volume (cv) 0.70 kJ/kg-K

(Note: Values of cv ranges from 0.71 to 0.85 kJ/kg-k)
Ambient Air Density (�a) 1.20 kg/m3

METHOD OF KARLSSON AND QUINTIERE
Reference: Karlsson and Quintiere, Enclosure Fire Dynamics , 1999, Page 192.

(P-Pa)/Pa = Qt/(V�acvTa)

Where P = compartment pressure due to fire and combustion (kPa)
Pa = initial atmospheric pressure (kPa)
Q = heat release rate of the fire (kW)
t = time after ignition (sec)
V = compartment volume (m3)
�a = ambient density (kg/m3)
cv = specific heat of air at constant volume (kJ/kg-K)
Ta = ambient air temperature (K)

Compartment Volume Calculation
V = wc x lc x hc

Where V = volume of the compartment (m3)
wc = compartment width (m)
lc = compartment length (m)
hc = compartment height (m)

 
V = 27.52 m3 972 ft3

Spreadsheet Calculations



J-101

Pressure Rise in Compartment
(P-Pa)/Pa = Qt/(V�acvTa)
(P-Pa)/Pa = 0.166 atm
Multiplying by the atmospheric pressure (Pa) = 101 kPa 
Gives a pressure difference = 16.83 kPa 2.44 psi

ANSWER
This example shows that in a very short time the pressure in a closed compartment rises to 
quite large value.  

Most buildings have leaks of some sort.  The above example indicates that even though a fire 
compartment may be closed, the pressure is very rapid and would presumably lead to sufficient
leaks to prevent further pressure rise from occurring.  We will use this conclusion when dealing
with pressure rises in enclosures with small leaks.

NOTE
The above calculations are based on principles developed in the Enclosure Fire Dynamics.
Calculations are based on certain assumptions and have inherent limitations.  The results of
such calculations may or may not have reasonable predictive capabilities for a given situation,
and should only be interpreted by an informed user.
Although each calculation in the spreadsheet has been verified with the results of hand calculation,
there is no absolute guarantee of the accuracy of these calculations.
Any questions, comments, concerns, and suggestions, or to report an error(s) in the spreadsheet,
please send an email to nxi@nrc.gov.



J-102

This page intentionally left blank.



J-103

Problem J-15

Problem Statement
The licensee used UL Design No. 816 to protect a number of unrestrained beams.  The licensee’s
quality assurance (QA) program verified that there is 6.35 cm (2½ in) thickness of fire protection
insulation on all of the beams.  The size of the tested beam was W12 x 26.  Determine whether the
6.35 cm (2½ in) thickness of fire protection insulation is acceptable for a beam that is W8 x 13.

Solution
Purpose:

(1) Determine whether the 6.35 cm (2½ in.) thickness of fire protection insulation is
acceptable for a W8 x 13 beam using the data for a W12 x 26 beam.

Assumptions:

(1) The heat transfer is one-dimensional.
(2) The analysis assumes that as the structural member heats up, structural properties

change substantially.

Spreadsheet (FDTs) Solution Procedure:

Use the following FDTs:

(a) FR_Beams_Columns_Substitution_Correlation.xls   

FDTs Input Parameters:

Enter the following parameters in the spreadsheet (values only):

- Rated Design Thickness of Beam Insulation (T2) = 2.5 in
- Select Beam with known rating for insulation thickness: select W12 x 26
- Select Beam with unknown rating for insulation thickness: select W8 x 13

Note: When beam size (ex. W12 x 26) is selected from the combo box, its
properties are automatically selected from the table (?Data” spreadsheet) and
entered in the corresponding input yellow cells.

Results
Required Equivalent
Thickness* cm (in.) 

 7 (2.79)
not appropriate

*spreadsheet calculations attached on next page

From the substitution correlation we obtain that 6.35 cm (2.5 in.) of fire protection insulation
is not appropriate for W8 x 13 because the required thickness is more that 6.35 cm 
(2.5 in.).

A similar problem can be analyzed for a column, the calculations for columns are included
in the same FDTs (not shown).
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CHAPTER 17 - METHOD OF ESTIMATING THICKNESS OF FIRE PROTECTION
SRAY-APPLIED COATING FOR STRUCTURAL STEEL BEAMS

For beams protected by spray-applied protections, following correlation enables substitution of one  
beam from another by varying the thickness of the fire protection insulation.  
Parameters should be specified ONLY IN THE YELLOW INPUT PARAMETER BOXES.
All subsequent output values are calculated by the spreadsheet, and based on values specified in the input
parameters.  This spreadsheet is protected and secure to avoid errors due to a wrong entry in a cell(s).
The chapter in the NUREG should be read before an analysis is made.
INPUT PARAMETERS

Rated Design Thickness of Beam Insulation (T2) 2.5 in

Known Insulation Rating
Weight of the Beam (W2) 26 lb/ft
Heated Perimeter of Beam (D2) 43.45 in

Unknown Insulation Rating
Weight of the Beam (W1) 13.00 lb/ft
Heated Perimeter of Beam (D1) 27.52 in

SECTIONAL FACTORS FOR STEEL BEAMS 

       Select the Beam with known       Select the Beam with unknown
      rating for insulation thickness        rating for insulation thickness

  Subscript 2                   Subscript 1
(Rated Beam)             (Substitute Beam)

ESTIMATING THICKNESS OF FIRE PROTECTION INSULATION ON UNRATED BEAM
Reference: UL Fire Resistance Directory, Volume 1, 1995 (Page 19).

T1 = ((W2/D2 )T2)/(W1/D1 + 0.6)

Where T1 = calculated thickness of fire protection insulation on unrated beam (in)
T2 = design thickness of insulation on rated beam  (in)
W1 = weight of beam with unknown insulation rating (lb/ft)
W2 = weight of design rated beam (lb/ft)
D1 = heated perimeter of unrated beam (in)
D2 = heated perimeter of the rated beam (in)

Required Equivalent Thickness of Fire Protection Insulation on Unrated Beam
T1 = ((W2/D2 )T2)/(W1/D1 + 0.6)
T1 = 2.79 in ANSWER
Beams with a larger W/D ratio can always be substituted for the structural member listed with a specific f
resistive covering without changing the thickness of the covering.

(SUBSTITUTION-CORRELATION)

W12 x 26 W8 x 13

Spreadsheet Calculations



J-105

NOTE
The above calculations are based on method developed in the UL Fire Resistance 
Directory, Volume 1, 1995.  Calculations are based on certain assumptions and have inherent 
limitations.  The results of such calculations may or may not have reasonable 
predictive capabilities for a given situation, and should only be interpreted by an 
informed user.
Although each calculation in the spreadsheet has been verified with the results of hand calculation,
there is no absolute guarantee of the accuracy of these calculations.
Any questions, comments, concerns, and suggestions, or to report an error(s) in the spreadsheet,
please send an email to nxi@nrc.gov.



J-106

This page intentionally left blank.



J-107

Problem J-16

Problem Statement
During a routine fire protection inspection, an NRC inspector discovers a significant oil leak in a
station air compressor in an access corridor in the fuel building.  It is important to determine
whether a fire involving a 76.0 liters (20.0 gallons) spill of lubricating oil from a compressor could
damage the safety-related cable tray and electrical cabinet in the corridor.  The compressor is on
a pedestal approximately (1.0 ft) above floor level and has a 1.12 m2 (12.0 ft2) oil retention dike.
The safety-related cable trays are located 2.5 m (8.0 ft) above the corridor floor with a horizontal
distance of 1.2 m (4.0 ft) from the edge of the compressor’s oil retention dike.  The horizontal
distance between the compressor oil dike and the electrical cabinet is 1.52 m (5.0 ft).

The access corridor has a floor area of 6.0 m wide x 4.6 m long (20 ft wide x 15 ft long) (wc x lc),
ceiling height of 3.0 m (10.0 ft) (hc), and a single unprotected vent opening (door) that is 1.2 m wide
x 1.8 m high (4.0 ft wide x 6.0 ft high) (wv x hv).  The corridor has no forced ventilation and it is
constructed of 0.3048 m (1.0 ft) thick concrete.  The corridor has a smoke and heat detection
system and a wet pipe sprinkler system.  The nearest sprinkler is rated at 74 °C (165 °F) with an
RTI of 235 (m-sec)1/2 and is located 2.98 m (9.8 ft) from the center of the dike.  Determine whether
there is a credible fire hazard to the safety-related cable trays and electrical cabinet.

Evaluate the hazard of the fire scenario using the following parameters:
(a) pool fire heat release rate, , flame height, z, and burning duration, tb�Q
(b) compartment hot gas layer temperature, Tg, as well as gas layer height z  
(c) heat flux to the target (electrical cabinet) using the point source model, � ��qcabinet

(d) heat flux to the target (cable trays) using the solid-flame radiation model,  � ��qcable

(e) centerline plume temperature, Tp(centerline)
(f) sprinkler activation time, tactivation

(g)    HRR necessary to cause flashover, �QFO

Solution

Purpose:

(1) Determine if the given fire scenario could represent a hazard for the safety-related cable
trays and electrical cabinet.

Solution Approach:

To analyze this fire scenario we are going to use various concepts that have been
presented individually in the NUREG. A logical approach for this type of problem is to
analyze the heat source and then its effect over the safety-related targets and fire
suppression systems.  First, we are going to calculate the HRR, flame height, and the
burning duration of the pool fire (see Chapter 3) in order to determine the intensity and
geometrical characteristics of the fire.  Then calculate the hot gas layer temperature and
gas layer height (see Chapter 2).  Then calculate the centerline plume temperature to
obtain an estimate of the maximum temperature in the fire scenario (see Chapter 9). Then,
we are going to calculate the radiative heat flux from the pool fire to the electrical cabinet
and cable tray (see Chapter 5).  After that, evaluate the activation time of the sprinkler
system to determine if the system is able to respond to the actual developed fire (see
Chapter 10).  The last calculation is the required HRR for flashover (see Chapter 13).  Once
we get all these values, we have to use them to evaluate the hazard of the fire scenario.
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Assumptions:

(1) There is instantaneous and complete involvement of the liquid in the pool fire.
(2) The pool fire is burning in the open.
(3) The pool is circular or nearly circular.
(4) The fire is located at the center of the corridor or away from the walls.
(5) All heat is released at a point
(6) Buoyant forces are more significant than momentum forces
(7) Radiation to the surroundings can be approximated as being isotropic or emanating

from a point source (valid for point source radiation model only).
(8) Only convective heat transfer from the hot fire gases is considered for sprinklers

activation.
(9) The ambient (or initial condition of the air) is at 25 �C (77 �F)
(10) The bottom of the oil retention dike is at ground level.
(11) The distance from the top of the fuel package (oil pool) to the ceiling is 10 ft, the pool

height or oil layer thickness is negligible compared with the height of the ceiling (about
0.22 ft).

Spreadsheet (FDTs) Solution Procedure:

Use the following FDTs:

(a) HRR_Flame_Height_Burning_Duration_Calculations.xls
(b) Temperature_NV.xls (select Temperature_ NV Thermally Thick ) 
(c) Plume_Temperature_Calculations.xls
(d) Heat_Flux_Calculations_Wind_Free.xls (select Point Source and Solid Flame 2 for

the target cabinet and cable tray heat flux analyses respectively)
(e) Detector_Activation_Time.xls (select Sprinkler)
(f) Compartment_Flashover_Calculations.xls (select Flashover-HRR  to calculate the

HRR for flashover)

FDTs Input Parameters:

Enter the following parameters in the spreadsheets (values only):

(a) HRR_Flame_Height_Burning_Duration_Calculations.xls

- Fuel spill volume (V) = 20 gallons
- Fuel Spill Area or Dike Area (Adike) = 12 ft2

- Select Fuel Type: select Lube Oil from the combo box

Note: When Lube Oil is selected, its properties are automatically selected from the
table and entered in the corresponding input cells.

Results*

Heat Release Rate
 kW (Btu/sec)�Q

Burning Duration 
tb (min)

Pool Fire Flame Height 
Hf m (ft)

Method of
Heskestad

Method of
Thomas

2,000 (1,900) 22.0 3.7 (12.1) 2.9 (9.6)
 *spreadsheet calculations attached at the end of the problem
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(b) Temperature_NV.xls

- Compartment Width (wc) = 20 ft 
- Compartment Length (lc) = 15 ft
- Compartment Height (hc) = 10 ft
- Vent Width (wv) = 4 ft
- Vent Height (hv) = 6 ft
- Top of Vent from Floor (VT) = 6 ft
- Interior Lining Thickness (δ) = 12 in 
- Select Material: select Concrete from the combo box

Note: When Concrete  is selected, its properties are automatically selected from
the table and entered in the corresponding input cells.

