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Performance testing of consumer smoke detectors requires specific facilities and
experiments with smoldering and flaming emissions from different fuels. Smoke detectors for
use in spacecraft are tested using similar setups with representative fuel materials. To simplify
smoke detector testing, this study explored the use of laboratory-generated reference aerosols
as transfer standards to evaluate smoke detector performance. Among the three tested
reference aerosols, mineral oil particles were reproducibly generated with a Gemini smoke
detector tester, dioctyl sebacate (DOS) particles were generated with a wide concentration
range and flexible size distributions using an atomizer, while polystyrene latex (PSL) particles
were difficult to produce with the high concentrations needed for smoke detector testing.
Reference aerosols generated from 1.5%-100% DOS solutions and mineral oil covered the
response range of six types of smoke aerosols generated by oxidative pyrolysis of spacecraft-
relevant materials. Although no single reference aerosol can be used to simulate the response
of different smoke detection technologies to different smoke aerosols within £10% error, the
relationship between reference and smoke aerosols derived from this study can be used to
predict smoke detector responses to combustion aerosols.
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cov = Coefficient of variation

CSP = Commercial Space Prototype

DMA = Differential mobility analyzer

DOS = Dioctyl sebacate

Dp = Particle mobility diameter

GASP = Gases and Aerosols from Smoldering Polymers
GRC = Glenn Research Center

Hz = hertz, frequency unit

ISS = International Space Station

NASA = National Aeronautics and Space Administration
PMMA = Poly(methyl methacrylate)

PSL = Polystyrene latex

PTFE = Polytetrafluoroethylene

SMPS = Scanning mobility particle sizer

STS = Space Transport System

N = Particle number concentration

PM_s = Particulate matter with aerodynamic diameter <2.5 um
UL = Underwriters Laboratories

WCPC = Water condensation particle counter

I. Introduction

N the United States, performance of consumer smoke detectors is regulated according to the Underwriters

Laboratories Standard for Smoke Alarms (UL217),' which outlines tests, facilities, and experiments with
smoldering and flaming emissions generated from different fuels. Although there is no established standard for
spacecraft smoke detectors, they have been tested using similar methods with fuels representative of materials used in
spacecraft. To reduce the level of effort required to test smoke detectors and predict performance of future smoke
detector designs, laboratory-generated reference aerosols can be used as transfer standards. Compared to smoke
aerosols, reference aerosols can be generated with more precisely controlled chemical composition, size distribution,
concentration, and optical properties. They can be used to challenge smoke detectors with controllable and
reproducible test conditions. Once relationships between smoke detector responses to reference and smoke aerosols
are established, smoke detector responses to reference particles can be used to simulate their responses to smoke
aerosols. Specific objectives of this study are to: (1) evaluate a method to test smoke detectors using reference aerosols
with controlled size distributions and concentrations, (2) characterize smoke detector responses to reference and
combustion aerosols, and (3) determine the feasibility of using reference aerosols to predict smoke detector responses
to different types of smoke aerosols.

I1. Material and Methods

A. Experimental Setup

The experiments were conducted in the Gases and Aerosols from Smoldering Polymers (GASP) Laboratory at the
National Aeronautics and Space Administration (NASA) Glenn Research Center (GRC).2 A schematic diagram of the
experimental setup is illustrated in Figure 1, which includes aerosol generators, a smoke chamber, smoke detectors,
and aerosol characterization instruments.

Reference aerosols were generated by three aerosol generators: a constant output atomizer (Model 3076, TSI Inc.),
a six-jet atomizer (Model 9306, TSI Inc.), and smoke detector tester (Model 501B, Gemini Scientific Corporation).
When particles were generated from a liquid suspension or solution, the solvent vapor was removed by a diffusion
dryer (filled with silica gel to remove water vapor or activated charcoal to remove alcohol vapor). A dilution bridge,
consisting of one path with a filter and a valve to remove particles and another path with a valve to adjust the undiluted
aerosol flow rate, was used to adjust the aerosol concentration. Dried and diluted (when necessary) particles were
injected into a 326-L acrylic-walled smoke chamber, where a mixing fan promoted concentration uniformity.

