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Abstract: Wood is one of the longest-standing and sustainable construction and building materials, and 

has gained a new renaissance for high-rise buildings to achieve global carbon neutrality. However, wood 

can sustain both flaming and smoldering fires, and numerous timber structure fires have raised fire 

safety to be a public concern. This work investigates the smoldering ignition of wood blocks under 

long-lasting low-intensity irradiation and the robustness of smoldering fire after the removal of 

irradiation. We found a smoldering ignition map including three regimes, (I) no ignition, (II) 

unsustained smoldering, and (III) self-sustained smoldering. The minimum irradiation for smoldering 

ignition of wood is about 5.5 kW/m2 after heating for hours. Without sufficient and in-depth preheating, 

smoldering ignition cannot self-sustain without irradiation. The criteria for self-sustained smoldering 

on thick wood include the minimum surface temperature of 350±20 oC, the minimum smoldering front 

thickness of 30±5 mm, and the minimum mass flux of 3.8±0.4 g/m2-s before the irradiation is 

terminated. The CO/CO2 ratio of the smoldering wood under low irradiation varies between 0.1 and 0.2. 

This work helps evaluate the fire risk of wood materials and understand their burning behaviors under 

real fire scenarios.  
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1. Introduction

Wood has been used as one of the longest-standing construction and building materials (timber) for

over 10,000 years1,2, and has contributed significantly to the history of human civilization. For example, 

the Neolithic Long House (Fig. 1a), was a long and narrow timber dwelling in Europe beginning at least 

as early as the period 5000 to 6000 BC3. In the 21st century, wood has gained a new renaissance as a 

sustainable construction material for high-rise buildings to achieve carbon neutrality globally, and the 

mechanical performance of wood or wooden material has been well improved by the development of 

mass timber elements such as cross-laminated timber (CLT) panels for use in advanced engineering 

structures and applications4–6. For example, the Brock Commons Tallwood House (Fig. 1b), an 18-
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storey student residence at the University of British Columbia in Canada, is one of the tallest mass 

timber structures in the world. However, the fire risk of wood is still a primary safety concern because 

of its combustible nature. For instance, a recent fire in Shuri Castle severely destroyed the wooden 

structure of this UNESCO World Heritage site in Okinawa, Japan (Fig. 1c). Despite many advanced 

fire preventive measures7–9, the fire accidents of wooden structures have continuously raised their fire 

safety to be a public concern. Therefore, it is critical to understand the fire dynamics of wood to guide 

the fire safety design and optimize the emergency response.  

Fig. 1. Photos of (a) the reconstruction of the wooden Neolithic Long House (courtesy: Czekaj Zastawny), 

(b) Brock Commons Tallwood House at the University of British Columbia in Canada (courtesy: Brudder),

(c) Shuri Castle Fire in Japan in 2019 (courtesy: Robert Eldridge).

The ignition of wood can lead to the initiation and development of devastating fire events and is 

fundamental to fire safety analyses10–12. Therefore, since the 1960s, there is more than half a century of 

history in the development of both comprehensive and practical ignition theories of wood materials13. 

As a typical charring material, wood can sustain both flaming and smoldering combustion14–17. From 

both experiments and numerical simulations, the minimum heat flux for ignition is often the quantity 

of interest, and it is evident that both extrinsic and intrinsic factors may affect the ignition thresholds18–

23. For piloted flaming ignition, a minimum heat flux of 12.5 kW/m2 introduced by McGuire24 in 1965

has been used for design purposes in many countries13. However, lower values have been subsequently 

found due to the improvement of experimental accuracy (e.g., 7.5 kW/m2 suggested by Spearpoint25). 

For auto flaming ignition, a value of 20-25 kW/m2 is a representative minimum heat flux for short-term 

irradiation exposures (minutes)13,26. However, when heated at lower levels for a longer period (hours), 

evidence has shown that wood will be eventually auto-ignited27, but smoldering is generally first 

initiated and then transitions to flaming28. For example, Boonmee and Quintiere29,30 reported that 

smoldering or glowing ignition was first achieved under irradiation between 10 kW/m2 and 40 kW/m2 

before auto flaming ignition. Spearpoint25 also reported the glowing ignition before flaming auto-

ignition under irradiations less than 10 kW/m2 if the wood was exposed for hours, rather than minutes. 