Results*

Time 
(min)

Hot Gas Layer
Temperature 
Tg °C (°F)

Gas Layer Height
z m (ft)

0 25 (77) 3.05 (10)
1 279 (534 ) 0.24 (0.77)
2 310 (590) 0.22 (0.72)
3 330 (626 ) 0.21 (0.69)
4 345 (653) 0.20 (0.67)
5 357 (675) 0.20 (0.65)
10 398 (748) 0.18 (0.61)
15 424 (795) 0.18 (0.58)
20 443 (830) 0.17 (0.56)

*spreadsheet calculations attached at the end of the problem

(c) Plume_Temperature_Calculations.xls
- Heat Release Rate = 2,000 kW� ��Q
- Distance from the Top of the Fuel to the Ceiling (z) = 10 ft
- Area of Combustible Fuel: 12 ft2

Results*
Heat Release Rate

(kW)�Q

Plume Centerline Temperature
Tp(centerline) °C (°F)

2,000 561 (1,042) 
 *spreadsheet calculations attached at the end of the problem

(d) Heat_Flux_Calculations_Wind_Free.xls
 Point Source (heat flux to the electrical cabinet)
- Fuel Spill Area or Dike Area (Adike) = 12 ft2

- Distance between Fire and Target (L) = 5 ft
- Select Fuel Type: select Lube Oil from the combo box
Solid Flame 2 (heat flux to the cable tray)
- Fuel Spill Area or Dike Area (Adike) = 12 ft2
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- Distance between Fire and Target (L) = 4 ft
- Vertical Distance of Target from Ground (H1 = Hf1) = 8 ft
- Select Fuel Type: select Lube Oil from the combo box
Note: When Lube Oil is selected, its properties are automatically selected from the
table and entered in the corresponding input cells.

Results*
Radiation Model Target Radiant Heat Flux

kW/m2
�"q

(Btu/ft2-sec)

Point Source Electrical Cabinet 12.4 (1.1)

Solid Flame Cable Tray 16.3 (1.4)
*spreadsheet calculations attached at the end of the problem

(e) Detector_Activation_Time.xls
 Sprinkler
- Heat Release Rate of the Fire = 2,000 kW� ��Q
- Distance from the Top of the Fuel Package to the Ceiling (H) = 10 ft
- Radial Distance from the Plume Centerline to the Sprinkler (r) = 9.8 ft
- Ambient Air Temperature (Ta) = 77 �F
- Select Type of Sprinkler = select Standard response link from the combo box
- Select Sprinkler Classification = select Ordinary from the combo box 
Note: Standard response is selected because it corresponds with the given RTI
value.  Also, Ordinary classification has been selected because the rated value for
the sprinklers in this problem (165 �F) is within the range of temperature ratings for
ordinary sprinklers (135 �F–170 �F).

Results*
Sprinkler Type Sprinkler Activation Time

tactivation (min.)

Standard
response link

1.8

*spreadsheet calculations attached at the end of the problem

    (f) Compartment_Flashover_Calculations.xls
- Compartment Width (wc) = 20 ft 
- Compartment Length (lc) = 15 ft
- Compartment Height (hc) = 10 ft
- Vent Width (wv) = 4 ft
- Vent Height (hv) = 6 ft
- Interior Lining Thickness (δ) = 12 in 
- Select Material: select Concrete from the combo box
Note: When Concrete is selected, its properties are automatically selected from the
table and entered in the corresponding input cells.
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Results*

HRR for Flashover
 kW (Btu/sec)�QFO

Method of MQH Method of Brabauskas Method of Thomas

836 (729) 2,261 (2,143) 2,064 (1,956)
*spreadsheet calculations attached at the end of the problem

Conclusions

According to the calculations the fire could represent a hazard to the safety related targets
(cable tray and electrical cabinets) due to the following results:

! From the pool fire analysis we obtain that the flame height is greater that the cable tray
height.  That means that the flame probably will impinge upon the cable trays since the pool
is just at 4 ft from the cable tray (horizontal distance).

! The hot gas layer analysis estimates that the hot gas temperature will be 700+�F and
500+�F at 10 minutes and one (1) minute  respectively.  These temperatures values are the
critical temperatures for IEEE-383 qualified and unqualified cables respectively.  Also the
corridor will be almost filled with smoke at one minute after the ignition, which means that
the cable tray and electrical cabinet will be rapidly exposed to the hot gas layer.

! Heat flux calculations show that the solid flame model predicts a radiant heat flux greater
than the critical heat flux for IEEE-383 qualified and unqualified cables.  Also the heat flux
to the electrical cabinet could represent a hazard for the integrity of the cabinet
components.

! The HRR of the fire is very close to the HRR for flashover.  Therefore, the whole corridor
could flashover.  The sprinkler will activate approximately at 2 minute after the fire
development, during this time the fire should begin to be controlled.  The burning time of
the pool is significantly greater than the activation time of the sprinklers, thus a complete
and immediate extinguishment of the fire is not expected.  
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CHAPTER 3 - METHOD OF ESTIMATING THE HEAT RELEASE RATE, BURNING
DURATION, AND FLAME HEIGHT FOR A LIQUID POOL FIRE

  
The following calculations estimate the heat release rate, burning duration, and flame height for liquid pool fire.
Parameters should be specified ONLY IN THE YELLOW INPUT PARAMETER BOXES.
All subsequent output values are calculated by the spreadsheet and based on values specified in the input
parameters.  This spreadsheet is protected and secure to avoid errors due to a wrong entry in a cell(s).
The chapter in the NUREG should be read before an analysis is made.

INPUT PARAMETERS

Fuel Spill Volume (V) 20.00 gallons 0.0757 m3

Fuel Spill Area or Dike Area (Adike) 12.00 ft2 1.115 m2

Mass Burning Rate of Fuel (m") 0.039 kg/m2-sec
Effective Heat of Combustion of Fuel (�Hc,eff) 46000 kJ/kg
Fuel Density (�) 760 kg/m3

Gravitational Acceleration (g) 9.81 m/sec2

Ambient Air Density (�a) 1.20 kg/m3

THERMAL PROPERTIES DATA  
                                BURNING RATE DATA FOR LIQUID HYDROCARBON FUELS

Density Select Fuel Type
� (kg/m3)

Methanol 796 Scroll to desired fuel type then 
Ethanol 794 Click on selection
Butane 573
Benzene 874
Hexane 650
Heptane 675
Xylene 870
Acetone 791
Dioxane 1035
Diethy Ether 714
Benzine 740
Gasoline 740
Kerosine 820
Diesel 918
JP-4 760
JP-5 810
Transformer Oil, Hydrocarbon 760
Fuel Oil, Heavy 970
Crude Oil 855
Lube Oil 760
Reference:  SFPE Handbook of Fire Protection Engineering , 2nd Edition, 1995, Page 3-2.

Fuel

46,000
39,700
42,600

26,200
34,200
44,700
43,700

44,700
44,600

46,000

43,200
44,400
43,500
43,000

40,800
25,800

20,000
26,800
45,700
40,100

0.039
0.035

0.0335
0.039

0.039
0.045
0.051
0.054

0.018
0.085
0.048
0.055

0.074
0.101
0.09

0.041

0.017
0.015
0.078
0.085

Mass Burning Rate
m" (kg/m2-sec)

Heat of Combustion
�Hc,eff (kJ/kg) Lube Oil

Spreadsheet Calculations



J-113

ESTIMATING POOL FIRE HEAT RELEASE RATE
Reference:  SFPE Handbook of Fire Protection Engineering , 2nd Edition, 1995, Page 3-4.

Q = m"�Hc,eff Af

Where Q = pool fire heat release rate (kW)
m" = mass burning rate of fuel per unit surface area (kg/m2-sec)
�Hc,eff = effective heat of combustion of fuel (kJ/kg)
Af = Adike = surface area of pool fire (area involved in vaporization) (m2)

Heat Release Rate Calculation (Liquids with relatively high flash point, like transformer oil, require
Q = m"�Hc Af localized heating to achieve ignition)

Q = 2000.02 kW 1895.66 BTU/sec ANSWER  

ESTIMATING POOL FIRE BURNING DURATION
Reference:  SFPE Handbook of Fire Protection Engineering , 2nd Edition, 1995, Page 3-197.

tb = 4V/�D2
�

Where tb = burning duration of pool fire (sec)
V = volume of liquid (m3)
D = pool diameter (m)
� = regression rate (m/sec)

Pool Fire Diameter Calculation
Adike = �D2/4
D = v(4Adike/�)
D = 1.191 m

Calculation for Regression Rate
� = m"��
Where m" ��mass burning rate of fuel (kg/m2-sec)

� = liquid fuel density (kg/m3)
� = 0.000051 m/sec

Burning Duration Calculation
tb = 4V/�D2

�

tb = 1323.37 sec 22.06 minutes ANSWER
Note that a liquid pool fire with a given amount of fuel can burn for long periods of time over small area or for
short periods of time over a large area.

ESTIMATING POOL FIRE FLAME HEIGHT
METHOD OF HESKESTAD

Reference:  SFPE Handbook of Fire Protection Engineering , 2nd Edition, 1995, Page 2-10.

Hf = 0.235 Q2/5 - 1.02 D
Where Hf = pool fire flame height (m)

Q = pool fire heat release rate (kW)
D = pool fire diameter (m)

Pool Fire Flame Height Calculation
Hf = 0.235 Q2/5 - 1.02 D
Hf = 3.70 m 12.14 ft ANSWER
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METHOD OF THOMAS
Reference:  SFPE Handbook of Fire Protection Engineering , 2nd Edition, 1995, Page 3-204.

Hf = 42 D (m"��a v(g D))0.61

Where Hf = pool fire flame height (m)
m" = mass burning rate of fuel per unit surface area (kg/m2-sec)
�a = ambient air density (kg/m3)
D = pool fire diameter (m)
g = gravitational acceleration (m/sec2)

Pool Fire Flame Height Calculation
Hf = 42 D (m"��a v(g D))0.61

Hf = 2.92 m 9.59 ft ANSWER

NOTE
The above calculations are based on principles developed in the SFPE Handbook of Fire Protection
Engineering, 2nd Edition, 1995. Calculations are based on certain assumptions and have inherent limitations.
The results of such calculations may or may not have reasonable predictive capabilities for a given situation
and should only be interpreted by an informed user.  Although each calculation in the spreadsheet has 
been verified with the results of hand calculation, there is no absolute guarantee of the accuracy of these 
calculations. Any questions, comments, concerns, and suggestions, or to report an error(s) in the
spreadsheets, please send an email to nxi@nrc.gov.
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CHAPTER 2 - METHOD OF PREDICTING HOT GAS LAYER TEMPERATURE
AND SMOKE LAYER HEIGHT IN ROOM FIRE WITH NATURAL VENTILATION
COMPARTMENT WITH THERMALLY THICK BOUNDARIES 

 
The following calculations estimate the hot gas layer temperature and smoke layer height in enclosure fire.
Parameters should be specified ONLY IN THE YELLOW INPUT PARAMETER BOXES.
All subsequent output values are calculated by the spreadsheet and based on values specified in the input
parameters.  This spreadsheet is protected and secure to avoid errors due to a wrong entry in a cell(s).
The chapter in the NUREG should be read before an analysis is made.

INPUT PARAMETERS
COMPARTMENT INFORMATION

Compartment Width (wc) 20.00 ft 6.096 m

Compartment Length (lc) 15.00 ft 4.572 m

Compartment Height (hc) 10.00 ft 3.048 m

Vent Width (wv) 4.00 ft 1.219 m

Vent Height (hv) 6.00 ft 1.829 m

Top of Vent from Floor (VT) 6.00 ft 1.829 m

Interior Lining Thickness (�) 12.00 in 0.3048 m
For thermally thick case the interior lining thickness should be greater than 1 inch.

