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SUMMARY

Experiments were performed to characterize smoke produced from smoldering materials
using light scattering theory. A prototype Scattered Light Detection Instrument (SLDl) was
developed to measure the intensity of light scattered at various angles by smoke parti-
cles. A Gallium Arsenide solid-state laser was used as the source, with photodiodes used
as scattered light receivers. A smoke chamber (8.2 m3) was constructed in which to per-
form experiments using various fuels. Four different fuels &mdash; rubber, cotton, douglas fir
(wood), and computer printer paper &mdash; were burned in the smoldering mode at various
positions with respect to the SLDI within the smoke chamber. Experimental data obtained
using a test aerosol of known optical properties indicated general agreement with results
calculated using Mie scattering theory. Light scattered by smoke particles indicates that
the intensity of scattered light at a given angle changes as the fuel changes, consistent
with Mie scattering theory. This suggests that an evaluation method based on detector
design parameters and smoke characteristics other than (and in addition to) optical den-
sity is possible. The results also indicate that light scattered from smoke produced by dif-
ferent fuels may have varying characteristics which may be quantifiable using particle
size distribution, particle number density, and index of refraction.

INTRODUCTION
During the past fifteen years, many investiga-
tions have been performed in identitying those
characteristics of smoke which affect its detec-
tion by optical and ionization type smoke detec-
tors. Bukowski and Mulhollandl have noted
that scattering type optical smoke detectors
respond better to particulate of diameter 0.3
micrometers and greater, whereas ionization
type detectors respond better to particulate of
diameter smaller than 0.3 micrometers.

Bukowski and Mulholland using work by
Bankston et al.2 emphasized the importance of
this finding for the detection of smoke from a
smoldering soureel. The work by Bankston et
al. indicated that smoke generated by Douglas
fir, PVC and rigid urethane foam undergoing
non-flaming combustion produced particle sizes
greater than 0.3 micrometers. The same materi-
al, in a flaming mode of combustion, however,
produced particle sizes generally less than 0.3

micrometers in size. Bukowski and Mulholland

pointed out that this had, in fact, been demon-
strated in both small and large-scale fire tests.

Subsequently, additional research has been per-
formed in determining the particle sizes pro-
duced by various fuels undergoing both flaming
and smoldering combustion. In general, results
indicate that products of smoldering combustion
are larger than products of flaming combustion3.

It is concluded from these works that light scat-
tering type smoke detectors may be most
responsive to materials undergoing smoldering
combustion. There has been little published,
however, on a means by which to predict the
detector’s response in this situation.

On the other hand, extensive research has been
performed in’ predicting smoke detector
response to flaming fires4’7. This information
can be very useful in determining detector spac-
ing if a flaming fire condition is expected.
NFPA Standard 72E, Appendix C8, provides one
such method for accomplishing this. Although
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this information is useful for flaming conditions,
it does not address detection of a fire at the

stage in which the light scattering type smoke
detector is thought to be more effective, i.e. the
smoldering mode. Furthermore, the method pre-
sented in NFPA 72E is not directly based on
light scattering theory.

Prediction of the detector response to a smolder-

ing fire is difficult due to many factors. For the
flaming fire condition, those factors affecting
the detector response are heat release rate and
fire induced flow temperature, which are quan-
tifiable. In the case of smoldering combustion,
however, ambient airflow and thermal barriers
are more important than heat release rate, but
are not well quantified. In addition, the
response of the detector is a function of the opti-
cal properties of the smoke. However, relatively
little is known about these properties.

The optical property of smoke most commonly
associated with detection is optical density.
Optical density and obscuration are terms used
to describe the reduction of light transmitted
across some path length due to the density of
the smoke present in a given volume. Because
smoke detectors are primarily used as early
warning devices to promote safe evacuation of
building occupants, the reduction in visibility
due to smoke has been used as a primary crite-
ria in evaluating acceptable smoke detector
response. Light scattering type smoke detectors,
however, do not operate based on the obscura-
tion principle. This makes evaluation and test-
ing of detector response based on the obscura-
tion difficult. A more closely related approach
would be to evaluate the detector response
based on the light scattering properties of the
smoke.