Smoke particles were generated by a tube furnace (Lindberg/Blue M). Fuel samples were loaded in a 9-cm-long
alumina boat at room temperature. The boat was then placed inside a quartz tube and inserted to the optimal heating
zone of the tube furnace. The temperature of the furnace was ramped to preset values chosen for thermal oxidative
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decomposition of each fuel material. Filtered air flowed through the tube furnace at 4.4 L/min to flush the pyrolysis
products into the smoke chamber.

Smoke obscuration level in the chamber was measured with an obscuration meter based on American Society for
Testing and Materials (ASTM) E662-17A.2 The light source and detector covered a broadband wavelength from 400
to 2200 nm. A Commercial Space Prototype (CSP) smoke detector based on light scattering was co-located with a
commercial ionization smoke detector (referred to as lonZG), and their analog output voltages were logged at 10 Hz.
Two consumer smoke alarms, one ionization type (Model 112010S, Kidde) and one light scattering type (Model
P3010H, Kidde), were used for comparison. Because their raw analog signals were not accessible, only the alarm
voltages were logged.

Portions of the test aerosol were extracted from the chamber through two separate sampling lines and directed to
several instruments. A DustTrak DRX (Model 8534, TSI Inc.) measured size-segregated particulate matter (PM) mass
concentrations (i.e., PMy, PMzs, PMs, PM1o, and PM3s) based on laser (655 nm) light scattering.*® Most combustion
generated aerosols are in the PMs size fraction. Due to its fast response (every 1 s), high sensitivity (1 pg/m?), and
wide dynamic concentration range (0-600 mg/mq), the DRX reading was used as an aerosol concentration reference
to compare smoke detector responses to different aerosols. Note that the mass concentrations reported by the DRX
can differ from gravimetric mass concentrations depending on particle size distribution, composition, and refractive
index. During polydisperse reference aerosol tests, a scanning mobility particle sizer (SMPS; Model 3938, TSI Inc.)’
measured particle size distributions every 135 s. The aerosol and sheath flow rates were 0.52 and 3 L/min, respectively,
resulting in a measured size range of ~0.01-0.7 um in 108 equally spaced channels on a logarithmic scale. During
monodisperse reference aerosol tests, a differential mobility analyzer (DMA; Model 3081, TSI Inc.)® classified
particles based on electrical mobility and a water condensation particle counter (WCPC; Model 3787, TSI Inc.)®
measured the monodisperse particle number concentrations. Due to fast changing particle size distributions, the SMPS
was not used during smoke tests. A second aerosol stream was directed to a light scattering smoke detector used in
the International Space Station (ISS) and an ionization smoke detector used in the Space Transport System (STS)
fleet.2 Neither the 1SS scatter nor STS ion detector is equipped with a pump; a fan at the end of the sampling line
drew the aerosol through these two detectors. Due to potential aerosol concentration inhomogeneity in the smoke
chamber, different time for aerosols to reach detectors, and different detector response time, all detectors responded
to aerosol concentration changes at different speeds. To account for these differences, time series of detector responses
were aligned by maximizing the correlation coefficients of regression between the detector and DRX responses.
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Figure 1. Experimental setup for smoke detector evaluation.
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Each sampling day started with a ~5-minute background measurement after the smoke chamber was purged with
filtered air to concentrations <20 particle/cm®. Instrument baselines were also measured at the beginning of each test
before aerosols were delivered into the smoke chamber. After the aerosol test was completed and aerosol generation
ended, the chamber was purged with clean air. In most tests, data from all instruments were logged until the
concentration returned to the baseline.

B. Reference Aerosol Materials and Generation
Three types of reference aerosols were generated using three different generation techniques:

Refined mineral oil (Rudol®) has a nominal density of 0.861 g/cm? and a refractive index of 1.470. It is used
in the Gemini 501B smoke detector tester for smoke detector inspection and sensitivity test. Polydisperse
mineral oil particles were generated by the Gemini 501B on three different days using similar settings to test
reproducibility of particle generation and smoke detector responses.