AMBIENT CONDITIONS
Ambient Air Temperature (Ta) 77.00 °F 25.00 °C

298.00 K
Specific Heat of Air (cp) 1.00 kJ/kg-K
Ambient Air Density (�a) 1.20 kg/m3

THERMAL PROPERTIES OF COMPARTMENT ENCLOSING SURFACES FOR
Interior Lining Thermal Inertia (k�c) 2.9 (kW/m2-K)2-sec
Interior Lining Thermal Conductivity (k) 0.0016 kW/m-K
Interior Lining Specific Heat (c) 0.75 kJ/kg-K
Interior Lining Density (�) 2400 kg/m3

EXPERIMENTAL THERMAL PROPERTIES FOR COMMON INTERIOR LINING MATERIALS
k�c k c � Select Material

(kW/m2-K)2-sec (kW/m-K) (kJ/kg-K) (kg/m3)

Aluminum (pure) 500 0.206 0.895 2710 Scroll to desired material then 
Steel (0.5% Carbon) 197 0.054 0.465 7850 Click the selection
Concrete 2.9 0.0016 0.75 2400
Brick 1.7 0.0008 0.8 2600
Glass, Plate 1.6 0.00076 0.8 2710
Brick/Concrete Block 1.2 0.00073 0.84 1900
Gypsum Board 0.18 0.00017 1.1 960
Plywood 0.16 0.00012 2.5 540
Fiber Insulation Board 0.16 0.00053 1.25 240
Chipboard 0.15 0.00015 1.25 800
Aerated Concrete 0.12 0.00026 0.96 500
Plasterboard 0.12 0.00016 0.84 950
Calcium Silicate Board 0.098 0.00013 1.12 700
Alumina Silicate Block 0.036 0.00014 1 260
Glass Fiber Insulation 0.0018 0.000037 0.8 60
Expanded Polystyrene 0.001 0.000034 1.5 20

Reference:  Klote, J., J. Milke, Principles of Smoke Management , 2002, Page 270.

Material Concrete
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FIRE SPECIFICATIONS
Fire Heat Release Rate (Q) 2000.00 kW

METHOD OF McCAFFREY, QUINTIERE, AND HARKLEROAD (MQH)
Reference: SFPE Handbook of Fire Protection Engineering , 2nd Edition, Page 3-139.

�Tg = 6.85[Q2/(Av(hv)
1/2) (AThk)]

1/3

Where �Tg = Tg - Ta = upper layer gas temperature rise above ambient (K)
Q = heat release rate of the fire (kW)
Av = area of ventilation opening (m2)
hv = height of ventilation opening (m)
hk = convective heat transfer coefficient (kW/m2-K)
AT = total area of the compartment enclosing surface boundaries excluding area of vent openings (m2)

Area of Ventilation Opening Calculation
Av = (wv)(hv)
Av = 2.23 m2

Thermal Penetration Time Calculation Thermally Thick Material
tp = (�cp/k)(�/2)2

Where � = interior construction density (kg/m3)
cp = interior construction heat capacity (kJ/kg-K)
k = interior construction thermal conductivity (kW/m-K)
� = interior construction thickness (m)

tp = 26128.98 sec

Heat Transfer Coefficient Calculation
hk = v(k�c/t) for t < tp
Where k�c = interior construction thermal inertia (kW/m2-K)2-sec

(a thermal property of material responsible for the rate of temperature rise)
t = time after ignition (sec)

Area of Compartment Enclosing Surface Boundaries
AT = [2(wc x lc) + 2(hc x wc) + 2(hc x lc)] - Av

AT = 118.54 m2

Compartment Hot Gas Layer Temperature With Natural Ventilation
�Tg = 6.85[Q2/(Av(hv)

1/2) (AThk)]
1/3

�Tg = Tg - Ta

Tg = �Tg + Ta
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RESULTS

Time after Ignition (t) hk �Tg Tg Tg Tg
(min) (s) (kW/m2-K) (K) (K) (°C) (°F)

0 0.00 - - 298.00 25.00 77.00
1 60 0.22 253.86 551.86 278.86 533.96
2 120 0.16 284.95 582.95 309.95 589.91
3 180 0.13 304.87 602.87 329.87 625.77
4 240 0.11 319.85 617.85 344.85 652.73
5 300 0.10 331.97 629.97 356.97 674.54

10 600 0.07 372.62 670.62 397.62 747.72
15 900 0.06 398.67 696.67 423.67 794.61
20 1200 0.05 418.25 716.25 443.25 829.86

ESTIMATING SMOKE LAYER HEIGHT
METHOD OF YAMANA AND TANAKA 

z = ((2kQ1/3t/3Ac) + (1/hc
2/3))-3/2

Where z = smoke layer height (m)
Q = heat release rate of the fire (kW)
t = time after ignition (sec)
hc = compartment height (m)
Ac = compartment floor area (m2)
k = a constant given by k = 0.076/�g

�g = hot gas layer density (kg/m3)
�g�is given by �g = 353/Tg

Tg = hot gas layer temperature (K)

Compartment Area Calculation
Ac = (wc) (lc)
Ac = 27.87 m2

Hot Gas Layer Density Calculation
�g =  353/Tg

Calculation for Constant K
k = 0.076/�g

Smoke Gas Layer Height With Natural Ventilation
z = ((2kQ1/3t/3Ac) + (1/hc

2/3))-3/2

Hot Gas Temperature
Natural Ventilation
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RESULTS

Time �g k z z
(min) kg/m3

(kW/m-K) (m) (ft)
0 1.20 0.063 3.05 10.00
1 0.64 0.119 0.24 0.77
2 0.61 0.126 0.22 0.72
3 0.59 0.130 0.21 0.69
4 0.57 0.133 0.20 0.67
5 0.56 0.136 0.20 0.65

10 0.53 0.144 0.18 0.61
15 0.51 0.150 0.18 0.58
20 0.49 0.154 0.17 0.56

NOTE
The above calculations are based on principles developed in the SFPE Handbook of Fire
Protection Engineering, 2nd Edition, 1995.
Calculations are based on certain assumptions and have inherent limitations.  The results of such
calculations may or may not have reasonable predictive capabilities for a given situation, and should
only be interpreted by an informed user.
Although each calculation in the spreadsheet has been verified with the results of hand calculation,
there is no absolute guarantee of the accuracy of these calculations.
Any questions, comments, concerns, and suggestions, or to report an error(s) in the spreadsheet,
please send an email to nxi@nrc.gov.
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CHAPTER 9 - METHOD OF ESTIMATING CENTERLINE TEMPERATURE
OF A BUOYANT FIRE PLUME 

The following calculations estimate the centerline plume temperature in a compartment fire.
Parameters should be specified ONLY IN THE YELLOW INPUT PARAMETER BOXES.
All subsequent output values are calculated by the spreadsheet and based on values specified in the input
parameters.  This spreadsheet is protected and secure to avoid errors due to a wrong entry in a cell(s).
The chapter in the NUREG should be read before an analysis is made.

INPUT PARAMETERS

Heat Release Rate of the Fire (Q) 2000.00 kW
Distance from the Top of the Fuel to the Ceiling (z) 10.00 ft 3.05 m
Area of Combustible Fuel (Ac) 12.00 ft2 1.11 m2

AMBIENT CONDITIONS
Ambient Air Temperature (Ta) 77.00 °F 25.00 °C

298.00 K
Specific Heat of Air (cp) 1.00 kJ/kg-K
Ambient Air Density (�a) 1.20 kg/m3

Acceleration of Gravity (g) 9.81 m/sec2

Convective Heat Release Fraction ��c) 0.50
ESTIMATING PLUME CENTERLINE TEMPERATURE

Reference: SFPE Handbook of Fire Protection Engineering, 2nd Edition, 1995, Page 2-9.

Tp(centerline) - Ta = 9.1 (Ta/g cp
2 �a

2)1/3 Qc
2/3 (z - z0)-5/3

Where Qc = convective portion of the heat release rate (kW)
Ta = ambient air temperature (K)
g = acceleration of gravity (m/sec2)
cp = specific heat of air (kJ/kg-K)
�a = ambient air density (kg/m3)
z = distance from the top of the fuel package to the ceiling (m)
z0 = hypothetical virtual origin of the fire (m)

Convective Heat Release Rate Calculation
Qc = �c Q

Where Q = heat release rate of the fire (kW)
�c = convective heat release fraction
Qc = 1000 kW  

Pool Fire Diameter Calculation
Ac = �D2/4
D = v(4 Ac/�)
D = 1.19 m
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Hypothetical Virtual Origin Calculation
z0/D = -1.02 + 0.083 (Q2/5)/D

Where z0 = virtual origin of the fire (m)
Q = heat release rate of fire (kW)
D = diameter of pool fire (m)

z0/D = 0.44
z0 = 0.52 m

Centerline Plume Temperature Calculation
Tp(centerline) - Ta = 9.1 (Ta/g cp

2 �a
2)1/3 Qc

2/3 (z - z0)-5/3

Tp(centerline) - Ta =  536.16
Tp(centerline) = 834.16 K

Tp(centerline) = 561.16 °C 1042.08 °F ANSWER

NOTE
The above calculations are based on principles developed in the SFPE Handbook of Fire
Protection Engineering, 2nd Edition, 1995.
Calculations are based on certain assumptions and have inherent limitations.  The results of such
calculations may or may not have reasonable predictive capabilities for a given situation, and
should only be interpreted by an informed user.
Although each calculation in the spreadsheet has been verified with the results of hand calculation,
there is no absolute guarantee of the accuracy of these calculations.
Any questions, comments, concerns, and suggestions, or to report an error(s) in the spreadsheet,
please send an email to nxi@nrc.gov.



J-121

CHAPTER 5 - METHOD OF ESTIMATING RADIANT HEAT FLUX FROM FIRE
TO A TARGET FUEL AT GROUND LEVEL UNDER WIND-FREE CONDITION 
POINT SOURCE RADIATION MODEL

The following calculations estimate the radiative heat flux from a fire to a target fuel.
The purpose of this calculation is to estimate the radiation transmitted from a burning fuel array to a target
fuel positioned some distance from the fire at ground level to determine if secondary ignitions are likely with no wind.
Parameters should be specified ONLY IN THE YELLOW INPUT PARAMETER BOXES.
All subsequent output values are calculated by the spreadsheet and based on values specified in the input
parameters.  This spreadsheet is protected and secure to avoid errors due to a wrong entry in a cell(s).
The chapter in the NUREG should be read before an analysis is made.

INPUT PARAMETERS

Mass Burning Rate of Fuel (m") 0.039 kg/m2-sec

Effective Heat of Combustion of Fuel ( Hc,eff) 46000 kJ/kg

Fuel Area or Dike Area (Adike) 12.00 ft2 1.11 m2

Distance between Fire and Target (L) 5.00 ft 1.524 m
Radiative Fraction r) 0.35  

THERMAL PROPERTIES DATA  
                                         BURNING RATE DATA FOR FUELS

Mass Burning Rate Density Select Fuel Type
m" (kg/m2-sec)  (kg/m3)

Methanol 0.017 796 Scroll to desired fuel type then 
Ethanol 0.015 794 Click on selection
Butane 0.078 573
Benzene 0.085 874
Hexane 0.074 650
Heptane 0.101 675
Xylene 0.09 870
Acetone 0.041 791
Dioxane 0.018 1035
Diethy Ether 0.085 714
Benzine 0.048 740
Gasoline 0.055 740
Kerosine 0.039 820
Diesel 0.045 918
JP-4 0.051 760
JP-5 0.054 810
Transformer Oil, Hydrocarbon 0.039 760
Fuel Oil, Heavy 0.035 970
Crude Oil 0.0335 855
Lube Oil 0.039 760
Douglas Fir Plywood 0.01082 500
Reference: SFPE Handbook of Fire Protection Engineering , 2nd Edition, 1995, Page 3-2.

42,600
46,000
10,900

43,500
43,000
46,000
39,700

44,700
43,700
43,200
44,400

40,800
25,800
26,200
34,200

Fuel Heat of Combustion
�Hc,eff (kJ/kg)

20,000
26,800
45,700
40,100
44,700
44,600

Lube Oil
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ESTIMATING RADIATIVE HEAT FLUX TO A TARGET FUEL
Reference: SFPE Handbook of Fire Protection Engineering , 3rd Edition, 2002, Page 3-272.

POINT SOURCE RADIATION MODEL
q" = Q r / 4 R2

Where q" = incident radiative heat flux on the target (kW/m2)
Q = pool fire heat release rate (kW)
�r = radiative fraction
R = distance from center of the pool fire to edge of the target (m) 

 
Pool Fire Diameter Calculation
Adike = D2/4
D = v(4 Adike/ )
D = 1.19 m
 
Heat Release Rate Calculation
Q = m" HcAdike

Where Q = pool fire heat release rate (kW)
m" = mass burning rate of fuel per unit surface area (kg/m2-sec)
�Hc = effective heat of combustion of fuel (kJ/kg)
A = surface area of pool fire (area involved in vaporization) (m2)

Q = 2000.02 kW  

Distance from Center of the Fire to Edge of the Target Calculation
R = L+D/2
Where R = distance from center of the pool fire to edge of the target (m) 

L = distance between pool fire and target (m)
D = pool fire diameter (m)

R = 2.12 m

Radiative Heat Flux Calculation
q" = Q r / 4 R2

q" = 12.40 kW/m2 1.09 BTU/ft2-sec ANSWER

CRITICAL HEAT FLUX FOR CABLES FAILURE
Cable Type Damage Threshold Heat Flux

(kW/m2)  
IEEE-383 qualified 10  
IEEE-383 unqualified 5
Reference: EPRI 100370, Fire-Induced Vulnerability Evaluation (FIVE), April 1992, page 10.4-7. 