Light Scattering Type Smoke Detector
Operation
This type of smoke detector operates by measur-
ing the intensity of incident light scattered by
smoke within its chamber onto a photosensitive
receiver. An alarm condition is indicated when a
predetermined threshold of scattered light
intensity is reached. This alarm threshold is
currently determined as the point at which the
optical density of smoke within the detection

volume reaches a certain level.

Because inhere are differences in the optical
properties of smoke generated from various
fuels, the current method of establishing
response criteria in the United States involves

two separate optical density limits. For &dquo;grey
smokes&dquo; the response limit is an optical density
of 0.06 m-1, and for &dquo;black smokes&dquo; the response
limit is an optical density of 0.14 m-1 11. The
color designations are indicative of the optical
properties of the smoke in relation to visibility
by the human eye.

The characteristics of smoke pertinent to light
scattering type smoke detector response are:
. particle size
. particle shape
. particle number distribution
. refractive index (resulting in color percep-

tion)

Characteristics of the smoke detector which

affect its response include:

~ the wavelength and intensity of the incident
light .

~ the response characteristics of the photosen-
sitive receiver

~ the angle at which the photosensitive
receiver is located relative to the beam of

incident light, i.e. scattering angle
~ the volume of the smoke chamber (scatter-

ing volume) 
’

~ the ability of the smoke to enter the cham-
ber.

Some relationships have been investigated
between the optical density of smoke and the
number and mass concentration of the smoke

partidesll. In addition, relationships between
the optical density of the smoke and the time
lag which exists for smoke to enter the detec-
tor’s chamber have recently been investigated12.
However, if smoke from different fuels could be
characterized by parameters pertinent to the
response of the detector (such as those listed
above), in addition to obscuration, a more accu-
rate means of evaluating the response of the
detector may be possible.
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Light Scattering Theory
Light scattering theory describes how light
transmitted from a source to a receiver becomes
scattered by particles suspended in the medium
of transmission. There are three basic regions
defined by the ratio of particle diameter to the
wavelength of incident light for which slightly
different theories apply, i.e., Rayleigh, Mie and
Bricardl. In general, these regions correspond
to small, medium and large particles within the
following limits:

The exact boundary between these regions is
not critical for smoke detector applications since
smoke particles are generally considered small
to medium. This places them well within the
boundaries of the Mie region3, allowing Mie
theory to be used in light scattering type smoke
detector response calculations.

Prediction of light scattering using Mie theory,
however, can be quite complex. The intensity of
light scattered by a single spherical particle,
multiple spherical particles and non-spherical
particles using either polarized or unpolarized
light can be calculated. Van de Hulst9 has pro-
vided considerable information relative to
spherical particles, and although smoke con-
tains many non-spherical particles, the basic
equations for light scattered by spherical parti-
cles are often used in smoke detector design cal-
culationslo. In such calculations, multiple scat-
tering effects are often ignored.

Similarly, factors relating to non-spherical par-
ticles and multiple scattering are not addressed
in this work. The volume of smoke within the
smoke detector chamber is quite small, and it
was assumed that multiple scattering effects
would not greatly influence the response time of
the detector. In addition, it was felt that the
added precision gained by performing the rigor-
ous multiple scattering calculations would not
be beneficial, since the focus of this work is
experimental determination of light scattering
characteristics of smoke from different fuels.

