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Abstract 
 
The report focuses on the study of the self-ignition in wood pellets storage. It can be 
divided in four major tasks. 
 
The first one presents the small-scale experiments of spontaneous ignition using several 
kinds of wood pellets and the theoretical methods which have been used to determine the 
kinetic parameters and the “critical temperature” of each case. 
 
Thanks to these values, the Frank-Kamenetskii theory has been used for each kind of 
pellets to determine the temperature after which it will self ignite. 
 
The second one describes the software SMAFS and its new version FIRCOSIM. During 
my simulations, I have had some problems and so many questions for Zhenghua. I have 
tried in this part to explain these ones. 
 
The third one presents the simulation of the small scale tests using a mathematical code 
called SMAFS (Smoke Movement And Flame Spread) or the new version called 
FIRCOSIM (FIre COmbustion SIMulator) in the case of Cartesian coordinates. These 
simulations have allowed studying the influence of many parameters and thanks to this 
study the difference between the predicted and the measured temperature has been able to 
be reduced.  
 
The last one presents the simulation of large scale test using the same software in 
curvilinear coordinates. 
 
The work presented in this Technical Note was made by Elizabeth Blanchard as part of 
her undergraduate education at MATMECA, Université Bordeaux, France. Her 
supervisor at SP Fire Technology was Per Blomqvist. 
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Nomenclature 
 
 
A pre-exponential factor in Arrhenius expression (s-1) 

Bi Biot number Bi = hL/λ 

C specific heat of the reaction products (J.kg-1.K-1) 

Cp specific heat of the bulk material (J.kg-1.K-1) 

E activation energy (J.kg-1.K-1) 

H heat transfer coefficient (W.m-2.K-1) 

L thickness (m) 

Q heat of reaction (J.kg-1) 

R universal gas constant (J.mol-1.K-1) 

S surface (m2) 

T temperature (K) 

To ambient temperature (K) 

t time (s) 

x length coordinate (m) 

 

Greeks symbols: 

α thermal diffusivity (m2.s-1) 

δ Frank-Kamenetskii parameter 

δc critical value of δ 

λ thermal conductivity (W.m-1.K-1) 

ρ bulk density (kg.m-3) 
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1 Introduction 
 
The work presented in this Technical Note was made by Elizabeth Blanchard as part of 
her undergraduate education at MATMECA, Université Bordeaux, France. Her 
supervisor at SP Fire Technology was Per Blomqvist. 
 
Wood pellets are extensively used for energy production purposes in Sweden and some 
other forest rich countries. The pellets are normally made from forest products waste such 
as sawdust, roots, branches, bark, etc… Pellets are produced at factories and stored for 
several months before they are used. Due to the large volumes and the chemical processes 
in the material, a self-heating process is initiated and may lead to self-ignition if the 
circumstances are unfavourable.  
 
The term self-ignition describes the culmination of a runaway temperature rise in a body 
of combustible material, which arises as a result of heat generated by some process taking 
place within the body. 
 
A number of incidents with spontaneous ignition of wood pellets in storage have already 
occurred causing big economic loss. For instance, the fire in large storage buildings in 
Ramvik in 2005 involved 43.000m3. It would be desirable to find out under which 
conditions this phenomenon can occur and how to avoid it. 
 
SMAFS and FIRCOSIM are a CFD software package developed by Dr. Zhenghua Yan 
for numerical simulation of reacting flows such as building fires, spontaneous ignition in 
porous fuel storage, etc. The simulations are based on solution of a set of unsteady 
governing equations for both gas and solid phases, and mass conservation equations for 
different chemical species. Many small-scale simulations have already been computed 
and compared to the measured data. In the sawdust case, all the important processes – the 
temperature rise, the “level-off” period and the crossing point time- were well captured 
by the numerical simulation [8]. 
 
This report presents the determination of material properties important for self-heating 
and spontaneous ignition on the micro-scale, the influence of certain parameters on a 
simulation using SMAFS/FIRCOSIM in the case of the wood pellets (four different kinds 
of wood pellets and several temperatures have been computed for this study) and 
mathematical simulation as a tool for assessing the risk for spontaneous ignition and for 
planning of safe-storage in both large and small-scale tests. 
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2 Experiments and theoretical methods 
 
SP has carried out several experiments both in small and large scale (from 1dm3 to 4m3) 
using different kind of wood pellets (6 and 8mm Såbi, 8mm Polish, 8mm Russian wood 
pellets). Each kind of wood pellet is defined by their diameter, density, bulk density, 
density of dry solid particle, moisture content, bulk porosity and the kinetic parameters 
for heat production from chemical oxidation. The last features are set after the study of 
the measured data during the small-scale experiments. 
 
The small-scale experiments reported here were performed for two main reasons. First to 
obtain the temperature rise pattern at different locations to which the simulation data 
would be compared. The other main objective was to determine kinetic parameters with 
the “crossing point method” [3]. 
 
2.1 Description of the small-scale experiment 
 
Experiments have been conducted in the physical scale of 1 dm3 with 4 different kinds of 
wood pellets. Test results from tests with two new types of pellets are reported here. 
 
Basket heating tests were conducted according to the “crossing point method” to derive 
kinetic data for high temperature oxidation reactions. The equipment used for the 
experiments, consisted of a controlled-temperature oven with a 1dm3 cubic wire-mesh 
basket (Figure 1), suspended in the centre of the oven, into where the sample material was 
placed. Five thermocouples were placed inside the cubic basket in order to record the 
temperature profile of the sample during the test every second. The distances between the 
thermocouples and the centre of the basket are 0mm (point1), 10mm (point2), 20mm 
(point3), 35mm (point4) and about 48mm (point5). 
 

  
Fig.1: The full basket used for the test. 
 
 
2.2 The crossing-point method 
 
For each kind of wood pellets, the two kinetic parameters QA and E, are evaluated after 
several tests with different oven temperatures according to the crossing-point method first 
described by Chen and Chong [6] and also outlined by Blomqvist [3]. 
 
In a test, a basket with sample at room temperature is put into the hot furnace. The 
crossing point (TCP) is reached at the moment the centre temperature has raised above 
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temperatures of the materials away from the centre. By definition of the crossing-point, 
the conductive heat transfer term is zero at this moment, i.e.: 

 

 
(1) 

So, the energy conservation equation could be rewritten to [6]: 
 

 

 
(2) 

The method used in practice to determine the crossing-point temperature is to plot the 
difference between the centre (point 1) and the reference point (in our case, point 3 is 
chosen) versus time. TCP is defined as the average temperature of the centre for the time 
period when the temperature of the centre is raising past the temperature of the reference 
point. The slope of the temperature at the centre point is calculated for the period from 
one minute before the time corresponding to TCP, to one minute after this time. 
 
2.3 The kinetic parameters E and QA 
 
Using the crossing point method, the kinetic parameters E and QA can be determined 
from the experimental data. These values are given in the Table 1, together with 
information on the evaluation of TCP in each case. The values concerning the two kinds 
off Såbi wood pellets are from previous work [4]. An assumed constant Cp of 1100 
J/kg.K was used for the bulk of each kind of wood pellets. 

Table 1: Data on wood pellets tested with the crossing point method 

Material Number of 
tests 

R2 in ln(dT/dt) EA Resulting QA 

  vs. Tcp plot (kJ/mol) (J/kg.s) 
Såbi 6mm wood pellets 7 0.991 69 8.0E+08 
Såbi 8mm wood pellets 7 0.992 77 5.7E+09 

Polish wood pellets 9 0.968 86 1.8E+11 
Russian wood pellets 12 0.686 76 1.1E+10 

 
The length of the Russian wood pellets was larger than for the other pellets tested. The 
longer pellets gave a less random distribution pf pellets in the bulk and the exact 
positioning of the thermocouples probably became more influencing on the temperatures 
measured. It can explain why the value of R2 in this case is lower than in any of the other 
cases. 
 
The determination of the heat capacity for bulk materials is not straight forward, and the 
uncertainty in the values used is high. However, Marie Guillaume [8] has studied the 
influence of the kinetic parameters on the simulation and has shown that until 10.000 
seconds in the Såbi 6mm case at 180°C, the difference between simulations using several 
values from 8E+08 to 24E+08 J/(kg.s) is negligible. 
 
The heat production rates h have been plotted in Figure 2 using the kinetic parameter 
values given in Table 1. 
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Fig.2: The heat production rate for the four kinds of wood pellets 

 
The Polish and the Russian wood pellets are really more reactive than the two kinds of 
Såbi wood pellets (Figure 2). The results of the experiment showed this phenomenon as 
the Såbi pellets need a longer time to self-ignite.  
 
Further, when the temperature increases, the Polish heat production is closer and closer to 
the Russian and after 170°C, the Polish pellets become more reactive than the Russian. 
 
2.4 The Frank-Kamenetskii method 
 
The self-ignition potential of a volume of wood pellet depends on the balance between 
the heat production rate within the basket and the rate at which heat is lost to the 
surroundings. 
 
For a given system, a dimensionless parameter called the Frank-Kamenetskii parameter δ 
[2] is fixed by the relevant physical and chemical properties of the material together with 
the size of the volume and a reference temperature. It is defined as: 
 

 

 
(3) 

It is possible to determine a critical value of this parameter, δc. The critical values δc for 
different geometries are compiled in e.g. Beever [2]. 
 
The assumption in the F-K theory that the surface temperature of the body equals to the 
ambient temperature implies that the heat transfer coefficient h is very large and in other 
words that the Biot number Bi → ∞. Usually, it is not the case in reality and the F-K 
parameter needs to be corrected. For finite values of Bi, the following formula [2] can be 
applied. 
 
