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Abstract 

The determination of explosion severity should be made from intrinsic properties of the fuel-air 

mixture in order to avoid the influence of external parameters, such as the vessel volume or the initial 

turbulence. To overcome such limitations, the flame propagation of gaseous mixtures is often studied 

in order to estimate their laminar burning velocity, which is independent of external factors and is a 

useful input for CFD simulation and for the sizing of protective devices. Experimentally, this 

parameter is difficult to evaluate when it comes to dust explosion due to the inherent turbulence during 

the dispersion of the cloud. However, the low inertia of nanoparticles allows performing tests at very 

low turbulence without sedimentation. Knowledge on flame propagation concerning nanoparticles 

may then be modelled and, under certain conditions, extrapolated to microparticles, for which an 

experimental measurement is a delicate task. This work then focused a nanocellulose with primary 

fiber dimensions of 3 nm width and 70 nm length. A one-dimensional model was developed to 

estimate the flame velocity of a nanocellulose explosion, based on an existing model already validated 

for hybrid mixtures of gas and carbonaceous nanopowders similar to soot. Due to the fast 

devolatilization of organic powders, the chemical reactions considered are limited to the combustion 

of the pyrolysis gases. The finite volume method was used to solve the mass and energy balances 

equations and mass reactions rates constituting the numerical system. Finally, the radiative heat 

transfer was also considered, highlighting the influence of the total surface area of the particles on 

the thermal radiation. Flame velocities of nanocellulose from 17.5 to 20.8 cm.s-1 were obtained 

numerically depending on the radiative heat transfer, which proves a good agreement with the values 

around 21 cm.s-1 measured experimentally by flame visualization and allows the validation of the 

model for nanoparticles. 
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1. Introduction 

To mitigate dust explosions, safety barriers such as explosion venting need to be designed by 

considering the experimental characteristics of the dust explosibility. Such characteristics are 

routinely determined in a 20 L sphere (Zalosh, 2019) according to well established standards like EN 

14034-1 (2004) and EN 14034-2 (2006). This approach only holds by assuming that dust explosibility 

can be represented by the maximum explosion overpressure value and the Kst. However, such an 

approach needs to be further questioned as the measurement of dust explosion severity is actually 

influenced by several parameters such as the initial turbulence (Amyotte et al., 1988; Zhen and 

Leuckel, 1997), the ignition energy (Zhen and Leuckel, 1997), the moisture content of the powder 

(Traoré et al., 2009) and the type of nozzle (Dahoe et al., 2001; Murillo et al., 2018; Yao et al., 2020). 

Beyond these main influential factors, the validity of the so-called ‘cubic law’ (Dahoe et al., 2001) 

commonly used to extrapolate results obtained in a confined volume to another volume  (Eckhoff, 

2003) is also questioned.  
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Standard conditions were initially defined to evaluate the explosion severity of microparticles, but 

when it comes to nanoparticles, potential discrepancies can arise. Indeed, their small size induces a 

high specific area and new properties, which can lead to modifications in the combustion kinetics 

(Bouillard et al., 2010; Dufaud et al., 2011) along with extremely high ignition sensitivity, especially 

for metallic nanopowders that can spontaneously ignite when exposed to air (Boilard et al., 2013; 

Krietsch et al., 2015). An evaluation of the adequacy of the current standards for the evaluation of the 

explosion severity of nanoparticles is then necessary (Santandrea et al., 2019b). 

To overcome the identified limitations, direct investigation of the flame propagation could be useful 

so as to provide fundamental inputs in advanced simulations (CFD or phenomenological approach). 

The essential parameter is then the laminar burning velocity, which is an intrinsic property of the fuel-

air mixture (Belerrajoul, 2019; Dahoe et al., 2002) that can be used in such simulations to evaluate 

the consequences of an explosion scenario in specific conditions (Skjold, 2003). The existence of a 

laminar burning velocity of dusts is difficult to define due to the inherent turbulence related to the 

dispersion of the powder but such an approach was already proposed 30 years ago by Bradley and 

Lee (1984) though it proved itself challenging when it comes to dusts. Nevertheless, the low inertia 

and sedimentation rate of nanoparticles enable to investigate flame propagation in very low turbulent 

conditions (Santandrea et al., 2020).  

