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RESULTS OF FULL-SCALE TESTS WITH PHOTOELECTRIC SMOKE DETECTORS

Richard W. Bukowskil
and

Richard G. Bright

In February 1974, a series of full-scale fire tests were
conducted to determine whether photoelectric~type smoke detec~
tors could respond to the same types of fires used to assess
the performance of ionization-type smoke detectors. The types
of fires employed in the tests are the same as those outlined
in Underwriters' Laboratories, Inc., Standard No. 167. In
addition to the UL-167 test fires, fires involving polyure-
thane (flaming mode) and cotton (smoldering mode) were added
to the test series., One detector, utilizing a Taguchi gas
sensor (TGS), was included in the test series for evaluation
purposes. The test results indicated that the better photo-
electric smoke detectors, i.e., those having little obstruction
to slow-moving smoke can, in general, detect the same test
fires as the ionization chamber smoke detectors in approxi-
mately the same time scale. For the smoldering cotton fire,
the photoelectric detectors were significantly faster than the
ionization chamber detectors. The TGS fire detector was unable
to detect most of the test fires but the standard fires are not
that standard or specific and hence present a significant am-
biguity. :

Key words: Fire detectors; ionization chamber smoke detectors;
photoelectric smoke detectors; smoke detectors; Taguchi gas
sensors,

1. INTRODUCTION

There are two different types of conventional smoke detectors sold
in the U.S. The difference between the detectors is in the method used
to sense the presence of smoke. The one smoke detector, generally
referred to as a photoelectric detector, light scattered from smoke parti-
cles that have entered the sensing chamber of the detector is used to
actuate an alarm. In the other smoke detector, generally referred to as
an ionization chamber detector, a radioactive source material ionizes the
air within the sensing chamber, producing a minute current flow. When
smoke particles enter this sensing chamber, the particles cause a reduc-
tion in this current flow which is used to actuate an alarm. For a more
detailed description of conventional smoke detectors as well as other
fire detectors see [1]2.

1At the time this paper was written the author was a Research Associate
for Underwriters' Laboratories at the National Bureau of Standards.

Mr. Bukowski has returned to UL.
2Numbers in brackets correspond with the literature references listed at
the end of this paper.
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The major testing and approvals laboratory for smoke detectors in the
U.S. is the Underwriters' Laboratories (UL) of Northbrook, Illinois. At
present, UL is testing conventional smoke detectors to two different
standards. Photoelectric smoke detectors are tested to the requirements
of UL-168 [2] while ionization chamber smoke detectors are tested to
UL-167 [3]. In addition, if nonconventional smoke detectors, i.e., detec~
tors using combustion aerosol sensors other than photoelectric or ioni-
zation chamber sensors, are submitted to UL for examination, these non-
conventional smoke detectors are subjected to the requirements of UL~167
-as opposed to UL-168.

These two standards are almost identical except for one significant
difference. This difference is the requirement in UL-167 that the smoke
detector perform satisfactorily in sensing four, full-scale fire tests.
UL-168 omits the full-scale fire tests, a requirement that makes UL-167
the more demanding of the two standards. UL-167 requires that at least
two of four detectors subjected to each of four standard fires shall alarm
within two minutes for the shredded paper, the polystyrene and the gasoline
test fires. Alarm within four minutes is required for the wood brand test
fires. '

This difference between the two standards has been the subject of some
controversy. The controversy becomes particularly strident when the devel-
oper of a new combustion aerosol sensor approaches UL for an examination
of his detector and discovers his detector must pass the requirements of
UL-167 as opposed to UL-168.

It has been argued that there should be only one standard for testing
and approval of smoke detectors regardless of the sensing method used. It
is difficult to quarrel with this thesis, particularly if one considers
that the smoke detectors' end use is the same; that is, the detection of
fires. As UL-167 is the more rigorous of the two standards, primarily
because of the inclusion of full-scale test fires, UL-167 is considered
to be the most appropriate to use as a basis for a single standard.

Photoelectric smoke detectors have, however, been tested and approved
under UL Standard 168 for several years, The question that arises 1s how
well would the photoelectric smoke detectors perform if subjected to the
same full-scale fire tests as are the lonization chamber smoke detectors?

It was an attempt to answer this question which stimulated the series
of tests reported herein. NBS, in cooperation with UL, conducted a
series of 26 fire tests at the UL facilities in Northbrook, Illinois,
during the period of February 11-15, 1974, The same test facilities and
the same test fires as described in UL-167 were utilized. 1In addition to
the four standard test fires of UL-167, a smoldering cotton fire and
several flaming polyurethane flexible foam fires were added to the test
series. The purpose in adding the smoldering cotton fire to the test
series was to compare the performance of photoelectric detectors against
ionization chamber detectors to a non-flaming cellulosic fire. Polyure-~
thane is used as a fire test material in Europe for assessing the per-
formance of smoke detectors.