 

 

 
(4) 
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There are two cases: 
 

• If the value of δ calculated for a system is greater than the critical value δc, the 
system will self-ignite and more precisely, the temperature will rise slowly at first 
and then rapidly until self-ignition occurs. 

• If the value of δ is less than the critical value, only moderate self-heating can 
occur. 
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3 Mathematical simulations 
 
3.1 Presentation of the software SMAFS/FIRCOSIM 
 
SMAFS and FIRCOSIM, its new version, are CFD software packages developed by Dr. 
Zhenghua Yan (University of Lund, Sweden) for numerical simulation of reacting flows 
such as building fires using Reynolds-averaging Navier-Stockes (RANS) or alternatively 
Large Eddy Simulation (LES). The software can also be used for simulation of flows and 
heat transfer in a porous media and has in this work been used to simulate self-heating in 
storages of wood pellets. 
 
The computation is based on numerical solution of a set of governing equations [11] 
including the continuity equation, extended Darcy momentum equation, energy 
conservation equations for both gas and solid phases, and mass conservation equations for 
different chemical species. The continuity equation in the cases of a porous media is: 
 

 

 
(5) 

They are two ways to run the software, in command line fashion for Linux and UNIX 
system and with GUI (Graphical User Interface) for Windows. When run under Windows 
the software needs to setup a communication daemon called PVM to handle the parallel 
computing capabilities of the program. Every time, the program is started, it checks if the 
PVM daemon is ready and a pop up appears. 
 
The user needs to create one, two or three files according to the case he wants to simulate: 
 

• In all cases, an INPUT file (ANNEXES B and C) is necessary. There are two 
ways to create this one, either by following SMAFS instructions step by step to 
type in input data interactively (after starting SMAFS) or by using a text editor to 
modify an existing input file, SMAFS can be used as a simple editor. 

 
• In this file the system of coordinates has to be specified. There are two choices, 

Cartesian or curvilinear coordinates. In the case of curvilinear coordinates, a 
separate grid file is needed to provide complete grid system. If the name of the 
INPUT file is toto.set, the “curvilinear” file to create will be totogrd.set. 

 
• In the INPUT file, the user must specify when the problem is related to porous 

media. In this case, a new file must be created. It contains the data concerning the 
porous media. If the name of the INPUT file is toto.set, the “porous” file to create 
will be toto.std. 

 
In order run the post-processing, i.e. to plot the evolution of a value or to visualize the 
grid for instance, there is an item in the menu bar called “Post-Processing” (ANNEX A). 
 
ANNEX A is a short presentation of the questions that appeared while using the code. 
 
3.2 Parameters Study using mall-scale simulations 
 
3.2.1 Description of the small-scale simulation 
 
To simulate the experiments with SMAFS or FIRCOSIM, it is necessary to specify 
certain properties: 
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Table 2: List of input material properties (all in SI units) 

material Såbi 6mm Såbi 8mm Polish Russian 
  wood pellets wood pellets wood pellets wood pellets

bulk density 603 670 640 660 
compact dry density 1190 1190 1075 1165 
specific heat 1700 1700 1700 1700 
bulk porosity 0.52 0.52 0.44 0.44 
moisture content 8.20% 7.40% 5.60% 6.20% 
bulk permeability 6.00E-08 8.00E-08 8.00E-08 8.00E-08 
 
The densities, the porosity and the moisture content have been measured from multiple 
samples of each kind of wood pellets. The Såbi permeability has been measured by Ulf 
Göransson [7]. In the Polish and the Russian cases, the same value as that for the 8mm 
Såbi have been taken. The influence of this assumption has been studied and will be 
discussed late. 
 
The heat conductivity λ is not known precisely in all case. As for the permeability, the 
influence of this parameter has been studied in this report by comparing the results of 
several simulations with the Polish wood pellets at 150°C 
 
In the small-scale tests, due to the symmetry of the problem on both width and depth 
directions (because of the buoyancy, the problem is not symmetric on the vertical 
direction) a quarter of the basket is simulated by using two symmetric boundaries (Figure 
3 and Annex B). 
 
A uniform mesh of 10 x 20 x 10 cells was normally used to provide a fine spatial 
resolution of the quarter basket which is of 0.05 x 0.10 x 0.05 m. In few cases when the 
simulations diverged, a uniform mesh of 18 x 28 x 18 cells was used instead. 
 
The length of single time steps varied from 0.5 to 2 seconds. 
 

 
Fig.3: The boundary conditions in the small-scale simulations 
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The relaxation factor for the temperature have been modify when the simulation diverged. 
This parameter does not normally affect the simulation; however its influence has been 
studied in this report (section 3.2.5). 
 
3.2.2 Influence of the thermal conductivity λ 
 
By definition, the thermal conductivity λ is the intensive property of a material that 
describes its ability to conduct heat. The heat conductivity of a coarse porous bulk 
material as wood pellets is difficult to measure. It is thus interesting to determine the 
influence of this parameter on the simulation because it is not known precisely in most of 
our cases. 
 
Experiments have been made previously using the TPS-method [1] to determine the heat 
conductivity in wood materials. These results and some literature data [9] are summarized 
in Figure 4. 
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Fig.4: Heat conductivity in wood pellets and sawdust vs. density. 

 
 

The heat conductivity found in each case is plotted vs. the density of the material. As the 
density of polish wood pellets is around 1135 kg/m3, the simulations have been done for 
0.17, 0.22, 0.39 and 0.412 W/(m.K). The two last values correspond to the theoretical 
values from Figure 4 for the densities of the pellets including moisture, respective the dry 
density. The values 0.17 and 0.22 W/mK are the measured value of λ for the 6mm Såbi 
wood pellet with moisture included and dried, respectively. 
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Fig.5: Influence of the heat conductivity (λ) on the temperature (point1) 

 
As shown in Figure 5, the higher the heat conductivity, the faster the temperature at the 
centre increases. Further, the “level-off” period is more pronounced when the λ is lower. 
The solid moisture content and the temperature in the two simulations with λ=0.17 and 
λ=0.39, have been plotted in the same figure, Figure 6. 
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λ = 0.39
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Fig.6. Relation between the solid moisture(weight-%) and the solid temperature 
(point1) 

 
Figure 6 shows there is a relation between the time of evaporation of the solid moisture 
and the “level-off” period. More, the smaller the heat conductivity λ is, the longer the 
level-off period is and the longer the time of evaporation is. The theory corroborates this 
phenomenon. In fact, as the heat conductivity describes the ability to conduct heat, the 
solid moisture evaporates faster when this parameter is larger as heat is conducted in from 
the hot boundaries faster (Figure 7). 
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Fig.7: Influence of the heat conductivity (λ) on the solid moisture (point1) 

 
As can be seen from figures 5 and 7, the heat conductivity λ is very influent on the 
simulation. A precise value of this parameter is very important to correctly simulate the 
evolution of the temperature in the material. 
 
3.2.3 Influence of the permeability 
 
The value of this parameter is given in Göransson [7] for the Såbi 6 and 8mm wood pellets. 
It depends on the height, the area, the volume flow and the pressure drop of the material. 
Three simulations have been computed for the Polish wood pellets at 150°C using different 
values of permeability factor, 8.0E-08, 1.6E-07 and 3.2E-07 m2. The first value is calculated 
for the Såbi 8mm wood pellets. The second one is twice as large as the first one, the third 
one four times. 
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Fig.8: Influence of the permeability vector on the solid temperature (point1) 
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Figure 8 shows that the difference between the three simulations is negligible. So, the Såbi 
8mm value will be taken for the Polish and the Russian wood pellets. 
 
3.2.4 Influence of the relaxation factors on the simulation at 

150°C 
 
The values of relaxation factors have been changed during some of the last simulations to 
reach convergence. Relaxation factors are used in the calculations for solving the system 
of equations. The values of these are chosen by the SMAFS user. Three simulations have 
been done at 150°C using the Polish wood pellets and with different values for the 
relaxation factors. However, no effect can be seen on the result of the simulation (Figure 
9). 
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Fig.9: Evolution of the temperature for three simulations using different values for 

the relaxation factors 
 

 
3.2.5 How to improve the simulation? 
 
As has been shown, there is a difference between the simulation data and the experi-
mental data. In the simulation, there is a “level-off” period which is too pronounced 
which corresponds to the too long time of solid moisture evaporation (Figures 6 and 10). 
Figure 10 shows in fact, that in the case of a simulation without any moisture in the 
Polish pellets at 150°C, the “level-off” period does not exist. 
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Fig.10: Comparison between the predicted and the measured temperatures (point1). 
 
The reason for the difference in results from the simulations compared to the 
experimental results has not been identified completely. However, the simulation results 
could possibly be improved if the heat conductivity parameter evolution vs. temperature 
was included in the simulation. It could also be the case that the 1dm3-scale is too small 
in the case of the Polish wood pellets and that the thermocouples are not measuring 
temperatures representative of the bulk. In that case the size of the wood pellets would be 
too large in relation to the bulk volume in the test. 
 
In fact, the only parameter, of which the value is not known precisely and which is very 
influent on the simulation (Figure 5), is the heat conductivity λ of the material. This 
parameter depends on the density and on the temperature. However, the studied wood 
pellets have a moisture content of 5.6% as a minimum. So, during the experiment, owing 
to the evaporation of the solid moisture, the density of the wood pellets is modified and 
consequently the heat conductivity λ too. 
 
