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Abstract: The interaction of a firebrand shower with some types of combustible building ma-
terials and wood structures was studied experimentally. The heat flux generated by firebrands
was determined, and the temperature fields of the most heat-stressed sections of the structures
were analyzed. The heating rate of samples was estimated based on infrared thermography data.
Under the selected experimental conditions, the bench sample was found to be the most resistant
to ignition. Estimation of the near-surface temperature of the bench element showed that after
15-min continuous exposure to firebrands, the temperature in the zone of maximum accumulation
of firebrands did not exceed 130◦C. The wood fence model was found to be most prone to ignition
(ignition delay time more than 15% lower compared to the other structures.
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INTRODUCTION

Recently, there has been a global increase
in the number of wildfires which spread to building
zones with various infrastructure facilities, including
residential buildings. These fires not only cause huge
economic damage, but also endanger the life and health
of people. Examples of such fires leading to catastrophic
consequences and significant material damage are wild-
fires in Siberia and the Russian Far East in 2012 and
2019, Khakassia and Transbaikalia in 2015, the Irkutsk
region and Yakutia in 2020–2021, Khanty–Mansi Au-
tonomous Okrug in 2022, fires in Greece (2019), Por-
tugal (2019), Australia (2019–2020), USA (Califor-
nia) (2018–2020), and Turkey (2021). In May 2022,
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more than 100 buildings and houses burned down in
the Omsk region per day—due to storm wind, for-
est fire spread to the residential sector. The increase
in the number of wildfires is associated, on the one hand,
with the preference of people to live in forested areas,
where the risk of fires is increased, and, on the other
hand, with a lack of understanding of the mecha-
nism of fire spread to urbanized areas. In addition,
the regulations governing the construction and mainte-
nance of buildings in forest areas needs to be improved
in terms of fire safety. It is expected that the impact
of such fires will increase sharply [1] as there is a fairly
rapid increase in the number of residential buildings
in the forest and forest-steppe zones [2]. In addition,
global climate change increases the likelihood and inten-
sity of forest fires [3], which, in turn, affects atmospheric
and global climatic processes [4, 5].

In some cases, a decisive factor in the ignition
of forest combustible materials and fire spread are fire-
brands [6, 7]. This process includes three important
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steps: firebrand generation and transport and the ig-
nition of combustible materials by firebrands. Many
studies in this area have focused on firebrand trans-
port whereas little attention has been paid to firebrand
generation and the ignition of combustible materials
by firebrands [8]. In addition, it is necessary to take
into account the ignitability of certain building materi-
als under exposure to a point source of heat, which will
allow an improvement in existing fire-fighting technolo-
gies in construction.

Recent developments of firebrand generators and
research conducted using these generators have signif-
icantly expanded knowledge in the field of assessing
the vulnerability of structures in fire conditions [9, 10].
Recently, there has been extensive systematic research
of firebrand generation, including full-scale investiga-
tions of the ignition of building structures [11] and
modeling of the interaction of firebrands with wood
structures [12]. In particular, the research has focused
on evaluating the vulnerability of vents [13], roof ele-
ments [14], siding treatments, cornices [15], and struc-
tural elements of buildings and structures [16] for dif-
ferent environmental parameters and fire intensity.

At present, modern methods of infrared (IR) di-
agnostics are widely used to study combustion pro-
cesses and wildfires [17–21]. Some recommendations for
the use of thermography to test the fire resistance and
fire hazard of wood and other building materials have
been developed. This work requires additional experi-
ments. IR diagnostics allows the evaluation of the dy-
namics of the true temperature field in laboratory and
full-scale fire tests of elements of wood buildings and
structures [22–24]. The development of a technique
based on these data to test the fire resistance and fire
hazard of wood building structures with the use of ther-
mography will reduce the economic component of this
kind of work and at the same time increase the efficiency
of data acquisition, resolvability, and informativeness.
It should be noted that the task does not only reduce
to the practical aspects of fire protection of wood build-
ings and structures, but is also a reserve for improving
the physicomathematical theory of wildfires, the under-
standing of the generation and transport of firebrands,
and their potential in the ignition of combustible mate-
rials and initiation of spotted fires.

