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CRITERIA FOR THE IDENTIFICATION
AND EVALUATION OF FIRE HAZARDS
AT NUCLEAR POWER PLANTS

ABSTRACT

This report presents information for the identification and evaluation of
fire hazards in nuclear power stations. The report consists of two volumes.
Volume 1 contains background material which outlines tools and analytical
techniques currently available to deterministically analyse fire hazards.
Volume 2 presents criteria for evaluating fire hazard reports. The criteria
are consistent with the existing AECB regulatory approach in Canada and cover
the topics which should be included in a fire hazard analysis. This volume
also provides details of each topic so that the quality of an analysis may be
evaluated.

RESUME

Le present rapport en deux volumes fournit des renseignements pour designer
et evaluer les dangers d'incendie dans les centrales nucleaires. Le premier
volume contient des donnees generales qui indiquent les outils et les
techniques actuellement disponibles pour analyser les dangers d'incendie
de facon deterministe. Le second volume presente les criteres pour evaluer
les rapports de dangers d'incendie. Ces criteres sont conformes a l'approche
reglementaire actuelle de la CCEA au Canada et traitent des points a inclure
dans 1'analyse des dangers d'incendie. Le second volume fournit aussi des
details sur chaque point pour permettre d'evaluer la qualite de 1'analyse.

DISCLAIMER

The Atomic Energy Control Board is not responsible for the accuracy of the
statements made or opinions expressed in this publication and neither the
Board nor the author assumes liability with respect to any damage or loss
incurred as a result of the use made of the information contained in this
publication.
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DEFINITIONS

Active Control Measure - Equipment or systems which sense fire
conditions and initiate action to bring about its control.

Administrative Control Measure - A procedure or policy estab-
lished by the plant administration to control fire hazards
or maintain the reliability of safety systems.

Analysis - An examination of a complex, its elements and their
relationship.

Combustible Liquid - A liquid having a flash point at or above
37.8°C.

Combustion Products - Gases, solid particulates, liquid
particulates, and residues evolved or remaining from
combustion. In general, the products include fire gases,
flames, heat ,smoke, ash and other residue.

Common Cause Effects - Common cause effects are effects
manifested in more than one piece of equipment or structure
by the same cause (AECB Consultative Document C-6 classifies
fire as a common cause effect).

Conduction - Transfer of heat, usually through a solid or liquid,
induced by a temperature gradient.

Convection - Transfer of heat by the motion of a fluid under the
influence of differences in density and gravity.

Cross-Link Effects - Cross-link effects are those effects
resulting from a lack of independence or separation, either
physical or functional, between systems or components or
operating actions.

Descriptor - An expression used to describe or identify.

Design Basis Fire - The most severe fire that could occur within
a fire zone.

Exposed - A person or thing of value which is vulnerable to
damage by a fire.

Extinction - The termination of combustion.

Fire - Unwanted combustion.

Fire Hazard - Potential for harm from fire.
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Fire Hazard Analysis - An examination of the potential sources
of unwanted combustion, their components; and their
ability to cause harm to safety functions in a nuclear power
plant.

Fire Severity - the quantification of fire by one or more
descriptors.

Fire Signature - Any product of a fire which changes the ambient
conditions.

Fire Zone - A fire zone is that area of the plant which is
distinguished from other areas for fire analysis purposes.

Flame - The luminous by-product of combustion.

Flammable Liquid - A liquid having a flash point below 37.8°C and
having a vapour pressure not exceeding 275.8 KPa ( absolute)
at 37.8°C.

Flashover - A stage in the development of a contained fire in
which all exposed surfaces reach ignition temperature more
or less simultaneously.

Flash Point - The minimum temperature at which a liquid within a
container gives off vapour in sufficient concentration to
form an ignitable mixture with air near the surface of the
liquid.

Hazard - A source of danger or a potential for harm. (In the
context of nuclear power plants; hazard is a source of
danger or potential for harm to the safe operation of a
nuclear power plant).

Ignition Energy - The quantity of heat or energy that must be
applied to a substance to cause sustained combustion.

Passive Control Measure - A feature or component of a facility
which by its existence will control fire growth.

Plume - The convective currents and smoke emanating from
combustion.

Radiation - Transfer of energy, including heat, by electromag-
netic waves.

Radiation view Factor - The fraction of energy leaving a flame
(or hot substance) which reaches an exposed item. Dis-
cussion of radiation view factor or shape factor can be
found in most texts on Heat Transfer.

Risk - Likelihood that a hazard will occur.



Signature - Any product of a fire which changes the ambient
conditions.

Smoke - A visible or nonvisible, nonluminous, airborne suspension
of particles, originating from combustion.

Vital Equipment - Safety systems and safety related systems as
used in the context of nuclear related safety.



SYMBOL LIST

The following symbols are used in the formulas of this paper
except where specifically noted in the text.

a Distance of steel from fire-exposed surface, m

A Area; surface area; cross-sectional area, m2

3 Breadth; height, thickness; separation, m

c Specific heat, J/kg«K

C (with subscript) constant of various dimensions

C Heat capacity, J/m«K

D "Developed" heated perimeter (Figs. E-6,E-8), m

e Factor, dimensionless

E Modulus of elasticity

f Yield strength in tension, N/m!

f' Compressive strength, N/m2

g Acceleration due to gravity, = 9.8 m/s2

G Weight of steel element

h Height of window, m

h Heat transfer coefficient, W/m2«K

H Height, m

AH Heat of combustion, J/kg

k Thermal conductivity; without subscript; average thermal

conductivity, W/m.R

L Length (height) of flame, m

m Moisture content, kg

M Bending moment, m-N

n Exponent, dimensionless

p Pressure, N/m2

ap Pressure difference, N/m2

P Perimeter of building, m

q Penetration heat flux, w/m2
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q Temporal average penetration heat flux either during the

fully developed period of real-world fires or during stand-

ard test fires; without subscript; that averaged spacially

for all compartment boundaries; with subscript; that for an

individual compartment boundary, W/m2

Q Rate of heat release, KW

Q Average rate of heat evolution, W

r Fire resistance, s, h

s Cover thickness, m

t Time; time lapse, s, h

At Time increment, s, h

t* Authoritatively specified minimum period of satisfactory

performance, s, h

T Temperature, K

T Average temperature during fully developed fire, K

u Surface area of steel exposed to fire

x Distance from fire-exposed surface, m

z Elevation, m

a Equivalent orifice area, dimensionless

3 Orifice factor, = 0.6, dimensionless

Y Specific surface, m'/fcg

0 Fire tolerance, s, h

< Thermal diffusivity; without subscript; average thermal

diffusivity, M2/s

A Factor (Eq 51), = 1,1.15, dimensionless

x Slenderness ratio of steel member (Eq. 58, 60)

v Factor (Eqs 43 to 45), as defined, dimensionless

5 Air flow factor, dimensionless

p Density, kg/m3

a Stefan-Boltzmann constant, = 5.67 x 10"8 w/m:.K"

5 Stress in steel member

t Fire duration; without subscript; that of fully developed

fire; with subscript; nominal fire duration, s, h

<j> Volumetric moisture content, m3/m3

x Pressure factor, dimensionless



xii

« Coefficient of heat transfer (kcal/m'h«0C)

SUBSCRIPTS

a Of air

a Of outside atmosphere

c of concrete

cr Critical

e of encasement; of encasing material

f Of furnace

g Of compartment gases

i For building interior

i For the ith boundary element and its lining material

max Maximum

min Minimum

o Pertaining to outside

p Of protecting material

pf For the postflashover period

r Under standard fire resistance test conditions

R For room

s For steel

N Of stress due to axial force

W Of window

Y Of yield stress

SUPERSCRIPTS

0, 1, 2, 3, ....,j»j + 1, ...., for the time level t = 0, it,

2At, 3at, , jAt, (j +
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ATOMIC ENERGY CONTROL BOARD

CRITERIA FOR IDENTIFICATION AND

EVALUATION OF FIRE HAZARDS IN

NUCLEAR POWER STATIONS

A. INTRODUCTION

The Atomic Energy Control Board requires licensees to verify the

safety of plant design by performing safety analyses. These

analyses are included in a safety analysis report which is

submitted to the AECB for review. A consideration which must be

incorporated in these analyses is the impact of unwanted fires.

The plant safety analyses, therefore, must address the hazard

unwanted fires present to safe plant operation. This portion of

the overall plant safety analyses is called the plant's "Fire

Hazard Analysis".

The fire hazard analysis is intended to establish that the

potential for unwanted fires to harm or endanger a Candu nuclear

plant's safety functions is very small. It is the intent of this

report to present criteria for the AECB's use in reviewing the

fire hazard analysis portion of a licensee's safety analysis

report.

1. Fire Hazard Analysis Overview

Fire, for the purposes of this report, is defined as unwanted

combustion and consequently excludes fires in boilers or heaters

where combustion is controlled.

A "hazard" is a source of danger or the potential for harm. For

the safe operation of the nuclear systems at a Candu power plant,

a hazard will be considered as the potential to harm a safety

system or safety related function of the plant.

Fire hazard analysis is the examination of the potential for fire

to damage safety or safety related systems in the plant. The



analysis must identify each potential source of fire and deter-

mine if its severity will cause a safety concern. For example,

reactor control wiring may run in a cable tray above some

combustible material. The analysis must establish if the maximum

temperature created at the cable tray elevation by the burning of

the combustible material will be greater than the maximum

temperature which the control wiring can safely withstand, or,

stated in the form of an equation, is a descriptor of the fire's

severity (eg. maximum temperature) greater than some descriptor

of the exposed's vulnerability to damage? in an abbreviated

form, is

FIRE DESCRIPTOR > EXPOSED DESCRIPTOR ?

2. Project Objective

The objective of this project is to develop for the Atomic Energy

Control Board review criteria to assist in evaluating a fire

hazard analysis. This report will examine the conditions and

engineering tools and analytical techniques presently available

to establish and quantify the sources of fire; the elements which

control its severity and the potential for fire to damage safety

related functions in a Candu plant.



B. FIRE DESCRIPTION

To review a fire hazard analysis the reviewer must have a

knowledge of the conditions which permit fire to start and

spread. Unwanted fires are governed by the science of diffusion

flame combustion. Combustion (fire) is characterized as an

exothermic, gas phase, oxidation reaction.1

1. Conditions of Combustion

The four basic conditions required to support the combustion

process2 are:

1. fuel (combustible substance) must be present

2. energy (heat for ignition and continuous reignition)

must be present

3. an oxidizing agent must be present, and

4. an uninhibited chain reaction must be possible.

A diagramatic representation of the combustion process is shown

in Figure A-l of Appendix A.

For the uncontrolled fire of interest to this study, the

oxidizing agent and an uninhibited chain reaction will normally

be present. Evaluating the potential for fire in power plants

involves the two remaining elements of the combustion process;

fuel and heat.

1.1 Fuel

For combustion to take place there must be a fuel or combustible

material. This fuel could be in the form of a solid (eg. paper,

cardboard packaging, and wooden storage pallets), a liquid (eg.

lubricating fluids and transformer oils), or a gas (eg.

hydrogen for generator cooling). These fuels can be found in

various locations throughout a Candu power plant.3



The likelihood of a fuel being involved in a fire is in part

dependent on its relative ease of ignition. Flammable gases are

generally the easiest form of combustible materials to ignite

requiring in some cases only millijoules (mJ) of energy. This is

because these fuels exist as a gas and in the presence of the

other required conditions needs only an initiating energy to

start combustion.

Flammable liquids with high vapour pressures may release

sufficient flammable vapours under ambient conditions, to ba

ignited as easily as flammable gases. Other liquids may require

the application of heat to vapourize sufficient flammable vapours

for ignition and sustained combustion. These liquids are

generally classified as combustible liquids."

For solids to be ignited the combustible elements of the fuel

must be distilled so that gas phase combustion can take place.

This process is referred to as pyrolysis.5 Depending on the

chemical and physical properties of the fuel, varying amounts of

energy may be required to ignite a given solid fuel.

Properties of gas, liquid and solid fuels which characterize

their relative ease of ignition and combustibility are covered in

Section C of this report.

1.2 Energy

The transfer of energy during combustion is an important

consideration in a fire hazard analysis. The likelihood of

ignition, initial fire growth, and the evaluation of fire spread,

all require a knowledge of energy transfer.

All three modes of energy or heat transfer (conduction, convec-

tion and radiation) play a role in combustion. Conduction may

make a minor contribution to the initial growth of a fire

involving some fuels. This mechanism of heat transport can be
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in vapourizing the fuel, however, its contribution is not as

significant as heat transfer by convection and radiation.

Convective heat transfer plays various roles in combustion. It

is responsible for the mixing of fuel vapours with air to form a

flammable mixture which produces a diffusion flame. Accordingly,

it is an important factor in the initial stages of combustion.

In the developing stages of a fire, convection is responsible for

heating the upper areas of a compartment where a fire originates.

During the developing and developed stages of a fire, convection

is also responsible for the spread of smoke and other products of

combustion away from the area where combustion is occuring.

Radiation is the predominant heat transfer mechanism in a fire.5

This is primarily because of the fourth power temperature

dependence of thermal radiation as stated in the Stefan-Boltzman

law. Thermal radiation is the dominant mechanism causing the

preheating of a fuel surface, heating of reactants in a

combustion zone, heating of materials in the same fire area, and

the heating of building elements surrounding a fire.

1.3 Oxidizing Agent

Combustion is an oxidation reaction and requires an oxidizing

agent. After a fuel has been vapourized (liquids) or pyrolyzed

(solids) it must be mixed with an oxidizer. In most cases of

unwanted fires the oxidizer is the oxygen contained in air. This

is an important consideration as air is ever present and is not a

variable which can be readily controlled.

1.4 Uninhibited Chain Reaction

When a fuel is heated to its ignition point in the presence of

air a fire is initiated. If there is additional unburned fuel,

ample air, and the rate of heat generated is greater than or

equal to the rate of heat loss, combustion will continue. The
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process are complex and proceed through a large number of

intermediate steps.2 These intermediate steps include chemical

chain reactions which are required for continued burning.

Although the chain reactions are considered a condition of

sustained burning, and are always present, they are of interest

primarily in discussions of fire control and will be reviewed in

more detail in Section F of this report.

2. Combustion Bv-Products

Once initiated the fire process yields various by-products.

Although these may vary depending on the chemical composition of

the fuel, there are some common by-products of the combustion

process. Combustion reactions yield:

1. energy (heat and usually flame),

2. aerosols, and

3. toxic gases.

The mechanisms which govern combustion reactions will determine

the release rates of energy, smoke, and gases. These by-products

cf combustion, or fire signatures, and their release rates can be

quantified to provide various descriptors of a fire's severity.

2.1 Energy Release Signatures

Fire constantly releases energy to its surroudings. This energy

release produces several fire signatures of interest in fire

hazard analysis:

1. infared radiation

2. ultraviolet radiation

3. heat flux

4. change in temperature.



Two energy signatures are the infrared (IR) and ultraviolet (UV)

radiation released during combustion.5 with the exception of

acetylene and other highly unsaturated hydrocarbons, the infrared

emissions from combustion involving hydrocarbon fuels are

particularly strong in the 4.4 micrometre region (due to CO2) and

in the 2.7 micrometre region (due to water vapour). The

ultraviolet fire signature appears in flames as emissions from

OH, CCh# and CO in the 0.27 to 0.29 micrometre region. Detectors

capable of sensing these fire signatures have been developed and

will be discussed further in Section F-2 of this report.

When material burns, it releases energy at some rate. Although

this rate will change during the combustion process, it can be

quantified in terms of a rate of heat release (watt) or heat flux

density (watt per square metre). These characteristics of

combustion provide two descriptors of a fire. This release of

heat will also result in a change in temperature of the

surroundings which can be described in terms of temperature or

rate of temperature rise.

2.2 Aerosol Signatures

The process of combustion releases into the atmosphere solid and

liquid particles which range in size from 5 x 10-" micrometres to

10 micrometres.6 These particles suspended in air are called

aerosols. The aerosols resulting from a fire represent two

different fire signatures. Those particles which are less than

0.3 micrometres do not scatter light efficiently and thus are

classified as invisible. Those which are larger than 0.3

micrometres scatter light and are therefore classified as

visible.

When ordinary combustibles burn, invisible aerosols are released,

forming the first detectable fire signature. Heating of

materials during the pre-ignition stage of a fire produces

submicron particles ranging in size from 5 x 10-" to 1 x 10-3
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micrometres. These particles are generated at temperatures below

the ignition temperatures for many combustibles. The temperature

at which sub-micrometre sized particles are generated from

materials is defined as the thermal particulate point. These

invisible aerosols are generated in very large quantities. A 2.8

gram sample of bond paper burned in air in a room 2.28 metre

square with 2.71 metre ceiling produced a maximum particle

concentration of 1.3 x 106 particles per cubic centimetre.6

As heating of a material progresses towards the ignition

temperature, the concentration of invisible aerosols increases to

the point where larger particles are formed by coagulation.6 As

this process continues, the particle size distribution becomes

log normal with the most frequent sizes in the range between 0.1

and 1.0 micrometres. The smaller particles, less than 0.1

micrometres disappear either by coagulation or by evapouration,

and the larger particles, greater than 1.0 micrometres, are lost

through the processes of sedimentation following Stokes1 Law.

Aerosols in this size range are quite stable and contain

particles in both the visible and invisible aerosol signature

range. The production of visible aerosls can occur prior to

ignition and is usually initiated at temperatures several hundred

degrees higher than the thermal particulate point.

The aerosol size distribution from smouldering and flaming

combustion of various materials has been determined by

Scheidweiler.7 it can be seen that in some cases smouldering

fires produce more large particles than flaming fires. It is

important, however, to note that for both fire types, the maximum

relative particle concentration appears to be in the range of

particle sizes smaller than 0.3 micrometres. This indicates that

invisible aerosol signals can provide early detection in the

immediate vicinity of either fire type. These signatures are

important in fire hazard analysis as a means for sensing the

presence of a fire. This will be discussed in report section F-2.



2.3 Gas Signatures

During a fire, many changes occur in the gas content of the

atmosphere, not only in the area of fire origin but often in

areas far removed from the fire. For the most part, these

changes consist of the addition to the atmosphere of gases which

are not normally present. These changes can be called "evolved

gas signatures". Another change which can take place is the

reduction of oxygen content (in a compartment fire situation)

which can be called the "oxygen depletion signature".6

Many gases are evolved during a fire. Some examples are H20, CO,

COz, HC1, HCN, HF, H*S, NH* and nitrogen oxides. Most of the

evolved gas signatures are fuel-specific. Carbon monoxide is

present in nearly all fire situations and is the predominent

toxic gas in fire death statistics. Thus, the CO signature may

be of use in fire detection as well as establishing life safety

conditions. The rate of CO production varies considerably with

the type of fuel, the amount of ventilation, and whether the fire

is of the smouldering or open flaming type.
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C. POTENTIAL FOR FIRE

From the previous description, it is apparent that four

conditions are required for a fire to occur. Identifying the

potential for fire, therefore, involves identifying where these

four conditions exist (See Figure B-l of Appendix B). It is not

usually necessary to determine the existance of all four

conditions for combustion. The uninhibited chain reaction is a

self supporting element of fire and oxygen in the air provides a

readily available oxydizing agent in most plant areas. These two

items are considered to be constant factors.

The initiation of a fire is dependant on a fuel and a suitable

ignition source coming together. The identification of fire

potentials is primarily concerned with the existance of these two

conditions. Fire identification also must recognize that

combustible materials and ignition sources exist under permanent

and transient conditions.

Permanent combustibles include the building structure, interior

finishes, plant equipment and fixed materials. Transient

combustibles include refuse, health physics material, temporary

staging, or storage materials which may exist in various areas of

a plant in support of maintenance activities or as a temporary

condition.

Permanent ignition sources exist from energized electrical equip-

ment and hot steam pipes. Transient ignition sources include

welding and cutting sparks and smoking materials.

Three commonly used methodologies exist for identifying where

fire could occur. These are:

1. historical fire loss data (statistics),

2. material properties, and

3. formalized evaluations such as a failure mode and effects

analysis (FMEA).



11

The appropriateness of each method will depend on the situation

and availability of specific information on the hazard.

1. Statistical Analysis

Fire loss statistics provide a primary method for identifying

fire hazards." Fire loss data from operating nuclear power

plants in Canada provides factual information for identifying and

evaluating the risks associated with fire at these facilities.

When evaluating the risk of fire as part of an overall safety

analysis, the data can also provide a means for calculating event

frequencies for the facility as a whole or by major area.8'9

Steven P. Lee of Atomic Energy Canada Limited summarized fire

losses at Canadian nuclear stations in a presentation to the

Committee for Safety of Nuclear Installations in October 1983.3

His summary examines approximately 70 plant years experience and

172 fire incident reports in operating CANDU stations up to 1982.

These incidents were summarized from Serious Event Reports (SER)

on file for each station. Mr. Lee evaluated the SER's, extracted

pertinent information and summarized the data within the

following categories.

- Location of fire
- Systems affected
- Components involved in fire
- Cause of fire
- Did fire spread to other components
- Did fire affect more than one system
- Type of fire
- Fire discovered by
- Fire extinguished by
- Fire protection equipment effectiveness
- Nature of loss

Information can be extracted from Mr. Lee's summary which assists

in identifying fire hazards. The reported loss data provide

three categories of information;
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1. the cause of fire,

2. the type of fire, and

3. components involved in fire.

The cause of fire (or ignition sources) for reported incidents

are summarized in Table B-l of Appendix B. Although other

potential ignition sources may exist, the statistics provide a

record of previous experience for further evaluation.

The information categories "type of fire" and "components

involved in fire" provide information for identifying combustible

materials in CANDU power plants. The "type of fire" gives a

broad picture of the materials which were involved in losses.

Specific information on the "components involved" provides useful

input for a more detailed identification.

Table B-2 in Appendix B shows the types of fires at CANDU

facilities. The data also indicates that the majority of fires

involve ordinary combustibles. Electrical fires and flammable

liquids also contributed significantly to the loss record. Fires

involving combustible metals were not recorded primarily because

of the sparse usage of these materials.

A detailed breakdown of the facility components involved in Candu

plant fires is presented in Table B-3 of Appendix B.

Although reactor technologies vary from country to country the

fire hazards appear to be comparable. Accordingly nuclear power

plant loss data from other countries10'11'12 could supplement

Canadian loss data in identifying fire hazards.

2. Material Properties

Where statistical evidence based on a historical record of loss

potential is not available, fire hazards can be identified on the

basis of two related material properties:
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1. does this material burn and

2. how easily is it ignited.

The combustibility of a material demonstrates the potential for a

fire and therefore, is essential in identifying the hazard. The

ease of ignition of a material is required to discriminate

materials which will only burn under extreme conditions (eg. fire

resistive lubricating fluids with flash points greater than the

temperature of the anticipated ignition sources).

An evaluation of material properties to determine the potential

for fire requires that material properties be examined in light

of potential ignition sources. Consequently the temperature of

hot steam pipes, the energy of electrical equipment and the

characteristics of cigarette and welding sparks (slag) must be

compared with the ease of ignition of specific materials.

2.1 Gases

Gases are present in nuclear power plants in the form of hydrogen

for generator cooling and primary reactor coolant, nitrogen for

inerting, and acetylene and oxygen for welding operations. The

fire hazard of these gases can be defined by a number of readily

available properties of these materials as shown in Table B-4 of

Appendix B.

2.1.1 Calorific value

The calorific value of a gas measured in KJ/m3 is a measure of

the heat released by the complete combustion of a unit volume of

the gas.13 This value determines if a gas will burn, and if so,

quantifies the amount of energy which will be liberated when it

burns.

Gases which do not have a calorific value are considered

nonflammable. Nonflammable gases may be further evaluated to

determine if they are oxidizing agents. As combustion is an
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oxidation reaction, chemicals which are strong oxidizers

accelerate burning. The relative hazard of a gaseous material

can thus be determined simply by looking up its properties in a

chemical dictionary or chemical handbook. The energy released

from its combustion can also be quantified.

2.1.2 Ignition Temperature

The ignition temperature of a gas is the minimum temperature

required to initiate self-sustained combustion.13 Therefore, a

combustible gas, existing in the proper concentration with an

oxidizing agent, heated to its ignition temperature or coming

into contact with a surface heated to this temperature will

ignite.

Ignition temperatures for gases are listed in standard reference

texts for conditions of standard temperature and pressure. Pub-

lished data is normally conservative and the effects of varia-

tions in standard temperature and pressure are documented5,

2.1.3 Ignition Energy

A relatively small amount of energy will initiate combustion

(explosion) of a flammable gas/air mixture below its ignition

temperature. Ignition energy is the minimum amount of energy

required to initiate combustion of a flammable mixture at

standard temperature and pressure.llt Electrical arcing in a

light switch and the static charge which could accurnmulate on a

person can both produce sparks with energies in the area of 25

mJ, which is well in excess of the minimum ignition energy of

most flammable gases.5

2.2 Liquids

A number of liquids found in nuclear power stations are of

concern to fire safety. Lubricating oils for turbines and other

machinery; seal oil for the turbine, generator and large pumps;

transformer oils? hydraulic oils and solvents for cleaning



15

present fire hazards in various areas of a power plant. The

hazard associated with these liquids can be identified from

selected properties of these materials. Each value in Table B-5

of Appendix B provides details on the hazard of a liquid.13

From this data and other available information other fire-related

properties of liquids can be established. Properties which may

be of interest are: heat of combustion, heat of vapourization

and rate of heat release.

2.2.1 Flash Point

The flash point of a liquid is the minimum temperature at which

it gives off sufficient vapour to form an ignitible mixture with

the air near the surface of the liquid or within a test vessel.13

The flash point of liquids can be determined by a number of

standard test methods depending on the characteristic of the

liquid of interest.15'16'17 The flash point gives an indication

of the minimum temperature at which a liquid will release

sufficient flammable vapours to form an ignitable mixture. If a

material is stored or handled above its flash point, it can be

easily ignited and is consequently a greater hazard than a liquid

stored below its flash point.

2.2.2 Fire Point

Closely associated with the flash point of a liquid is its fire

point. The fire point is the lowest liquid temperature at which

vapours are evolved fast enough to support continuous combustion

when an ignition source is introduced.13 The fire point of a

liquid is usually a few degrees above its flash point.

2.2.3 Ignition Temperature

The ignition temperature of a liquid is the minimum temperature

at which it spontaneously ignites and burns.13 if the ignition

temperature of a liquid is lower than hot surfaces (steam pipes)
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in an area, then a fire will result from any leak of the liquid

onto the piping.

2.3 Solids

A variety of combustible solid materials are located throughout

power plants. Identification of the fire hazard presented by

these materials is a complex task. Material characteristics are

not readily available and there is no standard test method to

determine the ignition temperature of all solid materials. The

ignition temperature and rate of burning of solids is dependant

on their thermal, chemical and physical properties as well as

numerous environmental variables such as temperature, relative

humidity and air flow rates.

Loss statistics3 indicate that solid material fires represent the

largest single type of fire in Canadian nuclear power plants.

Most of the combustible solids contained in Table B-3 were seen

during site visits of Canadian power plants. Where loss data

does not identify specific materials as being a hazard, their

relative combustibility can be established by their calorific

value or by their performance in a specific fire test.

Although there are numerous tests which could be used to

demonstrate combustibility three illustrations are provided:

1. a noncombustibility test,

2. a material calorimeter test, and

3. a specific material test.

Instead of determining if a material is combustible a test can be

conducted to establish if it is noncombustible. If the material

is noncombustible no fire hazard exists. A test18 which can be

used to determine whether a material is noncombustible is the

Underwriters Laboratories of Canada Standard Test for

Noncombustibility (ULC SI14).
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ULC S114 is a test conducted on a small sample (38 x 38 x 50 mm

long) of a building material. The test is intended to determine

the noncombustible nature of elementary building materials used

in the construction of buildings. Test results tend to be

conservative allowing a fair degree of confidence in the

performance in actual fires of materials classified as

noncombustible by this test method. A disadvantage of the test

is that it does not apply to materials with a decorative or

protective coating, or impregnation, or build up of laminations

of dissimilar materials.

Materials which have been classified as noncombustible by this

test are listed in the Supplement to the National Building Code

of Canada.19

To establish the relative combustibility of a solid material, a

material calorimeter test could be used. One such test20 is the

Factory Mutual Construction Material Calorimeter Test, which

determines a material's rate of heat release and duration of

burning. The test uses a larger sample (1.22 x 1.22 m) and can

be applied to various construction materials. The test can be

used to identify materials of low combustibility.

Comparisons of calorific data with larger scale tests on the same

materials in simulated end use conditions (i.e., how the material

will be used when present in a building) shows good agreement.

Therefore, the relative combustibility based upon heat release

rate and duration of burning yields a logical hazard ranking of

tested materials. Factory Mutual approves many construction

materials based on this test and uses these test results to

determine if the material has the potential to burn and involve

additional materials in the same fire area.

The duration of burning and heat-release rates for selected

materials are shown in Table B-6 of Appendix B and Figures B-l
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and B-2 of Appendix B. Factory Mutual stipulates that materials

with a heat release rate less than the values given in Table B-7

of Appendix B have a limited combustibility and do not, by

themselves, create a fire hazard.20 ASTM have also published a

standard test method for determining the rate of heat release for

solid materials.21

Specific material tests can be used to establish the ease of

ignition of a material of interest as evidenced by the var'.ous

tests being used to determine the ignition point of specific

materials. Data are available which provide the ignition

temperature or critical heat flux for various solid

materials.1"5'22 An illustration of how this can be used to

identify a hazard of specific cable insulations at a plant

follows.

Fire loss data indicates that electrical cables have been

involved in fire and are consequently a hazard. To eliminate

this hazard, a utility may propose using a fire retardant treated

cable. Although the proposed cable may have passed a standard

fire test23 (iEEE-383) this does not indicate that it will not

burn or does not present a hazard. An examination of cable

properties indicates that the cable can be ignited and release

heat at a significant rate resulting in self sustained burning.

(See Table B-8 of Appendix B).

In this table the critical heat flux is the amount of heat energy

per unit area arriving at the cable surface which causes ignition

of the material with a pilot flame. The critical temperature is

the minimum temperature at which a cable sample ignites with a

pilot flame. This identifies a conservative threshold value

which will result in the damage of cabling in a nuclear power

plant.
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Fire test data provides a means for establishing the combust-

ibility of a solid material. The proper interpretation of the

test data, however, requires a thorough knowledge of fire

behaviour and fire testing.

2.3.1 Formalized Methodologies

Previous discussions on identifying fire hazards have been

primarily concerned with identifying the presence of fuels and

ignition sources. The question now arises as to whether a

combustible material not exposed to air or ignition sources (eg.

lubricating oil in piping) is a hazard. Fire loss statistics

will include some useful information on incidents where a pipe

break or other event has released a combustible material which

ignited and resulted in a fire. This information is, however,

limited by actual experience and does not predict fire potentials

from unique or different conditions (eg. lubricating fluids on

the refuelling machines). Where it is desirable to evaluate fire

as the consequence of another event other identification

methodologies are used.

Two tools for evaluating engineering systems have application to

this particular type of analysis - Failure Mode and Effects

Analysis (FMEA) and Fault Tree Analysis. Both tools are well

documented and have seen widespread use in the nuclear

field.2<"25

An FMEA can be used to evaluate the effect that the failure of a

component might have on the overall system. For example a

hydraulic oil pressure regulator can be systematically analyzed

to determine if a given failure would result in operating

conditions which could release combustible liquid. This

analytical technique can be helpful in identifying the creation

of a hazardous condition. When this has been done, an evaluation

can be made to determine whether an ignition source is available

and other conditions for combustion are satisfied.
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A fault tree analysis can also be completed to determine the
causative events required to produce a given fault condition26

(eg. release of hydraulic oil from its reservoirs and piping).
This particular analytical tool has the advantage that it can be
extended to determine, for use in the overall safety analysis,
the probability of the undesired fault.
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D. EXPOSED ITEMS

For a hazard to exist there must be an exposed which can be

harmed by the source of danger. In a fire hazard analysis the

analyst must determine if a descriptor of a potential fire's

severity is greater than a descriptor of the exposed's

vulnerability to harm. From a regulators perspective there are

three major categories of exposed which are of concern - building

components, plant equipment and personnel. The vulnerability of

building components to damage is discussed in report Section F-l.

The identification of vital plant equipment can be done by those

familiar with a plant's safety related systems. Once identified,

the analysis will include an evaluation of an exposed's items

vulnerability to some by-product of a fire. The descriptor used

will depend on the equipment or system being evaluated.

1. Plant Equipment

There are no known standard tests for establishing equipment

susceptibility to damage from fire, although some work in this

direction is presently underway in the United States.27 This

problem is compounded as various pieces of equipment will be

susceptible to damage or loss of function from different by-

products of a fire.

1.1 Vulnerability to Energy

Equipment damage from heat is usually expressed in terms of the

amount of heat energy received per unit of area by the exposed.

This is usually expressed as heat flux in kilowatt per square

metre (KW/m2). other measures of damage are the temperature of

the exposed and the length of time it is subjected to a given

heat flux or temperature.

If a piece of equipment is subject to a certain level of heating,

its surface will get hotter. At the same time the surface of the

equipment will be subject to cooling effects as heat is
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transferred away from the surface by conduction, convection and

radiation.2' To accurately determine the temperature of a given

piece of equipment under fire exposure is a complex heat transfer

problem, for which many of the variables are unknown. As a

result researchers have resorted to the application of

conservative assumptions to establish threshold values for

equipment damage.

These threshold values vary widely between researchers. Values

reported in Table C-l of Appendix C for equipment damage

demonstrates this point. The lower value shown in this table

(9.5 KW/m2) appears to provide a conservative estimate for

equipment damage. This value would account for the ignition of

cellulosic and polymeric materials associated with a piece of

equipment, however, this value may be overly conservative in

cases where these materials are not present.

Threshold levels for damage of industrial equipment and materials

have been reported in the literature.29'30'31> 32 selected values

for damage were summarized and reported by DiNenno28 and are

shown in Table C-l of Appendix C.

Control and power cables are an example of an exposed item in

power plants. Research has been conducted on the combustibility

of electrical cables and data is available on cable degradation

and ignition.33 Using a conservative approach, the damage

threshold could be established for these materials on the basis

of the critical heat flux for insulation degradation. Sample

values for various types of cables are shown in Table C-2 of

Appendix C. With a few exceptions the values for critical flux

degradation of the cables tested is within the range of 20 + 4

KW/m2.

The failure point for equipment damage can also be expressed in

terms of duration of time subjected to an elevated temperature.
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This may be of interest particularly in terms of failure of

structural supports for vital plant equipment for which data are

available.31*'"

Information on the vulnerability of equipment to elevated

temperatures may also be available from equipment manufacturers,

particularly for computer and special electrical equipment. This

information can assist in establishing threshold damage values.

1.2 Vulnerability to Aerosols

Although most plant equipment is more susceptible to damage from

heating than smoke or aerosols from a fire, some equipment may be

sensitive to these contaminants. One example of this is high

speed disk drives on some computer control equipment. The gap on

the operating head of some machines is in the range of 2

micrometers. Smoke particles can range in size up to 10

micrometres fouling the disk drive head resulting in loss of

operation. Other sensitive electronic equipment may have similar

problems, however lack of reliable data prevents further

quant i f ication.

1.3 Vulnerability to Fire Gases

Very limited data is available on the effect of fire gases on

equipment in industrial plants. Fire experience has shown that

hydrogen chloride generated from the burning of PVC and other

plastic can combine with water vapour to form hydrochloric acid.

This acid can damage electronic equipment and contacts. It has

not been established, however, whether this occurs before or

after heat and smoke levels have resulted in equipment shut down.

2. Plant Personnel

Ample information is available on the effect of fire on people.

