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A B S T R A C T

Conventional spacecraft smoke detectors are not optimized for detecting space smoke, which
differs from that on Earth due to the fuel materials, burning conditions, particle formation/
transformation processes, and lack of gravity. More effective smoke detectors can be developed
with knowledge of smoke chemical compositions, size distributions, optical properties, and
emission factors specific to spacecraft-relevant materials, e.g., Poly(methyl methacrylate)
(PMMA), cotton, and Nomex® fabric. In normal gravity testing it is found that carbon is the main
smoke component, with elemental carbon constituting ∼90% of particle mass for flaming PMMA
combustion and organic matter constituting ≳80% of particle mass for other fuels and test
conditions. Particles emitted from flaming PMMA are fractal-like soot agglomerates, different
from the near spherical particles found for other fuels and burning conditions. Particle size
distributions vary during the combustion process. When particle concentrations are near max-
imum, smoldering cotton generates bimodal number size distributions, while other fuels and test
conditions exhibit unimodal lognormal number size distributions. Smoke particles from flaming
PMMA combustion are black with single scattering albedos< 0.3, while particles from other
burned materials demonstrate low light absorption, with single scattering albedos>0.9 at
405–781 nm. Mass extinction coefficients are 7.8 m2/g for flaming PMMA and 2.7–4.2 m2/g for
smoldering combustions at 632.8 nm. CO and PM2.5 emission factors are higher for smoldering
than for flaming combustions, while CO2 emission factors are higher for flaming combustions.

1. Introduction

Fire is among the most catastrophic threats to space activities and spacecraft fire safety is a major concern of the National
Aeronautics and Space Administration (NASA, 2014). During its operational life time, the NASA Space Shuttle had six events with
overheated or failed components (Friedman, 1992), and several smoke events occurred on the International Space Station (Meyer
et al., 2018). While these events did not result in real fires, the near catastrophic fire aboard the Russian space station Mir in 1997
underlines a critical need for improved understanding of spacecraft fires and their detection. The chance of component failure due to
overheating is likely to increase as mission durations increase. Due to space restrictions and limited options to fight fires, it is critical
to detect fires as early as possible.

Gravity plays a role in heat transfer, buoyancy-driven flow, aerosol formation, and particle transformation (Urban et al., 2013).
Smoke in the microgravity environment differs from that emitted on Earth. The absence of gravity and buoyant flow reduces
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convection, causing particles to grow larger by condensation and agglomeration in the flame (Meyer et al., 2015, 2018; Mulholland
et al., 2015; Urban et al., 2013). Instead of rising to the ceiling, spacecraft smoke tends to surround the flame in quiescent air,
transport by diffusion, and disperse along the ventilation flow. With near zero gravitational settling velocity, particles remain air-
borne for longer periods, leading to size distributions that differ from those on the ground.

Low- and non-flammable materials are used in spacecraft to the greatest extent possible. Flammable materials are only used when
there is no suitable alternative, but they are often treated with non-flammable substances to minimize ignition or reduce exposure to
oxygen-rich cabin air. Smoke from these non-flammable materials differs from the materials (e.g., wood, paper, polyurethane foam,
and liquid fuel) that are commonly used to test smoke detectors (UL, 2015). Space-based smoke sensors need to be optimized for
spacecraft smoke detection with improved sensitivity and reduced false alarms (NASA, 2015). More detailed information regarding
the properties of smoke from these materials is needed to perform this optimization, which is the goal of this study.

Particle mass concentrations, size distributions, and optical properties are key parameters for smoke detection. Several types of
Earth-bound smoke detectors have been used in space programs, including ultraviolet-, ionization-, and optical-based sensors (Urban
et al., 2008). Ionization smoke detectors use a small radioactive source (usually Americium-241) to ionize air and measure the ion
current. The current is reduced when smoke particles are present and ions are carried away. Ion diffusion charging is approximately
proportional to particle diameter (Woo, Chen, Pui, & Wilson, 2001) and is sensitive to very small particles (∼<0.1 μm) that are
abundant during flaming. Space Shuttle Orbiters used ionization detectors with an inertial separator to remove dust particles ≳1 μm
to minimize false alarms (Urban et al., 2008). Optical smoke detectors measure particle light obscuration (extinction) or scattering.
Their responses depend on light source wavelength, particle size, shape, and refractive index (Wang et al., 2009). These detectors are
more sensitive to particles ≳0.3 μm that are abundant for smoldering combustion. Smoke detectors on the International Space Station
measure near-forward (30°) scattering from a laser with a wavelength of ∼1 μm (Meyer et al., 2018; Urban et al., 2008).