Light scattered by a single spherical particle9
provides the basic theory for this work:

NVhere: Is = Intensity of scattered light (NV/m2)
Io = Intensity of the incident light (NV/m2)
k = 2TC/À)
A = ivavelength of light (m)
l = Distance from the center of the parti-
cle to the light receiver (m)
(il+i2) ~ Mie scattering coefficients
(~a~ e~ m))
0 = Scatter angle
m = Refractive index = m, (1 - iL)t
d = Particle diameter (m)
a = 2nrl~. _ (~rdl~,)

Substituting for k, Equation 1 can be expressed
in the following form:

Ignoring multiple scattering effects and non-
spherical particles, the basic equation for scat-
ter from a single particle can be applied to a
medium containing No particles of mean diame-
ter, d, per unlit volume, V,;

This simple approximation provides a means for
calculating the intensity of light scattered by a
given number of particles (Is, total, hereafter
simply referred to as IS) within a known scatter
volume and for a fixed scatter angle.

The most important parameters affecting the
scattered light intensity using Equation 3 are a
and m. As the values of a and m change, the
scattering coefficients il and i2 change also.
Therefore, for a given refractive index and inci-
dent wavelength, changes in the particle size can
result in significant changes in the intensity of
light scattered at various anglesll. If this is true,
it can be concluded from available data that a

detector whose response has been designed for
specific values of a and m could vary greatly as
these values change.
· Real component is m~ and the imaginary component represents
degree of absorption ( i.e. L is the absorption coefficient). Only the
real component is used in this work.
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Prediction of Light Scattering Type
Smoke Detector Response
It seems reasonable that if the physical charac-
teristics of smoke are known, and the operating
principle and physical design characteristics of
a detector are also known, then a method for
evaluation of the detector’s response using these
parameters may be possible. Substantial data
currently exists on the optical density, particle
concentration, mass concentration, particle size
and size distribution of smoke particles pro-
duced from both smoldering and flaming com-
bustion of various fuels3.11. Information on the
refractive index of smoke particles seems to be
lacking. The refractive index can be determined
from measurements of scattered light intensity
at various angles, 0, if the smoke related param-
eters such as d and No are known, as well as
the detector parameters, À, Io, l and V,.

If it were possible to characterize smoke as a
function of the intensity of light scattered at a
given angle, it appears that sufficient informa-
tion may be available to both evaluate and pre-
dict the response of a detector to smoke from
different sources using Equation 3.

To investigate this concept and effect of fuel
type and location on measured scattered light,
an instrument was constructed to characterize
smoke as a function of the intensity of light
scattered at various angles from a beam of inci-
dent light transmitted through a volume of
smoke.

EXPERIMENTAL PHASE
Four fuels - kiln dried Douglas fir (wood),
rubber (o-ring material), computer printer
paper, and cotton wick - were burned in smol-

dering mode in a large smoke chamber.
Intensity of scattered light was measured at 2.5
cm below the chamber ceiling at 20°, 40°, and
60&dquo; forward scatter angles about the incident
light direction. Fuels were positioned at four
locations in the chamber representing smoke
travel distances to the SLDI of between 0.9 m
and 2.44 m.

Factors influencing the outcome of the experi-
ments included the volume and ambient condi-

tions of the test compartment, the fuels select-
ed, the mode of combustion (limited to smolder-
ing in this case) and the prototype scattered
light detection instrument. Because smoldering
combustion was selected as the primary type of
combustion for evaluation, both heat release
rate and plume characteristics were considered
insignificant.

Application of Mie theory as presented in
Equation 3 for a given concentration of particles
was useful in the analysis and design of the test
instrumentation. In order to provide more rele-
vant results in relation to currently manufac-
tured light scattering type smoke detectors, the
design characteristics of such detectors was
simulated in both formulation of the experi-
ments and design of the Scattered Light
Detection Instrument (SLDI). An important
factor is that the SLDI approaches an ideal
smoke detector which does not offer any resis-

tance to smoke flow.

The Smoke Chamber
To minimize the variables. which could affect

experimental results, a smoke chamber was
constructed which provided a constant volume
and minimized ambient effects of the surround-

ing space. In the smoke chamber design, the fol-
lowing factors were considered:
. Sufficient chamber size to approximate a real

fire scenario within a compartment and avoid
interference with the experiments by the
instrumentation.