Dioctyl sebacate (DOS) particles are spherical with a density of 0.915 g/cm?® and a real refractive index of
1.448. The size distribution of DOS particles can be adjusted by changing the DOS solution concentration.
Four DOS solution concentrations (i.e., 1.5%, 5%, 40%, and 100%) in isopropyl alcohol were used to
generate polydisperse DOS particles with different mode diameters by the TSI 3076 atomizer. Monodisperse
DOS particles were also generated by size selection using a DMA. Monodisperse 100 nm and 200 nm
particles were generated from the 1.5% DOS solution, while 300-700 nm particles were generated from the
40% DOS solution. However, it was difficult to generate high concentrations of <500 nm monodisperse
particles to produce smoke detector signals.

Polystyrene latex (PSL) spheres are commonly used as particle size standards. PSL particles have well
defined sizes, density (1.05 g/cm?®), and refractive index (1.590). Attempts were made to generate
monodisperse PSL particles (300 nm, 500 nm, and 900 nm) by the TSI 3076 and 9306 atomizers with and
without DMA size classification. However, the particle concentrations were too low to generate reliable
smoke detector signals. Therefore, the PSL data are not presented in this paper.

C. Smoke Aerosol Materials and Generation
Six types of materials relevant to spacecraft safety were tested and their photographs before and after pyrolysis
are shown in Figure 2.

Before Pyrolysis After Pyrolysis

Cotton lamp wick represents
cellulose materials such as paper,
wood, and fabrics. Thermal
decomposition of cellulose emits
carbon monoxide (CO), carbon
dioxide (CO,), tar, and char. Three
lamp wick tests utilized 0.75-1 g
mass each with the furnace
temperature set to 200-240 °C.

Kapton, a polyimide film with
chemical formula (C22H1oN2Os)n, is
stable across a wide range of
temperatures  (~-269-400 °C). PMMA
Kapton is used in thin-film heaters,
wire insulation, space suits, tape and
multi-layer  insulation.  Kapton
thermal decomposition results in
liquid aromatic products and  Figure 2. Photograph of several fuel samples before and after

spherical particles. Three Kapton  pyrolysis in the tube furnace.
tests utilized 1-2 g mass each with

the furnace temperature set to 450-500 °C.

Teflon

Wire
Insulation |

Nomex® is a heat and flame-resistant woven textile used for cargo bags, thermal blankets, acoustic insulation,
and pressure suits. When heated, it liberates CO, CO,, hydrogen cyanide, and organic species, leaving a
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carbon-rich char. Three Nomex tests utilized 0.5-1 g mass each with the furnace temperature set to 350-400
°C.

o Teflon is a brand name of polytetrafluoroethylene (PTFE, (C2F4)n), a fluoropolymer commonly used for wire
insulation, water storage bladders, sampling bags, suits, and cargo liners. Teflon releases polymer fragments
during thermal decomposition which grow into particles through nucleation, condensation, and coagulation.
Three Teflon tests utilized ~8 g mass each with the furnace temperature set to 400-500 °C.

e Poly(methyl methacrylate) (PMMA,; also known as Plexiglas or acrylic glass), with a chemical formula of
(CsO2Hs)n, is a window material for spacecraft components. During smoldering combustion, PMMA
undergoes thermal oxidative decomposition, generating odorous monomers and other volatile organic
compounds (VOCs), as well as CO and CO,. One PMMA test was conducted using 2 g mass with the furnace
temperature set to 200 °C.

e  Fluoropolymer (FP)/polyimide (PI) wire insulation is a potential source of smoke in spacecraft due to thermal
degradation caused by wire overheating. One wire insulation test was conducted using 2 g mass with the
furnace temperature set to 450 °C.