Smoldering is the slow, low-temperature and flameless burning of porous fuel, and one of the most 

persistent types of combustion phenomena31–33. It is a heterogeneous process sustained when oxygen 
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molecules directly attack the hot surface of the reactive porous media, different from flame regarding 

combustion chemistry and transport process31. Smoldering can lead to fatal conditions due to its 

concealment, persistence and high lethal CO emissions34. However, only a limited number of 

experimental studies were reported on smoldering ignition at low heat fluxes35,36. Boonmee and 

Quintiere30 observed the smoldering ignition at 10 kW/m2 for 2 h and thus suggested 10 kW/m2 to be 

the minimum heat flux of smoldering ignition. Gratkowski et al.36 experimentally determined the 

minimum heat flux for smoldering ignition to be 7.5 kW/m2, which was consistent with that of 7.2 

kW/m2 predicted by the self-heating theory. Yang et al.37 further summarized the criteria of smoldering 

(or glowing) ignition for wood.   

For the most natural and engineered woods, after flaming ignition, the flame is sometimes not able 

to self-sustain without strong irradiation (>40 kW/m2), i.e., self-extinction may occur14,38–42. It is mainly 

because wood is almost impermeable to ambient oxygen, and only limited oxygen can diffuse through 

porous char layer13. For example, Ohlemiller43 reported that wood needed a continuous irradiation of 

about 10 kW/m2 to maintain smoldering. However, to the best of the authors’ knowledge, few studies 

have investigated the limiting conditions for the self-sustained smoldering fire of wood materials. 

This work aims to quantify the threshold of the self-sustained smoldering wood fire. Smoldering 

ignition tests are performed on natural beech wood blocks under low irradiation from 5 kW/m2 to 10 

kW/m2 with different heating durations (up to 6 h). The required minimum heat flux, heating duration, 

temperature, and burning flux, as well as the emission characteristics, are quantified and analyzed to 

provide a full picture of smoldering ignition and near-limit burning behaviors of wood fires.  

2. Experimental methods 

The natural beech wood (a typical softwood with a Latin name of ‘Zelkova Schneideriana'), which 

has the dimension of 100 mm × 100 mm × 60 mm, was tested in this study (Fig. 2a). The TG-DSC 

thermal analysis data is shown in Appendix. Before the tests, all wood samples were first dried at 90 ℃ 

in an oven for 48 h, and the dry bulk density was measured to be 650 ± 10 kg/m3. Note that under long-

term heating, the wood would be further dried before ignition, so the initial drying process and 

absorption of ambient water vapor were less relevant. Afterwards, all dried wood samples were placed 

into a dry cabinet to prevent the re-absorption of moisture from the ambient.  

All the tests were conducted using the cone calorimeter (FTT I-Cone Plus), which mainly consisted 

of a conical heater, a sample holder, and a precision scale, as illustrated in Fig. 2b. The conical heater 

could provide relatively constant and uniform irradiation to the sample area of 100 mm × 100 mm, thus 

ensuring that the whole exposed surface of the wood sample would receive uniform irradiation44,45. 

Before the tests, the irradiation level was measured by a radiometer that was further calibrated by the 

temperature of the conical heater. The periphery and bottom of the wood sample were wrapped by 10-

mm thick insulation of mineral wool, so the camera could not directly observe the sample burning 

process from the side. On the other hand, the top surface was exposed to the ambient and cone 
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irradiation, as shown in Fig. 2.  

 

Fig. 2. (a) A photo of the wood sample used in this study, and (b) schematic experimental setup. 

Initially, irradiation was shielded by the standard shutter, and the sample was installed on the 

precision scale where the unwrapped surface was exposed to the vertically oriented conical heater. In 

preliminary tests using the horizontal cone heater and wood sample, we found that the hot cone could 

pilot the uprising pyrolysis gases to cause flaming ignition. To prevent piloted flaming, the vertical 

heating test was conducted. The sample was heated across the grain.  