NASA has conducted experiments to characterize smoke properties from overheating of spacecraft-relevant fuels. In the Smoke
Aerosol Measurement Experiment (Meyer et al., 2015, 2018; Mulholland et al., 2015), emissions were characterized by a con-
densation particle counter for number concentrations, an ionization detector for particle length, and a photometer for mass con-
centrations in a microgravity environment. Particle size distributions were estimated using the moment method, assuming spherical
particles with a lognormal distribution (Meyer et al., 2015; 2018). Similar tests were also conducted on the ground for five com-
bustible materials (i.e., Teflon®, Kapton®, cotton lamp wick, silicone rubber, and Pyrell®). Transmission electron microscopy (TEM)
images showed that particle dimensions and morphologies were similar for both space and ground tests. Limitations of the moment
method include: 1) not all size distributions are lognormal (e.g., silicone rubber smoke); and 2) the measured moments with limited
size range and semi-quantitative nature affect the accuracy of the size distribution. For example, the relationship between particle
mass and photometer response depends on the smoke refractive index and particle size.

This study directly measures smoke particle chemical composition, size distributions, optical properties, and gas concentrations
from smoldering and flaming combustion for three spacecraft-relevant materials under Earth's normal gravity. The aim is to provide
insights into optimizing spacecraft smoke sensor design to increase sensitivity and reduce false alarms. The results also provide useful
input parameters, such as the particle and carbon monoxide (CO) emission factors (the fraction of fuel mass that is converted to
particles and CO), for fire and smoke simulation models (Brooker, Urban, & Ruff, 2007; Urban et al., 2008).

2. Material and methods

2.1. Fuels

Three spacecraft-relevant materials, Poly(methyl methacrylate) (PMMA), cotton lamp wick, and Nomex® fabric, were tested in
laboratory combustion experiments (Supplemental Table S1). PMMA is used as window material for components of the spacecraft;
cotton lamp wick is mostly made of cellulose and is representative of paper, wood, and fabric; and Nomex® is a heat and flame-
resistant woven textile used for acoustic insulation, cargo bags, thermal blankets, and pressure suits. The elemental compositions of
these fuels, i.e., carbon, hydrogen, nitrogen, sulfur, and oxygen, were measured with an elemental analyzer (Model Flash EA1112,
Thermo Scientific), as summarized in Table S2. The largest composition difference is found for oxygen with 52% of mass for cotton
and 22–30% for PMMA and Nomex®. While hydrogen contents are similar (5–9%) among the tested materials, Nomex® has a much
higher nitrogen content (10.5%) than PMMA and cotton (< 0.3%). The carbon contents, 59.4% for PMMA, 42.6% for cotton, and
63.7% for Nomex®, are used in the fuel-based emission factor calculations. All three materials contain negligible sulfur (< 0.01%).

2.2. Experimental method

The burning experiments utilized the 8m3 combustion chamber at the Desert Research Institute (Tian et al., 2015). The ex-
perimental setup is illustrated in Fig. 1, with photographs shown in Fig. S1. A small amount (4–40 g) of fuel was placed in a ceramic
crucible (Table S1) installed on a temperature-controlled heater (Fig. S1b). The heater was placed on a digital scale that recorded the
change of fuel mass during combustion. PMMA and cotton were tested under both smoldering and flaming combustion conditions,
while Nomex® was only tested under smoldering conditions because no flaming occurred under ambient conditions. Each fuel/
burning condition was repeated 2–6 times. During smoldering tests, the sample was heated to pre-flame smoldering at ∼450 °C,
which simulated the early stage of a fire. During flaming tests, the sample was ignited with a propane torch, and the smoke was
characterized from ignition to cessation of the combustion. An infrared camera recorded real-time thermal emissions from the fire to
infer combustion temperatures and combustion phases, and a web camera recorded the combustion process. Figs. S2 and S3 show
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infrared camera snapshots during PMMA and cotton smoldering tests. A fan drew fresh air from an inlet near the bottom of the
chamber and controlled the chamber air ventilation rate. The fan speed was adjusted to limit smoke concentrations inside the
chamber to< 400mg/m3 (as measured by a DRX, Model 8534, TSI Inc.). The ventilation flow rate was set at 335 L/min during this
study.

A suite of gas and particle analyzers, as listed in Table S3, was used for smoke characterization. Instruments inside the chamber
were mostly low-cost sensors for CO, carbon dioxide (CO2), volatile organic compounds (VOC), and particulate matter (PM), along
with a DRX as reference for PM mass concentrations. These sensors were used for proof-of-concept tests of the smoke sensor package
and the results will be reported in another publication. Smoke was extracted through a sampling line from the exhaust duct and
directed to research-grade gas and particle analyzers (Table S3) located outside of the chamber (Fig. 1). The exhaust temperatures
and pressures were approximately 26 °C and 84.6 kPa, respectively.

Throughout the tests, concentrations of two major combustion product gases, CO and CO2, were measured every 1–10 s; from
these concentrations the modified combustion efficiency can be calculated as a real-time indicator of the combustion phase (i.e.,
flaming or smoldering). These measurements are also used to calculate fuel-based emission factors (in grams of emission per gram of
fuel burned), which can serve as inputs to smoke simulation models.