I1l. Results and Discussion

A. Polydisperse Mineral QOil Particles and Smoke Detector Signal Reproducibility

Polydisperse mineral oil particles were generated on three different days (5/14/2019, 5/17/2019, and 5/23/2019)
to evaluate the reproducibility of particle size distributions and smoke detector responses. Figure 3a shows that mineral
oil particles generated on two separate days had similar number size distributions (expressed as normalized
concentration per diameter channel width on a logarithmic scale [dN/dlogDp] as a function of diameter [Dp]). The
mode diameters (385 nm and 346 nm) differed by ~10% whereas the geometric standard deviations (1.37 and 1.36)
were nearly identical. The Gemini 501B was able to generate mineral oil particles with reproducible size distributions.
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Figure 3. Normalized particle number size distribution for: (a) polydisperse mineral oil particles generated by
the Gemini 501B smoke detector tester on two different days (size distributions were not measured on
5/23/2019); and (b) DOS particles generated from four DOS solutions with different concentrations.

Figure 4 compares smoke detector responses as a function of mineral oil particle concentrations on three different
days. Figure 4a shows that the CSP detector signal increased linearly with DRX PMzs concentrations over a wide
range of ~1-160 mg/m?, with linearity down to < 1 mg/m?. The regression slopes on 5/17/2019 and 5/23/2019 were
almost identical, but were ~20% higher than the slope for the 5/14/2019 test. The slightly different particle size
distributions in Figure 3a might have contributed to the slope differences between 5/14/2019 and 5/17/2019. Within
experimental uncertainties, the three slopes are deemed equivalent, with average + standard deviation values of
0.0108+0.0013. The linearity and high correlation between the CSP detector and DRX are expected because both
devices are based on light scattering. The CSP detector is shown to generate repeatable responses to mineral oil
particles during tests on different days.
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Figure 4. Variation of smoke detector responses as a function of DRX PMa2s mass concentration for
polydisperse mineral oil particles generated by the Gemini 501B smoke detector tester on different days.
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The ISS scatter detector results were invalidated during the 5/14/2019 tests due to a leak in the transfer line, and
only the 5/17/2019 and 5/23/2019 data are plotted in Figure 4d. The ISS scatter detector showed similar variation with
DRX PMg 5 concentrations between the two tests: the signal increased linearly up to ~4 V at DRX PM_ s concentrations
of ~50 mg/m?® and saturated at ~6 V with higher PM_ 5 concentrations (=70 mg/m?3).

The CSP detector signal-to-noise ratios as a function of obscuration level is shown in Figure 5. The x-axis is plotted
on a logarithmic scale to better illustrate detector signal changes at lower obscuration levels. The signal-to-noise ratios
were ~73-110 at 1%/m obscuration and ~755-1125 at 10%/m obscuration, indicating reasonable sensitivity of the
CSP detector for polydisperse mineral oil particles. The CSP detector used a narrow voltage range for smoke detection:
~0.96 V at 0%/m obscuration, <1.2 V at 3%/m obscuration, and < 3 V at 30%/m obscuration. Although the signal-
to-noise ratio was high (>50) at 1%/m obscuration, the signal resolution and reliability would be enhanced by
increasing the dynamic range of the CSP detector signal within the obscuration range of interest for smoke detection.

In summary, tests on three days over a 10-day period shows that the Gemini 501B smoke detector tester was able
to generate polydisperse mineral oil particles with reproducible size distributions and that the smoke detectors showed
reproducible responses as a function of the DRX PM_s concentrations.

B. Polydisperse DOS Particles and Smoke Detector Responses

The advantage of using an atomizer to generate DOS reference aerosols is that particle size distributions can be
adjusted by changing the solution concentration. Assuming that the atomizer generates the same droplet diameter with
different solution concentration, the conservation of solute mass indicates that the mean particle diameter would be
approximately linearly proportional to solution concentration to the 1/3 power. Figure 3b shows representative particle
number size distributions (normalized by total measured concentrations in each SMPS scan) for polydisperse DOS
particles generated from four solution concentrations. As expected, the mode (peak concentration) diameter increased
with DOS concentration. The size distributions were approximately lognormal, with geometric standard deviations of
1.6-1.7, wider than those for mineral oil particles (1.36-1.37 in Figure 3a). The mode diameters were: 175, 241, 385,
and = 600 nm for 1.5%, 5%, 40%, and 100% DOS solutions, respectively. The SMPS did not cover the full distribution
for the 100% DOS, resulting in an inaccurate size distribution due to inaccurate multiple charge corrections.