This information includes the vulnerability of people to the

effects of heat, aerosols and fire gases.3S
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2.1 Vulnerability to Heat

The effect of energy release from a fire on human tenability of a

space has two interests in a fire hazard analysis. Firstly, can

people required to operate safety related functions of a plant

continue to perform their work during a fire. Secondly, can fire

fighters remain in a fire area.

The ability of operators to perform their functions at higher

than normal temperature has been reviewed by various researchers

and guidelines are available in various Occupational Health and

Safety guides.

In fire tests conducted by the National Research Council of

Canada37 150°C (300°F) was established as the maximum survivable

breathing air temperature. A temperature this high can be

endured only for a short period and not at all in the presence of

moisture. It has been suggested* that fire fighters should not

enter atmospheres exceeding 54°c without protective clothing and

self-contained breathing apparatus.

Calm dry air heated above 15°c or a heat flux in excess of 5KW/m2

will result in extreme pain to unprotected skin." Any of these

values could be used in establishing a threshold level of

tenability for a fire area.

2.2 Vulnerability to Aerosols

The aerosols of interest in establishing tenability of a space

are the visible aerosols or smoke. As smoke fills an area, the

restriction to visibility will eventually result in area

evacuation.

Aerosols derived from a fire produce several effects on humans.

Much of the aerosol consists of carbon particles upon which may

be absorbed a number of irritant compounds such as organic acids,

aldehydes or HC1.38 studies with dogs exposed to kerosene
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aerosol consisting largely of carbon soot, produced no noticable

damage and most of the soot was coughed out within 24 hours.36

This work further indicated that the aldehydes in wood aerosol

were the significant factor in causing respiratory tract swelling

and irritation. Inhalation of these products makes breathing

difficult and may be accompanied by severe coughing and a burning

sensation in the chest and throat. The eyes generally suffer

irritation which makes keeping them open difficult.

In addition to the physiological effects, absorption and

scattering of light from visible aerosols can reduce visibility

to near zero in some cases. These effects combined with fear,

anxiety and loss of orientation often result in panic

behaviour.39 irrational actions associated with panic have

resulted in persons becoming lost, being trapped in dead-end

corridors or closets, and in extreme cases merely sitting down

and waiting to be overcome. Visible aerosol concentration is

measured in terms of percent reduction of light per foot of

travel path. For persons familiar with their surroundings 9.2

percent light obscuration per foot (0.13 OD/m) is the

physiological and psychological tolerance level and for persons

unfamiliar with their surroundings 3 percent per foot (0.04

OD/m).39

2.3 Vulnerability to Fire Gases

Many of the gases generated during the combustion process are

toxic. Any plant personnel in areas where these gases could

collect will be exposed and their safety must be evaluated. The

most common toxic gas found in fire related incidents in carbon

monoxide. Human response to carbon monoxide exposure is fairly

well documented. A sample of human response to various carbon

monoxide concentrations is shown in Table C-3 of Appendix C.
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Other toxic gases generated in combustion are: hydrogen cyanide,
nitrogen dioxide, ammonia, hydrogen chloride, sulfer dioxide,
isocyanates, etc. Table C-4 of Appendix C lists these toxic
gases and summarizes the source of the gas, toxicological effects
and estimated short-term (10 min) lethal concentration.
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E. FIRE SEVERITY

In previous sections of this report it has been established that

where the conditions for combustion exist near to an exposed a

fire hazard exists. An identified hazard can then be quantified

in terms of a comparison of a suitable descriptor of a fires

ability to do damage with an equivalent descriptor of an

exposed's vulnerability to damage. The quantification of a fires

ability to do damage establishes the fire's severity.

There are numerous means for calculating fire severity. The

means selected will depend on the information available with

respect to the hazard, the exposed item and the environmental

variables. The following section will provide an overview of the

means presently available for analysing fire severity.

1. Fuel Load Concept

In 1928 S.H. Ingberg of the U.S. Bureau of Standards summarized

the first formal approach to the evaluation of fire severity in

buildings."0 Based on tests conducted by the Bureau of

Standards, Ingberg concluded that the severity of a fire was

determined by the quantity of combustible material in a room or

building (the fuel load). The greater the quantity of

combustibles the longer the fire would burn and hence the more

severe the fire.

Ingberg also hypothesized that the severity of a fire could be

quantified by calculating the area under the given time

temperature curve and above a predetermined baseline value.

Using Ingberg's hypothesis it can be reasoned that fires with

different time temperature histories but equal areas are of equal

severity (See Figure D-l in Appendix D).

The work of Ingberg and his collegues was intended to establish

the severity of fires with relation to their effect on walls,

partitions and assemblies under optimized ventilation conditions.
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The fire severity concept was expected to provide a conservative

estimate of a fire's severity and the theory was supported by

fire tests on simulated residential, business, institutional and

commercial occupancies.

Ingberg's fuel load concept has subsequently been shown to be

inaccurate because of three major faults; it ignores ventilation

effects, it does not consider the effect of short duration hot

fires, and it does not consider the effect of variations in burn

rates with different fuels.

The process of combustion requires that air be available. For a

fire in an enclosure the amount of ventilation or supply of air,

into the enclosure will dictate the rate at which it will burn.

During Ingberg's test work an adequate air supply was provided to

support burning. This condition would be representative of a

fire in an open area of a nuclear power plant but may not be

representative for enclosed spaces such as instrument rooms,

control room, motor control centres or offices.

The fuel load concept also ignores the effect of short duration

hot fires. Research has shown" 1'»2 t n a t relatively short

exposures (less than 5 minutes) at high temperatures (greater

than 600°c) will result in loss of strength of structural steel

members.

Different fuels have different burning characteristics which will

affect the rate of heat release during combustion. This is

particularly true of combustibles in a power plant. Lubricating

oils have a relatively high heat release rate compared to

electrical cables which liberate heat at a slower rate. This

will have a significant impact on how severe a fire will be.

Ingberg's work ignores variances in ventilation, fuel and other

environmental conditions which will affect a fires severity. For
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these reasons Ingberg's equal area hypothesis of fire severity is

not currently considered to be valid and reliance is now placed

on other analytical means for calculating fire severity.

2. Stages of Fire Development

Research since Ingberg recognizes that there are numerous

variables which affect fire development. It is also recognized

that fire development proceeds through various stages any one of

which may be of interest in calculating fire severity for a

specific case.

2.1 Stages of Fire Development

The process of fire development can be divided into the following

three stages:

1) Open area burning (pool fire and plume models)

2) Pre-flashover burning with hot gas layer (compartment

model)

3) Post-flashover burning (compartment model)

2.1.1 Open Area Burning

The first stage typifies burning in an area large and open

relative to the size of the fire. External conditions which

affect growth and development are minimal.5 This situation would

be typified by the fire shown in Figure 1. In large, open areas

(eg. turbine hall), this could be the only stage of burning that

might take place as it is possible that a hot gas layer, will not

develop because of the ability of the smoke produced to spread

out under the expansive ceiling. This stage of fire growth is of

interest in hazard analysis for incipient fires in small rooms

(to determine detector response) or virtually any fire in large,

open spaces.
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Figure 1

In small rooms with a growing fire, this stage will most likely

be short-lived relative to the duration of the total fire and may

not be of particular interest. The purpose of such an analysis

for small rooms could include life safety concern or the

assessment of damage to sensitive equipment. In large rooms, a

full range of concerns can be investigated including equipment

damage, impact on structural members and life safety.

2.1.2 Pre-Flashover Burning

For the situation of a growing fire in a small room, sufficient

hot gases will be generated to fill the upper portion of the room

and create a hot gas layer.5 Figure 2 shows this type of fire.

This hot gas layer radiates energy to the walls,' ceiling and

objects within the room, possibly leading to remote ignitions and

augmenting the burning rate of materials. The second stage of

fire development is of interest principally for hazard analysis

in small rooms for reasons of assessing equipment damage and life

Safety, irtir*. iu>*t»'»*i I

Figure 2
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2.1.3 Post-Flashover Burning

Fire reaching the second stage may develop to the post-flashover

stage if the rate of heat release is sufficient and additional

unburned fuel is present. Flashover is typically identified as a

sudden ignition of all combustibles in the room.5"1' This stage

of fire development would be of interest for hazard analysis

performed to assess the likelihood of damage to property,

(e.g. equipment, the structure or breach of a fire barrier).

2.2 Analytical Techniques

A variety of tools have been developed to estimate the severity

of a fire. These tools range from basic algebraic equations to
complex expressions requiring iterative techniques for their

solution.

The selection of any particular technique for a specific analysis

may be based on the following three considerations:

1) Applicability

2) Sophistication

3) Utility

Limitations on the applicability of the analytical techniques

arise due to the scope and/or assumptions made in the cases for

which the techniques were developed. No single technique exists

which can be applied to characterize all conditions in all

possible situations.

The available tools range in sophistication from relatively

simple algebraic equations to complex expressions requiring

computer models for their solution. In general, the more complex

computer models have the capability of providing more accurate

estimates of severity. However, the algebraic equations can

provide accurate estimates of severity for a set of cases, and

may provide answers of sufficient accuracy and conservativeness

for the intended purpose.
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The utility of the techniques is dependent on the hardware

requirements and level of effort (time and expertise) for

application. As such they will be of interest to the analyst.

Some algebraic equations require only a hand calculator or a

slide rule. However, other algebraic equations require numerous

iterations to be performed, thereby becoming tedious. The

computer models range in hardware requirements from micro-

computers to main frames with more becoming available from

microcomputers because of hardware and software improvements.

The level of expertise required to use the algebraic equations

and the computer models varies widely with respect to selecting

the appropriate technique, providing correct input data and

interpreting the output. In all cases determination of fire

severity will require experienced engineering judgement.

This report will review several of the techinques available for

estimating fire hazard severity, emphasizing the issues of

applicability, sophistication and to a lesser degree utility.

The discussion of techniques is organized to review the tech-

niques applicable to a particular stage of fire development.

Two excellent sources of supplementary information are the

proceedings from the two most recent Society of Fire Protection

Engineers (SFPE) symposia:"3""*

1984 - "Computer Applications in Fire Protection: Analysis,
Design",

1985 - "Techniques of Quantitative Fire Hazard Analysis".

3. Pool Fires and Plume Models

Mathematical expressions exist to predict specific character-

istics of pool fires and fire plumes. These expressions yield

data which characterize the following three descriptors of a

fire's severity.
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1) Temperature in plume

2) Heat flux from fire (radiant or convective; to ceiling/

walls or other object

3) Duration

Prior to performing any calculations of severity, the material(s)

involved in the fire must be identified. Material identification

is important as an initial step since the calculations for

severity require input information relative to the burning

characteristics of the material. The burning characteristics of

interest include the mass loss rate, rate of heat release and

portion of energy released in the form of thermal radiation,

among others.

3.1 Burning Characteristics of Materials

Data on burning characteristics for materials and products may be

extracted either from raw experimental data or calculated from

empirical correlations. Because of the observed need for

accurate data on burning characteristics, a significant amount of

effort has been expended in constructing apparatus to perform

such measurements. Examples of such laboratory apparatus include

that developed by Tewarson*', t h e c o n e a n d furniture calorimeters

at NBS1*6"*7 and the Ohio State University IOSV) rate of heat

release apparatus. A standard based on the OSU apparatus and

method of use has recently been adopted as ASTM-906.21 European

apparatus are also available to measure rate of heat release.

Experimental data obtained from the use of laboratory apparatus

are reported throughout the literature. However in many of the

publications, the rate of heat release data is included as a

supplement to the issue of interest, therefore extensive

literature search is required to find the pertinent information.

Babrauskas1" and Quintiere and Lawson"9 have provided reviews of

much of the available information.
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As an alternative to searching for experimental data on the

burning characteristic of interest, empirically derived equations

which correlate such characteristics for many materials and

products are available. These include a wide variety of charring

solids as noted below:

Solids

Wood crib
Upholstered furniture
Mattress, pillow
Wardrobe
Cable Tray/Cable Insulation
Storage arrangements of plastic commodities

Information is also available on the following solid and liquid

materials which burn as pools:

Cryogenics: Liquid hydrogen, LNG, LPG
Alcohols: Methanol, Ethanol
Simple Organic Fuels: Butane, Benzene, Hexane, Heptane, Xylene,

Acetone, Dioxane, Diethyl Ether
Petroleum Products: Benzene, gasoline, kerosene, JP-4, JP-5,

transformer oil, fuel oil, crude oil
Solids: Polymethylmethacrylate, polystyrene, polypropylene,

polyoxymethylene

Typically in order to apply the correlations, certain material

properties and/or geometric factors must be known.

Correlations for estimating the mass loss rate for wood cribs and

pool fires are presented in Table D-l of Appendix D."8"*9

The rate of heat release (Q in KW) can be estimated by one of two

approaches. First, for materials with a known mass loss rate mr

(Kg/s), the rate of heat release is given by:

Q = mr A HC [1]

where: <sHc j.s the heat of combustion of the fuel (KJ/kg).
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Empirically derived correlations are also available to estimate

the rate of heat release. Examples of correlations for rate of

heat release for some solid materials are presented in Table D-2

of Appendix D."1'*9'50 AS is noted in the table, some

correlations only estimate peak burning rates.

3.2 Temperature in Plume

One of the descriptors to assess hazard severity may be the

temperature in the plume. The temperature in the plume is needed

to determine the risk to exposed materials located in the plume,

as depicted in Figure D-2, of Appendix D. The temperature in the

plume varies with the height above the source of the plume, z.

The source of the plume is a "virtual source" as first invest-

igated by Morton-Taylor-Turner.51 The virtual source52 is

usually located vertically below the fuel surface and is

determined by equation [2].

Zo = -1.02D + 0.083 Q0'" [2]

where: Q is the rate of heat release (KW)

2 0 is the location of the virtual source below the actual

source (m).

D is the diameter of the fuel bed (m).

As suggested by Beyler53 following his review of the numerous

available equations, the relationship for the temperature rise

along the plume centerline (in °C) versus the height above the

virtual source, H (in m ) , is:

4 T = 22 2i i/s [ 3 ]

L H 5 J
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One important caution must be noted relative to the estimation of

the temperature at a particular height "in the plume". The

analyst must determine if the height of interest is a position in

the plume or in the flame (See Figure D-2 of Appendix D). This

check can be performed using a correlation to estimate the flame

height. Beyler presents a listing of several correlations for

flame height available in the literature which are applicable to

a variety of conditions including wall, corner and line fires in

addition to the general case of a fire located in the center of a

room. Since the virtual source correlation [2] was extracted

from work by Heskestad5", the flame height correlation developed

by Heskestad for flame height L (in m) is presented here for

consistency:

L = -1.02D + 0.25 Q0*" [4]

3.3 Heat Flux From Fire

Heat flux delivered at a given distance from a fire is important

in assessing the potential for damage. The radiant heat flux

from a flame is dependent on the fuel properties, size and shape

of the flame (diameter or characteristic dimension). The heat

flux incident on an exposed object of interest is dependant on

its distance from the flame. If the distance is relatively close

to the flame, then the orientation of the flame relative to the

exposed must also be known to determine the radiation view

factor. The complex shape of a flame is often approximated as a

cone or cylinder." Even with the shape approximation,

determination of the view factor can still be quite difficult and

require experienced judgement for proper selection. In order to

avoid calculation of a view factor, a point source assumption is

often made.
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A point source assumption is most appropriate for large

separation distances of the flame and point of interest, there

being a source of increasing error with decreasing distance.

Modak56 has observed that for a separation distance of twice the

pool radius, determination of the incident heat flux by the point

source approach is about 80 percent accurate. For separation

distances greater than four times the pool radius, the estimation

of heat flux is at least 90 percent accurate with the point

source approach. The point source approach is illustrated in

Figure D-3 of Appendix D.

The equation for determining the heat flux (q", in KW/m2) at a

distance, Ro (m)t away from the flame centerline by the point

source approach is:

q" = [5]
4 ir R o*

where: P = QX (KW)

X = the fraction of heat released as radiation

If the degree of accurracy given by the point source approach is

not satisfactory (or an exposed is less than twice a fires radius

away) a more detailed calculation must be performed. The amount

of energy per unit area arriving at an exposed (target fuel) from

a fire can be calculated from the equation

q" = EFT [6]

where: q" = incident heat flux (KW/m2)

E = radiative power

F = view factor

T = thermal transmissivity of air

The radiative power of a fire can be established on the basis of

experimental data, or it may be approximated using the equation5

E = e o T"
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where: e = emissivity of radiating body

o = Stefan Boltzmann Constant (5.67 x 10-* w/m2 K")

T = Flame Temperature (°K)

Where it is required to calculate the flame emissivity for a

particular situation, data is available from standard reference

texts on heat transfer57 and fire dynamics5, as well as, research

papers.55'58 Determination of the radiative power (E) will

depend on the type of fire and amount of smoke it produces. In

the case of liquid hydrocarbon pool fires copious amounts of

black smoke will be produced. This smoke will radiate some

energy but will also block some of the radiation from the flame.

Hagglund5' measured the radiant energy from black smoke as being

in the order of 20 kW/m2. Flames from liquid hydrocarbon fires

radiate 110 to 130 kW/m2. T O calculate the radiative power of a

fire the portions of flame and smoke must be estimated. In an

example posed by Mudan, the estimated radiative power (E) from a

fire which is 80% black smoke and 20% flame is given by the

expression55

E = 0.2 (130 KW/m2) + 0.8 (20 KW/m2) = 42 kW/m2

The view factor in equation [6] considers the orientations of an

exposed relative to a fire and the distance they are separated.

This factor must be calculated for each specific case using the

techniques described in standard reference texts on heat

transfer57 and fire dynamics.5

3.4 Fire Duration

The third hazard severity parameter for the pre-flashover, and

pre-hot gas layer development is the duration. The duration of a

fire which does not develop to the flashover stage can be

calculated by solving the integral equation for tj^-s

f t *
m - mr dt

Jo
where: m is the mass of fuel (Kg) available to burn.



39

If the mass loss rate is a constant, then the solution is:
m

t = m r [7a]

A constant mass loss rate can be expected for hydrocarbon liquid

pool fires (See Figure D-4 in Appendix D ) . If a hydrocarbon

liquid pool is in a container or tank, a more easily applied

equation to approximate the duration is:

t = 219 y AHv [7b]
AHc

where:
t = duration (hr )

y = height of tank/depth of pool (m)

A H V - heat of vaporization (kJ/kg)
A H C = heat of combustion (kJ/kg)

Use of this expression will yield estimates of the fire duration

which are slightly shorter than those actually observed. This is

due to the descent of liquid surface below the top of the tank as

the liquid burns. Because of the distance between the liquid

surface and tank top, the "lip effect" will become important,

altering the mixing process of air and fuel vapors, to affect the

combustion process.

3.5 Example Calculations

Situation: A 2m pool fire of gasoline is burning at floor level

in a large, open building. The pool is 2 cm deep. Cables are

located 6m directly above the pool fire. Valuable equipment is

located 10m away.

Determine: 1) The temperature of the plume at the height of

the cable located 6m above the pool.

2) The heat flux incident on the valuable

equipment.

3) The duration of the fire.

Solution: The temperature at a given height above the virutal

source can be determined from equation [3]:
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Q2 V s

AT = 22
H5

In order to apply this equation, the rate of heat release, Q, and

distance above the virtual source, z, must be determined first.

The rate of heat release can be determined from equation [1]:

Q = mr A He 2

where: from Table D-l: m = m°°" [1 - e ]
4

Babrauskas provides the following data on gasoline pool fires"6

AHC = 43.7 x 106 J/kg

no" = .055 kg/m2-s

k? = 2.1 m"1

The location of the virtual source can be determined from

equation [2]:

Z o = -1.02D + 0.083 Q°-u

Thus Z o = o.9Om

Hence, the height of the cable is 6.90m above the virtual

source. Before estimating the temperature at that position, a

check is necessary to assure that the cable is not located in the

flame. This check can be accomplished by applying equation [4]

to estimate the flame height:

L = -1.02D + 0.23 Q°-"

L = 6.09m

Thus, the cable is determined to be located within the plume,

thereby permitting the use of equation [3] to estimate the

temperature at that position. The temperature is determined to

be 334°C above normal.
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The heat flux incident on the equipment can be estimated by

equation [4]:

XQ

The radiative portion, X, can be estimated as 0.1859 for

gasoline. Thus, the heat flux q", at a position 10m away is 1.07

kW/mJ.

The duration of the fire is estimated from equation [7b].

t = 219 y AHv
AHC

The heats of vaporization and combustion for gasoline are listed

in numerous handbooks as 330 kJ/kg and 43.7 MJ/kg respectively.

Since the depth of the pool is given as 2 cm, the duration is

calculated as 0.033 hr. or 2.0 minutes.

One disadvantage in applying the previously described technique

is the lack of KP and X values for lubricating and seal oils

which are commonly found around Candu power stations. Two means

for overcoming this problem would be to determine these values

experimentally or use conservative assumptions for these values.

3.6 Buoyant Plume/Ceiling Jet Models

If the plume eminating from a fire in a building is strong enough

the convective heat will impinge on and spread across the

ceiling. The hot gas spreading across the ceiling is often

referred to as a ceiling jet of hot gas. Considerable work has

been conducted on quantifying the physical phenomenon of ceiling

jets. Recent contributions have come from Alpert,60'61&2

Zukowski, et al,62 and Heskestead and Delichatsios.53

The problem which has been consistently studied is shown in

Figure 3. A buoyant plume develops above a heat source. It

evolves to a fully turbulent plume entraining ambient air into
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the plume. When it strikes the ceiling, it forms a ceiling jet

where air is also entrained. The ceiling jet then spreads across

the underside of the ceiling, losing momentum to a viscous

sublayer formed at the ceiling. The layer and plume cool through

convection and through the entrainment of cold air.

It appears that for early fire growth situations typically of

interest in detection system evaluation, adequate models exist to

predict the temperature and velocity fields of the hot gas jets.

For very weak heat sources such as smoldering fires, the impact

of the environmental conditions is very strong and this situation

is not as well defined.

For all plume modeling efforts, it is necessary to know the heat

release rate to the plume, that is the convective heat release

rate. Obviously, the fuel geometry type, etc., will alter the

radiative properties of the flame, and hence, it is necessary to

estimate the convective heat output of a given fuel bed. More

\ \ \ \ \ \ \ \ \ \
TjBN'fjG
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Figure 3
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work needs to be performed in this area, however, it appears that

adequate estimates are currently available for the purposes of

detection system evaluation. Cooper6" h a s estimated that 35

percent of the heat release of a fuel bed is lost vo radiation

from the flame; Beyler65 assumes 30 percent.

The theoretical models have yielded very useful correlations for

temperature and velocity distributions. Beyler has derived the

following by computer experimentation based on Alpert's work.

Alpert60'61 showed that the maximum gas temperature (Tmax) near

the ceiling at a given radial position r (in m) (See Figure 3)

could be described by the steady-state equations:

5.38(Q/r)V3

Tmax - T°° =
H

where: T« is the ambient temperature (°K)

if r > 0.18H, while for r £ 0.18H (i.e. within the area where the

plume impinges on the ceiling),

16.9 Q2/3

Tmax - T« =
HV 3

These dimensions and the basic structure of the plume model used

for this work are shown in Figure 3.

Heskestead and Delichatsios63'66 have successfully developed

scaling laws for temperature rise and velocity distributions for

unsteady state situations where the fire growth rate can be

represented as a power law. These relationships will be very

useful in defining environments of detectors where unobstructed

ceilings exist.

Another situation which has been examined is shown diagrammati-

cally in Figure 4.127b The heat transfer coefficients, velocity

and temperature profiles across the fluid reservoir are formed by
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Figure 4: Effect of Curtain Wall/Beam Obstructions

the curtain walls. This is a similar problem to that studied by

Heskestead and Deliachatsios68'69 for beam pocket geometries.

This particular geometry applies for small compartments or in

large compartments after a long time. In general, however, this

situation is not readily modeled due to:

1. effect of recirculation of combustion products;

2. uncertainty in ventilation/fluid flow aspects;

3. effect of descendant smoke layer on plume behaviour.

To date, the following situations have been successfully modeled:

1. prediction of the temperature and velocity profile;

fields of a buoyant plume above a heat source of known

convective heat release;
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2. prediction of the behaviour of the turning region andceiling

jet, subject to previously mentioned constraints;

3. prediction of the heat transfer coefficients to ceiling

and wall surfaces;

4. prediction of the effects of curtain wall geometries.

In general, the following limitations apply to these methods:

1. the plume must be defined above the combustion zone. In

small incipient fire situations, this is certainly not a

major concern. Good experimental agreement canbe obtained

for low fuel bed level combustion zones.Reacting plumes and

jets are not as clearly understoodand additional work is

required. However, sufficientunderstanding exists for the

purposes of estimatingdetector response.

2. Obstructions cannot be treated in a general fashion.In

nuclear power plant facilities, a qualitativeunderstanding

of the impact of cable trays, beam pockets, piping racks,

etc., must be obtained throughtests. Given the heat release

rate (convective) as adriving force, the temperature and

velocity fields can be adequately predicted for smooth

unobstructed ceilings in both large and small compartments.

The effects of recirculation, reacting ceiling jets,

obstructed ceiling geometries, ambient stratification and

ventilation rates have not been adequately examined.

More important and far more difficult from the standpoint of

current fire modeling is the prediction of smoke signature

parameters in a plume-ceiling jet problem. However, the

approximations given in the discussion on smoke properties

provide a mechanism for estimating these parameters.

4. Compartment Models - Pre-flashover, with Hot Gas Layer

When the size of a fire is large relative to the compartment or

room where it is located heat is trapped at the ceiling forming a
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hot gas layer. This hot gas radiates heat to the lower portion

of the room accelerating combustion and heating other

combustibles in the space. This increased level of heating is

important in establishing a number of fire severity descriptors

which characterize damage levels.

The techniques available to assess the potential severity of

fires in the pre-flashover stage with a hot gas layer range from

basic algebraic equations to complex computer models. The

principal descriptors of the severity of the hazard for this fire

stage include:

1) Temperature of hot gas layer

2) Depth of hot gas layer

3) Species concentration in hot gas layer

4) Obscuration of visibility

5) Proximity to flashover.

The first four parameters can be directly measured during fire

tests. However, flashover is an "event" and thus cannot be

measured directly. Instead surrogate parameters need to be

measured. If pre-determined values of such surrogate parameters

are achieved, then flashover is said to have occured.

Previous studies have identified hot gas layer temperature and

heat flux incident onto the floor as two reliable indicators of

flashover. Typically cited critical values for temperature

and heat flux at the floor are 500°C and 20 kW/m2, respectively.

Thus, if hot gas layer temperature is selected as the flashover

indicator, then the hot gas layer temperature would be a measure

redundantly applied in two hazard severity parameters. However,

flashover is considered a sufficiently serious event to require

separate identification.
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4.1 Computer Models

Several room fire computer models have been developed which can

be used to assess potential fire severity. Reviews have been

previously presented of the basic validity and utility of the

room fire computer models.72'73'7" The purpose of this report is

not to reproduce those reviews, but instead to summarize them

highlighting the validity and some utility aspects.

The available deterministic computer models either use a field or

zone modeling approach. The zone modeling approach consists of

segmenting the room into "zones", within each zone, conditions

are assumed to be homogeneous. In room fire models, at least two

zones are typically used, one for the hot gas layer in the upper

portion of the room and another for the lower portion of room.

Field models address conditions at each point within the room.

Field models are inherently more complex, requiring more input,

data and requiring additional computer time. They also provide

more output for interpretation.

The three room fire computer models selected for review in this

report are:

1. Harvard Computer Fire Code (Harvard)

2. Ohio State University - Release Rate Model (OSU)

3. Available Safe Egress Time Model (ASET)

These three models are all referred to as zone models. The

selection of these three models is based on their widespread

availability and relative ease of application.

It should be noted that all of the five descriptors of fire

severity listed in Section B-2 are included as output by the

selected models. Thus, the discussion will be organized so as to

provide a brief review of each model.
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4.2 Temperature & Depth of Hot Gas Layer

Two concise reviews on the application of the basic algebraic

equations for estimating pre-flashover fire conditions have bee'i

presented by Lawson and Quintiere1*9 and Beyler.53 The emphasis

of these reviews was to collect the existing equations and

illustrate their application to a comprehensive problem. The

highlights of these reviews will be presented to illustrate their

application for the five parameters of interest.

Many of the algebraic equations were derived using simplifying

assumptions to reduce the governing equations to an algebraic

form.1*9 Other governing equations were solved graphically,

yielding an algebraic equation which is used in concert with a

graph.

The temperature and depth of the hot gas layer can be estimated

by an approach outlined by Beyler. The approach was originally

formulated by Cooper.75 The approach is limited to determining

the interface height of the upper and lower gas layers, when the

layer is located above the top of any wall opening, (e.g. above a

door or window soffit). The height of the interface of the upper

and lower gas layers is related to the upper layer temperature in

equation [8]:

Zi 1 - 1 Tup I l-5Etr
9/5 ]

H 9 T« L J
[8]

H 9 T«

where:
zi = interface height above the floor (m)
H = room height (m)
Tup = upper gas layer temperature (°C)
T=° = lower gas layer temperature (°C)

E and tr a r e evaluated by the following expressions:
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E = 5.84 x 10-J
0.2 Qw

where — =0.9 [8a]

E = 2.35 X 10-
0 , 2 Qw

where — =0.6 :8b]

tr = 0.157 [8c]

where:

c
t

= fire growth coefficient (kw/sec2)
= time (sec.) from ignition
= floor area (m2)
= heat loss through the windows

The constants in the equations are determined assuming:

1) the heat release rate of fires is proportional to the
square of the time (Q = ct2)

2) the fraction of heat released into the plume via
convection is 0.65.

The range of 0.6 to 0.9 for Qw/Q is a typical range of the

parameter, with 0.6 applying to the case of large

In order to apply equation [8] to determine the interface height

or the upper gas layer temperature, a room size (A and H), growth

rate coefficient (c) and time (t) must be assumed or selected.

Guidance on selecting a growth rate coefficient may be found in

Appendix C of NFPA 72E.! However, the upper gas layer

temperature and interface height are both unknown, requiring an
independent means of determining one of the two parameters. A
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graph formulated by Cooper is presented as Figure D-5 in Appendix

D to determine either Zyn o r <j> (where <t> = Tup/t). ZJ./H or 4 is

evaluated for a known value of E or S where

V9

S = 5 Etr
9

It should be noted that for some applications, it may be

desirable to assume a value of the interface height or upper gas

layer temperature. As an example of such a possible

applications, the temperature may be desired when the interface

height is at a particular level, e.g. eye level. Alternatively,

the interface height could be determined given a specified

temperature, e.g. 180°C for human untenability considerations or

500°C for flashover."9'76

Lawson and Quintiere"9 provide basic algebraic equations to

determine the hot gas layer temperature and depth, species

concentration, and the likelihood of flashover.

The interface height can be determined from Figure D-5 as long as

the interface height is above the door and/or window soffit. The

following nomenclature is associated with the figure.

y = z
H

Q* = Q/(p- T« Cp ,/gH H2)

where Z = interface height above floor (m)

H = ceiling height (m)

t = time (sec)

g =9.8 m/sec2

Q = rate of heat release from fire (kw)

poo = density of air (kg/m3)
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T« = temperature of air (K)

cp = specific heat of air (kJ/kg-K)

For air at 20°C,

Q* = 8.34 x 10-"

If Q* is less than .01, a simplification of the exact solution is

possible."9

Y » I" 1 + .123 T (Q*)Va |.»/2 [ 9 a ]

If Q* is greater than 0.4,

Y = 1 - Q*T [9b]

For Q> 0.01 and <0.4, then solution of a differential equation is

necessary. The range of heat release rates for application of

equations [9a] and [9b] are noted in the table below for specific

room heights.

Room Height

3m 5m 10m

Q*<0.01 <18 kW <22 kW <30 kW
Q*>0.4 >745 kW >910 kW >1200 kW

The calculation method for species concentration is based on a

smoldering chair generating carbon monoxide. The dose of carbon

monoxide is given as,

CY t
3

D c o = [10]
6p V

where:
Dco = dose in (% cm-min)/100

c = coefficient of CO generation (gm/min2)

Y = mass fraction of CO produced per smoldering mass

loss of fuel (g co/g)
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p = density of the combustion products (assumed

unheated) (kg/m)

V = volume of room (m )

For the case of a smoldering cotton chair and polyurethane chair

c is 0.33 gm/min2 and 0.206 gm/minJ respectively. The mass
fraction, y, can be

polyurethane."9
estimated as 0.1 g CO/g fuel for cotton and

If a hazardous dose level of carbon monoxide is selected, the

time to reach this level can be determined. Substituting a

critical dose level of 4.5% CO-min, as suggested by Lawson and

Quintiere,1*9 the above equation can be solved for t (with the

ambient air density of 1.2 kg/m3):

t = 25.3 V1'3 polyurethane chair

t = 21.5 V1<: cotton chair

The example of a smoldering chair may be applicable if

considering fires within the control room space and its severity

in terms of carbon monoxide generation in the space. Again the

availability of input data appears to be the most restrictive

disadvantage to extending these useful tools to other industrial

materials which may be involved in fires at a power station.

The temperature rise in the upper gas layer can be estimated by

A T

where:

1.6 Q

Cp

hRA

Cp p« Ao

AT = temperature rise C O

Too = ambient air temperature (°c)

p« = density of ambient air (kg/m3)

Cp = specific heat of ambient air (kJ/kg - K)

g =9.8 m/secJ

Ao = area of opening (m2)
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Ho = height of opening (m)

Q = rate of heat release from fire (kW)

A = total internal surface area (m2)

nk = <pC where t < tp

nk = < where t > to

< = thermal conductivity of enclosure material (kW/m-x)

p = density of enclosure material (kg/m3)

c = specific heat of enclosure material (kJ/kg-K)

t = time (sec) from ignition

x = thickness of enclosure material (m)

tp = PC X 2 thermal penetration time (sec)
K Z

The equation for A T may be simplified by evaluating the

material properties for air, as presented in equation [11].

This equation comes from the work by McCaffrey70 and correlates

the results of extensive experimental data providing an added

degree of confidence in its accuracy.

AT = 2.22
[11]

If the same material is not used on all enclosure surfaces,

i.e. floor, walls and ceiling, then the product h^A should be

evaluated for every surface, with all of the products summed.

Also, if more than one opening exists in the room, then the

product of AoVHo should be determined for each opening, with the

sum of the products substituted in equation [11].
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Equation [11] may need to be evaluated at numerous time steps

because of the variation in the value of hj< being dependent on

the thermal penetration time.

4.3 Time to Flashover

The occurance of flashover can be estimated by accepting the

criterion of 500°c temperature rise and solving equation [11] for

Q:

=[610 hkQ

If the rate of heat release can be approximated by:

0 = ct2 [12a]

then the time for flashover can be estimated by equation 13a or

13b

t = 610
hk A Ao °»25 where t > t p

[13a]

t = 300
_*pc A

2/9
where t < tr

:i3b]

Both forms of equation [13] assume the time for flashover is

either less than or greater than the thermal radiation time (tp)

for all enclosure materials.

Except for the case of a steady fire, (constant Q) the equations

must be reiterated for each of numerous time steps comprising the

duration of interest. Because of the simplifying assumptions and

inherent errors in graph reading, results obtained from the use

of the basic algebraic equations described above should be
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considered as first order estimates for most cases."9 Examples

of applications of the basic algebraic equations are readily

available in the publications by Lawson and Quintiere"9 and

Beyler53 and are not presented here.

4.4 Harvard Computer Fire Code

The Current version of the Harvard Computer Fire Code (Harvard

Code) is referred to as Mark VI. Whereas Mark VI includes some

desirable advancements, it is still in a developmental

stage. ' ' Thus, the discussion in this report will pertain

to the Mark V editions unless otherwise noted.

The Mark v version Harvard Code is well-documented and models the

conditions in the room of fire origin. The room may contain from

one to five openings in the walls to act as vents. Up to five

objects in the room may be considered as burning (though

involvement of the walls or ceiling is not permitted). One of

three fire types may be considered: a gas burner fire, a pool

fire or a growing fire."* A gas burner (fixed flow rate) and a

pool fire (fixed size) are both steady fires, i.e. non-growing.

