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General principles of fire and smoke detection

Alexis Coppalle *, Mohamad EIl Houssami 2
' Normandie Univ, UNIROUEN, INSA Rouen, CNRS, CORIA, Rouen 76000, France (*coppalle@coria.fr)

2 Efectis, Espace Technologique, Route de L’Orme des Merisiers, 91193, Saint Aubin, France

Fe aim of this article is to present the operating principles, tests
and behaviour of fire and smoke detectors, and to recall the
optical properties of smoke particles generated at the beginning

of a fire.

Detection
Detection is expected to occur during the incipient phase of a
fire, when smoke production is supposed to be low, diluted, or
properly evacuated by a smoke extraction system. There are
several types of fire detection devices, including smoke
detectors, heat detectors, and flame detectors. Each type works
in a slightly different way and may be more effective in certain
situations. In this brief article we describe the general principles

behind smoke detectors hereafter.
Principles and types of smoke detectors

Smoke detectors are frequently used as they generally provide
earlier detection than heat detectors, especially in high ceiling
configurations. The types of smoke detectors include "spot-type"
smoke detectors, beam (linear) detectors, and aspirating smoke
detectors [1]. Spot-type and aspirating detectors can be of
ionization or photoelectric nature, although ionization ones are
banned in several countries as they contain small quantities of

radioactive material.

v' Spot-type smoke detectors: These are typically
photoelectric detectors that use a beam of light to detect
smoke particles. Inside the detector, there is a light source
that emits a beam of light across a chamber. On the other
side of the chamber, there is a sensor that can detect the
amount of light that is passing through. When smoke
enters the chamber, it scatters the light beam, causing the
sensor to detect a reduction in the amount of light. This
triggers the alarm. Spot-type smoke detectors are popular
in residential settings because they are reliable and require
little maintenance. Some spot-type smoke detectors
(ionization) use a small amount of radioactive material to
ionize the air inside the detector. When smoke particles
enter the detector, they disrupt the ionization process,
causing the detector to sound an alarm. While they are
also efficient, they are banned in several countries due to
the small quantities of radioactive material they contain.

v Beam (linear) detectors: Linear beam detectors are a type
of smoke detector that use a beam of light to detect smoke
in large, open spaces, such as warehouses, atriums, and
shopping malls. The detector consists of a transmitter that

emits a beam of light across the space to a receiver on
the other side. The receiver measures the amount of
light that is received and compares it to the amount of
light that was transmitted. If smoke particles enter the
beam path, they will scatter some of the light, causing a
reduction in the amount of light that is received by the
receiver. This triggers the alarm, alerting occupants of
the building to the presence of smoke. Linear beam
detectors are often used in areas where conventional
smoke detectors would be impractical or ineffective and
can cover large areas with a single detector. They are
also useful in areas with high ceilings, where traditional
smoke detectors may be difficult to install and maintain.

v'  Gas-based detectors: Gas-based detectors and
aspirating smoke detectors use a limit gas concentration
as a threshold. Aspirating Smoke Detectors constantly
draw air into a pipe network system so that smoke can
reach the detection chamber. The latter is designed to
be sensitive to small particles, which are often present
during flaming fires and in the incipient fire state. A
combination of blue and infrared light scattering allows
discrimination of smoke and dust particles by analyzing
their particle size [2].

Main air inlet of a pipe network Aspirator

—

95-98 % IE—) Main airflow

25—
Venturi bypass flow Light receiver BLUE power LED
Detection
2 & zone
Detection —N
chamber
scattered light
\ _
Insect
Filter
\
Chamber Absorbing IR power LED
flow light trap

Figure 1: lllustration of an Aspirating Smoke Detector (Extracted
from [2])

Similar types of technology are adapted to detect battery
failure cases, in particular before cell venting, cell leak, and
coolant leak. Traditional methods of gas detection, such as
smoke detection, would only provide an indication of a lithium-
ion battery failure once it has progressed to smoke generation,
which is often too late. However, VOC (or off-gas) monitoring
would indicate the first stage of a battery event after the initial
abuse, typically an off-gassing event in the ppm-level
concentration range. This type of technology can also indicate
when there is an accumulation of flammable gases by
monitoring the lower explosive limit (LEL). There are various
thresholds, but typically the monitor will alarm when the
compound of interest reaches 25% of the LEL (typically 0.5 -

4% gas by volume).
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Figure 2: Fire dearth rate for 100,000 people in USA [6]
Multi-sensor detectors: Also known as combination detectors,
they use multiple sensing technologies to detect smoke and fire.
These detectors analyze the different characteristics of smoke
particles, such as size, density, and color, to determine whether
a fire is present. By combining different sensing technologies,
multi-sensor detectors can reduce the number of false alarms

and provide a higher level of accuracy in detecting fires.

Optical properties of smoke
The photoelectric systems are based on the interaction of light
with the aerosols present in smoke, and their response is
sensible to the nature of the aerosols emitted by the fire, mainly

during the first minutes after ignition.

Two main parameters are useful for describing and
understanding the interaction of light with particles: the specific
absorption cans and specific scattering coefficients osca (in m?/g),
the sum of which is the specific extinction coefficient cext. The

transmission of light through a length L is given by:

T = e_UextC L

where T is the transmission factor, and C the mass particle

concentration (in g/m3). All these coefficients depend on the
wavelength, the refractive index of the particle matter, the

morphology.