Smoke detector responses as a function of DRX PM_ concentration for polydisperse DOS particles from the four
solution concentrations are compared in Figure 6. Figure 6a shows that the CSP detector voltage signal increased
linearly with DRX PMzs concentrations. The linear regression slope increased slightly with particle size: 0.0122,
0.0134, and 0.0166 for 1.5%, 5%, and 40% DOS concentrations, respectively. The slope for 100% DOS concentration
(0.0155) was somewhat lower than, but similar to, that for the 40% DOS concentration. The CSP detector linearity
covered a wide range of DRX PM;s concentrations from <1 mg/m?® to ~200 mg/m?®. At high concentrations of >300
mg/m?, the signal started to saturate at ~5-8 V. The CSP vs. DRX relationships had higher variability for DOS particles
in Figure 6a than those for mineral oil particles in Figure 4a. This is probably due to the different optical designs (e.g.,
light source wavelength and scattering angle) of the CSP and DRX, which caused their light scattering responses to
be different for different size distributions.

Figure 6b shows that obscuration meter response was also linearly related to DRX PM_s concentrations. Similar
to the CSP detector, the linear regression slope increased slightly with particle size: 0.198, 0.225, 0.280, and 0.312 for
1.5%, 5%, 40%, and 100% DOS concentrations, respectively. The linearity extended to a wide DRX PMas
concentration range of ~5-200 mg/mq.

Similar to mineral oil particles, Figure 6¢ shows that the lonZG smoke detector signal decreased nonlinearly with
increasing DRX PM_ s concentrations. It had good signal-to-noise ratios for concentrations = 2 mg/mé. The response
per mass concentration was larger for smaller particles (1.5% and 5% DOS concentrations) than larger particles. This
is expected because for the same aerosol mass concentration, ionization smoke detectors are more sensitive to smaller
particles. On the other hand, the DRX based on light scattering is less sensitive to particles <300 nm, and it may
underestimate PM2s mass concentration for smaller particles. Figure 6d shows that the STS ion detector signal
decreased approximately linearly with increasing DRX PM_ s concentrations up to ~80 mg/m?3. Similar to the lonZG
smoke detector, the STS ion detector had higher sensitivity for smaller particles. The signal became nonlinear at high
concentrations (above ~200 mg/m?®) and this detector had low signal-to-noise ratio for concentration <5 mg/m?®,

Figure 6e shows that the ISS scatter detector signal increased approximately linearly with DRX PMas
concentrations between ~1-15 mg/m?3. The data had a wider spread than other detectors, probably due to the extra
plumbing and lack of a pump causing non-uniform concentrations in the sensing zone of this detector. The ISS scatter
detector signal increased faster for larger particles than smaller particles as a function of DRX PM_s concentrations.
The signal saturated at ~6 V at higher concentrations.
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C. Smoke Detector Response to Smoke Particles

An example of instrument responses to smoke evolution from smoldering lamp wick is illustrated in Figure 7. All
instruments responded to smoke concentrations after the smoke filled the chamber at around 1000 s. The signal of
light scattering-based instruments (i.e., DRX, obscuration meter, CSP detector, and ISS scatter detector) increased
linearly with smoke concentration, whereas those of ionization-based instruments (i.e., lonZG and STS ion detector)
decreased nonlinearly with smoke concentration. The STS ion and ISS scatter detectors saturated at higher
concentrations. The light scattering smoke alarm (Kidde P3010H) was triggered earlier and ended later than the
ionization smoke alarm (Kidde 112010S).