The aim of the work is physical modeling of the in-
teraction of a firebrand shower with some types of
combustible building materials and wood structures (a
bench model, a compound fence, and an inside corner)
with subsequent evaluation of their thermophysical pa-
rameters (temperature field, sample heating rate, heat
fluxes, and ignition delay time).

Fig. 1. Experimental site: diagram (a) and pho-
tographs from the experiment location (b): (1) per-
sonal computer; (2) JADE J530SB infrared camera;
(3) Sony FDR X3000 video camera; (4, 5) data ac-
quisition system (thermocouple data acquisition unit;
a SBG01 heat flux sensor with an AKIP-74824A os-
cilloscope); (6) wood structure (in this case; the bench
model); (7) underlying surface in the form of a box with
soil; (8) firebrand generator.

EQUIPMENT
AND EXPERIMENTAL TECHNIQUE

The experiments were carried out in the large
aerosol chamber of the Institute of Atmospheric Optics,
Siberian Branch, Russian Academy of Sciences, which
is part of the Center for Collective Use “Atmosphere.”
The volume of the chamber is 2000 m3. The use of this
chamber eliminates the effect of side and head wind,
which is inevitably present in field experiments and af-
fects the characteristics of flying particles.

Figure 1 shows the experimental site with equip-
ment.
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Fig. 2. General view of the firebrand generator:
(1) receiving hopper; (2) screw feeder of firebrands;
(3) furnace working area; (4) electric power cabinet;
(5) TUBE 250XL duct fan; (6) measuring windows.

The experimental equipment included: a scientific
JADE J530SB IR camera with a narrow-band opti-
cal filter with an operating wavelength of 2.5–2.7 µm
for measuring temperature in the range 300–1500◦C
(the choice of which is due to the high radiation inten-
sity of water vapor and carbon dioxide in the spectral
range used) and a lens with a focal distance of 50 mm;
Canon LEGRIA HF R86 (Canon Inc., China) and Sony
FDR X3000 (Sony Group Corporation, China) cam-
corders for evaluating the ignition delay of samples
of wood building materials and recording firebrand gen-
eration and transport; K-type thermocouples with a
junction diameter of 200 µm for evaluating the temper-
ature field near the surface of wood samples; a Hukse-
flux SBG01 heat flux sensor with an operating range
of 0–100 kW/m2; AKIP-74824A for recording ther-
moEMF; AND MX-50 (AND, Japan) moisture analyzer
for controlling the moisture content of samples under
study. The IR camera sensor size is 320×240 pixels,
and the shooting speed is 7 fps. The distance from the
outlet of the firebrand generator to the thermal imager
is 1.7 m. The physical size of the area of IR camera
measurements is 0.71× 0.53 m.

The firebrand generator is equipped with a screw
mechanism allowing for a long and continuous supply
of combustible material, and provides for the creation
of an air curtain to stop smoke for safer operation in
confined spaces [25]. A photograph of the setup is shown
in Fig. 2.

The operation of the setup results in firebrand
transport under the action of air flow, firebrand ignition
and generation into the environment with the option of
adjusting the rate and volume of gas supply, air flow
velocity, and the volume of firebrands.

The following pine building structures were se-
lected as samples: a bench element, a compound fence,
and an inside corner of a building (Fig. 3). Before the
experiments, the moisture content of woo did not exceed
10%.

The firebrand shower occurring during forest fires
was produced using wood pellets. The firebrand sizes
were chosen in accordance with the data of full-scale
experiments to simulate a ground fire in a pine for-
est [26, 27]. The wood pellets were 8 mm in diameter
and 30–50 mm long.

In this study, the firebrand generator operated in
the mode of periodic addition of pellets to the furnace
area of the setup, which allowed both continuous and
intermittent, with a given frequency, generation of fire-
brands.

The main control parameter was the surface
temperature of the investigated wood structures and
the magnitude of the heat flux.

The surface temperature of the bench sample was
controlled using Chromel–Alumel thermocouples with
a junction diameter of 500 µm. The surface of the
bench sample was covered with a uniform network of
thermocouples with a spacing of 10 cm. The layout
of the sensors is shown in Fig. 4.

In the fence and inside corner samples, the heat
flux sensor was placed in the middle of the sample at
a height of 10 cm from the ground surface and flush
mounted into the structure.

