Assessment of Self-Heating in Wood Pellets by FE Modelling
JOHAN ANDERSON, JOHAN SJÖSTRÖM, ANDERS LÖNNERMARK, HENRY PERSSON AND
IDA LARSSON
SP Safety, Fire Research
SP Technical Research Institute of Sweden
Box 857, SE-501 15 Borås, Sweden.
ABSTRACT
The self-heating process in a laboratory scale experiment has been modelled using the Comsol
Multiphysics software. In the simulations the gas flow and air movement in the volume and heat diffusion
in the bulk were taken into account however only one reaction in the pellets bulk is considered. The input
data is found from measurements of the reaction chemistry and the heat transfer properties. It is found that
all relevant physics is needed in order to obtain reasonable predictions in particular the heat transfer
between the bulk and the gas is important but also condensation and evaporation of moisture.
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NOMENCLATURE LISTING
A
aavg
c
cp
cp bulk
D0
E
F
Γ
H
hloc
I

reaction rate constant (1/s)
average surface area
Oxygen concentration (mol/m3)
specific heat (J/kg K)
specific heat bulk material (J/kg K)
air self-diffusion (m2/s)
reaction rate constant (J)
gravitational force (kg m/s2)
reaction rate (1/s)
heat produced per reaction (J/n)
local heat transfer coeff. (W/m2 K)
identity matrix

λ
λbulk
μ
Qh
Qsh
ρ
ρbulk
R
t
u
Tgas
Tbulk

thermal conductivity (W/m K)
thermal conductivity (W/m K)
Viscosity (Pa s)
convective heat transfer (J)
self-heating energy (J)
density of air (kg/m3)
density of pellets (kg/m3)
gas constant (J/mol K)
Time (s)
gas velocity (m/s)
gas temperature (K)
Bulk pellets temperature (K)

INTRODUCTION
Low-rate oxidation can occur in porous combustible matter at ambient temperature. In large stockpiles of
bulk goods such as pellets storages, coal heaps, waste dumps etc. the heat released by the oxidation
reactions is only slowly diffused and can easily increase the temperature locally of the bulk matter. Under
certain conditions this can trigger a positive feed-back loop since the oxidation rate increases with
temperature. In a worst case scenario this ultimately leads to fire that is initially started by the small scale
self-heating without the need for an external source of energy. The self-heating of wood pellets have been
thoroughly analysed by several authors [1-3]. In Guo [1] pellets storage under north American conditions,
where fresh air is forced into the bulk in large quantities in order to cool the system was investigated. Thus
in Ref. [1], the self-heating reactions are always oxygen-rich and the diffusive behaviour of the oxygen is
not relevant. Only the flow of air and heat are relevant physics. The simulations are very useful as the
author managed to simulate the full scale geometry of a storage silo.
The oxygen concentration has been modelled by Yan et al. [2]. However, the dimensions modelled were
smaller (0.05 m3) than which is the aim for in this work. The simulations were performed using the parallel
finite volume CFD code SMAFS (Smoke Movement and Flame Spread), developed by some of the authors
in Ref. [2]. The computations simulated an open basket in an electrical furnace. That is, with an open
oxygen boundary around all the fuel. The comparisons with experimental data were very good. However to
simulate a larger storage additional features, not captured by the 0.05 m3 open volume, comes into play
which increases the complexity of the problem.
METHODOLOGY
The modelling effort described here has been focused on taking into account most of the physical processes
that determines the self-ignition in a biomass storage. The storage media is a porous bulk where gas and
oxygen can penetrate through the whole volume and feed the reactions. The reactions in the volume are
dependent on the temperature and abundance of oxygen. The reaction rate is modelled with an Arrhenius
expression similar to the theory by Frank-Kamenetskii [4-5]. The oxygen concentration is determined by
concentration diffusion, the gas movement and the oxygen consumption due to self-heating. The reactions
increase the temperature and hence feed the buoyancy of gas moving the gas upwards, similar to the
chimney effect. The gas flow is described by the Navier-Stokes equation and heat diffusion by two heat
diffusion equations. The first heat diffusion equation relates to the gas phase (air) and includes the velocity
term associated with the energy being transported as mass flows through the volume. The second equation
relates to energy transported in the pellets and lacks the velocity term. However, there is also a
redistribution of heat between the pellets and the gas. Specifically, this redistribution effect can act as
cooling in some parts of the volume and in other parts adding to the heat. This convective exchange is
strongly dependent on gas velocity and in this work the correlation found in Ref. [6-7] is used to model this
effect. This correlation includes the dynamic viscosity of gas (same as air), specific surface area of the bulk
pellets and the local velocity of the gas flow. Mathematically this effect is taken into account as a source
term in each heat diffusion equations (but with opposite signs). One additional source term is added to the
solid phase to represent the heat associated with self-heating. Although the evaporation of moisture in the
pellets is taken into account, the condensation is not. The evaporation is accounted for by adding a function
to the specific heat capacity of pellets describing a linear term from 60 °C to 95 ° and a constant term
between 95 and 100 °C, see Fig. 1. Integrating this function over this temperature interval yields the heat of
evaporation of the mass fraction of moisture in the pellets. This is a convenient way of handling the latent
heat of fusion but it will overestimate the influence of water if the temperature decreases below 100 °C
after once exceeding it.
In order to understand the complicated dynamics of the self-ignition process two models were initially
considered. The first one was based on the same physics as used by Guo [1], Darcy’s law, in which the
pressure is solved for using momentum conservation. This model does not take mass conservation into
account and it was the intention to study this effect. However, due to convergence problems this model was
never applied to the scale of volume that we intended and thus finally discontinued. Instead, the NavierStokes equation was used to model mass flow (note that, Darcy’s law is derived from Navier-Stokes
equation) which solves directly for both momentum and mass conservation. The geometry and thermal
conditions used in the model corresponds to the medium-scale experiments, with a volume of 1 m3,