Until this point, a constant value of λ has been used for the simulations. SMAFS user has 
to define the conductivity of “solid particle” 500 times. In fact, one has to provide a value 
for each degree Kelvin from 1 to 500 Kelvin. However, the user does not know how the 
solid moisture content of the pellets progresses during the experiment and the 
accompanying changes in density and heat conductivity.  
 
The density of the material before the experiment and the density of the dry particle are 
known. From Figure 2, the heat conductivity can be determined in these two cases. The 
solid moisture can be supposed to have evaporated at 105°C. The heat conductivity can 
be approximated [1] with a linear repartition between 23 and 105°C. As a first 
approximation, a constant value can be used between 105 and 150°C (Figure 11).As a 
second and a third approximation, a linear repartition can be used between these two 
temperatures. In fact, the heat conductivity can vary of more or less than 5% [1]. 
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Fig.11: Supposed evolution of the heat conductivity λ vs. temperature. 

 
Three simulations have been done with the Polish wood pellets at 150°C. From the values 
of its density normally and when it is dry, two theoretical heat conductivities have been 
determined using the information in Figure 4, 0.412 and 0.386 W/mK. Figure 12 shows 
the evolution of the temperature in each case. 
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Fig.12: Evolution of the temperature with each approximation of heat conductivity 

(point1) 
 
There is no difference between the three evolutions of the temperature for the simulations 
which use a linear approximation as shown in Figure 12. The results show the difference 
between these three evolutions is negligible. It means when pellets are dried i.e. when the 
pellet temperature is upper than 100°C, the thermal conductivity can vary of more or less 
than 5%, the results are not affected so much.  
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Fig.13: Evolution of the temperature with each approximation of heat conductivity 

(point1)  
-Såbi 6mm wood pellets at 180degC-  

 
More, Figures 12 and 13 show that the simulations using a constant value of the 
parameter (corresponding to the density of the material before the heating) are closer to 
the measurements. 
 
3.2.6 SMAFS and FIRCOSIM 
 
All the previous simulations have been performed with the CFD code SMAFS. The large-
scale experiment has been simulated with its new version called FIRCOSIM. It is also 
necessary to verify there is no difference between the results obtained with the one or the 
other one. 
 
Firstly, the self-ignition of the Polish wood pellets at 150°C with the first approximation 
of the evolution of the heat conductivity from 0,412 to 0,386 W/m.K has been performed 
(Figure 14). 
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Fig.14: Evolution of the temperature in the case of the Polish wood pellets obtained 
with CFD codes SMAFS and FIRCOSIM (points 1 and 2) 
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Secondly, the self-ignition of the Såbi 6mm wood pellets at 180°C with the linear approx-
imation of the heat conductivity from 0,214 to 0,17 W/mK has been performed (Figure 
15). 
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Fig.15: Evolution of the temperature in the case of the Såbi wood pellets obtained 
with CFD codes SMAFS and FIRCOSIM (points 1 and 2) 

 
In all cases, the evolution of the temperature obtained with SMAFS and FIRCOSIM is 
comparable. The previous study on the influence of parameters grounded on simulations 
using SMAFS can thus be applied to the simulations using FIRCOSIM. 
 
3.3 Simulation of small-scale test 
 
Numerical simulation of small-scale spontaneous ignition experiments (see section 3.1) 
have been performed using the parallel finite volume CFD code SMAFS or its new 
version FIRCOSIM. 
 
Figures from 16 to 20 present the comparison between the experimental data and results 
obtained from numerical simulation for several oven temperatures. Both in case of 
simulation and experiment, the temperature has been investigated in five locations which 
are called point 1 to 5, respectively are 0mm, 15mm, 30mm, 40mm and 50mm from the 
basket volume center. 
 
3.3.1 Simulations of basket heating tests with Såbi 6mm wood 

pellets 
 
As has been discussed previously, the heat conductivity of the pellet is very influent on 
the simulation. The heat conductivity has been measured for the 6mm Såbi wood pellets, 
and the result was 0.17 W/mK (Figure 4). The measurement of the bulk property is not 
straight forward and the uncertainty in the value is unknown. 
 
Several attempts at 180°C have been computed (Figure 16) using different values of λ -
the constant value 0.17 W/mK, the previous approximation from 0.214 to 0.17 and from 
0.468 to 0.437- 0.468 and 0.437 W/mK corresponding to the theoretical values read from 
Figure 4 obtained with the 6mm Såbi density and its dry density. The closest simulation 
to the reality is obtained with the measured value 0.17 W/mK.  
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Fig.16: Evolution of the temperature with several approximation of the heat 

conductivity 
–Såbi 6mm wood pellets at 180°C-(point 1) 

 
The simulations (using 0.17, 0.17 and the approximation from 0.214 to 0.17) for the other 
temperature 190°C (Figure 17) show that 0.17 W/mK can be assumed in the following 
simulations. 
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Fig.17: Evolution of the temperature with several approximation of the heat 

conductivity 
–Såbi 6mm wood pellets at 190°C-(point 1) 
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3.3.1.1 180°C ambient temperature 
 
The predicted and the measured temperatures are plotted in Figure 18 for the five 
locations. As it is expected, the temperature begins to increase as soon as the basket is 
subject to the external heating.  
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Fig.18: Predicted and measured temperature at the five locations. 
 
With the penetration of heat wave into the sample, the inner point’s temperature rises. 
Due to the lag of the heat wave arrival, the temperature increases at the in-depth point is 
correspondingly delayed. As can be seen Figure 18, there is a big difference in 
temperature rise pattern between the edge point and all the other inner points. However, 
at all the inner points, the temperature increases and then levels off at about 70°C. With 
increased depth, the “level-off” period becomes longer. After this period, the temperature 
begins to rise again but at a speed which increases with the depth. At about 190 minutes, 
the temperature curve crosses with each other. 
 
As also can be seen Figure 18, the prediction reproduces the experimental measurement 
very well. The temperature rise pattern, the “level-off” temperature and temperature 
crossing-point are well predicted. That indicates that all the important processes were 
well captured by the numerical simulation. However, the measured temperature diverges 
whereas the predicted temperature converges to a limit temperature. 
 
To provide a better data comparison, the predicted evolution is compared with 
measurement for each individual point in Figure 19. 
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Fig.19: Point comparison of predicted and measured temperature 
 
The predicted temperature is very close of the measured temperature until about 13000 
seconds, in other word until the crossing point1. More, the rise pattern is better captured at 
the edge location than at the centre. 
 
3.3.1.2 190°C ambient temperature 
 
After 13000 seconds, the temperature in the experiment increases whereas in the 
simulation levels-off. The main explanation of this difference is that this simulation is 
computed without pyrolysis. As the crossing point is before 13000 seconds, the following 
simulations will not use the pyrolysis model. 
 
More, the following comparisons between the predicted and the measured temperatures 
will be done for the two first point locations. 
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3.3.2 Simulations of basket heating tests with Såbi 8mm wood 
pellets 

 
3.3.2.1 180°C ambient temperature 
 
The heat conductivity of the 8mm Såbi wood pellets has not been measured. Several 
simulations using different values, a constant value 0.17 and 0.24 W/mK, the previous 
approximation from 0.214 to 0.17 and from 0.468 to 0.437 have been computed but no 
one have really been convincing (Figure 21). Heat conductivities of 0.468 and 0.437 
W/mK corresponding to the theoretical values from Figure 4 obtained with the density of 
the 8mm Såbi and its dry density. 
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Fig.21: The evolution of the solid temperature obtained with simulations using 

several heat conductivity values (point 1) -8mm Såbi wood pellets at 180°C- 
 

The simulation results are closer to the measurements when using the constant value 
corresponding to the dry density, i.e. 0.214 W/mK. 
 
3.3.2.2 190°C ambient temperature 
 
Simulations have been made with an ambient temperature of 190°C using the same 
constant values as previously (Figure 22) with the aim of finding the closest simulation of 
the experiment data. 
 
As previously, the closest simulation to the experimental data is when using a thermal 
conductivity of 0.214W/mK. 
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Fig.22: The evolution of the solid temperature obtained with simulations using 

several heat conductivity values (point 1) -8mm Såbi wood pellets at 190°C- 
 
The value 0.214W/mK will also be assumed in the following simulations concerning this 
kind of pellets. 
 
3.3.3 Simulations of basket heating tests with Polish 8mm 

wood pellets 
 
Several tests have been done but the simulations using the lowest temperature, the highest 
temperature and an average have been computed namely 135°C, 150°C and 175°C. 
 
The heat conductivity of this kind of wood has not been measured. As previously, several 
simulations using different values (Figure 23) -a constant value 0.386 W/mK and 0.412 
W/mK, the previous approximation from 0.412 to 0.386 have been computed at three 
different temperatures; 0.412 and 0.386 W/mK corresponding to the theoretical values 
from Figure 4 obtained with the 8mm Polish density and its dry density.  
 
Even if the simulation is only convincing for 150°C ambient temperature, the simulation 
results are in all cases closer to the measurements when using the constant value of 
0.386W/mK corresponding to the dry density of the pellets. 
 
