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ESTIMATING EFFECTIVENESS OF STATE-OF-THE-ART

DETECTORS AND AUTOMATIC SPRINKLERS ON LIFE
SAFETY IN RESIDENTIAL OCCUPANCIES

Edward K. Budnick

Abstract

The report provides a qualitative assessment of the

life safety impact of early warning fire detection and

automatic sprinkler technology in residential occupan-

cies. This assessment is based on the results of full

scale studies and statistics on residential fire fatali-

ties from the NFIRS data base.

Estimates of the impact of three alternatives, smoke

detectors, standard automatic sprinklers, and residential

sprinklers, are provided for major fire hazard scenarios

in residential occupancies. The results of this study

indicate that significant life safety benefits can be

derived from broad application of detectors and sprin-

klers in all residential buildings. Further work is

necessary to reduce the gaps which exist in our under-

standing of the performance limits, cost-effectiveness,

and reliability of these devices. In addition, there are

residential scenarios, for example, occupants intimately

exposed to a fire, where the impact of these devices

appears marginal.

A quantitative approach is outlined that can lead to

a more accurate assessment of the impact of detectors and

sprinklers. An initial framework is presented which

identifies the key parameters for residential life

safety. A mathematical expression is proposed as a

success criterion. Work is underway to extend the

framework.
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Key Words: Fire losses; life safety; residential

buildings; residential sprinklers, smoke detectors;

standard sprinklers.

1. INTRODUCTION

1.1 Residential Fire Deaths in the United States

It is well recognized that most fire deaths in the U.S. occur in

residential fires. While some variations occur in the statistics from year to

year, "fire deaths in residences" has remained the dominant category for many

years

.

In 1973, the report of the National Commission on Fire Prevention and

Control estimated that 90 percent of the fire deaths occurred in residential

occupancies [1]*. While the notion that residential fire losses represented a

significant portion of the annual fire losses in the U.S. was not novel, the

estimate of the magnitude reported by the Commission drew considerable

concern.

Subsequently, the National Fire Incident Reporting System (NFIRS) was

created at the U.S. Fire Administration (USFA) to provide accurate, more

detailed reporting of the annual fire losses in the U.S. The most current

data from this reporting system (1981) does not vary appreciably from the 1973

estimate from the Commission. The NFIRS data indicates continued overwhelming

dominance of residential fires as a source of fire deaths in the U.S. As can

be seen in figure 1, while residential fires account for only 25 percent of

the annual fires, they account for 80 percent of the deaths and 65 percent of

the injuries [2]

.

Of the variety of causes of residential fires, four account for the bulk

of fires resulting in deaths and injuries (figure 2). They are smoking,

heating, cooking and incendiary/ suspicious

.

1 Numbers in brackets indicate literature references at end of this paper.
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Finally, the 1981 NFIRS data indicate that the most frequent fatal fire

scenarios in residential occupancies involve a single death. While multiple

life loss fires are a major concern for some residential occupancies (i.e.,

apartments, hotels and motels, dormitories), in a sample of one and two family

residential fires most deaths (94 percent) occurred one or two at a time (see

table 1).

1.2 Scope and Objectives

During the last decade the fire community has directed much of its

attention to the matter of life safety, and how advances in technology might

reduce the annual fire deaths and injuries in the United States. The National

Bureau of Standards' (NBS) Center for Fire Research (CFR) has conducted

research in support of this objective, including studies to contribute to the

advancement of early warning fire detection and automatic sprinkler technology

relative to life safety. Of particular interest to NBS is the application of
O

such technology in residential occupancies .

This report focuses on the life safety aspects of state-of-the-art early

warning fire detection and automatic sprinkler technology. A review of sig-

nificant technical advancements is provided and an assessment of the potential

impact of these advancements on residential fire deaths is presented. This

assessment is based on the results of experimental research and information

obtained on residential fire deaths from a national data base. Cost/benefit

considerations and evaluation of other strategies for life safety are beyond

the scope of this study, but are active areas of investigation at NBS.

2. A REVIEW OF DETECTOR AND SPRINKLER TECHNOLOGY

While detectors and automatic sprinklers were initially developed to

improve property protection in industrial and commercial buildings, they have

subsequently been included in nearly all types of buildings. Major fires such

as the Coconut Grove Night Club fire (1942) and the Our Lady of Angels Grade

O
The term residential occupancy is intended to be consistent with the NFPA 901

Uniform Coding for Fire Protection [3], and includes: one and two family
dwellings, apartments, mobile homes, boarding houses, hotels and motels, and

dormitories

.

3



School fire (1958) prompted recognition in the fire community of the need for

more effective fire protection strategies for prevention of multiple life loss

fires. An eventual outgrowth of this has been wider use of detection and

automatic sprinklers. Automatic sprinklers have been used to confine the fire

to the room of origin; detectors are installed to provide adequate warning to

persons outside the room to ensure escape or rescue.

2.1 The Role of Detectors and Sprinklers as

Design Options for Fire Safety

The principal role of automatic fire detectors is to provide early

warning of a fire, allowing sufficient time for occupants to escape or take

some defensive action before they are overcome by hazardous conditions. While

detectors can also serve to initiate other fire safety devices such as door

closers, suppression systems, and smoke control systems, they can not protect

occupants or control a spreading fire. For life safety, automatic detection

requires that occupants are mobile, or that prompt assistance be available.

Automatic sprinklers provide a means of controlling a developing fire,

providing additional time for escape. In addition, to the extent that hazard-

ous conditions are avoided, occupants could potentially survive the incident

without requiring escape. This capability is particularly important when

occupants are immobile, and rescue is unlikely.

2 .2 Development of Detection Technology

Heat detectors, the oldest form of automatic detection, were initially

the by-product of thermally activated sprinkler heads (late 1800 's). Early

advancements in heat detector technology resulted in two basic types: one

which responded at a prefixed temperature threshold and one which responded to

a rate of temperature rise [4]. Heat detectors are best suited for fire

detection in small confined spaces where rapid heat generation can be expected

from a fire, or in areas where environmental conditions are unsuitable for

more sensitive detection devices. For many years these two types of heat

4



detectors were considered the industry standard for fire detection in indus-

trial and commercial buildings. And except for subtle changes in design,

these two types are still used extensively in protective signaling systems.

The most significant development in detector technology in terms of

breadth of applicability was the introduction of the smoke detector. Conven-

tional smoke detectors operate by one of two principles, photoelectric or

ionization chamber [5]

.

Photoelectric smoke detectors utilize either light

scattering or light absorption techniques to measure smoke accumulation in a

sensing chamber. Ionization chamber detectors utilize a small radioactive

source material to ionize the air in the sensing chamber, rendering it con-

ductive, resulting in an electrical current flow between two electrodes.

Smoke which enters the chamber decreases the conductance of the air until a

threshold is reached, resulting in alarm.

The notion that smoke would be appropriate as a detection mechanism was

not immediately accepted. The relative high cost, limited availability, and

untested performance deterred the development of smoke detector technology

until results of a series of field tests conducted by the Los Angeles Fire

Department, popularly referred to as Operation School Burning, was published

in 1960 [6] . This was the first well-documented evidence that activation of

smoke detectors preceded heat detectors in most cases. Publication of these

results marked a milestone in the recognition of smoke detector technology,

which has grown rapidly in popularity since 1960.

Heat and smoke detectors have been installed extensively in industrial,

manufacturing, commercial and public buildings, as well as some of the larger

residential and institutional buildings. Generally they are installed as part

of a building-wide alarm system which is also frequently tied into the local

fire department. The purposes of such systems are to provide early warning to

building occupants, and rapid notification of the fire department to reduce

the delay before initiation of fire fighting and rescue operations.

5



2.2.1 Limitations in Applying Commercial Detector
Technology to Residential Occupancies

Commercial heat and smoke detector systems are appropriate for many

residential occupancies (e.g., dormitories, hotels and motels). However,

commercial heat detector systems are less attractive for single family

housing, mobile homes, apartments, and other similar types of residences

because they operate too slowly to provide adequate life safety for many

residential fires, and are prohibitively expensive. Although commercial smoke

detector systems frequently provide significantly earlier detection of fires

than heat detector systems, the cost alone has limited their application in

residential occupancies.

