CHAPTER 1. INTRODUCTION

1.1 Purpose

The purpose of this NUREG-series report is to introduce the principles of fire dynamics and
illustrate how fire protection inspectors can apply those principles in a risk-informed manner
to better determine whether credible fire scenarios are possible. In this context, we broadly define
the term “fire dynamics” as the scientific study of hostile fires. The dynamic nature of fire is a
quantitative and mathematically complex subject. It combines physics, chemistry, mathematics,
and engineering principles and can be difficult to comprehend for those who have a limited
background in these areas. With the objective of quantitatively describing fire and related
processes (i.e., ignition, flame spread, fire growth, and smoke movement) and their effects in an
enclosure, the Fire Dynamics Tools (FDT®) have been developed to assist fire protection inspectors
in solving fire hazard problems in nuclear power plants (NPPs).

The goal of this report is to provide insights into fire dynamics, without using the sophisticated
mathematics that are normally associated with the study of fire dynamics. Nonetheless, inspectors
will need a working knowledge of algebra, reading graphs, scientific notation, formulas, and use of
some simple mathematics functions to understand the quantitative aspect of fire phenomena.
A better understanding of these processes will improve the quality of fire protection inspections
conducted by the U.S. Nuclear Regulatory Commission (NRC).

1.2  Objective

The primary objective of this report is to provide a basic calculation methodology for use in
assessing potential fire hazards in the NRC-licensed NPPs. The methodology uses simplified,
quantitative fire hazard analysis (FHA) techniques to evaluate the potential for credible fire
scenarios. One purpose of these evaluations is to determine whether a potential fire can cause
critical damage to safe-shutdown components, either directly or indirectly by igniting intervening
combustibles. The methodology used in this report is founded on material fire property data
implemented in scientific calculations. In addition, the associated techniques have been assessed
to ensure applicability and accuracy, and were derived primarily from the principles developed in
the Society of Fire Protection Engineers (SFPE) Handbook of Fire Protection Engineering, and the
National Fire Protection Association (NFPA) Fire Protection Handbook. The FHA methods have
been implemented as Microsoft Excel® spreadsheets, which incorporate simple, empirical
correlations and detailed mathematical equations based on fire dynamics principles. They also
build on numerous tables of material fire property data, which have been assembled for NPPs. The
combination of these spreadsheets and data tables forms the basis for the FDT®.

1.3 Regulatory Background on Fire Protection for Nuclear Power Plants

The primary objectives of fire protection programs (FPPs) at U.S. NPPs are to minimize both the
probability of occurrence and the consequences of fire. To meet these objectives, the FPPs for
operating NPPs are designed to provide reasonable assurance, through defense-in-depth (DID),
that a fire will not prevent the performance of necessary safe-shutdown functions and that
radioactive releases to the environmentin the event of a fire will be minimized. Section I, “General
Requirements,” of Appendix R to Title 10, Part 50, of the Code of Federal Regulations (10 CFR
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Part 50), states that the fire protection program shall extend the DID concept to fire protection
in fires areas that are important to safety, with the following objectives:

(1) Prevent fires from starting.
(2) Rapidly detect, control, and extinguish those fires that do occur.
(3) Protect structures, systems, and components that are important to safety so that a fire that

is not promptly extinguished by the fire suppression activities will not prevent the safe
shutdown of the plant.

The first element of this DID approach deals with preventing fires from starting. This can be
accomplished by limiting fire sources that could initiate a fire atan NPP, and preventing any existing
ignition sources from causing self-sustaining fires in combustible materials. Despite the nuclear
industry’s best efforts to eliminate or at least control ignition sources, accidental (and purposeful)
sources of ignition often exist and can result in hostile fires. This is an important aspect of a total
fire safety program, which should not be overlooked.