The properties of aerosols are different if the smoke is generated
under flaming or smouldering conditions, i.e., with or without
flame. The first case corresponds to the emission of smokes by
the flame zone of burning materials, as gas and liquid
combustibles, plastics, wood... The second case corresponds to
solid materials, as plastic, PU foam, wood, natural vegetable,
that decompose under a high heat flux however without a flame.
The smoke is directly emitted from the heated surface. The
environment and the time the smoke spreads in the room before
reaching the sensor may also play an important role. If this time
is longer than a few minutes, some aerosols might be modified
by the absorption of water or condensable vapours, and by
agglomeration/aggregation or coalescence processes. Aerosols
emitted by flames: In

the case of gas or liquid

combustibles and plastics, the particles are mainly soots, which
are composed of carbon and hydrogen elements. Soot particles
have strong specific absorption coefficient in the visible
spectrum, they have sizes less than one um, except if the smoke
is confined for a long time, which can give larger particles by
agglomeration. These particles are not spherical and their
morphology is ‘fractal-like” agglomerate. In the case of wood or
natural combustibles, fly ash particles are also present in the
smokes. They are composed of oxides of elements that are
involved in the natural vegetable or wood growth, as Na K Ca Si
S, ... Most of these particles can be classified as fine, they have
a diameter close or less than one Im, with irregular shapes. They
have both strong specific absorption and scattering coefficients
in the visible spectrum. Added to that, water droplets are also
present due to the condensation of the combustion water and if
the mixing with ambient decreases the temperature lesser than

the dew point.

Aerosols emitted in smouldering condition: No soots and fly
ashes are present. They are mainly droplets of water due to the
drying process during the solid heating, droplets of condensed
heavy hydrocarbon vapours, sometime tars. At short distance
from the source, the droplet size is small, less than one um, with
spherical shape. However, at longer distance, the size is
increasing due to coalescence process. The optical properties
are only dependent of the droplet size and the refractive index of

the liquid.

However, the smoke travel to the sensor may have encountered
different ambient conditions, and smoke is a mixing with ambient

air of all the particles described above and combustion gases.

So the optical properties of the smoke depend of the contribution
and the mass concentration of each component present in the

smoke.

An important issue is the variation of the specific coefficients as
a function of the wavelength in the visible spectrum. Soot specific
extinction coefficient presents a characteristic monotonic
decrease with the wavelength, which can be represented by a
power law relation:

y N -a
Oft = CSt A
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- the nature of the combustible, the morphology and the size

distribution of the particles [4]. This decrease of the extinction
coefficient as a function of the wavelength is explained by a
strong absorption resonance band in the near UV between 221
and 233 nm. The spectral properties of fly ash are influenced by
the variations of the complex refractive index, which is highly
dependent on the nature of the oxides constituting the ash
material. For the droplets of water, the absorption is small so the
extinction is mainly due to the scattering of light, which does not

vary strongly in the visible spectrum.

To illustrate the radiative properties of smoke, the figure below
shows the spectral transmission measured in a smoke box [5].
The results were obtained in an 1SO-5659 smoke box, in which
the standard photodetector was replaced by a spectrometer. A
piece of wood was exposed to 25 kW/m2, without any flame
being ignited.

At the beginning of the test (t <240 s), the transmittance is more
or less constant. With the non-flaming conditions, the main
content of smoke is a condensed phase in the form of small
droplet suspended in air. The smoke looks like a fog, which has
a slightly white color. This is a mixture of tar and water. The
previous relation giving the transmission as a function of the
specific extinction coefficient can be applied to calculate the
specific extinction coefficient, knowing the mass particle
concentration C. At longer time (t > 310 s), the spectral
transmission shows a minimum at about 600 nm. During this
period of the test, the particle concentration inside the chamber
becomes high and the multiple scattering process occurs. That
means the previous relation giving the transmission is no longer
valid, and the sensor receives photons scattered outside the
initial beam of the light source.
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During these experiments, it was possible to determine the mass

particle concentration C [5]. So the spectral values of the specific

extinctioMted and integrated over the
visible spectrum. This mean value has been found equal to 5.3
m2-g-* for wood or PMMA, which is close to the value found by
Seader [6].

Conclusion
In conclusion, the threat posed by smoke during a fire cannot be
underestimated, as it can create an impenetrable barrier for
people trying to evacuate. Therefore, the early detection of fire
is crucial for ensuring the safety of occupants and minimizing
property damage. There are various types of detectors available,
including heat detectors, flame detectors, and smoke detectors.
Heat detectors are often suited for the detection of open fires,
while flame detectors are used in environments where traditional
smoke detectors may not be effective. Smoke detectors are
frequently used as they generally give earlier detection than heat
detectors, especially in high ceiling configurations. Spot-type
smoke detectors, beam detectors, and aspirating smoke
detectors are some of the most common types of smoke
detectors available. It's also important to consider the limitations
of different types of devices. For example, smoke detectors may
be more effective in detecting slow-burning fires, while heat

detectors may be more effective in detecting fast-burning fires.

The proper selection, installation, and maintenance of these
detectors can help to minimize the risk of fire-related injuries,
fatalities, and property damage. Indeed, when choosing fire
detection devices, it's important to consider the specific needs of
the building. Some factors to consider include the size and layout
of the building, the types of materials and equipment present,

and the potential fire hazards.
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Abstract

During the investigation of most fires, including fatal fires, the

investigators focus almost all of their attention to the questions
of cause and origin. This has been the traditional purpose of fire
investigation. Because of this, the type of smoke detector
involved, i.e. ionization or photoelectric, is seldom a factor that is
considered important. In fact, in some cases little effort is made
to determine if a smoke detector was even present. Complicating
the investigation of this aspect of the fire is the fact that quite
often the ceilings have been pulled down, along with the remains
of the detector in an effort to extinguish the fire. The smoke
detector, at least what is left of it, is buried in debris and difficult
to recognize. In addition, the different factors that can affect a
smoke detector's ability to detect a fire in time to alert the
occupants are not well understood. As a consequence,
investigators are not aware of any reason to investigate the

operation of the smoke detector.

In this paper we show why investigating aspects of smoke
detector performance may be important, if not to address the
cause and origin of the fire, at least to understand better the
cause of injuries and fatalities. In doing this we endeavor to
answer some questions that some investigators have had as to
why some detectors may not have gone off in time to alert the
occupants. In many cases investigators improperly assume that
if the occupant did not escape, then this means that the smoke
alarm did not operate. We also discuss the national statistic
regarding smoke alarms and how the failure to collect relevant
information may be leading to incomplete and misleading data
analysis. Since Massachusetts started to collect this information
and apply lessons learned to public education and code
improvements, the fire death rate per capita has dropped much
faster in Massachusetts, than in the US as a whole. While there
may be many reasons for this, we are confident that better

collection of data involving smoke alarms is a major factor.