2.2.2 Residential Detection

In response to the need to provide economical, early warning fire

detection for residential occupancies, the fire detector industry developed a

"single station" smoke detector. By the mid-1960’s, such devices were avail-

able for installation as individual units, rather than as components of the

more expensive "systems". In 1967, the National Fire Protection Association

(NFPA) published the first edition of NFPA 74, Standard for Installation,

Maintenance and Use of Household Fire Warning Equipment [7], providing inform-

ation on types of detectors, operating principles, installation guidelines and

maintenance practices.

The use of "single station" smoke detectors got off to a slow start in

the 1960’s. However, through improvements in design, significant cost reduc-

tions, aggressive marketing, and mandatory legislation in local jurisdictions,

residential smoke detectors became readily available during the 1970’ s, pro-

viding an economical means of early warning detection for residential occupan-

cies. Figure 3 provides an illustration of the growth of smoke detector usage

in single family dwellings during the 1970’ s. It is estimated that by 1982 up

to 67 percent of the dwellings in the United States had installed smoke

detectors [8] .
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2.2.3 Field Experience

The life safety impact of commercial heat and smoke detector systems is

not well documented. The use of such systems in industrial and commercial

occupancies to provide warning and rapid fire department response has gener-

ally been considered successful. There is anecdotal evidence that such

systems have saved lives in hotels, motels and apartment buildings where large

numbers of people outside the immediate area of the fire were provided suffi-

cient time to escape. Studies such as that conducted by Hall [9] in 1979 have

attributed a number of multiple death fires in apartments, nursing homes and

hotels to the absence of any early warning detection systems.

The life safety impact of single station smoke detectors on residential

fire deaths is somewhat better documented, and has been very encouraging.

Review of the NFIRS data base indicates that the likelihood of death for fires

in dwellings without smoke detectors is 2.5 times higher than the rate in

dwellings with detectors [10]. Recent studies of mobile home fire fatalities

indicate that the death rate is 2-4 times higher in mobile homes without

detectors [11,12].

2.3 Development of Automatic Sprinkler Technology

Automatic sprinkler systems consist of a network of piping with

geometrically spaced nozzles referred to as sprinkler heads. Typically the

piping system is connected to a central water supply and the individual sprin-

kler heads are activated by heating of a thermal link by the hot gases from

the fire.

Sprinkler systems, first installed in textile mills in the 1850’s, were

intended to reduce the likelihood that an entire building or complex would be

destroyed by fire [13]. By 1930, the NFPA Standard for Sprinkler Installation

(NFPA 13) [14] recognized three types of sprinkler systems, based on water

requirements to control or extinguish fires of different magnitudes. These

designations, the "light hazard system", the "ordinary hazard system", and the

"extra hazard system" continue in use today as a basis for design

requirements

.
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A gradual development in sprinkler technology has followed the initial

design used in the textile mills. The sprinkler head as we know it today was

first introduced in 1878 [15]. Most developments up through the 1960's

centered on the water spray patterns, with a major development being the

introduction of the "Standard" sprinkler head in the early 1950's by the

Factory Mutual System [16]. The standard sprinkler was characterized by rede'

sign of the deflector to discharge the water downward, with a uniform

pattern. While other extensions of the technology were introduced, such as

the ultra high-speed sprinklers which were activated by an explosive valve

(1959), and the on-off sprinkler which is capable of shutting itself off, the

basic sprinkler system commonly found in industrial, commercial and public

buildings today has changed very litle since the introduction of the standard

sprinkler head [17].

2.3.1 Limitations in Applying Standard Sprinkler
Technology to Residential Occupancies

As is the case with commercial detection systems, application of

conventional standard sprinkler technology to residential occupancies has been

limited, primarily due to the cost of installation and maintenance of such

systems designed in accordance with NFPA 13. While NFPA 13 sprinkler systems

are found in some hotels, motels, etc., they are not typically required, and

it is uncommon to find such systems in dwellings, mobile homes, and

apartments

.

2.3.2 Residential Sprinklers

New technology was developed in the 1970 's to overcome this barrier to

the application of automatic sprinkler systems to residential occupancies.

The NFPA created a new standard in 1975, the NFPA 13D Standard for

Installation of Sprinklers in One and Two Family Dwellings and Mobile Homes

[18]. While the initial version of this standard relied principally on exist-

ing standard sprinkler technology it was recognized that changes in state-of-

the-art sprinkler design would be necessary. Research to provide these

8



changes focused on providing life safety protection for fire hazards unique to

residences, and on system designs which were more economical than the typical

NFPA 13 sprinkler design.

A major source of cost associated with NFPA 13 sprinkler systems is the

water supply. Therefore, initial research [19,20] focused on reducing the

water supply requirements for residential sprinklers exposed to typical resi-

dential fires. The results of this initial research disclosed that for

certain fire scenarios typical of fires which occur in residences, standard

sprinklers did not provide adequate life safety with a reduced water supply.

An outgrowth of this research was the introduction of the "residential

rapid response" sprinkler head [21-23]. While similar in appearance to stan-

dard sprinkler heads, the residential sprinkler has a thermal link with a much

smaller mass, resulting in quicker activation by a growing fire (figure 4).

The more rapid response characteristics of the residential sprinkler resulted

in suppression action much earlier in a developing fire. Full scale testing

[22] indicated that for many residential fire scenarios, suppression was

initiated prior to attainment of conditions hazardous to life safety. In

addition, extinguishment of the fire was achieved with less water demand than

typically required in an NFPA 13 system design.

This has been recognized as the most significant development in sprinkler

technology since the development of the" standard" sprinkler, and demonstrates

considerable promise in terms of reduced costs and improved performance for

residential applications.

2.3.3 Field Experience

While the development of residential sprinkler technology has been too

recent to provide in situ experience, standard sprinkler system performance

has been well documented. In non-residential occupancies, the average prop-

erty loss from fires is far less when sprinklers are installed. For example,

in a six year study of mercantile buildings by Factory Mutual Research

Corporation (FMRC) a property loss-per-fire ratio was found to be 10-

to-1 between unsprinklered and sprinklered buildings [24]

.
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Other studies, though limited in terras of the size of the data base and

the specialized nature of the occupancies, also provide some evidence of the

impact of sprinklers on property losses. A nine year study of U.S. Army

supply warehouses reported a property loss-per-f ire ratio of 107-to-l for

unsprinklered and sprinklered warehouses [25] . Studies of Navy and Marine

warehouses [26], and U.S. Department of Energy (DOE) facilities [27] reveal

similar benefits.

Substantial evidence of the reduction in property losses due to sprinkler

systems is available. In addition, limited information on the impact on life

safety is reported in the literature. A prominent New Zealand/Australian

survey reported only five deaths over 90 years in 5,734 fire incidents where

automatic sprinklers were present [28]. In addition, a DOE study which

spanned a period of 28 years (1952-1980) reported no fatalities in sprinklered

DOE facilities [27]. These statistics, along with NFPA records which indicate

that there have been no multiple life loss fires in sprinklered buildings in

the U.S [29], offer evidence that sprinklers have an impact on life safety.

However, the magnitude of the impact is difficult to discern when one con-

siders that most fire fatalities occur in residential occupancies one and two

at a time (refer to section 1), the above statistics have limited relevance.

Less than three percent of the cases in the New Zealand/Australian study and

none of the DOE cases involved residential occupancies. In addition, there

were no fatalities in any DOE facilities over the period studied, whether or

not sprinklers were installed. Therefore, the information should be treated

as anecdotal, but certainly encouraging.