performed previously and reported in SafePellets deliverable report D4.4 [8]. This was a pellets filled
cylindrical qubic meter steel storage with 10 cm of mineral wool insulation.
MODELLING OF SELF-HEATING
The medium-scale model was created in COMSOL multiphysics. The model is built on several different
modules in COMSOL to cover all the essential physics components such as the non-isothermal flow
module for the gas flow in the volume, in combination with diffusion of diluted species for the oxygen
concentration and the heat transfer module for thermal conduction in the pellets.
The equations describing the physics of self-ignition of pellets in a volume can be written in several steps.
First, the Navier-Stokes equation for the gas movement in the volume as,
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On the left hand side of Eq. (1) are the inertial forces and the first term on the right right hand side is the
pressure force whereas term 2 and 3 are viscosity forces. Here the force F is the gravitational force,
⃑ is the velocity of gas. Note that, the non-linear interaction is neglected in
𝑭 = −𝝆𝒈𝒛̂, ρ is the density and 𝒖
this model and the velocity, density and viscosity (μ) is rescaled with the porosity (Φ) to model the
impedance by the bulk pellets. At the boundary of the insulating container a slip condition is used to reduce
the computational time which also yields a symmetric mesh. However, this simplification is not expected to
make a significant difference due to the small velocities. Moreover, the main contributor to heat exchange
with the container is through conduction by the pellets in contact with the container.
Furthermore, the density is dependent on the temperature and governed by the continuity equation,
𝝏𝝆
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The heat transferred within the gas phase is transported by the heat diffusion equation,
𝝆𝒄𝒑
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where 𝒄𝒑 is the specific heat of air,  is the heat conductivity of air and Tgas is the gas temperature. The heat
transferred from the bulk pellets is introduced by 𝑸𝒉 = 𝒂𝒂𝒗𝒈 𝒉𝒍𝒐𝒄 (𝑻𝒃𝒖𝒍𝒌 − 𝑻𝒈𝒂𝒔 ) and is dependent on the
gas velocity, see Table 1. Here 𝒂𝒂𝒗𝒈 is the average surface area available for convective heat transfer and
𝒉𝒍𝒐𝒄 is the heat transfer coefficient between the bulk and the gas. The next step in the modelling is to
connect the oxygen concentration with the temperature to sustain the reactions; this is done by the
concentration diffusion equation. Here the diffusion of oxygen by the velocity of gas determined above and
the diffusion driven by the concentration gradient is included,
𝛛𝐜
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c is the oxygen concentration, D0 is the self-diffusion of oxygen and Γ is the reaction rate. The reaction rate
−