The gas burner fire is not available in Mark VI.

Ignition of materials other than the initial fuel object can

occur by two modes: piloted ignition with direct contact by a

flame, piloted ignition with contact by other than a flame, or

autoignition. In either of the three modes, ignition is achieved

when the surface temperature of the object reaches the respective

ignition temperature.

Using the zone model approach, the Harvard Code divides the room

gases into seven separate regions.

1. Upper gas layer

2. Lower gas layer

3. Initially ignited objects (s)
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4. Other objects(s)

5. Flame and plume above ignited object!s)

6. Vent(s)

7. Room enclusure (walls and ceiling).

The Harvard Code consists principally of four sub-models which

address the physics of a room fire.75 T h e f o u r submodels are:

1. Flame Model

2. Plume Model

3. Two-layer Model

4. Vent Model

The flame model addresses the energy transfer from the flame

region. In order to estimate the energy transfer, the shape and

properties of the flame must be determined. The flame character-

istics are determined by equations similar to those available in

the literature reviewed in Section E-3 of this report. Flame

size is varied according to oxygen concentration, which was not

considered in the previously cited correlations.

The plume model uses the virtual point source approach discussed

previously.80 The model considers that the plume only exists

below the interface of the lower and upper gas layers.

The two layer model includes the assumption of layer homogeneity,

i.e. the properties of the gas are uniform at all positions in

the upper gas layer. The layer interface height is determined

based on the amount of gas which accumulates in the upper layer.

The accumulation of gas is determined as the difference between

the gas delivered to the upper layer via the plume and the gas

exiting via the vent.
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The vent model addresses the rate of gas entering and exiting via

the vents. The model assumes the gas in the room are

incompressible when calculating vent flows. Vent flows are

determined from the pressure gradient between the inside and

outside of the room.

The list of assumptions compiled by Underwriters Laboratories

Inc.72 for the Harvard Code is presented as Table D-3 in Appendix

D.

The input for the Harvard Code is presented in Table D-4 of

Appendix D. As is obvious, the input requirements are

substantial, however, the Code has been formulated such that the

input data from the previous run may be edited to change the

values of only selected parameters, rather than entering the

entire set. Also, default values are available for many of the

input parameters. A sample input file used to model a mattress

fire is presented in Table D-5 of Appendix D.

An extensive amount of information may be obtained as output.

Values for a total of 37 general variables and 10 object

variables are printed at chosen time intervals. As an option, a

short listing of eight variables may be obtained. The following

eight variables are the set defaulted to:72

1. Upper gas layer temperature

2. Surface temperature of target object(s)

3. Wall/ceiling temperature

4. Upper gas layer depth

5. Mass concentration of oxygen

6. Mass rate of hot gas flow from the room

7. Rate of pyrolysis of burning object

8. Radius of fire on initial object
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Samples of each form of the output are presented in Tables D-6

and D-7 of Appendix D. Depending on the severity parameters of

interest for a particular hazard analysis an appropriate variable

can be selected for the program output.

Numerous comparisons of experimental data with the output from

the Harvard Code have been presented. The comparisons have used

data from full-scale bedroom tests conducted by the Factory

Mutual Research Corporation (FMRC),'9 mattress fires in a bedroom

and health-care patient room,81 a park service hotel room82 and a

Japanese hotel.83 In general, an agreement between the modeled

values and the experimental data is quite acceptable for most

variables, including upper gas layer temperature, layer interface

height, carbon dioxide production, among others. The only true

exception to the good agreement is the prediction of the mass

fraction of carbon monoxide produced.79 This may be attributable

to the limits in the state-of-the-art in predicting the carbon

monoxide generation. Milter also notes that pyrolysis rates of

some pool fires may be over-estimated and maximum calculated hot

gas layer temperatures are slightly low in many cases.79 No

where in the literature is the "over-estimate" and "slightly low"

calculation quantified.

Examples of the comparison of experimental data from the FMRC

bedroom tests with modeled data are presented in Figure D-6 of

Appendix D. These examples are included here to indicate that

good agreement is possible, though not always obtained, as can be

noted in several of the references cited.

One disadvantage of this model is that a correlation has not been

made for power plant or industrial type occupancies. The

availability of specific input data may be wanting for some

hazards, which will affect accuracies if assumptions must be

made. However, with increased data on combustible properties of

fuels in power plants this model can become a useful tool.
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As previously noted, the Harvard Code may be used to simulate

conditions in pre- and post-flashover fires. Some caution should

be exercised in using the Harvard Code to simulate post-flashover

fires. This is recommended based on some of the assumptions of

the model, namely upper layer burning is neglected, only five

objects may be ignited, wall/ceiling (or materials attached to

wall/ceiling surfaces) burning is prohibited and heating of the

floor and lower portion of room enclosure is neglected. Because

of this, modeling post-flashover fires cannot be expected to be

accurate nor conservative for most cases. Many of the assump-

tions noted above are relaxed in the Mark VI version which should

allow the Harvard Code to more reliably model post-flashover

fires in addition to pre-flashover fires.

Mark VI, still under development contains several improvements,

including a "handbook" of material property values to simplify

the input requirements for the user. Mark VI also has the

ability to simulate conditions in up to six rooms on the same

level. The deletion of the gas burner fire from Mark VI, has

little impact on the applicability of the model as far as

practicing engineers are concerned.

The Harvard Code is currently available from the National Bureau

of Standards. The program is written in the ANSI 77 version of

Fortran. It occupies approximately 120 K bytes of memory and

runs on minicomputers or main frames. Over 20 users are known to

have applied the model in several countries.72

4.5 Ohio State University Release Rate Model (OSU)

One of the noteworthy attributes of the OSU model when applied to

power plants is its ability to model compartment fire behavior

based on rate of heat release data obtained from a standardized

test apparatus and method.81"85 As with the Harvard Code,

refinements to the OSU code are still being made.
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The OSU code models the pre-flashover fire conditions in the room

of origin.8" The room is considered to have one doorway. The

room enclosure may be lined with combustible materials, which may

become involved in the fire. The single fuel object located in

the center of the room, the center of one of the walls without

the doorway or a corner is assumed to be the first material

ignited.

Fire spread to the combustible wall and ceiling linings is based

on the Flux-Time-Product (FTP). The FTP is the time integral of

the difference between the incident and self-propagating fluxes.

The FTP can be determined based on experimental data from ASTM

E-906.21

The OSU model is a zone-type model, dividing the room into three

zones, as depicted in Figure D-7 of Appendix D. The upper zone

of the upper gas layer is considered as a continuation of plume,

i.e. the ceiling jet. The remainder of the upper layer and lower

layer are conceptually identical to the upper and lower layers in

the Harvard Code.

Flame spread across materials is considered to occur along the

characteristic dimension of the object. The flame spread rate is

determined from experimental data.85

A unique Incremental Volume Plume (IVP) approach is used to

determine the characteristics of the plume. The plume is

segmented into incremental volumes for the application of

conservation laws (mass, momentum and energy). Using this

approach, entrainment, cross-sectional area, flux delivered from

the plume and temperature (among others parameters) are

determined.

The calculation of the upper layer depth is dependent on the mass

flow exiting through the ventilation opening. The depth is
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related to the buoyant force needed to provide the necessary flow

out. The flow out is equated to the mass entrained in the plume.

The OSU model uses the assumptions noted in Table D-8 of Appendix

D.

The input requirements for the OSU model are listed in Table D-9

of Appendix D.

Examples of the output parameters can be seen in Table D-10 of

Appendix D. A sample output for a furnished compartment is

included in Table D-ll of Appendix D.

Numerous comparisons of experimental data with calculated output

from the OSU model have been conducted.81*'88'87 in all cases

good agreement was observed from upper layer gas temperature,

smoke release rate and heat output as shown in Figures D-8 and D-

9 of Appendix D.

Sensitivity analyses were performed on the vertical and

horizontal plume (ceiling jet) entrainment coefficients.37 A

range in the coefficients for the vertical plume of 0.06 to 0.09

and the horizontal plume of 0.09 to 0.13 were observed to have

negligible impact on the output.87 changes to the mass flow

coefficient or KGAMMA factor, was noticed to appreciably change

the upper layer gas temperature when varied form 0.1 to 0.9, but

only after peak temperatures were achieved.87

As previously noted, the refinement and extension of the OSU

model is currently being done for post-flashover fires and for

fire spread beyond the room of origin. Another extension

involves the ability of the model to examine compartments with

more than one opening. Also, refinements are being pursued to

reduce discrepancies between modeled output and experimental

data.
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The OSU model is written in the ANSI 77 version of Fortran IV.

Currently, the model has only been run on main frame and

minicomputers. Copies of the program are available from

Professor E. Smith at Ohio State University.

4.6 Available Safe Egress Time Model (ASET)

ASET was developed by L. Cooper at the National Bureau of

Standards.85 A user's guide has been developed by Cooper and

Stroup which outlines the use of ASET, with the emphasis placed

on clarifying the input data needs.88

ASET models the conditions primarily within the room of fire

origin, though it can be used to examine smoke spread into

adjacent compartments. The room of origin is not permitted to

have any open doors or windows. Ventilation for the fire is

assumed to be provided via leaks at floor level.89

The simulation of fire development within the room is achieved

solely through specification of the rate of heat release from the

burning object(s). Thus, in principle, any number of objects may

be burning which provide the specified rate of heat release.

Realistically the model may be limited to single object burning

due to temperatures achieved with multiple object burning.

ASET is definitely limited to the pre-flashover stage, according

to Cooper and Stroup. An upper limit temperature of 350-400°c of

the hot gas layer is cited, beyond which the output may be

expected to differ significantly from experimental data. This

difference is attributed to the impact of radiant heat transfer

from the hot gas layer to augment the burning rate of the fuel

object!s) above the free burn rate data entered as input.

Energy generation rate curves may be specified to model three

types of fires. An exponential growth fire is possible where the

burning rate, Q, is given in the form:
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Q ( t ) = Qi expfcit]

where Q^ an<j ci are constants pertaining to the rate of heat

release at the beginning of the time interval and the growth

rate, respectively.

Another type of energy generation rate curve is referred to as

the linear segmented curve. For this type of curve, the user

specifies the rate of heat release at specific times after

ignition. The computer then linearly interpolates between the

noted times to "draw a curve". Finally, the third type of fire

is any other type specified by the user by supplementing ASET

with a fire growth subroutine.

ASET uses the zone model approach as did the Harvard and OSU

codes. The physics of the fire development process is divided

into three principal parts in ASET:

1. Plume

2. Smoke filling

3. Energy balance

The plume is modeled using the results of work by Zukoski.90

Entrainment of air into the plume is proportional to the rate of

heat release of the fire.

The mass entrained into the plume is considered to be transported

to the ceiling, travel across the ceiling, then accumulate to

form a heated upper gas layer. As more mass is added to the

heated upper layer, the interface height descends in the room.

The energy balance is included to determine the temperature of

the heated upper gas layer. The energy balance is dependent on a

user-provided input parameter, Ac, relating the portion of energy

lost from the upper gas layer to the room enclosure convection.
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As with the Harvard and OSU models, a series of assumptions were

made in the development of ASET. The assumptions for ASET are

listed in Table D-12 of Appendix 0.

Input data for ASET are listed in Table D-13 of Appendix D. The

input data list is rather concise, including data which can be

readily obtained. The User's Guide is very helpful in providing

guidance in determining the few parameter values which are not

basic.85 The output of the model has been shown to be quite

sensitive to the values for \c and Xr.90 Thus fire protection

expertise is required to run ASET so that these two parameters

may be properly evaluated to obtain meaningful results.

Data can be entered interactively or in batch format. A sample

data file for a 6.1 m (20 ft.) high, 465 m (5000 sq. ft.) room

with a linear segmented burn curve is presented in Table 5-13 of

Appendix D.

The output for ASET relates primarily to five severity

parameters:

1. temperature,

2. rate of temperature rise in the upper gas layer,

3. depth of the upper gas layer,

4. concentration of any product of combustion in the upper gas

layer and

5. rate of heat release.

The output provided in Table D-14 of Appendix D results from the

application of ASET using the input file in Table D-13 of

Appendix D. In as much as ASET is formulated to provide a

"summary" or "full" output, for fire hazard severity analysis, a

"full" output is shown in Table D-14.
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ASET can be applied to examine smoke spread into adjacent

compartment. This can be accomplised by merging the output from

two separate runs of ASET. In the first run, ASET is applied for

the case of the single room or room of fire origin. The second

run is made using the dimensions for the room of origin and the

neighboring room(s) of interest. The output of the two runs are

merged based on the time for the smoke layer to descend to the

top of the door or window soffit permitting the smoke to spread

from the room of origin. Smoke descends in the room of origin in

accordance with the output from the first run until the layer

interface reaches the interconnecting door/window soffit. Then,

smoke discharges into the adjacent room, maintaining the

interface height in the room of origin until it accumulates to

the interface in this room again to the door/window soffit. The

time required for the smoke layer to descend to the combined

interface for the multiple rooms is provided in the second run.

As with the Harvard and OSU codes, extensive validation efforts

for ASET have been conducted.88'90 Comparisons of ASET output

data for temperature and layer interface height with experimental

data from full-scale room fires are presented in Figures D-10 and

D-ll of Appendix D. As noted in these two cases, the agreement

between calculation and observation is favorable. Walton has

recently noted an error in the program resulting in the over-

estimation of the upper gas layer temperature by approximately

one percent.91

ASET was originally written in the ANSI 77 version of FORTRAN.

The model ran on main frames and minicomputers. Recently, a

BASIC version "ASET-B" has been developed by Walton at NBS.7:

ASET-B has run successfully on IBM and IBM-compatible

microcomputers with an MS-DOS operating system. it should be

noted that in formulating ASET-B, the numerics of the model were

modified. This modification causes slight variations in the

results between ASET and ASET-B.91
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4.7 Comparison of Harvard, OSU and ASET Models

The foregoing three models are different in many ways including

the principles used to model the room fire, the assumptions,

their inputs and their outputs. It is difficult to declare one

model "better" than the others for specific applications or for

specific users. All three models can provide output which agrees

acceptably and within reasonable limits of accuracy. Since the

user plays such a significant role in selecting the input

however, the benefits of one model over another will depend on

the availability and complexity of input data.

The following comparison of the models is presented without

attempting to prejudice one model over another. The comparison

will be made on the following criteria:

1. Physics used to model five selected aspects of room

fires.

2. Input requirements.

3. Output provided.

Five aspects of room fires have been selected for comparison of

the physics including:

1. Fuel Burning Rate

2. Plume Dynamics

3. Entrainment into Plume

4. Hot Gas Layer Depth

5. Spread to Other Objects

The fuel burning rate is provided as input data in ASET and the

OSU models and is calculated by the Harvard Code. The input for

ASET is obtained from free burn experimental data. The OSU model

requires data from performance in the ASTM E-906 test.21 The

Harvard Code calculates the burning rate based on the fuel
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chemical composition, available oxygen and incident radiation

from the hot layer.

The plume dynamics are modeled uniquely by the IVP (Incremental

Volume Plume) concept in the OSU model. The Harvard Code applies

generally accepted findings from the work of Morton-Taylor-

Turner.51 xhe work by Zukoski (based on Morton-Taylor-Turner) is

the basis for plume modeling in ASET.

The Harvard and OSU codes both address entrainment into the plume

through momentum balances. Again, the IVP concept is employed in

the OSU model whereby entrainment is addressed at each

increment. Since much of the effort on entrainment has focused

on empirically evaluating the entrainment coefficient for the

overall plume, it is surprising that the IVP approach is

successful in modeling entrainment. ASET examines entrainment

using equations developed by Zukoski.

The hot gas layer depth is determined in three distinctly

different manners in the three models. ASET calculates the hot

gas layer depth by equating the mass rate entering the upper

layer to that delivered by the plume. Thus ASET uses the conser-

vative "closed room" approach, prohibiting smoke exhaust. The

hot gas layer depth is determined in the OSU model by considering

the buoyancy force required to deliver a particular mass outflow.

The Harvard Code calculates the hot gas layer depth by equating

the mass accumulation in the layer to the difference between that

delivered by the plume with that existing from the room.

The spread to other objects is not specifically addressed in

ASET. The OSU model uses the FTP approach and the Harvard Code

uses surface temperature to simulate ignition.
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The input requirements of the three models is provided in Table

D-4 of Appendix D. The input requirements for ASET are the least

detailed of the three. The room input data in the OSU and

Harvard codes are fairly similar. As is noted in Table D-4, the

input requirements associated with the fuel are extensive for the

Harvard Code. With the generation of a "handbook" of values

included in the Mark VI version, the fuel data requirements may

not be so awesome.

Output requirements for the three models are compared in Table D-

15 of Appendix D. The output generated by the Harvard Code can

be overwhelming. However, such an extensive listing of output

might be of assistance in some hazard analysis efforts.

Output related to the fire severity parameters for the

pre-flashover stage is provided by each of the three models,

although a prediction of flashover with the ASET code may not be

as reliable as with the Harvard or OSU codes due to its upper gas

layer temperature limitations.

5. Compartment Model - Post-Flashover

Following the occurence of flashover, a fire can be expected to

burn until virtually all of the fuel is consumed. The burning

rate in this stage is approximately constant providing a

plentiful supply of fuel exists. After this the burning rate

will decrease to zero in a decay phase.92'"J Generic plots of

the gas temperture and rate of heat release for the pre- and

post-flashover stages are presented in Figure D-12 of Appendix

D. The period of full development relates to the post-flashover

stage. The decay period should not be neglected in a

comprehensive severity analysis since gas temperatures can remain

at damaging levels for a substantial period of time.
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Typically, the two hazard severity parameters cited to

characterize post-flashover fire are the gas temperature in the

room and duration of the fire while in the post-flashover

stage.1*2 Harmathy recommends a third parameter, the heat flux

delivered to the room enclosure.92

Post-flashover fire development is governed by the ventilation of

the room or the fuel characteristics. The fuel controlled case

occurs where an abundant oxygen supply is present such that the

combustion process is controlled by fuel surface characteristics.

If oxygen is not abundant, then the fire is choked to some

degree, burning less vigorously.

Estimation techniques for the temperature and duration of post-

flashover fires have been available since the 1970's.92'93'9*

Several techniques consisting of algebraic equations are limited

to use in determining the maximum temperature.92"*2'9S r96. other

computer-based techniques are available to determine the temper-

ature as a function of time.97'98'99'93

Several similar versions of algebraic equations are available to

estimate the duration and maximum temperature of a post-flashover

fire. Due to the similarity of the equations, it is only

necessary to review two approaches. The first approach was

developed for the American Iron and Steel Institute (AISI) by the

Department of Fire Protection Engineering at the University of

Maryland based on work by Law.95'96 This approach uses the

step-by-step format. The second approach consists of the

technique published by Harmathy.92 This approach is noteworthy

because of the inclusion of the heat flux parameter.

A calculation procedure applicable for the decay period is not

included in either of the methods presented by Harmathy and

AISI. This may be related to the fact that application of the

results for the decay period is not straight forward.
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Lie3" suggests the following correlations for the gas temperature

in the decay period:

T = Traax - 10t where T < 60

[14]
T ~ Tmax - 7 t where T > 60

where:
T = gas temperature (K)

Tmax = maximum gas temperature in developing stage (K)

t = time in decay period (minutes)

T = time in fully developed stage (minutes)

5.1 AISI Guide

The AISI guide was originally formulated to ascertain whether

exterior steel members were susceptible to damage from an

adjacent post-flashover room fire. For this reason calculation

of the maximum temperature is possible by the use of selected

procedures.

The expression developed by Law is based on semi-empirical

correlations which satisfactorily characterize experimental

data96. The comparison of the correlations with the data is

shown in Figure D-13 of Appendix D.

The procedure for estimating maximum temperature can be condensed

into one of the following two forms:

T = 6000 1-exp
-.051L

AT
1-exp -.099

AT

Aw

/Awh°-S

AT
+ 20 [15a

T = 1200 1-exp + 20 :i5b]
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T = gas temperature (°C)

L = fire load (Jcg)

A T = total internal surface area (m2)

Aw = total area of ventilation opening (m2)
h = height of ventilation opening (m)

Equation [15a] is used for the "no through draft condition",

(eg., where one ventilation opening is available for both air

supply and exhaust and all openings are located on the same

wall). Where multiple openings are available and located on

different walls, (eg. one opening available for supply and

another for exhaust), then a "through draft" condition is

stipulated and equation [15b] is used.

The independent variables for equations [15a] and [15b] are

readily evaluated given the geometry and fuel loading for a

particular room. The step-by-step procedure to evaluate these

variables from the AISI Guide is presented in Table D-16 of

Appendix D.

The duration of the post-flashover stage can be evaluated as:

T = L
R

where:

T = duration (min)

R = rate of burning (kg/min)

L = fuel load (Kg)

The rate of burning can be determined by one of the following

equations:

L [16a]

=/.O8
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R =

where:

R =

L =

Aw =

h =

W =

D =

10.8 1-exp -0.036
AT

Aw
:i6b]

rate of burning (kg/min)

fuel load (kg)

total internal surface area (m2)

total area of ventilation opening (m2)

height of ventilation opening (m)

width of room (m)

depth of room (m)

Equation [16a] is applicable to post-flashover fires which are

fuel-controlled, i.e., the rate of burning is dictated by the

fuel characteristics (chemical composition and geometry). For

ventilation-controlled fires where the rate of burning is

governed by the air supply, equation [16b] applies. The true

rate of burning is the lesser of the two values calculated by

applying equations [16a] and [16b].

5.2 Example Application of Algebraic Equations

Situation: A post flashover fire occurs in a 3m x 4m x 3m room

with a single open window (.8m x lit). The fuel load con-

sists of 500 kg of furniture. The enclosure is comprised of

gypsum wallboard. The window is located on one of the 3m x

3m walls. The thermal properties for gypsum wallboard are:

Conductivity: 0.17 W/mK,

Density: 960 kg/m3

Specific heat: 1100 J/kg K

Determine: The maximum gas temperature, duration, and incident

heat flux in the developing stage.

Solution: The AISI approach will be applied first, followed by

the approach by Harmathy.
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AISI Procedure

Since only one ventilation opening is present, the draft

conditions are considered as "no through draft".

Then, the gas temperature can be determined by equation [15a]:

T = 6000
-0.051L

1 - exp
AT

1-exp
AT

-.099 + 20
AT

where:

L = 500 kg

Â / = • 8 in

AT = (4x3x4)+(2x3x3) - .8 = 65.2 m2

h = 1 m

Substituting the values into the equation, the gas temperature is

T = 660°C

The control mechanism of the fire is determined indirectly by

selecting the lesser of the two calculated rates of burning:

R = L [16a]
9.08

R = 10.8 1-exp -0.036
AT

where L, AWf h, and T are given and
W = 3m
D = 4m

Using equation [16a], R is evaluated as 55.07 kg/min. The value

for R from equation [16b] is 7.08 kg/min. Thus, the lesser value

of 7.08 kg/min, indicates the fire to be ventilation controlled.

The duration is
T = L = 70.6 min

R
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5.3 Harmathy Procedure

Harmathy has outlined a procedure92 to calculate the room gas

temperature, heat flux incident on the enclosure and duration.

The procedure is a semi-empirical approach, using experimental

data to define the coefficients in the equations.

The procedure is applicable if the fire is ventilation- or

fuel-controlled. However, the equations and/or coefficients

differ for the ventilation and fuel-controlled cases. Thus, as a

first step, the control mechanism of the fire should be

determined.

An air flow factor, £, is suggested by Harmathy to determine if

the fire is fuel or ventilation-controlled. If £ is greater than

or equal to 1.0, the fire is judged to be fuel-controlled. For

values of £ less than 1.0, the fire is ventilation-controlled.

The parameter, £ is evaluated by the following expression:

= 119 [17]

where:

A = area of ventilation opening (m2)

h = height of ventilation opening (m)

L = fire load (kg)

The constant in the expression for £ was evaluated assuming a

fuel surface area to mass ratio of 0.13 m2/kg, typical of

furniture items.7 3

The duration of the fire in the fully developed stage can be

estimated from equation [18].

x = 1162/5 where £ <1

[18]

T = 1162 where £ >1
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The gas temperature and heat flux can be determined by the

following coupled equations. The equations are non linear and

therefore, the gas temperature and heat flux need to be

determined by a trial and error procedure.

A«p
Q - 1150 Ug(1.05 T g . T o ) . o M

3
[is:

Tg =

where:

q

A

Q

,9o

K0.5

To + q

o.

To =
a =

K =

U =

U =

Q =

Q =

6 =

6 =

i =

i =

0. JS

[20]

heat flux incident on enclosure surfaces (kw/m)

gas temperature (K)
total internal surface area (m2)

rate of heat release, (W)

ambient air temperature (k)

Stefan-Boltzmann constant, 5.67 x 10-8 W/m2 K

thermal diffusivity of enclosure (m2/s)

thermal conductivity of enclosure (w/mK)

. 6 9 Aw JYi

• 5 9 *w JK + 0 . 0 0 0 8 L
1 . 7 5 x 1 0 5 A v , ^ ( 6 . 8 8 6 + 1)

1456 Au,./TT ( 6 . 8 8 6 + 1)

(H/i) 3/2

1

1-87

0.07 L1/3

where 5 <l

where 5 21

where t, <l

where 5 s:

where e >H

where 1 <H

where £ <1

where 5 21
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Harmathv Procedure

Applying Harmathy's procedure to the previously stated problem:

\ijh = 0.19 < 1 [17]
5 = 119

L

Thus, the fire is determined to be ventilation-controlled. The

duration is

T = 1162 = 6115 sec = 101.9 min.

The heat flux and temperature are determined using a trial and

error approach from equations [19] and [20] as

T = 1240 K or 970°C

q = 6.36 kW/m2

A comparison of the AISI and Harmathy procedures shows that they

differ significantly in the determination of duration and gas

temperature.

AISI Procedure T = 70.6 min T = 660°C

Harmathy Procedure T = 101.9 min T = 970°C

Since the AISI procedure is based on Law's work, which is more

closly correlated to experimental data, better answers would

appear to be the more likely using the AISI procedure.

5.4 Tsuchiya and Sumi

Tsuchiya and Sumi formulated a computer model to examine

post-flashover fire conditions, including the decay period. The

model is based primarily on a formulation for the heat balance

within the compartment. The model applies material from work by

Kawagoe and Sekine" and Odeen.100

During the developing stage, the fire is assumed to be

ventilation limited. Babrauskas has indicated that a fire which
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is slightly ventilation-controlled is the most severe.101 i n

Tsuchiya's model the fire becomes fuel-controlled only in the

decay stage. The transition point from ventilation to

fuel-controlled regimes is used as the indicator of initiation of

the decay period.

In addition to the energy balance, the concentration of products

of combustion are determined based on a chemical equilibrium

equation. The fuel is assumed to be a C-H-0 compound and

incomplete combustion is accounted for.

Assumptions used in the model include

1. Fire is ventilation controlled until decay period when
fuel controlled.

2. C-H-0 chemical composition of fuel

3. Gases are well-mixed in enclosure

4. One-dimensional heat transfer in room enclosure

components.

Input requirements for the model are:

1. Room dimensions

2. Dimensions of ventilation openings

3. Properties of room enclosure

4. Composition, quantity and shape of fuel

The outputs provided include the following as a function of time:

1. Gas temperature

2. Temperature profile in room enclosure components

3. Composition of gases in room

4. Rate of combustion

5. Rate of heat release from fire

6. Rate of heat losses from enclosure.
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No validations have been reported for this model and therefore,

a complete evaluation of the model is not possible.

5.5 Gass and Varotta

Gas and Varotta10' report on a Simulation Model for the

Assessment of Onboard Fire (SMOF). SMOF is a stochastic model to

analyze the spread of fire on a Naval Ship. SMOF includes a

deterministic post-flashover fire model to estimate the

conditions in a room.

The deterministic portion of SMOF is referred to as a physical

model of fire propagation on-board ship. Mass and energy

balances are the processes being modeled, as with most

post-flashover models. The mass balance is computed by equating

the mass outflow from the room to the sum of the mass inflow and

the mass of gaseous products of combustion. The energy balance

considers the heat input from the fire and the heat losses

through the enclosure and openings. The heat input is calculated

by an effective heat of combustion parameter with four

fuel-dependent constants although no provision is given for

varying those constants with fuel types. The radiation heat

transfer is done simplistically, without varying the emissivity

of the gas. Further, the energy balance for a wall is formulated

assuming the wall heats very rapidly. This is not generally true

for power plant applications.

The model assumes a fuel-controlled post-flashover fire.

However, no justification is made for such an assumption.

Further, Babrauskas has shown that fires which are slightly

ventilation-controlled are more severe.101 The model also

assumes;

1. One ventilation opening

2. The compartment gas well mixed.

3. Empirical heat release rates for general polymeric
fuels.103
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No validations are reported for the model. Because of this and

the applicability of the model specifically for shipboard

conditions, this model does not appear to be appropirate for

hazard severity analysis in power plants.

5.6 Babrauskas

COMPF 2 is a post-flashover, single room model developed by

Babrauskas.93 The model is based primarily on heat and mass

balances for the fire compartment. Fuel or ventilation

controlled fires can be modeled by COMPF 2. The fuel in the room

may be wood cribs (loosely or densely packed) and pool fires

(hydrocarbon liquids or thermoplastics).

COMPF 2 calculates the energy balance by considering radiative

and convective heat transfer in a basic, but not over-simplified

manner. The mass balance is addressed by equating the mass

inflow with the mass outflow through the single room opening.

Babrauskas has identified the following assumptions used in

formulating COMPF 2.93

* The compartment represents a well-stirred reactor,
i.e., spatial temperature variations in the hot fire
gases are ignored.

* The model is quasi-steady state. Time variations in
fuel release rate and in conduction losses are fully
included. However, time rate of change terms in the gas
phase mass and energy balance are dropped.

* Air supply and gas outflow occurs through a single
window in a vertical wall and is the result of
fire-induced convection.

* The thermal discontinuity away from the window region
is at a level below the bottom of the window. The
volume below the discontinuity is occupied by cold
incoming air. In a flashed-over fire this discontinuity
is closer to the floor, however, its exact location
below the window bottom is immaterial.
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Burning is limited by air or fuel supply rather than by
gas phase chemical kinetics.

Walls (including the ceiling) are modeled as portions
of a homogeneous solid of finite thickness.
Temperature-dependent material properties are allowed
for.

The input requirements for COMPF 2 are comprehensive, yet readily

obtained. A list and description of the input variables, is

provided in Table D-17 of Appendix D. A sample input file is

presented in Table D-18 of Appendix D to examine the

post-flashover fire conditions from a wood crib fire.

The output obtained from COMPF 2 includes gas and wall

temperatures, rate of heat release from the fire, heat transfer

rates to the enclosure and other parameters. The output listing

presented in Table D-19 is obtained for the input file associated

with the wood crib fire previously presented in Table D-18.

Comparisons of experimentally measured and modeled compartment

gas temperature are presented in Figure D-14 of Appendix. It is

apparent that the agreement between the measured and calculated

temperatures is quite satisfactory.

COMPF 2 is written in FORTRAN. The program has been run on main

frame computers and is available from the National Bureau of

Standards.

5.7 Pettersson et al

In the "Fire Engineering Design of Steel Structures" Ove

Pettersson and his colleagues present a method for determining

the temperature in a fire compartment through the growth, post

flashover and decay periods. This method is based on heat

balance equations for the compartment. This heat balance

relationship can be expressed as:

XC = I I + IW + IR + IB
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where: IQ a the heat released during combustion

JL = the heat removed due to the replacement of hot
gases by cold air

*w = the heat dissipated to and through the wall,
ceiling and floor structures

*R = the heat dissipated by radiation through openings
in the fire compartment

*B = the quantity of heat stored in the gas volume in
the fire compartment per unit time (assume 0)

The heat balance equations are based on the following simplifying

assumptions:

1. combustion is complete and takes place exclusively inside

the fire compartments

2. at every instant, the temperature is uniformly distributed

within the entire fire compartment

3. at every instant, the surface coefficient of heat transfer

for the internal enclosing surface of the fire compartment

is uniformly distributed

4. the heat flow to and through the enclosing structures is

unidimensional and, with the exceptioi' of any door and

window openings, is uniformly distributed for each type of

enclosing structure.

with the expressions for the various terms inserted into the heat

balance equation, the fire compartment temperature can be

determined. Calculated gas temperature-time curves for a

standard fire compartment are tabulated based on the fuel load

(in MJ/m2) and specific ventilation factor expressed as

where A = total area of the verticle openings in the fire

compartment

h = mean value of the height of vertical openings in the

compartment
At = total internal surface area of the compartment.
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A sample of the tables generated by these calculations is shown

in Figure D-15 of Appendix D. If the fire compartment does not

have the boundary conditions of the standard compartment for

which the tables were generated, conversion factors are provided

for seven additional compartment types so that gas temperatures

for alternate cases can be evaluated. These conversion factors

are shown in Table O-20 of Appendix D.

The correlation of calculated temperature-time curves using this

method with those measured in actual tests is good. The

calculation method would appear to give fairly accurate

predictions of fire severity.

6. Smoke Movement

Smoke produced by a fire in a nuclear power station raises two

potential concerns in conducting a facility hazard analysis.

First a threat to occupation of vital plant areas (eg: control

room, secondary control room) and second as a potential carrier

of radioactive contamination. This section of the report reviews

the production of smoke and forces which result in smoke movement

in a building. More comprehensive discussions on smoke movement

can be found from various sources.10"'105

6.1 Smoke Production

It has been demonstrated that the quantity (mass) of smoke

produced by a fire can be estimated by the following equation.51

M = 0.096 Ppo y
1-5 [g To ] °-5 [21]

where M = rate of production of smoke (kg/s)

P = perimeter of fire (metres)

Po = density of ambient air (kg/m3)
To = absolute temperature of ambient air (k)
T = absolute temperature of flames in smoke plume
g = acceleration due to gravity (m/s2)
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This relationship varies slightly in form from that used in some

fire models with upper gas layers discussed previously, however

it provides a useful estimate of the rate at which smoke is

produced in a fire. This expression can be readily applied to

pool fire scenarios in a power plant, however, estimation of P

for fires involving solid materials is more difficult.

In the analysis of smoke movement in a building it is generally

desirable to estimate the rate at which smoke moves to obstruct

exit ways or contaminate spaces adjacent to or remote from a

fire. To do this, it may be desirable to convert the mass of

smoke produced into volume rates of flow from the room of fire

origin. This can be achieved using the expression:

vf = M [22]

290
1,22 x T + 273

where Vf = volume Flow Rate in m3/S

6.2 Data on Smoke Properties

A significant body of knowledge exists from small scale tests on

the properties of smoke particulates. The data enables

qualitative estimates of the size, type and distribution of smoke

particles under flaming and non-flaming conditions. It is not

within the scope of this report to review the status of smoke

property research. However, because of its importance in

detector operation, it is briefly discussed below.

A particular review136 provides useful data on smoke properties.

These data are given for a variety of heat rates, burning

conditions (flaming, non-flaming), gas temperature, atmospheric

composition, and ventilation rates as they apply to the test

apparatus used. These are not full scale results, but should be

considered as qualitative guides for detection system evaluation.

An interesting example for nuclear power plants is PVC because of

its presence as cable insulation in many areas. Results are
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given for 7 types of PVC with varying plasticizer and additive

concentrations. A typical plot of smoke properties data is shown

in Figure D-16. •

Under different heat rates, non-flaming fires, the mass median

particle size (Dmm) lies between 1.42um (at 3.2 w/cm2) and 1.2um

(at 3 w/cm2). Comparisons between flaming and non-flaming

conditions indicate a mean particle size of .44 at a 2.5 w/cm:

heat rate for a flaming fire and .73 for a non-flaming sample at

6.2 w/cm2 in air.