The value 0.386W/mK will also be assumed in the following simulations. 
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With 150°C ambient temperature

20

40

60

80

100

120

140

160

0 2000 4000 6000 8000 10000 12000

time (s)

te
m

pe
ra

tu
re

 (d
eg

C
)

experiment

approximation 0.412-0.386

constant 0.412

constant 0.386



27 

 

With 175°C ambient temperature 
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Fig.23: The evolution of the solid temperature obtained with simulations using 
several heat conductivity values (point 1) -8mm Polish wood pellets at 135°C, 150°C 

and 175°C- 
 
 
3.3.4 Simulations of basket heating tests with Russian 8mm 

wood pellet 
 
The heat conductivity of the Russian wood pellets has not been measured. Several 
simulations with an ambient temperature of 150°C using different values, a constant 
value 0.427 W/mK and 0.439 W/mK, the previous approximation from 0.427 to 0.439 
have been computed but no one have really been convincing (Figure 25). Heat 
conductivities of 0.427 and 0.439 W/mK corresponding to the theoretical values from 
Figure 4 obtained with the density of the 8mm Polish and its dry density. 
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Fig.25: The evolution of the solid temperature obtained with simulations using 
several heat conductivity values (point 1) -8mm Russian wood pellets at 150°C - 
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3.4 Simulation of large-scale tests using FIRCOSIM 
 
3.4.1 Description of the large-scale test 
 
A series of large-scale tests with 8mm Såbi wood pellets have been conducted in SP [4]. 
The test included a cylindrical container for the pellets and equipment to introduce heated 
air to the pellets. The pellet container was placed in an insulated enclosure. The test set-
up is schematically outlined in Fig.26 and Fig.27. Both figures are taken from SP report 
2006:41 [4]. 
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Fig. 26: Vertical cross-section of the test set-up (dimensions in mm). 

 
The cylindrical test container was made in 2 mm steel, had a radius of 1100 mm and a 
total height of 1920 mm. The container was open in the top and had 160 mm Ø inlet 
centred in the bottom. A circular 200 mm diameter flow distributor plate was positioned 
100 mm up from the inlet. A coarse metal grid was mounted 420 mm up from the bottom. 
A much finer grid was laid on top of the coarser one to hold the pellets. The finer grid had 
a mesh size of 5 mm and was made of 1.25 mm metal wire. The relative opening area of 
the finer grid was 60%. Wood pellets were filled in the container to a height of 1100 mm 
above the grid. 
 
A powerful fan was connected to a duct heater (22 kW) and the heated air was 
transported in an insulated 250 mm duct with valves for distributing the heated air to the 
pellet container (valve B) or alternatively directly into the enclosure (valve A). The fan 
gave an air flow of 16.3 m3 (20°C)/min in a pre-test where ambient air was heated to 
80°C. The velocity of the heated air was measured with bi-directional probes in the main 
duct (V1) and in the duct leading to the pellet container (V2). A bi-directional probe (V3) 
was also positioned in the inlet to the pellet container. 
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Fig.27: Horizontal cross-section of the test set-up (dimensions in mm). 
 
The aim of the experiment was to pre-heat the pellets to 105°C and after that feed the 
enclosure with 105°C air. The temperature in the pellet bulk had increased to about 
125°C after 15h, to 140°C after 25h and to 180°C after 35h. The experiment was ended 
after 37h (Table3), when the temperature in the centre of the pellet bulk was greater than 
200°C and rapidly increasing. 
 

Table 3: Large-scale test procedures 
 

time  

First step  valve B open 
00:05  air flow temperature:100°C 

   velocity: 12.3 m/s 

Second step  valve B open 
04:50  air flow temperature:119°C 

   velocity: 10.4 m/s 

06:40  valve B closed 

36:34  heater turned off 
 
The positions of the 0.5 mm type-k thermocouples placed in the pellet bulk are shown in 
Figure 28. In the following study, the location point has been indicated by the number of 
the corresponding thermocouple. 
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Figure 28: Vertical cross-sections of pellet container with measurement 

positions showed, (a) x-direction and (b) z-direction (all directions in mm) 
 
 

3.4.2 Simulation of the large-scale test 
 
Only the new version of the software, FIRCOSIM, has been used for the simulation. 
  
The grid file is 28*4*28. The grid sizes are uniform in both grid files. In the large-scale 
simulation, the curvilinear coordinates have logically been used. Like previously, due to 
the symmetry of the problem, a small piece of the cylinder is simulated defining three 
symmetric boundaries (Fig.29 and Annex C). 
 
Due to the modification of the experimental conditions during the experiment, the 
boundaries must be modified during the computation. Until 6h, the boundary at the top is 
defined by “pressure” and at the bottom by “inlet” with both set temperature and velocity. 
After 6h and until the end, the top and the bottom boundaries are defined as “pressure 
boundary”(Table 4). 
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Fig.29: The boundary conditions in the large-scale simulations 
 
The simulations are computed with the material properties of the Såbi 8mm wood pellets 
(Table 2) and the heat conductivity value 0.214W/mK. The whole simulation has taken 
28 hours. The first step is computed in 5 hours, the second in 2 hours and the third in 21 
hours. 
 

Table 4: Large-scale simulation boundaries 
 

time    bottom  top 

first step   inlet  pressure 
00:00  velocity: 2.60E-01    

    temperature:99°C    

second step   inlet  pressure 
04:45  velocity: 2.20E-01    

    temperature:119°C    

06:35   pressure  pressure 

       temperature:120°C 

36:29   end of the computation   
 
 

3.4.3 Comparison with the experiment 
 
The second test is a repetition of the first until the real time 6h40. Thus, the following 
study of the results in the two first steps stands up for the two experiments. 
 
In the first step (until the real time 4h50), an air flow is injected by valve B with a 
velocity 12.3 m/s and a temperature of 119°C, valve A is closed. As it is expected, the 
temperature begins to increase as soon as the cylinder is subject to the heating air flow.  
 
With the heat wave into the sample, the top point’s temperature rises. Due to the lag of 
the heat wave arrival, the temperature increases at the in-height point is correspondingly 
delayed. As can be seen Figure 22, there is a difference in temperature rise pattern 
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between the bottom point and the higher point. However, at all the points, the temperature 
increases and then level off at about 99°C. 
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Fig.30: Predicted and measured temperature at six locations –First step- 

 
As also can be seen Figure 30, the prediction reproduces the experimental measurement 
very well. 
 
In the second step, from 17000 to 24000 seconds, the air flow through valve B is decreas-
ed to a velocity of 10.4m/s; to increase the temperature of the air and the valve A is still 
closed. 
 
At the beginning of this step, there is no solid moisture anymore (<10-4) till a height of 
84cm above the grid. After 2000 seconds, the entire cylinder is dry. The evolution of the 
moisture content is plotted Figure 31 at six locations along the centre line of the 
container. 
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Fig.31: Evolution of the moisture content in the simulation 

-Steps 1 and 2, at six locations- 
 
During this step, the temperature rises again but at a speed which decreases with the 
height (Figure 32) owing to the presence of the solid moisture at the beginning of this 
step. 
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Fig.32: Predicted and measured temperature at six locations- Second step- 
 
The simulation reproduces these different the experimental measurement for this step too 
(Figure 32). 
 
To provide a better data comparison, the predicted evolution is compared with 
measurement for three individual points in Figure 33. 
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Fig.33: Comparison between the predicted and the measured temperatures 
-Steps 1 and 2, at six locations- 
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At all the locations, the predicted temperature is very close to measurements. The simu-
lation captures very well all the processes in the evolution of the temperature.  
 
In this step, the valve B is closed. At all the locations, the temperature rise pattern is not 
well predicted after 80.000 seconds i.e. 22 hours (Figure 34). As previously, in the small-
scale test, the simulation has not used the pyrolysis mode. 
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Fig.34: Comparison between the predicted and the measured temperatures -Steps 1, 
2 and 3, at four locations- 

 
The process in the evolution of the temperature at point 1 has been well captured. In fact, 
point1 is very close to the grid mounted 420 mm from the bottom (Figure 26). Thus, its 
temperature is very influenced by the air flow temperature during the two first steps. In 
this third step, as the flow is interrupted, its temperature drops. 
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4 Conclusions 
 
The increase of incidents in large-storages of wood pellets shows the great need for 
information on storage characteristics of wood pellets. 
 
The work presented in this report shows the complexity of the spontaneous ignition 
problem which is due to the coupling between flow, heat and mass transfer, water 
transport and chemical reactions. In fact, for the same input materials, in the large-scale 
test, the simulation has predicted very well the evolution of the temperature until the self-
ignition.  
 
In the small scale case, the simulation has not captured the promptness of evaporation of 
moisture into the material, and the simulated temperature levels off after a while 
compared to the experiment. The simulations made here seems not to be totally adapted 
to the basket heating test in 1dm3-storage using wood pellets. The boundary conditions 
must be to influent in this case. 
 
The next step would first be to measure the heat conductivity of the samples because the 
simulations using precise values of these parameters have naturally been closer to the 
measurements. The second step would be to work with the pyrolysis mode. 
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Annex A ABOUT SMAFS AND FIRCOSIM 
 
Visualization of the results: to plot the evolution of a value 
 
After computation, the user can use the click item “post-processing” in the menu bar and 
select “curve plot”. A window appears and the user must select the variable he wants to 
study and the location points among other things. To write these coordinates, there are 
two ways. The first one is the mode “auto”. The coordinates of the first and the last points 
must be specified. With the mode “manual”, the user must write the coordinates of the 
location points one by one. 
 
In the curvilinear case, to plot the evolution of a parameter at the location which radius is 
X0 and which height is Z0. The coordinates like (X0, 0.0002, Z0) can be input. 
The software will create the file essai_gasplot.dat with all required data. 
 
How to change the input file during a computation? 
 
First, the user modifies the input file, interrupts his computation and saves his restart file. 
After that, he goes to the menu “Options” to activate the menu item “Restart Run” and 
then the computation will start as normal. The computation will continue from the 
interrupt point. 
 
SOMETIMES….. 
 
