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ABSTRACT

ORIGINAL RESEARCH The aim of the research was to carry out the One-at-a-Time sensitivity analysis of a tree burning
experiment simulation with a novel fuzzy logic-based method. It was observed that the precent of the

PAPER remaining tree is sensitive to the moisture content, the crown-base diameter and the tree height. The
other variables, which are maximum mass loss rate, maximum heat release rate, and maximum tem-

1 ) perature at the top of the tree are moderately sensitive or not sensitive to the selected parameters. The

h presented results can be used in sensitivity studies and wildfire simulations.
Check for

updates
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1. INTRODUCTION

Tree burning simulation is the basis of forest fire simulation. In the literature there are some
examples of tree burning simulation.

In [1] a novel, interactive method is presented to model the combustion of botanical trees. Trees
are modeled as connected particles with biological and physical properties. The model includes the
kinetic behavior of the plant, the combustion with exothermic reaction and dynamic branch motion.
Fire is simulated with approximated Navier-Stokes equations, which are solved by a grid-based fluid
solver. The combustion model includes the pyrolysis of wood with the accompanying phenomena
(evaporation of moisture, formation of a char layer, reduction of wood).

Paper [2] presents the numerical approach Wildland urban interface Fire Dynamics
Simulator (WFDS). The model is based on the large-eddy simulation approach. In the model
the equations of heat transfer, thermal degradation, combustion, and fluid flow of vegetative
are solved numerically. Trees were approximated with simple geometric shapes. The model
includes water evaporation and solid fuel pyrolysis. The model was validated with experi-
ments of burning Douglas firs.

In [3] a physics-based model of a multiple burning trees is carried out. Two thermal
degradation sub-models (the linear and the simplified Arrhenius) were used in the simula-
tions. The model was compared with statistical analysis to an experimental result of a single
Douglas fir. For mesh sensitivity analysis the Mass Loss Rate (MLR) and the Heat Release
Rate (HRR) were used. The test simulation consisted of 66 Douglas firs on grassland. The
purpose of this simulation was used to test fire spread from the surface fire to the canopy fire.
It was shown that physics-based models are suitable for crown fire simulations.

In [4] an inverse analysis was carried out with physics-based simulations using Fire Dynamic
’j Journals Simulation (FDS). A trial-and-error method was used to reproduce the collection of firebrands.
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A Douglas-fir burning experiment and a forest fire experiment
were simulated. It was found that the mass distribution of
firebrands around the tree is not uniform.

Sensitivity and uncertainty study is unavoidable in case of
engineering design [5]. Sensitivity analysis and uncertainty
quantification is spreading in case of Computational Fluid
Dynamic (CFD) and fire spread simulations [6]. In case of
forest fires one the first attempt to carry out sensitivity
analysis was applied to Rothermel’s semi-empirical model [7].
Later this analysis was expanded with weather variables [8, 9].
A fully empirical model was also studied with dead fuel
moisture content [10] and was extended for crown fire spread
[11]. The uncertainty parameters were stand height, canopy
base height, canopy bulk density, and load surface fuel depth.
Paper [12] presents the characterization of uncertainty of a
semi-physical fire spread model. The effect of parameters like
flame length and tilt angle, heat convection coefficient on rate
of spread, fuel consumption efficiency, and flame temperature
and emissivity was examined. In [6] the sensitivity analysis of
a physics-based wildfire model is carried out using multi-
fidelity Monte Carlo strategy. The Rate Of Spread (ROS) was
selected as output variable and the wind speed, fuel bed depth,
fuel particle surface area to volume ratio, fuel load, fuel
moisture fraction were selected as input parameters. The
sensitivity analysis was based on Sobol’s variance-based
method. It was observed that the moisture content of the fuel,
the fuel load, and the wind speed have the highest variance,
therefore, they are the most sensitive parameters. In [13] the
simulation and sensitivity study of junction fires in case of
2 junction angles was carried out. For the simulation FIRE-
STAR3D program was used, which is based on a physics-
based fire model. The aim of the research was to observe the
effects of the slope and the junction angle and on the fire
propagation phases and the ROS. It was observed that the
junction angle is more important parameter on the fire spread
than the slope. In [14] a global sensitivity study was carried
out based on Sobol indices. The main task of the study was to
identify the input parameters that contribute most to the ROS
variability through a variance-based global sensitivity analysis.
It was observed that the near surface wind speed was the most
influential parameter. Other influential parameters include
the leaf area index, the ignition temperature, the dead fuel
moisture content, and the dead fuel particle mass density. In
[15] a numerical simulation of a simple model with wind
effect and two different fuel types was carried out with
randomly distributed trees having different densities. A
sensitivity analysis was carried out based on the number of
burnt trees. It was shown that the wind and the total tree
density have the greatest effect on the forest fire spreading.

According to the literature found it can be stated that
sensitivity study was mostly carried out in case of grassland
fires and not trees. A novel fuzzy logic-based one-at-a-time
sensitivity study of a tree burning simulation is presented in
this paper. The method was tested and developed on vi-
bration systems earlier [16-19]. The aim of the research was
to test the sensitivity analysis method on new complex task.
Another task of the research is to test a simulation model
which will be suitable for forest fire simulation later.