Once the steel shield was removed, the prescribed irradiation was applied to the exposed wood 

surface. The cone irradiation varied from 5 kW/m2 to 10 kW/m2. Before tests, careful calibration was 

conducted for cone temperature and heat flux gauge under these low heat fluxes. Once the required heat 

flux was set, the cone temperature only varied within ± 5 ℃, and the uncertainty of heat flux was less 

than ± 0.2 kW/m2. Two groups of low-irradiation tests were designed: 

(i) Continuous irradiation was applied on the wood surface until the end of the tests to observe the 

irradiation-assisted smoldering process and find out the critical heat flux for ignition, and  

(ii) Irradiation was applied for a prescribed duration and then terminated to observe whether the 

smoldering fire became self-sustained. 

To capture the temperature evolution and trace the position of smoldering front, five sheathed K-

type thermocouples with a bead diameter of 1 mm were inserted into the central line at different depths 

of 0 mm (surface), 15 mm, 30 mm, 45 mm and 60 mm below the exposed surface, approximately. The 

test process was recorded by a side-view camera, and the sample mass was monitored by the precision 

scale (± 0.1 mg). All the emissions originated from wood smoldering were collected by an upper hood, 

and a partially exhaust stream with the flowrate of 1.5 ± 0.3 L/min were extracted from the hood by a 

sampling pump, for which a gas analyzer (Testo-430) was adopted to measure the gaseous emissions of 

CO and CO2. During the test, the ambient temperature was maintained at 25 ± 2 ℃, while the relative 

humidity was kept at 50 ± 5%. For each test, at least two or three repeating experiments were performed 

for uncertainty analysis. 
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3. Results and discussion 

3.1. Smoldering temperature and ignition map  

Fig. 3(a-b) shows the temperature evolutions under continuous irradiations of 10 kW/m2 and 6 

kW/m2 from the start of exposure to the radiant heater to initiation of smoldering combustion and 

eventually burn-out. Once combustion is initiated at the surface, the smoldering front starts to propagate 

inwards with peak temperatures higher than 500 oC. As the smoldering front gradually reaches the 

bottom of the wood sample and approaches the top surface of the mineral-wool insulation, the in-depth 

heat conduction inside the wood is reduced; thus, the temperature close to the bottom is increased.  

 

Fig. 3. Temperature profiles of smoldering wood under continuous irradiation of (a) 10 kW/m2, (b) 6 

kW/m2 and (c) 5 kW/m2, and under the irradiation of 6 kW/m2 for (d) 140 min, (e) 100 min and (f) 80 min 

respectively, where the legends could be found in (c) or (f). 
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For example, in Fig. 3(b), after heating for 100 min, the smoldering front reaches the bottom of the 

wood sample and the peak temperature nearby (-60 mm) is over 700 oC, higher than that of 650 oC at -

15 mm. After irradiation-assisted burning for more than 300 min, the fuel is burned out, and the 

temperature dramatically decreases. Comparatively, if the continuous irradiation is decreased to 5 

kW/m2, no ignition is achieved, as shown in Fig. 3(c). Eventually, the temperature profile reaches a 

steady state where the peak temperature is lower than 200 oC.  

On the other hand, Fig. 3(d-f) show the temperature profiles of the wood samples where the 

irradiation of 6 kW/m2 is shielded after applying on the wood surfaces for 140, 100 and 80 min, 

respectively. As shown in Fig. 3(d-e), once the irradiation is terminated at 140 min or 100 min, the 

temperature shows a slight fluctuation. Afterwards, the temperature re-increases and reaches a peak 

value of over 600 oC, indicating the existence of a self-sustained smoldering front. Eventually, the 

temperature decreases, and the fuel is completely burned out. Comparatively, in Fig. 3(f), after heating 

for 80 min, the temperature near the surface is higher than the smoldering ignition temperature of wood 

(~250 oC13). However, as the irradiation is shielded and terminated, smoldering cannot sustain itself, so 

the temperature drops to the ambient temperature.  