In this paper, a one-dimensional model initially conceived and validated for hybrid mixtures (Torrado 

et al., 2018) has been adapted to predict the laminar flame velocity of nanocellulose. Results of 

simulations are then compared to the experimental values measured on nanocellulose using a flame 

propagation tube and a vented explosion sphere (Santandrea et al., 2020). The consistency of a 

correlation established by Silvestrini et al. (2008) to predict laminar flame velocity of micropowders 

based on the knowledge of their explosion severity was also analyzed for nanocellulose.  

2. Material and experimental method 

2.1 Flame propagation observation 

Nanocellulose powder, or more precisely a cellulose nanocrystals powder NCC (CelluForce), is 

composed of primary fibers, whose dimensions are 70 nm length and 3 nm width. The flame 

propagation of nanocellulose was studied at low turbulence by Santandrea et al. (2020) in a flame 

propagation tube and in a vented visualization 20 L sphere, as summarized in Fig. 1. Due to a difficult 

visualization of the flame kernel at high concentration, a concentration of 500 g.m-3 was chosen, as it 

is higher than the minimum explosible concentration, i.e. 125 g.m-3, to ensure an ignition at low 

ignition energy, and rather close to the experimental optimal concentration, i.e. 750 g.m-3. The particle 

size distribution of nanocellulose dispersed in both setups was determined using a laser diffraction 

sensor (Helos - Sympatec). It appears that agglomerates ranging from a few micrometers up to 60 µm 

are formed in the powder. Explosion were recorded using a high-speed video camera, and the flame 

kernel growth was analysed in terms of flame front position and surface area using a model developed 

by Cuervo (2015) in Matlab’s Simulink. The equations initially established for gases were then 

applied to the obtained values, considering that the devolatilization of organic powders is fast and 

that, under certain concentration and turbulence conditions, the reaction is then limited by the 

combustion of the pyrolysis gases (Cuervo, 2015; Di Benedetto and Russo, 2007; Dufaud et al., 

2012a). Thus, the burning velocity was calculated using the spatial velocity Su, the estimated cross-

section As and the flame surface Af according to Andrews and Bradley (1972), along with the flame 

stretching factor K, called Karlovitz factor (Karlovitz et al.,1951). Those parameters were then 

combined to apply a linear relation linking the burning velocity and the Karlovitz factor K to the 

laminar burning velocity Su0 and the Markstein length δM, which is a parameter characterizing the 

stability of the flame (Clavin, 1985; Markstein, 1964).  

 



 

 

 

Fig. 1. Simplified scheme of the experimental determination of the laminar burning velocity by flame 

visualization used by Santandrea et al. (2020) 

 

2.2 Pressure-time evolution interpretation 

In order to take advantage of the standard explosion tests realized in the 20L sphere, some authors 

such as Silvestrini et al. (2008) developed a correlation between the laminar burning velocity and the 

parameters Pmax and KSt. Explosions tests were conducted on nanocellulose in the standard 20 L 

sphere according to international standards (EN 14034-1, 2004; EN 14034-2, 2006), but using 

chemical igniters of 100 J to avoid an overdriving phenomenon, knowing the minimum ignition 

energy of the dried nanocellulose is 5 mJ (Santandrea et al., 2019b). Since the values of laminar 

burning velocity obtained by flame propagation observation are available only at 500 g.m-3, only the 

results obtained for this concentration are discussed in this work. Nevertheless, tests were performed 

over a wide range of dust concentration (up to 1250 g.m-3), and the influence of the dust concentration 

on the laminar burning velocity is discussed by Santandrea et al. (2020). The laminar burning velocity 

Su0 of starch was then calculated from the knowledge of the explosion overpressure Pm and rate of 

pressure rise (dP/dt)m, using the correlation established by Silvestrini et al. (2008): 
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where V is the vessel volume, P0 the atmospheric pressure and  the ratio of specific heats. This 

correlation is based on several assumptions, such as the spherical expansion of the flame, the 

neglecting of the turbulent length scales and the fact that the burnt gases are trapped behind the 

expanding flame front (Silvestrini et al., 2008). 