2. MATERIALS AND METHODS

2.1. Tree burning simulation

In order to simulate tree burning, the simulation tool FDS
was used. This program uses large-eddy approach to solve
the low Mach number Navier-Stokes equations with tur-
bulent dissipation, and models foliage and various size
branches based on a physics-based model consisting of
particles. Several properties are assigned to the particles,
including density or moisture content.

To model vegetation fire a pyrolysis model was included in
the program simulating multiphase reactions for both vegeta-
tion and combustion product. This mimics the behavior of
evaporation and dry matter with increasing temperature in an
appropriate manner, where combustible gases are produced
with the remaining solid turning into charcoal.

There are three reactions in the thermal decomposition of
general vegetation with the following governing equations:

Wet vegetation — UpmistureMoisture

. (1)
+ (1 - Vmoisture)Dry vegetation,
M
Vmoisture = H—M7 (2)

Dry vegetation — vee,Char + (1 — Ugnay)Fuel gas,  (3)

Char + VOz,charOZ - (1 + Vo, char — Vash)COZ + I-/ashASh-
(4)

o

o —

Fig. 1. The initial simulation model
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Endothermic moisture evaporation is described by (1) and
(2), while endothermic pyrolysis of dry vegetation and
exothermic charcoal oxidation are described by (3) and (4),
respectively. In the equations, M is the moisture content,
Umoisture 18 the mass fraction of the moisture, v, is the mass
fraction converted to char during pyrolysis, vo, char is the
mass of oxygen consumed per unit mass of char oxidized

12

and v, is the mass fraction of char that is converted to ash
during char oxidation [20, 21].

The basis of the tree burning simulation was taken
from [2] (Fig. 1). The initial tree has 2m crown base
diameter and 2 m height, 20% moisture content and the
ambient temperature is 20°C. The reaction gas was
cellulose.

0.31

u(r)

0.17

b) ¥

Fig. 2. a) Fuzzy rules for sensitivity sets and defuzzification, b) and example of centroid for defuzzification
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Fig. 3. Sensitivity diagrams in case of the moisture content are the variable parameter, a) max. MLR, b) max. temperature, c) max. HRR,
d) percentage of the remaining tree
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The output variables are maximum MLR, the maximum
temperature at the top of the tree, the maximum HRR and
the percent of remaining tree (see Fig. 2). To calculate the
percent of remaining tree the mass loss was calculated,
and was compared to the original mass. The mesh size was
0.1 X 0.1 X 0.1 m. The simulation was run on a Message
Parsing Interface (MPI) cluster using 4 nodes.

The trees were ignited with particles in a circular ignitor
source with a diameter of 0.8 m, temperature of 1,500 °C and
heat release rate per unit area of 60 kW m™>. The ignition
lasted for 10s.

2.2. Sensitivity study

First, the sensitivity of a selected output variable was
calculated using sensitivity functions versus parameter dia-
grams. The resulting Sensitivity Idex (SI) is the ratio of the
relative changes in the output variable and the parameter,

AV

= —_
S Ap’

(5)

where AV and Ap are the relative changes in the output
variable and the parameter, respectively.
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Next, sensitivity sets were created using fuzzy sets
(Fig. 3a). Based on the sensitivity index the sensitivity
function was divided into segments, which is used to
determine the membership u, using the following
formula:

Hy = Z%’ (©)

where R; is the length of the examined segment, and R is the
length of the entire examination range. Then, using the
same rules (Fig. 3a) and utilizing Maple’s function defuz-
zify, the centroids for defuzzification can be determined.
See an example in Fig. 3b. Finally, the Sensitivity Number
(SN) can be obtained for determining the degree of sensi-
tivity [16].

The border of the sensitivity numbers can be calculated
with defuzzification taking 0.5-0.5at the selected set,
therefore:

not sensitive if SI < 0.34;

moderately sensitive if 0.34 < SI<1.1;
sensitive if 1.1 <SI<2.8;

extremely sensitive if 2.8 < SI.
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Fig. 4. Sensitivity diagrams in case of the ambient temperature are the variable parameter, a) max. MLR, b) max. temperature, ¢) max. HRR,
d) percentage of the remaining tree
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More details about the sensitivity study method can be
found in [15-18].

3. RESULTS AND DISCUSSION

3.1. Moisture content as variable parameter

The moisture content was changed between 5% and 100%.
The initial parameter was 20%. The sensitivity functions are
shown in Fig. 3.