NOTE
The above calculations are based on principles developed in the SFPE Handbook of Fire Protection 
Engineering, 3rd Edition, 2002.
Calculations are based on certain assumptions and have inherent limitations.  The results of such
calculations may or may not have reasonable predictive capabilities for a given situation, and
should only be interpreted by an informed user.
Although each calculation in the spreadsheet has been verified with the results of hand calculation,
there is no absolute guarantee of the accuracy of these calculations.
Any questions, comments, concerns, and suggestions, or to report an error(s) in the spreadsheet,
please send an email to nxi@nrc.gov.
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CHAPTER 5 - METHOD OF ESTIMATING RADIANT HEAT FLUX FROM FIRE
TO A TARGET FUEL ABOVE GROUND LEVEL UNDER WIND-FREE CONDITION
SOLID FLAME RADIATION MODEL

The following calculations estimate the radiative heat flux from fire to a target fuel.
The purpose of this calculation is to estimate the radiation transmitted from a burning fuel array to a target
fuel positioned some distance from the fire above ground level to determine if secondary ignitions are likely with no wind. 
Parameters should be specified ONLY IN THE RED INPUT PARAMETER BOXES.
All subsequent output values are calculated by the spreadsheet and based on values specified in the input
parameters.  This spreadsheet is protected and secure to avoid errors due to a wrong entry in a cell(s).
The chapter in the NUREG should be read before an analysis is made.
INPUT PARAMETERS

Mass Burning Rate of Fuel (m") 0.039 kg/m2-sec
Effective Heat of Combustion of Fuel (�Hc,eff) 46000 kJ/kg

Fuel Area or Dike Area (Adike) 12.00 ft2 1.11 m2

Distance between Fire and Target (L) 4.00 ft 1.2192 m
Vertical Distance of Target from Ground (H1 = Hf1) 8.00 ft 2.4384 m

THERMAL PROPERTIES DATA  
                                         BURNING RATE DATA FOR FUELS

Mass Burning Rate Density Select Fuel Type
m" (kg/m2-sec) � (kg/m3)

Methanol 0.017 796 Scroll to desired fuel type then 
Ethanol 0.015 794 Click on selection
Butane 0.078 573
Benzene 0.085 874
Hexane 0.074 650
Heptane 0.101 675
Xylene 0.09 870
Acetone 0.041 791
Dioxane 0.018 1035
Diethy Ether 0.085 714
Benzine 0.048 740
Gasoline 0.055 740
Kerosine 0.039 820
Diesel 0.045 918
JP-4 0.051 760
JP-5 0.054 810
Transformer Oil, Hydrocarbon 0.039 760
Fuel Oil, Heavy 0.035 970
Crude Oil 0.0335 855
Lube Oil 0.039 760
Douglas Fir Plywood 0.01082 500
Reference: SFPE Handbook of Fire Protection Engineering , 2nd Edition, 1995, Page 3-2.

Heat of Combustion
�Hc,eff (kJ/kg)

20,000
26,800
45,700
40,100
44,700
44,600

43,200
44,400

40,800
25,800
26,200
34,200

42,600
46,000
10,900

Fuel

43,500
43,000
46,000
39,700

44,700
43,700

Lube Oil
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ESTIMATING RADIATIVE HEAT FLUX TO A TARGET FUEL
Reference: SFPE Handbook of Fire Protection Engineering , 3rd Edition, 2002, Page 3-276.

SOLID FLAME RADIATION MODEL
q" = EF1->2

Where q" = incident radiative heat flux on the target (kW/m2)
E = emissive power of the pool fire flame (kW/m2)
F1->2 = view factor between target and the flame

Pool Fire Diameter Calculation
Adike = �D2/4
D = v(4 Adike/�)
D = 1.19 m
 
Emissive Power Calculation
E = 58 (10-0.00823 D)
E = 56.71 (kW/m2)  
 
View Factor Calculation
F1->2,V1 = 1/(�S)tan-1(h1/(S

2-1)1/2)-(h1/�S)tan-1((S-1)/(S+1))1/2+A1h1/�S(A1
2-1)1/2tan-1((A1+1)(S-1)/(A1-1)(S+1))1/2

F1->2,V2 = 1/(�S)tan-1(h2/(S
2-1)1/2)-(h2/�S)tan-1((S-1)/(S+1))1/2+A2h2/�S(A2

2-1)1/2tan-1((A2+1)(S-1)/(A2-1)(S+1))1/2

A1 = (h1
2+S2+1)/2S

A2 = (h2
2+S2+1)/2S

B = (1+S2)/2S
S = 2R/D
h1 = 2Hf1/D
h2 = 2Hf2/D
F1->2,V= F1->2,V1 + F1->2,V2

Where F1->2,V = total vertical view factor 
R = distance from center of the pool fire to edge of the target (m)
Hf = height  of the pool fire flame (m)
D = pool fire diameter (m)

Distance from Center of the Pool Fire to Edge of the Target Calculation
R = L+D/2 = 1.815 m

Heat Release Rate Calculation
Q = m"�HcAf

Q = 2000.02 kW

Pool Fire Flame Height Calculation
Hf = 0.235 Q2/5-1.02 D   
Hf = 3.699 m

S = 2R/D = 3.047
h1 = 2Hf1/D = 4.093
h2  = 2Hf2/D = 2(Hf-Hf1)/D = 2.117
A1 = (h1

2+S2+1)/2S = 4.437
A2 = (h2

2+S2+1)/2S = 2.423
B = (1+S2)/2S = 1.687

FV1 FV2 FV3 FV4 F1->2,V1

F1->2,V1 = 0.156 0.100 0.264 0.439 0.730 0.156
F1->2,V2 = 0.132 FV1 FV2 FV3 FV4 F1->2,V2

F1->2, V = F1->2,V1 + F1->2,V2 = 0.288 0.066 0.137 0.243 0.834 0.132
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Radiative Heat Flux Calculation
q" = EF1->2

q" = 16.34 kW/m2 1.44 BTU/ft2-sec ANSWER

CRITICAL HEAT FLUX FOR CABLES FAILURE
Cable Type Damage Threshold Heat Flux

(kW/m2)  
IEEE-383 qualified 10  
IEEE-383 unqualified 5  
Reference: EPRI 100370, Fire-Induced Vulnerability Evaluation (FIVE), April 1992, page 10.4-7. 

NOTE
The above calculations are based on principles developed in the SFPE Handbook of Fire Protection
Engineering, 3rd Edition, 2002.
Calculations are based on certain assumptions and have inherent limitations.  The results of such
calculations may or may not have reasonable predictive capabilities for a given situation, and should
only be interpreted by an informed user.
Although each calculation in the spreadsheet has been verified with the results of hand calculation,
there is no absolute guarantee of the accuracy of these calculations.
Any questions, comments, concerns, and suggestions, or to report an error(s) in the spreadsheet,
please send an email to nxi@nrc.gov.
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CHAPTER 10 - METHOD OF ESTIMATING SPRINKLER RESPONSE TIME 

The following calculations estimate sprinkler activation time.
Parameters should be specified ONLY IN THE YELLOW INPUT PARAMETER BOXES.
All subsequent output values are calculated by the spreadsheet and based on values specified in the input
parameters.  This spreadsheet is protected and secure to avoid errors due to a wrong entry in a cell(s).
The chapter in the NUREG should be read before an analysis is made.
INPUT PARAMETERS

Heat Release Rate of the Fire (Q) 2000.00 kW
Sprinkler Response Time Index (RTI) 235 (m-sec)1/2

Activation Temperature of the Sprinkler (Tactivation) 165 °F 73.89 °C
Distance from the Top of the Fuel Package to the Ceiling (H) 10.00 ft 3.05 m
Radial Distance from the Plume Centerline to the Sprinkler (r) 9.80 ft 2.99 m
Ambient Air Temperature (Ta) 77.00 °F 25.00 °C

298.00 K
Convective Heat Release Fraction ��c) 0.70
r/H = 0.98

GENERIC SPRINKLER RESPONSE TIME INDEX (RTI)* 
Common Sprinkler Type Generic Response Time Index Select Type of Sprinkler

RTI (m-sec)1/2

Standard response bulb 235 Scroll to desired sprinkler type then Click on selection
Standard response link 130
Quick response bulb 42
Quick response link 34
Reference: Madrzykowski, D., "Evaluation of Sprinkler Activation Prediction Methods"
ASIAFLAM'95, International Conference on Fire Science and Engineering, 1st Proceeding,  
March 15-16, 1995, Kowloon, Hong Kong, pp. 211-218.
*Note: The actual RTI should be used when the value is available.

GENERIC SPRINKLER TEMPERATURE RATING (Tactivation)*  
Temperature Classification Range of Temperature Ratings   Generic Temperature Ratings Select Sprinkler Classification

(°F)  (°F)

Ordinary 135 to 170 165 Scroll to desired sprinkler class
Intermediate 175 to 225 212 then Click on selection
High 250 to 300 275
Extra high 325 to 375 350
Very extra high 400 to 475 450
Ultra high 500 to 575 550
Ultra high 650 550
Reference: Automatic Sprinkler Systems Handbook, 6th Edition, National Fire Protection  
Association, Quincy, Massachusetts, 1994, Page 67.
*Note: The actual temperature rating should be used when the value is available.

ESTIMATING SPRINKLER RESPONSE TIME
Reference: NFPA Fire Protection Handbook , 18th Edition, 1997, Page 11-97.

tactivation = (RTI/(vujet)) (ln (Tjet - Ta)/(Tjet - Tactivation))

Where tactivation = sprinkler activation response time (sec)
RTI = sprinkler response time index (m-sec)1/2

ujet = ceiling jet velocity (m/sec)
Tjet = ceiling jet temperature (°C)
Ta = ambient air temperature (°C)
Tactivation = activation temperature of sprinkler (°C)

Standard response bulb

Ordinary
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Ceiling Jet Temperature Calculation
Tjet - Ta = 16.9 (Qc)

2/3/H5/3 for r/H = 0.18
Tjet - Ta = 5.38 (Qc/r)

2/3/H for r/H > 0.18

Where Tjet = ceiling jet temperature (°C)
Ta = ambient air temperature (°C)
Qc = convective portion of the heat release rate (kW)
H = distance from the top of the fuel package to the ceiling level (m)
r = radial distance from the plume centerline to the sprinkler (m)

Convective Heat Release Rate Calculation
Qc = �c Q

Where Q = heat release rate of the fire (kW)
�c = convective heat release fraction

Qc = 1400 kW

 Radial Distance to Ceiling Height Ratio Calculation
r/H = 0.98 r/H > 0.15

Tjet - Ta =  {5.38 (Qc/r)^2/3}/H
Tjet - Ta =  106.50
Tjet =  131.50 (°C)

Ceiling Jet Velocity Calculation
ujet = 0.96 (Q/H)1/3 for r/H = 0.15
ujet = (0.195 Q1/3 H1/2)/r5/6 for r/H > 0.15

ujet = ceiling jet velocity (m/sec)
Q = heat release rate of the fire (kW)
H = distance from the top of the fuel package to the ceiling (m)
r = radial distance from the plume centerline to the sprinkler (m)

Radial Distance to Ceiling Height Ratio Calculation
r/H = 0.98 r/H > 0.15

ujet = (0.195 Q^1/3 H^1/2)/r^5/6
ujet = 1.723 m/sec

Sprinkler Activation Time Calculation

tactivation = (RTI/(vujet)) (ln (Tjet - Ta)/(Tjet - Tactivation))
tactivation = 109.99 sec
The sprinkler will respond in approximately 1.83 minutes ANSWER
NOTE: If tactivation = "NUM" Sprinkler does not activate 

NOTE
The above calculations are based on principles developed in the NFPA Fire Protection Handbook
18th Edition, 1997.  Calculations are based on certain assumptions and have inherent limitations.  
The results of such calculations may or may not have reasonable predictive capabilities for a given
situation, and should only be interpreted by an informed user.
Although each calculation in the spreadsheet has been verified with the results of hand calculation,
there is no absolute guarantee of the accuracy of these calculations.
Any questions, comments, concerns, and suggestions, or to report an error(s) in the spreadsheet,
please send an email to nxi@nrc.gov.
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CHAPTER 13 - METHOD OF PREDICTING COMPARTMENT FLASHOVER
  

The following calculations estimate the minimum heat release rate required to compartment flashover.
Parameters should be specified ONLY IN THE YELLOW INPUT PARAMETER BOXES.
All subsequent output values are calculated by the spreadsheet and based on values specified in the input
parameters.  This spreadsheet is protected and secure to avoid errors due to a wrong entry in a cell(s).
The chapter in the NUREG should be read before an analysis is made.