3. One-dimensional modelling of flame propagation 

Complementary to experiments relying on the flame visualization and the pressure-time evolution, 

the laminar flame velocity was approached using a one-dimension flame propagation model 

developed by Torrado et al. (2018) and initially designed to describe gas and hybrid mixtures 

explosions. The model was then adapted to nanocellulose using the same hypothesis than for flame 

visualization experiments, i.e. considering a fast devolatilization of the dust and a flame propagation 

kinetically limited by the combustion of the pyrolysis gases. Moreover, since cellulose and starch are 

both polymers formed of glucose chains, both compounds are assumed to produce the same pyrolysis 

gases when tested in the same conditions. Thus, pyrolysis experiments were conducted on wheat 

starch in a Godbert-Greenwald oven modified according to Dufaud et al. (2012b) to collect the post-

pyrolysis gases. The composition obtained for a concentration of approximately 500 g.m-3 and a 

temperature of 973K was then used as the initial composition of the fuel (Fig. 2) in the model for a 

numerical determination of the laminar flame velocity of nanocellulose. 

 



 

 

 

Fig. 2. Initial composition of the nanocellulose pyrolysis gases/air mixture considered in the flame 

propagation model for 500 g.m3 of nanocellulose 

The simulation domain is constituted of a horizontal tube with a numerical length of 5 cm involving 

two parallels walls divided into three distinct zones: preheat, reaction and post-flame, knowing that 

the flame propagates from the post-flame zone to the preheat zone. Mass, species and energy balances, 

notably based on the properties of the considered chemical species, were then expressed in the 

simulation domain. Since the main chemical species constituting the pyrolysis gases of nanocellulose 

are the same than the species initially considered in the model for the flame propagation of a 

methane/air flame (Torrado et al., 2018), the same reaction mechanisms were used. However, since 

the pyrolysis step mainly produced carbon monoxide, a reversible oxidation reaction of this gas to 

produce carbon dioxide was added (Table 1, reactions 7 and -7). 

 

Table 1: Reaction mechanisms considered for the combustion of the pyrolysis gases  

(Units cal, mol, m, s) 

# Reaction Ai β Ei Reaction order Reference 

1 CH4 + 0.5O2 → CO + 2H2 2.45 x 109 0 3 x 104 [CH4]0.5 [O2]1.25 
(Jones and 

Lindstedt, 1988) 

2 CH4 + H2O → CO + 3H2 3 x 105 0 3 x 104 [CH4] [H2O] 
(Jones and 

Lindstedt, 1988) 

3 CO + H2O → CO2 + H2 2.75 x 106 0 2 x 104 [CO] [H2O] 
(Jones and 

Lindstedt, 1988) 

-3 CO2 + H2 → CO + H2O 9 x 107 0 2.8 x 104 [CO2] [H2] 
(Torrado et al., 

2018) 

4 H2 + 0.5O2 → H2O 3.85 x 1013 -1 4 x 104 [H2]0.25 [O2]1.50 
(Jones and 

Lindstedt, 1988) 

-4 H2O → H2 + 0.5O2 9.27 x 1018 0.88 9.8 x 104 
[H2O] [H2]-0.75 

[O2] 

(Andersen et al., 

2009) 

5 O2 → 2O∙ 1.5 x 109 0 1.13 x 105 [O2] 
(Frassoldati et 

al., 2009) 

6 H2O → H∙ + OH∙ 2.3 x 1022 -3 1.2 x 105 [H2O] 
(Frassoldati et 

al., 2009) 



 

 