Investigative bias involving Smoke alarms in fatal fires

Joseph M. Fleming?, Vyto Babrauskas?

! Boston Fire Department (USA)
2 Fire Science and Technology, Inc. (USA)

Introduction
When the issue of smoke alarms and fire investigation comes up
we are reminded of Mark Twain’s wisdom, “It ain’t what you don't
know that gets you into trouble. It's what you know for sure that
just ain’t s0.” The fire service in the US has been so “educated”
about the effectiveness of smoke alarms that they often assume
that if someone died, then the unit must not have had an alarm.
If a smoke alarm is found, then they assume the victim acted
inappropriately or that the fire grew so fast that the smoke alarm
could not provide adequate time to escape. Such assumptions

may be seriously flawed.

Here are sections from NFPA 921-2014 that relate to the

concerns in this paper."

v NFPA 921 Section 4.4.1 Receiving the Assignment. The
investigator should be notified of the incident, told what his
or her role will be, and told what he or she is to accomplish.
For example, the investigator should know if he or she is
expected to determine the origin, cause, and responsibility;
produce a written or oral report; prepare for criminal or civil
litigation; make suggestions for code enforcement, code
promulgation, or changes; make suggestions to
manufacturers, industry associations, or government
agency action; or determine some other results.

v" NFPA 921 Section 21.5 Determining Responsibility. After
determining the origin, cause, and development of a fire or
explosion incident, the fire investigator may be required to
do a failure analysis and to determine responsibility. It is
only through the determination of such responsibility for
the fire that remedial codes and standards, fire safety, or
civil or criminal litigation actions can be undertaken.

v NFPA 921 Section 6.2.10.3.4 Smoke alarms should be
taken into evidence when smoke alarm performance may
be an issue. The alarm should be collected as evidence
after being photographed in place and should not be
altered by applying power, removing or inserting batteries,
or pushing the test button. Alarms still on the wall or ceiling
should be secured intact with mounting hardware,
electrical boxes, and wired connections. Removing a
section of wall material with the alarm may be needed to
preserve the condition of the alarm and all electrical power
connections.

v" NFPA 921 - Section 4.3.8 Expectation Bias. Expectation
bias is a well-established phenomenon that occurs in
scientific analysis when investigator(s) reach a premature
conclusion without having examined or considered all of
the relevant data. Instead of collecting and examining all of
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- the data in a logical and unbiased manner to reach a scientifically
reliable conclusion, the investigator(s) uses the premature
determination to dictate investigative processes, analyses, and,
ultimately, conclusions, in a way that is not scientifically valid.

NFPA 921 - Section 4.3.9* Confirmation Bias. Different
hypotheses may be compatible with the same data. When using
the scientific method, testing of hypotheses should be designed
to disprove the hypothesis (falsification of the hypothesis).
Confirmation bias occurs when the investigator instead tries to
prove the hypothesis.

Despite this language, unless it is a major fire in terms of loss of
property or life, investigations seldom go beyond the cause and origin
phase. In fact, when it comes to evidence regarding smoke alarms,
some fire investigators feel that it is their duty not to concern
themselves with the smoke alarms, since it is a litigation concern.
Many investigators seem to feel that their sole responsibility is to
investigate potentially criminal issues. But if this evidence isn't
collected by fire investigators, who else? Even when local and state
fire officials investigate the smoke alarm status, they often do so with
biases based on mistaken understanding of: the statistics relating to
smoke alarms, the smoke alarm approval process, and published fire
tests results. Prior papers have already raised awareness of this
problem.2.3 The present paper expands on the topic and offers possible

solutions.

Bias in the investigation of fatal fires

The need for fire investigators to avoid bias in investigating cause and
origin issues has been discussed at length in many papers and in the
media. The need for fire investigators to avoid bias when looking at
smoke alarms, as well as other code related issues, have for the most
part been overlooked. Yet the same logic and guidance should be

applied to both aspects of any fire investigation.

In the first example below, the fire official held up the non-functioning
smoke alarm which survived the fire in the adjacent side of the duplex
and reported that disabled alarms were responsible for the tragedy.
Despite the fact that no evidence existed to definitely determine the
smoke alarm status in the side of the duplex where the fire started, it
was assumed that it must have been non-operational due to the fact
that occupant died. Here are a series of stories that appeared in local
papers after the fire.

v 10/05/04 - Blaze, reported at 1:33 a.m., kills % in duplex. A smoke
detector without a battery was found in unoccupied side of
duplex. No smoke detector found in charred side.’

v' 10/05/04 - Fire officials said there were no working smoke
detectors in the fire apt. and fire may have raged for an hour.
Officials focusing on smoking. At some point the parents awoke
and tried to rescue the children.

v 10/05/04 - Fire officials said the lack of functioning smoke
detectors was a key reason a young family of five perished in an
early-morning house fire in Dennis yesterday.”

e ———————
The truth is that there was so much damage on the side of the

duplex in which the fire started, that it was impossible to know the
status of the smoke alarm. Officials were basing this conclusion
on the fact that a disabled alarm was found in the vacant side of
the duplex. Shortly after this announcement the landlord
produced an affidavit showing that they were working just a few

months earlier.

In addition, relatives reported hearing them operate, due to
cooking, at a party just weeks before the fire.8 Given that the
smoke alarm produced a nuisance alarm to cooking, it was likely
an ionization smoke alarm. Given that the fire officials suspected
smoking as a cause and hypothesized that the fireburned for an
hour before being detected, it was likely a smoldering fire. In
addition, since the parents were found after attempting to rescue
their children, they were evidently alerted to the fire at some
point. The hypothesis that the smoke alarm may have operated
too late to allow for safe egress was never considered by the
investigators. Due to the fact that occupants died, officials
expected to find a disabled alarm and this conclusion confirmed
their opinion that no one dies when smoke alarms work. Here is
another example.
v The Fire Chief said a fire inspection in September noted
three fire detectors in the house and could not explain why
there was no evidence of them after the fire. He said that

firefighters did a great job, but smoke detectors could have
made a difference.?

