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ABSTRACT 

Background. In wildland–urban interface (WUI) fires, particulates from the combustion of both 
natural vegetative fuels and engineered cellulosic fuels may have deleterious effects on the environ-
ment. Aims. The research was conducted to investigate the morphology of the particulate samples 
generated from the combustion of oriented strand board (OSB). Findings were compared to the 
particulate samples collected from the combustion of noble-fir branches. Methods. The exposure 
conditions were varied to induce either smouldering combustion or flaming combustion of the 
specimens. Particulate samples were collected using thermophoretic sampling. Scanning electron 
microscopy (SEM) and subsequent image analysis were used to characterise particle sizes. Key 
results. The morphology of the generated particulates was influenced by the state of combustion 
for OSB as well as noble-fir branches. Conclusions. The combustion state resulted in differences in 
the particulate morphology for both OSB and noble-fir branches. More than 85% of the analysed 
particle diameters were less than 1000 nm in size collected from OSB specimens during smouldering 
combustion. Implications. The findings are the first step to better quantifying the morphology of 
particulates generated during WUI fire outbreaks. The experimental protocols and analysis methods 
presented may shed light on a problem that impacts human health in the WUI.  

Keywords: climate, combustion, human health, oriented strand board (OSB), particulates, 
scanning electron microscope (SEM), smouldering, thermophoretic sampling, wildland–urban 
interface (WUI). 

Introduction 

Large outdoor fires continue to take lives and destroy infrastructure. Over nearly every 
continent, wildland fires that spread into cities or urban areas, known as wildland–urban 
interface (WUI) fires, have yielded massive damage (Chas-Amil et al. 2013; Bento- 
Gonçalves and Vieira 2020). The 2020 WUI fire season in the USA was unprecedented. 
Some recent WUI fires have occurred in South Africa, as well as the Marshal Fire in 
Colorado in December 2021. 

Highly populated urban areas have been the scene of large urban fires. In Asia, city or 
urban fires have occurred for decades upon decades. The growth of informal settlements 
common in Southeast Asia/Africa has yielded significant damage. Informal settlements 
are unplanned settlements or areas where housing is not in compliance with current 
planning and building regulations (unauthorised housing). 

The fire spread processes are indeed similar among informal settlement fires, urban or 
city fires, and WUI fires. Once the wildland fire encroaches upon a city or urban location, 
the fire spread processes will occur by identical physical processes to those in informal 
settlement fires and urban fires. These processes are shown in Fig. 1, from Suzuki and 
Manzello (2021). 

Particulate and gaseous emissions from large outdoor fires are an important factor 
regarding health effects for society (Reisen et al. 2015). A consequence of large outdoor fires 
is the production of combustion products. These combustion products are known to cause 
extreme visibility issues and worries about health. Globally, the combustion of vegetative 
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fuels is thought to be the prime supplier of particulate emis-
sions and the second most supplier of gaseous emissions 
(Akagi et al. 2011). Particulate emissions from WUI fires in 
California in 2018 resulted in almost a complete closure of San 
Francisco. The production of particulates is known to influ-
ence the health of vegetation as well (Hemes et al. 2020). 

Methodologies to determine emissions from wildland 
fires or biomass have centred on the concept of developing 
a specific emission factor (EF) (Akagi et al. 2011). EFs are 
usually reported for carbon monoxide, carbon dioxide, and 
particulate matter less than 2.5 microns. In many cases, EF 
does not account for the combustion of human-made fuels. It 
is obvious the vegetation species are not solely supplying the 
gaseous and particulate emissions but also the combustion 
processes from buildings, cars, buses, and other human-made 
combustibles only add to the assortment of emissions. Yet, it 
is not obvious how to address these additional complications. 

Another overlooked shortcoming is that many of the EFs 
for vegetative fuels are predicated on controlled/prescribed 
fires. Specifically, these are well-controlled fires conducted 
for a variety of fire/fuel management intentions. Such con-
trolled burning has benefits since it is performed over real 
terrain, but the fire exposure conditions cannot possibly 
recreate what is observed in the most dangerous fires. 
Typically, controlled fires are undertaken, under low ambi-
ent wind conditions to ensure safety yet massive, destructive 
fires rarely occur in low winds. 

