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Ignition limit of EPS foam by a hot particle under cross wind 
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H I G H L I G H T S  

• Airflow provides an alternative shortcut transition of unstable flash to a strong fire point. 
• Airflow can increase the oxygen supply and flame heating rather than cooling the particle. 
• Flash and fire points of hot-particle ignition were enhanced in the Smothering Regime. 
• Flame retardants inside EPS foam do not change the flash ignition. 
• Flame retardants inhibit the transition to fire point and burnout.  
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A B S T R A C T   

The ignition of the building insulation materials by a hot particle is a typical spot fire phenom
enon, but the scientific understanding is still limited. In this work, a hot steel spherical particle (6- 
16 mm and 800-1200 ◦C) was dropped onto the low-density expandable polystyrene (EPS) foam 
with an external airflow velocity of 0-4 m/s to obtain the ignition limit at the flash point and fire 
point. Airflow provides an alternative shortcut transition of unstable flash flame to a strong fire 
point and fuel burnout, because airflow increases the oxygen supply and flame heating rather 
than cooling the particle. As the airflow velocity increases, both flash and fire points first become 
easier to reach because airflow facilitates the mixing of pyrolysates and oxygen in the Smothering 
Regime. When the airflow velocity increases to the Thermal Regime, the delay time remains 
stable. Further increasing the airflow velocity to the Chemical Regime, the ignition delay time 
slightly increases until the airflow blows off the flash flame by cooling the particle or blowing 
away the flammable mixture from the hot surface. Such a competitive effect of airflow on hot 
particle ignition is also qualitatively verified by theoretical analysis. Flame retardants inside EPS 
foam do not change the flash ignition but inhibit the transition to fire point and burnout, even 
under the assistance of airflow. This work enhances the comprehension of the complex in
teractions between flash points and fire points in the spotting or hot-particle ignition of the 
building facades.   

1. Introduction 

To improve building energy efficiency, plastic insulation materials with low thermal conductivity, such as polystyrene, poly
isocyanurate, and polyurethane, are extensively applied in building external insulation or façade, due to their low cost and superior 
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insulating performance. Nevertheless, the flammability of these materials has long been a safety concern to its fire hazard [1–4]. 
Furthermore, compared with inorganic building insulation materials, these flammable materials are all easier to be ignited by hot 
particles produced during fireworks displays, electrical faults (Fig. 1a), or welding processes (Fig. 1b). In the last decade, several 
disastrous fires, such as the China Centre Television fire (2009) (Fig. 1c), the high-rise residential hall fire in Shanghai Jing’an district 
(2010) (Fig. 1d), and the New Zealand International Convention Centre Fire (2019), were triggered by the hot-particle ignition of 
external wall insulation [5]. The flash ignition of these materials by a hot particle has been commonly observed and does not result in 
the complete consumption of the foam sample in the laboratory [6–8]. However, in a real fire scene, the fire point is easy to reach to 
burn out the fuel. Thus, a big knowledge gap exists in the limiting condition of flash point and fire point over these insulation materials 
by a hot particle, and such information holds significant importance for enhancing building fire safety [7–11]. 

The ignition triggered by hot particles is fundamentally unlike the common radiation- or flame (convection)- driven ignition [7–10, 
12–15]. These hot particles can serve as the heat source for fuel heating, and also the pilot source to initiate the ignition of the pyrolysis 
gases [9,16]. The buoyance-induced airflow by the hot particles will cool the inert/reactive particles or help the combustion of the 
reactive particles, and also affect the temperature and mixing process between the oxygen and pyrolysis gas. The hot-particle ignition 
propensity is dependent on the particles’ state (material, molten, energy, size, temperature, etc.) [17–22], the fuel bed properties 
(composition, moisture, density, inclination, etc.) [7,23,24], the interactions between the particle and the fuel bed (splashing [22], 
bouncing, or extent of embedded into the fuel bed), and the environment (temperature, humidity, wind, etc.) [21,23,25,26]. The 
ignition processes of natural particles (e.g., burning firebrands and embers) are more complex than inert particles because they are 
reactive [16,27–33]. 

Previous work on the hot particle of building insulation materials showed that compared to temperature and size, the influence of 
the metal type (various thermal properties) and particle void ratio (mass and energy) was relatively weak, unless the particle made by 
the metal like some alloys and copper melt or had a large void ratio (>0.80) [8,12,18,19]. For tiny particles (diameter < 8 mm), the 
minimum ignition temperature rapidly increased, as particle size decreased, due to small energy and fast cooling [12,19]. For large hot 
metal particles (diameter >8 mm), the minimum temperature initiating the hot-particle ignition of the expandable polystyrene (EPS 
foam) was about 800 ◦C, while the thickness and density of the sample had a small influence on hot-particle ignition [7]. The above 
studies mainly present a short-term flame, and do not result in the complete consumption of the foam sample, forming a small hole in 
the sample (i.e., flash ignition). The flash flame quickly disappears because the particle is not hot enough [7], or does not have 
adequate oxygen supply and a long particle residence time [8]. However, in a real fire scene, the fire point is easy to reach to burn out 
the fuel. Thus, there is a question, “How could facilitate the transition from flash to fire point for hot-particle ignition?” 