What is interesting is that in the same news report one of the
survivors “told relatives that he heard a smoke alarm go off.” Why
did the fire department ignore this statement? The local fire
department was contacted by one of the authors and cautioned
not to make assumptions. They were encouraged to keep an
open mind and make a determined effort to find the smoke
alarms. The next day the fire department issued a new statement
in which they reported that, “Two activated smoke detectors were
present in the rowhouse where four people died in a fire
Wednesday night.” 10 In a third example, the local fire officials
used that the fact that occupants died with a working alarm to
determine that it was arson.

v “Aworking smoke detector that failed to rouse nine people
killed in a pre-dawn house fire indicated the blaze moved
more quickly than a normal fire — and provided a critical
clue in deciding the blaze was arson, authorities said
Wednesday. ... We had young, able-bodied people who we
believe had a smoke detector warning and weren't able to

evacuate. | think that got our attention the most... The initial
investigation could not find something that would lead us to
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a cause other than accidental. So on an initial basis it looked
as if we had an accidental situation.”!' The Chief, in this
example, assumed that most fires in which occupants die with
working alarms are arson fires. Yet according to the NFPA'2
approximately 1,020 residential fire victims in the US die with
operating alarms, while approximately 330 dies on arson
fires.® This means the vast majority of fire victims who die in
fires in which the alarms operate die in non-arson fires. So,
while the fire may well have been an arson fire, the fact the
smoke alarms operated is irrelevant to the issue.

Clearly, in these cases and most likely in many others, the
investigators had preconceptions regarding the smoke alarms and
then fit their hypotheses to those preconceptions. This type of
analysis is not consistent with NFPA 921.4 In these examples the
investigators appear to show expectation and confirmation bias.
We do not believe these are isolated cases but the norm for most
fatal fire investigations, due to the fact that fire officials are looking
for an opportunity to educate the public with a simplistic message,
“smoke alarms work and save lives.” The authors have even seen
this message after a fatal fire in which the smoke alarm worked

and someone still died.

Bias in the analysis of the available data

Bias on the part of investigators can lead to faulty data collection
as it related to smoke alarms. Bias in the analysis of that data
compounds the problem. The magnitude of the problem that this
type of bias overlooks could be substantial. According to the US
Fire Administration (USFA), “When the “unknowns” ...
apportioned to the other three categories, alarms were not

are

present in 52 percent of the fatalities in 1998; an additional 19%
of the deaths occurred in homes where smoke alarms were
present but failed to operate. In 29% of fire deaths, an alarm did
operate—8 percentage points higher than in 1996. This is
somewhat disturbing since there is a widespread belief that an
operating alarm will save lives. In some of these cases, the alarm
may have gone off too late to help the victim, the victim may have
been too inebriated or feeble to react, or the fire may have been
too close to the victim. Such cases merit further study.”*s Table

1 illustrates this “disturbing trend” throughout the 1990s.

Table 1. Fires with Working Detectors’6

% of Fatal Fires with % of Fires with % of Homes with
Working Detectors Working Detectors Detectors

1988 9% 38% 81%

1990 19% 42% 86%

1994 19% 49% 93%

1996 21% 52% 93%

1998 29% 55% 94%

2001 39% 55% 95%

While there will always be a certain percentage of people who
cannot be saved by smoke detectors, e.g., the handicapped, those
intimate with the fire, etc., there is no reason to believe that the
number of those people quadrupled between 1988 and 2001. In
addition, while the number of fires with working detectors
increased approximately in proportion to the increase in the
number of detectors installed, the increase in the percentage of

fatal fires with working detectors far exceeded it.

Eventually the USFA did appear to study the issue. In a 2006
report titled, “Investigation of Fatal Residential Structure Fires with

Operational Smoke Alarms,”” the USFA provided updated data.

“The alarm operated in less than one-quarter of all fatal residential
structure fires—a troublesome statistic, since alarms are designed to save
lives. In the case of apartments, the operational alarm statistics are
especially troubling (33.5%), as alarms often are provided by landlords
and more often are required by law than in single-family homes. In
addition, apartment alarms are more likely to be hardwired into the

electrical system and professionally maintained than alarms in dwellings.”

So in an attempt to investigate why the percentage of fatal fires
with operating alarms increased up to 39%, by 2001, the USFA
determined that the actual percentage was less than 25%. The
discrepancy appears to stem from the fact, that unlike previous
USFA reports, the August 2006 report did not apportion the
unknowns to the various categories before developing the final
percentages. There appears to be several other “bias” issues with
this USFA Report, which downplay or ignore the “disturbing trend.”

1. The USFA only investigated why some people die with
operating alarms. They did not investigate why that
percentage doubled during the 1990s. The most obvious
question to ask in order to study why the percentage of fatal
fires with operating alarms was increasing would be, “Did
something change that might have led to the increase?”

2. They do not even consider that the alarm may operate too
late to provide adequate warning, particularly in apartments,
in which the occupants typically need to escape through the
living area. This failure is troubling given the results of the
NIST testing that had been published over a year earlier

clearly showed this was possible. 18
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_-}‘;The failure of the USFA to study this problem is unfortunate. If
they had studied it, they might have noticed that the increase
occurred after Underwriters Laboratories and the smoke alarm
manufacturers who sit on the UL217 Standards Technical Panel,
modified the UL217 Fire Tests in 1988 to make it much easier to
pass the smoldering fire tests.!9. 20 This allowed less-sensitive
ionization smoke alarms to be sold. As a consequence, smoke
alarms that were already relatively insensitive to the type of
smoke that contributed to hundreds of deaths per year, i.e.,
smoldering smoke, were allowed to not respond to until even
higher levels of smoke are reached. The USFA did take some
action to address this “disturbing” statistic—they subsequently
discontinued publishing statistics relating to smoke alarms in

their “Fire in the United States” series.2!