To evaluate the feasibility of using reference aerosols to predict smoke detectors’ responses to combustion aerosols,
Figure 8 compares the slopes for CSP detector, obscuration meter, and ISS scatter detector when linearly regressed
against the DRX PMzs concentrations. Because these four measurements are based on light scattering or extinction,
signals were linearly correlated with correlation coefficients > 0.95. Mineral oil particles had the lowest slopes among
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all tests, while the DOS particles from the four solution concentrations covered the slope range for most tested smoke
aerosols. The regression slopes between the CSP detector and the DRX had lower variations (COV = 13%) among
different aerosols than those for the obscuration meter (COV = 26%) and ISS scatter detector (COV = 35%). While
the optical design of the CSP detector is proprietary, its optical measurement is probably similar to that of the DRX,
which detects light scattered at an angle range of 90 + 62° relative to the laser beam.* The larger COV for the 1SS
scatter detector is likely caused by its different optical design from the DRX: it uses a near infrared laser and measures
forward light scattering (30°). Furthermore, its signal saturated at lower concentrations.
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Figure 7. Example time series of instrument responses to the evolution of smoke particles from a smoldering
lamp wick test. Around 100 s, one gram of lamp wick was added to the tube furnace which was fast ramped up
to 200 °C. All instrument responded to the smoke concentration changes. The fuel boat was taken out around
1500 s and the smoke chamber was purged slowly starting from ~1560 s.

The regression slope ratios (smoke over reference aerosols) for each pair are summarized in Table 1. For the CSP
detector (Table 1a), its responses to lamp wick particles were similar to those for 5% or 100% DOS particles; its
responses to Kapton and PMMA particles were similar to those for 1.5% or 5% DOS particles; and its responses to
wire insulation particles were similar to 5% DOS particles. The CSP detector’s response to mineral oil particles were
lower than all smoke aerosols except Teflon. Polydisperse DOS particles from 5% solution were able to predict
responses of different smoke particles within an error of £10% except for ~20% overestimation of Teflon smoke. On
the other hand, mineral oil reference particles underestimated most smoke particle responses by 20-35%, but with a
good representation for Teflon smoke particles.

The obscuration meter had linear response with the DRX over a wide PMz s concentration range of ~5-200 mg/m?.
However, it had low signal-to-noise ratios for PM,s concentration <5 mg/m? (~1%/m obscuration). Therefore, the
DRX was used as the reference. As shown in Table 1b, the responses of the obscuration meter to lamp wick smoke
could be predicted by 40% or 100% DOS particles; responses to Kapton and Nomex smoke could be predicted by 1.5%
DOS; and responses to PMMA and wire insulation smoke could be predicted by 40% and 5% DQOS, respectively.
Teflon particles generated the highest slope among all tested materials (Figure 8b), and its slope was 16% higher than
100% DOS particles. Mineral oil particles would underestimate the responses of all smoke particles by factors of up
to 2.5.

The responses of the ISS scatter detector to smoke aerosols differed from reference aerosols by more than 10%
except that PMMA particle signals could be predicted by 5% or 40% DOS particles within 6% error (Table 1c¢). Within
+20% error, 1.5% DOS particles was able to predict Kapton particles; either 5% or 40% DOS could predict Nomex,
PMMA, and wire insulation particles; and 100% DOS could predict lamp wick and Teflon particles. Similar to the
CSP detector and obscuration meter, 1SS scatter detector responses to smoke particles would be underestimated by a
factor of over three if mineral oil particles were used as the reference aerosol.
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Figure 8. Comparison of linear regression slopes between (a) CSP detector, (b) obscuration meter, and (c) 1SS
scatter detector (for signals <4 V) and DRX PMzs concentration for reference and smoke aerosols. The error
bars represent the linear regression slope uncertainty (standard deviation).

This study shows that while the 1.5%-100% DOS particles and mineral oil particles covered the response slope
range of most smoke particles, there was no single reference aerosol that predicted the responses of the CSP detector,
obscuration meter, and ISS scatter detector to different smoke aerosols within +10% error. The 5% DOS particles
predicted smoke aerosol responses within £20% error for the CSP detector, while mineral oil particles consistently
underestimated smoke aerosol responses except for Teflon particles. It is possible to use the slope ratios in Table 1 as
conversion factors to predict smoke aerosol responses by reference aerosols. Alternatively, multiple reference aerosols
can be used for different smoke detectors and different smoke particles.

10
International Conference on Environmental Systems



Table 1. Linear regression slope ratios of smoke over reference aerosols. Slopes ratios highlighted in green
indicate differences within £10%.