3. MAJOR FACTORS IN ESTIMATING POTENTIAL
EFFECTIVENESS FOR RESIDENTIAL LIFE SAFETY

Field experience indicates that the significant benefits that have been

derived from the use of conventional detection and standard sprinkler tech-

nology in averting multiple life loss have resulted largely from protection of

persons outside the room of fire origin. However, most fire deaths in resi-

dential occupancies occur in ones and twos, many of them either from immediate

exposure to small, slow developing fires, or intimate exposure to clothing or

bedding fires.
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Smoke detectors can provide adequate time to escape for many cases. But

in those cases where occupants are intimately exposed to the fire, or immobile

and therefore unable to escape, a smoke detector may have little or no

benefit. As an example, in a study of 342 fatal residential fires conducted

by McGuire and Ruscoe [30] in 1962, it was concluded that up to 41 percent of

the deaths could have been averted by smoke detectors. The remaining 59

percent of the deaths could not have been prevented by smoke detectors alone

because the occupants were immobile, intimate with the fire, or exposed to

very rapid fires (e.g., flammable liquids). An ongoing study at NBS [31]

indicates similar limitations in smoke detector performance.

The field experience with standard automatic sprinklers demonstrates a

high level of success in reducing the number of fatalities in various occu-

pancy types. Field experience also indicates that standard sprinkler systems

are less effective for individuals located in the room of fire origin, partic-

ularly in residential occupancies where small volume rooms permit rapid devel-

opment of hazardous conditions. In these cases, the inherent delay in system

activation due to the thermal lag of the sprinkler heads* sensing element

results in generation of hazardous conditions prior to initiation of suppres-

sion action. A 1974 report from the State of Oregon indicated that nine of 13

deaths in Oregon nursing homes had occurred in sprinklered buildings [32]

.

All nine fatalities were single patient fatalities in which the person died in

the room of fire origin, before the sprinkler system was activated. A review

of 1976-79 NFIRS data by NBS [33] indicates that 35 percent of all single

fatality nursing home fires occurred in sprinklered buildings. And, current

NBS estimates for dwelling fires indicate that up to 36 percent of the fatali-

ties occur to occupants who are in the room of fire origin and possibly inti-

mately exposed (e.g., clothing ignition) to the ignition [34].

Although, there is little field experience with rapid response

residential sprinklers, results of full scale experiments indicate that a

significant portion of those residential fatalities that may be unsavable with

standard sprinklers due to the inherent delay in sprinkler head activation may

be adequately protected by residential sprinkler technology [22,23,35,36]. As

illustrated in figure 5, results of full scale fire tests show that devices

demonstrating the thermal response characteristics of residential sprinklers
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o
can in most cases activate before hazardous conditions are reached in the

room of fire origin. Although people who are intimate with the fire may

remain unsavable, those who are not intimate with the fire but are in the room

may survive, whether they are immobile or not. NBS estimates [31] indicate

that many one and two family residential fire deaths and injuries could be

averted by the quicker responding residential sprinklers alone. And, residen-

tial sprinklers in conjunction with smoke detectors could potentially provide

an even greater reduction in residential fire fatalities and injuries.

This discussion suggests that both the performance benefits and the

limitations of detector and sprinkler devices can have a significant impact on

life safety expectations. Therefore, any estimate of the impact of detector

or sprinkler technology on fire fatalities in residential occupancies requires

consideration of key factors which affect the performance. Such factors

include

:

(1) the major fire hazard scenarios

(2) the location and capabilities of the occupants

(3) the response time of detector or sprinkler

(4) the effect on the development of hazardous conditions

3.1 Dominant Residential Fire Scenarios

Gomberg, Buchbinder, and Offensend [43] performed a detailed analysis in

which residential fires were grouped under nine major scenarios. For purposes

of this study the major fire scenarios identified by Gomberg, et al. can be

classified by location of ignition, and fire growth characteristics. That is,

o
JWhile the state-of-the-art does not permit a precise assessment of the direct
hazard to humans of exposure to fire conditions, a number of studies provide
estimates of levels at which adverse effects occur [37-42] . In this study,

estimates of hazardous levels of gas temperature, carbon monoxide, oxygen and
smoke density were selected based on review of these studies. These levels,

which are considered approximate, are:

Temperature > 100°C
Carbon Monoxide > 8,000 ppm or 50% COHb
Oxygen < 12% by volume
Smoke Density > .25-. 50 OD/m

12



ignition locations include: (1) outside the dwelling; (2) inside the dwelling,

but within a concealed space, and (3) within a room. Fire growth is separated

into three groups; smoldering/ flaming , flaming, and fast flaming. These three

characteristic fires provide sufficient variation in fire development to

reasonably represent abroad range in typical residential fires, including the

four major causes of residential fire fatalities, i.e., smoking

( smoldering/ flaming)
,
cooking (flaming), heating (flaming) and

incendiary/suspicious (fast flaming).

The growth characteristics of these three types of fires are illustrated

in figure 6. Smoldering/flaming fires, including ignition of furniture by

smoking materials, are characterized by a long early growth period where only

a slight increase in room temperature and slow emission of combustion products

occur. Flaming fires may include furniture ignitions as well as other

incidental ignitions, resulting in immediate flaming. This type of fire is

characterized by a shorter early growth period, during which combustion

products adverse to life safety are usually given off in greater quantities

than in smoldering fires. Flaming fires also are accompanied by a higher

temperature rise during early growth. Fast flaming fires are characterized by

almost no early growth stage. Such fires typically include incendiary/ suspi-

cious fires, or those involving flammable liquids, gases, or explosives, and

enter the transition stage leading to a fully developed room fire very

quickly. In addition, shielded fires such as concealed space or

closet/wardrobe fires may also be characterized as fast flaming.

3.2 Location and Capability of Occupants

For purposes of this study, three situations were identified which

describe the location of an individual with respect to his/her exposure to a

developing fire. One situation involves those persons who are intimate with

the ignition. Typical examples include clothing ignitions and bedding or

upholstered furniture fires where a person is directly exposed to the fire.

The second situation includes persons who are in the room where the fire

starts, but are not directly exposed. The third situation includes persons

who are outside the room of fire origin at ignition.

13



In addition to location, the capabilities of the individuals in terms of

their ability to escape are important. Therefore, consideration was given to

whether or not the individual is awake or asleep, and whether or not they are

mobile or immobile. For purposes of this study, immobile includes the very

young or very old, and the physically or mentally impaired, including impair-

ment from drugs or alcohol.

To systematically examine the possible combinations of factors which

represent the dominant cases for fatal fires in residential occupancies, a

parametric model was constructed (figure 7). Appropriate combinations of the

fire scenario parameters (fire type, fire location) and the occupant location

and capability parameters (location, status) can be readily selected for

consideration of detector or sprinkler effectiveness. The scenarios examined

in this study are representative of most residential fire fatalities.

3.3 Response Time

As discussed in section 2, smoke detectors respond to an accumulation of

smoke particulate within the devices' sensing chamber. In a developing fire,

the response will depend on a complex interrelationship of environmental

factors such as fire size and growth rate, fuel type and smoke generation

rate, room geometry and ventilation, and detector characteristics such as

location, smoke entry characteristics and predetermined detector sensitivity

thresholds. Sprinkler heads, activated by a thermal sensing element, are

affected by similar environmental factors such as room size, ventilation rate,

and the rate of heat release of the fire, and by location in the room, as well

as the temperature and the heat transfer characteristics of the sensing

element

.

While the rate of temperature rise and smoke production are both

functions of the rate of fire growth, quantities of smoke sufficient to acti-

vate a smoke detector generally precede a gas temperature sufficient to

activate a sprinkler. Therefore, considerable differences in response time

can occur between smoke detectors and automatic sprinklers as a result of

differences in the sensing medium. A conceptual illustration is provided in

figure 8.
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Extensive research has been conducted to develop quantitative methods to

predict the response characteristics of detectors and sprinklers, and their

performance in compartment fires [44-47]. Good progress has been made, but in

order to permit generalized calculations of detector or sprinkler response for

a wide range of environmental conditions, these models must be expanded in

scope to provide a more complete account of variations in the physical pro-

cesses associated with compartment fires. Work is continuing in this area to

provide and validate such generalized models.

3.4 Impact on Development of Hazardous Conditions

Figure 9 provides a simple graphical illustration of the primary role of

smoke detectors, to alert occupants and provide sufficient time for escape. A

simple expression has been proposed by Cooper [48] as a means of analytically

describing this process:

T < T - T
E - H D

where

Tg = time required to escape

= time to reach hazardous condition

T
d = time to detection

The behavior of a smoke detector can have a substantial effect on escape time,

even though it can't directly affect the growth of the fire. For example, a

more rapid response, which can be accomplished by increasing detector sensi-

tivity, or decreasing spacing, will increase the time available for escape.