PM size distributions were measured with a scanning mobility particle sizer (SMPS; ∼0.01–0.3 μm in 93 channels every 75 s;
Model 3936L10, TSI Inc.) and an optical particle spectrometer (OPS; 0.3–10 μm in 16 channels every second; Model 3330, TSI Inc.).
This PM size distribution measurement (0.01–10 μm) was used to evaluate the validity of the lognormal assumption in the moment
method applied in NASA's previous studies (Meyer et al., 2015, 2018; Urban et al., 2013). Size segregated PM mass concentrations

Fig. 1. Schematic of the smoke characterization experimental setup.
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were acquired every second by the DRX in five channels (i.e., PM1, PM2.5, PM4, PM10, and PM15) (Wang et al., 2009). Particle light
scattering and absorption were measured every 2 s by a three-wavelength (i.e., 405, 532, and 781 nm) photoacoustic soot spectro-
meter (PASS-3; Droplet Measurement Technologies, Inc.) (Gyawali et al., 2012; Lewis, Arnott, Moosmüller, & Wold, 2008). Light-
absorbing organic carbon (OC), black carbon (BC, also known as ‘soot’), and mineral dust all absorb light at shorter (e.g., 405 nm)
wavelengths, while only BC absorbs strongly at longer wavelengths (e.g., 781 nm). The multi-wavelength absorption measurement
allows the distinction between brown carbon (BrC) and BC (Lack, Moosmüller, McMeeking, Chakrabarty, & Baumgardner, 2014) that
are abundant in the smoldering- and flaming-phases of combustion, respectively (Andreae & Gelencsér, 2006).

PM2.5 and PM10 samples were collected simultaneously onto Teflon-membrane and quartz-fiber filters. Teflon-membrane filters
were analyzed for mass by gravimetry (Watson, Tropp, Kohl, Wang, & Chow, 2017) and for elements (sodium through uranium) by x-
ray fluorescence (Watson, Chow, & Frazier, 1999). Quartz-fiber filters were analyzed for OC and elemental carbon (EC) by thermal/
optical method following the IMPROVE_A protocol (Chen et al., 2015; Chow et al., 2007; 2015b) and for six water soluble ions (i.e.,
sodium, potassium, ammonium, chloride, nitrate, and sulfate) by ion chromatography (Chow & Watson, 2017). During the PMMA
smoldering and flaming tests, particles inside the combustion chamber were collected on TEM grids using a thermophoretic pre-
cipitator (Meyer, 2015). Particle morphologies were examined with both TEM and scanning electron microscopy (SEM).

2.3. Emission factor calculation

Fuel-based emission factors (EFi) were calculated based on carbon mass balance technique (Moosmüller et al., 2003; Wang et al.,
2016):
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where EFi is the emission factor of species i in g per g of fuel consumed. CMFfuel is the carbon mass fraction of the fuel in g carbon per
g of fuel (Table S2). Ci is the concentration of species i in g/m3; CCO2 and CCO are the concentrations of CO2 and CO in g/m3,
respectively; and PMC is the total carbon concentration of PM10 in g/m3. MC, MCO2, and MCO are the atomic or molecular weights of
carbon, CO2, and CO in g per mole, respectively. Eq. (1) assumes that the carbon mass in VOCs and other emissions not listed above is
negligible compared to carbon in CO, CO2, and PM. This assumption is likely true for the test conditions in this study. If the carbon
mass in species other than CO, CO2, and PM are not negligible, the EFi calculated from Eq. (1) represents an upper bound. The
advantage of this method is that it is not necessary to capture all of the plume or to determine dilution factors because emitted carbon
is the normalizing factor that can be related to the carbon in the combusted fuel. The PM EFi is a concept similar to the smoke
conversion factor in fire science (Mulholland, 2002).

3. Results

3.1. PM mass, chemical composition, and morphology

PM2.5 and PM10 mass concentrations were in the range of 0.9–3.5mg/m3 (local temperature and pressure conditions). Fig. 2
shows an excellent linear relationship between gravimetric PM2.5 and PM10 mass with R2 of 1.00. PM10 was ∼2% higher than PM2.5,
indicating that smoke is almost entirely in the PM2.5 fraction. A previoius study found that 79–95% of flaming PMMA mass
was<2 μm (Shemwell & Levendis, 2000).

PM chemical composition is expressed as reconstructed mass of major components (Chow, Lowenthal, Chen, Wang, & Watson,
2015a), which includes: 1) organic matter (OM=1.4×OC to account for unmeasured hydrogen and oxygen); 2) EC; 3) ions and
elements (sum of ions and elements without double counting); and 4) unidentified species (the difference between gravimetric mass
and measured species). Fig. 3 shows that the PM mass from flaming PMMA was dominated by EC (88.7% of the mass), with 4% in

Fig. 2. Gravimetric PM2.5 and PM10 mass concentration (local temperature and pressure conditions) from filter measurements.