. Ventilation control to assist in repeatability of
experiments.

A smoke chamber with approximate internal
dimensions of 2.44 m in length, 1.83 m width,
and 1.83 m in height was constructed to meet
these requirements. The chamber was con-
structed of gypsum board with a metal skeleton

frame. The inside joints were filled with joint
compound to reduce air leakage and smooth
rough edges which could interfere with smoke
flow along the surfaces.

The measuring instrumentation were located on
the ceiling of the chamber. These instruments
shown in Figure 1, included the Scattered Light
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Detection Instrument (SLDI), two Cerberus
analog detectors (ionization and light scattering
type) and two commercially available light scat-
tering smoke detectors. The fuel source was
placed either on the floor of the chamber or was
raised above the floor to provide variations in
the smoke travel distance to detector. The access
door to the chamber was closed, and the smoke
exhaust fan was off during each test. This left
leakage around the door and through cracks at
the joints and instrumentation cable access
holes for oxygen supply and air movement.

The Scattered Light Detection
Instrument (SLDI)
The scattered light detection instrument (SLDI)
consists of photodiodes as scattered light
receivers, located at various receiving angles,
and a laser as the incident light source. The
photodiodes, encased within a container which
limits the smoke to the desired test volume, are
connected to a data acquisition system.

A limited survey of smoke detector manufactur-
ers indicated that light emitting diodes produc-
ing pulsed monochromatic incident light with
wavelengths in the range of 880 nm to 940 nm
are currently being used~’~3 as sources.
Gallium-Arsenide (GaAs) was found to be a
common base of these sources. As a result, a
Laser Diode, Inc. model LT-109 Gallium-
Arsenide (GaAs) pulsed laser transmitter
having an output at 904 nm was selected as the
light source for the prototype instrument. The
LT-109 was configured to provide an average
output power of 2.4 m~’~, with the normal 25.0

Figure 1. Instrumentation arrangement on the smoke
chamber ceiling as viewed from within the chamber.

mm diameter of the calumniated beam restrict-
ed to a diameter of approximately 6.25 mm.

EG&G Photon Devices model HUV 1100BG

photodiodes were used as the photosensitive
receivers. These devices were selected on the
basis of the wavelength of the incident light and
the relatively small signal expected at the
receiver. These devices have a peak spectral
response at 900 nm, with a built-in amplifier
which provided a sufficient output signal for the
data acquisition system.

The configuration of the SLDI is illustrated in

Figure 2. The laser body itself is external to the
chamber. An opening exists in the ceiling of the
chamber which allows the laser’s front lens to be

flush with the ceiling lower surface. The photodi-
odes are situated in an arc directly below the
laser. The diode directly in line with the light
from the laser is used to verify laser operation
and proper alignment of the laser. The remain-
ing six diodes are located at 20° (±2°) intervals
along the radius of the support tube for scat-
tered light detection at 20, 40 and 60 degrees on
each side of the center line.

During each test, the smoke passed through the
5.0 cm space between the top of the SLDI and
the ceiling (Figure 2). The SLDI was designed
such that in the ambient, non-smoke condition,
the light receiving photodiodes received as little
incident light from the laser as possible. As the
smoke entered the path of the incident light,
some of the light became scattered by the smoke
particles onto the photodiode receivers.

Figure 2. Scattered Light Detection Instrument (SLDI)..
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Evaluation of the Scattered Light
Detection Instrument
To evaluate the operation of the SLDI, a series
of tests was conducted using an aerosol genera-
tor with known average particle size, particle
size distribution, refractive index and particle
concentration. Propylene glycol was used in a
TSI Incorporated Model 9306, 6-Jet Atomizer to
produce the aerosol. The characteristics provid-
ed on the aerosol included an average particle
diameter of 0.6 micrometer and a refractive
index of 1.4316. The aerosol flow rate was
adjustable by varying the input air pressure.
For the tests, an input pressure of approximate-
ly 3.7 bars was used, corresponding to an
approximate aerosol flow rate of 12.0 I/min.
Evaluation of the SLDI instrument operation
was made by calculating the output of the pho-
todiodes using Equation 3 and comparing the
calculated results to the experimental data
using propylene glycol.