All these previous studies of building insulation materials by hot particle ignition were conducted without environmental wind. 
However, the hot particle ignition in practice could be accompanied by environmental airflow and rising fire plumes. The effect of 
wind on hot-particle ignition has been studied previously for natural fuels [21,23,26]. The winds from 0 to 4 m/s promote direct 
flaming and smouldering ignition, and smouldering is more prone to flaming transition [23]. Wind can not only assist in the continuous 
ignition of the fuel (i.e., fire spread) [34,35] but also can cool the particle before ignition [23,36,37]. The experimental results on the 
hot-particle ignition of pine needles indicate that the particle cooling effect by wind (0 to 4 m/s) is less pronounced compared to the 

Fig. 1. Hot particles generated by (a) electrical fault and (b) welding processes (Credit: tornadochaser66), and disastrous fires of (c) China Centre Television fire 
(2009) (Photo courtesy Wiki Commons) and (d) Shanghai high-rise residential hall fire in 2010 caused by hot particles (Credit: Shine). 
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concurrent augmentation in fuel heating [23]. This double-edged effect of wind leads to the question, "Does external airflow intensify or 
mitigate the risk of spotting fire hazards for building insulation materials"? 

Flame-retardant (FR) treatment is widely used for insulation materials like EPS in the building to improve fire safety. The Class-B1 
FR-EPS foam in China is widely used as an excellent flame-retardant and smoke-suppressant performance [38], and presents a lower 
limiting oxygen index and smoking density rate than normal fuel without flame retardant processing [39–41]. It can be judged that the 
FR materials are still combustible, even present a more susceptible to smouldering in oxygen-enriched environments [41], and are 
more likely to transition to a flaming fire [42]. For normal EPS foams, sufficient flammable fuel can be pyrolysed within a short period, 
and the hot-particle ignition of these plastic foams was governed by the competition between the particle residence time and the gas 
mixing time [7]. So far, the impact of FR treatment on preventing spotting ignition and subsequent fire spread is unclear, presenting a gap in 
our knowledge. 

The spotting ignition of normal and FR EPS foam induced by a single steel particle under various airflows has been investigated in 
this work. A short-term flame (i.e., flash point), a sustained flame that burnt out the fuel (i.e., fire point) and no ignition are captured 
and described in detail. This work systematically quantifies the ignition limits of flash and fire points, relating to the airflow velocity, 
the diameter, temperature, and void ratios of the particles, and normal and FR EPS foam. The ignition delay time was measured and 
analysed to understand the complex airflow effect on the hot-particle ignition. Afterwards, the competitive effect of airflow on hot 
particle ignition is also discussed qualitatively by using fundamental theories on mass and heat transfer. This knowledge is essential for 
predicting and managing fire hazards more effectively. 

2. Experimental methods 

2.1. EPS fuel bed and particle 

To facilitate comparison with the literature [6–8], this work follows the previous experiments of the normal and FR EPS foams as 
representative building insulation materials. Herin, EPS is made by catalytic polymerization of styrene. And the FR EPS foams were FR 
Class B1 (GB 8624-2012, Chinese Standard), which has a Fire Growth Rate (FIGRA [43]) of FIGRA0.2MJ ≤ 120 W/s or FIGRA0.4MJ ≤

250 W/s. Here, the defined FIGRA is always the maximum ratio of the heat release rate (i.e., the subscription) to the burning duration. 
The measured densities of normal and FR EPS foam in the experiment were 18.4 ± 0.4 kg/m3 and 19.9 ± 0.4 kg/m3, respectively. 

A cuboid EPS sample with a 200 mm × 200 mm cross-section and 50 mm thickness was selected to sufficiently capture the ignition 
and flame spread processes. To minimise heat loss and oxygen leakage from the sides and bottom, four sides of the sample were 
covered by fireproof asbestos and aluminium foil, and the bottom was placed on the fireproof board. 

The experiments chose spherical steel particles with various diameters (D, 6 - 16 mm) and void ratios (e, 0 - 0.8), which mimicked 
the porous metal particles generated from actual welding or firework processes. The hollow particle was specially made by welding 
two steel shell hemispheres (the shell thickness is 0.6 mm), the production method and more details can be found in the previous study 
[8]. Since Bi value of the particles was quite small (Bi ≈ 0.02 < 0.1 [44]), there was a uniform distribution of temperature inside the 
particle during the entire heating and ignition processes. 

2.2. Experimental setup 

The experimental setup of hot particle ignition, which mainly consisted of a tubular furnace, an airflow supply system, and a fuel 
bed, is presented in Fig. 2. It consisted of a tubular furnace (SK 2-2.5-13 TS, 0–2.5 kW) to heat the metal particle, and the heating power 
control system to regulate the furnace temperature. The furnace was heated by silicon carbide heating elements to a pre-set tem
perature (800-1300 ◦C), and regulated by a Type-S (platinum-rhodium) thermocouple and the control system [6–8]. To avoid the 
influence of the particles’ verticle momentum, the tube outlet of the furnace rested on the top surface of the EPS foam. 