It can be seen that the maximum MLR decreases more or
less linearly as the moisture content increases till 65%. After
that there is a large decrease in the maximum MLR till 80%,
which is followed by a constant value. The parameter is
more sensitive between 65 and 80%. The explanation is that
in case of large moisture content the tree did not ignite. The
maximum temperature remains similar in every moisture
contents till 75% moisture content. After that there is a large
decrease and the temperature will remain the same. The
parameter is more sensitive between 75 and 80%. The
maximum HRR decreases as the moisture content increases.
The decrease is faster, when the moisture content is 5-15%
and 75-80% therefore the parameter is more sensitive to the
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maximum HRR in that ranges. After 80% the HRR remains
constant. More percent of the tree remains as the moisture
content increases. This variable changes exponentially as the
moisture content increases. It changes faster when the
moisture content is larger; therefore the parameter is more
sensitive to the percent of the remaining tree at that range.
The parameter becomes constant after 80%, therefore the
parameter is not sensitive in that range. The sensitivity
numbers are 0.53, 0.10, 0.30 and 2.2, respectively. Therefore,
the maximum MLR is moderately sensitive, the HRR, and
the ambient temperature are not sensitive and the percent of
remaining tree is sensitive to the moisture content.

3.2. Ambient temperature as variable parameter

The ambient temperature was changed between —20-40 °C.
The initial ambient temperature was 20 °C. The sensitivity
functions are shown in Fig. 4.

It can be seen that the maximum MLR, the maximum
temperature and the maximum HRR remains more or less
the same as the ambient temperature changes. The percent
of the tree remaining decreases linearly as the ambient
temperature increases. The sensitivity numbers are 0.10,
0.08, 0.08 and 0.38, respectively. Therefore the maximum
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Fig. 5. Sensitivity diagrams in case of the tree diameter is the variable parameter, a) max. MLR, b) max. temperature, ¢) max. HRR, d)
percentage of the remaining tree
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MLR, the HRR, and the ambient temperature are not sen-
sitive and the percent of the remaining tree is moderately
sensitive to the ambient temperature.

3.3. Crown base diameter as variable parameter

The crown base diameter was changed between 0.5 and 5 m.
The initial diameter was 2 m. The sensitivity functions are
shown in Fig. 5.

The maximum MLR increases as the crown base diam-
eter increases. The increase is faster, when the tree diameter
is smaller; therefore the parameter is more sensitive to the
maximum MLR at that range. The maximum temperature
first increases as the crown base diameter increases, then at
around 3.5 m it remains the same. Therefore, the parameter
is more sensitive to the maximum temperature when it is
smaller. The maximum HRR changes more or less linearly
as the crown base diameter increases. The percent of the
remaining tree decreases exponentially as the crown base
diameter increases. The decrease is faster, when the tree
diameter is small; therefore the parameter is more sensitive
to the percent of the remaining tree at that range. The
sensitivity numbers are 1.14, 0.77, 1.28 and 2.32, respec-
tively. Therefore the temperature is moderately sensitive and
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the MLR, HRR, and the percent of the remaining tree are
sensitive to the crown base diameter.

3.4. Tree height as variable parameter

The tree height was changed between 0.5 and 5 m. The initial
height was 2 m. The sensitivity functions are shown in Fig. 6.

The maximum MLR increases as the tree height increases.
The increase is faster when the tree height is smaller; therefore
the parameter is more sensitive to the maximum MLR at that
range. The maximum temperature first increases then de-
creases. The tree height is more sensitive to the maximum
temperature when it is smaller. The maximum HRR increases
when the tree height increases. The increase is faster when the
tree height is smaller. Therefore, the parameter is more sen-
sitive to the maximum HRR at that range. The percent of the
remaining tree decreases exponentially as the tree height in-
creases. It changes faster; when the tree height is smaller
therefore the parameter is more sensitive to the percent of the
remaining tree at that range. The sensitivity numbers are 0.95,
0.68, 0.98 and 1.85, respectively. Therefore, the maximum
MLR, the maximum temperature, and the maximum HRR
are moderately sensitive and the percentage of the remaining
tree is sensitive to the tree height.
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Fig. 6. Sensitivity diagrams in case of the tree height is the variable parameter a) max. MLR, b) max. temperature, ¢) max. HRR, d) per-
centage of the remaining tree
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4. CONCLUSION

In this paper the One-at-a-Time sensitivity study of a
numerical simulation of a tree burning experiment was carried
out with a novel fuzzy-based method. It was studied how
different variables like maximum MLR, maximum temperature
at the top of the tree, maximum HRR and percent of the
remaining tree are sensitive to parameters like the fuel moisture
content, the ambient temperature, the crown base diameter
and the tree height. It was observed that the maximum MLR is
moderately sensitive, the HRR, and the ambient temperature
are not sensitive, and the remaining tree is sensitive to the
moisture content. The maximum MLR, the HRR, and
the ambient temperature are not sensitive, and the percent
of the remaining tree is moderately sensitive to the ambient
temperature. The temperature is moderately sensitive and the
MLR, HRR, and the percent of the remaining tree are sensitive
to the tree diameter. The maximum MLR, the maximum
temperature, and the maximum HRR are moderately sensitive,
and the percentage of the remaining tree is sensitive to the tree
height. Further research tasks are to carry out a global sensi-
tivity analysis with more parameters and to develop a forest fire
simulation using the results presented in this paper.
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