One possible explanation for this action by the USFA is
“cognitive dissonance,”?? which is the mental conflict that is
generated when one is confronted with evidence that conflicts
with existing beliefs. One way to cope with this phenomenon is
to avoid information which would increase the dissonance. While
the “cognitive dissonance” that this evidence raised might
explain this action, it does not excuse it. The USFA suggest that
this issue be studied, but if not studied by the USFA, who should
study it? To compound this failure, they continued to give the
impression to fire investigators, as well as the general public that

few people die in fires with working smoke alarms.

Reason for bias relating to smoke alarms

Chiefs are not informed when someone dies with working alarms

In a 2006 newspaper article the following statement appeared:
“There are ample statistics showing that fire detectors work, as
well as plenty of empirical evidence. Fire officials across Central
Massachusetts said they could think of no instances in which
death occurred in a residence with a working smoke detector,
but could think of many instances in which a detector saved a

life.”23

What makes this statement so interesting is that in the year in

which the story appeared (2006), for Massachusetts fires in
which the alarm status was determined, the percentage of fatal
fires with operating alarms was 60%.24 If every time someone
dies with operating alarms, the media is not informed of that fact
or in many cases is misled to believe that it did not operate, then
the general public and other fire officials never become aware
that it happens. Then when it happens in their jurisdiction, they
assume that it is such a rare phenomenon they ignore key
evidence or find alternative explanations that blame the victim.
This acts as a misinformation feedback loop which hides an
inconvenient truth. Even on a nationwide basis, the percentage
of fatal fires with operating alarms is almost 40%.25 Yet
invariably, when we ask fire officials to estimate this percentage,
they typically guess anywhere from 5% to 10%. To compound
this “public relations problem,” the fire service is told that
scientific studies show that smoke alarms provide adequate

warning.
Results of Fire Tests

Fire officials and the general public continually hear good news
about smoke alarms. “Smoke alarms of either the ionization type
or the photoelectric type consistently provided time for occupants
to escape from most residential fires.... Consistent with prior
findings, ionization type alarms provided somewhat better
response to flaming fires than photoelectric alarms, and
photoelectric alarms provided (often) considerably faster
response to smoldering fires than ionization type alarms....
Smoke alarms of either type installed on every level generally
provided positive escape times for different fire types and

locations."26

These statements are taken from the text of the Executive
Summary of the National Institute of Standards and Technology
(NIST) Home Smoke Alarm Study?’, but the actual results paint
a very different picture. Although Table 2 does not appear in the
actual report, it was provided in a NIST reply sent to the Boston

Fire Dept. in response to a series of questions about the report.28

Table 2. Average Time to First Alarm and Time to Untenable Conditions, with Standard Deviations

) . Time to . '
Time to First Alarm UntenableConditions Available safe Egress Time
Photo lon Photo lon
Smoldering Fires 2219 £1061 4010 + 1120 4244 + 1265 2064 + 950 197 + 336
Flaming Fires 97 £ 31 47+ 35 216 + 68 124 £ 64 17570
Cooking Fires 738 + 103 688 + 476 1464 + 255 688 + 476 777 + 244
(also Flaming)
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“',':AS one can see there will be many cases in which the ionization
: alarms will be providing little or no ASET: For ionization detectors
responding to smoldering fires, the average minus one standard
deviation equals —139, a negative number. In addition, since
NIST inexplicably ignore the tenability along the egress path, for
living room fires the results are actually much worse than
indicated. NIST did admit in another document that, “ionization
detectors have been shown to sometimes fail to alarm in a
smoldering fire even when visibility in the room is significantly
degraded by smoke.”?® This result should not have surprised
anyone. Fire tests conducted in the United State (1979), Great

Britain (1997), and Norway (1991), all showed similar results.30

The well-documented ineffectiveness of ionization technology for
smoke from smoldering fires may also be a factor in other
scenarios in which the smoke has similar attributes to typical
smoldering smoke, i.e. relatively larger particles:
a. Oxidative pyrolysis (non-flaming overheating) — a plastic
item melted on a stovetop.?!
b.  An electrical fire in the walls or attic space.2

c.  Aged (cold) smoke — even smoke from a flaming fire may
change as the particles agglomerate/coagulate.33

Here is a quote from a 1983 article in the NFPA Fire Journal,
reporting on a hotel fire that discusses “cold smoke.” The smoke

entering the hotel rooms traveled from several floors away.

“The guest-room smoke detectors were the single-station,
battery-operated ionization type. Many hotel occupants reported
that the single-station, battery-powered detectors did not sound,
even though smoke conditions were obvious by sight and smell
in their rooms. However, laboratory examination of a sample of
detectors by the Center for Fire Research, National Bureau of
Standards indicated there was no malfunction of the individual

guest-room detectors tested.

Cold Smoke Effect. The essential feature of smoke is its
instability. As smoke travels away from a fire, and ages, the
smoke particles in a cloud collide with one another and cluster.
This process goes on continuously until the number of particles
has been considerably diminished and the average size largely
increased. Since the response of an ionization smoke detector is
dependent on the particle concentration and size, some of the
guest rooms might not have had a sufficient concentration of this

aged smoke to operate the smoke detectors in the guest rooms.”

Reinforcing the lack of awareness of these testing results is that

the typical experience that one has with operating smoke alarms

is when they respond to cooking aerosols, giving the impression
that the alarm in question is not only working but super-sensitive.
What most investigators do not understand is that smoke can
vary in key characteristics. The same ionization alarm that is
sensitive to cooking aerosol, e.g. 0.2 um, is relatively insensitive
to smoldering smoke, e.g. 2 um (refer to Figure 3).