The second element of the prevention element deals with rapidly detecting, controlling, and
extinguishing those fires that do occur. This can be achieved by preventing significant fires from
occurring, given the inadvertent or purposeful introduction of an ignition source. Ifall structures and
contents comprised totally noncombustible materials, this would not pose a problem. However, this
is not the case. Buildings and their contents are composed of a variety of materials of various
degrees of combustibility. Materials with higher thresholds of ignition and less hazardous
combustion are continually being developed. Regardless, at least in some cases, the higher
resistance to ignition can also result in a higher resistance to fire extinction (Hill, 1982). Electrical
cables are a good example. While cables qualified to the Institute of Electrical and Electronic
Engineers (IEEE) Standard 383 are more fire-resistant, they are also more difficult to extinguish
once they ignite. In any case, the prevention of hostile fires will likely never be the total solution to
the fire safety problem in NPPs.

The second element of the DID approach involves limiting fire spread through fire detection and fire
suppression. There are various approaches to this element. In the event of a significant fire,
its spread might be limited in the following ways:

. early human detection and manual suppression
. provision and maintenance of adequate fire detection and automatic fire suppression systems
. a combination of manual and automatic detection and suppression systems

Heatand smoke detectors; fire alarm systems; Halon 1301, carbon dioxide (CO,), and dry chemical
fire suppression systems; automatic sprinkler, foam, and water spray systems; portable fire
extinguishers; hose stations, fire hydrants, and water supply systems; and fire brigades are all part
of the second element of the DID approach. Each is highly developed in modern fire protection
designs, and is constantly being furtherrefined as fire technology advances. Nonetheless, the DID
concept recognizes that the first two elements of fire defense are not always entirely successful
in meeting the fire challenge.

The third element of the DID approach involves designing NPP structures, systems, and

components (SSCs) to prevent significantdamage in the eventthat the firsttwo elements fail, either
partially or fully. This goal may be fulfilled in the following ways:
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. Isolate combustible elements by spatial separation, such that a fire in one fuel package will
not propagate to any other fuel package.

. Isolate combustible elements by fire-resistant barriers to prevent fires from propagating from
one area to another. In particular, fire-rated horizontal and vertical barrier systems will limit
fire spread from compartment to compartment.

The NRC’s regulatory framework for FPPs at U.S. NPPs is described in a number of regulatory and
supporting guidelines, including but not limited to General Design Criterion (GDC) 3, as specified
in Appendix R to Title 10, Part 50, of the Code of Federal Regulations (10 CFR Part 50); 10 CFR
50.48; Appendix R to 10 CFR Part 50; Regulatory Guide (RG) 1.189 and other regulatory guides,
generic communications (e.g., generic letters, bulletins, and information notices), NUREG-series
reports; the standard review plan (NUREG-0800); and associated branch technical positions
(BTPs).

1.4 Fire Hazard Analysis for Nuclear Power Plants

As previously stated, fire protection for NPPs relies on the DID concept to achieve the required
degree ofreactor safety by usingredundantlevels of administrative controls, fire protection systems
and features, and safe-shutdown capability. An FHA should be performed to assess the fire hazard
and demonstrate that the NPP will maintain its ability to perform safe shutdown functions and
minimize radioactive material releases to the environment in the event of a fire.

RG 1.189 lists the following objectives for an FHA:
. Consider potential in situ and transient fire hazards.

. Determine the consequences of fire in any location in the plant, paying particular attention
to the impact on the ability to safely shut down the reactor or the ability to minimize and
control the release of radioactivity to the environment.

. Specify measures for fire prevention, fire detection, fire suppression, and fire containment,
as well as alternative shutdown capability for each fire area containing SSCs that are
important to safety in accordance with NRC guidelines and regulations.

1.5 Fire Protection Inspection Findings

Fire protection inspection findings are generally classified as weaknesses associated with one or
more objectives of the DID elements introduced above. If a given inspection does not yield any
DID-related findings against a fire protection feature or system, the fire protection feature and
system are considered to be capable of performing their intended functions and operating in their
normal (standby) state.
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1.6  Fire Scenario Development for Nuclear Power Plants

In the broadest sense, a fire scenario can be thought of as a specific chain of events that begins
with the ignition of a fire and ends either with successful plant shutdown or core damage. The fire
is postulated to occur at a specific location in a specific fuel package, and to progress through
various stages of fire growth, detection, and suppression. In this process, the fire may damage
some set of plant equipment (usually electrical cables). For a given fire source, the FHA may
postulate damage to various sets of equipment, depending on how long the fire burns and how
large the initial fire is presumed to be. The postulated or predicted fire damage may either directly
or indirectly cause the initiating event (such as a plant trip, loss of offsite power, etc.).