A sprinkler system can have a direct impact on the development of the

hazard (figure 10). The level of success of a sprinkler system in controlling

hazardous conditions depends on when the system is activated, the capacity of

the system to suppress or extinguish the fire, and the effects of other design

features. Research is active in these areas, but it will be some time before

these factors are adequately understood to permit accurate, quantitative

prediction of their effects on hazard development for generalized cases.
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In the absence of methods to predict the performance of a particular

detector or sprinkler device, large scale experimental studies have been

conducted to provide estimates. While such studies are not comprehensive in

terms of examining the interrelationships of the key parameters outlined

above, the results of these studies provide insights regarding performance. A

brief review of selected studies is presented in the following section. The

results of these studies provide the basis for estimates used in this study on

the impact of detector and sprinkler technology on fire fatalities in residen-

tial occupancies.

4. REVIEW OF SELECTED FULL SCALE STUDIES

In recent years CFR has supported full scale experimental studies

designed to examine the life safety benefits of selected design strategies,

including detectors and automatic sprinklers. These studies have provided

experimental measurements of detector response times, sprinkler activation

times and the impact on the development of hazardous conditions from typical

room fires for geometries representative of mobile homes, single family dwell-

ings, and hospital patient rooms. The studies of geometry and environmental

conditions in the patient room also provided insights into the expected per-

formance of detectors and sprinklers in other residential occupancies such as

hotels, motels and apartments. The results of these studies provide some of

the information necessary to estimate the performance of detector and sprin-

kler devices under conditions representative of actual fires in residential

occupancies

.

4.1 Mobile Home Studies

Full scale studies conducted by Budnick and Klein [38,49] provide

quantitative measurements of the development of hazardous conditions in typi-

cal mobile home structures from incidental^ fires. In these studies hazardous

conditions developed almost uniformly throughout those portions of the space

^An incidental fire is a typical residential fire which intially involves a

single item or small fuel package, but if unimpeded, will spread throughout
the room, and beyond to adjacent spaces [50].
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open to the room of fire origin. Therefore, in considering life safety, the

available time before hazardous conditions were reached was nearly the same

throughout the structure, unless the occupant was behind a closed door.

The development of hazardous conditions is dependent on the rate of fire

growth, and the impact of a particular detector or sprinkler on life safety

will be substantially affected by that rate. In figures 11 and 12, ceiling

temperature in the room of origin is plotted continuously for two tests con-

ducted by Budnick and Klein. The times at which thresholds for hazardous

conditions were reached, based on the criteria presented in section 3, are

indicated on the plots, along with the response times for smoke detectors used

in the experiments. In addition, estimates of activation times for a 135°F

fixed temperature heat detector, a residential rapid response sprinkler

(RTI ~ 41) '’and a standard sprinkler (RTI ~ 100) are provided^.

Test 10 (figure 11) is characterized by a short incipient fire growth

period, followed by transition to rapid flaming. The short incipient growth

period provided a limited amount of time for escape or defensive action, and

the inherent delay in thermally activated devices such as heat detectors or

standard automatic sprinklers would provide marginal life safety benefits.

However, even for this type of fire where hazardous conditions were reached

quickly, the residential smoke detector responded in sufficient time to pro-

vide more than three minutes of escape time. It was also estimated that the

residential sprinkler would have activated before transition to rapid fire

growth, preventing the development of hazardous conditons.

The response time index (RTI) for thermally activated links:

RTI (m
1//2

s
1/2

) = x v^T
g

-t
act g

in (l-
AT

act)

AT

see reference [51]

£
The RTI values of 41 and 100 were selected as typical for residential and
standard sprinklers. It should be recognized that significant variations
occur in RTI values among the many sprinkler heads commercially available.
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In test 11 (figure 12), the incipient fire growth period was much longer,

characteristic of a smoldering or slowly developing flaming fire. While a

smoke detector provided an extended period for escape time (T^ - > 8

minutes), the very low temperature levels would have delayed the operation of

a heat detector or a residential sprinkler considerably, resulting in a

limited impact on life safety. The greater thermal lag for a standard

sprinkler (RTI ~ 100 to 300) would have delayed activation until transition to

rapid fire growth occurred, and hazardous smoke levels were exceeded.

In these two tests smoke detectors provided the earliest warning, and

therefore the maximum time to escape, provided that the occupant is mobile,

and not intimate with the fire. Residential sprinklers and heat detectors

activated in the room of fire origin at about the same time, and before the

onset of hazardous conditions. However, the delay associated with the thermal

lag of the heat detector reduced the escape time significantly. The low

temperature levels resulting from a slowly developing fire may delay the

response of a residential sprinkler, allowing hazardous levels of smoke and

toxic gases to be approached or exceeded before suppression is initiated.

The inherent thermal lag of a standard sprinkler would have resulted in

delayed activation until transition to rapid fire growth occurred, and hazard-

ous conditions were approached. Therefore, the life safety benefit to

occupants in the room of origin, and in communicating spaces open directly to

the room would be marginal.

Bukowski [52] also conducted full scale tests in a mobile home to study

environmental effects on smoke detector response. His results for flaming

upholstered chair fires are consistent with results reported by Budnick and

Klein. Figure 13 illustrates the early response of the smoke detectors, and

the subsequent response of the thermally activated devices. As in the earlier

study, the 135°F fixed temperature heat detector and the residential sprinkler

would have activated before hazardous conditions were reached, but the heat

detector would provide considerably less escape time than that provided by the

smoke detectors. The test fire was manually extinguished before a standard

sprinkler would have activated.

18



Bukowksi also conducted smoldering upholstered furniture fires. Figure

1A illustrates the results of a typical smoldering test, characterized by an

extended incipient burn period, followed by rapid transition to flaming.

While smoke detectors activated during the incipient period - providing

extended escape time, the thermally activated heat detectors and sprinklers

would not have activated until rapid flaming occurred. Although a residential

sprinkler would most likely have extinguished the fire, hazardous levels of

smoke were reached long before it would have activated. The rapid deteriora-

tion in conditions following transition to flaming would have seriously

threatened the lives of immobile or unaware occupants close to the fire. A

standard sprinkler would have activated soon after the residential sprinkler,

but the very rapid fire growth following transition to flaming would most

likely result in untenable conditions by then.

A. 2 Dwelling Studies

CFR funded a major series of full scale tests [53] in the mid-1970's to

provide field data and performance criteria for the installation of

detectors. The results of this experimental work served as the basis for

current installation requirements for residential detectors in NFPA 7A. The

results of these tests provide insight into issues of life safety in resi-

dences and the effects of heat and smoke detectors.

The tests were conducted in a one story and in a two story dwelling. Gas

temperatures, carbon monoxide, oxygen depletion, and smoke density were moni-

tored throughout the dwellings, particularly along the escape paths, for a

variety of flaming and smoldering fires. The adequacy of detectors positioned

at different locations in providing minimum required escape time (estimated by

the investigators at 2 minutes) was assessed. The results indicated that a

smoke detector must be located on the story (e.g., floor) where the fire

starts in order to provide adequate escape time. It was found that heat

detectors in the room of fire origin provided little or no escape time.

Figure 15 illustrates the success frequency, defined as the frequency

where a minimum of two minutes of escape time was achieved, when a smoke

detector was located on each floor of the dwelling. In every case the smoke
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detector alarmed before hazardous conditions were reached in the room of fire

origin, along the escape path, or in remote rooms. In greater than 90 percent

of the cases, the escape time provided was greater than two minutes, the

minimum value set for this study. Assuming that occupants are mobile, not

intimately exposed to the fire, and an escape time of two minutes is suffi-

cient, smoke detectors installed on every level of the dwelling provided

adequate protection for escape for all the test fires conducted in this

series

.

The success frequency for heat detectors located in the room of origin is

shown in figure 16. These results indicate that a minimum escape time of two

minutes was provided in 60 percent of the flaming tests, and 25 percent of the

smoldering tests. For a number of tests, hazardous conditions were exceeded

before the heat detector responded, rendering marginal or no life safety

benefit to the occupants.

