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Abstract: 

The shrinkage, deformation and cracking of the wood affect their smouldering and flaming dynamics, 

but the scientific understanding is still limited. We study the burning behaviours of disc wood samples 

with a diameter of 60 mm and thicknesses of 5-40 mm under external airflows up to 6 m/s. Results 

show that the smouldering-to-flaming (StF) transition can be observed at about 830 °C under external 

airflow, which is caused by the interactions between smouldering-induced crack and environmental 

airflow. The fully penetrated vertical char crack or pre-perforated hole promotes the StF transition 

because of (1) enhanced radiation between the two smouldering surfaces and (2) greater air supply 

under the chimney effect. As the wind velocity increases, both the smouldering surface temperature and 

crack size increase, so the transition to flaming becomes faster. For a larger wood thickness, a larger 

airflow is required to generate the crack and cause a StF transition. A numerical model is proposed to 

investigate the volatile convection and flaming ignition. Numerical analysis reproduces the StF 

transition, as an autoignition of a pyrolysate-oxygen mixture promoted by hot smouldering surfaces. 

The numerical model further reveals the effects of smouldering temperature and cross wind on the StF 

transition. This work deepens the understanding of the StF transition dynamics and provides insights 

into the wildfire ignition dynamics and fire hazards of timber structures. 
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Graphic Abstract 

 

1. Introduction 

Wood is one of the longest-standing construction, and current sustainable construction materials 

for high-rise timber buildings (Fig. 1a), because of its cost-effectiveness, high strength-to-weight ratio, 

and environmental-friendly to achieve carbon neutrality globally [1,2]. Wood is also the dominant fuel 

in wildland fires. However, the fire risk of wood is still a primary safety concern, due to its combustible 

nature [3] and large fuel loads [4,5], i.e., fire accidents of the medieval Notre Dame Cathedral in Paris 

(Fig. 1b) and large-scale wildfires worldwide [6]. The burning of wood generates a porous char layer 

and causes shrinkage, deformation and cracking behaviours. In turn, these wood structural variations 

also change smouldering and flaming dynamics. However, the reserve effect of the glowing char cracks 

on the wood combustion is still not fully understood. 

When the wood is heated, the material decomposes to release flammable gases, and leaves behind 

a porous char layer (Fig.1c). The char layer has a lower permeability to oxygen diffusion, and may act 

as an important heat barrier between the combustion and virgin material, even resulting in the self-

extinction of the wood [4]. It has been widely observed that a single flat, thermally thick slab of wood 

is difficult to smoulder unless the smoulder-derived heat is supplemented by an external radiant flux. 

But a stable smouldering on solid wood has been conducted by a U-shaped channel sample [7], which 

is self-sustained by radiative interactions among elements of the surface. Herein, the shrinkage and 

deformation of the porous char layer are always accompanied by the form of the char fissures, which 

increase the heat transfer of radiation, and provide a shortcut path to the permeability of the oxygen 

diffusion. The current research focuses on the “char shrinkage and cracking” behaviour during pyrolysis 

in different ambient pressures [8,9], and the deformation behaviours of disc wood slices in the 

interactions between smouldering combustion and thermo-mechanical stress [10]. It is difficult to judge 

the glowing char cracks’ effect on the heat transfer and combustion of solid wood. 

https://doi.org/10.1016/j.fuel.2023.129091


Z. Zhang, P. Ding, S. Wang, X. Huang (2023) Smouldering-to-Flaming Transition on Wood Induced by Glowing Char 

Cracks and Cross Wind, Fuel, 352, 129091. https://doi.org/10.1016/j.fuel.2023.129091  

3 

 

 

Fig. 1. (a) The 18-storey timber Brock Commons in Canada (Credit: Michael Elkan), (b) fire accidents of the 

medieval Notre-Dame Cathedral in Paris (Photo courtesy Wiki Commons), (c) crack of the wood in the fire 

(Credit: Ivan-balvan), and (d) smouldering and flaming combustion of the wood (Credit: Depositphotos). 

Almost all cellulose fuels can sustain both forms of flaming and smouldering combustion [11,12], 

the smouldering process can lead to flaming combustion normally in powdery or porous solid fuels [13–

15], which mainly contain polyurethane foams [16,17], cotton [18], or discrete cellulose powders like 

particle board, sawdust and shredded wood [14]. Smouldering-to-flaming (StF) transition is a complex 

process in which the smoulder reaction provides the heat to pyrolyze the virgin fuel, or acts as a pilot 

to ignite the flammable gaseous mixture, involving the transition from “heterogeneous reactions” to 

“homogeneous gas phase reactions”. The current research reported the flaming and smouldering 

behaviours of wood [3], and Lin et al. also reported the coexistence of smouldering and flaming at the 

crack for a near-limit blue flame [19]. It is difficult to judge whether materials with a lower-porosity 

medium like solid wood, can support a StF transition. 

The buoyancy-induced airflow of flame will be enhanced by increased curvature of the crack 

surface [20] and temperature of glowing phenomena at char fissures. Smouldering spread may transition 

into a sustained flame spread, especially under the assistance of wind [21]. Ohlemiller found that the 

forward horizontal smouldering responded strongly to the airflow, and the critical airflow velocity that 

yielded transition to flaming at about 0.5∼2 m/s depended on fuel chemistry [22]. Yang concluded that 

the StF transition ultimately occurred at 2-3 cm above the leading edge of the smouldering front on the 

top surface under a windy environment [23]. The above research focused on cellulosic insulation with 

< 100 kg/m3 density, while to the best of the authors’ knowledge, the StF transition of real solid wood 

with various ambient wind speeds has not been systematically studied yet, posing a knowledge gap. 