To run SMAFS or FIRCOSIM under Windows, it needs to setup a communication 
daemon PVM because they are parallel programs. Sometimes, the software does not find 
this one and an error message appears also.  
 
When the user clicks “STOP PROGRAM”, the software sometimes continues to run 
without creating any other files and without letting access in the menu bar to “STOP”, 
every thing being locked. In fact, to click “STOP PROGRAM” will stop the computation 
but the FIRCOSIM interface window will not quit. To quit the FIRCOSIM interface 
window, the user can go to the menu “File” and then click the “Exit” or he can simply 
click the red cross at the top right hand corner of FIRCOSIM interface window. 
 
INFLUENCE OF THE WALL PROPERTIES….. 
 
In the input file (Inputs 30 and 31, ANNEX A), it is necessary to specify wall properties 
such as the specific heat capacity Cp and the heat conductivity λ of wall. Simulations 
have been done in the case of the Polish wood pellets at 150°C to know if these 
parameters modify the results. 
 
Firstly, the heat capacity has no effect on the simulation (Figure A1-1). The simulated 
values correspond to the values of the air (Assuming an altitude of 194 meters above 
mean sea level, the world–wide median altitude of human habitation, an indoor 
temperature of 23 °C) and of the experiment basket heat capacity. 
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Fig.A1-1: Influence of the heat capacity (Cp) on the solid temperature 

 
This observation complies with the theory. In fact, by definition, the specific heat 
capacity (Cp) is the measure of the heat energy required to increase the temperature of a 
unit quantity of a substance by a certain temperature interval. However, the wall 
temperature is set (Input 22, ANNEX B). 
 
Secondly, the wall heat conductivity λ has no effect on the simulation too (Figure A1-2). 
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Fig.A1-2: Influence of the heat conductivity (λ) on the solid temperature 

 
This parameter is by definition influent at the time of a temperature gradient. As 
previously, the temperature of the wall is set, so there is no temperature gradient. The 
simulation confirms the theory concerning the wall properties influence. 
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Annex B INPUT FILE OF THE SMALL-SCALE 
SIMULATION 

 
 
 
!-----------------------------------------------------------------
-- 
!Comments for this simulation: maximum 1500 characters. 
!-----------------------------------------------------------------
--------- 
! 
Basket heating test: 190degC, 1 dm3, 6 mm wood pellets 
! 
! 
!-----------------------------------------------------------------
--------- 
! 1. In which mode do you want to run your simulation? 
!    Options: STANDARD MODE AND PROFESSIONAL MODE 
! 
!    You can run computation in either standard mode or 
professional mode.  
!    The professional mode allows more flexible input for your 
simulation. 
!-----------------------------------------------------------------
--------- 
! 
     PROFESSIONAL MODE 
! 
!-----------------------------------------------------------------
--------- 
! PHYSICAL PRESCRIPTION OF THE PROBLEM...... 
!-----------------------------------------------------------------
--------- 
! 
!-----------------------------------------------------------------
--------- 
! 2. Cartesian coordinate? Transient? (logical input) 
!-----------------------------------------------------------------
--------- 
! 
  T  T 
! 
!-----------------------------------------------------------------
--------- 
! 3. How many dimensional? 
!-----------------------------------------------------------------
--------- 
! 
   3 
! 
!-----------------------------------------------------------------
--------- 
! 4. Gravity vector (g1, g2 and g3) = ? 
!-----------------------------------------------------------------
--------- 
! 
    0.00000E+00   -9.81000E+00    0.00000E+00 
! 
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!-----------------------------------------------------------------
--------- 
! 5. Ambient air temperature(K) = ? 
!-----------------------------------------------------------------
--------- 
! 
    4.63150E+02 
! 
!-----------------------------------------------------------------
--------- 
! 6. Porous media (logical input)? 
!-----------------------------------------------------------------
--------- 
! 
  T 
! 
!-----------------------------------------------------------------
--------- 
! 7. Which turbulence model? 
!    Options: NO TURBULENCE  , RANS HRN K-E MODEL, 
!             LES-SMAGORINSKY, LES-BUOYANCY-SMAGORINSKY 
!-----------------------------------------------------------------
--------- 
! 
     NO TURBULENCE 
! 
!-----------------------------------------------------------------
--------- 
! 8. Please specify the C H O and N atom numbers of all the 
chemical species: 
!-----------------------------------------------------------------
--------- 
! 
       0.000       2.000       1.000       0.000 
       0.000       0.000       2.000       0.000 
       0.000       0.000       0.000       2.000 
       1.000       0.000       2.000       0.000 
       1.000       0.000       1.000       0.000 
! 
!-----------------------------------------------------------------
--------- 
! 9. Which combustion model? Options: FLAMELET MODEL and EDC 
!-----------------------------------------------------------------
--------- 
! 
     EDC 
! 
!-----------------------------------------------------------------
--------- 
!10. Which soot model? 
!    Options: NO SOOT          , EMPIRICAL MODEL, MOSS MODEL 
!             LINDERSTEDT MODEL, MAUSS MODEL    , MAUSS LIBRARY 
MODEL 
!-----------------------------------------------------------------
--------- 
! 
     NO SOOT 
! 
!-----------------------------------------------------------------
--------- 
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!11. Please specify reaction coefficients for the following 
species: 
!    ( -1.0 for Fuel in each reaction. For input simplicity, soot 
is 
!      symbolically represented by C30.) 
!-----------------------------------------------------------------
--------- 
! 
!  OXYG_FRACTION  NITR_FRACTION  H2O_FRACTION   CO2_FRACTION   
CO_FRACTION 
!-----------------------------------------------------------------
--------- 
! 
    0.00000E+00    0.00000E+00    0.00000E+00    0.00000E+00    
0.00000E+00 
! 
!-----------------------------------------------------------------
--------- 
!12. Is thermal radiation to be computed? YES or NO 
!-----------------------------------------------------------------
--------- 
! 
     NO 
! 
!-----------------------------------------------------------------
--------- 
!13. Which pyrolysis model? Options: THERMAL MODEL and KINETIC 
MODEL? 
!-----------------------------------------------------------------
--------- 
! 
     THERMAL MODEL 
! 
!-----------------------------------------------------------------
--------- 
!14. Which solver?, Options: TDMA, SIP and FA 
!-----------------------------------------------------------------
--------- 
! 
     TDMA 
! 
!-----------------------------------------------------------------
--------- 
!16. Gas grid numbers: ni=? nj=?  nk=? 
!-----------------------------------------------------------------
--------- 
! 
          13          23          13 
! 
!-----------------------------------------------------------------
--------- 
!17. X grid locations: 
!-----------------------------------------------------------------
--------- 
! 
    2   12   1.000000E-04   5.010000E-02   0.000000E+00 
! 
!-----------------------------------------------------------------
--------- 
!18. Y grid locations: 
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!-----------------------------------------------------------------
--------- 
! 
    2   22   1.000000E-04   1.001000E-01   0.000000E+00 
! 
!-----------------------------------------------------------------
--------- 
!19. Z grid locations: 
!-----------------------------------------------------------------
--------- 
! 
    2   12   1.000000E-04   5.010000E-02   0.000000E+00 
! 
!-----------------------------------------------------------------
--------- 
!20. On which space do you want to specify your geometry? 
!    Options: PHYSICAL SPACE, COMPUTATIONAL SPACE 
!-----------------------------------------------------------------
--------- 
! 
     PHYSICAL SPACE 
! 
!-----------------------------------------------------------------
--------- 
! SPECIFICATION OF BLOCKAGE...... 
! In the following, blockage property is given by a key word which 
can be 
! SOLID or CAVITY 
!-----------------------------------------------------------------
--------- 
! 
! 
!-----------------------------------------------------------------
--------- 
!21.  Name, property, emissivity & coordinates of 2 diagonals of 
blockages 
!-----------------------------------------------------------------
--------- 
! 
     BASKET                    SOLID         9.000000E-01 
               0.000000E+00   0.000000E+00   0.000000E+00 
               0.000000E+00   0.000000E+00   0.000000E+00 
! 
!-----------------------------------------------------------------
--------- 
! SPECIFICATION OF EXTRA BOUNDARIES...... 
! 
! In the following, boundary orientation is given by a key word 
which can be 
! WEST, EAST, SOUTH, NORTH, BOTTOM or TOP 
! where WEST=I-, EAST=I+, SOUTH=J-, NORTH=J+, BOTTOM=K- and TOP=K+ 
! 
! The boundary type is given by a key word which can be : 
! WALL,  ENTRAINMENT     ,  SYMMETRY,  EXTRACT     ,  PRESSURE,  
INLET, 
! EXIT,  VIRTUAL_BOUNDARY,  CBC     ,  NON_TRACTION,  PERIODIC 
! 
! The boundary is set to be subject to non-flowing ambient air 
condition. 
! If this condition does not apply to your boundary, you can 
change any of 
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! the following variables, for example, as (in SI Unit): 
TEMPERATURE 300 
! 
!  U_VELOCITY     V_VELOCITY     W_VELOCITY     PRESSURE       
PRESSURE_C 
!  ENTHALPY       TEMPERATURE    DENSITY        SOLID_TEMP     
SOLID_MOISTURE 
!  BULK_DENSITY   OXYG_FRACTION  NITR_FRACTION  H2O_FRACTION   
CO2_FRACTION 
!  CO_FRACTION 
!-----------------------------------------------------------------
--------- 
! 
! 
!-----------------------------------------------------------------
--------- 
!22. Name, orientation, type, emissivity, coordinates of 2 
diagonals of 
!    boundary, and optional variable specification: 
!-----------------------------------------------------------------
--------- 
! 
      MINI_WALL                SOUTH            WALL 
      9.000000E-01      0.000000E+00      1.000000E-04      
0.000000E+00 
                        1.000000E-04      1.000000E-04      
1.000000E-04 
      SIDE_1                   NORTH            PRESSURE 
      9.000000E-01      1.000000E-04      1.001000E-01      
1.000000E-04 
                        5.010000E-02      1.001000E-01      
5.010000E-02 
      TEMPERATURE       4.631500E+02 
      SIDE_2                   SOUTH            PRESSURE 
      9.000000E-01      1.000000E-04      1.000000E-04      
1.000000E-04 
                        5.010000E-02      1.000000E-04      
5.010000E-02 
      TEMPERATURE       4.631500E+02 
      SIDE_3                   BOTTOM           PRESSURE 
      9.000000E-01      1.000000E-04      1.000000E-04      
1.000000E-04 
                        5.010000E-02      1.001000E-01      
1.000000E-04 
      TEMPERATURE       4.631500E+02 
      SIDE_4                   TOP              SYMMETRY 
      9.000000E-01      1.000000E-04      1.000000E-04      
5.010000E-02 
                        5.010000E-02      1.001000E-01      
5.010000E-02 
      SIDE_5                   EAST             SYMMETRY 
      9.000000E-01      5.010000E-02      1.000000E-04      
1.000000E-04 
                        5.010000E-02      1.001000E-01      
5.010000E-02 
      SIDE_6                   WEST             PRESSURE 
      9.000000E-01      1.000000E-04      1.000000E-04      
1.000000E-04 
                        1.000000E-04      1.001000E-01      
5.010000E-02 
      TEMPERATURE       4.631500E+02 
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! 
!-----------------------------------------------------------------
--------- 
!    Boundary  MINI_WALL                 is identified as boundary      
1 
!    Boundary  SIDE_1                    is identified as boundary      
2 
!    Boundary  SIDE_2                    is identified as boundary      
3 
!    Boundary  SIDE_3                    is identified as boundary      
4 
!    Boundary  SIDE_4                    is identified as boundary      
5 
!    Boundary  SIDE_5                    is identified as boundary      
6 
!    Boundary  SIDE_6                    is identified as boundary      
7 
!-----------------------------------------------------------------
--------- 
! 
! 
!-----------------------------------------------------------------
--------- 
!23. Turbulent Prandtl number for the following variables: 
! 
!  U_VELOCITY     V_VELOCITY     W_VELOCITY     PRESSURE       
PRESSURE_C 
!  ENTHALPY       TEMPERATURE    DENSITY        SOLID_TEMP     
SOLID_MOISTURE 
!  BULK_DENSITY   OXYG_FRACTION  NITR_FRACTION  H2O_FRACTION   
CO2_FRACTION 
!  CO_FRACTION 
!-----------------------------------------------------------------
--------- 
! 
    1.00000E+00    1.00000E+00    1.00000E+00    1.00000E+00    
1.00000E+00 
    7.00000E-01    7.00000E-01    7.00000E-01    7.00000E-01    
7.00000E-01 
    7.00000E-01    7.00000E-01    7.00000E-01    7.00000E-01    
7.00000E-01 
    7.00000E-01 
! 
!-----------------------------------------------------------------
--------- 
!24. Define domain for initialising the gas phase: 
!-----------------------------------------------------------------
--------- 
! 
! 
!-----------------------------------------------------------------
--------- 
!25.  Please specify phy. coords. of two diagonals of the intended 
domain. 
!     The coordinates of two diagnoals for the full domain are: 
!                 0.000000E+00   0.000000E+00   0.000000E+00 
!                 5.020000E-02   1.002000E-01   5.020000E-02 
!-----------------------------------------------------------------
--------- 
! 
                  0.000000E+00   0.000000E+00   0.000000E+00 
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                  5.020000E-02   1.002000E-01   5.020000E-02 
! 
!-----------------------------------------------------------------
--------- 
!26. Initial values for the following involved variables: 
! 
!  U_VELOCITY     V_VELOCITY     W_VELOCITY     PRESSURE       
PRESSURE_C 
!  ENTHALPY       TEMPERATURE    DENSITY        SOLID_TEMP     
SOLID_MOISTURE 
!  BULK_DENSITY   OXYG_FRACTION  NITR_FRACTION  H2O_FRACTION   
CO2_FRACTION 
!  CO_FRACTION 
!-----------------------------------------------------------------
--------- 
! 
    0.00000E+00    0.00000E+00    0.00000E+00    0.00000E+00    
0.00000E+00 
    0.00000E+00    2.96150E+02    0.00000E+00    2.96150E+02    
8.20000E-02 
    6.03000E+02    2.31500E-01    7.68500E-01    0.00000E+00    
0.00000E+00 
    0.00000E+00 
! 
!-----------------------------------------------------------------
--------- 
! INITIALISING THE WALL BOUNDARY...... 
!-----------------------------------------------------------------
--------- 
! 
! 
!-----------------------------------------------------------------
--------- 
!27. Number of wall grid at the direction perpendicular to wall 
surface 
!-----------------------------------------------------------------
--------- 
! 
           3 
! 
!-----------------------------------------------------------------
--------- 
!28. Wall index range & one dimensional grid thickness: 
!-----------------------------------------------------------------
--------- 
! 
              1      100000000 
    0.00000E+00    0.00000E+00    0.00000E+00 
! 
!-----------------------------------------------------------------
--------- 
!29. Wall and slab indices, pyrolysis temperature, pyrolysis heat, 
virgin & 
!    char densities, moisture content, and optional variable 
specification: 
! 
!    Here you can change variable values in the same way as when 
specifying 
!    extra boundary. For combustible wall, it is important to 
specify 