Complimenting EF research, there have been studies that 
have looked at the particulates formed in the context of 
wildland fires and as well as from biomass (Pósfai et al. 
2003; Reid et al. 2005; Akagi et al. 2011). None of this 
important research has been extended to WUI fires, where 
many non-vegetative fuels exist. What has been observed is 
that the nature of particles formed depend highly on the 
nature of the smouldering or flaming combustion properties 
of the wildland fires or biomass. 

The reasons for this lie in the details of the combustion 
processes. In the case of smouldering combustion, and 
therefore smouldering fires, this is a surface process. Oxygen 
moves to the surface and reacts with fuels at relatively low 
temperatures. Since polycyclic aromatic hydrocarbons (PAH) 

are known to form at higher temperatures, smoke particles 
contain less soot for smouldering combustion as compared to 
flaming combustion. Particle formation is also known to occur 
around other nuclei other than PAHs (Dobbins and Megaridis 
1987; Lighty et al. 2000; Dobbins 2007; Wang 2011; Michelsen 
2017). For any type of large outdoor fire, there have been 
few studies of particulate formation in the smouldering phase 
and to the authors’ knowledge, almost no studies for engineered 
wood products found in WUI fires (Hu et al. 2018). 

Results reported that for wildland fires or biomass that 
are in a state of smouldering combustion, the combustion 
processes are generally dominated by lower temperature 
regimes and therefore the collected particles have a liquid- 
like structure (Pósfai et al. 2003; Reid et al. 2005; Akagi 
et al. 2011). For wildland fires or biomass that have higher 
temperatures, and are in a state of flaming combustion, 
these fires produce particles with more well-known fractal 
agglomerates and structures often seen in most soot forma-
tion studies in a state of flaming combustion. 

Improved knowledge of large outdoor fire particulate 
emissions is needed at the laboratory scale. Here, samples 
of oriented strand board (OSB), a common human-made fuel 
abundant cities, were ignited using a radiant heater coupled 
to a spark igniter. Particulate samples were taken to begin to 
look at the morphology of the generated particulates. Using 
a simple experimental setup affords the capability to inves-
tigate particulates produced from smouldering combustion 
as well as those collected from flaming combustion. 

As the nature of particulate samples was expected to be 
sensitive to the voltage of the electron beam for smouldering 
combustion in particular, scanning electron microscopy (SEM) 
was used as the first step to investigate the morphology. 
Transmission electron microscopy (TEM) operates at higher 
acceleration voltages and this is expected to influence the 
samples. Yet, TEM analysis, and in particular high-resolution 
TEM (HRTEM) is needed to provide finer details of the inte-
rior structures of the particulates (Das Chowdhury et al. 1996;  
Dobbins 1997; Chen and Dobbins 2000; Grieco et al. 2000;  
Hebgen et al. 2000; Vander Wal and Tomasek 2003; Shaddix 
et al. 2005). 

Experimental description 

All work was completed at experimental facilities at the 
National Research Institute of Fire and Disaster (NRIFD). 
The experimental setup consisted of a radiant heater coupled 
to a spark igniter (see Figs 2, 3). Samples of OSB were cut 
into sizes of 100 mm × 100 mm. As commercial samples of 
OSB were used, the thickness was fixed at 11 mm. 

The use of engineered wood products has been common 
worldwide. In the USA, there has been a move to replace the 
plywood with OSB. In the past, plywood was more common 
(White and Winandy 2006). OSB is manufactured from smal-
ler trees and is manufactured primarily of wood fragments, 

Direct �ame contact

Thermal radiation

Thermal radiation
and !rebrands
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Fig. 1. Ignition mechanisms in large outdoor fires ( Suzuki and 
Manzello 2021).  
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so it is cheaper to produce. Plywood requires thin, long 
sheets of wood veneers. Similar trends have been seen in 
other countries, including Japan (see Fig. 4). 

As part of this study, a radiant heat flux of 25–30 kW/m2 

was applied and the spark was operated continuously to 
produce flaming combustion. Under these conditions, the 
OSB samples ignited with sustained flaming ignition within 
90 s. Experiments were also conducted using a radiant heat 
flux of 25 kW/m2, without the application of the spark, to 
produce smouldering combustion. 