CFR and USFA jointly sponsored a series of full scale dwelling tests in

1979 in Los Angeles, CA [54,55] to determine the performance requirements for

newly developed residential sprinkler technology (RTI ~ 41). The tests were

conducted in a large, two story dwelling which was instrumented to measure the

development of hazardous conditions in the rooms and along the escape routes.

While no data were obtained on detector response in the Los Angeles test

series, extensive data were collected on gas temperatures and toxic gas pro-

duction - both before and after sprinkler activation. Peak levels for eye

level temperatures, carbon monoxide and oxygen concentration (table 2)

indicate that hazardous conditions were not approached in the room of fire

origin, at the top of the stairs, or in the bedroom on the second floor for

both smoldering and flaming upholstered furniture fires initiated in the

living room. The residential sprinkler responded before hazardous conditions

were approached, successfully extinguishing the fire and maintaining tolerable

levels of temperature, CO and O
2

in the room of origin, and throughout the

dwelling.

The results from these living room upholstered chair fires are typical of

the performance of the residential rapid response sprinklers for most of the
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scenarios tested. Two exceptions were (1) a flaming fire in an unsprinklered

walk-in closet in a bedroom and (2) a smoldering fire in a closed bedroom. In

both of these cases, a residential sprinkler was located in the bedroom.

Comparison of ceiling gas temperatures for tests with and without a residen-

tial sprinkler installed in the closet (figure 17) indicate a dramatic differ-

ence in performance. In the test where the closet was sprinklered, minimal

increases in temperature and CO resulted throughout the dwelling. In the test

where the closet was not sprinklered, hazardous conditions were substantially

exceeded in the bedroom, along the escape path, and in the living room. Table

3 provides a comparison of peak values.

In the smoldering mattress bedroom test where the bedroom door was left

open, providing ventilation, the residential sprinkler extinguished the fire,

and hazardous conditions were not approached. As indicated in figure 18, the

sprinkler activated shortly after transition to flaming, which was accompanied

by an increase in gas temperature at the sprinkler.

In the test where the bedroom door was left closed, the fire did not

reach a flaming state. As a result, although the residential sprinkler even-

tually activated (more than five hours after smoldering ignition) and

controlled the fire, CO concentrations exceeded 5000 ppm (the maximum range of

the CO analyser) more than two hours prior to sprinkler activation. Such a

concentration for that time period would be considered lethal.

For the tests reviewed, residential sprinklers controlled flaming fires

typical of many of those that occur in residences. In most of these typical

scenarios, the sprinkler activated before hazardous conditons were reached in

the room of fire origin and maintained tolerable conditions throughout the

space. However, in some, such as unsprinklered flaming closet fires and

smoldering fires, hazardous conditions were reached, even with the more rapid

responding residential sprinklers.

4.3 Health Care Room-Corridor Studies

CFR conducted a full scale test program to evaluate the performance of

detectors and sprinklers in hospital rooms. The tests were conducted in one
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of CFR's room-corridor facilities, and involved flaming ignition of mattresses

(flaming fire scenario) and wardrobes (shielded fast flaming fire scenario),

simulating fires in patient rooms adjacent to a corridor.

Detector studies [56] provided comparisons among ionization and

photoelectric smoke detectors and heat detectors at different locations in

terms of alarm times and available escape time. Figure 19 shows the average

and the range of estimated available escape times (1) from the room of fire

origin, and (2) along the escape path in the corridor for the complete series

of burns. Consistent with previous work, it was found that smoke detectors

provided the maximum escape time. Smoke detectors in the corridor provided

three to four minutes of escape time from the room, and along the corridor.

Heat detectors in the room provided an average escape time of one minute from

the room and two minutes along the corridor. However, in some of the tests

the hazardous threshold for smoke obscuration was reached in the room prior to

activation of the heat detector.

O'Neill, Hayes, and Zile conducted studies of sprinkler performance in

the same facility [57]. The thermal response characteristics of both standard

and residential sprinklers were examined. In tests with flaming ignition of

mattresses, a simulated residential sprinkler activated prior to attainment of

hazardous conditions, extinguished the fire, and maintained survivable condi-

tions in the room of fire origin. However, in tests with the somewhat slower

standard sprinkler, smoke concentrations exceeded the hazard threshold in the

room, along the corridor, and in the remote lobby area prior to sprinkler

activation. Figure 20 provides a comparison of the impact of the residential

and standard sprinkler activation relative to attainment of hazardous condi-

tions both in the room of fire origin and along the corridor. Figure 21

illustrates a substantial difference in the height of the smoke layer in the

patient room doorway at the time of activation for the two sprinklers. For

the standard sprinkler the smoke layer would have reached bed level. (This

does not take into account the mixing effect of the sprinkler spray on the

smoke distribution after initiation of suppression.)

In tests with combustible wardrobe fires, little difference was observed

in the response time for the two sprinklers. Figure 22 illustrates the rapid
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fire growth rate resulting from the shielded wardrobe fire. As would be

expected, for such a rapidly developing fire, the relative difference in

activation time between the residential and the slower standard sprinkler is

smaller. However, test results indicated that hazardous conditions were

reached at approximately head level (1.5 m above floor) in the room, corridor

and lobby before either sprinkler activated.

These health care room-corridor studies indicate that for typical flaming

fires (e.g., mattresses) a residential sprinkler can provide protection to

occupants both inside and outside the fire room. A heat detector may provide

marginal escape time in some instances, but smoke detectors provided superior

performance, providing at least two minutes of escape time in all of the cases

examined.

In the case of severe, fast flaming shielded fires such as those from

burning wardrobes or unsprinklered closets neither a standard nor residential

sprinkler would respond rapidly enough to prevent hazardous conditions from

being reached throughout the space, and a heat detector would provide essen-

tially no warning. Although no smoke detectors were present for the shielded

wardrobe tests, the rapid development of the fire indicates that smoke detec-

tors would provide marginal or no escape time, particularly from the room of

fire origin. While these studies were directed at health care occupancies,

the results are somewhat relevant to residential occupancies of similar geome-

try such as hotels, motels and apartments.

4.4 Implications of Experimental Results for

Residential Life Safety

The results of these full scale studies provide some insight to the

potential role of detection and sprinkler technologies on residential life

safety. For example, smoke detectors installed in accordance with current

practices (NFPA 74) virtually always provide substantial escape time. The

amount of time is dependent on the geometry of the structure and the growth

rate of the fire, but a minimum escape time from the room of fire origin of
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two minutes^ was usually exceeded under the conditions tested. Heat detectors

located in the room of origin provided marginal escape time under some of the

fire scenarios tested, but demonstrated no apparent advantages over smoke

detectors. For many fires, hazardous conditions were approached or exceeded

before the heat detector activated. This was particularly true for smoldering

fires

.

Sprinkler systems can make an important contribution to residential life

safety; namely they provide immediate action to control or extinguish the

fire. This capability is particularly important when occupants are not able

to escape, and therefore must be protected while remaining in the dwelling.

In the studies reviewed, a standard sprinkler (RTI ~ 100) controlled or extin-

guished the developing fire, and usually provided escape time from locations

outside the room of fire origin. However, for many of the fires, hazardous

conditions were reached in the fire room prior to activation of a standard

sprinkler, providing only marginal protection to occupants in the room.

Except for tests involving smoldering fires or unsprinklered flaming

closet fires, the residential sprinkler (RTI ~ 41) activated much earlier than

the standard sprinkler, generally before hazardous conditions were reached in

the room of fire origin. For many of these cases the fires were extinguished

and survivability in the fire room appeared likely, unless the occupant was

intimately exposed to the fire. In the fire tests involving unsprinklered

closet fires and smoldering upholstered furniture fires, hazardous conditions

were reached prior to operation of the residential sprinkler, resulting in

limited life safety protection in the room of fire origin and along primary

escape paths.