The airflow supply system was used to create a uniform environmental airflow for the experiment. In this setup, an axial flow fan 

Fig. 2. The schematic diagram of the experimental setup and the main ignition phenomena for hot particle ignition of EPS foam.  
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(SF4-4 Type) is controlled by a power sensor with a frequency range of 0–50 Hz and 0.1 Hz resolution to provide the desired external 
airflow (from 0 to 4 m/s) at the leading edge of the sample. To homogenize the flow, a 2 m-long fairing was placed after the outlet of 
the fan [45]. To explore the impact of airflow on hot-particle ignition, the experiments were conducted under the airflow velocities Ua 
from 0 (no-wind) to 4 m/s, that is much larger than the particle’s horizontal moving speed of 0.28 ± 0.05 m/s. 

2.3. Procedures and measurements 

Before the experiment, the centre-line airflow velocity at the forefront of the sample was measured with a handheld anemometer, 
ranging from 0 to 30 (±0.01) m/s. The particle was introduced into the centre of the furnace, once the furnace temperature was 
stabilized. The surface temperature of the particle was calibrated by a K-type thermocouple (0.5 mm), which would be quickly raised 
and stabilized to a pre-set temperature (Tp) [7,8]. Once the particle temperature achieved a consistent and uniform value, the particle 
was gently released to roll down along the ceramic tube. The particle temperature during the dropping procedure is difficult to 
monitor, so the initial parameter (hot particle temperature) at the released point was controlled. Here the experiment was designed to 
have a minimum particle bounce or residence time in the airflow and avoid the airflow cooling of particles. 

The time history of motion, ignition, and fire spread processes was captured by two digital video cameras at 50 frames per second 
from a 45◦ bird’s-eye view and a front view. For each scenario, at least 5-10 repeating test runs were conducted to quantify the ignition 
probability and ensure the repeatability of experimental outcomes. 

Fig. 3. Snapshots of typical (a) flash point ignition, (b) fire point ignition, and (c) no ignition processes with the hot particle (solid, D = 16 mm, 940 ◦C) igniting 
normal EPS foam at different airflow velocities: (a) Ua = 0 m/s, (b) Ua = 0.5 m/s, and (c) Ua = 3 m/s. (d) Flame coverage area and (e) coverage rate for Ua = 0.5 m/s. 
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3. Experimental results 

3.1. Flaming ignition phenomena 

Fig. 3 illustrates typical (a) flash point ignition with a short-term flame, (b) fire point ignition with a long-lasting flame, and (c) no 
ignition processes from the 45◦ bird’s-eye camera, with normal EPS foam and a 16 mm solid particle (940 ◦C) at various wind speeds of 
0, 0.5, and 3 m/s (Supplementary Videos S1-3 for original videos). There was no occurrence of smouldering ignition due to extremely 
little char generated from the pyrolysis of EPS foam. The moving and ignition processes of the hot particle can be obtained from the 
main view, which is the same as the past findings [6–8] and not presented here. Herein, the time zero was set to the moment that a 
heated particle landed on the target sample surface. In no-wind conditions, the ignition processes are similar to our previous exper
iments [7,8]. As shown in Fig. 3a, the moving particle rolled horizontally about 2-8 cm to stop rolling over the fuel surface at 140 ms, 
and began to be gradually embedded into the sample. A strong pre-mixed flame surrounded the particle immediately at 160 ms (called 
embedding ignition in Ref. [7]). Then, the flame could quickly transition to the diffusion flame, and the particle was gradually 
embedded until the fireproof board. This entire penetration process lasted about 1 s. Afterwards, the flame gradually diminished and 
ultimately extinguished at 7.68 s. 

By adding a 0.5 m/s horizontal airflow see Fig. 3b, the flame first appeared on the downwind side at 80 ms while the particle was 
still rolling horizontally over the fuel bed surface. Such an ignition is called the “rolling ignition”, as previously defined in Ref. [7]. 
Then, the particle stopped rolling at 120 ms. During the particle embedding in the target sample, the flame started to cover the sample 
surface and had a steady incline at 440 ms. The weak flame around this hot particle, continuously heated the fuel bed. Since 3.56 s, the 
flame no longer remained on the sample surface, but entered the hole penetrated by the hot particle, gradually reaching the “fire 
point”. A clear charred area and a large cave on the fuel bed surface were generated by the strong flame. 

Supplementary video related to this article can be found at https://doi.org/10.1016/j.csite.2023.103523 
The area covered by the flame on the fuel bed surface and its flame spread rate was obtained and presented in Fig. 3d-e. During 0 - 

Fig. 4. Ignition and burnout probability, as a function of the airflow velocity, and the diameter and initial temperature of the hot particle, for normal EPS foam.  
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35 s, the flame front advanced slowly and mainly in the hole. Afterwards, the flame started to spread on the surface as seen at 35 s. At 
about 35 - 65 s, the flame spread rate rapidly increased as the hole’s diameter expanded. When the flame advanced about 50% range of 
the fuel, the spread rate gradually slowed down until it completely covered the fuel bed. This is a two-dimensional and complex fire- 
spreading process, and thus deserves a dedicated investigation in future work. It is attributed that the convective heat transfer from the 
direct flame to the fuel bed in the wind-aided case is stronger than in the no-wind condition. The flame eventually burnt out the entire 
EPS sample at around 102 s. Thus, the wind can extend the hot-particle ignition limit [7] after the hot particle lands on the fuel bed. In 
other words, airflow offers an alternative shortcut to attain the fire point. In the absence of airflow, the particle temperature needs to 
elevate by an additional 100–200 ◦C to reach the fire point, which is above 1100 ◦C [7]. Note that before the contact, the wind is 
cooling the hot particle. 