𝑬

is determined by an Arrhenius function 𝚪 = 𝒄𝑨𝒆 𝑹𝑻𝒃𝒖𝒍𝒌 . Here Tbulk is the temperature, A and E are constants
and R=8.31 J/(mol K) is the universal gas constant.
The next step is to describe the heat diffusion in the bulk pellets as
𝝆𝒃𝒖𝒍𝒌 𝒄𝒑 𝒃𝒖𝒍𝒌
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Here cp bulk is the specific heat, bulk is the heat conductivity, ρbulk and Tbulk is the bulk pellets density and
temperature. In the pellets heat diffusion the heat transfer to gas is subtracted whereas a self-heating term is
added of the form 𝑸𝒔𝒉 = 𝚪 ∗ 𝑯 where H is a constant of heat produced per reaction. In general these
equations describe a highly non-linear coupled system of equations.
The initial conditions were homogeneous temperature throughout the full geometry, pellets and insulation.
These were set to either 95 or 120 °C. The boundary conditions are either ambient or initial temperature of
the outmost boundary of the insulation. This represents the cases where the pellets are either well insulated
with ambient temperature on the outside or kept at a constant temperature at the boundary.

The material properties used in the model are summarised in Table 1.
Table 1.

Kinetic parameters from isothermal calorimeter (µ-cal) tests.

Property
Physical properties of pellets
Pellets bulk conductivity,  [W/mK]
Pellets density, ρ [kg/m3]
Pellets specific heat capacity [J/kgK]
Porosity, Φ [%]
Specific surface area aavg[m-1]
Kinetic reaction parameters
Pre-exponential factor, A [s-1]
Activation energy, E [J/mol]
Heat of reaction, H [MJ/mol]
Gas parameters
Material properties
Local convective heat transfer coefficient hloc[W/m2K]
Others
Oxygen self-diffusion coefficient [m2/s]
*
u is the gas velocity.

Value

Reference

0.14+0.001*T[°C], T≤60°C
0.20, T>60°C
650
According to Figure 1
50
85

[7]
[1]
[7]
Test
[1]

700000
83140
41

Test

same as air scaled by Φ
43*u[m/s] *

[4]

2*10-5 scaled by Φ

-

Fig. 1. Specific heat capacity of pellets with 6 % moisture used as input material data for the FEM
simulations.
The geometry (mesh) is presented in Fig. 2, with rotational symmetry line at the left boundary.

Fig. 2. Geometry of the axi-symmetric container and the mesh. The rotational symmetry line is at the left
boundary. The other bold lines represent the container boundary as well as the insulation boundary.

RESULTS
Although prediction of self-ignition in bulk storage is the ultimate goal of modelling, the results shown here
are aimed at describing the model more than displaying predictive results. These require more thorough
sensitivity analysis of the input parameters and are subject to future work.

Initial temperature 95 °C
The 1 m3 medium scale test setup described in [8] is used as a case study. The pellets and the container is
initially 95 °C and 100 mm of insulation surrounds the container. First, there is no air inlet or open
boundaries in the container. In this case the available oxygen is not enough to support any runaway of
temperatures since the available oxygen is quickly depleted. After just 30 minutes the oxygen level is
significantly reduced (see Fig. 3) and the maximum temperature increase in the container is just 0.1 °C
above the initial one, see Fig. 4. As time progresses the heat diffuses in the bulk.

Fig. 3

Oxygen concentrations when no inlet of oxygen was permitted. The figures correspond to 30
minutes (left) and one hour (right). Note that the initial concentration of oxygen is 4.45
mol/m3 and that the two figures have different scales.

Fig. 4

Temperatures in the pellets after one hour of simulation without oxygen inlet.

When oxygen is supplied in the bottom part of the container amounting to 30 l/min of fresh air, the
concentration of oxygen is maintained even though it is reduced from the initial value (4.45 mol/m3). The
flow is represented by two boundary conditions at the lower boundary of the container. Both a
concentration boundary of ambient air (8.90 mol/m3) in the concentration diffusion equation and a velocity
boundary in the Navier-Stokes equation. The oxygen concentration after one hour can be seen in Fig. 5 and

those levels are about the same after six hours. Note the different scale in Fig. 5 compared to the same plot
for the hermetically sealed case at the same instance shown in Fig. 3.