A Japanese study10' indicates that several other variables will

influence smoke properties. These variables include: smoke

aging, coagulation, atmospheric composition, heat rate,

ventilation, temperature and other related parameters. These

parameters illustrate the problems involved in estimating

particle size, distribution, concentration, etc., in specific

hazard situations.

6.3 Smoke and Gas Levels

Smoke and toxic gases produced in a fire can be quantified to

give an estimate of conditions in a fire compartment or an

adjacent area. We can estimate the filling time for the

compartment of origin from the total heat release rate. (See

equation 21). The filling time for freely connected compartments

on the same floor will be calculated in the same manner.

For most fuels burning with sufficient oxygen, the smoke yield

(fraction of fuel mass burned which is converted to smoke) is a

constant, (Ysjf which varies over a range of a few tenths of a

percent (for wood and cellulosic fuels) to about 30% (for some

plastics).6

We can estimate the smoke density in all compartments if we have

the mass fraction of fuel converted to smoke (Ys) for each fuel.
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For i fuels we find:

s (mf Ys)i
Ms = i [23]

where: mf iS the total mass of fuel i burned in milligrams, and
VT is the total volume of all freely connected
compartments in m3.

Ms gives a soot mass concentration in each compartment [in mg/m3]

once filled (assuming full mixing). Then, using the relation

that a mass of one milligram in a cubic meter (of black smcke)

has an optical density of .0035, an optical density (D) per metre

can be obtained (D = 0.0035 Ms). Finally, using the relation

from Rasbash we can estimate how far an occupant can see.

V = 1.4/D-767 [24a]

where: V is distance of vision (m),

D is optical density per meter.

In the same manner as for smoke, the toxicity of the combustion

products in each compartment can be estimated by:

(mf)i
ccp = ? _ [24b]

where: (mf)i i s t h e t o t ai m a s s of f u e l j. burned (mg),

vTe is the total volume of all compartments in i
(lGOOH = 1 m 3),

In this case a Y c p similar to the Ys is not included since the
conversion efficiency is taken into account in the lethal

concentration (LC50) determination (Note the change in units for

volume). C c p gives the "combustion product" concentration in

each compartment. If we then take the ratio of C c p to the mass

weighted average LC50 for each fuel we have the fraction of the
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30 min. lethal concentration in each compartment. That is:
ccp

% Tox = - x 100

I |(LCS0)i (mf]j) 1 [25]
r(raf)i

The denominator of equation [25] is a way of determining an

average LC50 for a mixture of fuels for which the LC50 of each

individual fuel is known. For example, if we have a total fuel

mass of 100 g made up of 25 g of fuel #1 and 75 g of fuel #2, the

average LC 5 0 for the two fuels together will be 25% of the LC50

of fuel 1 plus 75% of the LC 5 0 of fuel 2. After calculating the

percent toxicity by equation (25], we can apply the assumption

(Haber's rule) that the product of concentration and time is a

constant (C c p A t = LC50 • 30 min). Thus, 50% of the 30 min lethal

concentration is lethal in 60 min and 150% of the 30 min lethal

concentration is lethal in 20 min.

6.4 Smoke Spread

The major forces which cause smoke to spread throughout a

building are: expansion, buoyancy from the fire, stack effect,

wind and the ventilation systems. These forces create pressure

differentials throughout a structure which influence smoke

migration.

When the air in a compartment is heated it expands and by the

ideal gas law the pressure in the compartment is increased. This

increased pressure causes air in the compartment (or smoke in a

fire situation) to be forced into adjacent areas through inter-

connecting openings. In most cases the force resulting from this

increase in pressure is minor compared to stack effect and

ventilation system influences. For this reason the contribution

of expansion forces to smoke movement between compartments is

usually ignored in calculations.
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Close to a fire smoke is heated and consequently has a reduced

density which gives it buoyancy. If the fire is in a room which

is assumed to contain a hot upper gas layer the pressure

differential (A P in Pa) between this room and the exterior as

created by buoyant forces can be expressed by the equation:10"

AP = Ks I 1 - 1 h [26]

[— — J
where T o = absolute temperature of surroundings (K)

Tf = absolute temperature in the fire compartment (K)
h = distance above the neutral plane for the room (m)
Ks = coefficient (3460)

If a fire room is in close proximity to a desired smoke free area

the effect of buoyant forces may be important in evaluating the

likelihood of smoke movement into this area. However as smoke

travels away from the source of heat it cools and is more

strongly influenced by building air flow patterns.

Stack effect has a significant impact on the movement of smoke

from lower to higher levels in a building. 10l"10S stack effect

results from warmer interior air being less dense than cold

exterior air (winter conditions). The buoyant force of the gases

created by this difference in density results in air movement

into vertical shafts at lower building levels and from the shaft

into floor areas at upper levels (see Figure D-17). At some

point on the building height the pressure between the vertical

shafts and the adjacent floor area will be zero. This point is

the neutral plane for that shaft. The pressure differential

caused by stack effect can be expressed using equation [27].

AP = 3460 f"_L_ " _L-| h [27]
To Ti
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where T o = absolute temperature of outside air (°K)
TI = absolute temperature of inside air (°K)
h = height above neutral plane (m)

Wind can create pressures which may influence air movement in the

building. The pressure (Pw expressed in Pa) exerted by wind on a

surface can be expressed as:

Pw = 1/2 cw P o v
2

where C w = dimensional pressure coefficient

Po = outside air density (Kg/m3)

V = wind velocity (m/s)

When evaluating smoke movement in a nuclear power plant the

influence of this pressure will depend on the building structure

and the particular case being analyzed.

The buoyancy, stack and wind effects create pressure

differentials in a building which will influence smoke movement.

A model does exist for calculating smoke concentrations in a

multistory building has been developed.106 The input data and

assumptions, and limitations of this program are shown in Tables

D-21 and D-22 respectively (See Appendix D).

The model has three limitations with respect to its applicability

to nuclear power plant fires. First, the model considers a

commercial high rise building. A specific application of the

model to a power plant layout would have to be reviewed carefully

to ensure that all appropriate factors were considered.

Secondly, the model calculates smoke spread from compartment to

compartment on the basis of mass flow equations. These equations

include a factor which takes into account the leak rate of the

exterior skin of the structure.105 Values available for leakage
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rates are based on studies of commercial buildings. The

construction of an industrial facility and particularly

containment structures vary greatly from commercial type design.

A third disadvantage of this model is that the user is required

to have a good knowledge of construction, ventilation systems and

air movement within that structure. For an industrial facility

this is difficult. The situation can be greatly simplified for

existing facilities by measuring pressure differentials at

strategic locations during adverse weather conditions. The model

could then be adapted to accept measured values and the mass

balance, mass flow and smoke concentration calculations utilized

to calculate the desired output.

It is recognized that some work has been done on the ability of

smoke to transport radioactive contaminants a distance from the

fire.107'108 Research is ongoing to quantify generation rate of

radioactive particles from fires involving nuclear contaminated

fuels. However it is beyond the scope of this review to detail

work in this area.

7. Summary of Analytical Techniques

Numerous analytical tools are available to estimate the severity

of fires in power plants. The analytical tools range from basic

algebraic equations to complex computer models.

Both basic algebraic equations and complex computer models are

available to estimate severity parameters for the pre-flashover

fires with a hot gas layer. In general, application of the

algebraic equations is tedious and has a limited scope, as

previously identified. Thus, a computer model such as the OSU or

Harvard code are more suitable for hazard analysis of fires in

this stage.
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Two algebraic equation oriented methods and COMPF 2 are available

to calculate the severity in the post-flashover stage. In most

cases, the algebraic equations should be appropirate where

maximum temperature is desired, though the trial and error

approach by Harmathy is tedious. Formulation of a computer

program would be more helpful for Harmathy's approach. If a

temperature versus time profile is desired, then COMPF 2 should

be applied.

The primary disadvantage of estimating fire and smoke movement by

the models discussed is the unavailability of input data for

industrial hazards. Two approaches have been suggested for using

the models under this restraint. One is to determine the

appropriate values experimentally. If this is not practical,

conservative values meeting the licensors requirements can be

selected and justified.

All analytic techniques should be correlated to the case being

evaluated. A sensitivity analysis of input variables should be

conducted and in each case an analysis should demonstrate that

the technique used is suitable for the conditions present.



91

F. FIRE HAZARD CONTROL MEASURES

The previous report sections provide an overview for identifying

and quantifying fire hazards in Candu power plants. Although

these cover necessary components of hazard analysis they are

incomplete if they ignore fire hazard control measures.

In the late 1960's and the 1970's various groups concerned with

fire safety developed formalized building evaluation techniques.

The most widely accepted of these uses a decision tree. This

tree provides a structure, showing the relationship of the

various components for achieving a fire safety objective!s).

A fire safety objective (eg. provide for the safe operation of

the nuclear safety systems at a Candu plant) can be achieved by

preventing fire from starting; or by managing a fire to minimize

damage to any exposed items of concern. The relationship of

these two approaches to achieving a fire safety goal is shown in

decision tree form in Figure E-l of the Appendix E.

Although the decision tree indicates that preventing a fire or

managing its impact is required to achieve a safety objective,

fire experience has shown that neither approach is likely to be

100% effective. Therefore, in practice, total reliance cannot be

placed entirely on either approach and steps must be taken to

implement both strategies.

An examination of the decision tree and the elements required to

prevent fire ignition or manage fire impact yields numerous fire

hazard control measures available to achieve the safety

objective. These measures can be grouped into three categories:

1. Passive Fire Control Measures

2. Active Fire Control Measures

3. Administrative Fire Hazard Control
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1. Passive Fire Control Measures

To protect a valuable piece of equipment or process from fire

damage a barrier can be installed between the equipment and

adjacent fire hazard(s), or, the adjacent fire hazard{s) may be

surrounded by a barrier to prevent fire spread to important

components. This barrier, by its existence, controls the fire

event so that items of interest are preserved and achieves its

objective without action or by a passive means. Hence, the term

passive fire control measures.

Passive fire control measures include the use of: fire barriers,

materials or equipment which protect openings in a fire barrier,

and control measures which prevent fire spread by their presence

alone. Establishing the effectiveness of the control measure can

be accomplished by:

1. standard fire testing of a barrier,

2. assigning fire resistance values, or

3. calculation of the ability of the control measure to prevent

fire spread.

1.1 Standard Test

Traditionally, the ability of a barrier to perform its intended

function has been based on its performance in a standard fire

test. Variations of the standard test have been developed to

accommodate representative samples of: walls, floor/ceiling

assemblies, columns, and beams109. an<j devices for protecting

openings in the barriers such as: door assemblies110; window &

glass block assemblies111; and fire damper assemblies112.

Each test subjects the construction sample to a standard fire as

represented by a standard time-temperature curve {Figure E-2 and

Table E-l of Appendix E). The barrier or assembly is then given

a fire resistance (endurance) rating corresponding to the period

it can withstand the standard fire without exceeding specified

failure criteria.
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1.1.1 standard Test for Building Construction and Materials

The "Standard Methods of Fire Endurance Tests for Building

Construction and Materials"109 j.s a standard (Underwriters

Laboratories of Canada Standard CAN4 S101) for subjecting

representative samples of building materials or construction

assemblies to a test fire. Procedures are provided for the

testing of:

1. bearing walls and partitions

2. non-bearing walls and partitions

3. columns

4. protection for structural steel columns

5. floor and roof assemblies

6. loaded, restrained beams or joists

7. loaded beams or joists

8. structural steel beams and girders, and

9. combustible framing, or for combustible facings on the

unexposed sides of walls, partitions and floors.

These standard tests are conducted in one of two types of test

furnaces. One furnace is used to test all walls and partitions

(Figure E-3 of Appendix E) while the other is used to test floor,

ceilings, roofs and columns (Figure E-4). samples tested in the

wall furnace must have a wall area of at least 9.3 m2 with no

dimension less than 2.75 m. The maximum size of the sample is

limited by the size of the test furnace. The acceptance

conditions for each test is generally based on: the assembly

remaining structural sound throughout the test, and the

temperatures on the unexposed surface of the assembly not rising

above a predetermined value. The acceptance criteria for the

assemblies tested by the "Standard Methods of Fire Endurance

Tests of Building Construction and Materials" is shown in Table

E-2 of Appendix E.
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While the standard test for fire endurance does provide a measure

of an assemblies resistance to a standard fire, there are some

concerns with using this test for industrial applications.

The standard fire to which materials are tested is based on the

premise that increased fuel load would increase a fires duration.

Therefore, occupancies with a high fuel load will burn longer and

compartment boundaries and structural elements will require a

higher fire resistance corresponding to the fires duration. This

premise assumes that the equal area concept hypothesized by

Ingberg is valid, (see discussion in report Section E-l). From

previous discussions it has been demonstrated that this is not

accurate and does not represent actual hazards and conditions in

a power plant.92

The standard test method subjects representative material samples

to a standard fire in a test furnace. Although the test

procedures set a minimum size of sample, a maximum size also

exists owing to the size limitation of the test furnace. This

maximum size is usually very close to the minimum stipulated,

(9.3 m2 for walls, 2.7 m for columns and 16.7 m2 for

floor/ceiling assemblies). It is desirable that the fire test be

performed on a specimen comparable in size with the building

element it represents. Because power plant wall and floor spans

are generally larger than any samples tested and column lengths

are generally greater than 2.7 m, variances from standard test

conditions introduce scaling concerns which challenge the

validity of the test procedure.

A third concern related to the standard fire test is the furnace

characteristics. These characteristics vary from actual fire

conditions as the test furnace operates at negative pressure. In

actual fire conditions a positive pressure is created by

combustion in a compartment. This variance will affect the heat

transfer to the test sample from the fire. Differences in
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furnace materials and their burners will also alter test results

causing variances in reproducibility between test furnaces.113

1.1.2 Fire Test of Door Assemblies

The performance of doors when exposed to the standard fire is

tested in a wall furnace as described in ULC standard CAN4-S104-

M80 "Standard Method for Fire Test of Door Assemblies".110 The

fire resistance required for a door is usually less than that

required for the wall in which it is located. This is acceptable

because easily ignited combustibles are not normally found

against doors and manual fire suppression forces can extinguish

small localized fires that may spread past the wall".

The door can be tested as a complete assembly including door,

frame and closing hardware. The assembly meets the performance

requirements of the test if it can withstand the test fire and a

hose stream test, defined in the test standard, without

developing openings in the assembly except:

1. small fragments of the glass light

2. openings between the doors and sills

3. separations between meeting edges of pairs of

doors

Some intermittent flaming is permitted around the edges of the

door as stipulated in the test standard.

1.1.3 Fire Test of Window and Glass Block Assemblies

Windows and glass blocks are tested for performance when exposed

to the standard fire using the wall furnace as described in ULC

standard CAN4-S106-M80 "Standard Method for Fire Tests of window

and Glass Block Assemblies".111 Like doors, it is assumed that

the fire endurance requirements by these assemblys are lower than

required for the barrier in which it is installed.
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Windows and glass blocks are tested as complete assemblies

including frames. The test assembly meets the performance

requirements if it remains in the opening for the stipulated

duration of the test fire and survives a hose stream test. A

window must also satisfy the following conditons:

1. not loosen from its fastenings,

2. move less than the frame thickness from the closed portion,

and

3. at least 70% of the edges of glass lights remain in

position.

If a glass block assembly is tested, it must not loosen from its

frame and at least 70% of the blocks must remain intact.

Although the assumptions stipulated for doors is also applied to

the acceptance conditions for windows, this may not necessarily

be justified. Doors, for their use, must have clear space on

either side for the movement of people or goods. This is not

necessarily true of windows as furniture and equipment may be

located in close proximity to full height glass partitions.

1.1.4 Fire Test of Fire Dampers

Openings are required in fire barriers for air handling ducts.

To maintain the barrier integrity these openings are protected

with fire dampers tested in accordance with ULC standard CAN4-

S112-M82 "Standard Method of Fire Test of Damper Assemblies".112

The fire resistance required for the damper is usually less than

that required for the wall, or floor/ceiling, where it is

installed for the same reasons as door ratings are relaxed.

To obtain a rating, the damper must remain in place during the

test fire and the hose stream test. Other acceptance conditions

for dampers include;
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1. Movement or warping of any part shall not cause visible

openings.

2. Movements or warping of any part shall not cause clearance

greater than 19 mm during the fire test and 25 mm during the

hose stream test.

3. Latching mechanism and other specified parts shall remain

engaged and secure during the fire exposure and hose-stream

test.

1.1.5 Cable Penetration Fire Seals

Penetrations in fire barrier are required in power plants for the

routing of signal, control, and powei cables. In order to

prevent the spread of fire through this type of opening, it is

essential that a penetration seal be provided and that this seal

can withstand anticipated fires. As a general rule, penetration

seals should possess a fire resistance rating "equivalent" to

that of the barrier to be penetrated.

It is important to note that the fire resistance test method for

walls, floors, etc., (ULC CAN4-S101) does not apply to cable

penetration seals. Cable penetrations present additional

problems to fire spread, over an unpenetrated barrier. First,

the cables penetrating a wall constitute continuous combustible

material running through the wall. This continuous length of

combustible material provides an ignitable fuel in direct contact

with the wall. The cables also provide a combustible path for

the fire to travel. Secondly, the cables and related raceways

provide a medium for thermal conduction through the wall. Since

steel trays or conduits and copper conductors are excellent

thermal conductors, they may prevent a fire barrier from meeting

the acceptance criteria of ULC CAN4-S101 (a maximum temperature

increase on the unexposed side of 250cF).
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Based on these additional considerations, IEEE Standard 634-

1978, Cable Penetration Fire Stop Qualification Test, was

developed to evaluate the fire resistance of cable penetration

seals. The test method applies the same standard fire. The test

also requires a hose stream test on the exposed side, however,

the hose test uses a spray nozzle approved for electrical

equipment in place of a straight tip nozzle used in other tests.

A cable penetration fire stop will be assigned an appropriate

fire rating if it meets the following acceptable criteria of IEEE

634.

1. The cable penetration fire stop shall have withstood the

fire endurance test as specified without passage of flame or

gases hot enough to ignite the cable or other fire stop

material on the unexposed side for a period equal to the

required fire rating.

2. Transmission of heat through the cable penetration fire stop

shall not raise the temperature on its unexposed surface

above the self-ignition temperature as determined in ANSI

K65.111-1971 of the outer cable covering, the cable

penetration fire stop material, or material in contact with

the cable penetration fire stop. For power generating

stations, the maximum temperature is 357°c.

3. The fire stop shall have withstood the hose stream test

without the hose stream causing an opening through the test

specimen.

In the design and installation of cable penetrations and seals,

some practical consideration should be given to the size of the

opening, the materials extended through the wall, and the method

of sealing the opening. The size of the opening is of critical

importance for fire endurance. Many sealing materials do not

provide much structural support and rely on barriers to hold the

seal in place. Large openings are therefore more likely to crack
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from stresses developed in the unsupported sealing materials.

Conversely, some materials cannot be applied with an adequate

seal if the opening is too small. In general, however, the

smaller the penetration, the better from a fire resistance

standpoint.

The material extending through the wall will also influence the

effectiveness of the seal. Cable trays which extend through a

wall provide a large thermal conductor which increases heat

transfer through the wall. Additionally, structural failure or

distortion of the cable trays can lead to cracks developing in

the sealing material (especially in large openings as described

above).

Terminating the trays on either side of the wall and installing

cables through small openings, such as embedded conduit or

sleeves, is desirable from a fire protection point of view and

does not significantly affect the labour of pulling cables.

Many methods of sealing have been tried with varying degrees of

success. A major limitation in material selection is the need to

allow for future cable additions through the penetration.

Materials such as concrete or other cementitious substances are

difficult to remove and replace.

Three methods are commonly used for sealing cable penetrations:

fire resistant boards with mastic coatings, silicon foam

sealants, and rigid neoprene rubber blocks. These systems are

available from a variety of manufacturers and installers.

1.2 Methods for Fire Resistance

Although there are a number of shortcomings to the standard test

methods for determining fire resistance, much information has

been gained by these tests. As a result of observations of the

standard test methods and a comparison of data, T.Z. Harmathy was
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able to develop ten rules for evaluating fire resistance. In

addition, a study of test data by the Associate Committee of the

National Building Code of Canada led to recommendations for Fire

Performance Ratings for various materials. These methods can be

used to supplement test information to predict the performance of

a building material or assembly to a standard fire.

1.2.1 Harmathy's Ten Rules

Dr. Harmathy's rules for evaluating the fire resistance of

materials or assemblies covers components which have been tested

by the standard performance tests. These rules provide a guide

for combining or substituting materials or components in a

specific construction and allow an estimate to be made of the

affect of the alteration on its fire resistance. The ten

rules11* follow and are illustrated in Figure E-5 of Appendix E.

Rule 1 - The "thermal" fire resistance (that is, resistance to

heat transmission) of a construction consisting of a number of

parallel layers is greater than the sum of the thermal fire

resistances of the individual layers.

Rule 2 - The fire resistance of a construction usually does not

decrease with the addition of further layers of materials.

Rule 3 - The fire resistance of a construction containing

continuous air layers or cavities is greater than that of a

similar construction of the same mass, built without air layers

or cavities.

Rule 4 - The further an air layer is located from the fire-

exposed surface, the more beneficial is its effect on fire

resistance.
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Rule 5 - The fire resistance of a construction cannot be

increased by increasing the thickness of a completely enclosed

air layer.

Rule 6 - Layers of materials of low thermal conductivity are

better utilized on the side of the construction that is exposed

to the test fire.

Rule 7 - The fire resistance of asymmetrical constructions depend

on which side is exposed to the test fire.

Rule 8 - The presence of moisture, if it does not result in

explosive spalling, is beneficial to fire resistance.

Rule 9 - Load-supporting elements, such as beams, girders,

joists, yield higher fire resistance when subjected to fire tests

as parts of floorf roof, or ceiling assemblies then they do when

tested separately.

Rule 10 - The load-supporting elements (beams, girders, joists,

etc.) of a floor, roof, or ceiling assembly can be replaced by

such other load-supporting elements which, when tested

separately, yielded fire resistances not less than that of the

assembly.

There are three limitations to the application of Harmathys

rules. First, they assume a fire equivalent to that used in the

standard material tests, this may not necessarily be the case.

Secondly, the degree to which fire resistance is enhanced or

reduced cannot be quantified, only relative contributions are

assessed. Finally the rules do not assess the loading of the

structural member, they do however formalize the effect of

variations in construction fire resistance.
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1.2.2 Material Performance

Chapter 2 of the Supplement to the National Building Code of

Canada 198519 assigns values of fire resistance for materials.

These values are based on ratings from assemblies tested in

accordance with Underwriters Laboratories of Canada Standard

CAN4-S101109 as well as conformance to specific material

specifications. Assigned fire resistance values are

published1IS'116 for:

1. masonry and concrete walls;

2. reinforced and prestressed concrete floor and roof

slabs;

3. wood and steel frame walls, floors and roofs;

4. solid wood walls, floors and roofs;

5. solid plaster partitions;

6. protected steel columns;

7. protected steel beams;

8. reinforced concrete columns;

9. reinforced concrete beams;

10. prestressed concrete beams;

11. glue-laminated timber beams and columns.

Tables are published19 for each of the above classifications

giving the thickness of a material required to obtain specific

fire resistance ratings. Reinforced and prestressed concrete

members must satisfy two conditions to achieve a fire resistance.

One is the thickness to retard the passage of heat, the second is

a minimum cover for the reinforcing steel to ensure that its

temperature is maintained at safe levels. Examples are shown in

Tables E-3, E-4 and £-5 of Appendix E. Similar tables are

provided for other materials.

This supplement also quantifies the contribution that addition

layers make to fire resistance thereby, complementing Harmathy's

rules. Prescriptive requirements are applied in combining
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materials to ensure a conservative rating is achieved. A sample

of these requirements is shown in Table E-6 of Appendix E.

The following example is included as an illustration of the

method of calculating the fire resistance of concrete or hollow

masonry walls with plaster or gypsum wallboard protection:

Example

A 3 h fire resistance rating is required for a monolithic

concrete wall of Type S aggregate with a 20 mm gypsum-sand

plaster finish on metal lath on each face.

(a) The minimum equivalent thickness of Type S monolithic

concrete needed to give a 3 h fire-resistance rating = 158

mm (Table E-3).

(b) Since the gypsum-sand plaster finish is applied on metal

lath. Table E-6 (Article 1.7.2) does not apply. Therefore,

the contribution to the equivalent thickness of the wall of

20 mm gypsum-sand plaster on each face of the concrete is 20

x 1.25 - 25 mm. (See Table E-6, Article 1.7.1)

(c) The total contribution of the plaster finishes is 2 x 25 =

50 mm.

(d) The minimum equivalent thickness of concrete required is 158

mm - 50 mm = 108 mm.

(e) From Table E-3, the 108 mm equivalent thickness of

monolithic concrete gives a contribution of less than 1-1/2

h. This is less than 1/2 the rating of the assembly so that

the conditions in Table E-6, 1.7.1(2) are not met. The

equivalent thickness of monolithic concrete must, therefore,

be increased to 112 mm to give 1-1/2 h contribution.
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(f) The total equivalent thickness of the plaster finishes can

then be reduced to 158 mm - 112 mm = 46 mm.

(g) The total actual thickness of the plaster finishes required

is therefore 46 mm + 1.25 = 37 mm (Table E-6, Article 1.7.1)

or 18.5 mm on each face.

(h) Since the thickness of the plaster finish on each face

exceeds 16 mm, metal lath is still required (Table E-6,

Sentence 1.7.3(4).

(i) Since this wall is symmetrical with plaster on both faces,

the contribution to fire resistance of the plaster finish on

either face is limited to 1/4 of the wall rating by virtue

of Table E-6, Sentence 1.7.1(2). Under these circumstances,

the conditions in Table E-6, 1.7.1(4) are automatically met.

A similar approach to determining fire resistance of specific

structural elements is also available.117 The guide gives

minimum dimensions for a member to achieve a specific fire

resistance as would be determined by a standard test. Tables

showing required dimensions are included in Appendix E (Tables E-

7 and E-8).

The prescriptive values for fire resistance provide, to some

extent, a quantification of Harmathy's rules. Two limitations to

this approach are that it assumes a standard fire and that it

neglects variations in loading of structural members. The method

does, however, give a conservative calculation of fire resistance

for materials or assemblies within the prescribed limitations of

the guide.

1.3 Numerical and Analytical Methods

Fire resistance for construction is generally based on one or

both of the following failure criteria - a given temperature rise



105

on the unexposed surface, and/or the structural failure of steel

components based on the attainment of a critical temperature.

These failure criteria can be predicted analytically. This

provides the analyst with a means to calculate fire resistance

without subjecting the construction to a standard test; and by

incorporating additional research, allows evaluation of other

relevant factors.

It is beyond the scope of this overview to provide a detailed

description of all the methods for calculating the fire

resistance of construction. This section will provide a brief

outline of analytical methods presently being used to calculate

the performance of construction materials under fire conditions

and will also discuss the technical bases for these methods.

1.3.1 Harraathy's Overview

A comprehensive overview of the performance of construction under

fire conditions is contained in an article by T.Z. Harmathy

titled "Design to Cope with Fully Developed Fires".92 in this

article Harmathy reviews the analytical methods to calculate fire

resistance based on temperature rise of the unexposed surface,

and the critical temperature of structural steel based on

standard fire test methods. Extensions of these calculation

methods to include additional research cover the concepts of

stress modified critical temperature to predict steel failure;

the role of creep in steel failure, and the effect of variations

in fire severity on fire resistance. Much of this section

summarizes Harmathys article.92

1.3.1.1 Prediction of Performance in a Standard Test

The performance of construction in a standard test can be

predicted. To achieve this an analyst must have enough knowledge

of the test method and construction performance to evaluate which

failure criteria will be reached first, alternately both failure

criteria (temperature rise and critical temperature) must be
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calculated. Calculations assumes fire and structural loading

conditions to be the same as the standard test.

To facilitate discussions of the various types of construction a

representative sample is shown in Figure E-6 of Appendix E.

These construction types will be referrenced.

(i) Failure by Temperature Rise

Failure of construction due to temperature rise on an unexposed

surface can be calculated for slab like construction. These

calculations cover wall or floor slabs in various arrangements.

The fire resistance r (hours), of a homogeneous slab (See Figure

E-6(a)) of thickness L and thermal diffussivity K, can be

calculated using the expression

n

L / KX

Ll

1 , 7

r
[28!

Use of this expression requires knowledge of the fire resistance

of a slab of similar construction (ti an& associated properties

Ll and <i) to predict fire resistance for the slab of interest.

The fire resistance of slabs of double-layer configuration,

hollow slabs, and composite slabs (shown in Figure E-7) can also

be calculated.

The fire resistance of concrete double layer configuration slab

(Figure E-7(b)) can be calculated using the expressions

0'6 (L'2/<) *-1 [29

where: Ci = Q.117 m1'2 S°-5 k°-6/J0'6
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The fire resistance of concrete hollow construction (with

properties shown in Figure E-7(c)) can be ascertained by the

following equation

r = bi/b2 + i -

(ri) o.s (r s ) 0 - 5

The fire resistance of composite concrete slabs (Figure E-7(d)),

consisting of two layers, one of normal weight and the other of

lightweight concrete, can be estimated from the following two

empirical equations

r = C2 (2L2 - LiL + C3/L) [31]

(L2 + 2LiL - Li2 + Cs/L) [32]r = C

where:

°2 = 2.79 x 10s s/m2

C 3 = 9.83 x 10-5 m3

c* = 3.07 x 10s s/m2

C s = 6.56 x 10-5 m3

Equation 31 is applicable when the layer of normal weight

concrete is on the side exposed to fire; equation 32 applies when

this layer is on the unexposed side.

There are two main limitations to the use of the previous

expressions. The first is that they assume the construction is

exposed to a standard fire and consequently predict fire

resistance as would be achieved by a standard test. The second

limitation is that a knowledge of the performance of similar

assemblies is required for the application of the expressions.

(ii) Failure by Critical Temperature

The standard method of fire endurance testing defines critical

temperatures for structural steel. Attainment of a critical

temperature constitutes a failure point. This critical
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temperature is different for different types of steel in

different applications. The average temperature for failure for

different steel is as follows:

1. Steel Columns 538°C

2. Steel joists or beams 593°C

3. Tension steel for concrete 427°C

4. Reinforcing steel for concrete 593°C

Analytical expressions for determining the fire resistance of

construction based on attainment of a critical steel temperature

exists for various types of construction. Harmathy summarizes

expressions for:

1. slab-like construction,

2. unprotected steel,

3. protected steel column and bearing,

4. concrete protected steel, ancj

5. steel columns protected by diverse materials.

For slab-like constructions (walls, floors, Fig. E-6(a)), if

failure in a fire is expected to occur on the attainment of a

critical temperature level, (T s ) c r (and the ensuing collapse of

the construction), by an important load-bearing component (for

example, reinforcing or prestressing steel) at a distance "a"

from the fire-exposed surface. The fire resistance (r) is

defined by:

n

[33:
a1

where the exponent is a function of ( T s ) c r

1.53 if (Ts)cr = 399°C
n = 1.36 if (T s) c r = 538°C

1.08 if (T s) C r = 677°C
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(For other values of (T s ) c r f n c a n b e determined by

interpolation).

For protected steel columns or beams (Figure E-6 (c to j), if

structural failure is expected to take place on the attainment of

538°C in the case of columns, or 593°C in the case of beams then

its fire resistance can be calculated using equation 34.

S A Di

Si Ai D

!34]

In the case of contour-and box-protected columns or beams (Figure

E-6 (c to i)), with lightweight protection such as sprayed

asbestos or the like, A = As. otherwise the member surface area

A must be calculated on the basis of:

. , Ds PP Cp [35]
A = As + _-

2 Ps Cs

In the case of columns with massive protection (Figure E-6(j),

D = b, and A should be interpreted as

Ae Pe ce [36]
A = As + _

2 PS cs

(Analogous expressions are applicable to the calculation of Ai

and

When using equations 28, 33, 35 and 36 it is adequate to use

material property values tabulated for room temperature.

A note of caution must be interjected. The preceding extension

formulas have been based on the assumption that both the

reference specimen and the construction remain structurally and

dimensionally sound up to the point of failure. The formulas
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must not be used if spalling or disintegration occurred or would

likely occur during the test of the reference construction and

hence require experienced judgement in their use.

The fire resistance of unprotected steel columns has received

considerable attention in the research community. The following

is an empirical formula for calculating the fire resistance of an

unprotected steel columns.77'128

rs =
0 . 7 [37!

where D is not identical with the perimeter of the steel section,

and

C s = 18.96 x 103 s/m °-7

The. fire resistance of concrete-protected steel columns, of the

types shown in Figure E-8 (a) and (b), was the subject of

computer studies conducted by Lie and Harmathy 129. The findings

were condensed into the following formula

C — . 1 + 1.5
ce sD b + s

[38]

where the meaning of the geometric variables is explained in

Figure E-8 and rs j_s according to equation 37. For box-protected

steel columns (Figure E-8(a).

c = "s c s As [39]
and for steel columns provided by massive protection (Figure E-

8(b).

c ~ Pa cs As + pe - As) [40]
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[42

For the latter columns, s and b are to be interpreted as

S = 1/2 (Sl + g 2 )

and

b = 1/2 (bi + b 2 )

In equation 38

O = 408.65 x 103 J0-2 S °-8/m0-8K0-J

A formula for predicting the fire resistance of steel columns

protected by diverse materials and constructed as shown in Figure

E-6 (c to f), has also been developed.

r =

where:

As

D pp

6.05 x 109 kg-s/m5

7.09 x 10"

[43:

= 17.0 x 10

s/m for yermiculite,
perlite, sprayed
asbestos, dense
mineral wool

s/m for asbestos-cement
board, plaster,
cementitious mixtures

It is widely recognized that the process of deterioration of a

construction in a fire test is a very complex process, involving

many more variables than those included in equations 28, 33-36.

The complexity of the problem of scaling fire tests as well as

test results is also mentioned by Harmathy.

1.3.1.2 Stress Modified Critical Temperature

The previous analytical methods for predicting fire resistance

ignore the dependance of structural failure on the loading

conditions of a construction. It has been established that the

load-bearing ability of structural steel is dependant on

temperature as shown in Figure E-9. When the load-bearing

capacity of a steel component is reduced due to heating it will
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eventually reach a value equal to the stress induced by the

effective load. When this occurs a collapse results.

Determining the failure of a steel component based on its

strength at various temperatures is referred to as a concept of

stress modified critical temperature. Two techniques using this

concept follow.

The first technique is a numerical procedure for following up the

temperature history of the steel core of protected steel beams

and columns (such as those shown in Figure E-6 c to i). The heat

flow through the layer of protective material is modeled as a

one-dimensional, quasisteady-state process. Furthermore, the

high thermal conductivity allows the assumption that the

temperature of the steel core is spatially uniform.

The basic calculation formula is as follows:

At
Ts = Ts +

cs PS

j+1 j
Tf + Tf j

- T s [44:

where: T s j.s the uniform temperature of the steel core (°k);
Tf is the momentary temperature of the test furnace;

j superscript denotes values at some time t = ja t and

j + 1 denotes the subsequent time at t =(j + 1) At;

P s = 7850 kg/m
3;

Cs * 520J/kg-K.

An alternate means for calculating a mementary value of the

coefficient of heat transfer between the furnace and the surface

of the protecting material is shown in equation 45.
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j+l j+l 3
h = CXO + e n Tf [45]

where:

= 23 W/m2-K

= 1.4 x 1O-7 W/m'-K1*

The thermal conductivity of the protecting material, kp/ is

normally treated as a function of the average temperature of the

material, Tp

j j j
Kp = kp (Tp) [46]

where:

j j+l j
Tp = 1/3 (Tf + 2Ts) [47]

To ensure the stability of calculations performed using equation

44, the following criterion has to be fulfilled in the selection

of A t

C12 [48]
a t < •

j+l
h D

where:

Cl2 = 9.75 x 105 J/m3-K

The calculations start at the t = 0 (j = 0) time level at which

Tso = 293 K (20°C). By the application of equations 44 to 47,

Tg1 (for time interval t = 4 t) is obtained. This value is then

used in the calculation of TS2 (prevailing at t = 2at), which in

turn is used to calculate Ts
3 (at t = 3at) and so on. Thus, by

the repeated application of equation 44 as well as equations 45
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to 47 the temperature history of the steel core gradually

unfolds. The calculations are terminated when the last value of
Ts exceeds either the critical temperature that constitutes
failure according to the standard test specification, or a
temperature level at which structural failure is expected to
occur.