46 

 

!    correctly the pyrolysis gas composition so that the heat of 
combustion 
!    for the wall can be calculated right. 
!-----------------------------------------------------------------
--------- 
! 
              1      100000000              1              3 
      6.231500E+02      2.636000E+03      2.000000E+02 
      2.000000E+02      0.000000E+00 
! 
!-----------------------------------------------------------------
--------- 
!30. Wall and slab indices, five cp coefficients 
!-----------------------------------------------------------------
--------- 
! 
              1      100000000              1              3 
    8.40000E+02    0.00000E+00    0.00000E+00    0.00000E+00    
0.00000E+00 
! 
!-----------------------------------------------------------------
--------- 
!31. Wall and slab indices, five conductivity coefficients 
!-----------------------------------------------------------------
--------- 
! 
              1      100000000              1              3 
    4.90000E-02    0.00000E+00    0.00000E+00    0.00000E+00    
0.00000E+00 
! 
!-----------------------------------------------------------------
--------- 
!32. Wall and slab indices, temperature 
!-----------------------------------------------------------------
--------- 
! 
              1      100000000              1              3    
4.63150E+02 
! 
!-----------------------------------------------------------------
--------- 
! SETTING UP BURNER PARAMETERS...... 
!-----------------------------------------------------------------
--------- 
! 
! 
!-----------------------------------------------------------------
--------- 
!33.  Orientation and coordinates of two diagonal points of burner 
!     Note: Burner orientation is given in the same way as for 
boundary. 
!-----------------------------------------------------------------
--------- 
! 
      SOUTH               0.000000E+00   0.000000E+00   
0.000000E+00 
                          0.000000E+00   0.000000E+00   
0.000000E+00 
! 
!-----------------------------------------------------------------
--------- 
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! RUN CONTROL PARAMETERS SETTING UP...... 
!-----------------------------------------------------------------
--------- 
! 
!-----------------------------------------------------------------
--------- 
!34. Which variables to be stored in result file? (logical) 
! 
!  U_VELOCITY     V_VELOCITY     W_VELOCITY     PRESSURE       
PRESSURE_C 
!  ENTHALPY       TEMPERATURE    DENSITY        SOLID_TEMP     
SOLID_MOISTURE 
!  BULK_DENSITY   OXYG_FRACTION  NITR_FRACTION  H2O_FRACTION   
CO2_FRACTION 
!  CO_FRACTION 
!-----------------------------------------------------------------
--------- 
! 
   T              T              T              T              T 
   T              T              T              T              T 
   T              T              T              T              T 
   T 
! 
!-----------------------------------------------------------------
--------- 
!35. Under relax. factors for solved variables: 
! 
!  U_VELOCITY     V_VELOCITY     W_VELOCITY     PRESSURE       
PRESSURE_C 
!  ENTHALPY       TEMPERATURE    DENSITY        SOLID_TEMP     
SOLID_MOISTURE 
!  BULK_DENSITY   OXYG_FRACTION  NITR_FRACTION  H2O_FRACTION   
CO2_FRACTION 
!  CO_FRACTION 
!-----------------------------------------------------------------
--------- 
! 
    3.00000E-01    3.00000E-01    3.00000E-01    3.00000E-01    
3.00000E-01 
    3.00000E-01    3.00000E-01    3.00000E-01    3.00000E-01    
1.50000E-01 
    3.00000E-01    3.00000E-01    3.00000E-01    3.00000E-01    
3.00000E-01 
    3.00000E-01 
! 
!-----------------------------------------------------------------
--------- 
!36. Under relax. factors for 
!    K generation, viscosity, fuel consumption rate, wall 
temperature, 
!    uplus and asm correction: 
!-----------------------------------------------------------------
--------- 
! 
    3.00000E-01    3.00000E-01    2.00000E-01    2.00000E-01    
5.00000E-01 
    2.00000E-01 
! 
!-----------------------------------------------------------------
--------- 
!37. Which difference scheme? 
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!    Options: Upwind, Hybrid, PLDS, SMART, UMIST, SUPBEE 
!-----------------------------------------------------------------
--------- 
! 
     PLDS 
! 
!-----------------------------------------------------------------
--------- 
!38. Physical time to terminate the computation: 
!-----------------------------------------------------------------
--------- 
! 
    1.80000E+04 
! 
!-----------------------------------------------------------------
--------- 
!39. Coordinate for data monitoring: 
!-----------------------------------------------------------------
--------- 
! 
   5.100000E-03   5.010000E-02   2.510000E-02 
! 
!-----------------------------------------------------------------
--------- 
!40. Residual print, result store & restart file update 
frequencies: 
!-----------------------------------------------------------------
--------- 
! 
        10    5.00000E+00        10 
! 
!-----------------------------------------------------------------
--------- 
!41. Residual tolerance for flow: 
!-----------------------------------------------------------------
--------- 
! 
    5.00000E-06 
! 
!-----------------------------------------------------------------
--------- 
!42. Variation of maximum iterations with time: 
!-----------------------------------------------------------------
--------- 
! 
    0.00000E+00 
    2.00000E+02 
! 
!-----------------------------------------------------------------
--------- 
!43. Variation of time step with time: 
!-----------------------------------------------------------------
--------- 
! 
    0.00000E+00    1.00000E+01    6.00000E+01    3.60000E+03 
    5.00000E-01    7.00000E-01    1.00000E+00    2.00000E+00 
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Annex C INPUT FILE OF THE LARGE-SCALE 
SIMULATION 