When inspectors develop a fire scenario, they should postulate the worst-case, realistic fire,
provided that the compartment and configuration of the fire area, room, or zone can support such
a fire. For example, a large cabinet fire is one in which fire damage initially extends beyond the
cabinetin which the fire originated. The fire damage attributed to a large cabinet fire often extends
into the overhead cabling, an adjacent cabinet, or both. A large fire for a pump or motor can often
be based initially upon the largest (worst-case) oil spill from the equipment. If the configuration of
the compartment, combustibles, etc., supports further growth of the large fire, the fire scenario
should postulate that growth. Since scenarios that describe large fires are normally expected to
dominate the risk-significance of an inspection finding, scenarios with small fires typically are not
included unless they spread and grow into large fires.

1.7  Process of Fire Development

Fire hazards to NPP equipment can arise from many sources, including (but not limited to) thermal
damage, fouling, and corrosivity. Fire is essentially a chemical reactioninvolving solids, liquids, and
gases that ignite and undergo a rapid, self-sustaining oxidation process, accompanied by the
evolution of heat and light of varying intensities. However, the chemical and physical reactions that
take place during a fire are extremely complex and often difficult to describe completely. The most
common fires start as a result of the ignition of solid or liquid fuels (combustible materials). Solid
and liquid fuels typically become volatile and serve as suppliers of gaseous fuel to support
combustion. In the physical model (illustrated in Figure 1-1) the process of fire development begins
when the fuel surface starts to heat up as a result of heat transfer from the adjacent surroundings.
As the temperature of the fuel surface increases in response to this heat input, the fuel surface
begins to emit fuel vapors. The fuel vapors mix (by convection and diffusion) with oxygen in the
adjacent boundary layer, ignite (through a chemical reaction), and release additional heat. Some
of this liberated heat energy may further increase the surface temperature of the fuel and thereby
accelerate the fire growth process.

Many materials react with oxygen to some degree; however, various materials differ in their
respective rates of reaction. The difference between slow-and rapid-oxidation reactions is that the
latter occur so rapidly that heat is generated faster than it is dissipated, causing the material being
oxidized (fuel) to reach its ignition temperature. Once a material reaches its ignition temperature,
it ignites and continues to burn until either the fuel or the oxygen is consumed. The heatreleased
during combustion is usually accompanied by a visible flame. However, some materials (such as
charcoal) smolder, rather than producing a visible flame. A familiar slow-oxidation reaction is the
rusting of iron. Such a reaction releases heat so slowly that the temperature hardly increases more
than a few degrees above the temperature of the surroundings. These reactions typically do not
cause fires and are not considered combustion.
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Figure 1-1 Physical Process of Combustion and Fire

Generally, three components are required to support combustion. These three components— fuel,
oxygen, and heat source—are depicted in Figure 1-2, which is commonly called the fire triangle.
The fire triangle shows that for combustion to occur, fuel, an oxidizing agent, and a heat source
must be present in the same place at the same time. If any one of the legs of the triangle is
removed, the combustion process will not be sustained. This is the most basic description of the
fire phenomenon. It is applicable for most scenarios, with the exception of fire extinguishment
involving dry chemicals and Halons.
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1.8 The Fire Hazards

The fire load of NPPs is different than that of fossil-fuel power plants and many other industrial
plants. An NPP does not have a constant flow of fuel (e.g., coal or oil) as the hazard. However,
an NPP may have similar fire hazards, such as grouped electrical cables and lubricating oils (e.g.,
turbine, reactor coolant pumps). Table 1-1 lists the combustibles and hazardous materials that are
commonly present in NPPs.

Table1-1. Common Combustible and Hazardous Materials in NPPs

Combustible solid fuels

Cable insulation and jackets

Other thermal and electric insulation materials ( e.g., pipe insulation)

Building materials

Combustible metal deck and roof assemblies

Filtering materials including charcoal and high-efficiency particulate air (HEPA) filters
Packing materials and waste containers

Flexible materials used in connection with a seismic design, including flexible joints
Sealing materials (e.g., asphalt, silicone foam, neoprene, etc.)