INPUT PARAMETERS
COMPARTMENT INFORMATION

Compartment Width (wc) 20.00 ft 6.096 m

Compartment Length (lc) 15.00 ft 4.57 m

Compartment Height (hc) 10.00 ft 3.048 m

Vent Width (wv) 4.00 ft 1.219 m

Vent Height (hv) 6.00 ft 1.83 m
Interior Lining Thickness (�) 12.00 in 0.3048 m
Interior Lining Thermal Conductivity (k) 0.0016 kW/m-K

THERMAL PROPERTIES DATA
Thermal Conductivity Select  Material

k (kW/m-K)

Aluminum (pure) 0.206 Scroll to desired material then Click on selection
Steel (0.5% Carbon) 0.054
Concrete 0.0016
Brick 0.0008
Glass, Plate 0.00076
Brick/Concrete Block 0.00073
Gypsum Board 0.00017
Plywood 0.00012
Fiber Insulation Board 0.00053
Chipboard 0.00015
Aerated Concrete 0.00026
Plasterboard 0.00016
Calcium Silicate Board 0.00013
Alumina Silicate Block 0.00014
Glass Fiber Insulation 0.000037
Expanded Polystyrene 0.000034
Reference: Klote, J., J. Milke, Principles of Smoke Managemen t, 2002, Page 270.

PREDICTING FLASHOVER HEAT RELEASE RATE
METHOD OF McCAFFREY, QUINTIERE, AND HARKLEROAD (MQH)

Reference: SFPE Handbook of Fire Protection Engineering , 2nd Edition, 1995, Page 3-145.

QFO = 610 v(hk AT Av (vhv))
 
Where QFO = heat release rate necessary for flashover (kW)

hk = effective heat transfer coefficient (kW/m2-K)
AT = total area of the compartment enclosing surface boundaries excluding area of vent op
Av = area of ventilation opening (m2)
hv = height of ventilation opening (m)

Material
Concrete
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Heat Transfer Coefficient Calculation
hk = k/� Assuming that compartment has been heated thoroughly before flashover, i.e., t > tp.
Where hk = effective heat transfer coefficient (kW/m2-K)

k = interior lining thermal conductivity (kW/m-K)
� = interior lining thickness (m)

hk = 0.005 kW/m2-K

Area of Ventilation Opening Calculation
Av = (wv) (hv)

Where
Av = area of ventilation opening (m2)
wv = vent width (m)
hv = vent height (m)

Av = 2.23 m2

Area of Compartment Enclosing Surface Boundaries
AT = [2 (wc x lc) + 2 (hc x wc) + 2 (hc x lc)] - Av

Where AT = total area of the compartment enclosing surface boundaries excluding area of vent openings (m2)
wc = compartment width (m)
lc = compartment length (m)
hc = compartment height (m)
Av = area of ventilation opening (m2)

AT = 118.54 m2

Minimum Heat Release Rate for Flashover
QFO = 610 v(hk AT Av (vhv))
QFO = 835.57 kW ANSWER

METHOD OF  BABRAUSKAS
Reference:  SFPE Handbook of Fire Protection Engineering , 2nd Edition, 1995, Page 3-145.

QFO = 750 Av (vhv)

Where QFO = heat release rate necessary for flashover (kW)
Av = area of ventilation opening (m2)
hv = height of ventilation opening (m)

Minimum Heat Release Rate for Flashover
QFO = 750 Av (vhv)
QFO = 2261.44 kW ANSWER
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METHOD OF THOMAS
Reference:  SFPE Handbook of Fire Protection Engineering , 2nd Edition, 1995, Page 3-146.

QFO = 7.8 AT + 378 Av (vhv)

Where QFO = heat release rate necessary for flashover (kW)
AT = total area of the compartment enclosing surface boundaries excluding area of vent openings (m2)
Av = area of ventilation opening (m2)
hv = height of ventilation opening (m)

Minimum Heat Release Rate for Flashover
QFO = 7.8 AT + 378 Av (vhv)
QFO = 2064.41 kW ANSWER

SUMMARY OF RESULTS 
Flashover HRR

METHOD OF MQH 836 kW
METHOD OF BABRAUSKAS 2261 kW
METHOD OF THOMAS 2064 kW

NOTE
The above calculations are based on principles developed in the SFPE Handbook of Fire
Protection Engineering, 2nd Edition, 1995.
Calculations are based on certain assumptions and have inherent limitations.  The results
of such calculations may or may not have reasonable predictive capabilities for a given
situation, and should only be interpreted by an informed user.
Although each calculation in the spreadsheet has been verified with the results of hand
calculation, there is no absolute guarantee of the accuracy of these calculations.
Any questions, comments, concerns, and suggestions, or to report an error(s) in the
spreadsheets, please send an email to nxi@nrc.gov.
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Problem 17: Pool Fire Scenario in a Triangular compartment

Problem J-17

Problem Statement
Consider a triangular corner compartment (as shown in the figure) in a boiling water reactor (BWR).
The compartment is 4.6 m (15.0 ft) high with 0.3048 m (12.0 in) thick concrete walls, floor, and
ceiling and with a door that is 2.15 m (7.0 ft) wide x 3.0 m (10.0 ft) high (wv x hv).

A fire scenario arises from a spill of lube oil from the high-pressure coolant injection (HPCI) turbine.
Assume that 113.5 liters (30.0 gallons) of lube oil spills in a 1.12 m2 (12.0 ft2 ) oil retention dike.
The lube oil spreads and reaches steady burning almost instantly.  Two unprotected safety-related
cable trays are located 3.0 m (10.0 ft) above the HPCI turbine.  Determine whether there is a
credible fire hazard to the unprotected safety related cable trays. 

Evaluate the hazard of the fire scenario using the following parameters:

(a) pool fire HRR, , flame height, z, and burning duration, tb�Q
(b) compartment hot gas layer temperature, Tg, as well as gas layer height z  
(c) heat flux to the target (electrical cabinet) using the point source model, � ��qcabinet

(d) heat flux to the target (cable trays) using the solid-flame radiation model,  � ��qcable

(e) centerline plume temperature, Tp(centerline)
(f) sprinkler activation time, tactivation

(g)   HRR necessary to cause flashover, �QFO

Solution

Purpose:

(1) Determine if the given fire scenario could represent a hazard for the safety-related cable
trays.

Solution Approach:

The solution of this problem is very similar to the previous problem, but in this case we do
not have or we are not considering any heat radiation and fire suppression system.  First,
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we are going to calculate the heat release rate, flame height, and the burning duration of
the pool fire (see Chapter 3) in order to determine the fire source characteristics.  Notice
that regardless the compartment is triangular, we are not going to consider a corner fire.
It is reasonable to assume that the HPCI turbine is at large distance away from the walls.
Also, we will determine the hot gas layer temperature and the gas layer height (see Chapter
2).  Once we get all these values, we have to use them to estimate the hazard of the fire
scenario.

Assumptions:

(1) There is instantaneous and complete involvement of the liquid in the pool fire.
(2) The pool fire is burning in the open.
(3) The pool is circular or nearly circular.
(4) The fire is located away from the walls.
(5) The ambient (or initial condition of the air) is at 25 �C (77 �F)
(6) The bottom of the oil retention dike is at ground level.
(7) The distance from the top of the fuel package (oil pool) to the ceiling is 15 ft, the pool

height or oil layer thickness is negligible compared with the height of the ceiling.

Spreadsheet (FDTs) Solution Procedure:

Use the following FDTs:

(a) HRR_Flame_Height_Burning_Duration_Calculations.xls
(b) Temperature_NV.xls

FDTs Input Parameters:

Enter the following parameters in the spreadsheets (values only):

(a) HRR_Flame_Height_Burning_Duration_Calculations.xls

- Fuel spill volume (V) = 30 gallons
- Fuel Spill Area or Dike Area (Adike) = 12 ft2

- Select Fuel Type: select Lube Oil from the combo box

Note: When Lube Oil is selected, its properties are automatically selected from the
table and entered in the corresponding input cells.

Results*

Heat Release Rate
kW (Btu/sec)�Q

Burning
Duration
 (tb) (min)

Pool Fire Flame Height
Hf m (ft)

2,000 (1,900) 2,000 (1,900) Method of
Heskestad

Method of
Thomas

3.7(12.1) 2.9 (9.6)
*spreadsheet calculations attached at the end of the problem
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(b) Temperature_NV.xls

Equivalent Compartment:

The FDTs for hot gas layer temperature and flame height are designed for
quadrilateral compartment.  Since the compartment is triangular we have to
calculate an equivalent square compartment in order to use the FDTs. 

� Triangular Compartment Area: 

A= ½ x (base) x (width) = ½ x (20 ft) x (20 ft) = 200 ft2 

� Equivalent Rectangular Compartment:

L = wc = lc = (200 ft2)½ = 14.0 ft 

Input Parameters: 

- Compartment Width (wc) = 14 ft
- Compartment Length (lc) = 14 ft
- Compartment Height (hc) = 15 ft
- Vent Width (wv) = 7 ft
- Vent Height (hv) = 10 ft
- Top of Vent from Floor (VT) = 10 ft
- Interior Lining Thickness (δ) = 12 in
- Select Material: select Concrete from the combo box
- Fire Heat Release Rate = 2,000 kW� ��Q

Note: When Concrete is selected, its thermal properties are automatically
selected from the table and entered in the corresponding input cells.

Results*

Time (min) Hot Gas Layer Temperature
 Tg °C (°F)

Gas Layer Height
z m (ft)

0 25 (77) 4.57 (15)
1 194 (380) 0.18 (0.59)
2 214 (417) 0.17 (0.56)
3 227 (441) 0.16 (0.54)
4 237 (459) 0.16 (0.52)
5 245 (473) 0.16 (0.51)
10 272 (522) 0.15 (0.48)
15 289 (553) 0.14 (0.46)
20 302 (576) 0.14 (0.44)

*spreadsheet calculations attached at the end of the problem

Conclusions
We can note that the fire power (HRR) and the pool fire flame height values are similar to the
previous problem.  The reason for this similarity is because the correlations to determine the HRR
and flame height are based on the type of fuel and the dike area (or dike diameter), and in this
problem we are dealing with a pool fire similar to problem 16.  The amount of combustible in the
pool (volume) will determine the duration of the pool fire, that is, the burning time.  Thus, we
obtained a different burning time value because we have more fuel volume.
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As problem 16, we have a high intensity fire with a flame height that probably will impinge upon the
cable trays.  Also, the hot gas layer temperature analysis predicts that the temperature of the gases
will reach the failure temperature for IEEE-383 unqualified cables (T = 425 �F) approximately at
2 minutes after ignition and the compartment will be full with smoke at this time too.  If there is no
intervention of any suppression system during the 33 minutes of flame exposure, there is no doubt
that there is a credible hazard for the safety related cables.        
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CHAPTER 2 - METHOD OF PREDICTING HOT GAS LAYER TEMPERATURE
AND SMOKE LAYER HEIGHT IN ROOM FIRE WITH NATURAL VENTILATION
COMPARTMENT WITH THERMALLY THICK BOUNDARIES 

 
The following calculations estimate the hot gas layer temperature and smoke layer height in enclosure fire.
Parameters should be specified ONLY IN THE YELLOW INPUT PARAMETER BOXES.
All subsequent output values are calculated by the spreadsheet and based on values specified in the input
parameters.  This spreadsheet is protected and secure to avoid errors due to a wrong entry in a cell(s).
The chapter in the NUREG should be read before an analysis is made.

INPUT PARAMETERS
COMPARTMENT INFORMATION

Compartment Width (wc) 14.00 ft 4.2672 m

Compartment Length (lc) 14.00 ft 4.2672 m

Compartment Height (hc) 15.00 ft 4.572 m

Vent Width (wv) 7.00 ft 2.134 m

Vent Height (hv) 10.00 ft 3.048 m

Top of Vent from Floor (VT) 10.00 ft 3.048 m

Interior Lining Thickness (�) 12.00 in 0.3048 m
For thermally thick case the interior lining thickness should be greater than 1 inch.