These full scale tests pointed out limitations in the impact of detectors

and sprinklers for selected geometries and conditions. For example, in small

volumes typical of mobile homes, ramblers, apartments and other single-story

conventional residences, hazardous conditions develop throughout the comrauni-

number of the references selected two minutes as a minimum escape time

needed for residences. This value is used here only for discussion purposes;

the actual escape time needed depends on factors such as condition and

mobility of the occupants and required travel distances to safety.
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eating spaces at nearly the same time. Therefore for such structures it may

be necessary to assume that the entire volume is the room of fire origin in

determining the required escape time and selecting a design strategy. The

addition of a barrier such as a wall or closed door to provide physical sep-

arations within the residence can increase the escape time provided by a

detector or sprinkler alone.

A smoldering fire in a closed room without a smoke detector presents a

hazard to the occupants of the room. Smoke detectors installed in accordance

with current criteria (typically located in halls and stairwells) will not

activate before hazardous conditions are reached in a room with the door

closed.

Finally, current installation criteria for residential sprinklers are

intended to provide sprinkler coverage in rooms of most probable fire origin,

as indicated by residential loss experience. Complete sprinkler protection of

a dwelling including bathrooms and closets appears impractical from a design

and economic standpoint. However, if a fire occurs in a space that isn't pro-

tected, it may result in a different, more demanding challenge on the sprin-

kler system. For example, in flaming tests in closets which were not sprin-

klered, hazardous conditions occurred along the escape path and in other rooms

before the residential sprinkler in the adjacent bedroom controlled the

fire. Therefore, reliance on a residential sprinkler to provide protection to

occupants who can not escape would be inappropriate for these conditions.

Tables 4a, 4b, and 4c summarize the effect of detectors and sprinklers on

the three fire types and various occupant locations and capabilities discussed

in section 3. These estimates are based primarily on the results of the full

scale studies reported here. Since heat detectors consistently provided less

time for escape than smoke detectors, and frequently provided no escape time,

they are not included. It should be noted that this paper addresses life

safety from fires in habitable areas considered the most probable areas of

fire origin. While heat detectors provided marginal or inadequate escape time

for many of the cases studied, their use for protection of uninhabited areas,

such as garages and attics, where temperature and humidity conditions vary

substantially, is appropriate.
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For each combination of fire growth type and occupant status, an

assessment is made of the ability of a residential smoke detector to provide

at least two minutes of escape time, and a standard sprinkler or a residential

sprinkler to activate and extinguish the fire prior to the development of

conditions that will result in death or serious injury to the occupant.

In table 4a, assessments are provided for the likely impact of smoke

detectors and sprinklers on smoldering/ flaming fires. For the analysis con-

ducted, it was assumed that persons in the room of fire origin who were awake

and mobile would react prior to detection of the fire by the smoke detector or

extinguishment by the sprinklers, therefore reducing the need for these

devices for this particular case. It is recognized that one can not

accurately predict that correct behavior would result on the part of the

occupant. In lieu of a detailed examination of this, in those cases where

incorrect behavior would lead to a fatality, it is assumed that the occupant

is actually immobile for purposes of this analysis.

Based on review of the results from the full scale studies included in

this paper, it is expected that a smoke detector, a residential sprinkler or a

standard sprinkler will provide protection to mobile occupants outside the

room of fire origin. Immobile occupants would be protected by either sprin-

kler; a smoke detector would have little benefit without rescue. For occu-

pants located in the room of fire origin, the extent to which protection is

provided is greatly influenced by their status. For example, a smoke detector

would provide the minimum escape time for occupants in the room who are awake

or asleep, but mobile. And, while a residential sprinkler responded before

hazardous conditions were reached in the room of origin in some of the tests

reviewed, this was not the case for the smoldering/ flaming tests in mobile

homes, or in the closed door bedroom tests. Therefore, it was concluded that

residential sprinklers would provide some, but not complete protection for

occupants in the room of fire origin who are exposed to a smoldering/ flaming

fire. The test data suggest that the delay in response of the standard

sprinkler to smoldering fires would result in hazardous conditions in the room

of origin before initiation of suppression, therefore providing little

protection to occupants in the room.
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The assessments provided in table 4b for flaming fires indicate similar

protection to that for the smoldering/flaming condition for occupants outside

the room. For occupants located in the room of fire origin, the test results

indicate that the residential sprinkler would respond very quickly to this

type of fire growth behavior, initiating suppression action before hazardous

conditions were approached and protecting occupants in the room, regardless of

their status. As in the case of the smoldering/ flaming fire, awake/mobile

occupants who might react irrationally - resulting in a fatality, were con-

sidered immobile.

Table 4c provides assessments of the impact of smoke detectors,

residential sprinklers and standard sprinklers for fast flaming fires. The

full scale tests in this review included rapidly developing shielded wardrobe

and closet fires. The extremely limited data from these tests indicate that

smoke detectors may provide limited protection to mobile occupants outside the

room of origin. However, hazardous conditions were exceeded both in the room

of fire origin and at multiple locations outside the room before either a

standard or residential sprinkler would have responded. Also, due to the

shielding of the fire from the sprinkler water spray, extinguishment was not

always readily attained.

While the results indicate that detectors and sprinklers provide very

limited benefit for the shielded fast flaming fires included in this study,

the benefits may be considerably greater for other types of fast flaming

scenarios. For example, Cote [58] reports rapid extinguishment of fast devel-

oping flaming fires initiated with various quantities of flammable liquids.

These fires, conducted to simulate hotel arson/incendiary fires, resulted in

marginally hazardous smoke conditions in the immediate area of the fire, but

extinguishment by the residential sprinklers resulted in low temperature and

toxic gas levels. This indicates that the assessments provided in table 4c

should be primarily limited to shielded, rapidly developing fires. Signifi-

cant benefits may be derived from both standard and residential sprinklers for

other fast flaming scenarios such as flammabile liquid spill fires.

The tables illustrate our lack of data on the exposure of persons who are

intimate with ignition. In addition, the experimental data indicate that none
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of these strategies will protect occupants who are Intimately exposed to a

shielded fast flaming fire, but some benefit may be expected In smolder-

lng/flaming and flaming fires.

5. QUALITATIVE ASSESSMENT OF DETECTOR AND
SPRINKLER EFFECTIVENESS

5.1 Assessments

The analysis of full scale test data presented In section 4, and a review

of residential fire loss experience, can be used to estimate the potential

effectiveness of detector and sprinkler technology In providing adequate life

safety in residential occupancies. Also this assessment Identifies limita-

tions and gaps In available data.

The assignments In tables 4a, 4b and 4c from section 4 were used to

estimate the potential benefit of a smoke detector, a standard sprinkler, or a

residential sprinkler In protecting against the dominant fatal scenarios for

residential occupancies. Table 5 summarizes the results of this analysis.

The six dominant scenario groups listed In table 5 represent those fatal

fire scenarios which most frequently occur in one and two family dwellings,

mobile homes, and apartments. The data on scenario groups and fatalities were

obtained by analysis of the 1980-81 NFIRS data base [2].

The characteristics of the scenario groups correspond to the fire and

occupant parameters discussed in section 3. Figure 23 illustrates the spe-

cific parameters to be considered for scenario group #1, based on the possible

combinations developed in the parametric model presented in section 3. The

appropriate combinations also were identified for the remaining groups.

A strategy was considered to provide protection if, by itself, it would

most likely provide a sufficient level of safety to prevent a fatality under

that particular scenario group. Some interesting observations can be made

based on the information presented in table 5. For scenario group #4, where

mobile occupants died outside the room while asleep, a smoke detector is the
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most effective strategy if one is concerned with protecting these occupants

from all three fire types (i.e., shielded fast flaming, flaming, smolder-

ing/flaming). While detectors, standard sprinklers and residential sprinklers

all can be expected to provide protection for flaming fires, some limitations

exist in the protection provided by standard or residential sprinklers due to

the delay in responding to smoldering/flaming and shielded fast flaming

fires. This scenario group accounts for nearly half of the fatalities in one

and two family dwellings and mobile homes.