By using a more elaborate form of equation 44, the effect of
moisture in the protective material can also be taken into
account.

The second technique to be presented relates to the calculation

of the time of failure of simply supported, reinforced concrete

beams and slabs, and utilizes the concept of stress-modified

critical temperature. It is assumed that the temperature history

of the steel reinforcement is known, either from previous heat

flow studies or available from charts. If the beam shown in

Figure E-10 is uniformly loaded, the moment diagram will be

parabolic with a maximum at the midspan

% = _1_ w L2 [49]
8

Owing to the constancy of the total load, dead plus live, Mra
remains unchanged during the test.

With straight reinforcing bars running throughout, the

theoretical moment capacity, MC/ w m be constant along the beam

length.

:so]

However, unlike Mnit M c v a r i e s wj.th time, and will undergo

substantial reduction during the test owing primarily to the

decline of i:S/ a s t n e steel reinforcing bars, located near the

Mc = Asfs d
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fire-exposed (lower) surfaces of the beam, are gradually heated.

(The compressive strength of concrete in the cool (upper) zone,

fc'» remains essentially unchanged.) Flexural collapse is

expected to occur when Mm a M c (Figure E-10 ( O ) . By equating

the right-hand sides of equationss 49 and 50, an equation is

obtained from which fSi the yield strength of the reinforcing bar

at the time of collapse, can be expressed. Then, from a plot of

^s versus Ts (similar to the plots in Figure E-9) the temperature

for structural failure is ascertained and finally, from the

temperature history of the reinforcing bars, the time of failure

determined.

1.3.1.3 Creep Concept

Research has revealed that the stress modified critical

temperature concept is not strictly accurate. At elevated

temperatures the strength of materials does not depend uniquely

on the temperature because a phenomenon called creep sets in.

Depending on the temperature history of the steel component,

failure may occur much earlier than one would expect judging by

the strength-temperature relationship. Consequently, a

reasonably accurate prediction of the time of structural failure

is rarely possible without accounting for creep, and the

prediction usually entails knowledge of the entire stress-

deformation history of the construction.

Because of the temperature dependance of creep, complex numerical

techniques are required for estimating the point of structural

failure in a fire. Techniques have been developed for

1. protected steel trusses118

2. protected steel beams119"120< 121

3. reinforced concrete slabs and beams122

4. reinforced concrete columns123, and

5. complex reinforced concrete frames121" 12S.

For calculation of structural failure based on the creep concept
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a review should be made of the appropriate referenced material.

1.3.1.4 Fire Tolerance

One limitation of the previously discussed methods for

predicting, or calculating, fire resistance is the assumption

that construction is exposed to a standard fire. As discussed in

Section E fire severity will depend on numerous variables. The

actual severity of a ha2ard in a power plant, therefore, couid

result in very hot, fast fires which will affect the performance

of construction differently than the standard fire. An analyst

should take this into consideration.

The evaluation of the performance of a construction when exposed

to a unique fire cannot be expressed in terms of fire resistance.

Fire resistance is the time which a given construction was

exposed to a standard test without exceeding the conditions of

acceptance. As time is no longer a convenient or comparable

measure Harmathy has proposed the use of the term "fire

tolerance".

In contradistinction to the fire resistance allotment, the

practice of making engineering decisions on the required and

expected performance of the compartment boundaries and on the

acceptability of the planned boundary elements can be referred to

as fire tolerance design. The term fire tolerance, to be denoted

by 8, will be used to mean, the period of satisfactory perform-

ance under the applicable conditions, as characterized by one or

the other of quantities, qL a n d T g # determined by either

engineering studies or by nonstandard fire tests. Satisfactory

performance being defined either (a) by failure criteria similar

to those of the standard test methods, in the case of dividing

elements, or (b) in the case of key elements, by the same

criteria for fire exposure on one side or the other, but by the

criteria related to structural failure only, for fire exposure on

both sides.92
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The minimum acceptable value of the fire tolerance should

obviously be identical with the duration of a fully developed

fire, with correction for the decay period.

To account for the decay period of the fire, it is advisable to

apply an empirical correction to the value of T and define a

nominal duration, Tpf# f o r t h e entire postflashover (fully-

developed plus decaying) fire as
Tpf = AT [51]

\ - 1.15 is recommended as a value appropriate for cellulosic

materials and char-forming plastics. For non-charring plastics

and liquid fuels A = 1.

Again, using mathematical symbolism

period of satisfactory performance under the following

conditions:

(a) severity of fire exposure:

as characterized by either qL or (less desirably) Tg,

(b) satisfactory performance:

as defined essentially

(1) by the failure criteria of the standard test

methods, in the case of dividing elements,

9 = (2) by the failure criteria of the standard test

methods for fire exposure on one side or the

other, and by those criteria of the standard test

methods which relate to structural failure only in

exposure to fire on both sides, in the case of key

elements,

(c) fire exposure:

(1) on one side or the other, for dividing elements,

(2) on one side or the other and on both sides, for

key elements

The condition of acceptability is
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9 a1 e min ( = xpf) [52]

where 0 min is approximately equal to xpf the nominal duration of

a fire.

Because of the wide historical use of the fire resistance concept

and the quantity of information available from the standard test,

the question of convertibility of fire resistance results to a

fire tolerance equivalent is of interest. In section E the

limitations of the equal area concept for establishing fire

severity were reviewed. Variations of this approach have been

investigated.

Kawagoe126'l2? was the first investigator to address the question

of convertibility. Asserting that the severities of compartment

fires can be characterized by their temperature versus time

curves, he suggested that all fires, real-world fires as well as

standard test fires, be compared on the basis of the area under

their temperature history curves above a base level, temperature

(Tjj) of 400°C for normal weight concrete and similar

constructions and 500°C for lightweight concrete and similar

constructions. This concept of equal temperature-time areas, as

applied to the comparison of a real-world fire with a standard

test fire, is illustrated in Figure E-ll.

The following equation applies

(Tg - Tb) e = area (ABC) [53]

But, according other work done by Harmathy

area (ABC) * Cl3 (r - ci») [54]

Thus, combining equations 53 and 54 one obtains

r = Ci» + 8 (Tg - Tb) [55]

where:

Tb - 673 K for normal weight concrete
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Tb = 773 K for lightweight concrete

C13 - 555 K for normal weight concrete

Cia = 444 K f0r lightweight concrete

Ci* = 1000 s or 0.278 h

Equation 55 suggests that, from the point of view of fire

resistance requirement, short hot fires are equivalent to longer

relatively cool fires.

For protected steel and reinforced or prestressed concrete

constructions the concept of equal maximum temperatures is a more

realistic one. This concept states that the corresponding values

of fire resistance and fire tolerance are those that pertain to

identical maximum temperatures reached by a steel component of

importance in real-world fires and standard test fires. The

concept is illustrated in Figure E-12 of Appendix E.

Correlating the fire resistance with fire tolerance through this

concept is somewhat more complex, and requires knowledge in

addition to the fire severity parameters, T and q, and the

individual penetration flux,

where: kj. HT [56]
qi = * r /

the thermal diffusivity, «if o± t n e material that covers the

crucial steel component, the thickness of the cover, and the

time-averaged penetration heat flux into the construction during

a standard test, (qr)i. As discussed previously, (qr)i depends

on the construction material, the type of the test furnace

(especially on its lining materials), and the furnace fuel. It

decreases with the duration of the fire test. In the absence of

more accurate information one may choose (qrj. ,7 500 W/m2 for

constructions made with normal weight concrete and the like, and

^r)i = 15 000 W/m2 for those made with lightweight concrete and
the like.
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With these data available, the fire resistance can be determined

from Figure E-13 where the ratio of fire resistance to fire

tolerance is plotted against the fire tolerance (expressed in a

dimensionless form) with the normalized penetration heat flux as

a parameter.

A method of calculating the minimum fire resistance requirement

directly from the characteristics of the fire compartment,

without resorting to the use of the fire severity parameters can

also be used.

The following empirical relationship is recommended

G [57]
= C15

V \t (At -
where:

Cis = 78 m2>s/kg

This equation has also been modified to include an additional

variable, the window height.

To give an idea of the compatibility of the preceding three

methods of determining the fire resistance requirement from the

characteristics of potential fires, two numerical examples will

be worked out. Both relate to a compartment similar to that used

for experimental work.

Numerical Example 1

Information on Compartment-Dimensional details: AF = 28.6 m
: ; A:

= 130.2 m2
; Aw = 5.6 m

2
; He = 2.9 m; h = 1.83 m. Fire load

(cellulosic): G = 436 kg; y =0.13 m2/kg. Average thermal

properties of compartment lining materials: k = 0.616 W/m-K; k =

0.326 x 10-6 m2/s.
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Characteristics of a Potential Fire - Fire severity parameters,

calculated as described in section E of this report; J = 1 162 s,

0.32 h; q = 14 060 W/m=. T g = 8 2 Q R Required minimum fire

tolerance period (for cellulosic fuel \ = 1.15); 0 mj_ n - 1.15 x 1

162 = 1 336 s, 0.371 h.

Information on the Structure to be Protected - Reinforced

lightweight concrete slab. Thermal properties:

*i = 0.62 W/m.K; < i = 0.28 x 10-6 m2/s. Distance of reinforcing

bars from the fire-exposed surface: a = 0.03 m.

Miscellaneous Information - Prefire temperature: TQ = 293 K;

estimated penetration heat flux for standard fire test: (qr)i

15 000 W/m2.

Solutions

Method 1 - Based on the concept of equal temperature-time areas,

use equation 55

rmin = 1000 + 1336 820 - 773 = 1141 s(0.32h)
444

Method 2 - Based on the concept of equal maximum temperatures,

introductory calculations are

Ki emin 0.28 x 10-6 x 1336 0.416

aJ 0.032

Use equation 56
0.62 /0.326 x 10-6

i = 14 060 / = 15 270 W/m2

0.616 J 0.28 x 10-6

Then from Figure E-13 of Appendix E
rmin/©min = 1.40, hence rmin = 1870s, (0.52 h)
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Method 3 - Law method, use equation 39

436
rmin = 78 = 1430s, 0.40h

5.6 x (130.2 - 28.6)

Numerical Example 2

Information on Compartment - Same as in Example 1, except that

the fire load, G, is 1 744 kg.

Characteristics of Potential Fire - Fire severity parameters

(from calculations): J = 2 250 s, 0.625 h, g = 19 820 W/m:; T g =

1 076 K. Minimum fire tolerance period Qmj.n = 1.15 x 2 250 = 2

590 s, 0.72 h.

Information on the Structure to be Protected, and Miscellaneous

Information - Same as in Example 1.

Solutions

Method 1 - Use equation 55

rmin = 1000 + 2590 (1076 - 773) = 2770 s(0.77h)
444

Method 2

ki ©min 0.28 x 10-6 x 2590
= 0.806

aJ 0.032

Use equation 56

0.62 0.326 x 10-6

qi = 19820 = 21 530 W/m2

0.616 0.28 x 10-5

<3i _ 21 530

15 000

From Figure E-13 of Appendix E

rmin/emin = 1.64, hence rmin = 4 250 s, (1.18 h)
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Method 3 - Use equation 39

1744
Train = 78 = 5700 s(1.58h)

5.6 x (130.2 - 28.6)

Discrepancies similar to those found in connection with these

examples are typical. Because Method 2 relies on realistic input

information and on the use of a graph (Figure E-13) prepared

without resort to empiricism, as a rule, it should be preferred

over the other two methods.

1.3.2 Stanzak

A detailed method for calculating a stress modified critical

temperature of steel construction is presented in a translated

paper by W.W. Stanzak.3* using the described approach the

average cross-sectional temperature at which an element loses its

load-bearing ability can be determined. This method has two

desirable features. It provides a more accurate calculation of

failure point by considering details of structural conditions and

loadings. And, although developed on the basis of a standard

fire, the method can be used to evaluate unique time temperature

histories.

Structural members considered in Stanzak's paper include:

1. Axial loaded columns

2. Eccentrically compressed columns

3. Tension members

4. Flexural elements capable of developing fully plastic

moment

5. Flexural elements not capable of attaining fully plastic

moment

6. Unbraced flexural elements

To demonstrate the use of this method in estimating the

performance of a structural element an explanation of its

application for an axial loaded column will be reviewed. The
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calculation procedure remains basically the same for other

elements and is adequately explained in the reference which

covers both unprotected and protected members.

(a) Unprotected Steel Column

The stresses developed in a column will in part depend on its

slenderness ratio \. For

0.240 + 0.700 [58]
X < 4552

The critical temperature for the column (T c r j.n °c) c a n b e

estimated by

°"N [59]
TCr = 927 - 1136 —

af

where: aN j.s the stress in cross section due to axial force
(kg/cm2)

CTf is the yield stress (Kg/cm2)

For larger slenderness ratios the critical temperature is

TCr = 1310 - 1602 —
A2 [60]

E ir2

where E is the modulus of elasticity of the steel (Kg/cm2)

Once the critical temperature of the element is established the

process of heating it to this critical temperature must be

determined. For the purposes of this review a standard fire will

be assumed, however a unique temperature history could be easily

substituted. The heating of the steel element can be calculated

using a similar approach to that presented by Harmathy.92

ATi = 231 _U_ (Ta - Ti) at [61a]

G
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ATi is the temperature rise in the steel element during the
time At (*C)

Ta is the average fire temperature during the time at (°C)

Ti is the temperature of the steel element at the beginning
of the interval At (°C)

where:

U is the surface of the steel element exposed to the fire
(m2/m)

G is the weight of the steel element (Kg/m)

if a five minute time interval is used in the calculation for At

then the equation becomes

' T i = 19.3 U (Ta - Ti) (61b]

Example

Axially loaded column of pipe o> 219, 1/20. Effective length 350

cm. Steel St37 with oy = 2400 kg/cm2.

Section data of the steel:

U = 0.688 m2/m, F = 125 cm2, G = 98.2 kg/m, i = 7.07 cm

Slenderness 2 50
\ = = 50

7.07
Static loading

120,000
P = 120 000 kg oN = = 960 kg/cm2

125

Critical Temperature

Equation [58] applies, thus

0.240 0.700
X = 50 < 4522 | + = 106 > 50

960 2400

960
TCr = 927-1136 = 473°C

2400
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Using heating equation [61b]

0.688
ATi = 19-3 — - (Ta - Ti) = 0.135 (Ta -

The time required to reach the critical temperature of the steel

can be calculated. The average fire temperature during the time

from 0 to 5 minutes is T a = 280°C, the steel temperature at time

t = 0 is Ti = 20°C, therefore the difference is (Ta - Ti) =

260°C.

The temperature rise during the time t = 0 to t = 5 is A TJ_ =

260.0.135 = 35°C and the steel temperature after 5 minutes be-

comes ^ = 20 + 35 = 55°C.

This calculation is repeated until the steel temperature reaches

the critical temperature. At t = 35 minutes the steel

temperature is 479°C and at t = 30 minutes 421°C

A Ti s 58°C/5 minutes

Fire Resistance

The fire resistance of the column with T c r = 4730c j_s calculated

at

473 - 421
tw = 30 + — 5 = 34 minutes

58

(2) Protected Steel Column

This method of determining the length of time before structural

failure also covers a range of conditions where partial or full

thermal protection is provided to the structural element.

Protection conditions discussed include:

1. Partial protection
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2. Light sprayed protection

3. Multi-layer protection

4. Massive protection

In calculating the performance of protected steel elements the

critical temperature is omitted. The fire resistance (tw in

minutes) of an element is evaluated on the basis of the partial

resistances to heat transfer to the steel provided by the

insulating properties (t^ j.n minutes) and moisture content (tv in

minutes) of the protection.31*

tw = ti + tr [62]
The partial resistance from the insulating values of the
protection is expressed as

ti = 5 + 29[ctgh [K]] - [63]

where: c = specific heat of the protected elements (Kcal/Kg . °C)

l (U.k) [64a]
K =

k =

(G-c)

1 [64b]

1 + d

a \

d = thickness of protection (m)

a = coefficient of heat transfer (Kcal/m2 . h . °C)

\ = thermal conductivity of the protection

(Kcal/m . h • °C)

with multi-layer protective coverings the sum of the thickness

and thermal conductivity factors (d/x) can be substituted in the

equation. For protected steel construction the coefficient of

heat transfer shall be taken as at least 7 Kcal/m2h°C. In doing

this the values for thermal conductivity should not be assumed to

be more favourable than those shown in Table E-9.
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The partial resistance to heat transfer provided by moisture can

be estimated using the equation

36 p d Y [65]
tv =

Kv

where:

1 [66]
1 + 0.5d

a \

Should the protection consist of several insulating materials

with various p and A values the partial resistance tv mUst be

calculated separately for each layer.

For the first layer:

For the second layer:
Kv.2 =

1 d1

a 2-Ai

36.p i.di.

Kv.i

1

1 di

a Ai

36
tv.2 =

etc. The partial resistance tv then becomes tv = r (tv,i)
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Example

Light protection of sprayed asbestos

Column: HE 200, G = 64.9 kg/m

c = 0.13 kcal/kg.°c

Box-shaped protection of 2 cm

sprayed asbestos on metal lath.

Inner development of the

protection:

U = 4 x 0.20 = 0.80 m2/m

Overall coefficient of heat transfer (Table E-9): k = 3.94

Insulation factor K = 0.8 x 3.94 = 0.374
64.9 x 0.13

Partial resistance tj. from equation (63):

ti = 5 + 29 ctgh (0.374) = 86 minutes

Partial resistance tv (from Tat>ie E-9) 2 minutes

Total Fire Resistance tw = ti + tv = 88 minutes

The main limitation of the methods just described is the amount

of detailed input data required. Collection of this data may

pose a problem in evaluating existing situations and predicting

possible future conditions. The use of conservative assumptions

may help. As can be seen in the previous example elimination of

the contribution of tv to failure time is small and in many cases

may be ignored without suffering an appreciable amount of

accuracy.

1.3.3 Pettersson

The only known application of the fire tolerance principles as

described by Harmathy92 is that permitted for building design in

Sweden. The method was developed by the Lund Institute of

Technology and the Swedish Institute of Steel Construction and is

well documented35. it is beyond the scope of this overview to
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give a comprehensive discussion of the fire tolerance methodology

presented by Pettersson and his co-workers. A brief description

of the philosophy behind this method will provide some insight

into its potential application to nuclear power plants.

The method consists of four main steps:

Step 1 - Assessment of fire load for the kind of building from

tabulations prepared on the basis of extensive statistical

surveys.

Step 2 - Selection of a temperature-time curve to characterize

the fire under the prevailing fire load and ventilation

conditions. (As mentioned earlier, it is still more usual to

characterize a fire by its complete temperature history, rather

than, in a more concise way, by the fire severity parameters).

The selection is by interpolation between 56 preplotted curves

computed for a wide range of the values of fire load and

ventilation parameter (defined as A w h°-
s/At) the expression is

applicable to ventilation-controlled conditions and to a typical

compartment lining of the following properties:

*i = 0.8 W/m-K; <i = 0.48 x 16-6 m2/s.

where: k^ is the thermal conductivity of the interior lining

material

*i is the thermal diffusivity of the interior lining

material

Step 3 - Calculation of the maximum temperature of the crucial

steel component of the construction, (T s) m / either by the

numerical technique or by interpolation, using values of (T s) m

tabulated as a function of fire load, ventilation parameter,

surface emissivity of the material that protects the steel

component, and the ratio of the heated perimeter to the area of

the steel (D/As).
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Step 4 - Ascertainment of the maximum load that the construction

is able to carry at the maximum temperature, (Tsj either by

calculations or with the aid of charts prepared (utilizing the

creep concept) for beams and columns. By comparing this maximum

with the design load under normal conditions, the analyst can

judge whether the construction is capable of performing

satisfactorily during fire exposure.

For engineering design of structures which have only a separating

function, the fourth test step is usually omitted.

The actual evaluation procedure is more detailed and contains

numerous steps. A flow chart outlining the design procedure is

shown in Figure E-14 of Appendix E. Evaluation of the time

temperature history of the fire in a compartment as described in

steps 1 and 2 have been covered in section E of this report. An

illustration of step 3 of the calculation method for unprotected

steel columns follows.

1.3.3.1 Illustration

Maximum Temperature of Steel Columns

The temperature of the steel is calculated by a method similar to

that presented by Stanzak.3- T n i s approach however considers the

quantity of heat passing to the steel per unit length and the

quantity of heat required to raise the temperature of the steel.

The increase in steel temperature ASS in time interval At can

then be expressed as

a Fs [67]
A3S = . _ (aT - $o) AT

^s c p s vs

Derivation of Equation [67] is based on the assumptions

1. that, at every point in time, the steel temperature is

uniformly distributed over the cross section of the steel

member. The thinner the parts of the cross section, the

greater the validity of this assumption.
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2. that the heat flow is undimensional. The smaller the corner

effects, the greater the validity of this assumption.

Owing to the high thermal conductivity of steel, these

assumptions give satisfactory accuracy in ordinary cases.

Sections of extremely thick walls constitute exceptions to the

above and may be a limitation for some power plant construction.

If the gas temperature-time curve and thus 9t j.s known for a

fire compartment, the maximum steel temperature can be determined

by calculating the rise A$s in steel temperature for each time

interval by means of Equation 67.

Since the gas temperature «t a nd the steel temperature ss vary

with time, the accuracy in calculating temperatures according to

Equation 67 depends on the length of the time interval At. As a

rule, a time interval & t corresponding to one tenth to one

twentieth of the duration of the whole fire process provides

satisfactory accuracy. For the purpose of these discussions the

density of steel >s iS 7350 kg/m3.

The specific heat capacity c p s Of steel varies with the

temperature and composition. Representative values of the

specific heat capacity for ordinary structural steels at

different temperatures are given in Table E-10.

The surface coefficient of heat transfer a of the boundary layer

used in equation 67 is made up of a convection portion and a

radiation portion. With an accuracy that is sufficient in a fire

engineering context, the convection portion a k c a n be put equal

to 23 W/m°C.
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The total surface coefficient of heat transfer a is equal to a

convective portion and a radiative portion. Setting the

convective portion as 23 W/m°C the heat transfer coefficient is

5.77
= 23 + er

*t-«s

at + 273

100

js + 273

100
W/m2oC [68]

The resultant emissivity c r j.s dependent on the emissivities et

and es Of the flames and the steel structure and on the sizes of

the flames and the steel structure and their positions relative

to one another. In the case of two infinitely large parallel

surfaces, all radiation from the one surface impinges on the

other surface, and vice versa. The expression for the resultant

emissivity is then

[69]
er =

where:

l/«t + 1/es - 1

£t - emissivity of the flames
es = emissivity of the steel section

Equation 69 can be used for calculation of er for a column placed

in the fire compartment which is exposed to fire on all sides,

since if it is assumed that the flames completely surround the

column, all radiation from these will impinge on the column, and

vice versa. The emissivity of flames et which varies, inter

alia, with the size of the flames, is usually in the range 0.6-

0.9.2S The emissivity of the steel structure es can normally be

assumed to be 0.8.2* Taking the emissivities of the flames and

the steel structure as 0.85 and 0.8 respectively, Equation 69

gives a resultant emissivity of er = 0.7.

When the value of cr i s known, the radiation portion es of the

surface coefficient of heat transfer can be calculated with the

assistance of Figure E-15 after which the total surface
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coefficient of heat transfer a s i s given by Equation 68.

The term Fs/vs the ratio of the fire exposed surface of the steel

section and its volume per unit length varies as a function of

the section dimensions and the method of construction.

For a column placed inside a fire compartment and exposed to fire

on all sides, the fire exposed area Fs j.s equal to the total

surface area of the section per unit length, and the volume Vs

equal to the total volume of the column per unit length.

Example

Calculate the maximum steel temperature under fire exposure

conditions for an uninsulated floor girder shown in Figure E-16

which carries precast concrete floor units on its bottom flange.

It is assumed that values of the gas temperature st ^n t n e fi r e

compartment at various times are given in column 3 in Table E-ll.

According to previous discussions, the Fs/vs ratio for a girder

as shown in Figure E-16 can be calculated as 1/t, where t is the

flange thickness per metre. This gives Fs/vs = 1/0.02 = 50 m-1.

The density of steel Y S = 7850 kg/m3. The specific heat

capacity c p s varies with the temperature according to Table E-10.

In this worked example, however, c p s j.s assumed to be constant

and equal to 0.54 kJ/kg°C, which may be regarded as a reasonable

mean value of c p s at the steel temperatures in question. The

length of the time interval it is made 2 minutes, i.e. t = 1/30

h.

With the above values substituted into Equation 67, we have

a

A*s = <«t " *s) [70]
610

The surface coefficient of heat transfer a is calculated

according to Equation 68 with the assistance of Figure E-15. The
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resultant emissivity er calculated in accordance with the

recommendations in the literature as being equal to 0.5.

Calculation of the steel temperature-time curve by means of

Equation 70 is illustrated in Table E-ll of Appendix E.

The steel temperature at the beginning of the fire is assumed to

be as j= 20°C (Table E-ll, line 1, column 7). In the middle of

the first time interval the temperature of the fire compartment

t, is given as 207°C (line 2, column 3). With these temper-

atures, Figure E-15 gives a value of 15 kcal/m2oc h for as/Er.

With er =0.5, Equation 68 gives a value of a. = 27.5 kcal/2oC h

(line 2, column 4). The difference between the temperature of

the fire compartment st a n d t n e s t eel temperature «s is 187°c

(line 2, column 5). These values of a and the difference in

temperature give the rise in steel temperature <s$s during the

first time interval as 9°C (line 2, column 6). The steel

temperature after 2 minutes is thus 20 + 9 = 29°C (line 3, column

7). Calculation is to be continued in the same way for each time

interval until the steel temperature has attained a maximum. As

will be seen in the table, the maximum steel temperature of 568°c

is reached after 18 minutes.

Comparison of The Calculated Steel Temperature With That Measured

in Fire Tests

The calculated steel temperature-time curve is compared in Figure

E-17 with the temperature-time curve measured in fire tests for

an uninsulated steel floor girder. With the exception of the top

flange of the girder, agreement between the calculated and

measured temperature-time curve for the section is good. The

temperature in the top flange is consistently lower than in the

rest of the girder. This is due to the fact that the top flange

is exposed to less direct radiation than the bottom flange, and

also that there is continuous conduction of heat away from the

top flange into the cooler concrete slab. No account has been
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taken of this conduction in calculating the steel temperature-

time curve.

The final step in the fire tolerance evaluation is to determine

the critical load at the maximum temperature. Modes of

structural failure at elevated temperature are discussed by

Pettersson for various type of structural elements. The

remaining calculation becomes a structural one.

2. Active Fire Control Measures

One means of achieving a fire safety objective is to manage the

fire event. This can be accomplished by installing active fire

protection as a control measure. Active fire protection is

defined as those fire control measures utilizing mechanical

and/or electrical equipment to detect a fire and initiate action

for its suppression.

In addition to providing for the effective control of potential

fires a fire hazard analysis must address the reliability of the

control measure. Each component of each system making up a

control measure must have a minimum level of reliability in

performing its intended function. To be successful three

functions are required for a control measure; 1. detection of a

fire, 2. notification and initiation of fire control, and 3.

suppression of the fire.

2.1 Fire Detection

The first step in achieving a stated fire safety objective by an

active control measure is to detect the existance of an unwanted

fire. Detection senses the presence of a fire by the existance

of one of its by-products: heat, smoke or fire gases. Specific

measures of these by-products are referred to as fire signatures.

Methods for calculating how much heat is generated by a fire, how

fast the temperature in a compartment is increasing, how hot it

is a given distance from the fire, how much smoke is generated,
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and what gases are generated have been discussed previously.

Present discussions will be restricted to how these fire

signatures will be detected effectively, how a level of

reliability can be established and how response time can be

estimated.

2.1.1 Heat Detection

There are three energy release signatures from a fire which can

be detected: a fixed temperature, temperature rise, and visible

flaming.

2.1.1.1 Fixed Temperature

Fixed temperature detectors are designed to alarm when the

temperature of the operating element reaches a specified point.

Fixed temperature heat detectors are available to cover a wide

range of operating temperatures ranging from 57°C (135°F) and up.

Higher temperature detectors are necessary so that detection can

be provided in areas which are normally subjected to high ambient

temperatures.

Fixed temperature detectors can be classified into four main

groups based on their principal of operation. These

classifications are:

1. eutectic metal

2. glass bulb

3. bimetallic

4. continuous line

(i) Eutectic Metal Type

Eutectic metals such as: alloys of bismuth, lead, tin, and

cadmium change from the solid to liquid state at specific

temperature. Because of the temperatures at which they change

state they are ideally suited to be used as operating elements

for heat detectors. The most common application of the fusible
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element is in an automatic sprinkler head (See Figure E-18).

A eutectic metal may also be used as the actuatiijj element in an

electric heat detector. These detectors operate in one of two

ways. The simplest method is to place the eutectic element in a

detector which is wired in series with a normally closed circuit.

Fusing of the metal opens the circuit triggering an alarm. The

second method employs a eutectic metal as a solder to secure a

spring under tension. When the element fuses, the spring action

is used to close contacts and sound an alarm. Devices using

eutectic metals cannot be restored. Either the device or its

operating element must be replaced following operation.

(ii) Glass Bulb Type

Frangible glass bulbs are used as the detecting element of a

sprinkler head or as the actuating element for an alarm circuit.

The bulb contains a high vapour pressure liquid and a small air

bubble. When exposed to heat the liquid expands, compressing the

air bubble. When the bubble is completely absorbed, there is a

rapid increase in pressure, shattering the bulb and allowing a

sprinkler system to operate or an alarm contact to close. The

desired temperature rating is obtained by varying the size of the

air bubble.

(iii) Continuous Line Type

As an alternative to spot type fixed temperature detection,

various methods of continuous line detection have been developed.

One type of line detector uses a pair of wires in a normally open

circuit. The conductors are insulated from each other by a

thermoplastic of known fusing temperature (See Figure E-A). The

wires are under tension and held together by a braided sheath to

form a single cable assembly. When the design temperature is

reached, the insulation melts, the two conductors make contact

and an alarm is generated. Following an alarm, the fused section

of the cable must be replaced to restore the system.
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A second type of continuous line detector operates on the basis

of the thermoelectric properties of metals. Operation is based

either on the generation of a voltage between bimetallic junct-

ions (thermocouples) at different temperatures or variations in

resistivity with temperature (thermistors). Thermopile devices,

which operate in the voltage generating mode, use two sets of

thermocouples. One set is exposed to changes in atmospheric

temperature and the other is not. During periods of rapid

temperature change associated with a fire, the temperature of the

exposed set increases faster than the unexposed set and a net

potential is generated. The voltage increase associated with

this potential is used to operate the alarm circuit. This

voltage need not be only within one detector as the thermopile

units are connected in series such that the voltages produced by

each are additive. Thus, small voltages produced at each unit on

a circuit can be added to produce an alarm. The sensitivity of a

thermopile detector is related directly to the number of

thermocouple junctions within the device. The more junctions,

the greater the sensitivity. Also, sensitivity can be increased

by designs which focus radiative energy on the exposed junctions.

(iv) Bimetal Type

when two metals having different coefficients of thermal

expansion are joined, then heated, differential expansion of the

metals causes bending or flexing towards the metal having the

lower expansion rate. This action can be used in a detector to

close a normally open circuit (See Typical Detector in Figure E-

20). The low expansion metal commonly used in bimetal type

detectors is Invar, an alloy of 36 percent nickel and 64 percent

iron. Several alloys of manganese-copper-nickel, nickel-

chromium- iron, or stainless steel may be used for the high

expansion component of a bimetal assembly. Bimetals are used for

the operating elements of several types of fixed temperature

detectors.
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2.1.1.2 Rate of Rise Detectors

One effect of fire on the surrounding environment is to increase

the air temperature. Fixed temperature heat detectors actuate

when the surrounding air temperature reaches or exceeds the

designated operating point. The rate-of-rise detector actuates

when the rate of temperature change exceeds a predetermined

value, typically around 8.3°C per minute. Detectors of the rate-

of-rise type are designed to compensate either mechanically or

electrically for normal changes in ambient temperature. Rate-of-

rise detectors can be either pneumatic or electriccally operated.

When a gas in a closed system is heated the pressure of the

system increases. This increase in pressure can be used to

actuate a mechanical alarm or suppression system. In a

completely closed system, actuation will occur from a slow change

in ambient temperature, regardless of the rate of temperature

change. The pneumatic detectors currently in use (See Figure E-

21) provide a small compensating vent to relieve the pressure

build up during slow changes in temperature. These vents are

sized so that when the temperature changes rapidly, as in a fire

situation, the pressure change exceeds the venting rate and the

system becomes pressurized. These systems are generally

sensitive to rates of temperature rise exceeding 8.3°C per

minute. The pressure is converted to mechanical action by a

flexible diaphragm.

Pneumatic heat detectors are available for both line and spot

applications. The line systems consist of metal tubing in a loop

configuration attached to the ceiling of the area to be protect-

ed. Except where specifically approved, Underwriters' Labora-

tories Inc. requires that lines of tubing be spaced not more than

9.1 m (30 ft) apart and that no single circuit exceed 304.8 m

(1000 ft) in length. Zoning can be achieved by selected siting

of lines or by insulating those portions of a circuit which pass

through areas from which a signal is not desired.
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For spot applications and in small areas where line systems might

not generate sufficient pressure to actuate the alarm contacts,

heat collecting air chambers or rosettes are often used. These

units act like a spot type detector by providing a large volume

of air which will be subject to heating at a single location.

A pneumatic line-type heat detector not vented to the air has

recently been developed for fire detection use. The unit

consists of a capillary tube containing a special salt saturated

with hydrogen gas. At normal temperatures, most of the hydrogen

is held in the porous salt and the pressure in the tube is low.

As the temperature at any point along the tube increases,

hydrogen is released from the salt, increasing the internal

pressure and eventually tripping a diaphragm pressure switch.

The advantage of this system is its ability to supervise the

integrity of the capillary tube by a second pressure switch set

to give a trouble alarm on a low pressure condition.

Rate-of-rise detectors may also be used to initiate an electric

alarm. Detectors of this type generally consist of an air space,

a light diaphram and an electric contact (See Figure E-22). The

air space is heated by a fire and expands increasing the pressure

in the detector chamber. The pressure cannot be dissipated by

the vent and eventually exerts enough force on the diaphram to

push it against a contact initiating an alarm.

2.1.1.3 Combination Detectors

Several heat detectors are available which operate on both the

rate-of-rise and fixed-temperature principles. The advantage of

such units is that the rate-of-rise elements will respond to

rapidly developing fires, while the fixed temperature elements

will respond to fires which develop more slowly. The two common

types are the hemispherical air chamber and the rate compensated

type.
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The hemispherical air chamber type (See Figure E-23) is a spot

detector utilizing an air chamber and flexible diaphragm for the

rate-of-rise function while the fixed-temperature element may be

either a bimetal strip or a leaf spring restrained by a eutectic

metal. When the design operating temperature is reached, either

the bimetal strip flexes or the eutectic metal fuses, to initiate

an alarm.