Fig. 5

Oxygen concentrations after one hour with oxygen inflow of 30 l/min.

The gas flow in the silo is as expected with downward flow at the walls which cools the material and
upward flow in the centre. Figure 6 shows an example of gas flow in the container after two hours. In the
high velocity middle plume the flow is about 0.3-0.4 m/s. This is the flow of air through the bulk pellets.
One can note that the inlet of oxygen is not very visible in the flow diagram. This is because the oxygen
inlet is restricted to the oxygen concentration and the gas flow is described by Navier-Stokes equation.
However, there is an impact, mostly due to the lower temperature at the inlet.
In this model there is no outlet of gas since there is actually no inlet of mass. The temperature at the lower
boundary is set to ambient and there is a flow of oxygen affecting the oxygen concentration. However, the
gas mass in the volume is not changed (oxygen replaces other gas species).

Fig. 6

Gas flow velocity field after two hours. The colours represent velocity magnitude.

Figure 7 shows the pellets temperatures after one, three and five hours. First, the temperature is quite
uniform. As the self-heating is balanced by the cooling, the temperature becomes less uniform. The high
gas velocity at the centre plume reduces the pellets temperature in the lower parts of the container and the
highest temperatures are instead found in the upper parts, at a small distance from the cooling wall. It is
worth noticing that after five hours the self-heating has not lead to runaway but the highest temperature is
only 0.4 °C above initial. The pellets and gas temperatures are very similar as seen in Fig. 8.

Fig. 7

Pellets temperature after 1, 3, and 5 hours.

Fig. 8

Gas (and insulation) temperature after 1, 3, and 5 hours.

Despite the colder pellets temperature in the (especially lower part of) centre plume, the reaction rate is
larger at that region compared to closer to the walls. Figure 9 shows the oxygen consumption rate after 3
hours. The energy released in the reaction is therefore mostly transported away by the convective gas flow.

Fig. 9

Reaction rates (oxygen consumption rate) in the volume after 3 hours.

Comparing the heat exchange by convective heat transfer between gas and solid phase and the heat
produced in the self-heating it was noticed that in many regions, the convective heat exchange plays a
larger role for the temperature of the pellets than the self-heating does, even though all heat production is
originally from the self-heating process. The convective exchange is negative (pellets are cooled by gas) in
the lower centre plume and positive closer to the wall. Thus, heat generated by self-heating is transferred to
the gas phase and transported to the regions closer to the walls where it is transferred back to the pellets
again, see Fig. 10.

Fig. 10

Heat transfer to the pellets by convective exchange with the gas phase (left) and by the selfheating phenomenon (right). Notice that large parts of the bulk experiences a heat transfer by
convection of several hundred W/m3 and that the self-heating is around 50-60 W/m3 in the
majority of the bulk.

The local convective heat transfer coefficient between gas and pellets (which is proportional to the gas
velocity according to Table 1) is shown after three hours in Fig. 11. It is mostly between 40 and 140

W/(m2K) with the maximum regions of around 200 W/(m2K) close to the wall and in the upper part of the
centre plume.

Fig. 11

Convective heat transfer coefficient (h) between the gas and the solid phase after 2.5 hours
into the simulation.

When perfectly insulating the container edges by prescribing a boundary temperature equal to the initial
temperature, the behaviour is much the same. The only difference is that temperature is continuously
increasing. The simulation is only evaluated for 12 hours and at that instance the temperature in the pellets
varies between 96.2 and 97.3 °C, see Fig. 12.

Fig. 12

Pellets temperature after 12 hours for the insulated container with initial temperature at
95 °C.

Initial temperature 120 °C
Increasing the initial temperature to 120 °C for the case of un-perfect insulation with mineral wool yields
much the same behaviour for the first three hours. However, as the temperature increases in the upper part
of the volume a new mode of circulation starts. Fel! Hittar inte referenskälla.13 shows the velocities after
one and five hours. The two modes differ clearly and after five hours there is a downwards direction in the
upper part of the centre plume and a flow radially out at about half height of the container (see Fig. 13
(right)). The corresponding temperatures are shown in Fel! Hittar inte referenskälla.14.