It should be noted that the average particle size
and number concentration are functions of the
atomizer. In this case, the propylene glycol data
provided by the manufacturer indicated a very
broad particle diameter distribution. Although
this is not desirable for precise instrument cali-
bration and data evaluation, this work was con-
cerned more with determining the feasibility of
this method than in obtaining precise results.

The distance I between the center of the scatter
volume (V,) and the photodiode varies slightly
between angles within the SLDI due to the pre-
sent construction. To account for these slight
variations, Equation 3 was written as a function
of Vsll2. A constant was used to normalize the
distance I for photodiodes at ±40° and ±60° with
respect to the distance four the photodiodes at
±20°.

The values of I were measured, with values of
Vg estimated for each angle by assuming the
volume to be cylindrical. Values of i1 and i2 were
obtained from published literature17 for a = 2.0
and m = 1.44. The values of rx and m were
obtained from data provided on the propylene
glycol aerosol. Some error is introduced in using
i1 and i2 from the referenced data, since they
are for individual spherical particles, and the

propylene glycol is a polydisperse aerosol.

Rearranging Equation 3 and applying it to the
propylene glycol aerosol test, it can be written
as:

Where:

In Equation 4, the only variables are Co, which
is smoke detector dependent, No and (il+i2),
which are smoke dependent. To determine Co
the following values for the SLDI parameters
are used: 

’

A value of Ce = 2.01 x 10-18 was used for both
the 40° and 60° angles using the respective Vs
and l2 values. The variation in I and V. for these
two angles were such that variation in Cg was
not significant. Thus, the average value listed
above was used.

The aerosol produced during the test, based on
data supplied by the manufacturer, had the fol-
lowing characteristics:

d = 0.6 x 10-e m (average)
m= 1.43

No = 2 x 1011 particles/m3
Aerosol flow rate = 7.2 x 10-2 m3/minute

Particle concentration was calculated by multiply-
ing the aerosol output at the atomizer and the
smoke layer volume at any given time. This calcu-
lation assumes a uniform particle concentration
within the smoke layer. To compare calculated
values with experimental data, the particle con-
centration was calculated as a function of time.

Some assumptions were made for this calculation:

1. A 20% decrease in particle concentration
due to the entrainment of air was assumed.

2. The aerosol volume was calculated at an
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aerosol depth of 1.22 m measured from the
ceiling. Although not well stirred, this
approximated the layer depth observed at
the end of the experiment.

3. The aerosol was considered evenly mixed
within the layer. This provided a particle
concentration of 3.53 x 107 particles/m3/s.
(parUsec!layer volume).

4. The particle concentration was based on
data supplied by the manufacturer and was
not measured.

Although additional errors are introduced by
utilizing these assumptions, this method
enabled evaluation of the SLDI with respect to
expected outcome using Mie theory calculations.
The scattered light intensity was then calculat-
ed for each angle as a function of time. Once
this value was obtained, the amplification factor
provided by the photodiode units was factored
in (the photodiodes provide an output equal to
1.3 x 108 VAV).