RELATIVE SENSITIVITY ——»
22 2

0.0t 1 e (R | 1

o 02 030405 1 2
PARTICLE DIAMETER —=pm
Figure 3: %4

In Figure 3: A represents a photoelectric detector utilizing a
“scattered light principle” (a spot detector), B represents a
photoelectric detector utilizing “obscuration” (a beam detector),
and C represents an ionization detector (a spot detector). It
should also be noted that this chart assumes that the total mass
of particulates stays constant for a given volume. This causes
the number of particles to decrease as the size increases. It is
actually the decrease in the number of particles that causes the
ionization detector to become less sensitive to large particle

smokes.
Misunderstanding of UL 217 Fire Tests %

It is interesting to note that to check the ability of the smoke
alarms to function properly, they were sent to the National
Bureau of Standards. In other cases, it has been suggested that
smoke alarms be sent to Underwriters Laboratories. This is
based on the common misunderstanding that the percent
obscuration marked on the back of the alarms, typically 1% — 2%
obscuration per foot, provides an indication of how it will respond
in a real fire. That figure is obtained in a smoke box test, with
non-realistic smoke, that is designed to be a “calibration” tool. It
is not an indication of the level of smoke at which an alarm will
respond in a real fire. In the recent NIST tests, ionization smoke
alarms rated at 1% - 2% in the UL 217 Smoke Box would
respond at levels of obscuration as high as 22% obs/ft in actual
experimental smoldering scenarios. In addition, the current
series of fire tests in UL217 do not tests for smoke produced by

smoldering synthetic material, even though this is a common
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~ fatal fire scenario. That is why smoke alarms that have to pass
the current “white pine” smoldering test at no more than 10%

may respond at levels twice that high, 22% obs/ft, in real fires.%

Presence of Detectors
L1 *

(In area of the fire)

N X
1 [ Present
U [ Undetermined

Skip to
Section M

NFIRS data collection on smoke alarm effectiveness
The statistics used by the NFPA to highlight the effectiveness of
smoke alarms are based on data collected through the NFIRS
reporting System. Here are four of the “blocks” relating to smoke

alarms, along with an explanation of some troubling issues.

Le Detector Operation

1 [J Fire too small to activate

20
3 Failed to operate

4 O undetermined

Complete
Block LS

Complete
Block L&

)

L Detector Effectiveness
Required if detector operated.

1 [X] Alerted occupants, occupants responded
2 [ Alerted occupants, occupants failed
to respond
3 There were no occupants
4 [ Failed 1o alert occupants
U [0 undetermined

L Detector Failure Reason
Required if detector faled to operate

[ Power failure, shutoff, or disconnect
[ Improper installation or placement
[ Defective
[ Lack of maintenance, includes
not cleaning
[0 Battery missing or disconnected
[ Battery discharged or dead
O other
O undetermined

awn =

coown

Figure 4: NFIRS Detector Data Collection Modules 3

Concerns about the blocks:

v" L-1: What is meant by “in the area of the fire?” If the smoke
alarm on the 1st floor, near the kitchen and living room is
disabled, but the smoke alarm on the 2nd floor operates
and alerts the victims, how should the investigators answer
this question? Alternatively, what if the smoke alarm on the
2nd floor operates but not soon enough to provide
adequate warning?

v' L-1: As discussed earlier, many investigators do not
appear to make the effort to find the smoke alarms, due to
flawed assumptions and the difficulty of searching through
debris. But even in the cases in which the remnants of a
smoke alarm are found, there is no means to collect this
data.

v\ L-2: What if the smoke alarm in the apartment was
disabled, but the common area alarm system operated and
saved the lives of several occupants?

v' L-5: Since the hypotheses developed by the investigator
are susceptible to “expectation bias,” how reliable is the
conclusion of the investigator that is collected by L5?”

v L-6: How is the investigator supposed to determine that the
smoke alarm was “dirty,” or that it was “defective or lacked
maintenance™?

At least three modest changes to the NFIRS collection system

could improve the data collected on smoke alarms.

d. There should be 2 boxes labeled “L1 — A” (for alarms within
the unit/floor of origin) and “L1 — B” (for alarms outside the
unit/floor of origin). For each of these boxes, there should
be supplemental boxes which ask the investigator to
identify whether the alarm was: ionization, photoelectric,
dual, or undetermined.

e. Inthe box labeled “L4” there should be a 5t category titled,
“Properly powered — operation undetermined.”

f.  Since the main reason that smoke alarms are disabled is
repeated nuisance alarms, there should be a box to
supplement “L6” that asks the investigator to estimate the
distance to a cooking appliance and the bathroom.

Potential impact of investigative bias on fire
statistics

Perhaps the most popular statement regarding smoke alarms is
that “A working smoke alarm reduces your chances of dying in a
fire by 50%.” Although just about every fire official and fire safety
site highlights the fact that smoke alarms reduce your risk by
50%, few understand how it is derived. The basis for this oft-cited

claim is the following:

“The death rate per 100 reported home fires was more than twice
as high in homes that did not have any working smoke alarms
(1.18 deaths per 100 fires, either because no smoke alarm was
present or an alarm was present but did not operate), as it was
in homes with working smoke alarms (0.53 per 100 fires). ™8

But an in-depth analysis of these numbers tells a more revealing

story (refer to Table 3).

v The category “Non-confined fires” was added in 2000 to
the NFIRS reporting System. Prior to this change they
were typically categorized ¥ as “Food on the stove.”
According to the NFPA, there were no fatalities in this
category, so they do not represent dangerous fires, in
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which the alarm effectiveness is critical. So a second row
was created including only “non-confined” fires.

v' If fire officials are occasionally miscoding fires as having
non-operational alarms when in fact they operated, this
category would be expected to be artificially high. This
might explain why the risk with non-operational alarms is
2'2 times higher than if there were no alarms at all. The
risk should be the same. The third grouping estimates the

number of miscodings by assuming the risk with non-
operating alarms is equal to the risk with no alarms and
shifts the “extra” fatalities into the operating column. If the
risk with non-operational alarms was 1.24, then the total
number of fataliies would be 242 (1.24x195). As a
consequence, 348 (590 — 242) fatalities are shifted into the
“Present and Operated” Column.