Fig. 13

Gas velocities and circulation after one (left) and five (right) hours for the container initially
at 120 °C.

Fig. 14

Pellets temperature after one (left) and five (right) hours for the container with initial
temperature at 120 °C and insulation on the container edge.

Over the entire simulation the average temperature increased. Fel! Hittar inte referenskälla.15 shows the
volume average gas and pellets temperature over the simulation.

Fig. 15

Pellets and gas temperature averaged over the entire volume for the container initially at
120 °C with added mineral wool.

The oxygen concentration in the major parts of the volume decreases during the first hour to 25 – 50 % of
the initial value. Thereafter it varies between 1.5 and 2 mol/m3, corresponding to about 30-40 % of the
initial oxygen concentration. With the monotonically increasing temperature it is therefore likely that the
system will reach critical conditions for self-heating.
Running the same simulation with a temperature boundary and the container edges yields much the same
flow behaviour and temperature distributions. The main difference from the non-perfectly insulated
scenario is that the temperature increase is somewhat higher; leading to shorter expected time until critical
conditions are reached, see Fel! Hittar inte referenskälla.16.

Fig. 16

Pellets temperature after one (left) and five (right) hours for the container with initial
temperature at 120 °C and a constant temperature held at the container boundaries.

DISCUSSION
In the procedure of constructing the FEM model it was noticeable that the numerical convergence was very
sensitive to the input parameters and the boundary conditions in the model. A too large flux or a high
heating rate lead to an unstable model and hence prevented the possibility for further simulations. The
condition for stability has been an iterative process of trial and error and learning from ones mistakes.
There is still a bit of work left until a stable converging model for all types of boundary conditions is
achieved. As an example, it was not possible to expand the present model to full scale silo dimensions (e.g.
ten meter high and ten meters in diameter).

However, the present model has many features incorporated and can describe the dynamics of heat and
mass in a self-heating pellet volume. It captures the balance between the need for substantial oxygen
concentrations required for self-heating and the cooling by fast flowing gas and brings insight to how that
interplay develops. One such insight is that for the different conditions that the model was executed it was
clear that most of the self-heating was produced in the central gas stream. This is where the availability of
oxygen is at its largest and where influence from a cooling wall is negligible. However, at the same time, it
is not this region that all of the time exhibits the largest pellet temperatures. The high gas velocity in the
central stream enables significant convective heat transfer from pellets to gas. Closer to the wall, where the
gas reduces its speed and moves towards the bottom of the volume (see Fig. 6) the gas, which has been
heated, to large degree lose much of its heat back to the pellets. In that sense the region most likely to be
subject to self-heating might be the volume in between the central stream and the wall.
Note that a measurement using a small thermocouple in a pellets bulk volume is very sensitive to gas
temperature in particular if the gas velocity is large. Therefore, the measurement might not be the best
assessment of the pellets temperature but instead it is the temperature of the thermocouple, influenced by
the moving gas and the surrounding pellets.
Another lesson learned from the model is that the convective heat transfer between gas and pellets cannot
be ignored. In most cases this effect is more important locally than the self-heating itself and must therefore
be considered when studying the latter.
CONCLUSIONS
To this end, the simulation part of the work resulted in a Finite-Element model (FEM) including the selfheating process of a medium sized container with pellets. The convective heat transfer between gas and the
bulk pellets as well as the gas and heat diffusion were included. The model was constructed by coupling the
non-isothermal flow, concentration diffusion and thermal diffusion modules in Comsol Multiphysics. It
was found that the model could describe the balance between oxygen concentrations required for selfheating and the cooling by the fast flowing gas. Note that the model is very sensitive to initial and boundary
conditions and may result in different equilibria in the model. However, in general for the different
conditions it is clear that most of the self-heating was produced in the central gas stream. However, the
high gas velocity in the central stream enables significant convective heat transfer from pellets to gas and
results in a significant heat transport to other areas. Note that this means that the convective heat transfer
between gas and pellets cannot be ignored. In most cases this effect is more important locally than the selfheating itself and must therefore be considered when studying the latter.
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