The calculated values were compared to the mea-
surements, plotted here in Figure 3. It can be
seen that experimental values are similar in
response characteristics to calculated values.
Furthermore, it is quite remarkable that the
magnitude of IS, at 20°, calculated versus experi-
mental, are in such close agreement. Differences
can be attributed to errors in measured parame-
ters (variances in the SLDI angles, ± 2°, signal

Figure 3. Comparison of light scattered by propylene
glycol particles measured using the SLDI with those cal-
culated using Equation (3).

noise, etc.), multiple scattering effects due to the
polydispersity of the aerosol (which is expected to
be more important at angles larger than-20°) and
expected variances in both particle concentration
and size distribution. Even with the differences
between the calculated and measured values, the
SLDI provided data which are in general agree-
ment with the Mie theory. This indicates that the
SLDI operated as expected in this case.
Additional work, however, is required to better
quantify SLDI performance and accuracy. Use of
tighter SLDI design controls (increased preci-
sion), a monodisperse aerosol, and the inclusion
of particle size and concentration measurement
instrumentation would provide more accurate
data for evaluation.

Nonetheless, it appears that the SLDI can be
useful in characterizing smoke from various
fuels by evaluating the intensity of light scat-
tered at various angles. This was further sup-
ported after analysis of experimental data indi-
cated that the SLDI repeatedly provided consis-
tent data for characteristics of smoke generated
from a given fuel while showing differences
between fuels. These results are discussed in
more detail in subsequent sections.

Experimental Procedures
Fuels used for this stage of testing were kiln
dried Douglas fir, computer printer paper,
rubber o-ring material and cotton wick. Each
fuel was placed on a hotplate located on the
floor of the smoke chamber (used to initiate the

smoldering combustion). Data acquisition was
initiated when the hotplate was turned on.

Connected to the data acquisition system were
the seven scattered light detecting photodiodes,
analog output light scattering and ionization
type smoke detectors (one each) and two com-
mercially available light scattering type smoke
detectors. The two commercial smoke detectors
were used to provide an on/off type signal indi-
cating the point during the test at which they
alarmed. Having different scatter detection
angles, slightly different wavelengths and com-
pletely different smoke entry designs, different
actuation times were anticipated. The analog
detectors were used to provide a secondary indi-
cator for obscuration and particle concentration.
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A data collection rate of 1 Hz was used over a 300
second test cycle. At the completion of each test,
the smoke was exhausted from the chamber, the
hotplate was cooled, the partially combustible
fuel material was removed and the SLDI was
cleaned. When the hotplate returned to the ambi-
ent temperature and the smoke was completely
exhausted, the next test was initiated.

Each fuel was tested at four positions shown in
Figure 4. These different positions were used in
order to examine the effect of smoke transport
on light scattered characteristics.

The collected data allowed the following items
to be evaluated:

1. Scattered light intensity at the SLDI angles
for each fuel

2. Scattered light intensity at the SLDI angles
as the fuel position was varied

3. Scattered light intensity vs. optical density
4. Scattered light intensity vs. particle build-up
5. Optical density vs. particle build-up
6. Scattered light intensity at the actuation

point of the two smoke detectors.

RESULTS AND DISCUSSION

Repeatability
One of the most important concerns in this work
was the degree of general repeatability that could
be achieved between tests. This was crucial if
general conclusions about the effect of fuel type
and position on scattered light were to be made.

Figure 4. Fuel positions used during smoke experiments.

Figures 5a and 5b show plots of light scattered at
20° for two fuels, cotton and paper, at position D
and from tests at different days (i.e., different
ambient and fuel conditions). It. should be noted
that experiment repeatability is only concerned
with the characteristic (i.e., rate of rise and
behavior) of light scattered signal. Time of first
detection of the scattered light was not impor-
tant. If t=0 were to be defined as the first detec-

tion of light scattered (i.e., shifting curves in Fig.
5a and 5b in time) this repeatability can be more
evident. On this basis, a rather reasonable

degree of repeatability, such as demonstrated
here, was observed for most cases. Environ-
mental effects such as ambient temperature,
humidity and fuel moisture content seem to
affect the results (both initiation time and rate of
smoke generation). These factors generally alter
the magnitude of light scattered, but the rate of
change and characteristic of this signal were gen-
erally repeatable.

Figure 5a. Experiment Repeatability; Cotton tested at
two different days.