X. Wang, et al. Journal of Aerosol Science 136 (2019) 36–47

39



OM. On the other hand, OM was the most abundant component for the other fuels and burning conditions, accounting for
77.5–106.5% of the PM mass. OM for smoldering Nomex® exceeded the gravimetric mass by 6.5%, possibly caused by organic vapors
adsorbed on quartz-fiber filters (Chow, Watson, Chen, Rice, & Frank, 2010). It is also possible that the assumed 1.4 multiplier for
converting OC to OM is overestimated; a 1.2 multiplier is typically used for fresh emissions from non-oxygenated hydrocarbon
combustions (Wang et al., 2018). Because Nomex® production uses isophthaloyl chloride, emitted particles contain over three times
higher chlorine (1.9%) and chloride (1.6%) levels than the other materials (< 0.5% of mass).

Fig. 4 shows distinct color differences among particles collected from different combustion phases and fuels. The flaming PMMA
sample is black (consistent with abundant EC), that differs from the light brown color for flaming cotton. The three smoldering
samples exhibit white to brown colors, indicating different light absorbing properties. The smoldering PMMA sample appears similar
to the blank filter, but it contains 961 μg PM mass, indicating mostly non-light absorbing particles at visible wavelengths. Particles
from flaming PMMA and cotton show very different chemical compositions and colors, which is likely due to differences in fuel
chemical compositions (Table S2) and combustion temperatures.

Fig. 5 shows that smoldering PMMA generates spherical, droplet-like particles superimposed on small soot particles with a few
particles illustrating core-shell structures. The flaming PMMA produces fractal-like agglomerates, with primary particle diameters of
∼50 nm. Meyer et al. (2015) found that smoldering cotton particles were mostly spherical (Fig. S4a), suggesting condensational
growth of pyrolysis gases (Mulholland, 2002). Nomex® particles (Fig. S4b) from smoldering combustion have both irregular and
spherical shapes with some spherical particles having tar ball-like structures (Meyer, 2015).

3.2. Particle size distributions

A selected number of particle number size distributions from each test conditions are shown in Fig. 6. All SMPS scans and volume
distributions (assuming spherical particle shape) are shown in Figs. S5 and S6, respectively. The 0min distribution represents
background or ignition particles. Concentrations increased rapidly after combustion started, and active combustion usually ended
after the middle of the burn (third or fourth size distribution in Fig. 6). As smoke was purged with the diluted air in the chamber, size
distributions retained their shapes with decreasing concentrations. The OPS, calibrated with polystyrene latex (PSL) spheres, mea-
sures size distributions based on light scattering. Because of coincidence errors at high concentrations, some OPS data (300–1000 nm)
are inaccurate and removed from Fig. 6. With the exception of Fig. 6a and Fig. S6a, similar trends are found between SMPS and OPS
distributions in Fig. 6b–f and Figs. S6b–f, indicating a predominance of spherical particles with refractive indices similar to PSL

Fig. 3. Reconstructed PM mass of for different fuels and burning conditions. PM2.5 and PM10 chemical components were averaged together as PM2.5

is effectively equivalent to PM10.

Fig. 4. Examples of Teflon-membrane filters for different fuels and burning conditions.
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(1.59). For flaming PMMA combustion, Fig. 6a and Fig. S6a show larger discontinuities between the SMPS and OPS measurements,
likely due to the fractal-like nature (Fig. 5b) and strong light absorption (Fig. 4) for these particles. Further work is needed to refine
these size distributions with refractive indices and particle shape factors and to merge the SMPS and OPS distributions. As shown in
Fig. 6, although most particles were< 200 nm, number concentrations for particles> 300 nm were over one order of magnitude
higher than those of background particles. Light scattering smoke detectors are more sensitive to this size range and would likely
detect increased smoke concentrations.

Fig. 7 compares SMPS distributions during the middle of burns normalized by total particle number concentrations with log-
normal distribution fits to the data. The fitting parameters (i.e., geometric mean diameters [dg] and standard deviations [σg]) are
listed in Table 1. dg varied by fivefold, ranging from 34 nm for smoldering Nomex® to 167 nm for flaming PMMA combustion.
Unimodal lognormal size distributions represent the measurements, except for the bimodal distribution measured from smoldering
cotton combustion with two mode diameters of 31 and 166 nm. This differs from the unimodal distributions found for both fresh and
aged smoldering cotton particles, with dg of 171 and 248 nm, respectively, by Meyer et al. (2015). Meyer et al. (2015) noted an uptick
in the small particles (∼25 nm) and attributed it to an SMPS measurement artifact. However, for the crucible heating method used in
this study, the size distributions for particles from smoldering cotton combustion in Fig. 7 clearly indicate that the increase in the
smaller size range was an actual second mode, not an artifact. As shown in Fig. S5, particle number distribution shapes are not
constant over the combustion process. Fig. 6a and b as well as Figs. S5a and S5b show that the distributions are bimodal during
certain periods for flaming and smoldering PMMA. Furthermore, size distributions from oxidative pyrolysis or flaming are not
reliably reproducible, even with identical set-ups for smoke generation. Fig. S7 shows particle number distributions for smoldering
cotton measured on two separate days with similar experimental conditions. While the distributions are qualitatively similar, they are
somewhat different in size, concentration, and shape. The dissimilarities observed between this study and Meyer et al. (2015) could
be due to different experimental conditions. Several types of facilities have been used by the fire research community for studying
smoke, including cone calorimeters for measuring fresh smoke (Babrauskas & Mulholland, 1988), smoke chambers for fresh and/or
aged smoke testing (Meyer et al., 2015; UL, 2015), and residential settings for simulating real-world fire scenarios (Bukowski et al.,
2008). Particles sampled from the DRI combustion chamber represent a mixture of fresh and aged aerosols, similar to a room with air
ventilation. Further studies are needed to understand the aerosol dynamics in the DRI chamber.