By adding a 3 m/s horizontal airflow see Fig. 3c, the hot particle ignition did not occur for the same particle and fuel bed as Fig. 3a 
and b. Herein, the processes of rolling and descending resembled the ignition case, but no smoke or flame was observed. The wind 
effect, perhaps cooling or blowing away of pyrolysates becomes dominant, which suppresses the hot particle to initiate a piloted 
ignition. 

3.2. Flash and fire points of EPS foam by a hot particle 

To quantify the various ignition phenomena, the presence of a visible flame that can be sustained for longer than 1 s is defined as 
successful ignition, which contains “flash point” and “fire point” ignition. In this work, the successful ignition is considered as the flash 
point. If the flame can completely burn out the fuel, it will be further considered as the fire point. Therefore, the flash point en
compasses both brief and stable flame cases, while the fire point specifically refers to the case of the stable flame. Based on the previous 
work [7,8,23], ignition probability (Pig) can be the ratio of successful ignition (Nig) to the repetition (Ntot) as 

Pig =
Nig

Ntot
× 100% (1a)  

Similarly, the probability of a “fire point” (Pfire) can be defined as the ratio of successful burnout (Nb) to the repetition (Ntot) as 

Pfire =
Nb

Ntot
× 100% (1b) 

Fig. 4 compares the probability distribution of ignition and fire point at different solid hot-particle temperatures (Tp), diameters 
(D), and airflow velocities (Ua) for normal EPS samples. Each coloured circle represents at least 5 repeat runs, and the ignition (Pig) or 
burnout (Pfire) probability is scaled by the colour bar from 0% (black) to 100% (white). To simplify a comparison, the critical airflow 
velocities at Pig = 50% and Pfire = 50% were plotted. 

As expected, the burnout (fire point) of the EPS foam is much more difficult than that of “flashpoint” ignition (see more com
parisons in Fig. 4e-f). The particles of two sizes exhibit a comparable trend: for a higher particle temperature, a wider airflow limit was 
perceived for ignition and burnout. For instance, to ignite EPS foam with a 16 mm particle diameter and 50% ignition probability, the 
upper airflow limit is around 3.5 m/s with particles of 1000 ◦C, seven folded that with particles of 880 ◦C. On the other hand, if the 
particle temperature is raised from 940 to 1000 ◦C with a 16 mm particle diameter, the airflow limit of burning out the EPS foam, will 
increase by one time from 0.5 to 2.0 m/s to 0.5–3.5 m/s. And as the airflow velocity increases, the flash ignition probability decreases, 
when the particle temperature is close to the critical temperature. But the airflow velocity has a negligible influence on the flash 
ignition probability when the temperature of the particle is much hotter than the critical temperature of flash ignition. Above the 
critical wind of the fire point, flaming extinction or blow-off will occur by increasing the airflow velocity. In the theoretical, this 
external airflow can inevitably make piloted ignition by hot particles more difficult. 

Moreover, both particle temperature and wind are not sufficient conditions to reach the fire point of the sample. As illustrated for 
the 8-mm particle size in Fig. 4c, the particles of 1060 ◦C have reached the fire point at 0.5–2.0 m/s wind, but the fire point has not been 

Fig. 5. (a) Ignition and (b) burnout probability for normal EPS foam as a function of the diameter of hot particle and airflow velocity at 1000 ◦C.  
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reached for that of 1090 ◦C. For a 16-mm particle (1000 ◦C), the flame that remained on the sample surface for 3.5 m/s wind (similar to 
flash point ignition in Fig. 3a) is more unstable and easily blows off than that of 3 m/s wind. The in-depth analysis found that the flame 
residence time on the sample surface for 3.5 m/s wind was half that of the 3 m/s wind case. It is reasonable because the molten EPS, 
without enough pre-heating from the existing flame, cannot maintain sustained pyrolysis. Thus, the fire point requires sufficient 
particle temperature, airflow-aided, and a longer hot-particle flash duration. 

Comparatively, the airflow limits of ignition and fire point are quite different between the particle size of 8 mm and 16 mm, 
suggesting a strong particle size dependence for ignition under the tested particle temperature. The above large dependence on particle 
size has also been observed for the hot-particle ignition by solid and hollow particles [8]. Fig. 5 further illustrates the boundary of 
hot-particle ignition and burnout, as a function of airflow velocity (Ua) and the particle diameter (D), with a particle temperature of 
1000 ◦C. As the particle size increased, it was easier to achieve the ignition or burnout of the EPS foam, especially under the immediate 
airflow. For the ignition boundary (Fig. 5a), the limiting airflow velocity also linearly increases with the increasing particle size. Fig. 5b 
shows that if the external airflow velocity is between the upper and lower curve limits, the sample has a notable risk to be burnout. 
While the fire risk is low, if the airflow velocity is outside the limit curve. 