AMBIENT CONDITIONS
Ambient Air Temperature (Ta) 77.00 °F 25.00 °C

298.00 K
Specific Heat of Air (cp) 1.00 kJ/kg-K
Ambient Air Density (�a) 1.20 kg/m3

THERMAL PROPERTIES OF COMPARTMENT ENCLOSING SURFACES FOR
Interior Lining Thermal Inertia (k�c) 2.9 (kW/m2-K)2-sec
Interior Lining Thermal Conductivity (k) 0.0016 kW/m-K
Interior Lining Specific Heat (c) 0.75 kJ/kg-K
Interior Lining Density (�) 2400 kg/m3

EXPERIMENTAL THERMAL PROPERTIES FOR COMMON INTERIOR LINING MATERIALS
k�c k c � Select Material

(kW/m2-K)2-sec (kW/m-K) (kJ/kg-K) (kg/m3)

Aluminum (pure) 500 0.206 0.895 2710 Scroll to desired material then 
Steel (0.5% Carbon) 197 0.054 0.465 7850 Click the selection
Concrete 2.9 0.0016 0.75 2400
Brick 1.7 0.0008 0.8 2600
Glass, Plate 1.6 0.00076 0.8 2710
Brick/Concrete Block 1.2 0.00073 0.84 1900
Gypsum Board 0.18 0.00017 1.1 960
Plywood 0.16 0.00012 2.5 540
Fiber Insulation Board 0.16 0.00053 1.25 240
Chipboard 0.15 0.00015 1.25 800
Aerated Concrete 0.12 0.00026 0.96 500
Plasterboard 0.12 0.00016 0.84 950
Calcium Silicate Board 0.098 0.00013 1.12 700
Alumina Silicate Block 0.036 0.00014 1 260
Glass Fiber Insulation 0.0018 0.000037 0.8 60
Expanded Polystyrene 0.001 0.000034 1.5 20

Reference:  Klote, J., J. Milke, Principles of Smoke Management , 2002, Page 270.

Material Concrete

Spreadsheets Calculations
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ESTIMATING POOL FIRE HEAT RELEASE RATE
Reference:  SFPE Handbook of Fire Protection Engineering , 2nd Edition, 1995, Page 3-4.

Q = m" Hc,eff Af

Where Q = pool fire heat release rate (kW)
m" = mass burning rate of fuel per unit surface area (kg/m2-sec)
�Hc,eff = effective heat of combustion of fuel (kJ/kg)
Af = Adike = surface area of pool fire (area involved in vaporization) (m2)

Heat Release Rate Calculation (Liquids with relatively high flash point, like transformer oil, require
Q = m" Hc Af localized heating to achieve ignition)

Q = 2000.02 kW 1895.66 BTU/sec ANSWER

ESTIMATING POOL FIRE BURNING DURATION
Reference:  SFPE Handbook of Fire Protection Engineering , 2nd Edition, 1995, Page 3-197.

tb = 4V/ D2

Where tb = burning duration of pool fire (sec)
V = volume of liquid (m3)
D = pool diameter (m)
� = regression rate (m/sec)

Pool Fire Diameter Calculation
Adike = D2/4
D = v(4Adike/ )
D = 1.191 m

Calculation for Regression Rate
� = m"
Where m" mass burning rate of fuel (kg/m2-sec)

� = liquid fuel density (kg/m3)
� = 0.000051 m/sec

Burning Duration Calculation
tb = 4V/ D2

tb = 1985.05 sec 33.08 minutes ANSWER
Note that a liquid pool fire with a given amount of fuel can burn for long periods of time over small area or for
short periods of time over a large area.

ESTIMATING POOL FIRE FLAME HEIGHT
METHOD OF HESKESTAD

Reference:  SFPE Handbook of Fire Protection Engineering , 2nd Edition, 1995, Page 2-10.

Hf = 0.235 Q2/5 - 1.02 D
Where Hf = pool fire flame height (m)

Q = pool fire heat release rate (kW)
D = pool fire diameter (m)

Pool Fire Flame Height Calculation
Hf = 0.235 Q2/5 - 1.02 D
Hf = 3.70 m 12.14 ft ANSWER
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METHOD OF THOMAS
Reference:  SFPE Handbook of Fire Protection Engineering , 2nd Edition, 1995, Page 3-204.

Hf = 42 D (m" a v(g D))0.61

Where Hf = pool fire flame height (m)
m" = mass burning rate of fuel per unit surface area (kg/m2-sec)
�a = ambient air density (kg/m3)
D = pool fire diameter (m)
g = gravitational acceleration (m/sec2)

Pool Fire Flame Height Calculation
Hf = 42 D (m" a v(g D))0.61

Hf = 2.92 m 9.59 ft ANSWER

NOTE
The above calculations are based on principles developed in the SFPE Handbook of Fire Protection
Engineering, 2nd Edition, 1995. Calculations are based on certain assumptions and have inherent limitations.
The results of such calculations may or may not have reasonable predictive capabilities for a given situation
and should only be interpreted by an informed user.  Although each calculation in the spreadsheet has 
been verified with the results of hand calculation, there is no absolute guarantee of the accuracy of these 
calculations. Any questions, comments, concerns, and suggestions, or to report an error(s) in the
spreadsheets, please send an email to nxi@nrc.gov.
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CHAPTER 2 - METHOD OF PREDICTING HOT GAS LAYER TEMPERATURE
AND SMOKE LAYER HEIGHT IN ROOM FIRE WITH NATURAL VENTILATION
COMPARTMENT WITH THERMALLY THICK BOUNDARIES 

 
The following calculations estimate the hot gas layer temperature and smoke layer height in enclosure fire.
Parameters should be specified ONLY IN THE YELLOW INPUT PARAMETER BOXES.
All subsequent output values are calculated by the spreadsheet and based on values specified in the input
parameters.  This spreadsheet is protected and secure to avoid errors due to a wrong entry in a cell(s).
The chapter in the NUREG should be read before an analysis is made.

INPUT PARAMETERS
COMPARTMENT INFORMATION

Compartment Width (wc) 14.00 ft 4.2672 m

Compartment Length (lc) 14.00 ft 4.2672 m

Compartment Height (hc) 15.00 ft 4.572 m

Vent Width (wv) 7.00 ft 2.134 m

Vent Height (hv) 10.00 ft 3.048 m

Top of Vent from Floor (VT) 10.00 ft 3.048 m

Interior Lining Thickness (�) 12.00 in 0.3048 m
For thermally thick case the interior lining thickness should be greater than 1 inch.

AMBIENT CONDITIONS
Ambient Air Temperature (Ta) 77.00 °F 25.00 °C

298.00 K
Specific Heat of Air (cp) 1.00 kJ/kg-K
Ambient Air Density (�a) 1.20 kg/m3

THERMAL PROPERTIES OF COMPARTMENT ENCLOSING SURFACES FOR
Interior Lining Thermal Inertia (k�c) 2.9 (kW/m2-K)2-sec
Interior Lining Thermal Conductivity (k) 0.0016 kW/m-K
Interior Lining Specific Heat (c) 0.75 kJ/kg-K
Interior Lining Density (�) 2400 kg/m3

EXPERIMENTAL THERMAL PROPERTIES FOR COMMON INTERIOR LINING MATERIALS
k�c k c � Select Material

(kW/m2-K)2-sec (kW/m-K) (kJ/kg-K) (kg/m3)

Aluminum (pure) 500 0.206 0.895 2710 Scroll to desired material then 
Steel (0.5% Carbon) 197 0.054 0.465 7850 Click the selection
Concrete 2.9 0.0016 0.75 2400
Brick 1.7 0.0008 0.8 2600
Glass, Plate 1.6 0.00076 0.8 2710
Brick/Concrete Block 1.2 0.00073 0.84 1900
Gypsum Board 0.18 0.00017 1.1 960
Plywood 0.16 0.00012 2.5 540
Fiber Insulation Board 0.16 0.00053 1.25 240
Chipboard 0.15 0.00015 1.25 800
Aerated Concrete 0.12 0.00026 0.96 500
Plasterboard 0.12 0.00016 0.84 950
Calcium Silicate Board 0.098 0.00013 1.12 700
Alumina Silicate Block 0.036 0.00014 1 260
Glass Fiber Insulation 0.0018 0.000037 0.8 60
Expanded Polystyrene 0.001 0.000034 1.5 20

Reference:  Klote, J., J. Milke, Principles of Smoke Management , 2002, Page 270.

Material Concrete
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FIRE SPECIFICATIONS
Fire Heat Release Rate (Q) 2000.00 kW

METHOD OF McCAFFREY, QUINTIERE, AND HARKLEROAD (MQH)
Reference: SFPE Handbook of Fire Protection Engineering , 2nd Edition, Page 3-139.

�Tg = 6.85[Q2/(Av(hv)
1/2) (AThk)]

1/3

Where �Tg = Tg - Ta = upper layer gas temperature rise above ambient (K)
Q = heat release rate of the fire (kW)
Av = area of ventilation opening (m2)
hv = height of ventilation opening (m)
hk = convective heat transfer coefficient (kW/m2-K)
AT = total area of the compartment enclosing surface boundaries excluding area of vent openings (m2)

Area of Ventilation Opening Calculation
Av = (wv)(hv)
Av = 6.50 m2

Thermal Penetration Time Calculation Thermally Thick Material
tp = (�cp/k)(�/2)2

Where � = interior construction density (kg/m3)
cp = interior construction heat capacity (kJ/kg-K)
k = interior construction thermal conductivity (kW/m-K)
� = interior construction thickness (m)

tp = 26128.98 sec

Heat Transfer Coefficient Calculation
hk = v(k�c/t) for t < tp
Where k�c = interior construction thermal inertia (kW/m2-K)2-sec

(a thermal property of material responsible for the rate of temperature rise)
t = time after ignition (sec)

Area of Compartment Enclosing Surface Boundaries
AT = [2(wc x lc) + 2(hc x wc) + 2(hc x lc)] - Av

AT = 107.95 m2

Compartment Hot Gas Layer Temperature With Natural Ventilation
�Tg = 6.85[Q2/(Av(hv)

1/2) (AThk)]
1/3

�Tg = Tg - Ta

Tg = �Tg + Ta
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RESULTS

Time after Ignition (t) hk �Tg Tg Tg Tg
(min) (s) (kW/m2-K) (K) (K) (°C) (°F)

0 0.00 - - 298.00 25.00 77.00
1 60 0.22 168.35 466.35 193.35 380.03
2 120 0.16 188.97 486.97 213.97 417.14
3 180 0.13 202.18 500.18 227.18 440.92
4 240 0.11 212.11 510.11 237.11 458.79
5 300 0.10 220.14 518.14 245.14 473.26

10 600 0.07 247.10 545.10 272.10 521.79
15 900 0.06 264.38 562.38 289.38 552.88
20 1200 0.05 277.36 575.36 302.36 576.26

ESTIMATING SMOKE LAYER HEIGHT
METHOD OF YAMANA AND TANAKA 

z = ((2kQ1/3t/3Ac) + (1/hc
2/3))-3/2

Where z = smoke layer height (m)
Q = heat release rate of the fire (kW)
t = time after ignition (sec)
hc = compartment height (m)
Ac = compartment floor area (m2)
k = a constant given by k = 0.076/�g

�g = hot gas layer density (kg/m3)
�g�is given by �g = 353/Tg

Tg = hot gas layer temperature (K)

Compartment Area Calculation
Ac = (wc) (lc)
Ac = 18.21 m2

Hot Gas Layer Density Calculation
�g =  353/Tg

Calculation for Constant K
k = 0.076/�g

Smoke Gas Layer Height With Natural Ventilation
z = ((2kQ1/3t/3Ac) + (1/hc

2/3))-3/2

Hot Gas Temperature
Natural Ventilation
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RESULTS

Time �g k z z
(min) kg/m3

(kW/m-K) (m) (ft)
0 1.20 0.063 4.57 15.00
1 0.76 0.100 0.18 0.59
2 0.72 0.105 0.17 0.56
3 0.71 0.108 0.16 0.54
4 0.69 0.110 0.16 0.52
5 0.68 0.112 0.16 0.51
10 0.65 0.117 0.15 0.48
15 0.63 0.121 0.14 0.46
20 0.61 0.124 0.14 0.44

NOTE
The above calculations are based on principles developed in the SFPE Handbook of Fire
Protection Engineering, 2nd Edition, 1995.
Calculations are based on certain assumptions and have inherent limitations.  The results of such
calculations may or may not have reasonable predictive capabilities for a given situation, and should
only be interpreted by an informed user.
Although each calculation in the spreadsheet has been verified with the results of hand calculation,
there is no absolute guarantee of the accuracy of these calculations.
Any questions, comments, concerns, and suggestions, or to report an error(s) in the spreadsheet,
please send an email to nxi@nrc.gov.

Smoke Gas Layer Height
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Problem J-18

Problem Statement
A fire scenario arise from a pile of instant-lighting charcoal briquets.  Ten 3.62-kg (8.0-lb) bags of
these briquets have been stored on the floor of a corridor in a facility.  Assume that a strong ignition
source is present and ignites the charcoal briquets.  Compute the heat release rate, flame�Q

height, Hf  and burning duration, tb of pile of charcoal briquets, assuming that the area of the
charcoal pile is 0.28 m2 (3 ft2). 