 
 
 
! 
!-----------------------------------------------------------------
--------- 
!Comments for this simulation: maximum 1500 characters. 
!-----------------------------------------------------------------
--------- 
! 
large scale test: såbi 8mm wood pellets, test2                                 
! 
!-----------------------------------------------------------------
--------- 
! 1. In which mode do you want to run your simulation? 
!    Options: STANDARD MODE AND PROFESSIONAL MODE 
! 
!    You can run computation in either standard mode or 
professional mode. The 
!    professional mode allows more flexible input for your 
simulation. 
!-----------------------------------------------------------------
--------- 
! 
     PROFESSIONAL MODE 
! 
!-----------------------------------------------------------------
--------- 
! PHYSICAL PRESCRIPTION OF THE PROBLEM...... 
!-----------------------------------------------------------------
--------- 
! 
!-----------------------------------------------------------------
--------- 
! 2. Cartesian coordinate? Transient? (logical input) 
!-----------------------------------------------------------------
--------- 
! 
  F  T 
! 
!-----------------------------------------------------------------
--------- 
! 3. How many dimensional? 
!-----------------------------------------------------------------
--------- 
! 
   3 
! 
!-----------------------------------------------------------------
--------- 
! 4. Gravity vector (g1, g2 and g3) = ? 
!-----------------------------------------------------------------
--------- 
! 
    0.00000E+00    0.00000E+00   -9.81000E+00 
! 
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!-----------------------------------------------------------------
--------- 
! 5. Ambient air temperature(K) = ? 
!-----------------------------------------------------------------
--------- 
! 
    3.73150E+02 
! 
!-----------------------------------------------------------------
--------- 
! 6. Porous media (logical input)? 
!-----------------------------------------------------------------
--------- 
! 
  T 
! 
!-----------------------------------------------------------------
--------- 
! 7. Which turbulence model? 
!    Options: NO TURBULENCE  , RANS HRN K-E MODEL, 
!             LES-SMAGORINSKY, LES-BUOYANCY-SMAGORINSKY 
!-----------------------------------------------------------------
--------- 
! 
     NO TURBULENCE 
! 
!-----------------------------------------------------------------
--------- 
! 8. Please specify the C H O and N atom numbers of all the 
chemical species: 
!-----------------------------------------------------------------
--------- 
! 
       0.000       2.000       1.000       0.000 
       0.000       0.000       2.000       0.000 
       0.000       0.000       0.000       2.000 
       1.000       0.000       2.000       0.000 
       1.000       0.000       1.000       0.000 
! 
!-----------------------------------------------------------------
--------- 
! 9. Which combustion model? Options: FLAMELET MODEL and EDC 
!-----------------------------------------------------------------
--------- 
! 
     EDC 
! 
!-----------------------------------------------------------------
--------- 
!10. Which soot model? 
!    Options: NO SOOT          , EMPIRICAL MODEL, MOSS MODEL 
!             LINDERSTEDT MODEL, MAUSS MODEL    , MAUSS LIBRARY 
MODEL 
!-----------------------------------------------------------------
--------- 
! 
     NO SOOT 
! 
!-----------------------------------------------------------------
--------- 
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!11. Please specify reaction coefficients for the following 
species: 
!    ( -1.0 for Fuel in each reaction. For input simplicity, soot 
is 
!      symbolically represented by C30.) 
!-----------------------------------------------------------------
--------- 
! 
!  OXYG_FRACTION  NITR_FRACTION  H2O_FRACTION   CO2_FRACTION   
CO_FRACTION 
!-----------------------------------------------------------------
--------- 
! 
    0.00000E+00    0.00000E+00    0.00000E+00    0.00000E+00    
0.00000E+00 
! 
!-----------------------------------------------------------------
--------- 
!12. Is thermal radiation to be computed? YES or NO 
!-----------------------------------------------------------------
--------- 
! 
     NO 
! 
!-----------------------------------------------------------------
--------- 
!13. Which pyrolysis model? Options: THERMAL MODEL and KINETIC 
MODEL? 
!-----------------------------------------------------------------
--------- 
! 
     THERMAL MODEL 
! 
!-----------------------------------------------------------------
--------- 
!14. Which solver?, Options: TDMA, SIP and FA 
!-----------------------------------------------------------------
--------- 
! 
     TDMA 
! 
!-----------------------------------------------------------------
--------- 
!16. Gas grid numbers: ni=? nj=?  nk=? 
!-----------------------------------------------------------------
--------- 
! 
          28           4          28 
! 
!-----------------------------------------------------------------
--------- 
!17. On which space do you want to specify your geometry? 
!    Options: PHYSICAL SPACE, COMPUTATIONAL SPACE 
!-----------------------------------------------------------------
--------- 
! 
     COMPUTATIONAL SPACE 
! 
!-----------------------------------------------------------------
--------- 
! SPECIFICATION OF BLOCKAGE...... 
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! In the following, blockage property is given by a key word which 
can be 
! SOLID or CAVITY 
!-----------------------------------------------------------------
--------- 
! 
! 
!-----------------------------------------------------------------
--------- 
!18.  Name, property, emissivity & coordinates of 2 diagonals of 
blockages. 
!     Optional: duplicate number, coordinate shifts in X, Y and Z 
directions. 
!     Note: the duplicate number in the optional input does not 
include the 
!     original blockage. 
!-----------------------------------------------------------------
--------- 
! 
     BLOCKAGE               SOLID         9.000000E-01 
                               27              1              1 
                               28              4              28 
! 
!-----------------------------------------------------------------
--------- 
! SPECIFICATION OF EXTRA BOUNDARIES...... 
! 
! In the following, boundary orientation is given by a key word 
which can be 
! WEST, EAST, SOUTH, NORTH, BOTTOM or TOP 
! where WEST=I-, EAST=I+, SOUTH=J-, NORTH=J+, BOTTOM=K- and TOP=K+ 
! 
! The boundary type is given by a key word which can be : 
! WALL                    , ENTRAINMENT             , SYMMETRY                
, 
! EXTRACT                 , PRESSURE                , INLET                   
, 
! EXIT                    , VIRTUAL_BOUNDARY        , CBC                     
, 
! NON_TRACTION            , PERIODIC                , DYNAMIC_WALL            
, 
! DYNAMIC_VOID 
! 
! The boundary is set to be subject to non-flowing ambient air 
condition. 
! If this condition does not apply to your boundary, you can 
change any of 
! the following variables, for example, as (in SI Unit): 
TEMPERATURE 300 
! 
!  U_VELOCITY     V_VELOCITY     W_VELOCITY     PRESSURE       
PRESSURE_C 
!  ENTHALPY       TEMPERATURE    DENSITY        SOLID_TEMP     
SOLID_MOISTURE 
!  BULK_DENSITY   OXYG_FRACTION  NITR_FRACTION  H2O_FRACTION   
CO2_FRACTION 
!  CO_FRACTION 
!-----------------------------------------------------------------
--------- 
! 
! 
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!-----------------------------------------------------------------
--------- 
!19. Name, orientation, type, emissivity, coordinates of 2 
diagonals of 
!    boundary, and optional variable specification: 
!-----------------------------------------------------------------
--------- 
! 
      SIDE_WALL                EAST            WALL 
      9.000000E-01             28              1              1 
                               28              4              28 
      FLOOR                    BOTTOM          INLET 
      9.000000E-01              1              1              1 
                               28              4              1 
 W_VELOCITY   2.60230E-01 
 TEMPERATURE   3.72150E+02 
      SOUTH_SYM                SOUTH            SYMMETRY 
      9.000000E-01              1              1              1 
                               28              1             28 
      NORTH_SYM                NORTH            SYMMETRY 
      9.000000E-01              1              4              1 
                               28              4             28 
      WEST_SYMMETRY            WEST             SYMMETRY 
      9.000000E-01              1              1              1 
                                1              4             28 
      TOP_VENT                 TOP              PRESSURE 
      9.000000E-01              1              1             28 
                               28              4             28 
! 
!-----------------------------------------------------------------
--------- 
!    Boundary  SIDE_WALL                 is identified as boundary      
1 
!    Boundary  FLOOR                     is identified as boundary      
2 
!    Boundary  SOUTH_SYM                 is identified as boundary      
3 
!    Boundary  NORTH_SYM                 is identified as boundary      
4 
!    Boundary  WEST_SYMMETRY             is identified as boundary      
5 
!    Boundary  TOP_VENT                  is identified as boundary      
6 
!-----------------------------------------------------------------
--------- 
! 
! 
!-----------------------------------------------------------------
--------- 
!20. Turbulent Prandtl number for the following variables: 
! 
!  U_VELOCITY     V_VELOCITY     W_VELOCITY     PRESSURE       
PRESSURE_C 