3.3. Flaming ignition delay time 

The flaming ignition delay time (tig) can be quantified as the duration from the particle’s landing (t = 0) and the emergence of the 
flame. Fig. 6 summarises the ignition delay time tig with various airflow velocities Ua and particle temperatures Tp for the particle sizes 
of 16 mm and 8 mm. Every data point represents the mean value of 5–10 repeat runs, and the error bar is the standard deviation. A 
similar trend is found for the tested particle size range. That is, as the airflow velocity increases, this ignition delay time first reduces to 
a minimum value (Smothering Regime) and then stays almost the same across a broad spectrum of airflow velocities (Thermal 
Regime). Subsequently, the ignition delay time slightly increases (Chemical Regime) until there is no ignition, following a similar 
pattern of the classical pilot ignition [46,47] and flame spread [48,49] for a solid combustible. 

In a small airflow velocity (i.e., Ua ≈ 0.5 m/s), the embedding ignition may transition to the rolling ignition (see more in Fig. 3a and 
b), which requires a higher critical temperature than that of embedding ignition in no-wind conditions [7]. Therefore, wind boosts heat 
convection between particles and fuel, and oxygen supply governs the hot particle ignition in the regime, while the cooling effect of 
airflow on particles is negligible. For instance, when the airflow velocity increases from 0 m/s to 0.5 m/s, the ignition delay time of the 
16-mm particle (1000 ◦C) decreases monotonically from 80 ± 16 ms to 44 ± 8 ms. This increasing pattern is categorized as the 
Smothering Regime, a term commonly used in the context of the opposed flame spread [48,49]. 

With a continuous increase in the airflow velocity, the ignition delay time stabilises. For instance, the ignition delay time of the 16- 
mm particle (1000 ◦C) remains at 48.3 ± 9.8 ms as the Ua increases from 0.5 m/s to 2.0 m/s in Fig. 3a. For the wide-wind regime, this 
sufficient oxygen supply does not affect the ignition delay time. While the dominance of the ignition delay time shifts towards the 
thermal convection and conduction between the particle and the flammable gaseous mixture. This shift resembles the Thermal Regime 
of flame propagation, where the flame spread rate is controlled by the preheating of the flame [49]. 

Further raising the airflow velocity, the ignition delay time eventually begins to increase. This occurs because blowing away the 
pyrolysis gas or the cooling effect of external airflow on the pyrolysate-oxidation reaction (see Fig. 3b and d) can no longer be ignored. 
Therefore, the flaming ignition is governed by the competition between the cooling of the environment and the heat generation of the 
pyrolysate-oxidation reaction. Analogous to the piloted ignition or flame spread, such an ignition phenomenon is defined as the 
Chemical Regime [50]. Consequently, as the airflow intensifies, the convective cooling, or blowing away of the pyrolysis gas and 
oxygen, results in a deceleration of the pyrolysate-oxidation reaction. Ultimately, the cooling rate of airflow would equal or surpass the 
heat release rate from the pyrolysate-oxidation reaction, so no hot-particle ignition by airflow occurs. Noticeably, a large error in the 
ignition delay time with 16 mm particle (1000 ◦C) and Ua ≥ 3 m/s, is attributed to the transition of hot-particle ignition phenomena 
from the rolling ignition (Ua < 2 m/s) to the embedding ignition (Ua = 3.5 m/s). 

Fig. 6. Ignition delay time of normal EPS foam by a hot particle at various temperatures and airflow velocities: (a) D = 16 mm, (b) D = 8 mm.  
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According to the ignition delay time (tig), the influence of airflow velocities will first promote and then weaken the hot particle 
ignition under constant particle conditions (containing particle temperature and size). However, the best ventilation velocity (cor
responding to the minimum tig) should be changed with the fixed particle conditions. When the particle temperature is equal to or 
lower than the corresponding critical temperature (Pig = 50%), even 0.5 m/s wind will weaken the hot particle ignition from flash 
ignition to no ignition, such as the lower particle temperature (850 ◦C for 16 mm particle) in Figs. 4b and 6a. 

For the hot-particle ignition of EPS foam in the wind, the particles still serve as the hot source of heating and pilot. Herein, the 
ignition time is analogous to the piloted ignition time of the radiation ignition process. In this context, the relationship of various 
particle temperatures (analogous to radiation heat flux) and ignition time, seems similar to the connection between the critical heat 
flux and radiation ignition time [51]. 

3.4. The cooling effect of external airflow on hot particle 

To further assess the cooling impact of airflow on the hot particle, the hollow particles with D = 16 mm, and e = 0.8 were also tested 
under external airflow. Fig. 7a and b illustrate the probability distribution of ignition and fire point versus the hollow (e = 0.8) hot- 
particle temperature (Tp) and airflow velocity (Ua) for normal EPS samples. For ease of comparison, the second row features the 
replotting of critical airflow velocity (Ua) with 50% ignition or burnout probability for solid and hollow particles. 