To examine temporal variations of smoke emissions and particle size distributions during the heating process, the PMMA
smoldering was conducted at different heating temperatures. Fig. 8 shows a gradual increase of particle and VOC concentrations as
well as particle diameters from 300 to 350 °C, attaining a plateau between 400 and 500 °C except for particle number concentrations.
The corresponding particle number concentration and size distributions changes with temperatures are apparent in Fig. 6f and Fig.
S5f. When the sample reached 300 °C, ultrafine (< 100 nm) particle number concentration increased by over an order of magnitude
from the background level. At 350 °C, the concentrations for particles ≲150 nm increased by another order of magnitude, while the

Fig. 5. Electron microscope images of smoke particles for: (a) smoldering PMMA combustion and (b) flaming PMMA combustion. The left and right
panels show lower and higher magnification images, respectively.
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Fig. 6. Particle number distributions measured by the SMPS (10–278 nm) and OPS (300–10,000 nm) for: (a) flaming PMMA, (b) smoldering PMMA,
(c) flaming cotton, (d) smoldering cotton, (e) smoldering Nomex combustion, and (f) smoldering PMMA heated at different temperatures. Plots a-e
are shown at equal intervals for the different burn durations.
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concentrations for particles> 300 nm were similar to the background. The concentrations for larger particle (> 100 nm) increased
by over an order of magnitude from 350 °C to 400 °C, but decreased at 500 °C, when most of the PMMA fuel was consumed.

3.3. Optical properties of smoke particles

The optical properties of smoke directly affect light extinction, visibility, and fire detection, which are of primary interest to the
fire community (Mulholland, 2002). Absorption Ångström exponents (AAE, related to particle color) and scattering Ångström ex-
ponents (SAE, related to particle size) describe the wavelength dependence of light absorption and scattering coefficients, respec-
tively, and are obtained by fitting measurements from the PASS-3 as a function of wavelength using a power law relationship
(Moosmüller, Chakrabarty, & Arnott, 2009). Single scattering albedo (SSA), defined as the ratio of scattering to extinction (sum of
scattering and absorption) coefficients, denotes the relative contribution of light scattering to extinction. Examples of AAE and SAE
from one of the 2–6 tests for each condition are shown in Fig. 9. Table 2 shows that particles from flaming PMMA combustion had the
lowest AAE (1.40 ± 0.05) and SSAs (0.25–0.29), consistent with their soot-like color and morphology (Figs. 4 and 5). The strong
light absorbing nature of these particles indicates that optical particle sizers (e.g., OPS) based on light scattering and calibrated by

Fig. 7. Particle size distribution measured with SMPS (10–278 nm) normalized by total concentration. The symbols indicate measured SMPS data
and the dashed curves are lognormal fits. The time in the legend corresponds with the same time in Fig. 6.

Table 1
Geometric mean diameter (dg) and standard deviation (σg) of lognormal fit of size distributions.

Test Condition Mode 1 Mode 2

dg1 (nm) σg1 dg2 (nm) σg2

Flaming PMMA 167 1.84 NA NA
Smoldering PMMA 107 2.15 NA NA
Flaming Cotton 63 1.90 NA NA
Smoldering Cotton 166 1.82 31 1.82
Smoldering Nomex® 34 1.79 NA NA

Fig. 8. Particle mass concentration, geometric mean diameter, and number concentration as well as VOC concentration changes at different
temperatures in the PMMA heating profile.
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PSL, will likely underestimate particle sizes relative to those of non-absorbing particles, as indicated in Fig. 6a. Smoke particles from
the other tests have high AAEs (> 5.7), indicating light absorption was dominated by BrC. The smoldering PMMA (with the white
filter deposit in Fig. 4) had an SSA>0.992 at all three wavelengths, consistent with little or no visible light absorption. SSAs were
≳0.9 at 405 nm and>0.96 at 532 nm and 781 nm for the cotton and Nomex® tests, indicating higher light absorption at 405 nm than
longer wavelengths. The ≳5% absorption at 405 nm and>1% absorption at 532 nm for the flaming cotton and smoldering cotton
and Nomex® particles contributed to the brownish colors in Fig. 4. As shown in Fig. 10, scattering dominates the light extinction for
all tests except for flaming PMMA combustion.