(a) CSP vs. DRX bSITE Kapton Nomex Teflon PMMA Insnllggon
DOS 1.5% 1.20 1.06 1.14 0.89 1.03 1.14
DOS 5% 1.09 0.96 1.04 0.81 0.94 1.04
DOS 40% 0.88 0.78 0.84 0.65 0.76 0.84
DOS 100% 0.94 0.83 0.90 0.70 0.81 0.90
Mineral Qil 1.35 1.19 1.29 1.00 1.17 1.29
(b) Obscuration vs. DRX La_m P Kapton Nomex Teflon PMMA ere_
Wick Insulation
DOS 1.5% 151 0.94 0.98 1.83 1.39 1.12
DOS 5% 1.32 0.83 0.86 1.61 1.22 0.98
DOS 40% 1.06 0.67 0.69 1.29 0.98 0.79
DOS 100% 0.95 0.60 0.62 1.16 0.88 0.71
Mineral Qil 2.06 1.29 1.34 2.50 1.90 1.53
(c) ISS Scatter vs. DRX b\?lrglg Kapton Nomex Teflon PMMA Ins\{Jvllart?on
DOS 1.5% 1.97 1.10 1.28 2.11 1.40 1.66
DOS 5% 1.35 0.76 0.88 1.45 0.96 1.14
DOS 40% 1.32 0.74 0.86 141 0.94 1.11
DOS 100% 0.80 0.45 0.52 0.86 0.57 0.67
Mineral Qil 3.03 1.70 1.97 3.26 2.16 2.55

IV. Conclusion

Among the three types of reference aerosols (i.e., mineral oil, DOS, and PSL) tested in this study, polydisperse
mineral oil particles generated by the Gemini 501B smoke detector tester and DOS particles generated by the TSI
3076 atomizer were suitable for smoke detector testing. Repeated measurements with mineral oil particles on three
different days found that the Gemini 501B smoke detector tester generated polydisperse mineral oil particles with
reproducible particle size distributions and that smoke detectors had reproducible responses as a function of the DRX
PM2s concentrations. The TSI 3076 atomizer can vary DOS particle size distributions and concentrations by changing
the solution concentration and adjusting a dilution bridge, respectively. Monodisperse DOS particles of 500 nm and
700 nm can be generated with relatively high concentrations, whereas it was a challenge to produce high
concentrations of smaller monodisperse particles sufficient for smoke detector testing. It was difficult to produce high
concentrations of PSL particles, either by the TSI 3076 or 9306 atomizers.

For both reference aerosols and smoke aerosols generated from smoldering pyrolysis of spacecraft-relevant
materials, the responses of smoke detectors based on light scattering or extinction (i.e., CSP detector, obscuration
meter, and ISS scatter detector) increased linearly with DRX PM;s concentrations, whereas responses of ionization
smoke detectors (i.e., lonZG and STS ion detector) decreased nonlinearly with DRX PM_ s concentrations. The CSP
detector linearity covered a wide range of DRX PM,s concentrations from <1 mg/m? to 200 mg/m?, depending on
aerosol materials. While the CSP detector had high sensitivity at low smoke levels, it only used a narrow voltage range
(~0.96 V at baseline and < 3 V at 30%/m obscuration), which should be increased to improve the signal resolution
and reliability.

Using the DRX PM; 5 concentrations as the smoke level reference, reference aerosols generated from 1.5%-100%
DOS solutions and mineral oil covered the response range of most smoke particles. However, no single reference
aerosol can be used to predict all smoke detectors’ responses to different smoke aerosols within +10% error. The 5%
DOS particles were able to predict smoke aerosol responses within £20% error for the CSP detector, whereas mineral
oil particles typically underestimated smoke aerosol responses. The relationship between reference and smoke aerosols
derived from this study can be used as conversion factors to predict smoke aerosol responses by reference aerosols.
Future work should experimentally verify the applicability of the derived conversion factors. Measuring particle size
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distributions and optical properties of smoke particles, along with light scattering and absorption modeling, will help
explain the differences in smoke detectors responses and further guide smoke detector optimization and performance
prediction.
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