Here, the energy (E) [8] of the particle in Fig. 7c-d, mainly affected by the particle mass and temperature, can be defined as 

E=mcp
(
Tp − Ta

)
= eρs

(π
6

D3
)

cp
(
Tp − Ta

)
(2) 

As the particle temperature increases, the critical airflow velocity of hollow particles to pilot a flame is first higher than (≤940 ◦C), 
then equal to (940 ◦C < Tp ≤ 970 ◦C) that of solid particles. 

For example with the particle temperature of 910 ◦C and airflow velocities of 1 m/s, the ignition probability of a hollow (e = 0.8, 
1.81 kJ) particle is 100% and much higher than that of a solid particle (8.82 kJ), which is against our intuition. In conclusion, if the 
particle is hollow,  

(i) It is not feasible to establish a critical particle energy for ignition, and  
(ii) Lower particle energy does not indeed indicate a lower risk of spotting fire. 

In other words, in addition to particle temperature and energy, the interactions between the moving hot particle and the sample are 
the third determinant. The stronger ignition ability of the hollow particle (≤970 ◦C) is attributed to the longer residence of the hot 
particle to effectively increase the heating time [8]. Under external airflow, the mass nor energy of the particle is inadequate to 
quantify the hot-particle ignition limit or the spotting hazards, which is the same as the no-wind condition [8]. 

As the particle temperature is 1000 ◦C, the critical airflow velocity of hollow particles to pilot a flame is lower than that of solid 
particles. It is attributed that for a hollow particle, the corresponding ignition delay time is five times larger than that of a solid particle. 
The higher temperature decreases the residence time, but the particle is hot enough to pilot the pyrolysis gases. It can be proved by an 

Fig. 7. Ignition and burnout probability as a function of the initial temperature and airflow velocity for normal EPS foam and hot hollow particle (e = 0.8).  
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unstable flash at 1.34 s in Fig. 8, where the particle was already embedded into the sample. Fig. 8 and Video S4 present a no-ignition 
case using the same particle temperature, fuel bed, and airflow velocity, but with a 0.80 void ratio with Fig. 3c. The intermittent flash 
vanished at 2.92 s, indicating a failed ignition. 

Supplementary video related to this article can be found at https://doi.org/10.1016/j.csite.2023.103523 
From the kinematics analysis [8], as the particle temperature decreases or the void ratio increases, the residence time of the hot 

particle increases, which means a very long cooling time. The appearance of an unstable flash is common for the hollow particle and 
confirmed that the hot particle, even accompanied by 3 m/s wind (strong cooling effect) and 0.80 void ratio (the particle shell is very 
thin), can still be hot enough to pilot the pyrolysis gases, regardless of cooling effects in current experiments. Further, increasing 
airflow velocity can lower the formation of the flammable mixture, which may be the dominant factor in reducing the fire risk of 
hot-particle ignition. 

However, the fire point is more sensitive to solid or hollow particles than the flash point. Due to the smaller thermal inertia than 
solid particles, a hollow particle is more difficult to burn out the fuel bed, even at a higher temperature and airflow velocity (such as Tp 

= 1000 ◦C, Ua ≥ 2 m/s), as presented in Fig. 7d. After the particle vertically penetrates the foam to the bottom, the reducing pyrolysis 
gas produced by thermal radiation from the particle cannot sustain the flame to reach the fire point. Therefore, the sustained energy 
supply of the solid particle would also affect the burnout limit. 

3.5. Effect of flame retardant processing 

Fig. 9 illustrates the typical hot-particle ignition process of FR samples under 0 and 0.5 m/s wind with e = 0, D = 16 mm, and Tp =

940 ◦C. Hot-particle ignition phenomenon of FR EPS foam and ignition delay time was similar to normal EPS foam and our previous 
work [7,8]. However, the flash duration of the normal samples is around two times longer than that of FR EPS foam. The flash flame 
cannot burn out the fuel for the FR EPS foam, even under the wind speed of 0.5 m/s in Fig. 9b. 

Fig. 10 shows the FR effect on the observed probability distribution of ignition and fire point with the different solid hot-particle 
temperatures (Tp), diameters (D), and airflow velocities (Ua). As expected, under the same airflow velocity, FR EPS has a slightly higher 
temperature than that of normal fuel beds. As the particle temperature increases, the critical airflow velocity of FR EPS is lower than 
that of normal samples. For example, as the particle temperature increases from 880 ◦C to 970 ◦C, the critical airflow velocities increase 
from 0 m/s to 2 m/s for FR EPS foam and from 0.5 m/s to 3 m/s for normal EPS foam, respectively. The hot particle cannot ignite the FR 
EPS foam, when the wind speed exceeds 2 m/s. This occurs because higher airflow velocities reduce the effective concentration of the 
flammable pyrolysate, which acts as a resistance to fuel-gas mass transfer. 

FR EPS foam is formed by catalytic polymerization of the styrene with flame retardant. With enriched flame retardants at the 
interfaces among the EPS beads [52], the FR samples will produce carbonaceous matter and form a protective layer to encapsulate the 
polymer matrix while being ignited. Naturally, the protective layer blocks the exchange channels of oxygen and pyrolysis gases to 
extinct the flash flame. Meanwhile, compared with normal EPS foam, the flame of FR EPS samples was generally easily extinguished 
without burnout of the fuel, even in all airflow velocities and particle conditions in Fig. 10b. 