Table 3 compares mass absorption efficiencies (MAE), mass scattering efficiencies (MSE), and mass extinction efficiencies (MEE).
Smoke particles from flaming PMMA combustion had the highest MAEs (4.2–10.4m2/g) and MEEs (5.5–14.3 m2/g) and the lowest
MSEs (1.4–4.0 m2/g) among tests. All other smoke particles show low MAEs (< 0.7m2/g), indicating little or no light absorption.
Particles from smoldering PMMA combustion had the highest MSEs (2.9–9.1m2/g), and particles from smoldering and flaming cotton
combustion reported lower similar MSEs (1.5–8.4 m2/g). When the MEEs in Table 3 are interpolated to 632.8 nm (the wavelength
that separates OC from EC) using power law relation and Extinction Ångström Exponent, the MEE is 7.8m2/g for flaming PMMA and

Fig. 9. Examples of: (a) absorption coefficient and (b) scattering coefficient as a function of wavelength under different test conditions.

Table 2
Summary of absorption Ångström exponent (AAE), scattering Ångström exponent (SAE), and single scattering albedo (SSA) (average ± standard
deviation) for each test condition.

Test Condition AAE SAE SSA405 nm SSA532 nm SSA781 nm

Flaming PMMA 1.40 ± 0.05 1.67 ± 0.08 0.290 ± 0.032 0.253 ± 0.009 0.254 ± 0.027
Smoldering PMMA 5.74 ± 2.00 1.89 ± 0.23 0.992 ± 0.001 0.997 ± 0.001 0.999 ± 0.001
Flaming Cotton 6.29 ± 1.44 2.14 ± 0.73 0.956 ± 0.020 0.985 ± 0.003 0.997 ± 0.002
Smoldering Cotton 7.40 ± 1.09 1.70 ± 0.47 0.943 ± 0.006 0.986 ± 0.002 0.998 ± 0.001
Smoldering Nomex® 6.31 ± 0.12 1.23 ± 0.20 0.896 ± 0.009 0.967 ± 0.003 0.996 ± 0.000

Fig. 10. Contributions of scattering and absorption to total light extinction for different materials. The scattering fraction (grey bars in black and
whtie print or blue bars in clolr print) is the single scattering albedo. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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2.7–4.2 m2/g for smoldering PMMA, cotton, and Nomex® combustion. These values are somewhat lower than those summarized by
Mulholland and Croarkin (2000) at 632.8 nm: 8.7 ± 1.1m2/g for flaming and 4–5m2/g for smoldering or pyrolysis. These differ-
ences are probably caused by different fuels, combustion conditions, and measurement methods. The truncation error of the light
scattering measurement by PASS-3 could also contribute to the lower MEE. Nakayama et al. (2015) estimated that for particles with
volume-based geometrical diameters of< 700 nm (similar to those in this study, as shown in Fig. S6), the scattering uncertainties are
7%, 34%, and 17% at 405, 532, and 781 nm, respectively. The MEE values are useful for converting light extinction measurements to
smoke concentrations, from which smoke yields and production rates can also be calculated (Mulholland & Croarkin, 2000).

3.4. Fuel-based emission factors

Table 4 summarizes fuel-based emission factors (EFs). Flaming PMMA combustion had the highest EFs for CO2 (2146 ± 2 g/kg)
and the lowest for CO (4.4 ± 0.4 g/kg) and PM2.5 (7.3 ± 0.7 g/kg), indicating high combustion efficiency. Cotton combustion had
the lowest EFs for CO2 (1354–1446 g/kg), attributed to the lower carbon content (43%) as compared to PMMA and Nomex® (Table
S2). Although Nomex® had the highest carbon content (64%) among the three fuels, it did not have the highest EFs for CO2. This is
attributed to its low combustion efficiency, as evidenced by the high EFs for CO and PM2.5, along with the apparent charred residue
found after smoldering combustion. EFs for CO and PM2.5 were higher for smoldering than for flaming combustions.

4. Conclusions

This study conducted a comprehensive characterization of smoke from three spacecraft-relevant fuels under smoldering and
flaming conditions. Carbon was the main smoke particle mass component, with EC constituting ∼90% of mass for flaming PMMA
combustion and OM constituting ≳80% of mass for other test conditions. Particles from flaming PMMA combustion were soot-like
agglomerates, different from the near spherical shape for other test conditions.

Particle size distribution shapes were not constant during the combustion. When the smoke concentration was near maximum,
smoldering cotton particles exhibited a bimodal size distribution, different from the unimodal lognormal distribution assumption
used by NASA (Meyer et al., 2015, 2018; Mulholland et al., 2015); all other test conditions generated near unimodal lognormal
distributions. The smallest geometric mean diameter was found for smoldering Nomex® combustion (34 nm), with the largest

Table 3
Summary of mass absorption (MAE), scattering (MSE), and extinction (MEE) efficiencies (average ± standard deviation) for each test condition a.