Figure 5b. Experiment Repeatability; Paper tested at two
different days.
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Analysis of Results
As expected, based on the Mile theory, the
strongest scattered light intensity is detected at
20° with the lowest scattered light intensity
detected at 60°. This appears to indicate that
detectors with angles closer to 20° could be more
sensitive than detectors employing angles closer
to 60° as they can detect a stronger signal at an
earlier stage of smoke development. Graphical
representation of these results are provided in
Figure 6, where the intensity of light received at
the 20° photodiode is shown for the four test
fuels. It can be seen that light scattering inten-
sity varies with fuel. Cotton, paper and rubber
seem to have the same rate of change in light
scattered, while wood response grows over a
longer time. Paper, as expected, generates
smoke faster (since it burns easier) and the
magnitude of scattered light intensity for wood,
paper and cotton reach the same value.

Two distinct phenomenon are illustrated in
Figures 6 and 7. First, different characteristics
of the scattered light intensity curves (i.e.,
specifically the slopes) are observed at the same
angle (20°) and position C for different fuels
(Figure 6). Figure 7 also confirms that the scat-
tered light is strongest at 20° compared to 40°
for the two fuels, cotton and paper, shown here.
Data for other fuels also confirm this observa-
tion. Secondly, Figure 7 shows different charac-
teristics of the scattered light curves for the
same fuel as scatter angle is changed. While the
20° scattered light curves seem to behave simi-
larly for cotton and paper at 40° the characteris-
tics of the curves for these fuels are quite differ-
ent. In addition, the scattered light intensities at

Figure 6. Intensity of scattered light at 20° for wood, paper,
cotton and rubber.

20° are essentially at the same level for the two

fuels, while at 40° a relatively large difference in
the intensity level is observed. Similar behavior
is observed in general when analyzing the data
for other fuels. These trends indicate that the
response of light scattering type smoke detec-
tors, at the same relative position to the fuel
source, similar ambient conditions and the same
mode of combustion, will vary depending on the
detector design (0, 1°’ ~.) for different fuels inde-
pendent of the smoke entry characteristicsl2.

It was determined that the intensity of light
scattered by smoke from a given fuel varies
with fuel position for a given scatter angle.
However, the characteristics of the intensity
curves (at a given scatter angle) basically do not
change. This would seem to indicate that for a
given fuel, the response of a light scattering
type smoke detector to smoke produced by that
fuel is primarily affected by the transport dis-
tance of the smoke to the detector. This is illus-
trated in Figures 8a-8d. 

°

Figures 8a-8d illustrate the light scattered signal
versus time for wood, rubber, paper and cotton at
positions A, B, C, D (Figure 4) and for a 20° scat-
ter angle. Although some fuels were tested at all
four positions in the same day (to reduce environ-
mental effects), these figures show data obtained
at different days. In Figure 8b, for example, test
A2 refers to a test at second day when rubber is
placed in position A. On the other hand, tests Bl,
Cl and D1 were performed on the same day.
Figure 8a (wood tested on the same day) shows
the most consistent results.

Figure 7. Scattered Light at Position D for 20° and 40° 
-~

scattering angles, Comparison between Cotton and
Paper. 

’
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Although the time of the first light scattering
signal detection for each fuel at a given position
was not always the same (this is a function of
the fuel and environmental conditions and hot

plate performance), the results of Figures 8a-d
are reasonably consistent. These figures show
that position B consistently produced one of the
strongest signals at 20’, while position D, with
the longest transport distance produced one of
the weakest signals. Except for paper (tested on
different days and probably the fuel most sus-
ceptible to moisture content) position B, nearest
to the SLDI, produced the best results. Position
D probably has the lowest light scatter signal
due to dilution, particle fall out and possible
stratification effects within the smoke chamber.