Eight different photoelectric smoke detectors were chosen for the
test series. Seven of these detectors were chosen because of their good
response to slow-moving smoke as determined by laboratory analysis at NBS.
It was thought this would be the key as to whether or not these photoelec-
tric smoke detectors would perform satisfactorily. The eighth photoelec-
tric smoke detector chosen was one noted for having response problems to
slow-moving smoke. Laboratory experience indicated that this detector
would experience difficulty in detecting the test fires. To give the
detector every chance its sensitivity was set as high as possible without
provoking false alarms.

For correlation and comparison purposes, two ionization chamber
smoke detectors were included in the test serles. One was a single-
station model of the type sold for residential protection. The other was
a unit-type or commercial detector used in automatic fire detection
systems of the type installed in warehouses, nursing homes, and computer
spaces.

Several U.S. detector manufacturers are selling smoke/fire detectors,
using the Taguchi gas sensor (TGS). The TGS sensor is manufactured by
Figaro Engineering of Osaka, Japan.

The TGS sensor is a sintered N-type semiconductor bulk device mainly
composed of tin dioxide (SnO,) whose conductivity increases in the presence
of combustible gases such as carbon monoxide, methane, propane and, to a
lesser extent, the unburnt hydrocarbons present in some fires. When used
with a simple amplifier, carbon monoxide on the order of 300 to 1,000
parts per million can be detected. In addition, if several combustible
gases are present in the atmosphere, such as carbon monoxide and unburat
hydrocarbons, the TGS sensor will respond to the cumulative effect of
these gases. For additional information on TGS sensors as smoke and fire
detectors see reference [4]. One detector, employing the TGS and sold as
a single~station, home smoke/fire detector, was added to the test series
for evaluation purposes. The particular detector chosen is equipped with
a meter which gives an analog indication of the detectors's shift towards
alarm threshold. The detector also includes an alarm horn within the
detector enclosure which sounds an alarm when the appropriate threshold is
reached.

2. EXPERIMENTAL PROCEDURES AND MATERIALS
2.1. Fire Test Room

The fire test series was conducted in UL's east fire test room.
This room is a large open space 18 m by 18 m (60 ft by 60 ft) by 5 m
(15.75 ft) high. The test fires were positioned 1.2 m (3.75 ft) off the
floor or about 3.7 m (12 ft) below the ceiling., The smoke detectors were
placed on the ceiling approximately 6.4 m (21 ft) from the point directly
over the fire center, which corresponds approximately to a 9-meter (30-ft)
spacing pattern for the detectors. (See fig. 1 for test room layout.)

3



2.2, Instrumentation

The following measuring and recording equipment was employed during
the test series.

2.2.1. Smoke Density Measuring Equipment

Two photometric units were used to measure the visible smoke
obscuration/optical density. These were fastened to the ceiling. One
was placed about 1.5 metres (five feet) from and parallel to a line
joining the fire center and the detectors and the other was placed just
in front of the detectors (see fig. 1). Each photometric unit consisted
of a barrier-~layer-type photoelectric cell spaced 1.5 m (five feet)
from a tungsten filament, automotive-~type spotlight energized from a
constant voltage source. The output of the photocells was connected to
a Honeywell, two-pen, chart recorder.

2,2.2. Temperature Recording

One thermocouple was placed directly over the fire and one was
placed at the detectors' location. The temperatures were recorded on a
Honeywell, multipoint chart recorder.

2.2.3. Carbon Monoxide

Carbon monoxide concentrations in parts per million were continu-
ously monitored and recorded during all tests. A pickup tube was placed
on the ceiling and positioned just in front of the detectors. This tube
was connected to a CO monitor (Ecoloyzer Model 2400). The output of the
monitor was connected to a strip-chart recorder.

2.2,4, Detector Actuation

The time of detector actuation was recorded on a 25-clock annun-
ciator panel which indicated detector operation to the nearest second.
Electrical signals were taken from the single-station smoke detectors'
alarm horn circuitry and these signals were used to stop the respective
detector's clocks. The normally-open relays within the commercial
detectors were used to stop their respective clocks.

2.3. Test Materials
The test fire included six different materials of which the first

four were those specified in UL Standard No. 167. A description of the
test fire materials follow.



2.3.1. Shredded Paper

This test fire consisted of 227 g (1/2 1b) of newsprint torn in
strips approximately 0.95 em (3/8 in) wide and 15 to 61 cm (6 to 24 in)
long. The paper strips were placed in a cylindrical receptacle 0.64 cm
(1/4 in) mesh hardware cloth. The overall dimensions of the receptacle
were 30 cm (12 in) round by 61 cm (24 in) high with a hardware-cloth
bottom positioned 15 cm (6 in) above the base. The paper was fluffed up
in such a way as to produce a significant volume of smoke before open
flaming took place. Ignition was by a kitchen match applied to the
~ bottom center of the basket.

2.3.2. Polystyrene

Fifty-seven grams (2 oz) of spagetti-type, foamed, polystyrene
packing material, with no flame inhibitor, was placed in the same wire
basket used for the shredded paper fire tests. The polystyrene was
ignited by 50 cc of ethyl alcohol placed in a pan positioned under the
bottom center of the basket.