A second device that can be classified as combination rate-of-

rise/fixed-temperature is the rate-compensation detector. This

detector (See Figure E-24) uses a metal cylinder containing two

metal struts. These struts act as the alarm contacts and are

under compression in a normally open position. The outer shell

is made of a material with a high coefficient of thermal

expansion, usually aluminum or stainless steel, while the struts,

usually copper or phosphor-bronze, have a lower expansion

coefficient. when exposed to a rapid change in temperature, the

shell expands rapidly, relieving the force on the struts and

allowing them to close. Under slowly increasing temperature

conditions both the shell and struts expand. The contacts remain

open until the cylinder, which expands faster, has elongated

sufficiently to allow them to close. This closure occurs at the

fixed-temperature rating of the device.

A similar alarm device utilizing a semiconductor material and a

stainless steel capillary tube has been developed for use where

mechanical stability is a factor (See Figure E-25). The

capillary tube contains a coaxial center conductor separated from

the tube wall by a temperature-sensitive glass semiconductor

material. Under normal conditions, a small current (i.e., below

alarm threshold) flows in the circuit. As the temperature rises

the resistance of the semiconductor decreases, allowing more

current flow which triggers the alarm.
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2.1.1.4 Flame Detection

Flame detectors sense either the ultravoilet (UV) or infrared

(IR) radiation given off by flames or glowing embers. Flame

detectors have the highest false alarm rate and the fastest

detection times of any type of fire detector.6 Detection times

for flame detectors are typically measured in milliseconds from

fire ignition.

Flame detectors are generally used in areas where a flash fire or

explosion is anticipated. These areas include: areas handling

flammable liquids, industrial process areas, and possibly

combustion turbine enclosures. Flame detectors are "line of

sight" devices as they must be able to "see" the fire. They are

subject to being blocked by objects placed in front of them,

however, the infrared type of flame detector has been known to

detect radiation reflected from walls. In general, the use of

flame detectors is restricted to "No Smoking" areas.

Infrared Type

Infrared detectors (See Figure £-26) basically consist of a

filter and lens system to screen out unwanted wavelengths and

focus the incoming energy on a photovoltaic or photoresistive

cell sensitive to infrared energy. Infrared radiation can be

detected by any one of several photocells such as silicon, lead

sulfide, indium arsenide, and lead selenide. The most commonly

used are silicon and lead sulfide. These detectors can respond

to either the total IR component of the flame, alone or in

combination with flame flicker in the frequency range of 5 to 30

hertz.

Interference from solar radiation in the infrared region can be a

major problem in the use of infrared detectors receiving total IR

radiation since the solar background intensity can be consider-

ably larger than that of a flame signal from a small fire. This

problem can be partially resolved by choosing filters which
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exclude all IR except in the 2.5 to 2.8 micrometer and/or 4.2 to

4.5 micrometer ranges. These represent absorption peaks for

solar radiation due to the presence of CO2 and water in the

atmosphere. In cases where the detectors are to be used in

locations shielded from the sun, such as in vaults, this filter-

ing is not necessary. Another approach to the solar interference

problem is to employ two detection circuits. One circuit is

sensitive to solar radiation in the 0.6 to 1.0 micrometer range

and is used to indicate the presence of sunlight. The second

circuit is filtered to respond to wavelengths between 2 and 5

micrometers. A signal from the solar sensor circuit can be used

to block the output from the fire sensing cell, giving the

detection unit the ability to discriminate against false alarms

from solar sources. This is often referred to as a "two color"

system.

For most applications, flame flicker sensor circuits are

preferred since the flicker or modulation characteristic of

flaming combustion is not a component of either solar or man-made

interference sources. This results in an improved signal-to-

noise ratio. These detectors use frequency-sensitive amplifiers

whose inputs are tuned to respond to an alternating current

signal in the flame flicker range (5 to 30 hz).

Flame detectors are designed for volume supervision and may use

either a fixed or scanning mode. The fixed units continuously

observe a conical volume limited by the viewing angle of the lens

system and the alarm threshold. The viewing angles range from

15° to 170° for typical commercial units. One scanning device

has a 122 m range and uses a mirror rotating at 6 revolutions per

minute through 360° horizontally with a 100° viewing angle. The

mirror stops when a signal is received. To screen out

transients, the unit alarms only if the signal persists for 15

seconds.
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Ultraviolet Type

The ultraviolet component of flame radiation is also used for

fire detection. The sensing element may be a solid state device,

such as silicon carbide or aluminum nitride, or a gas-filled tube

in which the gas is ionized by UV radiation and becomes

conductive, thus sounding the alarm. The operating wavelength

range of UV detectors is in the 0.17 to 0.30 micrometer region

and in that region they are essentially insensitive to both

sunlight and artificial light. The UV detectors are also volume

detectors and have viewing angles from 90° or less to 180°F.

Combination Ultraviolet-infrared Type

The combination of UV-IR sensing has been employed for

applications in aircraft and hyperbaric chamber fire protection.

These complex devices alarm when there is a predetermined

deviation from the prescribed ambient UV-IR discrimination level

in conjunction with a signal from a continuous wire overheat

detector, the analysis being performed by a microprocessor.

2.1.2 Smoke Detectors

One of the detectable by-products of combustion is smoke. The

calculation of smoke production rates and smoke spread was

reviewed previously. The potential for hazardous quantities of

smoke to be present at ambient (or near ambient) temperatures

makes its detection necessary, particularly where plant personnel

may be exposed to hazardous conditions. This can be accomplished

with commercially available detectors.

Smoke detectors are classified according to their operating

principle and are of two main types: ionization and photo-

electric. Smoke detectors operating on the photoelectric

principle give somewhat faster response to the products generated

by fires of low energy (smoldering) as these fires generally

produce more visible (larger particle) smoke. Smoke detectors

using the ionization principle provide somewhat faster response
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to fires of high energy (open flaming) as these fires produce

large numbers of smaller smoke particles, which are more easily

detected by this type of detector.

Ionization Type

Ioniaation chambers have been used for many years as laboratory

instruments for detecting microscopic particles. In 1939 Dr.

Ernst Meili, a Swiss physicist, developed an ionization chamber

device for the detection of combustible gases in mines. This

major breakthrough in the field resulted from Dr. Meili's

invention of a special cold-cathode tube which could amplify the

small signal produced by a high impedance detection circuit

sufficiently to trigger an alarm. This reduced the electronics

required and resulted in a practical detector. In most models

today, the cold-cathode tube has been replaced with solid state

circuitry, which further reduces the size and cost.

The basic detection mechanism of an ionization detector consists

of an alpha or beta radiation source in a chamber containing

positive and negative electrodes (See Figure E-27). Alpha

radiation sources are commonly Americium 241 or Radium 226 and

the strength of the sources generally range from 0.05 to 80

microcuries. The alpha particles (helium nuclei) strip electrons

from hydrated nitrogen and oxygen molecules in the air between

the electrodes forming positive ions. The free electrons rapidly

attach to other neutral molecules forming negative ions. These

charged ions are then drawn to the electrodes (positive ions to

the negative electrode and vice versa) by the imposed electric

field. When they arrive at the electrode they discharge,

resulting in a small current (on the order of 10-11 amperes).

When smoke particles enter the sensing chamber they attach to the

ions resulting in a particle-ion pair with greatly reduced

mobility. This reduced mobility results in the particle-ion pair

being carried out of the chamber by the convective air flow,
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before it can reach the electrode and give up its charge. The

reduction in charge transfer corresponds to a reduction in

current through the chamber. The resulting change in the current

in the electronic circuit is used to trigger an alarm. The

ionization (or ion) chamber detector reacts both to visible and

invisible combustion by products. It responds best to particle

sizes between 0.01 and 1.0 micrometres.

Depending on the placement of the alpha source, two types of

chambers, unipolar or bipolar, may be produced. A unipolar

chamber is created by placing the alpha source close to the

negative electrode and spacing the electrodes more than 4 cm

apart (the maximum distance an alpha particle travels in air).

With this configuration, most of the positive ions are collected

on the cathode, leaving a predominance of negative ions flowing

through the chamber to the anode. The bipolar chamber has the

electrodes spaced less than 40 mm apart so that the entire

chamber space is subject to ionization. Instead of spacing the

electrodes greater than 40 mm apart, a unipolar chamber can also

be obtained by the use of a source with an increased outer gold

layer thickness. This reduces the travel length of the alpha

particles. A 6.6 mm gold layer, for example, reduces the alpha

particle path length to 4.5 mm. The unipolar chamber is

theoretically a unipolar and bipolar chamber in series. That is,

there is a purely unipolar section and a section which contains

ions of both polarities.

A comparison of the relative merits of the two types of chamber

designs indicate that the unipolar chamber has approximately

three times the sensitivity of the bipolar configuration. The

reason for the increased sensitivity is believed to be due to the

fact that there is less loss of ion carriers by recombination,

with the unipolar configuration.
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The alarm signal in an ion chamber detector is initiated by a

voltage shift at the junction between a reference circuit and the

measuring chamber. The voltage shift results from the current

decrease in the measuring chamber when products of combustion are

present. The reference circuit may be either electronic or a

second ion chamber only partially open to the atmosphere. These

circuits are referred to as single chamber and dual chamber,

respectively. The dual chamber has an advantage in the reduction

of false alarms due to changes in ambient conditions. The

reference chamber will tend to compensate for slow changes in

temperature, pressure, and humidity.

It should be noted that ion chamber detectors are subject to

changes in sensitivity with varying velocity of air entering the

sampling chamber. High velocities can sweep ions from the

chamber resulting in a reduced chamber current with no particles

present. If enough ions are removed a false alarm results.

Conversely, too low an air flow can allow particle-ion pairs to

reach the electrodes and contribute to the chamber current

resulting in an apparent reduction in sensitivity. Detectors

with unipolar chamber designs reduce the high velocity effects by

the fact that the space charge region acts as a regulator of ion

density within the chamber. That is, as ions are swept out, more

ions are released from the space charge region into the unipolar

region. Thus, unipolar chambers are more stable over wider

variations in airflow. Care must be taken to choose the appro-

priate design for the area to be supervised.

Tests have indicated that ion chamber detectors are not suitable

for use in applications where high ambient radioactivity levels

are to be expected. The effect of radiation is to reduce the

sensitivity by producing more ions, resulting in higher chamber

currents.
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Tests also indicate that false alarms can be triggered by the

presence of high concentrations of ozone or ammonia, which

interferes with the formation of ions in the chamber.

Ion chamber detectors are available for both industrial and

domestic use. Models are produced for both single station and

system applications. Power supply requirements vary from 240 and

120 volt AC or 6 to 24 volt DC for use with fire alarm systems.

Photoelectric Type

The presence of suspended smoke particles generated during the

combustion process affects the propagation of a light beam

passing through the air. This effect can be utilized to detect

the presence of a fire in two ways: (a) attenuation of the light

intensity over the beam path length, and (b) scattering of the

light both in the forward direction and at various angles to the

beam path.

Light Attenuation Operation

The theory of light attenuation by aerosols dispersed in a medium

is described by the Lambert-Beer Law. it states that the

attenuation of light is an exponential function of the beam path

length (1), the concentration of particles (c) and the extinction

coefficient of the particles (k). This relationship is expressed

as follows:
-kcl

I = Ioe [66]

where I is the transmitted intensity at length 1 and Io j_s t n e

initial (clear air) intensity of the light source.

Smoke detectors utilizing attenuation consist of a light source,

a light beam collimating system, and a photosensitive cell (See

Figure E-28). In most applications, the light source is an

incandescent bulb, but lasers and light emitting diodes (LED's)

are also used in newer photoelectric detectors. Light emitting
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diodes are a reliable long-life source of illumination with low

current requirements. Pulsed LEDs can generate sufficient light

intensity for use in detection equipment while operating at power

levels low enough to allow battery operation.

The photosensitive device may be either a photovoltaic or

photoresistive cell. The photovoltaic cells are usually selenium

or silicon cells which produce a voltage when exposed to light.

These have the advantage that no bias voltage is needed but, in

most cases, the output signal is low and an amplification circuit

is required. These units alarm when the photocell output is

reduced by attenuation of the light as it passes through the

smoke in the atmosphere between the light source and the photo-

cell. Photoresistive cells change resistance as the intensity of

the incident light varies. Cadmium sulfide cells are most

commonly employed. These cells are often used as one leg of a

Wheatstone bridge and an alarm is triggered when the voltage

shift in the bridge circuit reaches a pre-determined level

related to the light attenuation desired for alarm.

In practice, most light attenuation or projected beam smoke

detection systems are used to protect large open areas and are

installed with the light source at one end of the area to be

protected and the receiver (photocell/relay assembly) at the

other end. In some applications, the effective beam path length

is increased by the use of mirrors. Projected beam detectors are

generally installed close to the ceiling where the earliest

detection is possible and false alarms resulting from inadvertant

breaking of the beam are minimized.

Although most systems employ a long path length and separation of

the light source and the receiver, it is also possible to have

spot type detectors which operate by light attenuation. One such

unit uses a 0.19 m (7.5-inch) light path with a sealed reference

chamber and an open sampling chamber, each containing a photo-
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cell. Presence of smoke in the sampling chamber results in a

voltage reduction from the photocell which is measured by a

bridge circuit containing the photocell from the reference

chamber.

There are several problems associated with projected beam

detection. Since these devices are essentially line detectors,

smoke must travel from the point of generation into the path of

the light beam. This may take time and allow the fire to develop

further before the alarm is sounded. In addition, for large

protected areas where long beam path lengths are necessary,

considerable smoke must be generated in any small segment of the

beam in order for sufficient attenuation to be achieved. Two

common ways of increasing the sensitivity of the system are by

the use of multiple beams or reflecting mirrors which pass the

beam through the smoke more than once. Finally, continuous

exposure to light can damage or accelerate the aging of photo

cells, resulting in increased maintenance and possible system

failure.

Submicrometer Particle Counting Detectors

Using the light altenution principle it is possible to detect a

fire at a very early stage. During the earliest stages of

thermal decomposition, of a combustible material large numbers

of submicron sized particles are produced. These particles are

between 0.005 and 0.02 micrometers in size. Although ambient

conditions normally find such particles in concentrations from

several thousand per cubic centimeter in a rural area to several

hundred thousand per cubic centimeter in an industrial area, the

presence of an incipient fire can raise the submicron particle

concentration sufficiently above the background levels to be used

initiate a fire signal.

Condensation nuclei are liquid or solid submicron (0.001 to 0.1

micrometer) particles which can act as the nucleus for the
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formation of a water droplet. By use of an appropriate tech-

nique, submicron particles can be made to act as condensation

nuclei on a one particle-one droplet basis and the concentration

of particles can then be measured on a photoelectric principle.

One commercially available detector (See Figure E-29) uses this

principle by drawing an air sample containing submicron particles

through a humidifier where it is brought to 100 percent relative

humidity. The sample then passes to an expansion chamber where

the pressure 'is reduced with a vacuum pump. This causes

condensation of water on the particles. The droplets quickly

grow to a visible size. A light beam passing through the cloud

of water droplets is used to measure the concentration of

droplets formed. The output voltage from the light receiver is

directly proportional to the number of droplets (i.e., the number

of condensation nuclei present).

The system uses a mechanical valve and switching arrangement to

allow sampling from up to 4 detection zones with as many as 10

sampling heads per zone. Each zone is sampled once per second

for 15 seconds. All 4 zones are sampled each minute.

The system is nominally set to alarm at concentrations exceeding

8 x 1011 particles per cubic meter, although it is possible to

select different thresholds for each zone depending on the

background noise and sensitivity required. It is also possible

to have the sensitivity vary for conditions differing with time

of day. The system design is such that with the maximum sample

travel distance from the most remote sampling head, a fire will

be detected within 2 minutes of the time the products of combus-

tion first reach the sampling head.

Light Scattering Operation

Scattering results when light strikes aerosol particles. For

most particles, scattered light reaches its maximum intensity at

an angle of about 27° from the path of the beam in both the
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forward and backward directions and the scattered light intensity

is at a minimum in a direction perpendicular to the beam path.

The intensity of scattered light is also related to particle size

and the wavelength of the incident light. These theories of

light scattering are valid only for isotropic spherical particles

and are very complex. However, smoke particles from a fire

consist of a nonhomogeneous mixture of particles which are often

neither spherical nor isotropic, and scattering intensities must

be determined empirically for each aerosol mixture.

Smoke detectors utilizing the scattering principle operate on the

forward scattering of light which occurs when smoke particles

enter a chamber or labyrinth (See Figure E-30). The presence of

smoke will increase the forward scattering of light from 10 to 12

times, but the intensity of the scattered light will decrease as

the angle between the beam path and the photocell increases

beyond 27°. The photocells used in these detectors may be either

photovoltaic or photoresistive. These units are of the spot

type.

A limitation of light-scattering detectors is their reduced

sensitivity to dark smokes which absorb much of their incident

light. Photoelectric detectors are also prone to false alarms

caused by: 1. insects attracted by the heat of incandescant

lamps and heaters used to increase the flow through sensing

chambers, and 2. dust accumulation on the internal surfaces of

the chambers.

2.1.3 Gas Sensing Type

During a fire many gases are produced and released to the

environment. Details of gases produced was reviewed previously.

Carbon monoxide and carbon dioxide are produced by the combustion

process regardless of fuel type and are consequently of

importance to fire detection. Other gases are more fuel specific

and present a limitation in power plants where transient
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conditions could introduce fuels with different combustion by-

products.

In large scale fire testing where carbon monoxide and carbon

dioxide measurements were taken, most observers found that

detectable levels of these gases could be found between the time

of occurrence of detectable particulate levels and detectable

heat levels. From this observation, it would appear that gas

detection will typically be somewhat slower than smoke detection,

and somewhat faster than heat detection.6

The operating element found in most gas-sensing fire detectors is

a metal oxide semi-conductor type element. The element consists

of an N-type semi-conductor crystal in which two helically-wound

heater coils are imbedded in opposite edges. The crystal is then

coated with a metal oxide (typically tin oxide) and is supported

by its heater wires within a metal flame-arresting mesh. One of

the two heater wires is unpowered and serves as an electrode.

The other heater wire is operated at 5 volts DC in order to

maintain the crystal at a temperature of about 350°C. Operating

the crystal at this temperature is necessary both to increase the

number of free carriers available and also to burn off any

contaminating gases which may come in contact with the crystal.

Under normal conditions, oxygen is absorbed onto the surface of

the crystal which gives it a certain conductivity. When any

oxidizable gas comes in contact with the crystal, molecular

oxygen is removed from the crystal surface and the conductivity

increases. This increase in conductivity is proportional to the

gas concentration and is used to trigger the alarm.

One drawback of this sensing method is the non-specificity of the

crystal sensing element. That is, it will respond to any

oxidizable gases and the response is additive in nature. This

makes the device prone to false-alarms in areas where oxidizable

gases can be present in small amounts. It is, however, well
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suited to applications where the combustible material involved is

known to produce pyrolysis products containing oxidizable gases.

2.1.4 Detector Effectiveness and Reliability

If a fire detector is to perform a given function to achieve a

stated level of nuclear plant safety it must be effective in the

performance of that function. In the context of a fire hazard

analysis the effectiveness of a control measure is dependent on

the effectiveness of its components and must be demonstrated.

Because the detector must initiate measures to control an

emergency condition it must also, demonstrate a degree of

reliability in keeping with its importance. Data summarizing

detector reliability have not been collected, however, equipment

and design standards do set a level of quality which provides a

certain (although unquantifiable) degree of reliability.

Variables affecting detector operation have been discussed. The

effectiveness of a detector in sensing a fire in an area of a

nuclear power plant is dependant on establishing detection

requirements, selecting a detector type, locating the detector

and performing tests and maintenance on the unit.126

It is recognized that adequate guidance for the design of fire

detection systems in nuclear power plants does not currently

exist127. This is because of insufficient understanding of the

impact of the following conditions on detection system design:

1. flow obstructions

2. hot gas reservoir formation (beam pockets)

3. temperature stratification

4. ventilation system operation

5. high ceiling heights

Although this is recognized, methods do exist for demonstrating

effectiveness.
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(i) Establish Detection Requirements

In Berry's review126 of fire detection in nuclear plants,

requirements for detection are established on the basis of

regulatory guidance and fire protection standards.

In the context of a fire hazard analysis as previously developed,

establishing fire detection requirements will depend on the fire

hazard, its severity and the means by which it threatens an

exposed item of interest. If this is established a protection

measure must be selected which will detect and suppress a fire

before the exposed's failure point is reached. In this way the

safety objective is met.

Establishing detector requirements can be illustrated by the

following example. Lubricating oil (hazard) is located adjacent

to teflon reactor control cables (exposed of interest). The

calculated severity of the oil burning results in a temperature

of 600°C at the teflon cables. Since the calculated severity is

greater than the cable degredation point of 456°C (See Table C-2)

detection and suppression are required.

(ii) Selecting Detector Type

Selection of a detector type must be on the basis of its ability

to detect a fire and result in its control before a safety

failure condition is reached. There is very little information

available on selection of detector types. Selection will require

a knowledge of operating principles, factors influencing

operation and detector performance standards.

Detector operating principles were reviewed previously. Factors

influencing detector operations as summarized by DiNenno and

Dungan127 include:

1. Combustion by-products
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2. Fire development

3. Ventilation

4. Room congestion (obstruction)

5. Room geometry

6. Operational activities (potential sources of fire

signatures)

7. Maintenance

Details on the effect of these factors on detector response are

included in various reference sources126'127'66

Standard tests to evaluate detector response to actual fires

exist for both heat and smoke detectors.

The test for heat detectors evaluates their performance in a

18.2m x 18.2m x 4.8m high room with a smooth ceiling and no

ventilation128. The detector is spaced at various distances from

a methanol fire and must operate prior to a 160°F rated sprinkler

head located on a 3m (10 ft) spacing relative to the fire (See

Figure E-31). The detector must also undergo twelve other tests.

A listing will be given by an independant test agency if the

detector passes the fire and other tests. Passing these tests

provides a measure of detector effectiveness and reliability.

Heat sensing detectors are generally the most reliable type of

detectors in terms of component life, since they respond directly

to the presence of heat by a thermal or physical change in the

detector operating elements. Heat detectors may fail due to

mechanical damage or abuse.

Smoke detector performance is evaluated on the basis of three

different types of test fires in a test room with a 3m high

ceiling and no ventilation (See Figure E-32)l2S. The detector

must respond to a newspaper fire, a gasoline fire and a

smoldering fire involving white pine. The detector is also
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subjected to approximately twenty additional tests before a

listing will be given. Passing these tests provides a measure of

its effectiveness and reliability.

The incandescant lamps used in older type photoelectric smoke

detectors are critical to detector operation. The operational

lifetime of typical incandescent bulbs used in photoelectric

detectors ranges from about one month to about 5 years. Lamp

life can be increased by operation at reduced DC voltages.

Lowering the operating voltage reduces filament evaporation, one

of the primary causes of failure. Vibration and shock,

particularly with fragile, aged filaments, often lead to

premature lamp failure. Power surges and power failure are also

significant factors in early lamp failures. It appears that an

average life of 3 years in continuous service can be expected

with most incandescent bulbs. The problem of bulb life has been

substantially solved through the use of light emitting diodes

(LED). Manufacturer's data on LEDs indicate a possible lifespan

on the order of 5 x 105 hours, approximately 50 years. At that

time, barring catastrophic failure, the light intensity would be

reduced by one half. These light sources are mechanically stable

and are less prone to damage from vibration.

The sensitivity of photocells used in detectors have a tendency

to drift somewhat with aging. The usual method of compensation

for such changes is through the use of compensation photocells in

various configurations. These cells act as a reference to

maintain balance in the circuit.

(iii) Locating and Spacing of Detectors

Guidance for locating and spacing fire detectors has tradition-

ally come from the spacings listed by approval agencies130'131' ll°

and installation standards132'133. The approval agencies provide

maximum listed spacings based on a standard test with no air

movement. These conditions seldom exist and are consequently of

limited value in locating or spacing detectors in a nuclear power
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plant. Installation standards provide a limited amount of

guidance on locating detectors relative to room geometry, sloping

ceilings and miscellaneous conditions, however they do not cover

the special concerns of nuclear power plants such as high

ceilings, deep beam pockets or obstructions.

In 1984 Appendix C was added to NFPA 72E, "Standard on Automatic

Fire Detectors".l3a The material in this appendix is based on

research at Factory Mutual and provides a designer with some

guidance on the affect of different conditions on detector

spacing. The variables included in appendix spacing

considerations are: heat release density of a fire, a fire

development classification and height of the ceiling (detector

location) above the fire.

The guidelines provide data on the heat release density

(Btu/sec/ft2) and growth time (time required to exceed 1000

Btu/sec assuming 100% combustion efficiency) for various

materials (See Table E-12) to classify the fire as fast (f),

medium (m) or slow burning (s). Design fires used in the guide

are assumed to grow according to the following equation:

Q = [1000/(tg)a] x t2 [71]

where: Q is the heat release rate (Btu/sec)

tg = fire growth time (150 sec=fast,

300 sec = medium, 600 sec = slow)

t = time after open flaming occurs (sec)

1000 = 1000 Btu/sec

Tables are provided which correlate the ceiling height with fire

growth rate and listed detector spacing to establish an adjusted

spacing (See Tables E-13 and E-14). Correlations are given for

fixed temperature heat detectors, rate of rise heat detectors,

and smoke detectors. The following is an illustration of how the

guidelines can be used.
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Example

Input: Ceiling Height: 12 ft (3.7 m)

Detector Type : Combination rate of rise,

fixed temperature 30 ft (9.1 m) listed spacing

Qd = 500 Btu/sec
Fire Growth Rate = medium

Spacing: From Table E-13, installed spacing = 18 ft (5.5 m)

From Table E-14, spacing modifier = 0.86

Installed spacing = 18 x 0.86 = 15.5 ft (4.7 m)

Since the values in the guide are temperature dependent a

correlation is needed between fire temperature and a smoke

related property.

For smoke detectors, the temperature of the gases at the detector

is not directly relevant to detection but the mass concentration

and size distribution of particulates is relevent. For many

types of smoke, the mass concentration of particles is directly

proportional to the optical density of the smoke, Do. A general

correlation for flaming fires has been shown to exist between the

temperature rise of the fire gases at a given location and the

optical density66.

If the optical density at which a detector responds, DOt w e r e

known and were independent of particle size distribution, the

response of the detector could be approximated as a function of

heat release rate of the burning fuel, rate of fire growth and

ceiling height, assuming that the above correlation held.

However, the more popular ionization and light scattering

detectors exhibit widely different Do When particle size

distribution is changed; hence, when Do for these detectors is

measured in order to predict response, the test aerosol used must

be very carefully controlled so that particle size distribution

is constant.
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These spacing guidelines for detectors are limited in that they

do not consider obstructions, hot gas reservoir formation,

temperature stratification or ventilation system effects.

(iv) Testing and Maintenance

Fire detectors and alarm systems must be subjected to acceptance

testing, regular testing and regular maintenance if they are to

provide reliable operation.

Guidelines for conducting acceptance tests on fire detectors and

alarm systems are included in an Underwriters Laboratories of

Canada Standard13". This standard describes tests which should

be conducted to verify the operability of different types of

detectors and other components of an alarm system. Additional

guidelines for testing inspecting and maintenance of fire alarm

devices and systems are included in other standards.133'135

An alternate means of determining detector response is by in-situ

testing. The merits of this approach have been reviewed by

DiNenno and Dungan127. Detector response is dependent on two

factors: (1) Detector response to stimuli, and (2) Transport of

stimuli to a detector. Standard detector checks are limited.

These tests consist of introducing a stimuli in the vicinity of

the detector. Although this problem applies equally to all types

of detectors, the discussion here centers on smoke sensing

detectors. This stimuli is often smoke from a cigar or cigarette

or an aerosol packaged in spray cans for that purpose. This

portion of the test is valuable to assure that detectors are

properly installed but falls short of actually varifying the

effectiveness of the design.

Detector response testing has been expanded to include specific

types of aerosols. DiNenno and Dungan describe the work of one

researcher who reports the dependence of smoke detector response

on particle size and outlines a method of testing using an



162

aerosol generator. This testing still ignores the transport of

the aerosol to the detector.

More importantly, current in-situ test methods do not evaluate

the transport of smoke and heat to the detector. Environmental

factors in nuclear power plants are one of the major reasons for

the inability to determine apriori detection system effectiveness

because of the gross effects of environmental conditions on smoke

transport to the detector.

The particular environment in which a detector is installed will

have significant effect on the responses of that system. The

smoke/fire signatures from different combustibles and different

fire conditions, in conjunction with the safety requirements in

terms of the size of the fire at detection, should determine the

design basis of the detection system. It has been shown above

that, in general, this is not the case. Detection system design

in power plants is often lacking a qualitative basis.

The problems of environmental variables form the key group of

uncertainties in the prediction of detector response. An

understanding of environmental effects is crucial to the

meaningful evaluation of a detector system design. The

variations between nuclear power facilities with respect to

ventilation system arrangement, temperature stratification,

obstructions, etc., precludes confident numerical treatment of

all cases. An in-situ test method would be helpful in

varification of detector response.

It has also been shown that at present the only tractable method

of analyzing detection system response is to separate the

detector response from the smoke and heat transport phenomena.

Accordingly DiNenno and Dungan127 proposed means for evaluating

detector response parameters and two methods of smoke/heat

transport to the detector. These methods are promising as tools
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for detector system evaluation, however, future work is

recommended to improve these techniques. The test methods were

also reported to be inadequate in assessing the impact of

environmental variables on the transport of smoke and heat to the

detection device.

2.1.5 Calculating Detector Response

Methods exist for estimating fire detector response to known

fires. These methods separate the evaluation into two physically

distinct categories. One is the response of the detector to a

given source term immediately adjacent to the detector housing.

The other concerns the transport of the fire signature to the

detector. Therefore, throughout this discussion these two

phenomena will be treated separately.

2.1.5.1 Heat Detectors

There are basically three variables which must be known to

predict the response of a fixed temperature heat detector:127

(1) the temperature of the flow field; (2) velocity of the flow

field adjacent to the detector; and (3) the "time constant" of

the detector. Descriptions of the temperature and velocity

fields are given in the section on bouyant plumes. The time

constant arises from considering only the convective field around

an element and relating this heat input to the heat capacity of

the element. The time constant is then a measure of the

sensitivity of a detector element. The time constant is

essentially the ratio between the heat capacity of the element

and the rate of convective heat transfer to the element. It is

related to the temperature rise of the detector as follows:lr'

D i [72!
— = [Tf - T D ]
dt T
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where:

TD = difference between ambient and detector
temperature

TF = difference between ambient and fluid
temperature

T = time constant = MCp/hA

M = detector element mass

Cp = detector element heat capacity

h = convective heat transfer coefficient to the

element

A = surface area of detector element

For a given TF> the time when the detector element reaches

activation temperature T D i s directly given if the time constant

(T is known. Since T varies with the convective heat transfer

coefficient, it is a function of the fluid velocity. The time

constant can be estimated for a given element and configuration.

Alternatively, a standard method of test has been proposed to

determine the value of the time constant for an automatic

sprinkler element's standard reference velocity. Thus, a

standard time constant, TOf W i n be determined. The following

relationship between a tested "standard" time constant and its

variation with velocity has been widely used 66:

1 = To !VO/V)°-
5 [73]

where:
To = time constant at reference velocity
Vo = reference velocity

T = time constant at velocity V

This relationship is derived from the fact that the convective

heat transfer coefficient is proportional to the square root to

the velocity, and is a consequence of basic convective heat

transfer considerations.
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For rate-of-rise thermal detectors, another detector parameter is

required: the minimum temperature rise that will result in

actuation. A value of 8.3°C/min is usually used. This aspect of

the detector actuation would also have a time lag associated with

it and could be easily obtained through testing.

For heat detectors, however, it may be expected that the thermal

lag is very minimal and hence corrections for this term may be

neglected. A brief analysis of available heat detectors would

determine the validity of this simplification. If time constant

corrections are required, they could be readily made.

2.1.5.2 Smoke Detectors

Ionization

Several models have been proposed for the prediction of the

actuation of ionization type detectors. Bukowski136 examines

these methods and describes the salient features of ionization

type detector response. In this review of the engineering

problems of smoke detector design, the following major variables

affecting the response of an ionization detector are listed:

Ionization Detectors

Particle Size and concentrations

Air velocity (velocity of aerosol entering

chamber)

high

low

chamber design

source of strength

electrode spacing

electrode bias voltage

shell design

detector enclosure design
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From a detector system design evaluation standpoint, the aspects

of particle size and air velocity are major variables. The

sensitivity (S) of an ionization detector in terms of relative

chamber signal is directly proportional to the smoke particle

size distribution, Ndp, and can be expressed as follows:

S = I/Io ' [74]

where:

N = number of particles

dp = particle diameter

*o = reference chamber current

I = current

Bukowski points out that this distribution of particle size

changes with time and space. In addition, the effects of

coagulation of aerosols are often important.

High air velocity through the chamber will tend to increase

sensitivity as ions will be evacuated from the chamber. With

this high velocity, the concentration of smoke particles detected

will be lower. It is a fairly easy matter to correct for high

ambient air velocity in the design of the detectors. The

following limits for air velocity through an ionization detector

are reported.136

ZPE < V < VU7 [75]

where:

ZP = mobility of ion

E = average electric field

U = ion mobility

V = air velocity through chamber
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For smoke entering the chamber at low velocities, the response of

the detector is expected to require a higher concentration of

particles. Entrance velocity is one of the reasons for delayed

response of detectors in fires.

A theoretical explanation of ionization detector response has

been developed,136 hence detailed evaluation of the detector

response is possible. However, the prediction of the environment

in terms of particle size distribution and velocity through the

sensing chamber remain, at best, only empirically determinable.

It is clear that if particle size and velocity distributions are

known, and sufficient information is available on the penetration

of particles to the sensing chamber, the detector response can be

predicted. The fundamental problem still remains, however, that

there is no current method for predicting the particle size

distributions in time and space for a given fire, even under

simple ceiling geometries.

2.1.5.3 Photoelectric Detectors (light scattering type)

Bukowski136 also reviews photoelectric smoke detector design. He

lists the following major variables affecting the response of

light scattering detectors:

1. particle size

2. scattering angle

3. particle shape

4. refractive index

5. wavelength

6. smoke entry into detector

7. circuit time constants

The major areas of uncertainty in predicting photoelectric

scattering type detectors is the definition of the particle size

distribution, particle shape and scattering angle.
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The effects of particle size distribution, scattering angle and

particle shape are difficult to treat independently. Light

scattering theories treat particle sizes in ranges based on the

particle parameters, a which is defined by

Trdp. [76]

These ranges are normally expressed as shown in Table E-15 of

Appendix E.

It is reported136 that in the Rayleigh region, the output signal

is proportioned to the 6th power of the particle diameter. In

the Mie region the signal varies with the 6th to the 2nd power of

the particle diameter as one moves toward the limit of 4 \.

Above the particle diameter of 4 A the signal is proportional to

the 6th power of the particle diameter.

The selection of a scattering angle for maximum intensity of

output should be based on refractive index, particle size and

shape. Effects of particle shape remains the single largest

source of uncertainty in the prediction of the response of these

detectors. The assumption of spherical particle shapes can

result in significant error.

2.1.5.4 Environmental Variables

As stated above, the interaction of environmental variables has a

great effect on the response of detectors. In some cases, these

variables will govern the transport of the smoke. At the very

least, these variables complicate theoretical modelling of the

smoke movement to the detector. Because of these factors, the

evaluation of fire detection system effectiveness in nuclear

power plants is a significant unresolved problem. These

variables will also alter the smoke characteristics such as

particle size distribution, although this is a less significant
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problem than the effects on smoke transport. The following

environmental variables:

- Temperature Stratification

- Ventilation

- Obstructions

- Room Geometry

all affect detector response, however a quantitative evaluation

of their effect cannot be estimated at present.

Two computer programs137 are also available for calculating

detector response time. These programs are based on the

previously described principles and vary in the definition of the

fire being detected.

DETACT-T2 is written in FORTRAN and is designed to analyze the

response of detectors to fires whose heat release rate is

proportional to time squared: Q = a t2. Where a is a factor

describing the fire growth rate. This is the same fire growth

model used in Appendix C of NFPA 72E.