Test Condition MAE (m2/g) MSE (m2/g)

405 nm 532 nm 781 nm 405 nm 532 nm 781 nm

Flaming PMMA 10.35 ± 1.11 8.05 ± 1.73 4.17 ± 0.36 4.00 ± 0.54 2.73 ± 0.42 1.36 ± 0.13
Smoldering PMMA 0.07 ± 0.00 0.02 ± 0.00 0.00 ± 0.00 9.12 ± 0.23 5.69 ± 0.14 2.91 ± 0.18
Flaming Cotton 0.46 ± 0.04 0.06 ± 0.00 0.00 ± 0.00 7.17 ± 0.38 4.66 ± 0.19 2.60 ± 0.33
Smoldering Cotton 0.50 ± 0.04 0.06 ± 0.01 0.00 ± 0.00 8.41 ± 1.00 4.40 ± 0.65 1.52 ± 0.28
Smoldering Nomex® 0.69 ± 0.53 0.14 ± 0.12 0.01 ± 0.01 5.59 ± 3.88 4.00 ± 2.84 2.70 ± 1.93

Test Condition MEE (m2/g)

405 nm 532 nm 781 nm 632.8 nmb

Flaming PMMA 14.34 ± 1.61 10.79 ± 2.14 5.53 ± 0.48 7.76 ± 0.92
Smoldering PMMA 9.19 ± 0.23 5.71 ± 0.15 2.91 ± 0.18 4.21 ± 0.18
Flaming Cotton 7.63 ± 0.41 4.72 ± 0.19 2.60 ± 0.33 2.72 ± 0.45
Smoldering Cotton 8.91 ± 1.04 4.45 ± 0.66 1.53 ± 0.28 3.63 ± 0.29
Smoldering Nomex® 6.28 ± 4.41 4.14 ± 2.96 2.71 ± 1.94 3.47 ± 2.48

a Values were calculated by dividing the absorption, scattering, and extinction (sum of scattering and absorption) coefficients from PASS-3 by the
gravimetric mass obtained in corresponding tests.

b MEE at 632.8 nm were interpolated from measured MEEs at the three wavelengths using power law relation.

Table 4
Summary of emission factors for CO2, CO, and PM2.5 (average ± standard deviation) for each test condition.

Test Condition Emission Factors (g/kg fuel)

CO2 CO PM2.5

Flaming PMMA 2146 ± 2 4.4 ± 0.4 7.3 ± 0.7
Smoldering PMMA 1780 ± 110 24.0 ± 5.4 166.4 ± 53.6
Flaming Cotton 1446 ± 28 61.8 ± 12.5 8.4 ± 3.6
Smoldering Cotton 1354 ± 38 85.9 ± 18.4 35.7 ± 4.6
Smoldering Nomex® 1739 ± 99 298.2 ± 89.3 89.5 ± 26.2
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geometric mean diameter found for flaming PMMA combustion (167 nm). Although most particles were<200 nm, particle number
concentrations for sizes> 300 nm were orders of magnitude higher than the background concentrations, which will likely trigger
light scattering smoke detectors.

Smoke particles from flaming PMMA combustion strongly absorbed light compared to scattering, with single scattering al-
bedos< 0.3, while smoke from other fuels and test conditions weakly absorbed light, with single scattering albedos> 0.9. The mass
extinction efficiency 632.8 nm was estimated to be 7.8m2/g for flaming PMMA combustion and 2.7–4.2m2/g for smoldering PMMA,
cotton and Nomex® combustions. These particle size distribution and optical property information will be of essence for optimizing
spacecraft smoke detector designs.

Flaming PMMA combustion had the highest EFs for CO2 and the lowest for CO and PM2.5, indicating high combustion efficiency.
Cotton combustion had the lowest EFs for CO2 due to its lower carbon content than other fuels. EFs for CO and PM2.5 were higher for
smoldering than for flaming combustions. These data are useful for numerical modeling of smoke emission and transport.
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Supplemental Tables 

 
Table S1. Spacecraft-relevant fuels and combustion conditions in this study.  

Fuel Representing Smoldering Flaming Photo 

PMMA 
Poly(methyl 

methacrylate) 

Component window 

material 
~40 g; 450 °C ~100 g; Flaming 

 

Cotton  
Lamp 
Wick 

Paper, wood, and fabric ~4 g; 450 °C ~5 g; Flaming 
 

Nomex® 
Fabric 

Acoustic insulation, 

cargo bags, thermal 

blankets, and pressure 

suits 

~5 g; 450 °C No flaming 
 

 
Table S2. Elemental (carbon, hydrogen, nitrogen, and oxygen) mass percentage (average ± standard deviation) of 
the three fuels*.  

Fuel Carbon% Hydrogen% Nitrogen% Oxygen% 
PMMA 59.37 ± 0.04 9.32 ± 0.03 0.01 ± 0.00 29.77 ± 1.20 
Cotton 42.58 ± 0.21 6.97 ± 0.24 0.21 ± 0.00 52.04 ± 0.66 
Nomex® 63.67 ± 3.75 5.00 ± 0.35 10.54 ± 0.50 21.93 ± 0.74 

`*Sulfur content is below the detection limit (<0.01%). 
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Table S3. Gas and particle analyzers used in the smoke characterization experiments.  