To further evaluate the FR effect on the hot particle ignition, Fig. 11 presents the observed distribution of ignition probability versus 
the particle’s initial temperature (Tp) and diameter (D) for normal and FR EPS foam in no-wind conditions. For the sake of comparison, 
the critical hot-particle ignition temperature at Pig = 50% was selected. Both normal and FR samples exhibit a comparable trend: hot- 
particle ignition of a smaller particle requires a higher temperature. For instance, to achieve a 50% probability of igniting an FR EPS 
sample, as the particle diameter decreases from 16 to 4 mm, the critical particle temperature needs to increase from 1150 to 880 ◦C. 
There is a 30~60 ◦C temperature range for the transition region bounded by Pig = 5% and 95%, similar for all particle sizes. A 
comparison between Figs. 11a and b shows very small differences between normal and FR EPS samples (less than 25 ◦C) in terms of 
critical ignition temperatures. This suggests a weak effect of flame retardant on hot-particle ignition under the currently tested par
ticles. The weak dependence on flame retardant can be verified by the thermogravimetry curve of normal and FR EPS foam in Fig. A1. 

4. Heat and mass transfer analysis 

4.1. Airflow effect on the hot particle ignition 

The particle still serves as the hot source of the heating and piloted ignition like a flame. In the case of piloted ignition by a hot inert 
particle, 

tig = tpy + tmix + tchem (3) 

In no wind condition, strong pieces of evidence have proved that sufficient fuel is pyrolysed within a negligible time. 

Fig. 8. Snapshots of the hot particle (D = 16 mm, e = 0.8, Tp = 970 ◦C) igniting normal EPS foam at a high airflow velocity (Ua = 3 m/s).  
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Fig. 9. Snapshots of the hot particle (D = 16 mm, solid, Tp = 940 ◦C) igniting FR EPS fuel bed (a) Ua = 0 m/s (b) Ua = 0.5 m/s.  

Fig. 10. (a) Ignition and (b) burnout probability for FR EPS foam as a function of airflow velocities and the initial temperature of a hot particle (D = 16 mm).  

Fig. 11. Ignition probability of the (a) FR EPS foam and (b) normal EPS foam as a function of the initial diameter and temperature of hot particles.  
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1) The particle temperature (>800 ◦C) is much higher than the characteristic pyrolysis temperature of EPS foam (below 350 ◦C ac
cording to TGA), and it can be rapidly reached after the contact between the foam and hot particle.  

2) The particle energy significantly exceeds the pyrolysis energy needed to achieve the lower flammability limit of the EPS foam.  
3) There was a small and visible flame during the rolling and embedding processes of the particle.  
4) The ignition temperature of the hot particle is independent of the foam density. 

The ignition occurs when the mixing of the pyrolysate and air reaches the lower flammability limit, and the piloted ignition occurs 
inside the boundary layer of the particle. For the hot-particle piloted ignition on the top surface of the sample, the mixing time can be 
approximated by the fuel-gas diffusion time across the boundary layer on the particle [51] as 

tmix ∼
δ2

α ≈
(D/NuD)

2

α (4)  

where diffusivity (α) increases with the particle temperature and airflow velocity. Hence, as the particle temperature and airflow 
velocity increase, the mixing time decreases. Under a small external airflow, the gas-phase chemical duration is short, Ο(10− 4) s. The 
observed spotting ignition limits are controlled by the mixing period for the hot moving particle. Thus, the ignition time decreases with 
higher airflow velocity, agreeing with the experimental results of the Smothering Regime in Fig. 6. The results obtained here can be 
extrapolated and applied to other forms of the hot ignition source, for example, substituting the estimated Nu in Eq. (4) by the variable 
convection heat transfer corrections for external flow [44]. 

With a continuous increase of the airflow velocity, this sufficient oxygen supply does not affect the hot particle ignition. While, the 
thermal conduction within the fuel, mainly reflected in pyrolysate and pyrolysis time, starts to dominate the ignition delay time as 

tpy ≈ ksρscs

(
Tpy − T∞

q̇″
p

)2

∝
1

q̇p
″2 (5)  

where ksρscs is the thermal inertia of the fuel, and q̇″
p represents the heat flux from the particle to the fuel. Therefore, the Thermal- 

Regime ignition delay time remains stable, and exhibits insensitive to the change of airflow velocity, as expressed in Eq. (5) and Fig. 6. 
Further increasing the airflow velocity, the wake flow increases the effective heating region. From the experimental results, the 

chemical duration for the piloted ignition of a flammable mixture will be prolonged. The chemical kinetic-affected ignition can be 
characterized by a critical Damköhler number (Da) when the flow residence time scale (tfl) is close to the chemical reaction time scale 
(tch) as 

Da=
tfl

tch
= YO2 YF

αgρg

U2 A exp
(

−
E

RTig

)

(6)  

where YO2 and YF are the mass fraction of oxygen and fuel, respectively; αg, ρg and U are the diffusivity, density, and velocity of airflow, 
respectively; A and E are the pre-exponential factors, and activation energy of 1-step global chemistry, respectively; R is the universal 
gas constant; and Tig is the ignition temperature. When the airflow velocity increases, the chemical reaction is difficult to induce, 
considering the following effects  

(1) blown away of combustible gas,  
(2) dilution with the excess air,  
(3) reduced heterogeneous oxidation,  
(4) enhanced heat loss from the reaction. 