 

Fig. 4. Smoldering ignition map of woods, where the red solid circles and blue hollow circles represent the 

self-sustained smoldering and unsustained smoldering after removing irradiation, respectively. 

By further plotting the experimental results in Fig. 4, a smoldering ignition map is obtained, where 

red solid circles and blue hollow circles represent self-sustained smoldering and no self-sustained 

smoldering after the removal of the external radiation, respectively. As the heating duration and heat 

flux increase, there are three regimes in the smoldering ignition map: 

(I) No ignition, 

(II) Unsustained smoldering, and  

(III) Self-sustained smoldering.  
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First of all, the minimum heat flux for smoldering ignition of this wood sample is about 5.5±0.5 

kW/m2, lowering the ignition threshold of smoldering wood fire in the literature (as low as 7.5 

kW/m2)11,30,36,43. Moreover, to trigger a self-sustained smoldering fire, a longer heating duration is 

required, and the minimum heating duration decreases as the irradiation level increases. For example, 

as the irradiation increases from 6 kW/m2 to 10 kW/m2, the required heating duration decreases from 

90±10 min to 55±5 min.  

Fig. 5(a) shows the surface temperature of wood at the moment when the irradiation (6 kW/m2) is 

just terminated. As expected, the surface temperature increases as the heating duration increases. After 

heating for 60 min or 80 min, the surface temperatures of both cases exceed 250 oC, which is believed 

to be the minimum smoldering temperature of wood materials13. However, after the removal of the 

irradiation, smoldering is extinguished rather than becomes self-sustained. Further experiments 

demonstrated that, to ensure self-sustained smoldering, the surface temperature of the wood is required 

to be heated to over 350±20 oC before the irradiation is terminated, which is much higher than the 

minimum smoldering ignition temperature46. 

 

Fig. 5. (a) surface temperature and (b) thickness of smoldering front vs. irradiation duration (6 kW/m2), 

where the markers represent the average values, and the error bars represent the standard deviations. 

3.2. Smoldering front thickness 

Given a minimum smoldering (char oxidation) temperature of 250 oC13,47, the average thickness of 

the smoldering front at the moment when the external radiation is terminated can be estimated based on 

the thermocouple data and the video recordings (e.g., Fig. 3). Fig. 5(b) summarizes the thickness of the 

smoldering front at different moments when the irradiation is removed, and it increases with the heating 

duration. For example, as the heating duration increases from 60 min to 140 min, the average smoldering 

front thickness increases from around 8 mm to 56 mm. More importantly, to trigger a self-sustained 

smoldering fire, the smoldering front should be extended over a thickness of about 30±5 mm before 

removing irradiation.  
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To better explain the necessity of a thick smoldering front for self-sustained smoldering propagation, 

a simplified energy conservation equation is applied to a propagating smoldering front with a thickness 

of 𝛿, as illustrated in Fig. 6. On the limiting condition, to just sustain smoldering combustion, the heat 

generated from the smoldering zone due to the char oxidation (𝑞̇𝑠𝑚
′′ ) should just overcome the heat loss 

to the ambient (𝑞̇∞
′′ ) and the heat conducted to the virgin wood (𝑞̇𝑐𝑜𝑛𝑑

′′ ) as 

𝑞̇𝑠𝑚
′′ ≥ 𝑞̇∞

′′ + 𝑞̇𝑐𝑜𝑛𝑑
′′ − 𝑞̇𝑖𝑟

′′                                                                     (1)  

Under a long-term low-intensity heating (𝑞̇𝑖𝑟
′′ ), the wood sample is near thermal equilibrium, and its 

internal temperature profile is almost linear (see Fig. 3c). Therefore, the in-depth conductive heat loss 

reaches a minimum constant (𝑞̇𝑐𝑜𝑛𝑑,𝑚𝑖𝑛
′′ ) as 

𝑞̇𝑐𝑜𝑛𝑑,𝑚𝑖𝑛
′′ = 𝑘

𝑇𝑡𝑜𝑝 − 𝑇𝑏𝑎𝑐𝑘

𝐿
                                                                 (2) 

where 𝑘 is the thermal conductivity, 𝑇𝑡𝑜𝑝 and 𝑇𝑏𝑎𝑐𝑘 are the temperatures of top and back surfaces, 

and 𝐿 is the thickness. The minimum surface temperature (𝑇𝑡𝑜𝑝,𝑚𝑖𝑛) is found to be about 350 oC, so the 

environmental heat loss (𝑞̇∞
′′ ) is also constant.  