7 CO + 0.5O2 → CO2 1.26 x 104 0 10 x 103 
[CO] [O2]0.25 

[H2O]0.5 

(Andersen et al., 

2009) 

-7 CO2 → CO + 0.5O2 1.95 x 1012 -0.97 78.4 x 103 
[CO2] [H2O]0.5 

[O2]-0.25 

(Andersen et al., 

2009) 

 

The calculation of the flame velocity then relies on the numerical integration of the differential 

equations of mass, species and energy. The space derivatives were discretized using the finite volume 

method with 160 control volumes to obtain a system of ordinary differential equations, which was 

solved using the integration functions ODE in Matlab. The expression of the mass and species 

balance, the mass diffusion fluxes and the energy balance, along with the numerical resolution, are 

properly described by Torrado et al. (2018). 

The resolution of the ordinary differential equations requires an initial value of the temperature and 

mass fractions of all the considered species in every numerical domain. The composition in the 

preheat zone, which represents 25% of the numerical domain, is defined by the mass fractions of the 

considered mixture in laboratory conditions. As a first approximation, the mass fractions and 

temperature are assumed to evolve linearly in the reaction zone, implying those values are known if 

the initial and final conditions are fixed. To estimate the conditions in the post-flame zone (70% of 

the considered distance), the adiabatic temperature and mass fraction of the burnt gases for a steady 

flame were calculated using PREMIX program (Kee et al., 1993). This approach, represented in Fig. 

3, was used to reduce the calculation time and to improve the convergence of the program, by 

initializing all the conditions close to a stable solution. Since this numerical model aims at considering 

the radiative heat transfer induced by the presence of nanoparticles in the mixture, which is not the 

case of the PREMIX program, this latter was not considered as a suitable method to determine the 

laminar burning velocity of nanopowders. 

 

 

Fig. 3. Schema of the initial conditions of the temperature and fuel fraction in each zone of the flame 

(adapted from Torrado et al. (2018)) 

 

The system previously defined was then analyzed considering a distance L of 5 cm and an integration 

time of 50 ms. The evolution of the temperature with time is presented in Fig. 4 at different positions 

to describe each zone, knowing that the preheat zone initially spreads up to 1.25 cm and that the post-

flame zone starts at 1.5 cm. It appears that, in the post-flame zone (2.5 and 5 cm), the temperature is 

constant with time, since the reaction already occurred. Then, a fast increase of the temperature after 

a few milliseconds is visible in the reaction zone, and progressively shifts toward the preheat zone 

with time, describing the propagation of the flame.  

 



 

 

 

Fig. 4. Evolution of the temperature with time for different control volumes when modelling the flame 

propagation of nanocellulose (quiescent conditions, 500 g.m-3) 

 

4. Results and discussion 

4.1 Combustion of the pyrolysis gases 

The position of the flame front, assimilated to the position of the highest temperature, was recorded 

for each integration time and is presented in Fig. 5. It should be reminded that the reaction zone was 

initially located between 1.25 cm and 1.5 cm. However, before 1 ms, a very fast displacement of the 

flame is observed, preventing a clear determination of the flame front position between 1.4 and 1.5 

cm. Nevertheless, a linear evolution of the flame position with time can be observed from 1 ms to 50 

ms. A laminar flame velocity of 17.5 cm.s-1, represented by the slope of the linear regression, was 

then obtained for the combustion of nanocellulose. It should be stressed that this value should be 

viewed with caution as the pyrolysis step has been considered as very fast with regard to the 

combustion of the pyrolysis gases, which is a strong assumption. 