The data correlations for gas temperature and velocity used in

DETACT-T2 are slightly different than those used to produce the

table and graphs of Appendix C of NFPA 72E. These data correla-

tions, originally proposed by Heskestad and Delichatsios,66 were

described by Craig L. Beyler in the November 1984 issue of Fire

Technology. Beyler found that these correlations could be

substituted into an equation for the heat transfer to a fire

detector and solved analytically. The data correlations used to

produce Appendix C of NFPA 72E required that the heat transfer

equation be solved numerically.

The information required for DATACT-T2 is: ambient temperature,

detector response time index (RTI), detector activation

temperature, ceiling height, detector spacing and the fire growth
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constant (alpha). It is also required to input a detector rate

of rise set point, even if a rate of rise heat detector is not

being analyzed.

Alpha, the fire growth coefficient, can correspond to the fast,

medium, and slow fire growth rates described in NFPA 72E,

Appendix C or a unique value can be assigned.

DETACT-QS is a second computer program. It is written in PC

BASIC for use on IBM Personal Computers. Unlike DETACT-T2, which

is restricted to "t squared" fires, this program calculates the

response of heat detectors to any fire heat release rate history.

The drawback is that the program uses a quasisteady approximation

for the fire gas temperature and velocity. This means that it is

assumed that the temperature and velocity of the fire gases at

the detector location is proportional to the instantaneous heat

release rate of the fire. In essence this ignores the transport

time for the gases to travel from the fire to the detector.

However, in many cases the error introduced by this assumption is

negligible compared to errors caused by inaccuracies in data

entered by the user.

2.2 Signalling Systems

Active fire protection was previously defined as those fire

control measures utilizing mechanical and/or electrical equipment

to detect a fire and initiate action for its suppression. There

are three elements in ensuring that a control measure is

successful: detection of the fire, transmission of a signal to

initiate a fire control measure(s) and the suppression of the

fire. This section will cover the transmission of a signal to

initiate fire control.

The transmission of an alarm signal to initiate fire control is

performed by a signalling system. The main functions of a

signalling system are to:
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1. Supervise detectors and emergency equipment

2. Identify a fire's location

3. Notify personnel of a f*re condition, and

4. Initiate action to control a fire.

These functions can be performed mechanically by protection

systems (eg. sprinkler systems). A sprinkler head (detector)

fuses and releases water in the sprinkler piping onto a fire

(initiates control). Reduction of water pressure in the system

piping results in the actuation of a valve and water flows to a

water motor gong ringing a bell which notifys personnel of a fire

(See Figure E-33). Other special extinguishing systems using

heat actuating devices to activate mechanical systems for fire

control are also in use. A discussion of their operation is

provided under the discussion of extinguishing systems. This

section of the report will deal with electrical signalling

systems as they comprise the majority of systems used.

The National Fire Protection Association standards13*'21#1

recognize four types of protective signalling systems:

1. Local,

2. Auxiliary,

3. Remote Stations, and

4. Proprietary.

Auxiliary and Remote Station systems are primarily used for the

notification of public fire departments and are not directly

applicable to power plants. For this reason they will not be

reviewed.

2.2.1 Local Alarm Systems

A local alarm system is defined138 as a local system sounding an

alarm as the result of the manual operation of a fire alarm box

or the operation of protection equipment or systems, such as
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water flowing in a sprinkler system, the discharge of carbon

dioxide, the detection of smoke or the detection of heat.

In power plants, local systems are used to control special

extinguishing systems and to control detection and alarm signals

for specific areas of the plant. As the previous description

implies, a local system supervises alarm initiating devices and

processes alarm signals from these devices to sound bells and

other output signals to initiate fire control (See Figure E-34).

(a) Alarm Circuits

Alarm circuits arc those electrical circuits connecting alarm

initiating devices (eg. detectors) and alarm indicating devices

(eg. bells). All circuits should be electrically supervised.

The intent of electrical supervision for fire detection and alarm

circuits is to monitor the circuit integrity so that the

occurrence of a single open or ground condition automatically

indicates a trouble condition for that circuit. Electrical

supervision does not normally include monitoring electrical

conductors for a short-circuit fault or multiple ground

condition. Short circuit faults and multiple ground conditions

will typically generate an alarm signal. Supervision is normally

limited to the circuits and does not include devices on those

circuits.

Two classical wiring circuits commonly used in fire protection

today are the 4-wire Class A circuit (See Figure E-35) and the 2-

wire Class B circuit (See Figure E-36). Both circuits detect a

single ground fault or open circuit. The Class B circuit may not

be capable of transmitting a fire alarm in the event of a single

ground fault or open circuit. A Class A does have the capacity

to transmit an alarm in the event of these faults.
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The 4 wires for the Class A system may be installed in the same

conduit. A fault or accident in the conduit may affect all four

wires negating the advantage of the "Class A" system.

Circuit reliability is enhanced by conformance to design

standards,1"2 installation standards132'1"'1"2, verification

tests,13"'132, regular testing138 >lu3, and regular maintenance1381-3.

The alarm system control unit is a device with the control

circuits necessary to (1) furnish power to a fire alarm system;

(2) receive signals from alarm initiating devices and transmit

them to audible alarm indicating appliances and accessory

equipment; and (3) electrically supervise the system

installation wiring and primary (main) power. The control unit

can be contained in one or more cabinets.

A primary power supply is normally received from the AC

electrical supply in the facility.

A secondary power supply should be provided and should be capable

of providing sufficient power to operate all components of the

fire alarm system in the event that the primary power supply is

lost. Secondary power supply is provided by batteries, diesel

generators, or both.

Reliability of the control unit is enhanced by test1"" ancj

listing with an independant approval agency.116'130'131

2.2.2 Proprietary System

Proprietary Protective Signaling System is an installation of

protective systems which serve contiguous and noncontiguous

properties under one ownership from a central supervising station

located at the protected property, where trained, competent

personnel are in constant attendance. This includes the central

supervising station, power supplies, signal-initiating devices,
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initiating device circuits, signal notification appliances,

equipment for the automatic, permanent visual recording of

signals and equipment for the operation of emergency building

control services.

There are two types of proprietary systems:

1. Conventional "hardwire" system
2. Multiplex system

(a) Hardwire System

Local fire alarm systems are commonly referred to as "hardwired"

signalling systems. These systems are characterized by the

transmission of a signal over one electrical circuit - one signal

per circuit.

A "hardwired" proprietary signalling system usually consists of a

main proprietary control panel, local control panels associated

with separate fire alarm zones, annunciators, printers, alarm

indicating devices (bells, lights or horns), alarm initiating

devices (heat or smoke detectors, etc), and wiring. Figure E-37

is a schematic depicting a typical multiplex hardwired system.

The main proprietary control panel is usually mounted in a

constantly attended location while the local fire alarm panels

are distributed throughout the plant. The main proprietary

control panel receives alarms from the local control panels but

the main control panel does not transmit information back to the

local control panels. The alarms transmitted to the main

proprietary control panel do not usually identify which fire zone

of the local control panel is actuated. Therefore, the plant

operator must respond to the local panel to obtain more detailed

information (which zone actuated).
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The switching electrical components in the main and local control

cabinets are alarm and trouble relays. The alarm relay trips

upon contact closure of an initiating device or short circuit,

while the trouble relay monitors the circuit for a single ground

fault, open circuit, or loss of power. The output signals from

the control panels are via relay contacts.

One key concept that has characterized proprietary signalling

systems is the McCulloh Loop. The primary feature of the

McCulloh Loop is that it can receive alarm signals under abnormal

wiring conditions such as an open circuit, a ground fault, or a

combination of the two which will produce a trouble signal on the

system. If a trouble signal is received on the system, then the

system is automatically or manually switched to "off-normal"

position to permit alarm signal transmissions until the fault

condition is cleared. Sometimes this feature is referred to as a

"Class A" system or a 4-wire system (See Figure E-35).

(b) Multiplex System

A multiplex Fire Alarm and Detection System is a communication

system having the capability of simultaneous transmission of 2 or

more signals in either or both directions over the same

transmission path.

One of the key advantages of a multiplex fire alarm system is its

flexibility in receiving emergency alarms and transmitting

emergency commands to the system.

Another advantageous feature of multiplex systems is the

elimination of the costly, time-consuming job of wiring numerous

circuits between local panels and the central control unit. A

single path of coaxial cable or telephone cable installed along a

path between communication points is the typical wiring required.

Coaxial cable consists of a copper-clad aluminum inner conductor

centered in a layer of polyethylene dielectric, which is
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compressed by a solid aluminum outer sheath, the second

conductor.

A single path system has the capability to stand alone with the

control board and local control unit (multiplexer) to operate as

a Computer Control system. A single system can monitor over

2,000 points using time-shared communications. A common two-pair

"data bus" is routed between the computer control system and the

multiplexer which is connected to initiating and indicating

device circuits. Each initiating device circuit has an alarm

address with a unique identifiable code. The computer control

unit contains a master list of all addressable points connected

to the system and automatically transmits these codes in sequence

on the data bus. The multiplexer (transponder) receives these

signals, recognizing the location and status of each point from

the time slot of the response signal. The absence of a response

produces a station missing (trouble) signal.

In time division multiplexing, each zone or point (device or

group of devices) is assigned an "address code" when installed.

Each point is scanned to determine its status. Each time a point

is scanned, it is compared against the status of that point from

the previous scan. If a different status occurs on 2 to 4

subsequent scans, an alarm is generated.

Another basic technique of multiplexing is called frequency

division. In frequency division multiplexing, the system uses

discrete radio frequency bands within the broadband capability of

the channel 5MH2 to 300 MHZ, forward and reverse frequency

provide two way communication. Each point transmits a specific

frequency tone over a signalling line whenever it changes status.

A signal system with redundant control station console equipment

can monitor and control more than 30,000 points.
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Tone filters at the central station are used to pick up

individual signals. A light (LED) or audible device is used to

indicate a trouble condition when a tone is missing.

Major components of a multiplex alarm system include:

Central Processing Unit (CPU) and Memory,

Multiplexers (Data Gathering Panels),

Cathode Ray Tube (CRT) Display, and

Printer.

Figure E-38 is schematic depicting a typical multiplex system.

The reliability for the system circuit is enhanced by conformance

to design standards,1-2 installation standards1"1, verification

testing13", regular testing1"1, and regular maintenance.1"1'1"3

The proprietary system control unit is a device with the control

circuits necessary to (1) furnish power to a fire alarm system;

(2) receive signals from alarm initiating devices and transmit

them to audible alarm indicating appliances and accessory

equipment; and (3) electrically supervise the system installation

wiring and primary (main) power. The control unit can be

contained in one or more cabinets.

A primary power supply is normally received from the electrical

system in the protected facility. A secondary power supply

should be provided, and should be capable of supplying sufficient

power to operate all components of the fire alarm system in the

event that the primary power supply is lost. Secondary power

supply is provided by batteries, diesel generators, or both.

Reliability of the control unit is enhanced by test1"1 and

listing with an independant approval agency116'130. No

statistical data is available on the reliability of control units

to transmit alarms.
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2.3 Fire Suppression

The final step in an active fire control measure is to suppress

or extinguish the fire. This can be achieved by removing one of

the four conditions for combustion:

the presence of the fuel

the presence of energy (heat)

the presence of an oxydizing agent, or

the possibility of an uninhibited chain reaction

Suppression can be achieved by automatic, manual, or a

combination of automatic and manual protection system. These

systems are classified according to the extinguishing agent they

employ. Hassler2 has summarized the methods by which these

agents extinguish fire, and the types of fire they are effective

on (See Figure E-39 in Appendix E).

The agents used in fire protection systems in power plants are:

1. water

2. fire fighting foam

3. carbon dioxide

4. halon, and

5. dry chemical

Fire suppression involves three essential components: the proper

extinguishing agent, a system for the proper application of that

agent, and its application at the proper rate.

2.3.1 Water Based Systems

The most reliable and most commonly used fire extinguishing agent

is water. For fire control purposes water supresses most

effectively when applied as a spray. The spray can be applied

from an automatic system or a manual system.
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2.3.1.1 Means of Fire Control

Water spray extinguishes fire primarily by cooling, but also

through smothering (See Figure E-39 in Appendix E).

The term "water spray" refers to the application of water from

specially designed nozzles to give a particular pattern, particle

size, velocity, and density.

The nozzles are designed to break up a solid water stream into

small particles or droplets. 7,'he smaller the droplets, the more

effective the cooling and resultant heat absorption. When used

on a compartment fire, a portion of the water spray is converted

to steam. The steam tends to exclude oxygen from the combustion

process and provides a smothering effect.

2.3.1.2 Design Features Automatic Systems

Generally, water spray can be used effectively for any one or a

combination of the following purposes: (1) extinguishment of

fire, (2) control of fire, and/or (3) protection of exposed

items.1"5

Sprinklers have successfully extinguished fires in ordinary

combustibles, such as furniture and storage items, when complex

fuel geometries exist, a fire may be shielded from a water spray

(eg. rack storage, where lower tier storage is shielded from

ceiling level sprinkler discharge by storage on tiers above).

Properly designed systems may not extinguish all combustion,

however they are successful in controlling a fire and preventing

further spread. With hazards such as flammable liquids, the

primary purpose of water sprays may be to protect exposed items

and keep them cool. The water spray cannot extinguish a

flammable liquid fire, however it cools the environment until the

fuel can be removed or consumed. Protection of equipment and/or

structural supports from fire is a very important function. This
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protection is accomplished by the application of water directly

to the exposed structure or equipment to remove heat.

The effectiveness of fixed automatic water suppression systems is

based on the following:lus'1*6

1. automatic actuation of the system

2. adequate and reliable water supply

3. adequate water spray density (application rate)

4. water broken into fine droplets

5. delivery of water to the source of the fire on the exposed

6. notification of system operation or malfunction

Automatic water spray systems are classified into four basic

types:

1. wet pipe automatic sprinkler system

2. dry pipe automatic sprinkler system

3. pre-action sprinkler system

4. deluge system

The nozzle or device used to create the water spray for these

systems falls into two main groups: sprinklers (See Figure E-18

in Appendix E) and directional spray nozzles. Sprinkler heads

have a fusible element which actuates at a specified temperature,

which may range from 57°C to 34Q°C. Directional spray nozzles do

not have a fusible element and are designed to provide specific

spray pattern and velocity.

The selection of spray nozzles must take into consideration such

factors as the character of the hazard to be protected, water

application rate, and the purpose of the system. High velocity

spray nozzles, generally used in piped installtions, discharge in

a cone shaped spray, while low velocity spray nozzles usually

deliver a much finer cone or spherical shaped spray.
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In system design, the first consideration is the water spray

density required to extinguish the fire or to protect exposed

equipment. This is usually determined from an evaluation of the

hazard and the water application rates specified in the design

standards. When the rate is determined, a nozzle may be selected

which will provide the required density. Each nozzle selected

for a water spray system must also have the proper angle of

discharge to cover the area to be protected by the nozzle.

Guidance on the water application rate required for standard

occupancy hazards is contained in the design standards. Guidance

for specific industrial hazards is contained in fire standards

for that specific hazard.

Once the type of nozzle has been selected, a complete system of

nozzles is located and spaced to give the desired area coverage.

Hydraulic calculations are then performed to establish the

appropriate pipe sizes for pipes connecting the nozzles, and to

define the water supply required for effective system operation.

(i) Types of Sprinkler Systems

(a) Wet Pipe

The most common and least complicated of all sprinkler

system types is the wet pipe system (See Figure E-40 in

Appendix E). As indicated by the name, all pipes are

normally full of water. Upon operation of the fusible

element, a sprinkler head immediately discharges water

from that head onto the fire. An alarm is initiated by

the flowing water to indicate that a fire is in

progress.

Requirements to ensure that the system will operate as

intended, in a reliable fashion, are contained in the

system design standard.
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(b) Dry Pipe

In order to provide sprinkler protection for unheated

buildings, the dry pipe sprinkler system was developed.

The dry pipe valve is a differential valve which

prevents the water from entering an overhead piping

system by filling the piping with compressed air. The

valve surface exposed to the compressed air usually has

about six times the surface area of that exposed to the

water. As a result, it takes only 1/6 as much pressure

to prevent water from entering the system (See Figure

E-41 in Appendix E).

Normal closed sprinkler heads are provided on the

overhead piping system as in the wet pipe system, when

a sprinkler's fusible element operates, the air trapped

in the piping is discharged. As the air discharges,

the pressure in the piping decreases, the dry pipe

valves operate, and water enters the overhead piping.

The water then travels to the open orifice and

discharges in a uniform spray as in the wet system. It

should be noted that this system introduces time delays

in applying water to the fire. The fire continues to

grow during this time and, as a result, more heads may

operate on a dry pipe system than a wet pipe system.

If excessive air pressure is maintained in the overhead

piping, additional time delays will result.

The time delays associated with a dry pipe system can

be minimized by providing a mechanism to either

increase the air discharge rate (called an exhauster),

or accelerate valve operation when a sprinkler fuses

(called an accelerator). While these devices are

helpful, they are difficult to maintain. Even when

provided and operating properly, a delay of up to 90

seconds can be expected before water is discharged from
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a fused sprinkler head on a dry pipe system. Such time

delays are significant and may be intolerable. For

these reasons, dry pipe systems should only be used

where conditions dictate.

Requirements to ensure a level of effectiveness and

reliability are provided for dry pipe systems and are

contained in the design standard.1"7

(c) Pre-Action

The principle difference between a pre-action system

and a standard dry pipe system is that in the pre-

action system the water supply valve is actuated

independently by the opening of an automatic fire

detection system. On actuation the fire detection

system trips a deluge control valve which permits water

to enter the overhead piping. Then, when the fire

generates enough heat to fuse a sprinkler head, water

is immediately discharged on the fire. This type of

system eliminates the inherent time lag of a dry pipe

system since the overhead piping does not contain

pressurized air, and can still be used in unheated

areas since the piping is normally dry.

Any type of fire detector can be utilized to actuate

the control valve. Since listed fire detectors are

required to operate faster than a sprinkler head, it is

anticipated that water will reach the sprinkler by the

time it fuses, so a pre-action system usually has a

similar operating time to a wet pipe system.

This system also eliminates the fear of inadvertent

water discharge, since two failures must occur to trip

the system; (1) detector actuation, and (2) sprinkler

operation (See Figure E-42 in Appendix E). Piping
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integrity can be monitored (required when more than

twenty sprinkler heads are involved) by providing very

low air pressure (10 kPa) in the overhead piping.

Also, fire detection devices are required to be

supervised if more than 20 sprinklers are provided on a

system.

The reliability of pre-action systems is reduced by the

addition of a detection system for system actuation.

If the detection system is out of service, the pre-

action sprinkler system must be operated manually.

System reliability is also reduced by the mechanical

valve arrangement, which is more complex than that of a

wet pipe system. Requirements for system installation

are included in the design standard.1"7

(d) Deluge

The purpose of a deluge sprinkler system is to wet down

an entire fire area by supplying water to open nozzles

or sprinklers. Deluge systems operate on the same

principle as pre-action systems in that control valve

operation is achieved by actuation of a separate fire

detection system (See Figure E-43 in Appendix E).

Deluge systems are used in high hazard occupancies in

which flammable liquids are stored, and where there is

a possibility that firs may flash before the operation

of ordinary automatic sprinklers. Because all the

sprinklers on a deluge system must be simultaneously

supplied with water, the water supply requirement for

deluge systems is typically much greater than for a wet

pipe, dry pipe, or pre-action sprinkler system.

Requirements for effective and reliable system

operation are contained in the design standard1"*.
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(ii) Water-Flow Alarms and System Supervision

A water suppression system with a water-flow alarm serves

two functions: fire extinguishment, and alarm notification.

Immediate notification of the operation of sprinklers is

important to ensure complete extinguishment of the fire.

Under some conditions, the sprinklers do not completely

extinguish the fire and it is necessary to effect final

extinguishment by portable devices, private hose streams, or

fire department equipment. (Typical water-flow alarm

devices are shown in Figure E-44 in Appendix E).

In addition to water-flow alarms, systems frequently are

equipped with devices to signal abnormal conditions. In

general, these devices, known as "supervisory" devices, give

warning of equipment trouble (closed control valves, etc.)

and require action by plant personnel. Control valve

supervision is expecially valuable for providing a

continuous reminder of system impairments. Such reminders

often speed their correction.

Each suppression system should be provided with an

accessible control valve to control flow of water to the

system. A post indicator valve (PIV) is frequently used so

that the status of the valve (open or closed) can be easily

determined. Sprinkler control valves should be supervised

as previously discussed, or they should be locked in the

"open" position.

In large plants, fire main systems should be provided with

sectional isolation valves to improve the reliability of

water systems. It is important that such valves be plainly

marked to show their location on supervisory system

controls.
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2.3,1.3 Design Features Manual Systems

Standpipe and hose systems provide a means for manual application

of water to fires at a plant. Standpipe systems are designed for

fire department or brigade use, and provide a quick means for

employing effective fire streams throughout the plant. NFPA No.

14, "Standard for Standpipe and Hose Systems",1"9 should be

consulted for installation details.

Standpipe systems may be grouped into four general classes of

service based upon their intended use:

Class I

Class II -

Class III -

Combined

Systems

Consisting of 2-1/2 inch diameter outlets intended

for use by fire departments and those trained in

handling heavy, high pressure fire streams.

Consisting of outlets for small hose usually 1-1/2

inch diameter, intended for use by the building

occupants and those not trained in the use of

heavier streams, until the arrival of the fire

department.

A combination of Class I and Class II with outlets

for use by both the fire department and the plant

occupants. This type of system is provided with

both 2-1/2 inch and 1-1/2 inch diameter outlets,

as well as small hose.

The water piping, especially the risers,

serve both 2-1/2 inch diameter hose outlets and

automatic water suppression systems. Combined

systems should comply with the requirements of

NFPA Standard No. 13, "Installation of Automatic

Sprinkler Systems", for the sprinklered portions,

and NFPA No. 14 with regard to sizing of vertical

risers and the water supply.

The water supply for standpipe systems depends on the size and

number of required streams, the length of time they may be
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operated, and any flow anticipated for fixed systems using the

same riser. Standpipe water supplies should be provided in

addition to water supplies required for the operation of fixed

water suppression systems, and should be arranged for

simultaneous operation.

Minimum water supplies, for standpipes supplying 2-1/2 inch hose

that will be used by fire departments or specially trained men

(Class I and III systems), are given as 1893 1/min (500 USgpm)

for the first standpipe and 946 1/min (250 USgpm) for each

additional standpipe, with the total supply not exceeding 9463

1/min (2500 USgpm). In addition, the supply is required to have

sufficient head to maintain a residual pressure of 4.5 bars (65

psi) at the topmost outlet of each standpipe (including outlets

on the roof) with 1893 1/min flowing.

The water supply for Class II service (1-1/2 inch) is 379 1/min

(100 USgpm). It is also required to maintain a residual pressure

of 4.5 bars at the topmost outlet of all standpipes (including

roof outlets) with 379 1/min flowing.

Pressure reducers are often provided to prevent high standpipe

water pressures (greater than 8.6 bars, as excessive pressures

make hoses hard to handle and create a safety concern.

Water flow devices and tamper switches which signal upon

activation are desirable additions to a standpipe system. The

equipment used is the same as that for a sprinkler system.

Each hose outlet may have up to 30 m (100 feet) of small hose

with an adjustable spray nozzle at the end, ready for use.

Excessive hose length may result in hoses kinking and other

trouble during use. Lightweight woven-jacket, rubber-lined hose

is usually recommended for standpipe or other inside service

because of its superior friction loss characteristics.
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Continuous flow hose reels which utilize "hard" hose are an

excellent alternative to more conventional hose in congested

areas of a plant. Because of the rigid hose type used on hose

reels, it is not necessary to remove all of the hose before

charging it with water (See Figure E-45 in Appendix E).

Concerns over the application of water to energized electrical

equipment prompt the routine specification of "electrical" type

noz2les for use with standpipes. These adjustable spray nozzles

are pinned, to prevent a straight stream water pattern from being

selected, and, therefore, provide some level of personnel

protection when applied to electrical equipment.

One potential disadvantage of hose streams is the hazard to

personnel introduced by placing water on energized electrical

equipment. A series of tests conducted by Ontario Hydro Research

graphically illustrates the importance of spray type nozzles when

fighting fires involving energized electrical equipment. Tables

E-16, E-17 and E-18 in Appendix E summarize those test results

and provide guidance for safe operating distances.

The standard most widely used for the installation and design of

these systems is NFPA Standard No. 14. Adherence to this

standard generally produces a system having features and

reliability corresponding with its fire protection importance.

The number of standpipes and the arrangement of distribution of

equipment for proper protection are governed by local conditions

such as occupancy, type and construction of building, exterior

exposures, and accessibility. Standpipes supplying both 1-1/2

and 2-1/2 inch hose are located so that all portions of each

plant can be reached with hose streams. Standpipes should be

protected against mechanical and fire damage.

The location of standpipes close to probable fire locations (e.g.
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hydrogen seal oil units, turbine lube oil facilities, etc.)

should be avoided since the hose could not be reached during a

fire. Serious consideration should be given to distributing hose

stations so that major hazards can be reached by multiple hose

lines, to facilitate fire fighting operations.

For manual fire fighting to be effective and reliable fire

fighting equipment and systems must be supported by administra-

tive programs.171 for

1. staffing the fire brigade,

2. training the brigade members,

3. pre-fire planning, and

4. drills.

The fire brigade should be organized so that an effective brigade

is available at all times. This will usually require a minimum

of five brigade members who should be able to leave their normal

work duties for a fire emergency.

Brigade members, to be effective, must receive regular training.

This training should include classroom, as well as, hands on

training which is consistent with the duties they must perform on

the brigade. Accordingly, brigade leaders should receive

training in fire ground tactics, strategy and leadership.

Training should be ongoing and brigade members attendance at

various training sessions is essential to brigade efficiency.

Industrial fire brigades do not fight many fires in the plant.

Therefore, for them to be prepared for potential fire incidents

they should be involved in preparing pre-fire plans for plant

fire hazards. These preplans help familiarize brigade members

with fire hazards and can be used in training sessions and drills

to improve performance.
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Fire drills both announced and unannounced are needed to

demonstrate brigade capabilities, efficiency and reliability.

These drills are usually help regularly to test brigade

availability, response time and preparedness.

2.3.1.4 Water Supply

For sprinkler and standpipe systems to be effective they must be

provided with an adequate water supply system. This system

should be capable of supplying water to satisfy fixed fire

protection systems plus manual fire fighting operations for all

plant areas. At power plants the water supply system will

generally consist of:

1. source of water

2. pumps

3. distribution piping

The source of water supply could be: a natural body of water

(river or lake), man made ponds, storage tanks or elevated tanks.

Regardless of the type of supply used it should be of sufficient

capacity tc supply water to the most demanding hazard for a given

duration, which is established by standard or calculation.

Standards are available

reliability for water supply.

Standards are available for establishing a level of

Pumps in fire protection systems, because of their importance to

plant safety, must be capable of starting under full load and

operating at specific levels of performance. These conditions

and levels of performance are established by installing the

pumping system to a given standard and utilizing equipment

approved or listed for the intended use. The installation

standard must widely accepted is the NFPA Standard 20

"Centrifugal Fire Pumps".173 Equipment reliability is, in part,

established by using equipment approved or listed by a recognized
- . . 109• 1 10• 1 1 1

test agency for this use.
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To deliver water from the supply and pumping systems to their

point fo use will require a water distribution system. This

system will consist of underground piping, as well as, piping

within buildings or structures required to supply various

systems. Piping is usually installed so as to minimize the

potential for corrosion and mechanical damage. In case of

impairment to a section of piping the distribution system is

usually gridded and provided with sufficient isolation valves

that the required supplies can be delivered with any single

section of the distribution system out-of-services.171 The

reliability of the distribution system is also maintained by
17t

installation standards for the piping system and isolation

valves, the use

performance testing.

valves,175 the use of listed materials109'110'111 and regular

2.3.1.5 Testing and Maintenance

The reliable operation of automatic sprinkler systems is

dependent upon its proper maintenance. Guidance for care and

maintenance of these systems is contained in NFPA Standard No.

13A, "Care and Maintenance of Sprinkler Systems".155 To maintain

a level of reliability from sprinkler systems administrative

controls are usually provided to ensure that systems will operate

as intended.

The major considerations for the effective and reliable operation

of sprinkler protection are: (1) that the sprinkler protection is

complete in the areas to be protected; (2) that there are no

obstructions (highpiled stock, partitions, etc.) to the effective

distribution of water discharged from the sprinklers; (3) that

the water supply is constantly available; (4) that all devices

forming a part of a sprinkler system, its supervisory systems,

and its water supply are in dependable operating condition.

Automatic sprinklers, subjected to normal use, will give

continued satisfactory performance over a great many years. The
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NFPA Sprinkler Care and Maintenance Standard, however, recommends

replacement of all sprinklers that are 50 or more years old. Any

accumulation of foreign material on sprinklers tends to retard

their operation, owing to the heat-insulating effect of the load

material. The best practice is to replace such loaded sprinklers

with new sprinklers. Dust deposits can be blown or brushed off.

Water-solution cleaning liquids of caustic or acid type are

likely to be injurious to sprinklers and should not be used for

cleaning. Sprinklers that have been painted must be replaced.

Additional branch lines and sprinklers installed after the

original installation should be checked to ensure that the

original system design has not been adversely affected. These

checks should include a re-evaluation of the hazard, hydraulic

calculations, sprinkler head locations, etc. where the system is

hydraulically designed, calculations should be retained to assist

in checking the effect of these additions on the overall system.

All piping in dry pipe systems should be checked to ensure that

they have the proper slope for drainage. This feature is of

special importance, as water remaining in pockets or low places

is likely to freeze and impair the system. For this reason, dry

pipe sprinkler systems should use only upright type sprinklers.

All control valves should be readily accessible and unobstructed

so that they can be closed promptly. Valves should be regularly

examined to see that they are open and in good operating

condition, turn easily, and do not leak.

Pits for gate or check valves should be kept reasonably dry and

clean so that valves can be tested, examined, and maintained.

Manhole covers should be kept clear of ice.

Each control valve should be numbered and listed (giving

location, use, or portions of the system controlled) on a plant
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Sire inspection report form. Valve locations should be posted on

a plan at a central point for use by plant and public fire

officials. Each valve should be signed, indicating the

protection systems it controls. Periodic flow tests of each

water supply and each connection from a supply to a protection

system are recommended. This can be accomplished by closing the

water supply temporarily, except the one under test. These flow

tests are important in determining whether there are obstructions

in the supply piping. It is mandatory that all water supplies be

returned to service immediately after testing. Records of the

water flow tests should be retained and compared with previous

test results to determine if abnormal deterioration is occuring.

Flow tests in the supply piping tu a sprinkler system provides a

positive means of determining whether there are obstructions in

the system.

2.3.2 Foam Extinguishing Systems

Firefighting foam is a mass of gas-filled bubbles formed from

aqueous solutions of foam concentrates. Since foam is lighter

than the flammable liquids it protects, it floats on the

flammable or combustible liquids, producing an air-excluding,

vapour-sealing, cooling layer for purposes of halting or

preventing combustion (See Figure E-39 in Appendix E). 2

Firefighting foams are formulated in several ways. Some foams

are thick and viscous, forming tough, heat resistant blankets

over burning liquid surfaces and even vertical areas, while

others are thinner and spread more rapdily. Some are capable of

producing a vapour-sealing film on a liquid surface (low

expansion foams), and others are intended to be used as large

volumes of wet gas cells for filling entire rooms or large spaces

(high expansion foam).
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The use of foam for fire protection requires the proper design

since foam breaks down under attack by heat and flame. It

therefore must be applied to a burning surface at a sufficient

rate to extinguish the fire at the point of application, to

compensate for foam breakdown and to provide an additional amount

to guarantee foam spread over the remainder of the burning

liquid.

2.3.2.1 Method of Foam Extinguishment

Low-expansion foam extinguishes primarily by smothering, although

cooling is also a factor (See Figure E-39 in Appendix E). :

Theoretically, if the hazard were completely covered with an

infinitely thin blanket of noncombustible material, the fire

would be extinguished. In practical circumstances, however, the

minimum foam depth is about 1/4-inch (6 mm) with an average depth

of 3 or more inches (75 mm).

The primary mechanism of extinguishment in high-expansion foam is

the smothering and cooling effect of water. Extinguishment of

flammable liquid fires (flash point below 37.8°C) is primarily by

smothering, while for combustible liquids (flash point at or

above 37.8°C) the extinguishment mechanism is primarily a

combined effect of cooling and oxygen exclusion.

When high expansion foam is used on Class A materials,

extinguishment is by oxygen dilution from steam formation and

cooling. When generated into a confined space in sufficient

volume, high-expansion foam may starve the fire by physically

impeding the access of oxygen to the combustion zone.

2.3.2.2 Design Features

(i) Low Expansion Foam

Low expansion foam has normal expansion ratios ranging

from 4:1 to 12:1. The expansion ratio is the volume of

foam generated divided by the volume of solution used.
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Foams having this characteristic expansion range are

discussed below.

Foam systems are comprised of: a foam concentrate (and

storage facilities), a proportioning system for

combining the concentrate with water, a piping system

to deliver foam solution to the point of use, and a

foam aeration device (foam maker). System design

involves the evaluation of the hazard, selection of the

proper concentrate for the hazard, and calculating the

foam application rate required to achieve

extinguishment. Guidelines for effective system design

are contained in NFPA's design standard156 and manu-

facturers guidelines.

Concentrates used in power plants to make fire fighting

foams generally include protein foam, fluoroprotein and

aqueous film forming foam (AFFF).

PROTEIN AIR FOAM concentrates contain high molecular

weight natural protein oxeous polymers derived from a

chemical digestion and hydrolysis of natural protein

solids. The polymers give elasticity, mechanical

strength, and water retention capability to foams

generated from them. The concentrates also contain

dissolved polyvalent metallic salts, which aid the

protein polymers in their bubble-strengthening

capability when the foam is exposed to heat and flames.

Protein-type concentrates are available for propor-

tioning to a final concentration of either 3% or 6% L/

volume using either fresh water or sea water. In

general, these concentrates produce dense, viscous

foams of high stability, and high heat resistance, than

many other foaming agents.



196

FLUOROPROTEIN FOAM concentrates are similar in

composition to protein foam concentrates, but in

addition to protein polymers, they contain fluorinated

surface active agents that provide a "fuel shedding"

property to the foam generated. This makes them

particularly effective for fire-fighting conditions

where the foam becomes coated with fuel, as in

subsurface injection of foam for tank firefighting, and

nozzle or monitor foam applications where the foam may

often be plunged into the fuel. These foams also

possess superior vapour securing and heat resistance

characteristics. Fluoroprotein-type concentrates are

available for proportioning to a final concentration of

either 3% or 6% by volume using either fresh or sea

water.

AQUEOUS FILM FORMING FOAM (AFFF) is composed of

synthetically-produced materials that form air foams

similar to those produced by the protein-based

materials. In addition, these foaming agents are

capable of forming water solution films on the surface

of flammable liquids. AFFF concentrates are available

for proportioning to a final concentration of either 3%

or 6% by volume with either fresh or sea water.

The air foams generated from AFFF solutions possess low

viscosity, have fast spreading characteristics, and are

especially good as surface barriers to exclude air and

halt fuel vapourization as are other foams.

AFFF can be used as a foam cover and protection

material for flammable liquids not yet ignited. It may

be used under certain circumstances for extinguishment

of water soluble polar solvents. Because of the

extremely low surface tension of the solutions draining



197

from AFFF, these foams may be useful under mixed class
fire situations (Class A and Class B) where deep
penetration of water is needed in addition to the
surface spreading action of foam itself.

Recent tests1"5 with the AFFF foam agents have
indicated that ordinary sprinkler heads can be used to
distribute foam solutions with acceptable foam quality
being produced. These types of systems also appear to
be effective on Class "A" fires that require extensive
soaking to achieve extinguishment.