For the six major fire scenario groups included in this study, table 5

indicates that a combination of smoke detectors and residential sprinklers

could provide the maximum protection among the various combinations of smoke

detector, standard and residential sprinkler examined. If it is assumed that

the smoke detector and residential sprinklers are totally adequate and reli-

able, then the combination of smoke detectors and residential sprinklers could

reduce fatalities by as much as 73 percent in dwellings (scenario groups #2,

#4, and #5). Similar benefits could be derived for mobile homes and apart-

ments. Due to the assumption of total adequacy and reliability, the 73

percent reduction in fatalities may represent an upper bound estimate.

While the largest impact would result from the combination of smoke

detectors and residential sprinklers, other combinations could also provide

significant impact. For example, it is estimated that standard sprinklers in

combination with smoke detectors could reduce fatalities by as much as 57

percent in dwellings (scenario groups #4 and #5).

The second most frequent scenario group was #1, involving occupants who

are intimately exposed to the fire. The lack of a detailed understanding of

the effects of fires on occupants who are intimate with ignition, or the

performance of a detector or sprinkler on a concealed space fire limit our

ability to assess the protection provided by these strategies for such resi-

dential scenarios. But intuitively, one must assume that the performance

characteristics of state-of-the-art detection and sprinkler technology would

have very limited impact on such fire deaths.
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The limited test results available for shielded fast flaming fires

indicate that it is unlikely that smoke detectors or sprinklers will provide

protection to occupants located in the room of fire origin. It would appear

that scenario group //3, which includes the fewest number of fatalities for the

six major scenario groups, could not be adequately protected by any combina-

tion of these state-of-the-art smoke detectors and sprinklers. While this

does not consider the impact of smoke detectors and sprinklers on fatalities

from unshielded, fast flaming fires, the NFIRS incident data base used to

identify the major scenario groups included only a few fatalities resulting

from such fires. The majority of the fatalities included in scenario group //

3

involved shielded fast flamming fires.

The results in table 5 for scenario groups //I and //3 indicate that on the

order of 20 to 30 percent of the fatalities in these residential suboccupan-

cies may be unsavable by either detectors or sprinklers.

The NFIRS data base contains only a limited number of fatal fire

incidents for large residential occupancies such as dormitories, hotels and

motels, board and care, and institutional. However, the majority of fatal

fire incidents in these suboccupancies result in one or two deaths, with the

dominant scenarios similar to those of dwellings, mobile homes, and apartments

[2]. If it is assumed that detectors and sprinklers would perform in a

similar manner in these suboccupancies, the same benefits could be expected.

Also it is likely that detectors and sprinklers would decrease the number of

multiple-fatality fires. While these fires occur very infrequently, they

generally receive a great deal of public attention.

5.2 Limitations of the Assessments

The results of the assessments in section 5.1 indicate that smoke

detectors and residential sprinklers could have a significant impact on resi-

dential fire deaths. These results are based on analysis of a limited number

of full scale experiments and statistical loss data from the NFIRS data

base. The estimates are also based on the assumptions that the devices will

be installed correctly, will be maintained, and will perform adequately and

reliably.
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The adequacy of the devices was partially based on analysis of the

experimental studies. The extent to which these studies accurately reflect

the universe of residential fire death incidents, and the validity of the

extrapolations performed in the assessment can only be determined through more

rigorous quantitative methods.

The reliability of detectors and residential sprinklers depends on

factors such as the performance limits of the mechanical and electronic com-

ponents, the installation, and adequate maintenance. In addition, environ-

mental factors such as variation in hazard development (e.g., the effect on

smoke generation and transport) or variations in system parameters (e.g.,

changes in system water pressure) can potentially alter the reliability or

adequacy of the device.

Finally, in addition to considerations regarding adequacy and

reliability, the assessment excludes any considerations of cost/benefit, or

social issues such as individual risk perception and acceptability of the

technology. These factors, while beyond the scope of this paper, are essen-

tial in successful implementation of any strategy to improve fire safety.

6. TOWARD APPLICATION OF QUANTITATIVE TECHNIQUES

Quantitative measures of the performance of detectors or sprinklers under

varying conditions would improve the estimates presented in table 5. This can

be done using analytical models which mathematically describe the function of

these systems for a broad range of cases, and a series of carefully planned

and executed experimental studies to validate the models and test their

results.

NBS has been engaged in research to develop analytical methods to predict

room fire growth, and multiple room fire spread [59,60]. An extension of

these efforts that will provide the quantitative basis for determining the

performance of detectors or sprinkler systems in residential fires has

recently been initiated. The objective of this work is to provide analytical

methods useful in increasing the ability to predict effectiveness of these

systems in reducing residential deaths and injuries. This broader context
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includes consideration of occupant needs, hazard development, and the

performance of other fire safety strategies as well as detectors or sprin-

klers. This approach requires an understanding of the physical processes

involved and their functional interdependencies.

A parametric framework or model is under development at NBS which can

assist in addressing residential life safety from this broad, comprehensive

viewpoint. The initial version of this model (figure 24), while incomplete,

identifies many of the conditions or factors to be considered for residential

life safety, including detection and suppression. The model, though broad in

context, has not been sufficiently developed to identify the functional inter-

dependencies of many of these factors. At this stage in its development, the

model is helpful in identifying key elements or factors and developing an

understanding of the specific elements associated with detection and

suppression. Future efforts will extend the model to sufficient detail to

permit formulation of analytical expressions for evaluation of the functional

interdependencies. This will lead to the ability to predict performance for

specific conditions of hazard development, occupant behavior and fire safety

strategy.

The model in figure 24 is consistent with the expression proposed by

Cooper (see section 3) for time required for escape/rescue. Within the con-

text of this framework, Cooper's expression can be recast as follows: Life

safety can be assured in a residential fire if

T
ms

(T - T ) - T >0V
H V E,R -

where

Tms = margin of safety (time)

Tjj = time to hazard

Tp = time to detection

Tg r = time to escape/rescue

This expression simply states that the time available (TR - T^) must be

greater than or at least equal to the time required (Te r) for occupant escape

or rescue; that is, T
mg 0. If the occupant must be protected in place, then
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hazardous levels must not be reached. Figure 25 provides a graphical

illustration of the hazard development and occupant escape/rescue processes

which relate to the above expression. The objective T
mg > 0 can be met by

application of a number of strategies, including early warning detection

(reduce Tp) ,
control of hazard development (increase TR ) or by adjusting the

needs of the occupants (T
r R ) . The adequacy of each of these strategies,

alone or in some combination, for specific conditions must be determined.

Each of the parameters in the above expression involves the interaction

of elements along major paths in the model (figure 26). The model identifies

the logical relationships of the elements. However, analytical expressions

for the various functional elements and their interdependencies remain to be

developed.

Ongoing research at NBS is directed at doing this. It involves both

theoretical and experimental research to examine the appropriate elements in

the model leading to an ability to predict whether or not the

objective (T
mg > 0) has been met for specific cases. Attention is being given

to developing methods of predicting the performance of smoke detectors and

residential sprinklers within this context.

Current knowledge of the processes involved in detection and sprinkler

suppression is limited, but important progress has been made in recent

years. Work by Alpert [44] and Heskestad [61] provide a basis for predicting

thermal response of sprinklers exposed to heated ceiling jets for unconfined

ceilings typical of large, open rooms such as warehouses. Recent work by

Evans [47] has extended this work to small compartments where limited experi-

mental results indicate that the ceiling jet may be directly influenced by the

formation of a high temperature zone in the upper part of the room early in a

fire. While this extension appears promising, further study and validation is

necessary to provide a generalized form of calculation compatible with state-

of-the-art analytical fire growth models.

Generalized quantitative expressions for extinguishing agent effects on

residential compartment fires are not available. Fire extinguishment involves

a very complicated interaction of physical and chemical processes, including
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agent particle size formation, particle transport to combustion surfaces, and

the effects of the delivered agent on burning rate, combustion gas generation,

and environmental conditions within the space. Early work by Rashbash [62]

and Magee and Reitz [63] provided limited empirical correlations for water

spray effects on burning fuels. These studies demonstrated that extinguishing

agent effects on burning rate were influenced by individual droplet size as

well as the quantity of agent, and the burning characteristics, geometric

arrangement and ventilation conditions associated with the fuel.