Solidification agents for packing compacted radioactive waste conditioning (e.g., bitumen)
Low-level radioactive waste material (e.g., paper, plastic, anti-C-zone clothing, rubber shoes and
gloves, overalls, etc.)

Combustible and flammable liquid fuels

Lubricants, hydraulic oil, and control fluids

Conventional fuels for emergency power units, auxiliary boilers, etc.
Paints and solvents

Explosive and flammable gaseous fuels

Hydrogen to cool the generators

Propane or other fuel gases, such as those used for starting boilers, burning radwaste, etc.
Oxygen and hydrogen radiolysis of reactor coolant water within the pressure vessel and addition of
hydrogen for improved recombination

Hydrogen generated in battery room as a result of overcharging a battery

The quantities and locations of these combustibles vary among NPPs. More importantly,
identification of these combustibles and their characteristics only partially identifies the associated
fire hazard. The bearing that the fire hazards have on nuclear safety must also be considered in
defining the total fire hazard. Nuclear safety factors include maintaining the safe-shutdown
capability and preventing radiation releases that exceed acceptable limits.

Fire hazards related to NPPs include (but are not limited) to the following examples:

. fire hazard associated with electrical cable insulation

. fire hazard of ordinary combustibles

. oil fire hazards associated with large reactor coolant pump motors

. oil fire hazard involving emergency turbine-driven feedwater pumpsdiesel fuel fire hazard
at diesel-driven generators

. fire hazard involving charcoal in filter units

. fire hazard associated with flammable offgases

. fire hazard of protective coatings

. fire hazard of turbine lube oil and hydrogen seal oil
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. hydrogen cooling gas fire hazard in turbine generator buildings
. fire hazard associated with electrical switchgear, motor control centers (MCCs), electrical
cabinets, load centers, inverter, circuit boards, and transformers

1.8.1 Combustible Materials Found in Nuclear Power Plants

Combustible materials may be found in both large and small concentrations in NPPs. One can
assume that outbreaks of fire may occur as a result of a variety of ignition sources. In general, the
combustible materials in an NPP can be divided into four broad fuel categories, including

(1) transient solid and liquid fuels, (2) in situ combustible consisting both solid and liquid fuels,
(3) liquid fuels used in NPP equipment, and (4) explosive and flammable gases, as described in the
following sections.

1.8.1.1 Transient Combustibles

Solid transient fuels include general trash, paper waste, wood, plastics, cloth, and
construction/modification materials. By contrast, liquid transient fuels commonly include cleaning
solvents, paints, and lubricants being transported through the NPP for maintenance of plant
equipment. These fuels are generally found in small quantities in most NPP areas at any given time.

1.8.1.2 In Situ Combustibles

The most common category of potential fuels found in NPPs is that of in situ solid fuel elements.
Ofthese, the largest single potential fuel source is cable insulation and jacketing materials. Several
factors combine to support the conclusion that cable insulation and jacketing material far and away
represent the mostimportant materials to be considered in an NPP FHA, although any other plastic
compounds installed in the NPP must also be included in the FHA. Cable insulation and jackets
are typically manufactured using organic compounds and, therefore, they willburn under the proper
circumstances.

The fire hazard associated with electrical cable insulation and jackets in NPPs is similar to that of
other occupancies (e.g., telephone exchange) that use cable trays to support a large number of
power, control, and instrument cables. However, an additional factor in NPPs is the added hazard
associated with loss of reactor safety system redundancy.