Table 3: Risk Estimate (Deaths per 100 Fires) vs. Smoke Alarm Status US Home Fires, NFPA 2007 — 201138

Present and Present and Did not Not Present Risk Change
Operated Operate with Operating
Alarms
All Fires (Non-confined 0.53 1.94 .95
and Confined) (1020/1919) (590/304) (950/998) -55%
118 (0.53-1.18)/(1.18)
(1540/1303)
Only 1.22 3.02 1.24
Non-confined Fires (1020/837) (590/195) (950/767) -24%
1.60 (1.22-1.60)/(1.60)
(1540/962)
Only Non-confined Fires 1.24 1.24
— Assuming Risk with 1.63 (242/195) (950/767) +24%
Non Operating Alarms = (1368/837) 1.24 (1.63-1.24)/(1.63)
Risk with No Alarms (1192/962)

It would appear that the benefit of operating smoke alarms is less
than claimed, and that much of the claimed benefit may just be
due to miscoding and statistical misanalysis. When looking at
non-confined fires, there is a 24% increase in risk with operating
alarms. When looking at just apartments, the numbers are even
worse. This may be due to fire officials coding the common area
alarm as operating as opposed to the smoke alarm in the
apartment in which the fire originated. NFIRS does not allow the
official making the report to distinguish this important factor. The
risk may also be different in apartments due to the fact that
occupants have fewer egress options than in 1 or 2 family
homes. It appears that the reported benefit of smoke alarms is
much less than commonly believed. Physically, it does not
appear that having an operational smoke alarm should make the
likelihood of survival lower, so perhaps the +24% statistic
represents data scatter. But a more plausible explanation is that
the demographics of the two “denominators” are not the same.
In other words, possibly individuals who disable or fail to maintain
smoke alarms may systematically be less prudent persons and,
as such, liable to incur additional, non-threatening fires, as
compared to individuals who are careful to maintain their smoke
alarms. Such a super-proportional increase in total fire incidents

would reduce the computed lethality rate for that population

group.

Experience in Boston and Massachusetts
Starting in the early 1990s, the Fire Marshal’s office of the Boston
Fire Department (BFD) started to investigate fatal and non-fatal
fires for the cause of the death, injury, or property loss in addition
to the cause and origin of the fire. The first pattern which was
noticed was the high number of people who were killed or injured
in fires with disabled smoke alarms. In researching solutions to
this problem the BFD became aware of the difference in smoke
alarm technology and the differences in various aerosols. As a
consequence, a proposal was made by the BFD to have the
State Building Code mandate only photoelectric alarms within 20
feet of a kitchen or bath. The members of the Board responsible
for the code asked the BFD to make sure that photoelectric
alarms, which are less sensitive to nuisance smoke, were not
also less sensitive to real fire smoke. While conducting this
research, the BFD did not find any testing indicating a problem
with the response of photoelectric smoke alarms; however, they
did become aware of the many studies that identified the
ionization as having response problem to smoldering smoke. As
a consequence, in 1998 the Massachusetts State Building Code
mandated the use of photoelectric technology in new or

renovated construction.*!

While no information exists regarding the current total fraction of
homes in Massachusetts with photoelectric smoke alarms, it is

not unreasonable to assume that more than 15 years after this
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_,}\zmdopted that it is mﬁed
the fire statistics. Looking at the data in Table 4, it would appear
that the benefit was substantial. If Massachusetts had a reduction
of 25% like the rest of the US, from the late 1990s until 2010, the

death rate would be 7.0 instead of 4.4. If it were 7.0/million, there

would be approximately 17 (6.646 milion x [7.0-44]) extra
deaths per year in Massachusetts. Alternatively, if the fire death
rate in the US dropped as fast as it did in Massachusetts, then
the total US deaths would be reduced by over 1,000.

Table 4: Fire Death Rates per 1 Million Population 42

Years usS Mass. Maine + Rl Verm + NH (a) Conn. New York
1980 - 1984 23 20.9 22.0 12.5 20.9
1995 - 1999 12.8 9.0 9.0 9.6 11.8
2006 — 2010 9.8 4.4 7.7 6.8 8.2
% Change 80/84 — 95/99 -44% -57% -59% -23% -43%
% Change 95/99 - 06/10 (b) -23% -51% -14% -29% -30%
0, 0 0, 0, 0,
% Change 80/84 - 6/10 ST T8% -05% Average = ;%: -00%
(a) The smaller states were lumped together since small populations have larger variances.
(b) Since the late 1990s, the rate of reduction in the fire death rate is dropping twice as fast as the U.S. as well as the surrounding states.

Boston has seen an even more drastic reduction. From 2009 to
2012 the City of Boston had a total of only 4 fatalities, despite being
a large urban northeast city with older construction and high

population density.

The Massachusetts’ State Fire Marshal's Office, following the lead
of the BFD, started collecting more detailed information on smoke
alarms starting in 2011. A preliminary analysis of the data,
conducted by the BFD, indicates that for the years 2011 - 2013, in
cases in which the smoke alarm information could be collected, 42
fatal fires occurred with ionization alarms, and in many of those
cases the fire was most likely smoldering, or the alarms was
disabled. In the 5 cases in which the alarm was photoelectric, most
of the victims appeared to have medical or other issues which
affected escape potential. While the analysis is still preliminary, the

data is encouraging.

Determination of responsibility
When a non-biased investigation of a fatal fire concludes that the
smoke alarm was disabled, this raises questions relating to who
was responsible. Is the tenant responsible for disabling the alarm?
Is the landlord responsible for not purchasing the kind of smoke
alarm that is less likely to be disabled? Is the manufacturer
responsible for not putting a warning on the smoke alarm that it

should not be purchased for use near a kitchen?

Different answers to these questions produce different
solutions/code improvements. Currently, these kinds of questions

are not even being asked.

When a non-biased investigation of a fatal fire concludes that the
smoke alarm operated but that the occupants were not provided

enough time to adequately escape this raises questions relating

to whom was responsible. Is the landlord responsible for not
purchasing the kind of smoke alarm that responds more quickly?
Is the manufacturer responsible for not putting a warning on the
smoke alarm that some alarms may provide inadequate
warning? What about code officials who did not change the code
requirements? What about fire safety organizations who do not
warn the public? Different answers to these questions produce
different solutions/code improvements. Currently, these kinds of

questions are not even being asked.