In the present work, well-controlled experiments were conducted to investigate the burning 

behaviours of small-scale disc wood samples. The StF transition and the characteristic temperature of 

the wood sample were determined. The limit of the StF transition was quantified as the function of 

sample thicknesses and wind speeds. The fully penetrated vertical char crack or pre-perforated hole was 

used to verify the smouldering vertical char cracks (like a chimney channel) effect on the StF transition. 
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This research will contribute to the understanding of the StF transition dynamics of solid wood. 

2. Experimental method 

2.1.  Setup and controlling parameters 

Solid beech wood slices were chosen in this experiment and cut perpendicular to the grains. This 

wood is representative biomass species in the southern forest of China, and it is widely used in building 

constructions and furniture. All samples were first oven-dried at 80 ℃ for 8 h, and then stored in the 

temperature and humidity chamber. Before the test, the sample was measured to have a density of 653.8 

± 15.8 kg/m3 and moisture content of 9 ± 1% at an ambient temperature of 15 °C, and relative humidity 

of 35  2%.  

 

Fig. 2. Schematic diagram of the designed experimental setup. 

Based on the common thicknesses of wooden furniture (10-45 mm), engineered timber (12-40 

mm), and timber structures (> 40 mm), four 60 mm-diameter (𝐷) samples with different thicknesses (𝛿) 

of 5, 10, 20 and 40 mm were tested in Fig. 2a. Their initial mass ranges from 8.9 ± 0.4 g to 74.1 ± 2.1 

g, shown more in Tab. 1. The centre point of the bottom of the wood slice was glued with a 0.2-mm-

diameter aluminium rod stick, which acted as a sample holder [10] in Fig. 2b-c. Afterwards, it was 

placed for 5 h to stabilize the glued connection between the stick and the sample. 

Table 1 Parameters of the wood samples and airflow velocity in the experiment. 

Thickness (𝛿, mm) Diameter (𝐷, mm) Weight (g) Airflow velocity (𝑈𝑎, m/s) 

5 

60 

8.9 ± 0.4 

0, 0.5, 1, 2.5, 4.5 and 6 
10 18.7 ± 0.7 

20 37.6 ± 1.2 

40 74.1 ± 2.1 

 

Figure 2 shows the schematic diagram of the experimental setup, which consists of a blower, a 

cone-shaped heater, a sample holder, and a data collection system. The blower was used to generate a 

uniform environmental airflow at 150 mm from the outlet. In this system, one SF4-4 Type axial flow 

fan controlled by powder transducers (range: 0–50 Hz, resolution: 0.1 Hz) and a 2 m-long fairing [24], 
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were used to mimic the velocity of buoyancy-induced airflow in flame and provide the desired airflow. 

The airflow velocity (𝑈𝑎) was calibrated with the frequency of the transducers, and 0 to 6 m/s cross 

wind was used, corresponding to the natural wind of magnitude 1-4. The cone-shaped heater was placed 

50 mm above the sample, which provided uniform irradiation up to 60 kW/m2 on the top surface. The 

irradiation of 15 kW/m2 was applied, considering this value is strong enough to initiate a smouldering 

ignition of beech wood [11]. The evolution of mass loss (𝑚̇′′) for samples has been tracked in the 

experiments, but the effect of airflow on mass loss is significantly larger than that of smouldering and 

flaming burning, which won’t be reported in this work. 

2.2. Test procedures 

Before the test, the level of irradiation and airflow was adjusted by changing the heating power 

and the frequency of the transducers, to be calibrated by a radiometer (GTW-12.7-100) and anemometer 

(Smart senor AR866A), respectively. The experiment can be separated into heating and force 

convection stages. Once the irradiation became steady-state, the wood was quickly exposed to the 

irradiation, until the glowing ignition emerged on the edge of the crack, as shown in Fig. 2b. Then, the 

sample was quickly 45° exposed to the outlet of the blower by adjusting the contact between the sample 

holder and balance, as shown in Fig. 2c. Here, the airflow started once the shield of the blower was 

removed, and the evolution of smouldering propagation could be observed at the given airflow. 

For the wood thickness, the test was started with the thinnest thickness (δ = 5 mm). If the 

smouldering successfully transitioned to the flaming, the sample thickness was then increased gradually 

until the smouldering front could no longer transition. Then, the maximum wood thickness for the StF 

transition (δ∗) could be determined. Afterwards, conditions of airflow velocities were changed to 

explore the variation in the critical thickness. 

To record the StF phenomena, the heating stage was recorded with on video camera from the 45° 

top view, and the force convection stage was recorded with two video cameras (Sony FDR-AX60 at 50 

fps) to capture both top and bottom surfaces from the 45° top and side views, respectively. To quantify 

the temperature distribution, the IR camera was kept perpendicular to the top surface of the sample. The 

mass loss, temperature distribution, and surface phenomena could be recorded throughout the 

experiment. The mass evolution of the wood sample was measured by the electric balance (Mettler- 

Toledo XE10002S, resolution: 0.01 g). For each scenario, tests were repeated at least three times, and 

good experimental repeatability was found. 

3. Results and discussion 

3.1.Phenomena of StF transition 

During the heating process, the sample went through the release of visible smoke, strong pyrolysis 

(or charring), and char oxidation. Moreover, the raw sample was transformed into a more porous char, 

and the char may shrink and crack, even forming char fissures. These behaviours of the heating stage 
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are the same as the past findings [10,11,25], and not presented here. When the glowing combustion at 

the edge of the crack occurred, the sample was exposed to the forced convective environment (time t = 

0 s in Fig. 3). 