Most foams are subject to rapid breakdown and loss of
effectiveness when they are used on fires that involve
fuels which are water soluble, water miscible, or of a
"polar solvent" type. ALCOHOL-TYPE FOAMS were
specifically developed to be effective on these types
of flammable liquids. Alcohol-type foaming agents fall
into three general categories: (1) protein-base
concentrates containing heavy metal soaps; (2) two
component concentrates; and (3) synthetic-base
concentrates in a single component system.

(ii) High Expansion Foam
High expansion foam is an agent for control and
extinguishment of Class A and Class B fires, and is
particularly suited as a flooding agent for use in
confined spaces with limited accessibility for manual
suppression such as cable tunnels. The foam is an
aggregation of bubbles mechanically generated by the
passage of air or other gases through a net, screen, or
other porous medium that is wetted by an aqueous
solution of surface active foaming agents. Under
proper conditions, fire-fighting foams can result in
expansion ratios ranging from 100:1 up to 1000:1.
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High expansion foam is a unique vehicle for trans-

porting wet foam masses to inaccessible locations for

total flooding of confined spaces, and for volumetric

displacement of vapour, heat, and smoke. Tests1"5 have

shown that under certain circumstances, high expansion

foam, when used in conjunction with water from

automatic sprinklers, will provide more positive

control and extinguishment than either extinguishing

agent by itself.

Design guidance on application rates and systems

requirements are contained an in NFPA design

standard157.

2.3.2.3 Maintenance and Testing

All foam systems should be subject to an initial acceptance

inspection by personnel experienced in their design. If

possible, actual flow tests of the system should be conducted and

the static pressure, flowing pressures, capacity, foam quality,

and other operating characteristics noted. After completion of

acceptance tests, the system should be flushed and restored to

operational condition.

Control valves, including all automatic and manual actuating

devices, should be tested at regular intervals (at least

annually). These tests should identify problems with corrosion,

nozzle orientation, clogging of orifices, and malfunctioning of

proportioners and/or pumps used in the distribution of foam

concentrates.

When systems are tested, strainers should be inspected and

cleaned. Periodic inspection should be made of the foam

concentrates and their storage containers for evidence of

excessive deterioration. All concentrates should be sampled

regularly and referred to the manufacturer or a qualified
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laboratory for testing of foam quality. This is especially

important for protein based foams which have a shelf life as

short as 6 to 12 months. Foam samples must be analyzed for

expansion, drainage time, and foam solution concentration.

The foam solution concentration test is very important and can

easily be performed in the field with a hand held refractometer

and volume measuring device. This test will determine the

concentration of foam stabilizer in the water being used to

generate foam and is useful for checking the accuracy of the

system's proportioning apparatus. If it is found that the

concentration deviates widely from the design specification,

corrective action should be taken as the foam produced will have

an undesirable expansion ratio and/or drainage time. Procedures

for these test methods can be found in NFPA #11.156

Once the testing is complete, all test results should be compared

to the results obtained from the initial acceptance test. Then

the quantity of concentrate being stored on site should be

recorded and checked against design requirements.

Operating and maintenance instructions for the foam system should

be easily accessible to all personnel trained in their use.

Layout of system equipment should be posted at the control

location and filed with the proper authorities.

2.3.2.4 Limitations and Advantages of Foam

Foams are primarily used for control and extinguishment of fires

involving flammable or combustible liquids. In general, the

following criteria must be met for a foam to be effective:

1. The liquid must be below its boiling point at the ambient

conditions of temperature and pressure.
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2. Care must be taken in application of foam to liquids with a

bulk temperature higher than 100°c as a boilover or

frothover may result.150

3. The liquid must not be unduly destructive to the foam used,

or the foam must not be highly soluble in the liquid to be

protected.

4. The liquid must not be water-reactive.

5. The fire must be a horizontal surface fire. Three-

dimensional (falling fuel) fires cannot be extinguished by

foam unless the liquid has a relatively high flash point and

can be cooled to extinguishment by the water in the foam.

The following general rules apply to the application and use of

ordinary air foams:

1. Most air foams are adversely affected by contact with

vapourizing liquid extinguishing agents or their vapours,

and by many dry chemical agents. Unless information to the

contrary is available, these materials should not be used

simultaneously with air foams. Gases from decomposing

plastic materials have a similar breakdown effect of foams.

2. Foam solutions are conductive and, therefore, are not

recommended for use on electrical fires.

3. High-expansion foam, because of its white colour and

volumetric nature, can seem to completely submerge and

apparently extinguish fires, while the fire continues to

burn quietly beneath it. Some flammable liquid test fires

covered by high expansion foam actually had burning vapours

beneath the foam.
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2.3.3 Carbon Dioxide Extinguishing Systems

Carbon dioxide has a number of properties that make it a

desirable fire extinguishing agent. It does not react with most

substances, and provides its own pressure for discharge from an

extinguisher or storage cylinder. Since carbon dioxide is a gas,

it can penetrate and spread to all parts of a fire area. As a

gas or finely divided solid, it will not conduct electricity and

can, therefore, be used on energized electrical equipment. It

does not, however, form a homogeneous mixture with air, and after

a period of time, it stratifies and seeks lower elevations.

2.3.3.1 Method of Extinguishment

In order to more completely understand how gaseous agent

extinguishing systems operate, a brief review of flammable limits

and "nose diagrams" would be helpful.

Figure E-46 of Appendix E shows the relationship of flammability

of gasoline as it is influenced by the percent of combustible

vapour and percent of inert gas in air. With no added inert gas,

the upper (rich) and lower (lean) flammability limits are

immediately recognized. As the inert gas is added, the space

between the upper and lower flammability limits decreases,

narrowing the range of combustion activity. Finally, the limits

merge at the "nose" of the enclosed area. Combustion will then

cease.

A carbon dioxide concentration of 29% is the minimum theoretical

value needed to preclude gasoline vapour from burning. For

comparative purposes. Nitrogen and Halon 1301 are also shown.

Carbon dioxide is stored under pressure as a liquid, and when

released, it is discharged into the fire area, principally as a

gas. In general, one kilogram of carbon dioxide in its liquid

state may be considered as producing about 0.5 cubic meters of

free gas at atmospheric pressure. When released onto burning
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materials, it envelopes them and dilutes the oxygen to a

concentration which cannot support combustion. The theoretical

minimum carbon dioxide concentration for extinguishment of

various materials is given in NFPA's design standard158.

Cooling is a minor factor due to the rapid expansion of liquid to

gas when carbon dioxide is released from a storage cylinder. The

expansion produces a refrigerating effect that converts part of

the carbon dioxide into snow. This snow, which has a temperature

of -78.9°C, absorbs heat as it is converted to a gas.

Although carbon dioxide is only mildly toxic, it can induce

unconsciousness and death when present in fire extinguishing

concentrations. The dilution of oxygen in air by the discharge

of CO2 can create an atmosphere which will not sustain life.

A concentration of 9% CO2 is a practical limit above which most

persons will lose consciousness within a few minutes. Breathing

a higher concentration can render a person helpless almost

immediately. CO2 design concentrations for fire extinguishing

generally exceed 25%, posing a potentially dangerous condition

for personnel in the area which will be protected by a CO2

system.

Suitable safeguards must be provided to ensure prompt evacuation

of, and to prevent entry into, carbon dioxide atmospheres. Means

should also be provided for the prompt rescue of any trapped

personnel. Such safety items as personnel training, warning

signs, discharge alarms, pre-discharge alarms, odorizing agents,

and breathing apparatus could be used.

2.3.3.2 Design Features

There are two general methods of applying carbon dioxide to

extinguish fire. One method, known as total flooding, creates an

inert atmosphere within an enclosure in which the hazard is
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located. In some cases it is necessary to maintain this inert

atmosphere in the enclosure for some time until extinguishment is

complete.

The other method, known as local application, is to discharge

carbon dioxide at a hazard. No enclosure is needed around the

hazard, but it is essential that the period of carbon dioxide

discharge be sufficient that all fire be extinguished and the

possibility of reignition minimized (at least 30 seconds).

As with most special extinguishing systems, there are two methods

of actuation; automatic and manual. In addition, carbon dioxide

systems can incorporate manual application through special hose

lines and nozzles.

Carbon dioxide fire extinguishing systems are referred to as

"high pressure" or "low pressure" systems, depending on the

method used in storing the gas.

High pressure CO2 j.s stored at about 57.8 bars (850 psi) in steel

cylinders of varying* sizes and capacities at ambient temperature.

Low pressure CO2 is stored in an insulated pressure vessel and

maintained at a temperature of approximately -18°C (0°F) by

refrigeration. At this temperature, the pressure is

approximately 20 bars (300 psi). This low pressure makes it

economically practical to store CO2 in larger quantities. The

bulk CO2 storage tank often available for generator purging for

the power plant can be used as the supply to fire suppression

systems.

In order for a total flooding CO2 system to be effective, it must

reach an effective concentration and be contained. System design

should identify openings in the enclosure. Many of these

openings are automatically closed while area occupants are

notified of a pending system actuation by a predischarge alarm;
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doors are closed, ventilation systems are shut down, etc. In

usually tight rooms, it may be necessary to provide pressure

relief vents to prevent damage to the enclosure during system

discharge. Design concentrations and application rates are

provided in the design standard.158

Normally empty fixed piping systems are used to convey carbon

dioxide from the storage container to open nozzles at the fire.

By means of a dip tube in the container, carbon dioxide enters

the piping as a liquid. Friction causes pressure loss in the

resulting mixture of liquid and vapour in the piping. The vapour

volume increases as the mixture passes through the piping with a

continuing drop in pressure. Recommended pressure limitations as

well as rates of discharge for different types of fires are

contained in NFPA No. 12, "Carbon Dioxide Extinguishing

Systems".158

2.3.3.3 Maintenance and Testing

Suitable discharge tests of carbon dioxide systems should be made

after installation or inspection indicates the advisability of

tests. The manufacturer should provide a full discharge test,

using carbon dioxide as a basis for acceptance by the owner.

This test should verify all design specifications and functional

operation of all equipment.

For a total flooding application, the test should verify the

following: the discharge time, that the soaking concentration is

maintained for the designated period of time, and that the

ventilation system is properly interlocked to shut down upon

detection of a fire. Any opening that cannot be closed before

the discharge of the CO2 system must be compensated by an

increased CO2 discharge volume and/or extended discharge rate to

maintain the minimum design concentration.
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For a local application of carbon dioxide, discharge tests should

confirm the following: the duration of discharge (should not be

less than 30 seconds), the area of coverage, the rate of

discharge, and the location and direction of discharge for each

nozzle. The local application system should provide carbon

dioxide to all areas which may be burning or flaming in an actual

fire.

Functional tests should be included in the acceptance test but

must also be conducted on a regular basis by trained personnel.

This test should demonstrate that all the equipment related to

the detection, alarm, and actuation of the carbon dioxide system

is in proper working order.

During the functional test, the system should be "puff tested"

and put back into service as soon as the inspection is complete.

A puff test involves flowing just enough carbon dioxide to make

cert.iin that the gas will be discharged from all nozzles, then

closing the supply valve so as not to exhaust the supply. By

performing a functional test, the inspector can ensure that the

automatic detection system will initiate the local alarms,

(audible and visual), send an alarm to the control room, activate

release devices for dampers and doors, check the discharge time,

complete cycling of any time delay device, and verify operation

of any selector valves. These actions should also be tested by

means of all manual releases. Once the system is restored to

service, a visual inspection should be made of the power supply,

emergency power and physical appearance of all piping, nozzles,

and related safety equipment such as self-contained breathing

apparatus.

The storage containers for carbon dioxide should also be

inspected. Physical condition and weight of the containers

should be inspected weekly and semi-annually, respectively. If

the net content shows a loss of 10% or more, the containers
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should be refilled. High pressure containers continuously in

service should be hydrostatically retested every 12 years and

containers should not be recharged without hydrostatic test if

more than five years since the last test.

2.3.3.4 Advantages and Limitations

Carbon dioxide is a relatively inexpensive agent and can be used

to extinguish fires in practically all combustible materials.

However, its most widespread application is for extinguishing

flammable liquid fires because it can rapidly form an inert

atmosphere above the surface of the liquid. Since carbon dioxide

is electrically nonconductive, it is used extensively for the

protection of electrical equipment, and the clean and nondamaging

characteristics of carbon dioxide make it attractive as

protection for rooms containing high value contents.

Deep-seated fires that smolder beneath the surface may be

produced in carbonaceous materials such as electrical cable

insulation, paper, and wood. Carbon dioxide can quickly

extinguish the flaming fire and control its rapid spread, but

complete extinguishment of the remaining smoldering fire may

require the maintenance of an inert atmosphere within the

enclosure or room in which the hazard is located for a

considerable period of time.

Fires involving reactive metals (such as sodium, potassium,

magnesium, titanium, and zirconium) and metal hydrides cannot be

extinguished by carbon dioxide. The metals and hydrides

decompose carbon dioxide.

2.3.4 Halon Extinguishing Systems

2.3.4.1 A Method of Extinguishment

The exact mechanism by which Halon 1301 extinguishes fires is not

clearly understood, but it is generally thought to be a chemical.
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rather than a physical effect (See Figure E-39 in Appendix E). 2

The combustion of hydrocarbon fuels can be written in four

separate chemical reactions. First, the hydrocarbon reacts with

oxygen in two steps to form hydrogen peroxide:

2 - 1 2
C H + O + C H + H O

n m n m

1 2 - 2 2 2
C H + H O - C 2 H + H O

n m n m

which decomposes into two hydroxyl radicals: H202 -• 2 OH. Each

hydroxyl radical then can combine with more fuel to form water,

one of the final combustion products:

-1 2
C H + OH -> C H + H O
n m n m

This last reaction is strongly exothermic and accounts for most

of the energy produced in a fire. The hydroxyl radicals are

considered chain carriers which propagate the reaction from one

fuel molecule to another. If they can be prevented from reacting

with fuel, the fire can be extinguished.

When Halon 1301 enters the combustion zone, the following

sequence of reactions has been suggested2.

First, Halon 1301 is decomposed by heat to produce a bromine

radical: CBrFa .» Br + CF*. The bromine radical reacts with

fuel to produce hydrogen bromide: C n H m + Br - CnH(m - 1) + HBr

which then reacts with the hydroxyl radical to produce water

liberating the bromine radical which can reenter the above

reaction: HBr + OH •* H20 + Br.
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In this process, many active hydroxyl radicals can be removed by

a single bromine atom, resulting in a high degree of

effectiveness. Regardless of the actual mechanism, only small

quantities of Halon 1301 are required to extinguish fires (see

Figure E-46 in Appendix E).

2.3.4.2 Design Features

Halon systems may be classified according to the method of

applying the agent to the hazard. The two main types recognized

in the NFPA Standards 12A and 12B, Halon 1301 and Halon 1211, are

"total flooding" and "local application" systems. Another

category, termed "specialized systems" here, includes those which

are designed to protect special or unique hazards, and which have

been tested and approved under these specific conditions.

TOTAL FLOODING SYSTEMS - These systems protect enclosed, or at

least partially enclosed, hazards. A sufficient quantity of

extinguishing agent is discharged into the enclosure to provide a

uniform fire extinguishing concentration of agent throughout the

entire enclosure.

LOCAL APPLICATION SYSTEMS - These systems, as the name implies,

discharge extinguishing agent in such a manner that the burning

object is surrounded locally by a high concentration of agent to

extinguish the fire. For local application systems, the quantity

of agent is not sufficient to achieve total flooding of the

enclosure containing the object. At the present time, there is

no listed equipment for local application systems using

halogenated agents.

SPECIALIZED SYSTEMS - The distinguishing characteristic of a

specialized system is that it can be applied only to the specific

hazard for which it was designed and tested. For example, a

system designed to protect the jet engines of a specific aircraft

cannot be applied, per se, to any other hazard.



209

The detector portion of an automatically actuated system is very

important in the design of a system. The detector must be

sensitive enough to give rapid response to the fire at an early

stage; but too much sensitivity may produce false actuations. A

cross-zoned detection system is frequently utilized to solve this

problem. Each zone consists of one or more detectors installed

in the protected area so that actuation of any one detector in

the zone causes that zone to alarm. Actuation of one zone

activates local and remote alarms, but does not discharge the

extinguishing agent. Actuation of two or more zones

simultaneously causes the agent to discharge.

Manual actuation of Halon systems is not recommended.159 The

time dealy will result in an increase in the quantity of

hazardous decomposition products produced during extinguishment.

The steps below depict the design steps an engineer would follow

to select the proper equipment and to calculate the Halon 1301

system performance. Some important points to consider are:

1. Hazard definition, which includes the dimensions and

configuration of the enclosure, the maximum and minimum net

volumes, the fuels involved, the expected temperature range

in the hazard area, ventilation and unclosable openings, and

occupancy status.

2. Establish a minimum design concentration based upon the

fuels involved.

3. Calculate the minimum agent quantity based upon the minimum

design concentration, the maximum net volume, the minimum

expected temperature of the enclosure, and compensation for

losses from ventilation and unclosable openings.
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4. Calculate the maximum possible concentration which could

occur if the hazard is at the conditions of minimum net

volume and maximum temperature. This concentration must not

be greater than that permitted by the NFPA Halon 1301 and

Halon 1211 Standards for the occupancy status of the hazard.

5. Agent storage container selection.

6. Determine the minimum agent flow rate by dividing the design

agent quantity by the maximum permissible discharge--10

seconds.

7. Determine the size of piping.

8. Determine the number, size, and locations of discharge

nozzles.

9. Agent retention or soak time for deep-seated

fires.

Since extinguishing concentrations of Halon 1211 in total

flooding systems are normally above 4% volume, NFPA No. 12B160

does not permit the use of 1211 in total flooding systems located

in normally occupied areas. When using Kalon 1301 concentrations

of 7% volume and below, there are no restrictions. At

concentrations of 7-10% volume, egress must be accomplished in

one minute. In areas not normally occupied, concentrations of

10-15% volume may be used if egress can be accomplished in 30

seconds.

Decomposition Products - Halon 1301 decomposes upon contact with

flames or hot surfaces above 1000°F (538°C). This action is

necessary for the product to act as a fire extinguishing agent.

In practical fire tests, the predominant composition products are

hydrogen fluoride (HF) and hydrogen bromide (HBr).
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Factors determining the amount of decomposition products formed

are:

1. size of fire

2. size of the enclosure or room

3. the ratio of the size of the fire to the size of the

enclosure

4. contact time of Halon 1301 with flaming combustion

Tests to date, under various fire conditions, indicate that the

toxic combustion products of fire are a far greater hazard than

the thermal decomposition products of Halon 1301.

Deep-seated fires require special attention since it may be

necessary to maintain agent concentrations over the fuel for a

long period of time. Perhaps the most common example is a fire

deep in a cable tray surrounded by adjacent current-carrying

cables. Recent tests conducted by Sandia Labs successfully

extinguished a deep seated cable fire with a 6% Halon 1301

concentration and a 10 minute soak time. Heat will be maintained

for a considerable period. NFPA #12A states that:

"To date, no firm basis has been developed to predict the

agent requirements for a deep-seated fire. In a practical

sense, however, the use of a Halon 1301 system for control

or extinguishment of a deep-seated fire is usually

unattractive. Long soaking times are usually difficult to

maintain without an extended agent discharge, and at high

agent concentrations these systems become rather expensive.

The use of Halon 1301 systems will generally be limited to

solid combustibles which do not become deep seated.
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The deep-seated potential of a solid material in a given

situation can be established positively only by experiment.

The information given in this standard may assist the

authority having jurisdiction to decide whether such

experimentation is necessary.

2.3.4.3 Testing and Maintenance

The first stage of a system or initial acceptance test is a

thorough visual inspection of the system and the hazard. The

piping, operational equipment, and discharge nozzles should be

inspected for proper size and location. The locations of alarms

and manual emergency releases should also be confirmed. The

configuration of the hazard should be compared to the original

hazard specification. Also, the hazard should be inspected

closely for openings which cannot be closed and other sources of

agent loss which may have been overlooked in the original

specification. Any serious deviation of these factors from

design must be corrected.

The second stage of testing a system is to check the operation of

the detection and system actuation circuits, along with the

performance of the interlocks to shutdown processes and

ventilation equipment. Compressed air may be connected to the

piping system and the piping blown out to be sure it is free from

obstructions. Functional verification should be established for

all alarms (both audible and visual). Any areas which may be

occupied during a discharge of Halon should be provided with a

means for prompt evacuation. All other safety related equipment,

such as warning signs and discharge alarms, should also be

examined to ensure their proper location and maintenance.

A full-scale discharge test should be required for acceptance by

the owner after installation or when conditions in the protected

area warrant them. Tests should identify the agent discharge

time, design concentration, distribution of concentration, and
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maintenance concentration during a required soaking time.

Monitoring agent concentrations at several locations within the

hazard (three sampling points are sufficient for most enclosures)

with continuous recording analyzers provide a distribution and

maintenance of concentration. A test gas is often used in place

of the expensive Halon for these discharge tests.

After the initial acceptance of a system, the operational

characteristics of the system should be retested and the physical

appearance of the equipment inspected, on a regular basis. The

inspection should be performed by knowledgeable and qualified

personnel. It generally involves repeating the tests previously

outlined but rarely requires a full-scale discharge of Halon.

Semiannually, the Halon system should be given a visual

inspection and storage containers checked for loss of agent. If

the containers are refillable and show a loss in weight of more

than 5% or 10% in pressure (adjusted for changes in temperature),

then the containers should be refilled or replaced. Containers

of the nonrefillable type do not have a means of pressure

indication, but should be replaced if they show a loss in net

weight of more than 5%. Storage containers should be

hydrostatically tested at least every 12 years.

It is essential that these systems be maintained in good working

order at all times. Any trouble or impairments must be corrected

immediately. Areas in which Halon systems are installed usually

are of vital importance and should not be left unprotected for

any length of time.

2.3.5 Dry Chemical Extinguishing Systems

Dry chemical extinguishing systems utilize small solid particles

suspended in a gas, usually dry nitrogen or carbon dioxide.
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Three types of dry chemicals are commonly used in the U.S. and

Canada. They are: sodium bicarbonate (ordinary), potassium

bicarbonate (purple k), and monoammonium phosphate (multi-

purpose). All are effective extinguishing agents for fire in

flammable liquids and combustible gases, but only multipurpose

dry chemical is an effective agent for fires in ordinary

combustibles. Multi-purpose dry chemical extinguishes glowing

embers in wood, etc., because it decomposes when heated, to form

phosphoric anhydride which melts to coat the embers. Dry

chemicals may be used on fires involving live electrical

equipment.

2.3.5.1 Method of Extinguishment

The extinguishing action of a dry chemical is described as

primarily the result of removing the hydroxyl (OH-) radical from

the combustion reaction, but the extinguishing action is probably

a mixture of chemical and physical. Chemical action is more

important when the rate of application is near the minimum

required to extinguish a fire, and physical action is of greater

importance at higher rates of application.2

The ammonium ion (NH+4) has the same electronic configuration as

the sodium ion (Na+). This explains why ammonium phosphate

(multipurpose) dry chemical has about the same extinguishing

effectiveness as ordinary dry chemical.

2.3.5.2 Design Features

The rate of application of the agent is very important. If the

application rate is too low, there will be no extinguishment.

Higher rates extinguish more rapidly, but at the cost of more

agent. There is an optimum rate at which a minimum quantity of

agent is required.

Total flooding dry chemical extinguishing systems discharge

through fixed piping and nozzles into an enclosed space. Total
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flooding is applicable only when the hazard is totally enclosed

or when all openings around the hazard can be closed

automatically.

Local application differs from total flooding in that the nozzles

are arranged to discharge directly into the fire. Local

application is ineffective unless extinguishment can be achieved

immediately and there are no sources of heat for reignition. Dry

chemical extinguishment can also be achieved by hand fire

extinguishers and wheeled extinguishers.

Dry chemical systems are called either "engineered" or "pre-

engineered," depending upon the quantity of dry chemical, rate of

flow, and piping system configuration. An "engineered" system is

one in which calculation and design is needed to determine the

flow rate, nozzle pressures, pipe sizes, quantity of dry

chemical, and the number, types, and placement of nozzles for the

hazard being protected. A "pre-engineered" system, sometimes

called a "package" system, is one in which the size of the

system, pipe sizes, maximum and minimum pipe lengths, number of

fittings, and number and type of nozzles are all predetermined by

fire tests for specific sizes and types of hazards.

Actuation in the case of fixed systems is by automatic mechanisms

that incorporate sensing devices located in the hazard area, and

automatic mechanical or electrical releases which initiate the

flow of dry chemicals, actuate alarms, and shut down process

equipment. For systems having separate dry chemical and

expellant gas containers, the flow of dry chemical is started by

releasing the expellant gas to pressurize the dry chemical

chamber where a rupture disc in the dry chemical outlet operates.

The dry chemical is then carried by the expellant gas through the

piping system to the hazard. In stored pressure systems,

however, the flow of dry chemical is started by merely opening

the valve on the dry chemical chamber. An easily accessible
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device for manual operation is also required for all

automatically operated systems.

2.3.5.3 Testing and Maintenance

Following the installation of a dry chemical system, the owner

should conduct a thorough inspection of the system's design

specifications before acceptance from the contractor. This

inspection should define the hazard being protected, location of

piping, nozzles, manual releases, and automatic detection

equipment. Automatically actuated systems may sometimes trigger

a quick discharge of large amounts of dry chemicals in restricted

areas. Such situations can cause reduced visibility and

temporary breathing difficulty. In all cases where this may be a

hazard to personnel, suitable alarms and safeguards should be

verified to ensure adequate warning and prompt evacuation.

It is important to identify the dry chemical compound being used

for the hazard in question. Most dry chemicals are alkaline

(sodium and potassium bicarbonate and potassium carbonate); one

is neutral (potassium chloride), and the multipurpose type

(monoammonium phosphate) is acidic. Inadvertent mixing of

different base dry chemicals can initiate undesirable reactions,

generating carbon dioxide gas and/or double decomposition

resulting in equipment failure or loss of discharge capability.

Alkaline dry chemicals are used for fire hazards involving fats

and cooking oils because of their saponification effects. Dry

chemical is not recommended, however, for use in areas with

delicate electrical equipment.

Systems designed for total flooding applications should be

checked for proper interlocking to shutdown processes and/or

ventilation equipment. For local application designs, the size

and direction of the nozzles should be verified in order to

obtain proper coverage of the hazard.
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2.3.5.4 Limitations

The major limitation for dry chemical systems is the difficulty

in clean up after it has discharged. Because multi-purpose dry

chemical melts when heated, it is especially difficult to remove

from electronic and electrical components. Furthermore, care

must be taken to be sure that all sources of reignition can be

effectively controlled and extinguished by the initial charge.

Except for the chemical reaction between cooking greases and

ordinary based dry chemical agents, these special extinguishing

agents do not produce a sealing medium on Class "B" fires.

Once the system has been accepted, it should be inspected and

checked for proper operation at least annually. Attention should

be given to any extension of the protected area, proper operation

of all alarms, shutdowns, detection equipment, nozzles and

replacement of fixed temperature sensing elements of the fusible

element type. A gas discharge test should be conducted whenever

the capability of the system is in question.

At least semi-annually, the amount of expellant gas should be

checked to ensure that there is sufficient gas to provide an

effective discharge and to clean out the piping after the dry

chemical has dissipated when the system is discharged. Since dry

chemical powder can pack or cake, special care must be taken to

clear the system of all trapped chemical after each system

actuation. Fixed piping systems normally blow themselves clear.

However, in hand hose line systems, it is vital that all pipes

and hose be independently blown clear and inspected before

recharging. Also, the quantity of dry chemical should be checked

either by visual inspection of the powder level in the separate

dry chemical chamber, or by weighing the stored pressure chamber.

In stored pressure systems, the dry chemical should be checked

annually for any evidence of caking, which could subsequently

prevent proper flow.
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These systems must be maintained in full operating condition at

all times. Any troubles or impairments must be corrected by

qualified personnel.

2.3.6 Portable Fire Extinguishers

virtually all fires are small at origin and could be easily

extinguished provided the proper type and appropriate amount of

extinguishing agent were readily available and properly applied.

Portable fire extinguishers are designed to fulfill this need.

To facilitate proper use of extinguishers on different types of

fires, the Standard on Portable Fire Extinguishers,161 has

classified fires into the following four types:

Class A - Fires involving ordinary combustible materials such as

wood, cloth, paper, rubber, and many plastics.

Class B - Fires involving flammable or combustible liquids,

flammable gases, greases, and similar materials.

Class C - Fires involving live electrical equipment where safety

to the operator requires the use of electrically

nonconductive extinguishing agents. (When electrical

equipment is de-energized, the use of Class A or B

extinguishers may be indicated.)

Class D - Fires involving certain combustible metals (such as

magnesium, titanium, zirconium, sodium, potassium,

etc. )

2.3.6.1 Testing and Rating

Underwriters Laboratories of Canada uses wood crib, wood panel,

and excelsior fires to evaluate most Class A extinguishers.

Extinguishment of these fires is primarily a function of the

duration and range of discharge when using water extinguishing
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agents. When other extinguishing agents such as multipurpose dry

chemical are tested, the three test fires used in water fire

extinguisher testing must be completely extinguished by the other

agent.

Class B estinguisher tests are conducted on flammable liquid

fires in square pans. The techniques of attack are adapted to

the discharge characteristics of the extinguisher. The size of a

pan fire extinguished by a skilled technician is derated by a

factor of .6 to allow for a safety margin. For example, the

standard size pan used for a 20-B listing is 4.65 m2. This is

necessary to attempt to account for extinguisher use by untrained

personnel.

To qualify for a Class C rating, an extinguisher must be capable

of being used on energized electrical wiring and equipment

without electrical hazard to the operator. The extinguisher must

also be suitable for use on Class A and/or B fires.

In addition to the above fire extinguishing tests, other

evaluation criteria are used by independent testing labor-

atories to test component strength, reliability, resistance to

corrosion, and other features.

2.3.6.2 Selection and Distribution of Portable Fire

Extinguishers

In order to simplify the method of selecting and distributing

extinguishers, three hazard classifications were established in

NFPA 10 :161

LIGHT HAZARD - Where the amount of combustibles or flammable

liquids present is such that fires of small size may be expected.

(These may include offices, schoolrooms, etc.)
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ORDINARY HAZARDS - Where the amount of combustibles or flammable

liquids present is such that fires of moderate size may be

expected. (These may include warehouses not classified as extra

hazard, shop areas, etc).

EXTRA HAZARD - Where the amount of combustibles or flammable

liquids present is such that fires of severe magnitude may be

expected. (These may include processes such as flammable liquid

handling, painting, etc).

Portable fire extinguishers are most effectively utilized when

they are readily available in sufficient number and with adequate

extinguishing capacity for use by persons familiar with their

operation.

In fire emergencies, where extinguishers are relied upcn, someone

has to travel from the fire in order to obtain the device, and

then return to the fire before beginning extinguishing

operations. This time is governed mainly by the travel distance

involved in securing the extinguisher and placing it in

operation. Travel distance is, therefore, the actual distance

the user of the extinguisher will need to walk.

Fire extinguishers should be conspicuously located where they

will be readily accessible and immediately available in the event

of a fire. Preferable locations are along paths of travel,

including exits from the area. In some large areas, it may be

necessary to provide signs or markings to indicate extinguisher

locations.

2.3.6.3 Maintenance and Inspection Requirements

In order to ensure that the portable fire extinguisher will be

fully operational when needed, periodic maintenance is required.

On at least a monthly basis, all extinguishers should be

inspected to be sure that:
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1. the extinguisher is located in its designated place

2. it is visible and accessible

3. the operating instructions are visible

4. all seals are unbroken

5. no physical damage is evident

6. extinguisher appears to be full and pressurized

A more thorough examination of the extinguisher is generally

needed on an annual basis. This inspection should include three

basic features: mechanical parts, extinguishing agent, and

expelling means.

3. Administrative Fire Hazard Controls

Administrative fire hasard controls are corporate procedures and/

or guidelines whose objective is to reduce the frequency of fire,

or maintain a level of reliability for control measures.

Administrative controls reduce the risk of fire loss and are

categorized according to objective. For administrative controls

to continue to be effective, they must be reviewed periodically

and their implementation must be given to someone with the

authority to carry them out.1S0'16!< 163

3.1 Reduce Fire Frequency

The frequency of fire is reduced by preventing its occurance.

This is done by controlling the presence of fuel and ignition

sources in vital areas of a plant.

3.1.1 Control of Fuel

Fire statistics provide useful information on the type of

material involved in fire (see Tables B-2 and B-3). The

administrative control program should use these statistics to

indicate what fuels are involved in fire and establish procedures

for their control.
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As an example, Table B-3 states that 27 of the 164 fires in Candu

facilities involved refuse. To reduce the frequency of fires

involving refuse, an administrative procedure could be

established requiring trash barrels to be provided where all

maintenance work is ceing done and trash to be emptied at least

once a shift. This type of procedure would control the presence

of a potential fuel for fire.

Procedures may also limit combustibles in areas by requiring

noncombustible materials or restricting transient combustibles

used for maintenance activities. Guidance is available in the

literature on the control of combustibles for common

hazards.162<163

3.1.2 Control of Ignition Source

Fire statistics are also useful in establishing the ignition

sources responsible for fires in Candu facilities (See Table B-

1). The administrative control program should use these

statistics to identify ignition sources responsible for fires and

establish procedures for their control.

As an example, Table B-l states that 13 of 171 fires were started

from smoking. To reduce the frequency of fires started by smoke,

an administrative procedure could be established to restrict

smoking to specified areas.

Table B-l also indicates welding and torch-cutting as a commmon

ignition source. Procedures to control this hazard could require

a permit to be signed before work is done. Permits are commonly

used in industry, and guidance is available for establishing

effective procedures.162'163'16*

Industrial equipment (eg. turbines, generators, electrical

equipment and furnaces) also present ignition hazards in a plant.

The frequency of their involvement in fire is reduced by a
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maintenance program established to keep equipment in good

operating condition so that malfunctions which could result in a

fire are eliminated. Maintenance guidelines for this purpose are

usually available from manufacturers or independent agencies.165

3.2 Reliability of Fire Control Measures

A level of reliability for control measures must be established

if safety objectives are to be met. Reliability of control

measures is established, in part, by equipment approvals and

design/installation standards reviewed previously. To keep this

level of reliability, fire control measures must be maintained.

Active fire protection systems are generally maintained in

accordance with the requirements in codes or design standards.

These requirements should be incorporated into an administrative

procedure to ensure that maintenance is carried out.

Passive control measures do not require maintenance, however

their integrity must be maintained. To achieve this,

administrative procedures are required so that plant modifica-

tions or renovations which could affect a fire barrier, or fire

rated construction, are reviewed for their effect on the fire

safety of the facility. This review would evaluate the short

term risks of a breach in protection as well as the long range

effects of any modification.

Manual fire control measures (eg. fire brigade) are maintained by

comprehensive training programs. These programs should cover

basic skills, hands-on training (eg. fire fighting), and drills.

Brigade leaders or emergency response co-ordinators should

receive advanced skill training, leadership training, and

emergency co-ordination training. Individuals on a plant fire

brigade must have continued and comprehensive training, as they

would only be expected to respond to real fires infrequently.
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3.3 Fire Control Program

To be effective administrative controls must be assigned to an

individual who has been given the responsibility and authority to

enforce them.1S0 This individual should have a knowledge of the

fire hazards, fire safety objectives, and fire control measures,

as well as have an ability to co-ordinate emergency activities

and maintain all programs.

As a final check on program enforcement and effectiveness, it is

recommended that fire control programs have a regular audit.155

This audit should be conducted by those knowledgeable of the

hazards of nuclear plant facilities, fire safety objectives, and

measures being used to control fire hazards. The auditors should

be able to take an objective view of the entire control program

and its effectiveness.