A wide variety of cable insulation and jacketing materials can be commonly found in any given NPP.
Cable insulation and jackets commonly encountered in an NPP include materials based on the
following compounds:

. acrylonitrile-butadiene-styrene (ABS)

. chlorinated polyvinylchloride (CPVC)

. chlorosulfonated polyethylene rubber (CSP) (Hypalon®)

. chlorotrifluoroethylene (CTEF) (Kel-F®)

. cross-linked polyolefin (XLPO) including the more specific class of cross-linked
polyethylene (XLPE)

. ethylenetetrafluoroethylene (ETFE) (Tefzel®)

. ethylene-propylene rubber (EPR)

. fluorinated polyethylene propylene (FEP) (Teflon®)

. neoprene or chloroprene rubber (CR)
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. polycarbonate (PC)

. polyethylene (PE)

. polyethylene fluoride (PEF)

. polyethersulphone (PES)

. polypropylene (PP)

. polystyrene (PS)

. polytetrafluoroethylene (PTEF) (Teflon®)
. polyurethane (PU)

. polyvinyl chloride (PVC)

. silicone and silicone/rubber compounds
. styrene-butadiene rubber (SBR)

. tetrafluoroethylene (TFE) (Teflon®)
1.8.1.3 Liquid Fuels

Liquid fuels include lubricating and cooling oils, cleaning solvents, and diesel fuels. These items
are commonly used in pumps, motor generators, hydraulic-operated equipment, diesel-driven
engines, transformers, and other equipment that require lubrication and cooling with heat
transferring oils. Fires involving such types of equipment are relatively common and usually results
from leakage or overheating.

1.8.1.4 Explosive and Flammable Gases

Explosive and flammable gases are often present in an NPPs. The most common is hydrogen,
which is present as a blanket inside the main generator and a byproduct of reactor operation
(through dissociation of water). Battery rooms in NPPs are also a source of hydrogen gas
production.

Gases can be categorized as flammable and nonflammable. In addition, some gases are not
flammable but support combustion. For example, oxygen does not burn; however, most fires burn
more rapidly if the oxygen concentration is increased.

A general word of caution about gaseous fuels: when a compressed gas, like butane, is released,
the visible vapor cloud indicates that the gas is colder than the air temperature and, consequently,
condensing the moisture in the air. It appears much like a fog; however, this visible cloud is not the
extent of the gaseous vapor. This is because the vapor disappears from view as it warms up, but
may still linger in the area. Thus, it is possible to stand in an invisible gaseous vapor with a
concentration that is within the flammable range. If the vapor were to ignite, the person could be
burned severely, if not killed.
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1.9 Location of the Fire

Exposure fires involving transient combustibles are assumed to have an equal probability of
occurring anywhere in a space or an enclosure, while fires involving fixed combustibles are
assumed to occur at the site of the fixed combustible. Since the hazard is greater when a fire is
located directly beneath a target (e.g., cable tray or electrical cabinet), this placement is normally
evaluated for scenarios involving transient combustibles. For fixed combustibles, the actual
geometry between the source and the targetis evaluated to determine whether the targetis located
in the fire plume or ceiling jet region.

1.10 Risk-Informed, Performance-Based Fire Protection

Risk-informed, performance-based fire protection is an integration of decision-based and
quantitative risk assessment with a defined approach for quantifying the performance success of
fire protection systems (FPSs) (Barry, 2002).

Performance-based fire safety engineering is defined as “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,” (Custer and Meacham, 1997).

One primary difference between prescriptive and performance-based designs is that a fire safety
goal, life safety, property protection, mission continuity, and environmental impact are explicitly
stated in the performance-based design, while prescriptive requirements may inhibit fire safety
components from the design. Performance-based fire protection design is widely gaining
acceptance by various countries around the world including United States. The application of
performance-based approach to fire safety analysis will certainly continue to gain widespread
acceptance in the future as an alternative to prescriptive building and fire codes.

Risk is a quantitative measure of fire incident loss potential in terms of both the event likelihood and
aggregate consequences. In the risk-informed approach, the analyst considers the likelihood that
a fire will occur, as well as its potential severity of a fire and consequences. 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. Similarly based on the knowledge and experience of the fire
protection engineer, the sprinkler system protecting that generator is 90-percent likely to 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.