Additional Information
Charcoal briquets are a combustible material and become more combustible when soaked with
lighter fluid (an accelerant) during the manufactures process (Ref. 1).  The lighter fluid is usually
kerosine or a petroleum distillate (Refs. 2 and 3).  No direct burning rate data are available for
instant-lighting charcoal briquets.  A breakdown of the combustion data for plain charcoal and
kerosine (Ref. 4) is provided below.  Average values can be used as a composition when specific
burning rate data are not available.  The density of charcoal is approximately 400 kg/m3.

Combustion Properties of Charcoal and Kerosine

Combustible Material Heat of Combustion
�Hc (kJ/kg)

Mass Loss Rate
 (kg/m2-sec)� ��m

Charcoal 31,400 0.01082*

Kerosine 43,300 0.039

Average 37,350 0.02491

* Mass loss rate of charcoal is not available in the literature, mass loss
rate of plain plywood can be used, since charcoal is derivatives of wood.

References
1. Roblee, C.L., ?Hazards of Charcoal Briquets,” Fire and Arson Investigator, Volume 33,

No. 3, March, 1993.

2. Lincoln, S., ?Case in Review: Charcoal Lighter Fluid Used as an Arson Accelerant,”
Fire and Arson Investigator, Volume 41, No. 1, September, 1991.

3. Wiltshire, L.L., and Alger, R. S., ?Carbon Monoxide Production in Charcoal Briquete
Fires,” NOLTR 71-104, Project MAT-03L-00/ZRO11-01-01, Naval Ordnance
Laboratory, Silver Spring, Maryland, July 7, 1971.

4. SFPE Handbook of Fire Protection Engineering, 2nd Edition, 1995.
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Solution
Purpose:

(1) Determine the heat release rate, flame height, Hf, and burning duration, tb, of the� ,Q

pile of charcoal briquets for the given fire scenario.

Solution Approach:

To calculate the HRR and flame height we are going to use the pool fire approach.  These
calculations are just fuel type and area dependent, therefore we are going to model the
area of the charcoal pile as the area of a dike and use the average values of heat of
combustion, mass loss rate and density (values are given in the problem statement).   The
burning duration of the pile can be calculated with the learned concepts in Chapter 8 of
NUREG.

Assumptions:

(1) There is instantaneous and complete involvement of the charcoal pile.
(2) The charcoal pile is burning in the open.
(3) The charcoal pile area is circular or nearly circular.
(4) The fire is located away from the walls.
(5) The ambient (or initial condition of the air) is at 25 �C (77 �F)
(6) Combustion is incomplete and takes place entirely within the confines of the

compartment.

Spreadsheet (FDTs) Solution Procedure:

Use the following FDTs:

(a) HRR_Flame_Height_Burning_Duration_Calculations.xls
2. Burning_Duration_Solid.xls 

FDTs Input Parameters:

Enter the following parameters in the spreadsheets (values only):

(a) HRR_Flame_Height_Burning_Duration_Calculations.xls

- Fuel spill volume (V) = 0 gallons
- Fuel Spill Area or Dike Area (Adike) = 3 ft2

- Mass Burning Rate of Fuel  = 0.02491 kg/m2-sec� �� "m
- Effective Heat of Combustion of Fuel (∆Hc,eff) = 37,350 kJ/kg
- Fuel Density (ρ) = 400 kg/m3

Note: For this calculation, use any value of spill volume because the burning time
based on the pool fire calculation is not applicable.  We are just going to accept the
HRR and flame height values as reasonable estimates.  Mass burning rate, heat of
combustion and density values are from the given properties in the problem
statement.  Once this values are entered in the corresponding input cells, do not
select any fuel type from the combo box, this action will change the values
previously entered.
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Results*

Heat Release Rate
kW (Btu/sec))�Q

Pool Fire Flame Height
Hf m (ft)
Method of
Heskestad

Method of
Thomas

259 (246) 1.56 (5.13) 1.37 (4.51)
*spreadsheet calculations attached at the end of the problem

(b) Burning_Duration_Solid.xls

HRR per Unit Floor Area:

The HRR per unit of area is defined as .  Therefore, from the given� " � ",Q H mc eff� �

properties in the problem statement we have: 

= 37,350 kJ/kg (0.02491 kg/m2-sec) = 930 kW/m2  � " � ",Q H mc eff� �

Input Parameters:

- Mass of Solid Fuel (msolid) = 80 lb
- Exposed Fuel Surface Area (Afuel)= 3 ft2

- HRR per Unit Floor Area = 930 kW/m2� �� "Q

- Effective Heat of Combustion of Fuel (∆Hc,eff) = 37,350 kJ/kg

Note: Do not select any material after you enter the previous inputs.

Results*

Material Burning Duration
tsolid
(min.)

 Charcoal briquets  87
*spreadsheet calculations attached at the end of the problem
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CHAPTER 3 - METHOD OF ESTIMATING THE HEAT RELEASE RATE, BURNING
DURATION, AND FLAME HEIGHT FOR A LIQUID POOL FIRE

  
The following calculations estimate the heat release rate, burning duration, and flame height for liquid pool fire.
Parameters should be specified ONLY IN THE YELLOW INPUT PARAMETER BOXES.
All subsequent output values are calculated by the spreadsheet and based on values specified in the input
parameters.  This spreadsheet is protected and secure to avoid errors due to a wrong entry in a cell(s).
The chapter in the NUREG should be read before an analysis is made.

INPUT PARAMETERS

Fuel Spill Volume (V) 0.00 gallons 0.0000 m3

Fuel Spill Area or Dike Area (Adike) 3.00 ft2 0.279 m2

Mass Burning Rate of Fuel (m") 0.02491 kg/m2-sec
Effective Heat of Combustion of Fuel (�Hc,eff) 37350 kJ/kg
Fuel Density (�) 400 kg/m3

Gravitational Acceleration (g) 9.81 m/sec2

Ambient Air Density (�a) 1.20 kg/m3

THERMAL PROPERTIES DATA  
                                BURNING RATE DATA FOR LIQUID HYDROCARBON FUELS

Density Select Fuel Type
� (kg/m3)

Methanol 796 Scroll to desired fuel type then 
Ethanol 794 Click on selection
Butane 573
Benzene 874
Hexane 650
Heptane 675
Xylene 870
Acetone 791
Dioxane 1035
Diethy Ether 714
Benzine 740
Gasoline 740
Kerosine 820
Diesel 918
JP-4 760
JP-5 810
Transformer Oil, Hydrocarbon 760
Fuel Oil, Heavy 970
Crude Oil 855
Lube Oil 760
Reference:  SFPE Handbook of Fire Protection Engineering , 2nd Edition, 1995, Page 3-2.

Fuel

46,000
39,700
42,600

26,200
34,200
44,700
43,700

44,700
44,600

46,000

43,200
44,400
43,500
43,000

40,800
25,800

20,000
26,800
45,700
40,100

0.039
0.035

0.0335
0.039

0.039
0.045
0.051
0.054

0.018
0.085
0.048
0.055

0.074
0.101
0.09

0.041

0.017
0.015
0.078
0.085

Mass Burning Rate
m" (kg/m2-sec)

Heat of Combustion
�Hc,eff (kJ/kg) Methanol

Spreadsheet Calculations
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ESTIMATING POOL FIRE HEAT RELEASE RATE
Reference:  SFPE Handbook of Fire Protection Engineering , 2nd Edition, 1995, Page 3-4.

Q = m"�Hc,eff Af

Where Q = pool fire heat release rate (kW)
m" = mass burning rate of fuel per unit surface area (kg/m2-sec)
�Hc,eff = effective heat of combustion of fuel (kJ/kg)
Af = Adike = surface area of pool fire (area involved in vaporization) (m2)

Heat Release Rate Calculation (Liquids with relatively high flash point, like transformer oil, require
Q = m"�Hc Af localized heating to achieve ignition)

Q = 259.31 kW 245.78 BTU/sec ANSWER  

ESTIMATING POOL FIRE BURNING DURATION
Reference:  SFPE Handbook of Fire Protection Engineering , 2nd Edition, 1995, Page 3-197.

tb = 4V/�D2
�

Where tb = burning duration of pool fire (sec)
V = volume of liquid (m3)
D = pool diameter (m)
� = regression rate (m/sec)

Pool Fire Diameter Calculation
Adike = �D2/4
D = v(4Adike/�)
D = 0.596 m

Calculation for Regression Rate
� = m"��
Where m" ��mass burning rate of fuel (kg/m2-sec)

� = liquid fuel density (kg/m3)
� = 0.000062 m/sec

Burning Duration Calculation
tb = 4V/�D2

�

tb = 0.00 sec 0.00 minutes ANSWER
Note that a liquid pool fire with a given amount of fuel can burn for long periods of time over small area or for
short periods of time over a large area.

ESTIMATING POOL FIRE FLAME HEIGHT
METHOD OF HESKESTAD

Reference:  SFPE Handbook of Fire Protection Engineering , 2nd Edition, 1995, Page 2-10.

Hf = 0.235 Q2/5 - 1.02 D
Where Hf = pool fire flame height (m)

Q = pool fire heat release rate (kW)
D = pool fire diameter (m)

Pool Fire Flame Height Calculation
Hf = 0.235 Q2/5 - 1.02 D
Hf = 1.56 m 5.13 ft ANSWER
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METHOD OF THOMAS
Reference:  SFPE Handbook of Fire Protection Engineering , 2nd Edition, 1995, Page 3-204.

Hf = 42 D (m"��a v(g D))0.61

Where Hf = pool fire flame height (m)
m" = mass burning rate of fuel per unit surface area (kg/m2-sec)
�a = ambient air density (kg/m3)
D = pool fire diameter (m)
g = gravitational acceleration (m/sec2)

Pool Fire Flame Height Calculation
Hf = 42 D (m"��a v(g D))0.61

Hf = 1.37 m 4.51 ft ANSWER

NOTE
The above calculations are based on principles developed in the SFPE Handbook of Fire Protection
Engineering, 2nd Edition, 1995. Calculations are based on certain assumptions and have inherent limitations.
The results of such calculations may or may not have reasonable predictive capabilities for a given situation
and should only be interpreted by an informed user.  Although each calculation in the spreadsheet has 
been verified with the results of hand calculation, there is no absolute guarantee of the accuracy of these 
calculations. Any questions, comments, concerns, and suggestions, or to report an error(s) in the
spreadsheets, please send an email to nxi@nrc.gov.
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CHAPTER 8 - METHOD OF ESTIMATING BURNING DURATION OF SOLID 
COMBUSTIBLES 

The following calculations provides an approximation of the burning duration of solid combustibles based on free
burning rate with a given surface area.
Parameters should be specified ONLY IN THE YELLOW INPUT PARAMETER BOXES.
All subsequent output values are calculated by the spreadsheet and based on values specified in the input
parameters.  This spreadsheet is protected and secure to avoid errors due to a wrong entry in a cell(s).
The chapter in the NUREG should be read before an analysis is made.

INPUT PARAMETERS
COMPARTMENT INFORMATION

Mass of Solid Fuel (msolid) 80.00 lb 36.29 kg

Exposed Fuel Surface Area (Afuel) 3.00 ft2 0.28 m2

Heat Release Rate per Unit Floor Area (Q") 930 kW/m2

Effective Heat of Combustion (�Hc,eff) 37350 kJ/kg

                THERMAL PROPERTIES OF SOLID COMBUSTIBLE MATERIALS  
Heat of Combustion Select Material

�Hc (kJ/kg)

24000 Scroll to desired material then 
28300 Click on selection
10300
9200
3200

17600
13500
17500
32000
26000
43200
42000
46500
24400
45000
15700
44000
28800
12700
14000
14000
14000

References: "Categorization of Cable Flammability, Part 1: Laboratory Evaluation of 
Cable Flammability Parameters," EPRI Research Project 1165-1, NP-1200, Part 1.
Karlsson and Quantiere, Enclosure Fire Dynamics , Chapter 3,: Energy Release Rate,"
CRC Press, 1999.
Johnson, D. G., "Combustion Properties of Plastics," Journal of Applied Fire Science,
Volume 4, No. 3, 1994-95, pp. 185-201.
Hirschler, M, M., "Heat Release from Plastic Materials," Heat Release in Fires, Babrauskas and 
Grayson, Editors, Elsevier Applied Science, 1992. 