 

Fig. 6. Schematic diagram of the energy balance of a self-sustained smoldering front. 

Then, when the irradiative heating is removed (𝑞̇𝑖𝑟
′′ = 0), to self-sustain the smoldering combustion, 

Eq. (1) could be revised as 

𝑞̇𝑠𝑚
′′ = 𝑚̇𝑠𝑚

′′ ∆𝐻𝑠𝑚 = 𝑞̇∞
′′ + 𝑞̇𝑐𝑜𝑛𝑑,𝑚𝑖𝑛

′′                                                   (3) 

where 𝑚̇𝑠𝑚
′′   and ∆𝐻𝑠𝑚  are the smoldering burning mass flux and the heat of the smoldering 

combustion. The burning mass flux is controlled by the overall smoldering reaction inside wood, so it 

is controlled by the temperature profile as 
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𝑚̇𝑠𝑚
′′ = ∫ 𝜔̇𝑇

′′′𝑑𝑦
𝛿

0

≈ 𝛿𝑚𝑖𝑛𝜔̇𝑠𝑚
′′′ = 𝛿𝑚𝑖𝑛𝜌𝑍exp (−

𝐸

𝑅𝑇𝑠𝑚
) 𝑌𝑛            (4) 

where 𝜔̇𝑇
′′′ is the volumetric reaction rate, 𝛿𝑚𝑖𝑛 is the minimum smoldering front thickness, 𝜌 is the 

density of wood, 𝑍  is the pre-exponential factor, 𝐸  is the activation energy, 𝑅  is the universal gas 

constant, 𝑇𝑠𝑚 is the smoldering temperature, 𝑌 is the mass fraction of oxygen, 𝑛 is the reaction order. 

Therefore, by defining a characteristic smoldering temperature of wood (𝑇𝑠𝑚), the minimum burning 

mass flux and front thickness of the self-sustained smoldering are both constants, expressed as 

𝑚̇𝑠𝑚
′′ =

𝑞̇∞
′′ + 𝑞̇𝑐𝑜𝑛𝑑,𝑚𝑖𝑛

′′

∆𝐻𝑠𝑚
                                                                       (5) 

𝛿𝑚𝑖𝑛 =
𝑞̇∞

′′ + 𝑞̇𝑐𝑜𝑛𝑑,𝑚𝑖𝑛
′′

𝜔̇𝑠𝑚
′′′ ∆𝐻𝑠𝑚

                                                                       (6) 

which successfully verify the experimental results in Fig 5(b) and Fig. 8. 

3.3. Mass loss and burning mass flux 

Fig. 7(a-b) shows the time evolutions of remaining mass (black solid line) and mass flux (red dashed 

line) of the same cases in Fig. 3(a-b) under continuous irradiation of 10 kW/m2 and 6 kW/m2. In general, 

these curves are similar to past studies of the flaming burning under cone calorimeter. For example, in 

Fig. 7(a), once the wood sample is exposed to the irradiation of 10 kW/m2, the mass flux dramatically 

increases to about 6 g/m2-s, indicating a robust smoldering burning process. Afterwards, the mass flux 

slightly decreases because the expanding char layer weakens the external heating from the conical heater.  

As the smoldering front gradually reaches the top surface of the insulation board (see temperature 

profile in Fig. 3), the increased temperature due to the decreased heat conduction inside the wood 

sample promotes the smoldering process (see temperature profile in Fig. 3)14,48. Therefore, at about 75 

min, the remaining mass witnesses a sharp decrease, while the mass flux re-increases to above 12 g/m2-

s. Afterwards, the mass flux decreases and only smolders at about 1 g/m2-s because of the burning of 

residues. Fig. 7(c) shows an example of failed smoldering ignition of the wood sample under the low 

irradiation of 5 kW/m2. Although the wood is heated for more than 400 min, the mass remains constant 

at about 380 g, and the mass flux is near zero.  