Herein, the diffusion or flow residence time decreases to be comparable with the chemical time, resulting in the occurrence of no 
ignition. This airflow velocity is referred to as the critical value for no ignition, which has been obtained by the experimental results in 
Figs. 3 and 6. The complex airflow effect on hot-particle ignition is difficult to be quantitatively reported by the theoretical study, thus 
deserves a dedicated investigation in future work. 

4.2. Wind effect on the cooling time 

Overall, the wind will cool the particle before it hits the fuel or when it rolls horizontally on the fuel bed. To further explain the 
cooling effect of wind on the hot particle ignition, the cooling time from its initial temperature (Tp) to the minimum pilot temperature 
can be estimated as 

ρVcp
(
Tp − Tmin

)
≈ Ah

(
Tp − Ta

)
tc (7)  

where h is the overall heat transfer coefficient by the fuel bed and the environment, and cp is the specific heat of the particle. Here 
minimum piloted temperature should be 850 ◦C for 16 mm particles and 970 ◦C for 8 mm particles, respectively. The cooling or 
effective piloted time of the particle is 

tc ≈
ρscp

6h
(
Tp − Ta

) (1 − e)
(
Tp − Tmin

)
D (8) 
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which increases as the particle size and temperature increase. To evaluate the particle temperature, regardless of particle energy effect 
on the hot-particle ignition, the cooling time of the particles (Tp = 880 ◦C, D = 16 mm, and e = 0.80) and the particles (Tp = 940 ◦C, D 
= 16 mm, and e = 0.80) to 850 ◦C will be 540 - 400 ms, 1340 - 1000 ms for 0 - 4 m/s airflow velocity, respectively. 

Previously, we found that the hot-particle ignition could only take place on the sample surface, and the residence duration of the 
particle decreased as the particle temperature and moving speed of the particle increased. By frame-by-frame approach to the 
experimental video, the residence time (tr) of particle will be 540 ± 10 ms (for D = 16 mm, Tp = 880 ◦C and e = 0.80 particle) and 500 

± 10 ms (for D = 16 mm, Tp = 940 ◦C and e = 0.80 particle). 
Thus, if the residence time is near the cooling time, the cooling of the wind will affect the hot-particle piloted ignition. This can be 

confirmed by the flash ignition probability of the particle (for D = 16 mm, Tp = 880 ◦C and e = 0.80 or solid) decreases as the airflow 
velocity increases in Fig. 7c. And if the residence time does not exceed the cooling time, the hot particle is sufficient to be a pilot source 
and the cooling of the wind has a negligible effect on the hot-particle ignition, even during embedding into the EPS foam as shown in 
Fig. 8. 

5. Conclusions 

In the work, the limiting conditions for piloted ignition (flash point) and sustained ignition (fire point) by a hot particle have been 
investigated for the normal and flame-retardant (FR) expandable polystyrene (EPS) foam under an external airflow. Herein, a hot steel 
spherical particle was dropped onto the low-density normal and FR EPS fuel bed with external airflows of 0-4 m/s. Airflow provides an 
alternative shortcut transition of unstable flash flame to a strong fire point and burn out the fuel, because airflow increases the oxygen 
supply and flame heating rather than cooling the particle. As the airflow velocity increases, both flash and fire points first become 
easier to reach because airflow facilitates the mixing of pyrolysates and oxygen in the Smothering Regime. When the airflow velocity 
increases to the Thermal Regime, the ignition time remains stable. Further increasing the airflow velocity to the Chemical Regime, the 
ignition time slightly increases until the wind blows off the flash flame by cooling the particle or blowing away the flammable mixture 
from the hot surface. Such a competitive effect of wind on hot particle ignition is also qualitatively verified by theoretical analysis. 
Flame retardants inside EPS foam do not change the flash ignition but inhibit the transition to fire point and burnout, even under the 
assistance of airflow. This is the first study of the hot-particle ignition of building insulation under windy conditions, helping to 
enhance the comprehension of the complex interactions between flash points and fire points in the spotting or hot-particle ignition of 
the building facades. 
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Appendix 

The dynamic thermal analysis of normal and FR EPS samples was implemented by a TA Instruments simultaneous analyser (SDT- 
Q600), to obtain the mass loss at a heating rate of 5, 10, 20, and 30 K/min under air atmospheres. At first, the raw fuel was ground into 
particles, and the initial mass of the sample subjected to the experiments was about 3 mg. There is good repeatability by at least two 
repeating runs for the given experimental condition. Mass-loss rate of the samples is presented in Fig. A1. The mass loss rate of normal 
and FR samples rapidly increases at 280 and 250 ◦C respectively, which is independent of the heating rate indicating the better thermal 
stability of normal and FR samples. 
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Fig. A1. DTG curves of normal and FR EPS foam at different heating rates.  
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