The risk-informed, performance-based approach presents a more realistic predication of potential
fire hazards for a given system or process or for an entire operation. The performance-based
approach provides solutions based on performance to established goals, rather than on prescriptive
requirements with implied goals. Solutions are supported by operator and management about
processes, equipment, and components; the buildings or structural housing them; operation data
and maintenance personnel; and the fire protection systems in place. Published performance data
pertaining to these aspects are also incorporated into the analysis.
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1.11 Data Sources for Combustible Materials Found in Nuclear Power Plants
The following references provide fire property data related to NPPs:

Chavez, J.M., “An Experimental Investigation of Internally Ignited Fires in Nuclear Power Plant
Control Cabinets: Part I, Cabinet Effects Tests,” NUREG/CR-4527, Volume 2, U.S. Nuclear
Regulatory Commission, Washington, DC, April 1987.

Chavez, J.M., “An Experimental Investigation of Internally Ignited Fires in Nuclear Power Plant
Control Cabinets: Part Il, Room Effects Tests,” NUREG/CR-4527, Volume 1, U.S. Nuclear
Regulatory Commission, Washington, DC, November 1988.

Chavez, J.M., and L.D. Lambert, “Evaluation of Suppression Methods for Electrical Cables Fires,”
NUREG/CR-3656, U.S. Nuclear Regulatory Commission, Washington, DC, October 1986.

Chan, M.K.W., and J. Mishima, “Characteristics of Combustion Products: A Review of the
Literature,” NUREG/CR-2658, U.S. Nuclear Regulatory Commission, Washington, DC, July 1983.

Cline, D.D., W.A., Von Riesemann, and J.M. Chavez, “Investigation of Twenty-Foot Separation
Distance as a Fire Protection Method as Specified in 10 CFR 50, Appendix R,” NUREG/CR-3192,
U.S. Nuclear Regulatory Commission, Washington, DC, October 1983.

Cooper, L.Y., and K.D. Steckler, “Methodology for Developing and Implementing Alternative
Temperature-Time Curves for Testing the Fire Resistance of Barriers for Nuclear Power Plant
Applications,” NUREG-1547,U.S. Nuclear Regulatory Commission, Washington, DC, August 1996.

Delichatsios, M.A., “Categorization of Cable Flammability Detection of Smoldering and Flaming
Cable Fires,” EPRI-NP-1630, Electric Power Research Institute, Palo Alto, California, November
1980.

Dey, M., A.A. Azarm, R. Travis, G. Martinez-Guridi, and R. Levine, “Technical Review of Risk-
Informed, Performance-Based Methods for Nuclear Power Plant Fire Protection Analysis,” NUREG-
1521, Draft Report for Public Comments, U.S. Nuclear Regulatory Commission, Washington, DC,
July 1988.

Keski-Rahkonen, O., J. Mangs, and A. Turtola, “Ignition of and Fire Spread on Cables and
Electronic Components,” VTT Publication 387, Technical Research Center of Finland, Espoo,
Finland, 1999.

Klamerus, L.J., “Electrical Cables Fire Suppression Tests with Halon 1301,” SAND81-1785, Sandia
National Laboratories, Albuquerque, New Mexico, August 1981.

Lee, B.T., “Heat Release Rate Characteristics of Some Combustibles Fuel Sources in Nuclear
Power Plants,” NBSIR 85-3195, U.S. Department of Commerce, National Bureau of Standards
(NBS), Washington, DC, July 1985.

Lee, J.L., and R.F. Pion, “Categorization of Cable Flammability, Part |: Laboratory Evaluation of
Cable Flammability Parameters,” EPRI-NP-1200, Electric Power Research Institute, Palo Alto,
California, July 1980.



Lee, J.L., “A Study of Damageability of Electrical Cables in Simulated Fire Environments,”
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CHAPTER 2. PREDICTING HOT GAS LAYER TEMPERATURE
AND SMOKE LAYER HEIGHT IN A ROOM FIRE
WITH NATURAL AND FORCED VENTILATION

21 Objectives

This chapter has the following objectives:

. Explain the different stages of a compartment fire.

. Identify the types of forced and natural ventilation systems.

. Explain how the various types of forced ventilation systems work.

. Describe how to calculate the hot gas layer temperature and smoke layer height for a fire

in a compartment with both natural and forced ventilation systems.