Additional experiments were conducted by exposing nat-
ural vegetation to the exact same exposure conditions as 
were done for the structural fuels. Samples of noble-fir 
branches were taken from tree specimens and prepared for 
exposure to radiant heat. Specifically, the branches were cut 
into pieces of 50 mm in length. These were then oven dried 
at 104°C for 16 h. The branches consisted of conifer needles 
as well as bark and associated wood. 

To sample particulates that are generated, the well- 
known principle of thermophoretic sampling was used. In 
the presence of a temperature gradient, the hot particles will 
be collected using cold grids (Oken Shoji #10-1012) that 
may be used for Scanning Electron Microscope (SEM) and 
Transmission Electron Microscopy (TEM) analysis. Here, 
SEM (JOEL JSM-IT500HR/LA) was used as the first step to 
image the overall structure of the particulate samples at 
25 kV. In this study, the sampling time used was varied 
from 1 to 2 s, up to 3 s. Namely, the grid was inserted in 
the flame for these times. 

Results and discussion 

Experiments were conducted for one applied heat flux level 
and all samples were taken at the same time after the onset 
of sustained flaming combustion of the OSB sample. The 
total sampling time varied from 1 to 3 s. Figs 5, 6 display 

Sampling location (grid)

Sampling system

Spark igniter

Radiant heater

Sample

Load cell

10 cm

3 cm

Fig. 2. Radiant heat source ignition source (side view).  

Sampling grid

Pneumatic piston

Fig. 3. Particle sampling system (side view).  

Fig. 4. OSB sample is shown on the left and noble-fir branch 
samples are shown on the right.  

5000 nm

Fig. 5. SEM image of agglomerate with a grid insertion time of 1 s 
for OSB in a state of flaming combustion (30 kW/m2).  

5000 nm

Fig. 6. SEM image of agglomerate with a grid insertion time of 3 s 
for OSB in a state of flaming combustion (25 kW/m2).  
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agglomerates imaged with the SEM for two different sam-
pling times. It is interesting to observe that the structure of 
the agglomerates is not markedly different between the two 
sampling times. 

A series of experiments were conducted to sample the 
particulates generated from OSB samples in a state of smoul-
dering combustion. The radiant heat flux was applied to the 
specimens and no spark was applied. Typical SEM images 
for the collected particulates from OSB undergoing smoul-
dering combustion are displayed in Figs 7–9. 

The morphology of the particulates is indeed different 
depending on whether the OSB samples are in a state of 
flaming as opposed to smouldering combustion. Owing to 
the higher temperatures during flaming combustion, the 
more well-known fractal agglomerate structures are observed 
for the OSB samples in a state of flaming combustion. 

To provide a direct comparison, particulates were col-
lected from vegetative samples. Noble-fir was used as a sur-
rogate for various wildland fuels that may be present. The 
vegetative samples were exposed to a radiant heat flux of 
25 kW/m2 and, since smouldering combustion was desired, 
no spark was applied. The particulate samples were collected 
using the sampling system described above. The insertion 
time of the sampling probe was varied to observe any differ-
ences in the particulates that were collected. Since particulate 
samples were very interesting for the structural fuels during 
the smouldering combustion phase, it was desired to compare 
these directly to vegetative fuels. 

Fig. 10 displays a typical particulate sample collected in 
the smouldering combustion phase. This sample was collected 

10 000 nm

Fig. 7. SEM image of liquid-like particles collected from OSB in a 
state of smouldering combustion (25 kW/m2).  

1000 nm

Fig. 9. SEM image of liquid-like particles collected from OSB in a 
state of smouldering combustion (25 kW/m2).  

1000 nm

Fig. 8. SEM image of particulate samples collected from OSB in a 
state of smouldering combustion (25 kW/m2).  
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30 s after the onset of smouldering combustion. Similar to the 
particulate samples collected for structural fuels, the particu-
lates appear liquid-like in structure. It is clear to see that the 
sizes of the liquid particles appear larger than those collected 
for the structural fuels under similar conditions. 