The experiment was carried out as follows.
A model wood structure was mounted on an underlying
surface which was a box with soil of natural origin. The
structures were made of meter-long boards 0.14 m wide
and 0.016 m thick and had the following dimensions:
the bench was 1 × 1 m in size with the gap between
the boards chosen based on the characteristic firebrand
diameter, which did not exceed 8 mm; the compound
fence was 1 m high and 1.1 m wide; the corner structure
consisted of two identical sheets 1 m high and 0.62 m
wide, attached to each other at an angle of 90◦. Next,
in the zone of the mounted sample, the process of fire-
brand generation, transport, and subsequent deposition
was started (Fig. 5). For each type of building struc-
tures, at least three experiments were carried out.

A fire exposure was modeled in which flying fire-
brands accumulated in the surrounding area and on roof
elements. Such a scenario is possible in massive crown
fires near residential buildings in an urbanized area.
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Fig. 3. Wood samples: (a) bench; (b) compound
fence; (c) inside corner of a building.

Fig. 4. Schematic arrangement of thermocouples in
the bench sample.

Fig. 5. Compound fence model used in the experi-
ment.

RESULTS OF IR THERMOGRAPHY
OF SAMPLES IN FIRE EXPERIMENTS

During the experiments, a series of IR images
of the process of firebrand generation and interaction
with wood structures was obtained (Fig. 6). Further
data processing was carried out using the Altair soft-
ware.

In the case of the corner structure and compound
fence, falling firebrands accumulated near the structure
(Fig. 6) and continued to interact with the wall surface.
During long-term interaction, the total energy of fire-
brands is high enough to ignite these structures with
subsequent combustion.
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Fig. 6. Thermograms of the surface after exposure
to a firebrand shower: (a) bench; (b) inside corner
of a building; (c) compound fence.

Fig. 7. Thermogram of the surface of the corner struc-
ture with the established measuring areas.

Based on the obtained thermograms, the firebrand
temperature at the moment of the fall was within
490–650◦C. At the moment of firebrand ejection from
the generator, it was 750–800◦C [28].

To analyze the change in temperature on the sur-
face of the samples, the following processing was per-
formed. In the Altair software workspace, three rectan-
gular regions (Fig. 7) were selected that corresponded
to the most heat-stressed regions of the sample surface,
and the data from these regions were used to obtain the
time dependence of the temperature averaged over the
region. By averaging these temperature distributions
over three regions, we obtained the temperature change
on the surface of the test sample in the most heated
zone (Fig. 8).

Analysis of the graphs in Fig. 8 leads to the con-
clusion that the fence structure is heated more intensely
than the inside corner of a building. This can be ex-
plained by the fact that near the fence, the area of the
region of accumulation of fallen firebrands is larger than
in the inside corner. Furthermore, in the inside corner,
the density of deposition of firebrands from the same re-
gion is definitely higher. As a result, the large number
of fallen firebrands in a limited area prevents the access
of the oxidizer to the lower layers.

MEASUREMENT
WITH CONTACT SENSORS

The heating dynamics of the surface of the wood
bench, was evaluated by analyzing thermocouple mea-
surements. In the experiments, the bench was located in
such a way that the main zone of falling firebrands was
in the middle of the sample. The change in the maxi-
mum near-surface temperature was estimated (Fig. 9).
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Fig. 8. Heating rate of the surfaces of the fence (a)
and the inside corner of a wood structure (b).

Comparing Figs. 8 and 9, we can conclude that
the bench element is the least exposed to the heat from
firebrands. Estimates of the time required for the start
of wood pyrolysis [29] show that ignition of the bench
element in the firebrand generation mode used will
require at least 83 min, ignition of the corner ele-
ment 37 min, and ignition of the fence element 24 min.

To estimate the energy characteristics of the fire-
brand shower, we studied the heat flux from a single
firebrand. The nonlinear growth of the heating rate
curve (see Fig. 9) is caused by the uneven generation
of firebrands by the setup.