Ongoing work by Milke [64] at NBS is directed at extending these efforts

to identify extinguishment thresholds in terms of mean droplet diameter and
Q

quantity for water sprays. Additional ongoing work by Prahl on development

of scaling laws for application in developing experimental correlations for

water droplet formation and initial trajectory, and Alpert [65] on the inter-

action of fire plumes and water sprays, will aid progress toward analytical

methods for evaluating sprinkler effectiveness for residential rooms.

Finally, there are no current methods that enable one to determine the

effects of other fire safety design features on sprinkler effectiveness.

Historically many designers have assumed that the effect of multiple design

elements is at least additive if not synergistic, but recent experimental work

suggests that this may not always be true. For example, in tests conducted by

the Illinois Institute of Technology Research Institute (IITRI) in 1978 [66]

it was demonstrated that smoke operated automatic door closers in conjunction

with automatic sprinklers provided excellent protection in areas outside the

fire room. However, by closing the door to the fire room, hazardous condi-

tions were reached much sooner in the room of fire origin, often before the

sprinkler responded.

Ongoing and future research at NBS is intended to provide generalized

expressions for detector and sprinkler activation and water spray effects on

compartment fires, and result in engineering methods for detection and sprin-

kler design effectiveness. These efforts should reduce the gaps and liraita-

Q
Dr. Joseph Prahl (Case Western Reserve University) has recently initiated a

study to develop scaling laws for water droplet formation and initial
trajectory. This work is being performed under a grant from NBS/CFR.
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tions inherent in the qualitative approach presented in this study, and

identify areas for improvement in detection and suppression technologies.

7. SUMMARY AND CONCLUSIONS

The largest number of annual fire fatalities in the United States occurs

in residential occupancies. Smoke detectors and sprinklers can have a large

impact in reducing residential fatalities. These devices can be used in

retrofit and new construction. As already indicated by various studies,

nationwide use of smoke detectors, installed in accordance with the location

and audibility requirements in the NFPA Standard for Installation of Household

Fire Warning Equipment (NFPA 74), alone could reduce the residential fire

fatality rate by nearly 50 percent. An even larger potential impact would
Q

result from the combined use of smoke detectors and sprinklers . Assuming

reliability of the devices and applicability of limited full scale test

results, combined use of smoke detectors and residential sprinklers could

reduce fatalities on the order of 73 percent for one and two family dwellings,

mobile homes, and apartments. Standard sprinklers in combination with smoke

detectors could provide a 57 percent reduction for the scenarios examined.

Similar benefits appear possible for larger residential occupancies such as

dormitories, institutions, hotels and motels.

Approximately 20 to 30 percent of the fatalities in residential

occupancies appear unsavable by current smoke detector or sprinkler tech-

nology. These fatalities occur primarily due to intimate exposure of the

individual to the fire, or exposure to a very rapidly developing shielded

fire. In both cases, hazardous conditions frequently occur prior to smoke

detector or sprinkler activation.

The predicted reduction in fatalities is based on certain assumptions

since the costs and practicability of these devices have not been assessed;

full assessments have not been made of the limitations of these technologies,

^The 1980 edition of NFPA 13D, Standard for the Installation of Sprinkler
Systems in One and Two-Family Dwellings and Mobile Homes anticipates the

installation of smoke detectors in accordance with NFPA 74 in addition to a

residential sprinkler system.
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nor have chelr performance, system adequacy and reliability been evaluated;

failure thresholds for significant variations In environmental conditions such

as supply water pressure, maximum furnishing fuel load, etc. have not been

determined; and available experimental data can not be generalized to all

residential occupancies or fire scenarios.

These limitations stem from inadequate knowledge of the physical

processes involved. Therefore NBS has initiated research to provide an under-

standing of these processes, and to develop analytical techniques for quanti-

tative predictions.

An initial model has been developed which identifies key factors in

providing residential life safety. A simple mathematical expression has been

adapted as a success criterion, and research is ongoing at NBS to address

specific parameters in the expression. Future efforts will be directed at

extending the model to sufficient detail to provide the basis for examining

the functional interdependencies among key factors. Initially, the focus of

this work is on modeling detection and extinguishment of residential fires.

Benefit/cost analyses are being performed at NBS to assess the relative

effectiveness of state-of-the-art detector or sprinkler technologies in

residential occupancies. While performance of these devices is important in

meeting the success criterion, the cost to implement these strategies also is

relevant.

Analytically based models and benefit/cost analysis techniques will

provide a means for development, design, selection and performance evaluation

of fire safety strategies for residential life safety, including the use of

automatic detection and suppression. Specific cases can then be evaluated to

determine the optimum design strategy (e.g., automatic detection, or automatic

detection with corapartmentation) on the basis of (1) hazard development, (2)

occupant conditions, (3) fire safety performance, and (4) economic impact.
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Figure 4. Typical Standard Sprinkler Head and Residential
Sprinkler Head Demonstrating Significant Reduction
in Thermal Link Mass for Residential Sprinkler Technology
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Figure 8. Comparison of Activation Times for Smoke Detector (A)

and Sprinkler (B) for Typical Compartment Fire

INCREASING TIME

Figure 9. Graphical Illustration of Escape Time (AT) provided
by Smoke Detector Alarm
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Smoke detector sensitivity - 1%/ft

AT=2 minutes (minimum escape time)

Figure 15. Escape Time for Smoke Detectors Installed
on Every Level [53]

55



SUCCESS

FREQUENCY

(%)

LEAD TIME (min)

-5 0 10 20

Heat detector rating - 135°F

AT = 2 minutes (minimum escape time)

Figure 16. Escape Time for Fixed Temperature Heat Detectors
Installed in Room of Origin [53]
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Figure 17. Ceiling Gas Temperatures in Bedroom Adjacent to
Closet for Sprinklered and Unsprinklered Flaming
Closet Fires [54]
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Corridor smoke obscuration 0.25 OD/m

TIME (s)

Figure 21. Effect of Different Sprinkler Activation Times on Smoke Filling in

Doorway and in Corridor [57]
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Table 1. Deaths Per Fire:
Family Dwellings

One and Two

Deaths Per No . of Percent of No. of Percent of

Fire Fires Total (%) Deaths Total (%)

1 557 81 557 64

2 86 13 172 20

3 25 4 75 9

4 16 2 64 7

10 1 _ _

685 100 868 100

Source: 1981 NFIRS Data Base [2 ]
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Table 4a. Occupant Conditions where Detectors or Sprinklers

Provide Protection - Smoldering/Flaming Scenarios

Occupant
Status

Occupant Location

Intimate
In

Room
Outside
Room

Asleep/Mobile ? Smoke Detector
Residential Spkr (L)

Smoke Detector
Residential Spkr.

Standard Spkr.

Awake/Mobile ?

P

Smoke Detector
Residential Spkr.

Standard Spkr.

Immobile ? Residential Spkr (L) Residential Spkr.

Standard Spkr.

? Indicates Unimown
L Indicates Limited Protection
P Indicates Occupant Action

preempts protection
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Table 4b. Occupant Conditions where Detectors or Sprinklers
Provide Protection - Flaming Scenarios

Occupant Location

Occupant
Status Intimate

In
Room

Outside
Room

Asleep/Mobile ? Smoke Detector
Residential Spkr.

Smoke Detector
Residential Spkr.

Standard Spkr.

Awake/Mobile ?

P

Smoke Detector
Residential Spkr.

Standard Spkr.

Immobile ? Residential Spkr. Residential Spkr.
Standard Spkr.

? Indicates Unknown
P Indicates Occupant Action

Preempts Protection
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Table 4c. Occupant Conditions where Detectors or Sprinklers
Provide Protection - Shielded Fast Flaming Scenarios

Occupant Location

Occupant In Outside
Status Intimate Room Room

Asleep/Mobile
NP NP

Smoke Detector (L)

Residential Spkr (L)

Standard Spkr (L)

Awake/Mobile
NP NP

Smoke Detector (L)

Residential Spkr (L)

Standard Spkr (L)

Immobile NP NP NP

NP Indicates None Provide Protection
L Indicates Limited Protection
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5.

Estimated

Protection
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by

Detectors

and

Sprinklers

Major

Interior

Fire
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