On the other hand, Fig. 7(d-f) show the fuel mass and mass flux of wood samples where the 

irradiation of 6 kW/m2 is shielded after applying on the wood surfaces for 140, 100 and 70 min, 

respectively. For example, as shown in Fig. 7(d), when the irradiation is terminated at 140 min, the mass 

flux starts to decrease. After fluctuation at the low level, the mass flux re-increases above 5 g/m2-s. 

Afterwards, the mass flux decreases and remains at about 1 g/m2-s due to the burning of residues. 

Comparatively, when the irradiation is terminated at 70 min, although the mass flux also reaches about 

4 g/m2-s, afterwards, the mass flux directly decreases to zero. 
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Fig. 7. Mass and mass flux of smoldering wood under continuous irradiation of (a) 10 kW/m2, (b) 6 kW/m2 

and (c) 5 kW/m2, and the mass and mass flux where the irradiation of 6 kW/m2 was shielded after applying 

on the wood surfaces for (d) 140 min, (e) 100 min, and (f) 70 min, where the black solid lines and red 

dashed lines represent the mass and mass flux respectively. 

Fig. 8 further summarizes the mass flux at the moment when the irradiation (6 kW/m2) was 

terminated after different heating durations. As expected, the mass flux at the terminated moment 

increases as the heating duration increases. For example, the mass flux increases from 0.8 g/m2-s to 5.5 

g/m2-s after irradiative heating for 40 min and 140 min, respectively. More importantly, to trigger a self-

sustained smoldering, the mass flux should at least be increased to around 3.8±0.4 g/m2-s before the 

removal of external radiation, which is almost consistent with the flame extinction limits (~4.0 g/m2-s) 

of wood materials39. As seen from Eq. (5), a minimum burning flux (𝑚̇𝑠𝑚
′′  ) is required to generate 

enough heat to overcome the heat loss to the ambient and the virgin fuels. 
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Fig. 8. The mass flux vs irradiation duration (6 kW/m2), where the markers represent the average values, 

and the error bars represent the standard deviations. 

3.4. Smoldering gas emissions 

Fig. 9 shows the emission fluxes of CO2 and CO of the same cases in Fig. 3, where the red and 

black lines represent the emissions of CO2 and CO. Overall, these curves follow the same trends of 

mass flux data in Fig. 7, while the emission fluxes of CO2 and CO vary with time simultaneously. For 

example, when the sample is continuously heated by irradiation of 10 kW/m2, the emission fluxes of 

CO2 and CO first increase to around 4 g/m2-s and 1 g/m2-s, as shown in Fig. 9(a). Afterwards, the fluxes 

almost remain stable and then re-increase to 10 g/m2-s and 2 g/m2-s at about 75 min, following the same 

trend in Fig. 7(a). For the case shown in Fig. 9(c), as no ignition was achieved, the emission fluxes are 

almost constant at zero for the whole process.  

On the other hand, Fig. 9(d-f) also plot the emission fluxes of CO2 and CO of the same cases in Fig. 

3(d-f), where the irradiation of 6 kW/m2 is terminated after applying for 140 min, 100 min and 80 min. 

For the cases of self-sustained smoldering, after the removal of irradiation, the emission fluxes of CO2 

and CO both slightly decrease but later re-increase, agreeing well with the mass flux evolution. For the 

case in Fig. 9(f), after the removal of irradiation, the emission flux directly drops to zero. 

 

https://doi.org/10.1002/fam.3107


Z. Liang, S. Lin, X. Huang (2022) Smoldering Ignition and Emission Dynamics of Wood under Low Irradiation, 

Fire and Materials. https://doi.org/10.1002/fam.3107  

12 

 

 

Fig. 9. The instantaneous emission fluxes of CO2 (black) and CO (red) under continuous irradiation of (a) 

10 kW/m2, (b) 6 kW/m2 and (c) 5 kW/m2, and the emission fluxes of CO2 and CO where the irradiation of 

6 kW/m2 was shielded after applying on the wood surfaces for (d) 140 min, (e) 100 min, and (f) 70 min, 

where the black solid lines and red dashed lines represent the CO2 and CO respectively. 