Make/Model Equipment Type and Operating Principle Measurement Range Averaging 
Time 

Comment 
 

Inside Combustion Chamber     
Langan T15n CO by electrochemical sensor 0.1-200 ppm 1 s  
PP Systems SBA5 CO2 analyzer by non-dispersive infrared (NDIR) 15-5000 ppm 1.5 s  
Atmotube Total VOCs by metal oxide detector NA 1 min  
First Alert Model SA 303 Smoke detection by ionization smoke-sensing 0.51-1.23% obscuration/foot 1 s  
Smoke Detector 2 Smoke detection by ionization smoke-sensing NA 1 s  
TSI DustTrak DRX Model 8534 PM1, PM2.5, PM4, PM10, and PM15 by light scattering 0-400 mg/m3 1 s  
Plantower PMS5003 PM1, PM2.5, and PM10 by light scattering 0 - >1 mg/m3 1 s  
Nova SDL607 Laser PM2.5 
Monitor PM2.5 and PM10 by light scattering PM2.5: 0-1 mg/m3 

PM10: 0-2 mg/m3 1 s  

Speck PM2.5 Monitor PM2.5 by light scattering 0-0.64 mg/m3 5 s  
     
Outside  Combustion Chamber     

Thermo 48i CO Analyzer CO analyzer by gas filter correlation infrared absorbance 0-100 ppm 10 s Federal equivalent 
method 

Li-Cor Model 840A CO2 analyzer by non-dispersive infrared (NDIR) 0-20000 ppm 1 s  
HNU PID analyzer 
Model 102+ Total VOC (isobutylene referred) by photoionization at 10.2 eV 0.1-3000 ppm 1 s  

TSI DustTrak DRX Model 8534 PM1, PM2.5, PM4, PM10, and PM15 by light scattering 0-400 mg/m3 1 s  
TSI Model 3330 Optical 
Particle Spectrometer (OPS)  

Particle size distribution between 0.3 and 10 µm in 16 
channels by light scattering 0-3000  #/cm3  1 s  

TSI Model 3936 Scanning 
Mobility Particle Sizer (SMPS)  

Particle size distribution between 10 and 280 nm in 93 
channels by mobility classification 1-107  #/cm3  75 s  

DMT PASS-3 Soot 
Spectrometer 

Light absorption by photoacoustic spectrometry and light 
scattering by integrated nephelometry at 3 wavelengths: 405, 
532, and 781 nm 

Absorption (2-s average): 
3 Mm-1 @781nm,  
10 Mm-1 (@ 532 and 405 nm  

2 s 
 

R&P TEOM 1105 PM2.5 mass by a tapered element oscillating microbalance >0.2 mg/m3 1 s Flow control error. 
Data not reported. 

Magee AE31 Aethalometer Black carbon by light attenuation at 7 wavelengths (370, 470, 
520, 590, 660, 880 and 950 nm) >0.1 µg/m3 2 min 

Data need loading 
correction; not 
reported. 

DRI Multi-Channel Low- 
volume Filter Sampler 

Two Teflon-membrane and two quartz-fiber filters (PM2.5 and 
PM10) for laboratory analysis Flow: 5 L/min 30-120 min 

integrated 
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Supplemental Figures 

 
Figure S1. Experimental setup for the smoke characterization experiment: (a) components of the smoke sensor 
package; (b) heater and instruments inside the combustion chamber; and (c) instruments outside the combustion 
chamber.  
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Figure S2. Thermal camera snapshots during a PMMA smoldering combustion test.  
 
 

   

   
Figure S3. Thermal camera snapshots during a cotton smoldering combustion test.  

Crucible 

Cotton Lamp 
Wick 

T (°C) 
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(a) Smoldering cotton 

 

 

 
(b) Smoldering Nomex® 

 

 
 

Figure S4. Electron microscope images of smoke particles for smoldering combustion of: (a) cotton and (b) Nomex® 
(Meyer, 2015; Meyer et al., 2015). The left and right panels show lower and higher magnification, respectively.  
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a) 

 

b) 

 

c) 

 

d) 

 
e) 

 

f) 

 
Figure S5. Particle number distributions measured by the SMPS for: (a) flaming PMMA, (b) smoldering PMMA, (c) 
flaming cotton, (d) smoldering cotton, (e) smoldering Nomex combustion, and (f) smoldering PMMA heated at 
different temperatures. 
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Figure S6. Particle volume distributions measured by the SMPS (10-278 nm) and OPS (300-10,000 nm) for: (a) 
flaming PMMA, (b) smoldering PMMA, (c) flaming cotton, (d) smoldering cotton, (e) smoldering Nomex 
combustion, and (f) smoldering PMMA heated at different temperatures. Plots a-e are shown at equal intervals for 
the different burn durations. 
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a) Test on 5/17/2019 

 

b) Test on 5/20/2019 

 
Figure S7. Particle number distributions measured by the SMPS (10-300 nm) and OPS (300-10,000 nm) for 
smoldering cotton on two different days. 
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