 

Fig. 3. Snapshots of the possible interactions between smouldering and flaming of solid wood with the 

sample and environmental conditions given in the figures. 

Figure 3a shows some typical snapshots of StF transition with 60 mm diameter and 20 mm 

thickness at an airflow velocity of 4.5 m/s. After the airflow was supplied, a smouldering front was 

propagated into the sample and formed a tiny penetration hole at 429 s. Moreover, the flame was 

https://doi.org/10.1016/j.fuel.2023.129091


Z. Zhang, P. Ding, S. Wang, X. Huang (2023) Smouldering-to-Flaming Transition on Wood Induced by Glowing Char 

Cracks and Cross Wind, Fuel, 352, 129091. https://doi.org/10.1016/j.fuel.2023.129091  

7 

 

observed from the side view of the bottom surface at 436 s, and the ignition point could be located at 

the bottom of the sample, mainly evident by the enveloped flame on the back edge to burnout the sample. 

This StF transition was in the direction of concurrent smouldering propagation, which is consistent with 

the observation of Stephen et al [26] and Aldushin et al [27]. 

Figure 3b shows that as the sample thickness is decreased to 5 mm, more cracks, even fully 

penetrated vertical char cracks, have been formed in the heating stage. Under the airflow velocity of 1 

m/s, bidirectional glowing combustion was rapidly propagated along the crack, and quickly released 

much intenser pyrolysis gas than that of Fig. 3a. Smouldering transitioned into flaming eventually, and 

the small flash first emerged around the small crack at 94 s. The sustained flame dominated the fuel 

consumption like the phenomena at 160 s. 

Further decreasing the airflow velocity, eventually, the StF transition cannot be triggered. Fig. 3c 

shows some typical photos of the no-transition case, where the forced airflow velocity is 0.5 m/s. 

Compared to Fig. 3b, similar smouldering ignition and propagation phenomena were observed for the 

first 20 s, but the glowing propagation rate gradually decreased. As ash covered the surface, the 

smouldering (glowing) zone became weaker, and almost extinguished at 66 s. 

3.2. Characteristics of StF transition 

Figure 4 illustrates the IR measurements of the StF transition with a sample thickness of 10 mm at 

the airflow velocity of 2.5 m/s. After the heating process, two smouldering zones can be indicated by 

whether or not the oxidizing surface is visible enough to emit brighter glowing light [28–30]. Three 

points, with points 1-2 in the glowing zone and point 3 in the no-glowing zone on the sample surface 

near the crack in Fig. 4, were picked to present the temperature distribution of these regions. 

 

Fig. 4. IR images and snapshots of the top surface around the crack that induced flaming transition of 10 

mm thickness sample at 2.5 m/s. 
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Figure 5a illustrates the temperature profile of points 1-3, around the crack that induced a flaming 

transition with a sample thickness of 10 mm. At 0 s, the surface temperature was distinguished clearly 

by the no-glowing smouldering region with low temperature (300-500 °C) and the glowing region with 

high temperature (600-800 °C) along the crack to the edge. Herein, 

(I) a weak and mild smouldering process often has a relatively low surface temperature that is not 

hot enough to emit visible light, so it is referred to as “(weak) smouldering”; 

(II) an intensive smouldering surface is hot enough to emit visible red light, so is often referred to 

as “glowing smouldering”.  

After an airflow velocity of 2.5 m/s is applied, a similar trend is found for points 1-3. That is, the 

temperature first increased rapidly and then remained constant over a wide range of time. Subsequently, 

the temperature slightly increases until the flaming combustion.  

 

Fig. 5. (a) Temperature evolution at three points of Fig.4, and (b) pixel intensity around the crack that 

induced flaming transition of 10 mm thickness sample at 2.5 m/s. 

Once exposed to the airflow with a duration of 3 s, the temperature of smouldering propagation 

(point 1) increases from 600 °C to 800 °C, also indicated by the transition from weak smouldering to 

glowing smouldering. Therefore, the oxygen supply controls the smouldering propagation in this stage. 

With continuously sustained airflow, the smouldering temperature and propagation rate become stable, 

and the unlimited oxygen supply no longer affects the smouldering propagation. Instead, the thermal 

conduction within the fuel should dominate the smouldering propagation. With further accumulated 

heat, the heat release rate of smouldering or char oxidation may equal or exceed the cooling effect of 

airflow. Then, the StF transition first occurred near point 1 at 71 s in Fig. 4, wherein the pixel intensity 

around a radius of 5 mm is presented in Fig. 5b. The average and variance of temperature in this glowing 

region (𝑇𝑐) is about 830 ± 30 °C, and is defined as the characteristic temperature of the StF transition. 

However, for no StF transition case, the highest temperature of the sample surface has been lower than 

750 °C. Similar smouldering propagation from the “weak smouldering” transition to the “glowing” state 
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can be clarified by the time-dependent temperature of point 3 in Fig. 5a. 

 

Fig. 6. Schematic diagram of the crack-induced StF (StF) transition of wood. 

Figure 6 further explains the processes of crack-induced StF transition under forced convection. 

In the heating stage, wood first pyrolyzed to form the char and pyrolysates. 

Wood 
smouldering⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  
    heat  Pyrolysates +  Char (Wood pyrolysis)               (1) 

On one hand, the temperature difference and thermal expansion in axial and radial directions resulted 

in the development of thermal stresses. On the other hand, the evaporation of water from wet wood to 

dry wood and the change of chemical components from drying wood to char would change the 

mechanical characteristics of the sample as well. These processes were accompanied by shrinkage and 

cracking in the surface and axial direction against the grain [10,31]. 

