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Abstract
This paper describes two new high selective optical approaches for the
characterisation of critical aerosols in smoke detection applications, i.e.
dust and water droplets. These approaches are based on the polarimetric
analysis of different light scattering effects. The advantages of both
methods are a high selectivity and low hardware costs.
The first part of the paper gives an overview over the latest research into
the polarimetric light scattering based methods for smoke detection
applications at the Chair of Communication Systems of the University of
Duisburg-Essen. The implementation of the described methods in a
detector prototype will be described in a separate paper.
The focus of the second part of the paper is the exploitation of the
methods for the design of a test-procedure for the exposure of optical
smoke detectors to mixed aerosols. Thus future smoke detectors could
not only be tested in an environment with either smoke or dust, but also
in a dusty scenario with an increasing concentration of smoke. This
development keeps up with the latest advancements in detection
technology.
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Introduction
Simple optical smoke detectors with only one light path are highly
susceptible to false alarms due to non-fire aerosols, especially dust or
steam and fog. Therefore multi-sensor detectors are gaining greater
acceptance.
Radiation scattered at aerosols holds more information than only a rough
estimation of the particle size or the “aerosol brightness” regarding
backscattering. In the following chapters “Optical detection of water

droplets” and “Optical detection of dust” two polarimetric analyses are
presented, which provide information on the chemical fingerprint and the
particle morphology. Implemented in smoke detectors these approaches
allow a high selective discrimination between smoke and the nuisance
aerosols fog (or steam) and dust.
Regardless of the technology there is always the question about the
selectivity of the additional sensor data, i.e. how the detection of fires is
affected by the incorporation of the additional sensor signal. This
question is of great importance if e.g. the nuisance aerosols and smoke
occur at the same time. Several scenarios are conceivable, where the
frequency of occurrence and the concentration of nuisance aerosols is
not negligible, like coalmines or waste bunkers.
To analyze the reaction of smoke detectors in such scenarios an
additional sensor is being developed, which allows the estimation of the
optical concentration of the individual parts in an aerosol mix of e.g. dust
and smoke. This approach is presented in the chapter “Test apparatus
for mixed aerosols”.
Optical detection of water droplets
The detection of water droplets is based on the measurement of the
polarisation ratio at specific angles, where water droplets show a high
degree of polarisation. One well-known angle with a high degree of
polarisation is the angle of the rainbow, i.e. at around 138°. In figure 1
two images of a rainbow recorded during drizzling rain are shown.

Figure 1.

View of a rainbow through differently orientated polarisers.

The left figure shows the view through a polarising filter with a polarisation
plane parallel to the rainbow arc. The right figure shows the same scene
recorded through a polariser orientated orthogonal to the rainbow arc.
Although no more as colourful as a rainbow caused by water droplets,
also smaller water droplets cause a highly polarised bow. The angle of
occurrence of the fogbow depends on the particle size.
Figure 2 shows the Mie simulation of the degree of polarisation
σpol = ( I⊥ - I|| ) / ( I⊥ + I|| ) of pure water spheres as a function of the
scattering angle and the particle size d. I⊥ and I|| are the measured

intensities (irradiances) of the scattered light with orthogonal and parallel
polarization respectively.
It can be seen that for the typical size of water droplets in nuisance
aerosols like steam clouds or wafts of mist produced during showering
[1], the angle of the highest degree of polarisation is around 145°.
This natural phenomenon only occurs at pure water droplets. A small
amount of impurities lets it vanish. Thus the effect can be used to detect
pure water droplets as present in steam clouds or wafts of mist. This
allows a reliable discrimination from smoke, in order to reduce the false
alarm rate of optical smoke detectors.

Figure 2.

Degree of polarisation σpol of water droplets of different sizes.

There are further constellations of polarisation directions and scattering
angles which allow the identification of water aerosols. Thus a technical
more practical and feasible setup can be realised, also regarding the
combination with the dust detection. Such a realised system is described
in [2].
Optical detection of dust
The characterisation of airborne dust is performed by the analysis of the
depolarisation of light in the scattering process. According to Mie-Theory,
spherical particles exposed to light with linear polarisation will scatter
radiation in the same polarisation and wavelength (elastic scattering) as
the incident radiation. Particles with non-spherical shape may cause
multiple scattering, which can result in a depolarisation of the scattered
radiation. In figure 3 three images are shown, showing the scattering
patterns of different aerosol illuminated by a 5 mm diameter LASER
beam (635 nm). TF1 denotes the EN54 test-fire 1 with burning wood,

whereby TF2 denotes the test-fire 2 with pyrolysing wood. The used dust
is of type Dolomite D90, with particles smaller than 90 µm.
The images are divided into two areas. In the upper one (red frame) the
scattering patterns were recorded through a polariser with the same
polarisation direction as the polarisation direction of the LASER. In the
lower field (green frame) the polarisation of the polariser is orientated
orthogonal to the polarisation of the LASER.