Fig. 11 displays another particulate sample collected 
under the same smouldering combustion conditions. In addi-
tion to the large liquid-like samples collected, there are also 
several smaller-sized particulate samples collected under the 

same smouldering conditions that appear to be slightly more 
carbonaceous in form. 

While the SEM images are useful, TEM analysis is helpful 
to provide finer details of the interior structures of the 
particles and is also better suited to applying image analysis 
methods to determine important physical characteristics 
(Manzello and Choi 2002). These differences are due to 
the scanning as opposed to transmission electron micros-
copy techniques. Yet, SEM generally operates at lower elec-
tron beam voltages, and it is expected that the liquid-like 
particles are very sensitive to these parameters, so SEM was 
used as the first step. 

Detailed comparisons were undertaken for particulate 
samples collected from structural fuel sources. In the inves-
tigation by Okyay et al. (2018), particulate samples were 
collected from balsa composite specimens during flaming 
combustion. Specifically, the balsa samples were exposed to 
radiant heat fluxes ranging from 35 to 50 kW/m2, ignited 
with a spark ignition source, and particulate samples were 
collected during flaming combustion using thermophoretic 
sampling. The balsa sample size used for particulate sample 
collection was identical to those used here (100 mm × 
100 mm). The specifics of the balsa samples contained both 
the balsa core and a composite core with layers made of glass 
fibres inserted into a polyester resin. In this work, the partic-
ulate samples were imaged using a combination of SEM and 
TEM. Overall, the particulate samples exhibited properties 
typical of carbonaceous soot agglomerates. Namely fractal 
chain agglomerates comprised of nearly spherical individual 
primary particles. For a direct comparison of the structures 
observed in the present work, Fig. 12 is provided. 

Additional work that has been conducted to investigate 
particulate morphology from simulated large fires is work 
that has been conducted for large-scale pool fires. Although 
the fuel sources are liquid fuels, it is of interest to compare 
these findings since large-scale pool fires are believed to be a 

10 000 nm

Fig. 10. Particulate sample collected during the smouldering 
combustion phase from noble-fir branches exposed to a radiant 
heat flux of 25 kW/m2.  

1000 nm

Fig. 11. SEM image of particulate samples collected from noble-fir 
branches in a state of smouldering combustion.  
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Fig. 12. Images collected by  Okyay et al. (2018) for particulate 
samples collected using thermophoretic sampling for balsa composite 
specimens in flaming combustion.  
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surrogate for large outdoor fires in general. Williams and 
Gritzo (1998) compared particulate morphology from JP-8 
pool fires of 5.0 m in diameter to the morphology collected 
from laminar ethylene diffusion flames. In these interesting 
studies, high-resolution TEM (HRTEM) was undertaken.  
Fig. 13 displays the collected particulate morphology from 
the JP-8 pool fires. Once again, well know fractal structures, 
typically seen for soot agglomerates were observed. 

Perhaps the most interesting finding of the present work 
is that the particulate samples collected from the smoulder-
ing combustion phase using thermophoretic sampling are 
quite different in their morphology as compared to flaming 
combustion. Fractal agglomerate structures were not observed 
and the particulates did indeed appear liquid-like in their 
composition. 

To understand these differences, it is useful to consider the 
basics of smouldering combustion as opposed to flaming com-
bustion. The following reactions are considered (Manzello and 
Suzuki 2022): 

Vegetative/Structural Fuel (solid) + Heat
Pyrolyzate (gas) + Char (solid) + Ash (solid)

(1) 
Char (solid) + Oxidiser (gas)

Heat + H O + CO + other gases + Ash (solid)2 2

(2) 
Pyrolyzate (gas) + Oxidiser (gas)

Heat + H O + CO + other gases2 2 (3)  

While the pyrolysis reaction (Eqn 1), is necessary for both 
smouldering and flaming combustion, flaming combustion, 

namely reaction (Eqn 3), yields much higher temperatures in 
the luminous flame zone. As such, when sampling particu-
lates from the OSB and noble-fire samples in a state of 
flaming combustion, it is expected to see agglomerates with 
a fractal structure. 