In the force convection stage, smouldering propagation was further preceded by weak smouldering 

in Fig. 6b and glowing smouldering in 6c, shown as exothermic char oxidation in Eq. 2a. 

Char + O2 → Ash + CO2 + H2O (g) + other gases  (Char oxidation)     (2a) 

The smouldering consumption or shrinkage of the wood material would result in a narrow “burn-

through” (penetration) crack. The burn-through region also extended a char zone through the thickness 

of the wood sample. On one hand, the formation of this narrow vertical channel, an open space to be 

acted as a “chimney”, enhances the air entrainment to the smouldering zone due to the chimney effect. 

The greater air entrainment increases both the oxygen supply to the smouldering reaction and 

convective heat losses. 

However, the convective heat losses are compensated for by the radiation exchange between the 

two smouldering surfaces (“U shape”) facing each other, which are also more exothermic due to the 

enhanced air entrainment. Herein, heat irradiation of the two smouldering char surfaces in a vertical 
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channel can be evaluated as: 

𝑞̇′′ = 𝜀𝜎(1 − 𝐹)(𝑇s
4 − 𝑇0

4) − ℎ(𝑇s − 𝑇0)                             (3) 

where 𝜀  is the emissivity of charring, 𝜎 = 5.67 × 10−8 Wm−2K−4  is Stefan–Boltzmann constant, 

(1 − 𝐹) is the view factor with which the unit area sees the surroundings, 𝑇s is the temperature of the 

charring hole and 𝑇0 is the temperature of the pyrolysate mixture. Taking 600 °C and 830 °C surface 

temperatures of the cracking as an example, the black body radiation will be 32.5 kW/m2 and 83.5 

kW/m2, respectively, which is nearly triple enhanced to induce the StF transition.  

Moreover, the 600 °C and 830 °C surface temperatures respond to 0 and 2.5 m/s airflow, and the 

heat convection will be about 2.9 kW/m2 and 16.1 kW/m2, respectively. Despite the larger airflow 

increasing the heat convection coefficient, the convective heat losses are compensated for by the 

radiation exchange between the two smouldering surfaces. Finally, this leads to vigorous smouldering 

which is favourable for the StF transition. And the origin of the flaming combustion was coincident 

with the location of the burn-through, and was always first visualised near the bottom of the small 

penetrating crack. The StF transition can be regarded as the piloted or spontaneous ignition of the 

pyrolysate-air mixture by the glowing surface of wood, shown in Eq. 2b. 

Smouldering emissions + O2
Flame
→    CO2 + H2O(g) (Flaming)         (2b) 

According to the O2-based oxygen calorimetry, the HRR of the StF transition can be regarded as the 

ignition of oxygen and fuel mixture by an enough “hot” glowing surface in Fig. 6d and simplified as 

𝑄̇𝑜𝑥
′′ = ∆𝐻𝑂2 ∙ 𝑚̇𝑂2

′′                                       (4) 

where ∆𝐻𝑂2  (J/Kg) is the heat of oxidation, and 𝑚̇𝑂2
′′   (g∙m-2∙s-1) is the mass flux of oxygen 

consumption. As airflow velocity increases, the air entrainment and the mixing of fuel and oxygen can 

be enhanced and accompanied by a higher oxygen supply 𝑚̇𝑂2
′′ . This leads to vigorous smouldering 

which is favourable for the StF transition. 

3.3. Airflow effect on StF transition 

For the sample thickness of 10 mm, the airflow velocity of 1-6 m/s can lead to a StF transition. 

Figure 7a illustrates the effect of airflow velocity on the characteristic StF transition temperature (𝑇𝑐) 

and delay time that induces the StF transition with this sample thickness. The large error bars of the 

characteristic temperature (𝑇𝑐 ) is attributed to the non-uniform burning of smouldering and StF 

transition in the area of circles in Fig. 5b and Fig. 7b. As expected, as the airflow velocity increases, the 

characteristic average temperature increases and the transition time of the StF transition decrease. These 

trends are agreeing with the theoretical analysis of Eq. 4 where the characteristic average temperature, 

namely HRR is positively proportional to enhanced airflow, and ignition time is inversely proportional 

to airflow velocity for constant minimum ignition energy.  
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Fig. 7. Effect of airflow velocity on the characteristic StF transition temperature, delay time, and hydraulic 

radius of smouldering-to-flaming (StF) transition for a 10 mm thick sample. 

For example, the characteristic StF transition temperature of the StF transition increases linearly 

from 788.8°C at 1 m/s to 900 °C at 6 m/s, and the transition delay time decreases from 150 s at 1 m/s 

to 10 s at 6 m/s. The large error bar of average temperature is attributed to the non-uniform glowing or 

partially intense glowing as the airflow velocity increases. The asymptote of the transition delay time 

and airflow (enhanced the glowing surface temperature, analogous to radiation heat flux) in Fig. 7a, 

seems similar to the relationship of the radiation ignition time and critical heat flux. Note that although 

not observed in current experiments, in further increasing the external airflow velocity, its cooling effect 

may become dominant and reduce the risk of a StF transition. 

Noticeably, the piloted ignition always occurred by the smallest crack, as a higher concentration 

of pyrolysates inside the tiny crack. Figure 7b also illustrates the effect of airflow velocity on the 

hydraulic radius that induces a StF transition with a sample thickness of 10 mm. Here the hydraulic 

radius (𝑟) is defined as: 

𝑟 =
𝐴

𝜒
                                          (5) 

where 𝐴 is the cross-section area, and 𝜒 is the corresponding wetted perimeter at the moment of the 

StF transition, shown in Fig. 4. In general, as the airflow velocity increases, the hydraulic radius 

increases. For example, the hydraulic radius (𝑟) increases linearly from 0.20 mm at 1 m/s to 0.26 mm 

at 6 m/s. This was probably because the increased airflow means more exothermic reaction, the critical 

size like hydraulic radius (𝑟) would increase to resist the enhanced convection cooling. 