Fig. 10 further compares the CO/CO2 ratio of the same cases in Fig. 9. In general, the peak CO/CO2 

during the smoldering combustion of this wood ranges from 0.1 to 0.2, which well agrees with the 

literature values49–51 and is comparable to other combustible materials16,49,52–59. Moreover, from Fig. 

10(a-b), CO/CO2 ratio is found to slightly increase as the external radiation increases. On the other hand, 

after the removal of external radiation, if the smoldering front becomes self-sustained, the CO/CO2 ratio 

eventually no longer vary with time for a long-lasting burning, as seen in Fig. 10(d-e).  
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Fig. 10. The instantaneous CO/CO2 ratio under continuous irradiation of (a) 10 kW/m2, (b) 6 kW/m2 and 

(c) 5 kW/m2, and the CO/CO2 ratio where the irradiation of 6 kW/m2 was shielded after applying on the 

wood surfaces for (d) 140 min, (e) 100 min and (f) 70 min, respectively. 

Note that the smoldering gas emissions obtained from the current study were obtained in the Cone 

Calorimeter, where ventilation was not restricted. Care should be exercised in applying the findings to 

fire situations, since in many cases the combustion of wood will be occurring under ventilation-limited 

conditions, leading to greater emissions of CO. 

4. Conclusions 

In this work, we use experimental approaches to investigate the smoldering ignition limits of woods 
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(beech woods) and quantify the necessary conditions to trigger a self-sustained smoldering front after 

the removal of external radiation. In previous, the minimum heat flux to initiate smoldering wood fire 

has been rarely studied, and the existing values are as low as 7.5 kW/m2, close to the minimum heat 

flux of the pilot flaming ignition. However, we found that the minimum radiant heat flux for smoldering 

ignition is about 5.5 kW/m2 after exposure to the low irradiation for hours. This minimum irradiation 

level lowers the required ignition boundary of smoldering combustion defined in the past literature. 

We found a smoldering ignition map showing three different regimes, (I) no ignition, (II) 

unsustained smoldering and (III) self-sustained smoldering, depending on the irradiation intensity and 

heating duration. After ignition, the smoldering of wood may not self-sustain in the absence of 

irradiation. Such a self-extinction of smoldering is similar to the self-extinction of flame on wood. The 

self-sustained smoldering on thick wood without irradiation requires a longer and in-depth preheating 

process. The criteria for self-sustained smoldering wood include the minimum surface temperature of 

350±20 oC, the minimum smoldering front thickness of 30±5 mm, and the minimum mass flux of 3.8

±0.4 g/m2-s before the irradiation is removed.  

The emission fluxes of CO2 and CO are found to follow the same trends of mass flux evolutions. 

The CO/CO2 ratio of the smoldering wood fire ranges from 0.1 to 0.2, consistent with the literature data. 

This work helps evaluate the fire risk and provides a better understanding of near-limit burning 

behaviors of wood materials under real fire scenarios. In our future work, additional testings and 

analyses of other wood species are needed to generalize the results of this study, and numerical 

simulations will be performed to reveal the underlying physical and chemical process of smoldering 

ignition under low irradiations.  
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Appendix 

The wood sample was first pulverized into powders and dried at 90 oC for 48 h. The thermal analysis 

of the wood sample was performed using a PerkinElmer STA 6000 Simultaneous Thermal Analyzer in 

an air atmosphere (21% oxygen). The initial mass was around 3 mg, and the sample was heated at a 

relatively low heating rate of 5 K/min. Fig. A1 shows the mass-loss rate and the heat flow curves of this 

beech wood. As expected, the mass loss rate rapidly increases at about 250 oC, which could be defined 

as the pyrolysis temperature.  

 

Fig. A1. TGA-DSC results of the beech wood sample under air at a heating rate of 5 K/min. 
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