Smouldering combustion is much more complex. 
Polyaromatic species from the surface continue to decom-
pose in the gas-phase and then cool sufficiently to condense 
and form aerosol particles (Reid et al. 2005). In the case of 
flaming combustion conditions, these same polyaromatic 
species further decompose and the concentrations of the 
decomposed materials are such that they are not fully con-
sumed in the flame and are emitted as soot particles. For 
smouldering combustion conditions, larger size aerosols may 
be expected if the condensation and growth on nucleation 
sites are present where the large carbon number PAH are 
coming from the surface into the cold gases. Therefore, the 
liquid-like particles just continue to grow in a lower temper-
ature regime. These processes are illustrated in Fig. 14. 

Lastly, the particle sizes were analysed for the OSB parti-
culates collected in a state of smouldering combustion. 
Multiple SEM images were collected for a sampling time of 
60 s after the onset of smouldering combustion. The total 
insertion time of the sampling probe was 1 s. Since most of the 
liquid-like particles are nearly spherical, the diameters of 
these were measured and are reported in Fig. 15. As a direct 
comparison, Fig. 16 displays the results of the particle size 
analysis for the noble-fir particulates collected in state of 
smouldering combustion under identical sampling conditions. 

To determine the particle diameters, commercial image 
processing software was used. The uncertainty in determin-
ing the particle diameters comes from properly identifying 
the edges of the particles from the background and the 
inherent uncertainty in the reported magnification reported 
by the SEM itself. Based on two factors, the uncertainty in 
the reported particle diameter is ±5%. 

As may be seen, very small liquid-like particulates domi-
nate the distribution but it is interesting to observe some 

100 nm

Fig. 13. Images from JP-8 5.0 m pool fires showing the morphology 
of the collected particulates ( Williams and Gritzo 1998).  

Black
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Luminous
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Fig. 14. Drawings showing differences in particulates observed 
during flaming combustion and smouldering combustion states.  
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very large particles present as well, mainly for the OSB 
particulates. More than 85% of the analysed particle diame-
ters were less than 1000 nm in size for the OSB particulates. 
In the case of noble-fir particulates, 47% of the analysed 
particle diameters were less than 1000 nm. Irrespective of 
the two fuels considered, under smouldering combustion 
conditions, there is a plethora of small particles generated. 

Finally, an important aspect to consider is the production 
of ash from the combustion processes. With regards to ash, 
there is an excellent review on this topic published recently 
by Kleinhans et al. (2018) as well as an international team 

from a wildland fire point of view (Bodí et al. 2014). From 
both reviews, it is apparent the particles in this study are not 
ash. The morphologies do not look even remotely close to 
ash particles and temperatures are too high at the collection 
point to be ash. 

Summary 

Particulate samples were taken during both flaming com-
bustion states and smouldering combustion states using 
thermophoretic sampling. As a direct comparison to the 
results from the engineered cellulosic-based material experi-
ments, branches from noble-fir trees were also exposed to a 
radiant heater and particulate samples were collected using 
similar experimental protocols. The nature of the combus-
tion state, that is smouldering combustion as opposed to 
flaming combustion, resulted in vast differences in the mor-
phology of the collected samples. A detailed analysis was 
undertaken for the liquid-like particles that were collected 
using SEM and subsequent image processing. More than 
85% of the analysed particle diameters were less than 
1000 nm in size for the OSB particulates during smouldering 
combustion. In the case of noble-fir particulates, 47% of the 
analysed particle diameters were less than 1000 nm during 
smouldering combustion. 

The findings of the present study are only a first step to 
better quantify the morphology of particulates generated 
during large outdoor fire outbreaks. For example, OSB is 
not the only engineered cellulosic material found in the 
built environment but there are many others in common 
use, including plywood and various cross-laminated timbers 
(CLT). Furthermore, there are a plethora of polymeric-based 
materials as well that combusted during large outdoor fires. 

While the SEM images are useful, TEM analysis, and in 
particular high-resolution TEM (HRTEM) is needed to provide 
finer details of the interior structures of the particulates. 
A challenge is the higher operating voltages present in most 
TEM systems, especially those present in high resolution appli-
cations. It is hoped to explore these measurements in the future. 
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