The flame velocity calculated using the flame propagation model was then compared to the values 

experimentally obtained by Santandrea et al. (2020) (Table 2). The value determined numerically 

appears to be of the same order of magnitude than the experimental ones, with a maximum difference 

of 22% with regard to the laminar flame velocity measured in the flame propagation tube. This value 

is also consistent with laminar flame velocity of “wood gas” at the stoichiometry mentioned in the 

literature by Mollenhauer and Tschöke (2010) and Przybyla et al. (2008), reaching around 14 cm.s-1 

and 20 cm.s-1 respectively. Nevertheless, this difference between experimental and numerical values 

can come from experimental uncertainties, but can also be due to the neglecting of the contribution 

of the radiative heat transfer to the flame propagation. Indeed, if the pyrolysis step can decrease the 

flame velocity due to a kinetic limitation, the fresh or unburnt remaining particles can also improve 

the flame propagation through a heat transfer modification in the preheat zone. To evaluate this 

influence, the contribution of the radiative heat transfer, added to the flame propagation model by 

Torrado et al. (2018) and based on the work of Haghiri and Bidabadi (2010), is now considered during 

the combustion of the pyrolysis gases of nanocellulose. 

 



 

 

 

Fig. 5. Evolution of the flame front position with time during the combustion of nanocellulose 

pyrolysis gases 

 

 

Table 2: Numerical and experimental values of laminar flame velocity of nanocellulose 

Determination method Laminar flame velocity (cm.s-1) 

Flame propagation model 17.5  

Flame visualization: propagation tube 21.4 ± 1 

Flame visualization: vented sphere  20.5 ± 3 

Pressure-time evolution: application of Silvestrini et al. (2008) correlation 19.9 ± 3 

 

4.2 Influence of the radiative heat transfer 

Since the pyrolysis of nanocellulose particles and the combustion of the pyrolysis gases happen 

simultaneously, the unburnt particles can impact the flame propagation by variations of the heat 

transfer. However, the remaining dust can hardly be quantified and characterized for each integration 

time without taking the pyrolysis kinetics into account. Thus, several dust concentrations, assumed 

constant with time, were tested. The dust clouds were supposed to be homogeneous over the 

simulation domain and constituted of monodispersed spherical particles. Moreover, due to the 

agglomeration of the nanoparticles, the particle size after dispersion must be considered (Santandrea 

et al., 2019a). Particle size distribution measurements after dispersion of nanocellulose in the 20L 

sphere led to a mean value of 10 µm (Santandrea et al., 2020). This value was then chosen as a 

reference for the calculation, along with 100 nm, to represent the primary particles, and 60 µm, which 

is the mean diameter of nanocellulose agglomerates before dispersion, i.e. the agglomerates not 

broken by the dispersion process. In this model, Mie scattering, valid for micron particles, was then 

used to define the radiative heat transfer. It should be noted that Rayleigh scattering, encountered for 

particles smaller than 100 nm, do not contribute significantly to the flame expansion due to the 

emission in every direction (Hong and Winter, 2006). Thus, decreasing the particle size below this 

size would only decrease the radiative heat transfer contributing to the flame propagation, and so the 

flame velocity. The concentration of dust that did not react during the combustion of the 500 g.m-3 of 

nanocellulose was varied from 2.5 g.m-3 to 100 g.m-3, to represent the radiative heat transfer at the 



 

 

beginning and at the end of the reaction. The radiative heat transfer was then added to the energy 

balance, and the heat capacity of the dust was then taken into account during the calculation of the 

mean heat capacity of the mixture. Due to the assumption of a fast pyrolysis, the reactions involving 

the solid particles were not considered in the model. However, it should be noted that Torrado et al. 

(2018) evidenced that the contribution of the chemical reactions of the powder is negligible with 

regard to the contribution of the radiative heat transfer at low concentrations (2.5 g.m-3). 

 

 

Fig. 6. Influence of the a) primary diameter and b) of the dust concentration considered for the 

radiative heat transfer on the laminar flame velocity of nanocellulose (500 g.m-3) 

 