3.4. Maximum wood thickness and hydraulic radius for StF transition 

Figure 8a-b summarizes the experimental results of no StF transition (×), StF transition (●), and 

transition time under different sample thicknesses. As expected, the maximum wood thickness for the 

StF transition (δ∗) increases as the thickness of the sample increases. For example, δ∗ increases from 10 

mm to 40 mm thickness, as the airflow increases from 1 m/s to 6 m/s. There is a rapid growth in δ∗ from 
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10 to 20 mm thickness. For thermally thick wood samples, the thermal penetration depth 𝛿𝑇 [8] at a 

fixed heating time can be expressed as: 

𝛿𝑇 = √12
𝑘

𝜌𝑐
𝑡                                     （6） 

here the thermal diffusivity of the specimen is 
𝑘

𝜌𝑐
 ≈ 5.55×10-8 m2/s, 𝑡 can be evaluated as the glowing 

ignition time, which is about 600 s in this experiment. Thus, 𝛿T is about 20 mm. The pyrolysis depth 

𝛿p [8] is shorter than the heat penetration depth can be estimated as: 

𝛿p ∝
(𝑇s−𝑇p)

𝑇s
√12

𝑘𝑡

𝜌𝑐
                                 （7） 

where 𝑇p and 𝑇s are the pyrolysis and surface temperature of the wood sample, respectively. In this 

work, 𝛿p is constant for certain heat flux and heating time, and ranges from 10 to 20 mm. Therefore, 

only 5 and 10-mm thick samples developed penetrating cracks, which agrees with the experimental 

phenomena in Fig. 3. Also, there is a rapid growth in δ∗ from 10 to 20 mm thickness. Moreover, there 

is also a rapid growth in the transition time from 10 to 20 mm thickness, such as the transition time is 

137 s for 10 mm thickness and 1 m/s wind, and 582 s for 20 mm thickness and 4.5 m/s wind, respectively. 

This change is because of the limited (or less) thermal penetration depth and the higher structural 

stiffness as the thickness increases, which also behaves as no penetrating cracks generated for a sample 

thickness of 20 mm and 40 mm in the heating stage. 

 

Fig. 8. Effect of sample thickness on (a) experimental outcomes of smouldering or flaming, where no 

smouldering-to-flaming (StF) transition uses ×, and StF transition uses ●, and (b) delay time of StF transition. 

To further explain the influence of airflow velocity and sample thickness on the hydraulic radius 

(𝑟∗ ), a simplified energy conservation equation is applied to a propagating smouldering front, as 

illustrated in Fig. 9a. At the hydraulic radius (𝑟∗), the heat generation in the flaming zone (𝑄̇fl = 𝑄̇ox) 

due to pyrolysate oxidation being equal to the heat loss to the environment (𝑄̇c) as 

𝑄̇fl = 𝑄̇ox = 𝑄̇c                                           (8) 
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𝑚̇F
′′(2𝜋𝑟∗𝛿)∆𝐻𝐹 = 𝑚̇ox

′′ (2𝜋𝑟∗𝛿)∆𝐻ox = 2𝑞̇c
′′(𝜋𝑟∗2)              (9) 

𝑟∗ =
𝑚̇F
′′∆𝐻𝐹𝛿

𝑞̇c
′′ =

𝑚̇ox
′′ ∆𝐻ox𝛿

𝑞̇c
′′                               (10) 

where 𝑚̇F
′′ is the flaming burning flux of fuel, ∆𝐻𝐹 is the heat of flaming combustion of fuel which 

is sensitive to the burning conditions, 𝑚̇ox
′′  is the mass flux of oxygen (i.e., the rate of oxygen supply), 

∆𝐻ox  is the heat of oxidation, and 𝑞̇c
′′  is cooling flux to the environment. Eq. 10 reveals that the 

hydraulic radius is proportional to the airflow velocity, which explains the trend of experimental data 

in Figs. 7b and 9b. But the hydraulic radius is nearly constant with various thicknesses at the given 

airflow. For example, the hydraulic radius remained nearly 0.26 mm at 6 m/s, and all the hydraulic radii 

generally remained 0.20-0.27 mm. It is attributed that StF transition is a localized ignition in the gas 

mixture region. In other words, the effect of the airflow on the hydraulic radius is larger than that of the 

sample thickness. 

 

Fig. 9. (a) Schematics for hydraulic radius, and (b) Effect of sample thickness on hydraulic radius. 

3.5. Pre-perforated hole effect on StF transition 

To verify the effect of penetration crack on the StF transition, Fig. 10 presents the smouldering 

evolution of a sample thickness of 20 mm with and without a pre-perforated 3 mm-diameter hole at the 

airflow velocity of 2.5 m/s. As illustrated in Figs. 8a and 10a, this sample without a pre-perforated hole 

would form several topological char cracks without a “burn-through” penetration. And the glowing 

region was gradually covered by the ash layer to extinguish the smouldering eventually, which would 

not induce the StF transition. However, for a pre-perforated case in Fig. 10b, the glowing combustion 

first emerged near the pre-perforated hole. After the airflow was supplied, the stronger glowing 

smouldering front was propagated along the pre-perforated hole. Then, the StF transition was 

successfully induced at the position of this penetration hole from the side view of the bottom surface at 
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409 s. It implies that the pre-perforated hole, due to the curvature effect, is an alternative shortcut for 

the smouldering ignition and StF transition, and will reduce the critical airflow of the StF transition 

from 4.5 to 2.5 m/s. Noticeably, if the size of the pre-perforated hole decreases to a 1 mm diameter, the 

smouldering front cannot be propagated into the flaming, which is the same as the phenomena without 

a pre-perforated hole, illustrated in Figs. 8a and 10a. 