2.2 Introduction

In evaluating the environmental conditions resulting from a fire in an enclosure, it is essential to
estimate the temperature of the hot fire gases. These elevated temperatures can often have a
direct impact on nuclear power plant (NPP) safety. A temperature estimate is also necessary in
order to predict mass flow rates in and out through openings, thermal feedback to the fuel and other
combustible objects, and thermal influence (initiating stimulus) on detection and suppression systems.
Heat from a fire poses a significant threat to the operation of NPPs, both when the component and
equipment come in contact with heated fire gases and when heat is radiated from a distance.

2.3 Compartment Fire Growth

A compartment or enclosure fire is usually a fire that is confined to a single compartment within a
structure. Ventilation is achieved through open doors and windows, as well as heating, ventilation,
and air conditioning (HVAC) systems. Such a fire typically progresses through several stages
(or phases) as a function of time, as discussed in the next section.

2.3.1 Stages of Compartment Fires

Initially, fire in a compartment can be treated as a freely burning, unconfined fire. This treatment
is a valid approximation until thermal feedback or oxygen depletion in the compartment becomes
significant. In many ventilated spaces, the ventilation is stopped automatically under fire conditions,
either through the shutdown of fan units or the closing of fire doors and dampers. In other spaces,
however, ventilation systems may continue to operate or unprotected openings may remain open.
The course of compartment fires, and the conditions that result, depend on the following variables
(among others):

. fire heat release rate (HRR) of the combustible
. enclosure size

. enclosure construction

. enclosure ventilation
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Conceptually, compartmentfires can be considered in terms of the four stages illustrated in Figures
2-1 and 2-2. The initial stage of compartment fires is the fire plume/ceiling jet phase. During this
stage, buoyant hot gases rise to the ceiling in a plume above the fire and spread radially beneath
the ceiling as a relatively thin jet. Asthe plume gases rise to the ceiling, they entrain cool, fresh air.
This entrainment decreases the plume temperature and combustion product concentrations, but
increases the volume of smoke. The plume gases impinge upon the ceiling and turn to form a
ceiling jet, which can continue to extend radially until itis confined by enclosure boundaries or other
obstructions (such as deep solid beams at the ceiling level).

Once the ceiling jet spreads to the full extent of the compartment, the second stage of compartment
fires ensues. During this stage, a layer of smoke descends from the ceiling as a result of air
entrainment into the smoke layer and gas expansion attributable to heat addition to the smoke
layer. The gas expansion,in turnincreases the average temperature of the smoke layer. However,
the continuing entrainment of cool, fresh air into the smoke layer tends to slow this temperature
increase.

The duration of this second stage (an unventilated compartment smoke filling phase) depends on
the HRR of the fuel, the size and configuration of the compartment, the heat loss histories, and the
types and locations of ventilation openings in the compartment. In closed compartments, the
smoke layer continues to descend until the room is filled with smoke or until the fire source burns
out, as a result of either fuel consumption or oxygen depletion. In ventilated compartments, the
smoke layer descends to the elevation where the rate of mass flow into the smoke layer is balanced
by the rate of flow from the smoke layer through natural or mechanical ventilation.

The preflashover vented fire stage begins when smoke starts to flow from the compartment.
Ventilation may occur naturally through openings in compartment boundaries (such as doorways),
or it may be forced by mechanical air handling systems. The smoke layer may continue to expand
and descend during the preflashover vented fire stage.