2.3.3. Gasoline

Two hundred cubic centimeters (200 cc) of regular, leaded motor
gasoline was placed in a 23-cm (9-in) diameter, steel pan, 3.8 cm (1-1/2
in) deep. Ignition was by common match. The gasoline in the pan was
kept covered, to prevent evaporation, until ignition.

2.3.4 Wood Brand (UL Class A)

The UL Class A wood brand is a wood crib composed of three layers of
kiln-dried, Douglas fir, wood strips. Each strip was 1.9 cm (3/4 in)
square by 30 em (12 in) long. Twelve strips were used for each layer and
were stapled together. Each layer was placed at right angles to adjacent
layers. Overall dimensions of the wood cribs were 30 x 30 x 6 cm (12 x
12 x 2-1/4 in) high. The crib was ignited by 100 cc of denatured alcohol
consisting of 957 ethanol and 5% methanol. The alcohol was contained in
the same pan as used for the gasoline test fire, '

2.3.5. Cotton

Approximately 900 g (2 1bs) of raw cotton was placed in a 30-cm (12~
in) square pan and placed on a 1000-watt, 120 VAC, hot plate.



2.3.6. Polyurethane

Pieces of flexible polyurethane foam, 30 x 30 x 8 cm (12 x 12 x 3
in) were placed in a pan constructed of aluminum foil. The pan was
shaped to fit snugly around the base of the foam pieces. The sides of
the pan flared out slightly and were about 8 cm (3 in) high. The poly-~
urethane foam was ignited by 10 cc of ethyl alcohol, poured into the pan
along one side of the foam. Ignition of the alcohol was by kitchen
match.

The materials and the quantities used produced fires of similar
burning time and smoke buildup rates with the exception of the smoldering
cotton test. In this test, a considerably longer time was necessary to
develop sufficient smoke at the detector site for detection. Whereas all
the other test fires were essentially complete in about five to six
minutes, the smoldering cotton fire was allowed to run about 40 minutes.

2.4, Smoke Detectors

Eleven detectors were included in the test series. Eight were
photoelectric smoke detectors, two were ionization chamber smoke detectors,
and one was a detector employing a semiconductor gas sensor commonly
known as a Taguchi gas sensor (TGS). A list of all the detectors used in
the test series along with their pertinent operating characteristics will
be found in table 1.

The ceiling-mount detectors were fastened to 2.5 x 20 cm (1 in x 8
in) wood boards. These boards were then affixed to the ceiling approxi-
mately 6.4 m (21 ft) horizontally from the point above the center of the
test fires. For the three wall-mount detectors, 2.5 x 20 ecm (1 in x 8
in) wood boards, approximately 20 cm (8 in) long, were fastened in a
vertical position to the ceiling boards. The detectors were then posi-~
tioned on the vertical board surfaces in an approximation of a wall-mount
position. The wall-mount detectors were placed so that the ends of the
detectors faced towards the smoke flow from the test fires.

2.5, Test Procedures

The procedure used in nearly all of the test fires was to ignite the
test material and allow the material to be completely consumed while
continuously recording the smoke density at the ceiling on the two smoke
density units and the carbon monoxide levels at the detector locations.
The maximum temperatures over the fire and at the detector locations were
recorded as well as the alarm trip points for the detectors. The velocity
of the smoke along the ceiling was calculated by averaging the time taken
by the smoke front to pass from the first smoke density measuring unit to
the second unit., Each test was terminated when it was apparent the smoke
had dropped below detectable levels. The test room was then ventilated
and all products of combustion removed from the room. All detectors and
test apparatus were then reset for the next test.



Table 1. List of Smoke Detectors

Manufacturer's
D?tector Sensing Type of Type of Listed ¥
Designation Mode Detector* Mounting Sensitivity
A Photoelectric Commercial Ceiling IZ-ft-l
B Photoelectric Single-Station Ceiling 0.5%-£¢ 1
C Photoelectric Commercial Ceiling Not Known
D Photoelectric Single-Station Wall 0.547-£¢ 1
E Photoelectric Single-Station Wall Not Knoﬁn
F Photoelectric Commercial Ceiling O.6Z—ft-1
G Photoelectric Commercial Ceiling 2.57:.—ft_1
H Ionization Single-Station Ceiling Not Known
I Ionization Commercial Ceiling Not Known
J Photoelectric Single-Station Ceiling 0.57.§—ft:_l
K TGS Sensor Single-Station Wall Not Known

*
Commercial detectors are those used in commercial installations and are designed to be wired
The single-station detectors are those designed for use in residences,
are self-contained (i.e., with alarm), and are connected to household electricity either at an

into a central system,

electrical outlet box or by an appliance cord to the nearest electrical outlet.

+It is common practice of U.S. detector manufacturers to list the sensivity of their detectors

in percent light obscurations over a one-foot path.

stated, they are included for informational purposes.

Where these sensitivities have been



























































































