 

Fig. 10. Evolution of smouldering propagation for (a) self-cracked and (b) pre-perforated sample with a sample 

thickness of 20 mm at the airflow velocity of 2.5 m/s. 

The pre-perforated hole can also verify the effect of airflow direction on the StF transition. The 

StF transition requires the effective airflow flux to directly pass through the penetrating crack or pre-

perforated hole to promote the smouldering propagation [32]. The airflow perpendicular to the 

smouldering propagation, fails to intensify the oxidation reaction, agreeing with the preliminary 

experiments that the airflow parallel to the top surface of the sample can not induce the StF transition. 

4. Modelling crack-induced StF transition 

4.1. Model setup 

To further interpret the StF transition and understand the glowing temperature and airflow effect 

on the transition, a simplified 2-D numerical model is established in Fig. 11. The ignition of the 
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pyrolysate mixture by the glowing surface in the char cracks, with a 𝛿 = 0.01 m vertical high (𝑧) and 

𝐷∗ = 0.001 m horizontal width (𝑥) computational domain, was used to model the StF transition. This 

horizontal width 𝐷∗ of the computational domain was evaluated by the average hydraulic diameter, 

which is four times of hydraulic radius 𝑟∗.  

 

Fig. 11. A scheme of the solution domain of the analytical model. 

The produced smouldering emissions were diffused into the reaction zone and mixed with ambient 

air due to diffusion and forced convection. When the mixture of volatiles and air reaches the lean 

flammability limit, the oxidation reaction of volatiles induces gas-phase ignition. 

In addition, we used the following assumptions and simplifications in modelling: 

(1) Heat is transferred from the glowing surface to the gaseous zone by heat conduction and 

convection. 

(2) The combustion of the gas mixture is regarded as laminar flow, and three gaseous 

concentrations including oxygen (O2), nitrogen (N2), and combustible volatiles (gas) are considered. 

The thermal properties of the gaseous species are temperature independent. 

(3) The glowing surface was assumed with a fixed temperature (𝑇w) boundary, and the smouldering 

of the solid phase is simplified as a temperature-dependent reactive flow at the boundary and ignored 

the heat of the char oxidation in the condensed phase. 

(4) Ignition occurs when the temperature of the gas mixture undergoes a sharp increase to be much 

higher than that of the glowing temperature. 

(5) Due to the smouldering surfaces in the tiny fissures that are very close to each other, the 

radiative heat loss through the edge gap into the environment is ignored. 

Consistent with the experiments, several cases with various inlet velocities 𝑈a from 0 to 6 m/s at 

𝑧 = 𝐻 and boundary temperatures 𝑇w (𝑥 = 0 and 𝑥 = 𝐿) from 750 to 1050 ℃ were modelled. Here 

𝑇w is derived from the characteristic StF transition temperature under different wind speeds measured 

from the IR camera (shown in Fig. 7a). The analytical model outlined above is formulated by the 

following differential equations. 
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A global energy equation model is used for volatile combustion, as formulated by 

𝜌̅𝑐p̅
𝜕𝑇

𝜕𝑡
+ 𝜌̅𝑐p̅(𝑢⃗ ∙ ∇)∇𝑇 = 𝑘̅∇𝑇 + ∆𝐻go𝜌gas(1 − 𝛾go)𝜔̇go

′′′             (11) 

where 𝑐pi , 𝜌i , and 𝑘i , (𝑖 = O2,N2, gas  denoting the oxygen, nitrogen, and combustible volatiles, 

respectively) are the specific heat, density, and thermal conductivity, respectively. ∆𝐻go, 𝜔̇go
′′′, and 𝛾go, 

heat release, reaction rate and mass stoichiometry of volatiles oxidation. 𝑌𝑖 is the volumetric fraction 

of species 𝑖 , and 𝑋𝑖  is the mass fraction of species 𝑖 . The averaged properties in each cell are 

calculated as 

𝜌̅ = ∑𝑌𝑖𝜌𝑖 ,   𝑐p̅ = ∑𝑌𝑖𝑐pi ,    𝑘̅ = ∑𝑋𝑖𝑘𝑖,                    (12) 

The momentum equation of oxygen (O2), nitrogen (N2) and combustible volatiles (gas) are  

𝜌̅
𝜕𝑌O2
𝜕𝑡
+ 𝜌̅(𝑢⃗ ∙ ∇)∇𝑌O2 = 𝜌̅𝐷∇𝑌O2 + 𝜌O2𝛾o𝜔̇go

′′′                     (13) 

𝜌̅
𝜕𝑌N2
𝜕𝑡
+ 𝜌̅(𝑢⃗ ∙ ∇)∇𝑌N2 = 𝜌̅𝐷∇𝑌N2                         (14) 

𝜌̅
𝜕𝑌gas

𝜕𝑡
+ 𝜌̅(𝑢⃗ ∙ ∇)∇𝑌gas = 𝜌̅𝐷∇𝑌gas + 𝜌gas((1 − 𝛾c)𝜔̇py

′′′ − 𝛾𝑜𝜔̇go
′′′)           (15) 

respectively. Where 𝐷  is the diffusion coefficient of the decomposed gases. For simplification, all 

gaseous species are assumed the same diffusivity 𝐷 = 2 × 10−5 m2/s. 