Figure 3.

Polarimetric measurements of scattering patterns of different
aerosols.

Comparing the lower fields it can be seen that only dust noteworthy
scatters depolarised light. This effect occurs due to the non-spherical,
irregular and angular compact structure of the particles. Although
particles in smoke of open fires (e.g. TF1) also have a non-spherical
shape, these agglomerates show a very low fractal dimension [3]. Thus,
compared with dust, only a very small depolarisation effect can be
observed.
The analyses in figure 3 show recorded images. However, there is no
need of an image sensor for the monitoring of the depolarisation effect.
Future smoke detectors any longer can be equipped with
e.g. photodiodes. There is only a need of additional polarisers.

In [2] a smoke detection system based on the polarimetric analysis is
presented.
Apart from the possibility of designing future smoke detectors with
significant reduced false-alarm susceptibility due to nuisance aerosols,
the polarimetric aerosol characterisation can also be integrated in future
smoke detector test devices, as described in the next chapter.
Test apparatus for mixed aerosols
The continuous developments of
reduced false-alarm susceptibility
techniques are also suitable for
polluted by nuisance aerosols
e.g. coalmines or waste bunkers.

Figure 4.

smoke detection technologies with
lead to the question, if these new
scenarios which are permanently
like dust. Such scenarios are

Dust test apparatus (left) and the additional burning chamber
(right).

For the developer it is of great interest to compare the detectors reaction
to smoke in a previously clean environment with its reaction to smoke in
an already polluted environment. Here a concept for a test equipment
capable to provide reproducible and well defined test conditions for the
described cases is shown.
The apparatus is based on the already presented dust test apparatus
(see also [5]) with an additional burning chamber and an optical
measuring system.

The optical system exploits the previously mentioned polarisation
analysis, allowing the determination of the smoke and dust
concentrations of mixed aerosols (i.e. dust AND smoke). This additional
system consists of two photodiodes measuring the backscattered light,
similar to the setup in figure 3. The light source can be an orthogonal
polarised LASER beam. As the test dust is well known, the depolarisation
ratio σdepol = I|| / I⊥ can be determined during pure dust tests. Also the
scattering intensities of dust and smoke in relation to the observed
obscuration values can be determined separately for each test aerosol in
individual tests.
As the depolarisation ratio for smoke σdepol,smoke ≈ 0, the scattering
intensities I⊥,mix and I||,mix measured in each field (red frame and green
frame respectively) during a test with a mixed aerosol can be described
as follows:
I⊥,mix = I⊥,smoke + I⊥,dust
I||,mix = I||,dust
With the knowledge of σdepol,dust the amounts of smoke and dust can be
estimated.
Figure 4 shows the result of a test, where dust is continuously introduced
into the test duct. After t = 40 s the amount of dust introduced into the
duct is reduced, in order to simulate a nearly constant pollution. At about
t = 60 s, smoke from smouldering cotton wicks is added to the duct. With
the original extinction measurement with only an AML system (upper plot)
it is not possible to distinguish between the extinction fraction caused by
dust and the fraction caused by smoke. With the additional optics and a
corresponding analysis, the fraction of each aerosol type can be
estimated (lower plot). Thus the reaction of a detector under test to a mix
of smoke and dust can be analysed in detail, revealing possible masking
effects due to dust.
For these analyses currently the optical system described in [2] is used
with a by-pass. In the next months the optical system will be miniaturised
so that it can be screwed in a hole on the top of the duct cover. This easy
mounting allows the upgrade of older test-ducts.

Figure 4.

Measured extinction (upper plot) and estimation of the
extinction fractions caused by smoke and dust (lower plot).

Conclusion and outlook
The polarimetric approaches for the distinction between smoke and the
typical nuisance aerosols smoke and water steam / fog show to be
promising, as they focus on typical morphological and material-specific
properties. Thus a high degree of separation can be achieved, allowing
a robust and precise characterisation. The ongoing research
concentrates on the technical realisation of the technology.
The possibility of an accurate estimation of the amount of dust in an
aerosol mix of dust and smoke makes the approach also interesting for
the smoke detector test equipment. Thus an aerosol mix (e.g. smoke and
dust) can be fed into a test-equipment as shown in [5], and the rates of
smoke and dust can be determined. This procedure may be interesting

for developers in order to uncover possible masking effects of new smoke
characterisation approaches, e.g. the oversight of smoke in already dust
polluted scenarios.
In future works the information of the aerosol mixing shall be fed into the
already implemented aerosol controlling system, allowing the adjustment
of different aerosol mixing ratios. The possibility of mixture of water
aerosols and smoke is subject of current research.
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