To measure the heat flux from a single fire-
brand, we used a heat flux sensor with a mul-
tilayered structure, which was calibrated according
to an AChT 45/100/1100 reference emitter (Etalon

Fig. 9. Heating rate of the surface of the wood
bench.

company) with a temperature range of 573–1373 K.
A single firebrand was placed in a metal container,
where it was heated to smoldering combustion by a gas
burner. Then the firebrand moved to the receiving sur-
face of the vertically mounted heat flux sensor, whose
signal was recorded by an analog-to-digital converter
based on an ADS1115 chip and an ATmega328 mi-
crocontroller. For each firebrand size studied, 10 con-
trol measurements were carried out. The average val-
ues of the heat flux during firebrand smoldering are
in the range 0.097–3.891 kW/m2 (depending on the fire-
brand length).

Figure 10 shows the results of measuring the heat
flux near the region of firebrand accumulation.
The maximum values of the heat flux did not ex-
ceed 10 kW/m2 for the compound fence element and
6 kW/m2 for the inside corner of a building. The com-
bustion of firebrands caused smoldering of wood, but no
further combustion was observed. The heat flux data
are consistent with the results of a study [30] of the
probability of igniting a residential building model by a
firebrand shower under similar conditions.

The present study was carried out in the absence
of incident air flow, but for a detailed evaluation of
the probability of igniting various structures by a point
source of heat, it is required to take into account the
presence of air flow of different velocity, which undoubt-
edly enhances the smoldering of firebrands. Laboratory
studies have shown [31–33] that air flow in the firebrand
accumulation zone can increase severalfold the probabil-
ity of flame combustion of firebrands with subsequent
spread of the fire to plant combustible materials and
building structures.
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Fig. 10. Change in the heat flux incident on the surface
of the compound fence (a) and the inside corner of a
building (b) near the firebrand accumulation zone.

The heat flux for the bench element was not eval-
uated. This is due to the fact that smoldering fire-
brands falling on the control and measuring device will
give obviously overestimated values of the heat flux due
to the conductive component of heat transfer.

CONCLUSIONS

Integrated experimental studies were performed
to investigate the impact of a model shower of firebrands
of various configurations on some types of combustible
building materials and wood structures (bench model,
a compound fence with permeable and impermeable re-
gions, inside corner of a building). A feature of the
physical modeling of the firebrand shower in the present

study was continuous firebrand generation for 15 min.
According to the results of analysis of the obtained

thermograms, the temperature of firebrands at the mo-
ment of the fall was in the range 490–650◦C. At the
same time, at the moment of ejection from the gener-
ator nozzle, the temperature of burning firebrands was
750–800◦C. The temperature distribution on the sur-
faces of the samples exposed to the firebrand shower was
experimentally determined by the noncontact method
of IR diagnostics. This made it possible to establish
heat-stressed regions on the surface of models of wood
structures under the impact of the ground forest fire
front and estimate their characteristic sizes with high
accuracy.

The heat flux generated by smoldering firebrands
and the temperature field of the most heat-stressed re-
gions of the structures under study were evaluated.

The sample heating rate was estimated from
the data of IR thermography. The heating rate of the in-
side corner element averaged over three tests was
0.21◦C/s, and for the fence element, it was 0.13◦C/s.
The difference in the heat flux and heating rates for
the fence and inside corner elements is due to the fact
that the heating of the second structure is more intense
because of the larger area of firebrand accumulation in
front of the investigated sample.

For the selected experimental conditions, the bench
sample turned out to be resistant to ignition. Estima-
tion of the near-surface temperature of the bench ele-
ment showed that after 15-min continuous exposure to
firebrands, the temperature in the zone of maximum
accumulation of firebrands did not exceeded 130◦C. It
should be noted that this low temperature in the central
spot of the region of the fall of smoldering firebrands is
insufficient for stable ignition of the structure.

The wood fence model was the most prone to igni-
tion; the characteristic time of its ignition was 760 s.
This is 8% lower compared to the other structures.
The geometry of the inside solid angle in the experi-
ment played the role of a barrier from which firebrands
ricocheted, resulting in a decrease in the probability of
their accumulation directly near the structure.

This study expands existing information on the fire
resistance of wood building structures (bench model, a
compound fence, and an inside corner) upon exposure
to firebrands in large-scale fires.

The study was supported by the Russian
Science Foundation (Project No. 20-71-10068;
https://rscf.ru/en/project/20-71-10068/).

The results were reported at the 2nd International
Conference “Physics and Chemistry of Combustion and
Processes in Extreme Environments,” July 12–16, 2022,
Samara.
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