The final stage of compartment fires, known as the postflashover vented phase, represents the
most significant hazard, both within the fire compartment and as it affects remote areas of a
building. This stage occurs when thermal conditions within the compartment reach a point at which
all exposed combustibles ignite, virtually simultaneously in many cases, and air flow to the
compartment is sufficient to sustain intense burning. During this stage, the rate of air flow into the
compartment and, consequently, the peak rate of burning within the compartment, become limited.
The ventilation is limited by the sizes, shapes, and locations of boundary openings for naturally
ventilated spaces, or by the ventilation rate from mechanically ventilated spaces. With adequate
ventilation, flames may fill the enclosure volume and result in a rapid change from a developing
compartment fire to full compartment involvement. This point is commonly referred to as
“flashover.” Flashover is the point in compartment fire development which can evolve as a rapid
transition from a slowly growing to fully developed fire. The underlying mechanism in this
phenomenon is essentially a positive feedback from the fire environment to the burning fuel. The
formation of a hot ceiling layer at the early stages of a fire leads to radiative feedback to the fuel,
which, in turn, increases the burning rate and the temperature of the smoke layer. If heat losses
from the compartment are insufficient, a sharp increase in the fire’s power (i.e., flashover) will
eventually occur.
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The International Organization for Standardization (ISO) formally defines flashover as “the rapid
transition to a state of total surface involvement in a fire of combustion material within an
enclosure.” In fire protection engineering, the term is used as the demarcation point between the
preflashover and postflashover stages of a compartment fire. Flashover is not a precise term, and
several variations in its definition can be found in the literature. The criteria given usually require
thatthe temperature in the compartmentreaches 500 to 600 °C (932 to 1,112 °F), the radiation heat
transfer to the floor of the compartment is 15 to 20 kW/m? (1.32 to 1.76 Btu/ft’>-sec), or flames
appear from the compartment openings. In a compartment with one opening, flashover is
principally described by four stages. Specifically, the hot buoyant plume develops at the first stage
following ignition, and then reaches the ceiling and spreads as a ceiling jet during the second stage.
During the third and fourth stages, the hot layer expands and deepens, while flow through the
opening is established.

Flashover usually causes the fire to reach its fully developed state, in which all of the fuel within the
room becomes involved. However, all of the fuel gases may not be able to combust within the room
because the air supply is limited. Such an air-limited fire is commonly termed “ventilation-limited”
or “ventilation-controlled”, as opposed to a “fuel-limited” fire, which is a fire that has an ample supply
of oxygen and is limited by the amount of materials (fuel) burning.

2.3.2 Ventilation-Limited or Ventilation-Controlled Fires

A ventilation-limited or ventilation-controlled fire is one that experiences low oxygen concentration
as a result of insufficient air supply. The hot fire gases typically have nearly zero oxygen.

2.3.3 Fuel-Limited Fires

In contrast to a ventilation-limited fire, a fuel limited fire is a compartment fire in which the air supply
is sufficient to maintain combustion, but the amount of fuel that is burning limits the fire size.

2.4 Compartment Ventilation

General ventilation system design controls heat, odors, and hazardous chemical contaminants.
General ventilation can be provided by mechanical systems, by natural draft, or by a combination
of the two. Examples of combination systems include (1) mechanical supply with air relief through
louvers and/or other types of vents and (2) mechanical exhaust with air replacement inlet louvers
and/or doors. Natural ventilation is a controlled flow of air caused by thermal and wind pressure.

Mechanical or forced ventilation is accomplished with fans to create the pressure differentials to
produce the desired flows of air. Exhaustin the ventilation process thatdraws noxious air entrained
particulate and vapors from a compartment, collect them into ducts for transport to the outside or
to equipment that cleans the air before discharging it to the outside or returning it to the area of
origin. In a closed area, exhaust cannot operate at the flows required without having an equal
supply of makeup air available. “Makeup air” and “replacement air” are the terms commonly used
to refer to the air that has to be brought into a space to limit pressure gradients so that the exhaust
process can operate as designed. This air may be brought directly into a space via ducts or
indirectly via openings from adjacent areas. The quantity of makeup air must be of a sufficient flow
rate to allow the exhaust system to operate within its pressure differential design parameters, yet
not be so great as to create a positive pressure within the compartment.
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Mechanically ventilated compartments are a common environment for fire growth in NPP structures.
A fire in a forced-ventilation compartment is markedly different than in a compartment with natural
ventilation. An important factor is that the stratified thermal hot gas layer induced by the fire in a
naturally ventilated compartment may be unstable in a forced ventilation compartment. Normally,
a ventilating system recirculates most of the exhaust air. If normal operation were to continue
during a fire, this recirculation could result in smoke and combustion products being mixed with
supply air, and the contaminated mixture being delivered throughout the ventilation zone.
To prevent this, dampers are often placed in the system. Upon fire detection in an engineered
smoke control system, the damper positions are changed so that all exhaust from the fire zone is
dumped, and 100-percent makeup air is 