6800

956
1700
1420
3970

420
710
237
163

665
1509
1101
1408

221
81

1900
1313

Wood pallets, stacked 1.5 ft high
Wood pallets, stacked 5 ft high
Wood pallets, stacked 10 ft high

HRR per Unit Floor Area

Q" (kW/m2)
589
475
354
231
98

Polyvinyl Chloride (PVC) Flexible
Strene-butadiene Copolymers (SBR)
Ethylene Propylene Dien Rubber (EPDM)
Empty Cartons 15 ft high

Polystyrene (PS)
Polyethylene (PE)
Polycarbonate
Polyurethane

Particleboard, 19 mm thick
Nylon 6/6
Polymethlmethacrylate (PMMA)
Polypropylene (PP)

PE, Nylon/PVC, Nylon
Teflon
Douglas fir plywood
Fire retardant treated plywood

PE/PVC
XPE/FRXPE

Materials

XPE/Neoprene

PE/PVC
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G DURATION OF SOLID COMBUSTIBLES
Reference: NFPA Fire Protection Handbook , 18th Edition, 1997.

tsolid = (mFuel �Hc)/(Q" AFuel)

Where mFuel = mass of solid fuel (kg)
�Hc = fuel effective heat of combustion (kJ/kg)
Q" = heat release rate per unit floor area of fuel (kW/m2)
AFuel = exposed fuel surface area (m2)

tsolid = (msolid �Hc)/(Q" Asolid)
tsolid = 5228.92 sec 87.15 minutes* ANSWER
*Note: In fires, combustion is never complete, leaving some residual fuel,
therefore this method provides a reasonable burning duration for solid fuel.

NOTE
The above calculations are based on principles developed in the NFPA Fire Protection Handbook
18th Edition, 1997.  Calculations are based on certain assumptions and have inherent limitations.  
The results of such calculations may or may not have reasonable predictive capabilities for a given
situation, and should only be interpreted by an informed user.
Although each calculation in the spreadsheet has been verified with the results of hand calculation,
there is no absolute guarantee of the accuracy of these calculations.
Any questions, comments, concerns, and suggestions, or to report an error(s) in the spreadsheet,
please send an email to nxi@nrc.gov.
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ADDITIONAL PROBLEMS

Consider a pool fire caused by a 38.0 liters (10 gallons) spill of flammable liquid (kerosine oil)
in a 0.55 m2 (6.0 ft2) dike area in a compartment with a concrete floor.  The kerosine oil is ignited
and spreads rapidly over the surface, reaching steady burning almost instantly.  Compute the HRR,
burning duration, and flame height of the pool fire.  The dimensions of the compartment are 6.0 m
wide x 6.0 m long x 3.7 m high (20.0 ft wide x 20.0 ft long x 12.0 ft high).  Two cable trays are
located  above the pool fire at heights of 2.15 m (7.0 ft) and 3.0 m (10.0 ft), respectively.
Determine whether flame will impinge upon the cable trays.  Assume instantaneous, complete
involvement of the liquid pool with no fire growth and no intervention by the plant fire department
or automatic suppression systems.

Assume that heptane from a tank spills on a concrete floor forming a 113.0 m2 (1261.0 ft2) pool,
the distance from the center of the pool fire to the target edge is 30.0 m (98.0 ft).  Calculate the
radiative heat flux of the flame at ground level with no wind using—

(b) Point Source Model
(c) Solid Flame Radiation Model

A trash fire with an HRR of 1,500 kW occurs in a NPP backup power battery room protected� ��Q
with the fixed temperature heat detectors with an RTI of 165 (m-sec)1/2.  Calculate the activation
time for the detectors, using listed spacing of 3.05 m (20.0 ft) with a ceiling height of 4.60 m 
(15 ft).  Assume that the detectors have an activation temperature of 57 °C (135 °F) and the
ambient temperature is 20 °C (68 °F). 

A fire scenario arises from the failure of a 4,160V switchgear in a cable spreading room.  A stack
of safety-related cable (IEEE-383 qualified PE/PVC) is located 4.6 m (15.0 ft) horizontally from the
4,160V breaker.  Assume that the breaker fire produces a maximum flame heat flux 50 kW/m2 and
the surface of the cable trays initially at 20 °C (68 °F).  Calculate the ignition time (tig) of IEEE-383
qualified PE/PVC cables.

A pool fire scenario arises from a rupture in an oil-filled transformer.  This event allows the fuel
contents of the transformer to spill along a wall with an area of 1.4 m2 (15 ft2).   A safety-related
cable tray is located 5.5 m (18 ft) above the pool fire.  Calculate the wall flame height (Hf(wall)) of the
fire, and determine whether flame will impinge upon the cable tray. 

A fire scenario arises from a rupture in the housing of a auxiliary lube oil pump.  This event allows
the fuel contents of the pump to spill along a wall with an area of 0.75 m2 (8.0 ft2).  A cable tray is
located 3.0 m (10.0 ft) above the fire.  Calculate flame the height of the line fire (Hf(wall line)), and
determine whether flame will impinge upon the cable tray.  

A fire scenario arises from a rupture in an oil-filled transformer in a facility.  This event allows the
fuel contents of the transformer to spill along the corners of  walls with an area of 0.55 m2 (6.0 ft2).
A cable tray is located 5.5 m (18 ft) above the fire.  Calculate the corner fire flame height (Hf(corner)),
and determine whether flame will impinge upon the cable tray.  

Consider a compartment that is 9.0 m wide x 9.0 m long x 3.7 m high (30.0 ft wide x 30.0 ft long
x 12.0 ft high) (wc x lc x hc) with a door vent that is 0.91 m (3.0 ft) wide x 2.15 m (7.0 ft) high (wv x
hv).   The fire is constant with an HRR of 1,500 kW.  Compute the hot gas temperature (Tg) in� ��Q



J-152

the compartment as well as smoke layer height (z) at 5 minutes after ignition, assuming that the
compartment boundaries are made of 2.54 cm (1.0 in) thick gypsum board. 

Consider a compartment that is 12.2 m wide x 12.2 m long x 3.0 m high (40.0 ft wide x 40.0 ft long
x 10.0 ft high) (wc x lc x hc) with a door vent that is (4.0 ft) wide x (8.0 ft) high (wv x hv).   The fire is
constant with an HRR  of 2,000 kW.  Compute the hot gas temperature (Tg) in the compartment� ��Q
as well as smoke layer height (z) at 3 minutes after ignition, assuming that the compartment
boundaries are made of 0.3048 (12.0 in) thick concrete. 

Consider a compartment that is 15.25 m wide x 12.2 m long x 3.7 m high (50.0 ft wide x 40.0 ft long
x 12.0 ft high) (wc x lc x hc) with a forced ventilation rate of 1,500 cfm.  Calculate the hot gas layer
temperature (Tg) in the compartment for a fire size  of 1,800 kW at 5 minutes after ignition,� ��Q
assuming that the  compartment boundaries are made of 2.54 cm (1.0 in) thick gypsum board.

Consider a compartment that is 13.7 m wide x 15.25 m long x 3.35 m high (45.0 ft wide x 50.0 ft
long x 11.0 ft high) (wc x lc x hc) with a forced ventilation rate of 1,800 cfm.  Calculate the hot gas
layer temperature (Tg) in the compartment for a fire size of 2,200 kW at 8 minutes after ignition,� ��Q
assuming compartment boundaries are made of 0.245 m (10.0 in) thick concrete.

Consider a pool fire caused by a 30.30liters (8.0 gallons) spill of  flammable liquid (lube oil) in 0.38
m2 (4.0 ft2) dike area in a compartment with a finished concrete floor.  The lube oil is ignited and
spreads rapidly over the surface reaching steady burning almost instantly.  Compute the HRR,
burning duration, and flame height of the pool fire.  The dimensions of the compartment are 4.9 m
wide x 3.7 m long x 3.0 m high (16.0 ft wide x 12.0 ft long x 10.0 ft high).  Two cable trays are
located  above the pool fire at heights of 1.8 m (6.0 ft) and 2.5 m (8.0 ft), respectively.  Determine
whether flame will impinge upon the cable trays.  Assume instantaneous, complete involvement
of the liquid pool with no fire growth and no intervention by the plant fire department or automatic
suppression systems.

A 75.7 liters (20.0 gallons) trash bag (transient) exposure fire source is located 2.5 m (8.0 ft)
beneath a horizontal cable tray.  Assumed that the trash fire ignites an area of approximately 0.92
m2 (10.0 ft2) of the cable tray, and the cables in the tray are Id PE.  Compute the full-scale HRR
of Id PE cable insulation.  The bench-scale HRR of the Id PE type cable material is 1,071� �� "Qbs

kW/m2.

Assume that heptane from a tank spills on a concrete floor, forming a 0.92 m2 (10.0 ft2) pool and
exposing an safety-related electrical cabinet in a corridor.  The distance from the center of the pool
fire to the target (cabinet) edge is 3.7 m (12.0 ft).  Calculate the radiative heat flux of the flame to
the electrical cabinet with no wind using—

(a) Point Source Model
(b) Solid Flame Radiation Model

Estimate the maximum plume temperature (Tp(centerline)) at the ceiling of a 4.6 m (15.0 ft) high room
above a 1,500 kW fire involving a 1½ ft high stack of wood pallets in an 0.92 m2 (10.0 ft2) pallet
area.  Assume that the ambient temperature is 25 °C (77 °F).
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A  fire with = 3,000 kW  occurs in a makeup pump room protected with a wet pipe sprinkler�Q
system.  Fire sprinklers are rated at 74 °C (165 °F) [standard response bulb with RTI 235 (m-
sec)1/2] and are located 3.0 m (10.0 ft) on the center.  The compartment ceiling is 5.5 m (18.0 ft)
high.  Determine whether the sprinklers would activate, and if so how long it would take for them
to activate.

A fire scenario may arise from failure of a vital 480V AC breaker in a switchgear room.  A stack of
safety-related cable (IEEE-383 qualified PE/PVC) is located 3.0 m (10.0 ft) horizontally from the
480V AC breaker.  Assumed that the vital breaker fire produces a maximum flame heat flux of 30
kW/m2 and the surface of cable trays initially at 20 °C (68 °F).  Calculate the ignition time (tig) of
IEEE-383 qualified PE/PVC cables.

A pool fire scenario arises from a rupture in an oil-filled transformer containing (5 gallons) lube oil.
This event allows the fuel contents of the transformer to spill along a wall with an area of 1.4 m2

(15.0 ft2).  A safety-related cable tray is located 4.6 m (15.0 ft) above the pool fire.  Calculate the
wall flame height of the fire, and determine whether flame will impinge upon the cable tray.  

A fire scenario arises from a rupture in the housing of a makeup pump containing 30.3-liters (8
gallons) lube oil.  This event allows the fuel contents of the pump to spill along a wall with an area
of 0.75 m2 (8.0 ft2).   A cable tray is located 3.7 m (12.0 ft) above the fire.  Calculate the flame
height of the line fire, and determine whether flame will impinge upon the cable tray.  

A fire scenario arises from a rupture in an oil-filled transformer in a facility containing (6 gallons)
lube oil.  This event allows the fuel contents of the transformer to spill along the corners of the walls
with an area of 0.55 m2 (6 ft2).  A cable tray is located 4.3 m (14.0 ft) above the fire.  Calculate the
corner fire flame height, and determine whether flame will impinge on the cable tray.  

Calculate the HRR necessary for flashover  in a compartment that is 5.5 m wide x 6.0 m long� ��QFO

x 3.7 m high (18.0 ft wide x 20.0 ft long x 12.0 ft high) (wc x lc x hc), with an opening that is 0.60 m
(2.0 ft) wide x 1.83 m (6.0 ft) high (wv x hv).  Assume that the boundary material is concrete and the
door is open.

Calculate the HRR necessary for flashover in a cable spreading room (CSR) that is 15.3 m� ��QFO

wide x 24.4 m long x 6.0 m high (50.0 ft wide x 80.0 ft long x 20.0 ft high) (wc x lc x hc) with an door
opening 1.2 m (4.0 ft) wide x 3.0 m (10.0 ft) high (wv x hv).  The compartment boundaries are made
of concrete and the door is open.

Consider a compartment in a facility pump room that is 3.0 m wide x 2.7 m long x 2.5 m high (10.0
ft wide x 9.0 ft long x 8.0 ft high) (wc x lc x hc).  A fire starts with a constant effect of 75 kW.
Estimate the pressure increase attributable to the expansion of hot fire gases after 15 seconds,
assuming that the door is closed.

The licensee used UL Design No. 816 to protect a number of unrestrained beams.  The licensee’s
quality assurance (QA) program verified that there is 6.35 cm (2½ in) thickness of fire protection
insulation on all of the beams.  The size of the tested beam was W12 x 26.  Determine whether the
6.35 cm (2½ in) thickness of fire protection insulation is acceptable for a beam that is W8 x 13.

The licensee used UL listed fire resistance insulation designed to protect columns.  The thickness
of the fire resistive material (insulation) applied to the rated column (W16 x 40) 
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is 5.08 cm (2 in).  Determine whether 5.08 cm (2 in) thickness of fire protection coating is
acceptable for a column that is W6 x 12.