The mass conservation and laminar flow (compressible flow Ma < 0.3) equations of the gas 

mixture are as follows: 

𝜌̅∇𝑢⃗ = 0                            (16) 

𝜌̅
𝜕𝑢⃗⃗ 

𝜕𝑡
+ 𝜌̅(𝑢⃗ ∙ ∇)𝑢⃗ = −∇𝑝 + ∇𝜇(∇𝑢⃗ + (∇𝑢⃗ )𝑇)              (17) 

The initial conditions are 

𝑢⃗ = 0, 𝑝 = 0;                            (18) 

𝑌O2 = 0.21, 𝑌N2 = 0.79, 𝑌gas = 0;                     (19) 

𝑇 = 293.15 K, 𝑇| 𝑥=0&𝐿 = 𝑇w;                      (20) 

The boundary conditions are: 

1. The left and right surfaces are set as the no-slip wall. The upper and bottom surfaces are the inlet 

and outlet surfaces, respectively. 

𝑢⃗ |𝑥=0 = 0                              (21) 

𝑢⃗ |𝑥=𝐿 = 𝑈𝑎                             (22) 

(−∇𝑝 + 𝜇(∇𝑢⃗ + (∇𝑢⃗ )𝑇)|𝑧=0&𝐻 = 0                     (23) 

2. Combustible volatiles are generated from the no-slip wall and the mass transfer with the external 

on open boundaries. 

−𝜌O2𝐷
𝜕𝑌O2
𝜕𝑧
|𝑧=0&𝐻 = ℎm(𝑌O2

∞ − 𝑌O2|𝑧=0&𝐻)             (24) 

−𝜌N2𝐷
𝜕𝑌N2
𝜕𝑧
|𝑧=0&𝐻 = ℎm(𝑌N2

∞ − 𝑌N2|𝑧=0&𝐻)                  (25) 

−𝜌gas𝐷
𝜕𝑌gas

𝜕𝑧
|𝑧=0&𝐻 = ℎm(𝑌gas

∞ − 𝑌gas|𝑧=0&𝐻)                   (26) 

−𝜌gas𝐷
𝜕𝑌gas

𝜕𝑥
| 𝑥=0&𝐿 = 𝜔̇py

′′′𝜌gas𝐻                      (27) 
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here ℎ𝑚 is the mass transfer coefficient obtained from [33,34]. 

3. The temperature of the no-slip wall is the characteristic value of the StF transition (𝑇w) measured 

in the experiment. 

𝑇|𝑧=0&𝐻 = 293.15 K                            (28) 

𝑇| 𝑥=0&𝐿 = 𝑇w                               (29) 

Eqs. (11-17) are solved by finite element methods, using the GMRES (Generalized Minimal 

Residual) iteration method. The steady-state solution is computed for simplification, which is sufficient 

to resolve the calculations. And the domains are divided into 0.1 mm × 0.1 mm meshes. When the mesh 

size decreases by a factor of 2, the numerical results vary less than 0.5%, so the grid resolution is well 

solved.  

4.2. Effect of boundary temperature on StF transition  

To illustrate the effect of boundary temperature on the StF transition, the temperature and density 

of the gaseous reaction are presented in Fig. 12a, with 780, 800 and 820 ℃ boundary temperatures with 

an airflow velocity of 2.5 m/s. As the boundary temperature increased, the concentration of gaseous 

combustion increased to the maximum value of 820 ℃ boundary temperature. With the characteristic 

temperature of the StF transition at 830 ℃ (obtained from the experiment), only boundary temperatures 

of 800 and 820 ℃ can induce the ignition of a pyrolysate-oxygen mixture. 

 

Fig. 12. (a) Temperature and density of gaseous with 𝑇w = 780, 800 and 820 ℃ at the airflow velocity of 2.5 

m/s, and (b) two regimes of smouldering-to-flaming (StF) transition and critical line by the numerical model, 

and the scatter of experimental data are also presented. 

Therefore, the critical glowing surface temperature can be summarized as the two ignition regimes 

in Fig. 12b. The critical glowing surface temperature increases as the airflow velocity increases, 

agreeing with the experimental results in Fig. 7a. The differences in critical glowing surface temperature 

between the experimental results and numerical model, are attributed that the char oxidation or the 

radiative heat loss have been neglected in the model. The extrapolation of the minimum boundary 

temperature to the StF transition has also been obtained in the model, even without external airflow. 
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This temperature value is approximately 760 ℃, and difficult to achieve for the smouldering 

combustion of wood in no wind condition. 

4.3. Effect of airflow on StF transition 

Figure 13 illustrates the airflow effect on the temperature field and the related ignition point at 

𝑇w= 800 ℃ with the airflow velocity of 1 m/s, 2.5 m/s, 4 m/s and 6 m/s. The ignition first occurred at 

the highest temperature of the gas mixture, which would be located in the centre of the char crack, away 

from the glowing surface. Thus, it inferred that the transition of StF seems to be the auto-ignition of a 

pyrolysate-oxygen mixture, and is induced by the heat transfer from hot smouldering surfaces.  

 

Fig. 13. Temperature distribution and the related ignition point for various airflow velocities at 𝑇w= 800 ℃. 

As airflow velocity increases, the higher flaming temperature illustrates more intensive gas-phase 

homogenous oxidation to compensate for the convective heat loss due to the airflow, agreeing with the 

experimental results in Fig. 7a. Therefore, oxygen supply controls the smouldering propagation in this 

regime, while the cooling effect of airflow is negligible. Moreover, more air and pyrolysates are 

entrained into the internal region of the hole. This results in the ignition point moving down to the 

bottom gradually, as shown in Fig. 13b.  