!  ENTHALPY       TEMPERATURE    DENSITY        SOLID_TEMP     
SOLID_MOISTURE 
!  BULK_DENSITY   OXYG_FRACTION  NITR_FRACTION  H2O_FRACTION   
CO2_FRACTION 
!  CO_FRACTION 
!-----------------------------------------------------------------
--------- 
! 
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    7.00000E-01    7.00000E-01    7.00000E-01    1.00000E+00    
1.00000E+00 
    7.00000E-01    7.00000E-01    7.00000E-01    7.00000E-01    
7.00000E-01 
    7.00000E-01    7.00000E-01    7.00000E-01    7.00000E-01    
7.00000E-01 
    7.00000E-01 
! 
!-----------------------------------------------------------------
--------- 
!21. Define domain for initialising the gas phase: 
!-----------------------------------------------------------------
--------- 
! 
! 
!-----------------------------------------------------------------
--------- 
!22.  Please specify comp. coords. of two diagonals of the 
intended domain. 
!     The coordinates of two diagnoals for the full domain are: 
!            1       1       1 
!           28       4      28 
!-----------------------------------------------------------------
--------- 
! 
! 
!-----------------------------------------------------------------
--------- 
!21. Define domain for initialising the gas phase: 
!-----------------------------------------------------------------
--------- 
! 
! 
!-----------------------------------------------------------------
--------- 
!22.  Please specify comp. coords. of two diagonals of the 
intended domain. 
!     The coordinates of two diagonals for the full domain are: 
!            1       1       1 
!           28       4      28 
!-----------------------------------------------------------------
--------- 
! 
                    1              1              1 
                   28              4             28 
! 
!-----------------------------------------------------------------
--------- 
!23. Initial values for the following involved variables: 
! 
!  U_VELOCITY     V_VELOCITY     W_VELOCITY     PRESSURE       
PRESSURE_C 
!  ENTHALPY       TEMPERATURE    DENSITY        SOLID_TEMP     
SOLID_MOISTURE 
!  BULK_DENSITY   OXYG_FRACTION  NITR_FRACTION  H2O_FRACTION   
CO2_FRACTION 
!  CO_FRACTION 
!-----------------------------------------------------------------
--------- 
! 
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    0.00000E+00    0.00000E+00    0.00000E+00    0.00000E+00    
0.00000E+00 
    0.00000E+00    2.93150E+02    1.21400E+00    2.93150E+02    
7.40000E-02 
    6.70000E+02    2.31500E-01    7.68500E-01    0.00000E+00    
0.00000E+00 
    0.00000E+00 
! 
!-----------------------------------------------------------------
--------- 
! INITIALISING THE WALL BOUNDARY...... 
!-----------------------------------------------------------------
--------- 
! 
! 
!-----------------------------------------------------------------
--------- 
!24. Number of wall grid at the direction perpendicular to wall 
surface 
!-----------------------------------------------------------------
--------- 
! 
           5 
! 
!-----------------------------------------------------------------
--------- 
!25. Wall index range & one dimensional grid thickness: 
!-----------------------------------------------------------------
--------- 
! 
              1      100000000 
    0.00000E+00    1.00000E-05    2.00000E-05    2.00000E-05    
0.00000E+00 
! 
!-----------------------------------------------------------------
--------- 
!26. Wall and slab indices, pyrolysis temperature, pyrolysis heat, 
virgin & 
!    char densities, moisture content, and optional variable 
specification: 
! 
!    Here you can change variable values in the same way as when 
specifying 
!    extra boundary. For combustible wall, it is important to 
specify 
!    correctly the pyrolysis gas composition so that the heat of 
combustion 
!    for the wall can be calculated right. 
!-----------------------------------------------------------------
--------- 
! 
              1      100000000              1              5 
      2.678000E+03      2.636000E+03      8.000000E+02 
      8.000000E+02      0.000000E+00 
! 
!-----------------------------------------------------------------
--------- 
!27. Wall and slab indices, five cp coefficients 
!-----------------------------------------------------------------
--------- 
! 
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              1      100000000              1              5 
    4.19000E+02    0.00000E+00    0.00000E+00    0.00000E+00    
0.00000E+00 
! 
!-----------------------------------------------------------------
--------- 
!28. Wall and slab indices, five conductivity coefficients 
!-----------------------------------------------------------------
--------- 
! 
              1      100000000              1              5 
    5.02000E+01    0.00000E+00    0.00000E+00    0.00000E+00    
0.00000E+00 
! 
!-----------------------------------------------------------------
--------- 
!29. Wall and slab indices, temperature 
!-----------------------------------------------------------------
--------- 
! 
              1      100000000              1              5    
2.93150E+02 
! 
!-----------------------------------------------------------------
--------- 
!30. Wall indices, roughness length - optional 
!-----------------------------------------------------------------
--------- 
! 
! 
!-----------------------------------------------------------------
--------- 
! SETTING UP BURNER PARAMETERS...... 
!-----------------------------------------------------------------
--------- 
! 
! 
!-----------------------------------------------------------------
--------- 
!30.  Orientation and coordinates of two diagonal points of burner 
!     Note: Burner orientation is given in the same way as for 
boundary. 
!-----------------------------------------------------------------
--------- 
! 
      SOUTH                          0              0              
0 
                                     0              0              
0 
! 
! 
!-----------------------------------------------------------------
--------- 
! RUN CONTROL PARAMETERS SETTING UP...... 
!-----------------------------------------------------------------
--------- 
! 
!-----------------------------------------------------------------
--------- 
!31. Which variables to be stored in result file? (logical) 
! 
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!  U_VELOCITY     V_VELOCITY     W_VELOCITY     PRESSURE       
PRESSURE_C 
!  ENTHALPY       TEMPERATURE    DENSITY        SOLID_TEMP     
SOLID_MOISTURE 
!  BULK_DENSITY   OXYG_FRACTION  NITR_FRACTION  H2O_FRACTION   
CO2_FRACTION 
!  CO_FRACTION 
!-----------------------------------------------------------------
--------- 
! 
   T              T              T              T              T 
   T              T              T              T              T 
   T              T              T              T              T 
   T 
! 
!-----------------------------------------------------------------
--------- 
!32. Under relax. factors for solved variables: 
! 
!  U_VELOCITY     V_VELOCITY     W_VELOCITY     PRESSURE       
PRESSURE_C 
!  ENTHALPY       TEMPERATURE    DENSITY        SOLID_TEMP     
SOLID_MOISTURE 
!  BULK_DENSITY   OXYG_FRACTION  NITR_FRACTION  H2O_FRACTION   
CO2_FRACTION 
!  CO_FRACTION 
!-----------------------------------------------------------------
--------- 
! 
    3.00000E-01    3.00000E-01    3.00000E-01    3.00000E-01    
3.00000E-01 
    3.00000E-01    3.00000E-01    3.00000E-01    3.00000E-01    
1.50000E-01 
    3.00000E-01    3.00000E-01    3.00000E-01    3.00000E-01    
3.00000E-01 
    3.00000E-01 
! 
!-----------------------------------------------------------------
--------- 
!33. Under relax. factors for 
!    K generation, viscosity, fuel consumption rate, wall 
temperature, 
!    uplus and asm correction: 
!-----------------------------------------------------------------
--------- 
! 
    3.00000E-01    3.00000E-01    2.00000E-01    2.00000E-01    
5.00000E-01 
    2.00000E-01 
! 
!-----------------------------------------------------------------
--------- 
!34. Which difference scheme? 
!    Options: Upwind, Hybrid, PLDS, SMART, UMIST, SUPBEE 
!-----------------------------------------------------------------
--------- 
! 
     PLDS 
! 
!-----------------------------------------------------------------
--------- 
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!35. Physical time to terminate the computation: 
!-----------------------------------------------------------------
--------- 
! 
    1.71000e+04 
! 
!-----------------------------------------------------------------
--------- 
!36. Coordinate for data monitoring: 
!-----------------------------------------------------------------
--------- 
! 
              9              3              6 
! 
!-----------------------------------------------------------------
--------- 
!37. Residual print, result store & restart file update 
frequencies: 
!-----------------------------------------------------------------
--------- 
! 
        10    5.00000E+00      1000 
! 
!-----------------------------------------------------------------
--------- 
!38. Residual tolerance for flow: 
!-----------------------------------------------------------------
--------- 
! 
    5.00000E-06 
! 
!-----------------------------------------------------------------
--------- 
!39. Variation of maximum iterations with time: 
!-----------------------------------------------------------------
--------- 
! 
    0.00000E+00 
    4.50000E+02 
! 
!-----------------------------------------------------------------
--------- 
!39. Variation of time step with time: 
!-----------------------------------------------------------------
--------- 
! 
    0.00000E+00 1.00000e+01  6.00000e+01 
    5.00000E-01 7.00000e-01  1.00000e+00 
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