Figure 8a. Light scatter signal from smoldering wood
smoke at 20° and different fuel positions (see Fg.4). ~

Fgure 8b. Light scatter signal from smoldering rubber
smoke at 20° and different fuel positions (see Fg.4).

The stratification may be responsible for the low
signal measured in test A4 of Figure 8d. It
should be noted that for both positions A and D
the vertical distance to the SLDI is the same.

In addition to analyzing the SLDI output, the
response times of the two commercial smoke

detectors (referred to as tDi and tD2 in Table 1)
were compared. Table 1 illustrates some of the
variances in detector operation time based on
the fuel and position.

An important conclusion can be derived from
data in Table 1. For fuel positions A-C and all
the fuels burnt, tD2 either is lower or almost
equal to tDl’ There is, however, a distinct and

Figure 8c. Light scatter signal from smoldering paper
smoke at 20° and different fuel positions (see Fig.4).

Figure 8d. Light scatter signal from smoldering cotton .
smoke at 20° and different fuel positions (see Fig.4).
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Table 1- Detector Actuation Times (seconds)

definite change in detector response time at
position D for all fuels. In position D, all tests
show that detector Dl responds prior to detector
D2. These observations again confirm the effects
of different a (due to change in particle size) at
different positions and m (refractive index) for
different fuels. Difference in response of detec-
tors D, and D2 shows that a and m affect detec-
tor time response differently due to variations
in detector design. More details and data on
smoke detector response is provided by
Meachaml8.

Therefore, if the intensity of light scattered by
smoke from a given fuel can be characterized in
terms of the Mie scattering function (il+i2) as
determined by the SLDI, and the Mie character-
istics of a given smoke detector are known (9, /,
10, Is, Vs and A), then the activation time of the
detector may be predicted if the rate of increase
in particle concentration is known. This would
provide a means to estimate detector response
time to smoldering combustion.

CONCLUSION
In summary, analysis of the experimental data
from the four smoldering fuel sources provided
the following information:
1. The highest intensity of scattered light is

received at the 20° angle, independent of
the fuel.

2. For a fixed fuel position, the intensity of
light scattered at the 40° and 60° angles
varies considerably as the fuel is varied in
comparison to the 20° angle.

3. Although the magnitude of the scattered
light intensity varies for a given fuel and
fuel position as the heat flux applied to the
fuel and the environmental conditions vary,
the characteristics of the intensity curves do
not change.

4. Experimental data would seem to indicate
that in the early stages of smoke develop-
ment, the intensity of light scattered at a
given angle (e.g., 20°) follows the increase of
particle concentration over the test period.

Given these results, it appears possible to char-
acterize smoke as a function of the intensity of
light scattered at a given angle for a given SLDI
configuration. These results provide a basis for
performance evaluation and prediction of light
scattering type smoke detector response to
smoldering combustion. If the pertinent data for
an aerosol were known, i.e., particle size,
number concentration and refractive index, the
response of the SLDI could be calculated as was

done for the propylene glycol test aerosol. If
refined to the point where precision SLDI were
available, the SLDI could be used to obtain data
such as the Mie scattering functions for smoke
from various fuels. The Mie scattering functions
are the most important unknowns. If they could
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be determined for common fuels, forming a
library of these functions, in addition to particle
size and concentration (already known for many
fuels), then it may be possible to evaluate a
light scattering detector performance (for
known 1, X, 0 and 10), This would provide an
important step towards developing a response
model for light scattering detectors especially
during smoldering combustion.
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NOMENCLATURE .

A Area (m2)

Ce Detector Constant
d Particle diameter (m)

Io Intensity of incident light (NV/M2)
1, Intensity of scattered light (W/m2)
i Mie scattering function
I Average distance from scatter volume to

light receiver (m)
m Refractive index (real component)
No Particle number density
t Time (s) .

tD Smoke Detector Actuation Time
vs Scatter volume (m3)
a Ratio of particle diameter to wavelength of

light
0 Light scatter angle
X Wavelength of light (m)
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