4.4. Effect of chimney configuration on StF transition 

In literature, experiments on chimneys are always with different shapes, i.e., square, rectangular, 

and slot-shaped [7]. Herein, for simplification, the crack was assumed as a rectangle in former models. 

As illustrated in Fig. 3, the crack is nearly an inverted trapezoid in the cross-section, which is modelled 

as well to test the shape effect on the model results. Here the trapezoid, with a top base of 0.001 m, a 

bottom base of 0.0008 m, and a height of 0.01 m, has an area of 0.000009 m², nearly the same as the 

area of a rectangle (0.00001 m²). 
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Fig. 14. Airflow velocity and temperature in the centre of the char crack of the inverted trapezoid and rectangle 

crack with a typical case (𝑈a = 2.5 m/s and 𝑇w = 800℃) 

Comparison of the airflow velocity and temperature between the inverted trapezoid and rectangle 

crack with a typical case (𝑈a = 2.5 m/s and 𝑇w = 800 ℃) illustrates in Fig. 14. The airflow velocity 

of the inverted trapezoid crack is larger than that of the rectangle crack, and the difference increases 

along the direction of airflow. However, the rectangle or inverted trapezoid cracks have a negligible 

effect on the critical boundary temperature and the ignition point that induces the StF transition. It also 

proves the rationality of rectangle crack in turn. 

5. Conclusions 

In this work, a series of experiments were performed to investigate the smouldering and flaming 

burning behaviour of solid wood, and the StF transition limit with a diameter of 60 mm and thicknesses 

of 5-40 mm under external airflows up to 6 m/s. Results show that the smouldering-to-flaming (StF) 

transition can be observed under external airflow at about 830 °C under external airflow, which is caused 

by the interaction between smouldering-induced crack and environmental airflow. Herin, the weak and 

glowing smouldering can be measured as low temperature (300-500 °C) and high temperature (600-

800 °C), respectively. 

The fully penetrated vertical char crack or pre-perforated hole promotes the StF transition because 

of (1) enhanced radiation between the two smouldering surfaces and (2) greater air supply under the 

chimney effect. As the wind velocity (𝑚̇𝑂2
′′ ) increases, both the smouldering surface temperature (𝑄̇𝑜𝑥

′′ ) 

and crack size increase, so the delay time of the StF transition becomes shorter. For a larger wood 

thickness, a larger airflow is required to generate the crack and cause a StF transition. But the hydraulic 

radius generally remained 0.20-0.27 mm with various thicknesses at the given airflow. 

A numerical model is proposed to investigate the volatile convection and flaming ignition. 

Numerical analysis reproduces the StF transition, as an autoignition of a pyrolysate-oxygen mixture 
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promoted by hot smouldering surfaces. The numerical model further reveals the effects of smouldering 

temperature and cross wind on the StF transition. This work deepens the understanding of the StF 

transition dynamics and provides insights into the wildfire ignition dynamics and fire hazards of timber 

structures. 
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Appendix: 

The chemical reaction in the StF process can be described by a simplified 2-step global kinetics 

Fuel → 𝛾pyChar + (1 − 𝛾py)Pyrolysis Gas     (A1) 

(1 − 𝛾go)Pyrolysis Gas + 𝛾go𝑂2  → Products    (A2) 

where γ  is the mass stoichiometric coefficient and 𝛾py = 𝜌𝑐ℎ𝑎𝑟/𝜌𝑓𝑢𝑒𝑙，𝛾go = 𝜌𝑂2/𝜌𝑚𝑖𝑥 . The

reaction rate of the 2-step global kinetic scheme is expressed using Arrhenius law as 

𝜔̇k
′′′ = 𝐴 ∙ exp (−

𝐸

𝑅𝑇
)                          (A3)

The formation and decomposed rate of combustible volatiles are (1 − 𝛾py) ∙ 𝜔̇py
′′′ and (1 − 𝛾go) ∙

𝜔̇go
′′′, respectively. The corresponding heat of the gaseous reaction is (1 − 𝛾go) ∙ 𝜔̇go

′′′ ∙ 𝜌gas ∙ ∆𝐻go. The

reaction parameters of the 2-step reaction are obtained from [23,35], listed in Table.1. 

Table.1. Reaction parameters of the 2-step reaction 

Parameter Pyrolysis Flame 

A (s-1) 4.58×107 3.5×108 

E (kJ/mol) 160 160 

∆𝐻 (MJ/kg) -0.533 55 

Physical properties of all gaseous species are also obtained from [23,35] or measured in this study 

and listed in Table.2. The averaged properties of a gas mixture are calculated by weighting volume 

fractions of all species as 

𝑘𝑚𝑖𝑥 = ∑𝑌𝑖 ∙ 𝑘𝑖 , 𝑀𝑚𝑖𝑥 = ∑𝑌𝑖 ∙ 𝑀𝑖 , 𝑐𝑝,𝑚𝑖𝑥 = ∑𝑌𝑖 ∙ 𝑐𝑝,𝑖 , 𝜌𝑚𝑖𝑥 = ∑𝑌𝑖 ∙ 𝜌𝑖     (A4)

where the subscripts 𝑖 represent the number of gas-phase species. 

Table.2. The physical parameters of condensed-phase species 

Species 
k

(W/m-K) 

ρ 

(kg/m3) 

cp 

(J/kg-K) 

M 

(g/mol) 

Oxygen (O2) 0.0240 1.141 920 32 

Nitrogen (N2) 0.0228 1.25 1.038 28 

Volatiles (Gas) 0.0258 2.1 840 44 
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