In Figure 6a, it appears that small particles contribute more to the radiative heat transfer than bigger 

particles in the micro-range. Indeed, particles of 60 µm bring similar contribution to the flame 

acceleration, i.e. around 0.5 cm.s-1, at 2.5 g.m-3 and 100 g.m-3, whereas 100 g.m-3 of particles of 5 µm 

lead to a flame velocity of 20 cm.s-1, i.e. 14% higher than the flame velocity of the pyrolysis gases. It 

should be underlined that the contribution of particles of 100 nm to the radiative heat transfer may be 

overestimated since Mie scattering was considered for the calculation whereas Rayleigh scattering is 

more representative of the heat transfer of nanoparticles. In Figure 6b, it appears that a dust 

concentration of 2.5 g.m-3 leads to a mean flame velocity of around 17.8 cm.s-1 for particles between 

5 and 60 µm. Increasing the concentration then also increases the contribution of the radiative heat 

transfer to the flame propagation, reaching 20.0 cm.s-1 when considering 100 g.m-3 of particles of 5 

µm.  

Therefore, both the dust concentration and the particle size are of great importance when considering 

the radiative heat transfer. Indeed, the absorption coefficient Ka and the scattering coefficient Ks 

directly depend on the dust concentration, the dust density and the particle size, as follows (Haghiri 

and Bidabadi, 2010): 

𝐾𝑎 =  
3

2

𝐶

𝜌𝑝 𝑑𝑝
 𝑄𝑎𝑏𝑠       (2) 

𝐾𝑠 =  
3

2

𝐶

𝜌𝑝 𝑑𝑝
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where C is the dust concentration, ρp the particle density, dp the particle diameter and Qabs and Qsca 

respectively the absorption and scattering efficiency. 

The absorption and scattering coefficients are then directly proportional to the total surface area 

(TSA) developed by the particles in the cloud, which can be expressed as follows for spherical 

particles: 



 

 

𝑇𝑆𝐴 =  
6 𝐶

𝜌𝑝 𝑑𝑝
       (4) 

A linear evolution of the calculated flame velocity with the total surface area developed by the 

particles considered in the radiative heat transfer appears in Fig. . Then, it can be observed that the 

radiative heat transfer generated by particles developing a total surface area lower than 10 m2.m-3 

does not lead to a significant increase of the flame velocity, with values between 17.5 and 18 cm.s-1. 

However, when considering a total surface area of 100 m2.m-3, a flame velocity of 20.8 cm.s-1 is 

reached, thus proving the importance of considering the surface area when analysing dust explosions, 

instead of focusing only on mass concentration. It should also be noted that increasing the 

concentration too much would lead to an important increase of absorption, which would limit the heat 

radiation in the preheat zone. 

 

 

Fig. 7. Influence of the total surface area of the particles implied in the radiative heat transfer on 

the flame velocity 

 

5. Conclusions 

The laminar burning velocity of nanocellulose has been determined using a one-dimensional flame 

propagation model adapted from a model already validated for hybrid mixtures. The numerical 

system, composed of mass and energy balances equations and of mass reaction rates adapted to the 

combustion reactions, was solved by the finite volume method. Since the devolatilization of organic 

powders is fast, the chemical reactions were considered limited to the combustion of the pyrolysis 

gases. A first value of laminar flame velocity of 17.5 cm.s-1 was obtained for 500 g.m-3 of 

nanocellulose, which is close to values experimentally measured in a flame propagation tube or a 20 

L sphere, around 21 cm.s-1, thus showing a good consistency between the numerical and experimental 

approaches.  

However, since, in practice, the devolatilization of the particles is not instantaneous, the remaining 

particles can contribute to the radiative heat transfer, which was added to energy balance. Due to the 

tendency of nanoparticles to agglomerate, different particle diameters and dust concentrations were 

tested. Thus, although the heat transfer of nanoparticles tends to be neglected due to Rayleigh 

scattering, which does not contribute to the flame propagation, the contribution of the remaining 

micro-agglomerates after dispersion must be considered. Indeed, the existence of a linear relation 



 

 

between the laminar flame velocity and the total surface area developed by the particles implied in 

the radiative heat transfer was highlighted. A flame velocity reaching 20.8 cm.s-1 for a total surface 

area of 100 m2.m-3 considered for the radiative heat transfer was then obtained, showing a strong 

impact of the heat radiation on the flame propagation.  
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