Conclusions
The investigations of fires for potential code improvements,
particularly as it relates to smoke alarms, has to be given as
much emphasis as investigating fires for cause and origin. While
collecting better data on the smoke alarm, particularly the type,
i.e., ionization or photoelectric, is not a panacea for the fire
problem in the US, the authors strongly believe that it will help
guide code officials towards considering code improvement that

could save hundreds of lives per year.

More information on this topic can be found at the following

link 43, 44,45

v’ http://www.interfire.org/features/smokedetector.asp
v https:/iwww jstage.jst.go.jp/article/fst/32/1/32_35/ _article
v' https://www.iaff.org/toolkits/daylight-saving/

This is likely a problem in Europe as well the United States,
because EN54 does not test for nuisance alarms or smoldering
smoke from a synthetic source.* This researcher concluded that
ionization smoke alarms should not be installed in locations
where a smoldering fire could occur. Other researchers in
Europe have recommended the use of photoelectric alarms in
cases where a smoldering fire could occur.4” But doesn’t that

possibility exist for all residential occupancies?
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Development of biobased and nanoscale flame retardants

Prof. Dr. De-Yi Wang, IMDEA Materials Institute, Madrid, Spain
Progress of flame-retardant technologies to electrolytes in lithium-ion

battery: strategies and challenges



https://utokulm.ch/de
https://www.frpm-23.org/documents/1303192/0/FRPM23+conference+program.pdf/80eab2fb-8036-4e4e-ad01-43706f6f974b
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Invitation to contribute to “Flame Retardant Selection for Polymers”

We (Henri Vahabi, Giinter Beyer and Mohammad Reza Saeb, Editors) are thrilled to announce that our
new book will be published by Elsevier, under the title of:

Flame Retardant Selection for Polymers

The aim and TOC of the book are as follows: The book is advised
for engineers and researchers in the industry as well as for
university research groups and students of different levels who
are interested in selection of the best flame retardant additives
for polymers. It provides both the background and advanced
details about the flame retardant selection for different polymers
and applications. The editors are confident that the context and
the scenario of this book meets the needs by involving the
worldwide experts in the field of flame retardancy from Europe,
United States, and Asia. There will be regional information about
legislations and instructions about materials selection in this
regard (China, USA, and Europe are selected as the main
zones). Sustainability and legislations are also considered as
critical features of selection of flame retardants for polymers. The
book will be useful for people who work in all sectors of activities
including construction and building materials, automobile, cable
industry, aeronautic, railway, textile, etc., which are nowadays
facing instructions and legislation forcing them to use flame
retardant materials for safety concerns. The editors will also
considered the impacts of processing methods, from
conventional ones like injection molding and extrusion to
advanced methods, mainly additive manufacturing in flame
retardant selection strategy for polymers. This book will open
hope gates as a practical guide, hence it gives the reader useful
information on how to formulate and apply flame retardant
polymer formulations. By dividing polymers into commodity and
engineering thermoplastics and thermosets, the book will give
detailed information about the beneficial aspects of choosing
each sort of flame retardant for a given polymer. It will provide
detailed information about flame retardant processing and

applications.

TOC of the book:

Chapter 1: Fundamentals of flame retardants,

formulations and processing

Chapter 2: Flame retardant selection for thermoplastics
Chapter 3: Flame retardant selection for thermosets
Chapter 4: Flame retardant selection for polymer blends
Chapter 5: Flame retardant selection for biopolymers
Chapter 6: Flame retardant selection for foams

Chapter 7: Flame retardant selection for structural
composites

Chapter 8: Flame retardant selection for cable industry

Chapter 9: Flame retardant selection for automotive,
railway, marine and aeronautic applications

Chapter 10: Flame retardant selection for electrical and
electronic applications

Chapter 11: Flame retardant selection for textiles and
fabrics

Chapter 12: Flame retardant selection for additive
manufacturing

Chapter 13: Flame retardant selection in Europe
Chapter 14: Flame retardant selection in USA
Chapter 15: Flame retardant selection in China
Chapter 16: Flame retardant selection and regulations

Chapter 17: Flame retardant selection, Life Cycle
Assessment (LCA) and circular economy

Chapter 18: Future ahead of flame retardant polymers

We would be glad to have contributions from volunteer

experts working in the field of flame retardant polymers.

Please feel free to contact us through

henri.vahabi@univ-lorraine.fr



mailto:henri.vahabi@univ-lorraine.fr
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Upcoming events :

EUROPEAN

(BOATINGS

18-190CT 2023 | BERLIN | GERMANY

EC Conference Protective &
Fire-retardant Coatings 2023

https://www.european-coatings.com/events/2023/ec-conference-fire_protective 2023

14th International Symposium
on Fire'Safety Science <

IAFSS2023 “Tsukuba Japan
a e/: ct.-27 Oct. /
\[;e:lue ?ZE[[JIO:hai'zTZl?klfl;glllﬁ?erna(fhngﬁgress ‘Centelg"

https://iafss2023.com/

Contacts dequipe rédactionnelle de la Newsletter nzz

Henri Vahabi Rodolphe Sonnier Laurent Ferry Claire Longuet
Université de Lorraine- Ecole des Mines d'Alés- C2MA Ecoledes Mines d’Alés- C2MA Ecole des Mines d'Alés- C2MA
Laboratoire MOPS rsonnier@mines-ales.fr Iferry@mines-ales.fr clonguet@mines-ales.fr

Si vous souhaitez participer ou appaain numéro prenez contact avec

Henri VAHABI par email : henri.vahabi@univ-lorraine.fr

Liens utiles :

http://gcf-scf.Imops.univ-lorraine. fr/

www.polymer-fire.com



mailto:henri.vahabi@univ-lorraine.fr
http://gcf-scf.lmops.univ-lorraine.fr/
http://www.polymer-fire.com/
https://iafss2023.com/

