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ABSTRACT

This work presents a design of a three-dimensional pine tree geometry and the
radiation heat exchanges in forest fire environments. Using Computer Aided Design
software, the pine tree geometry design is developed in this study. The radiation heat
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exchanges are evaluated between the pine tree and the forest fire plan surface. The
geometry, applying mesh generation, is used to evaluate the view factors, which in
turn are used to calculate the heat exchanges by radiation. The virtual pine tree
geometry has a height of 7.5 m and is constituted by 8863 cylindrical elements. The
pine tree is constituted by trunks, branches and leaves. The fire front has 10 m long
and 1 m high, which is located at a distance of 5 m from the virtual pine tree. The
numerical results of the geometry, mesh generation, the view factors and Mean
Radiant Temperature (MRT) are obtained. In this study, a statistical function was
used to randomly place the leaves determined to be included in the numerical model
of the pine tree. The results show that the use of a percentage of 20% of the total
number of leaves makes it possible to guarantee that the distribution of MRT in the
various elements of the pine tree remains practically equal to the use of the total
number of leaves.
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INTRODUCTION

The lethal threshold of the several elements (trunks, branches and leaves) of the tree
depends on the temperature (Kelsey and Westlind, 2017). Therefore, it is important
to assess the distribution of the temperature along the tree when in a forest fire
environment. This temperature distribution is evaluated by a numerical model which
simulates the thermal response of the pine tree, considering also the heat exchanges
by radiation. Accordingly, we must have the geometry of the tree and calculate the
view factors.

The numerical model developed in this work to obtain the geometric design of the
pine tree uses cylindrical elements and is founded on a numerical model developed
to obtain the human geometry (Conceicéo, 2000). The view factors numerical model,
used to evaluate the radiative heat exchanges, utilizes the mesh generated in the
geometric design numerical model. The view factors and the Mean Radiant
Temperature (MRT) evaluation is shown in Fanger (1970), where it is presented the
tables and equations used in the human body posture and surrounding plan surfaces.
For other kind of applications, the evaluation of view factors and MRT is shown in
the works of Jiang et al. (2017) and Vorre et al. (2015).

The evaluation of the temperature distribution is done by the pine tree thermal
response numerical model, which is based on energy and mass balance integral
equations. The fundamentals of the energy balance equations, presented in this work,
were developed in the work of Conceicéo et al. (2000). Examples of other fields
where were applied energy and mass balance equations can be seen in the works of
Heidarinejad and Esmaili (2015) and Ouldboukhitine et al. (2011).

The solution of the energy and mass balance integral equations system is obtained
using the Runge-Kutta-Fehlberg method with error control. In this equation system
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the following phenomena are considered:

e Conduction in the pine tree concentric layers, using cylindrical coordinates.
The application of this phenomenon can be seen in the works of Conceicdo
et al. (2010), for buildings, and Ferreira and Yanagihara (2009), for human
bodies;

e Convection (forced, natural or mixed) between the surface (bark) of the pine
tree trunk and the surrounding environment. The application of this
phenomenon can be seen in the work of Conceicgéo et al. (2001), for human
body;

o Radiation between the surface (bark) of the pine tree trunk and the
surrounding environment and between the surface (bark) of the pine tree
trunk and the fire front. The application of this phenomenon in cold radiant
surfaces and in solar radiation can be seen in the work of Conceicdo et al.
(2016). For other examples see the work of Rein et al. (1970).

When calculating the radiation, using heat exchanges and solar radiation, it is
important to determine the shading that each element causes in others. Details about
this determination, which are applied in this work, are shown in Concei¢&o and Llcio
(2010).

The aim of this study is to develop a numerical model that is used to generate a pine
tree geometric design and to calculate radiation heat exchanges, in order to assess the
pine tree thermal response when present in a forest fire environment. In order to
simplify the calculation of the view factors, used in the calculation of radiative
exchanges between the pine tree and the fire front plane, a numerical model was
developed to randomly generate leaves distribution, whose number is less than their
total, which allows to characterize, likewise, the thermal performance of the pine tree.
In this sense, five leaves distributions are evaluated through the distribution of MRT
in the various elements of the pine tree.

MODELS AND MATERIALS

The software used in this work takes into account the following numerical models:
geometric design; view factors; and thermal response. The geometric design
numerical model is founded on geometric equations that use cylindrical and spherical
coordinates. Cylindrical coordinates are used to define the cylindrical elements. In
particular, it is used to generate a mesh around each cylindrical element. Radial,
angular and linear (referring to the height of the axis) coordinates are considered.
Spherical coordinates are used to locate each cylindrical element in the space. Radial,
azimuthal and polar spherical coordinates are considered. The three-dimensional (3D)
pine tree model is constituted by cylindrical elements that characterize its trunk,
branches and leaves. Each element is divided into several concentric layers
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dimensioned by its diameter, length and inclination.

The view factors numerical model is used to evaluate the radiative exchanges, in
particular in this study the MRT. The view factors are calculated between the
elements’ surfaces and the fire front, considering the center of each surface. This
model takes into account 3D geometric equations to generate a mesh around the
elements and in the fire front. The finite elements theory is used in the mesh
generation of the 3D pine tree.

The thermal response numerical model is founded on energy and mass balance
integral equations for the various layers of concentric cylindrical elements. The 3D
pine tree numerical is based on the human thermal response numerical model
(Conceicédo, 2000; Conceicdo and Lducio, 2001), considering layers of concentric
cylindrical elements.

The geometry of the 3D virtual pine tree geometry, developed in this study, has a
height of 7.5 m, is made up of 133 trunks and branches and a set of leaves making up
a maximum of 8863 cylindrical elements. The virtual fire front is 10 m long and 1 m
high and has an average flame temperature of 1000 °C. The distance between the pine
tree and the fire front is 5 m.

The pine tree is built is built on four levels. The first level is located near the ground
and the fourth level is located at the top of the pine tree. Each pine tree level is
characterized by: eight trunks and one vertical trunk section of the main trunk; each
inclined trunk has three branches; and each branch has provided by a set of leaves.
One branch on the top of the higher level is also provided by a set of leaves.

In this type of studies, it is intended to obtain the temperature distribution along a tree
when it is inserted in a forest fire environment. The numerical study of a real pine
tree involves a high computational time due to its geometric complexity and the
models that simulate its thermal behavior. Thus, in order to reduce this complexity
and the computing time associated with it, several simplified real pine tree geometries
were generated. The generation of these simplified pine geometries was carried out
ensuring that the results obtained for the view factors between the leaves and the fire
front remained similar to those of the real pine tree.

The simplified geometry design was developed using a numerical model that uses a
statistical function to randomly distribute its leaves. The number of leaves was
previously determined as a percentage of the total leaves existing in the real pine tree
geometry design. In this work, five Cases were studied (Table 1). In each Case,
percentages of leaves to be attributed to each pine were defined, that is, the number
of elements to be used in each pine tree were defined. Cases A to D refer to simplified
pine tree geometries in which 20%, 40%, 60% and 80% of randomly distributed
leaves were used, respectively. Case E refers to the real geometry of the pine tree in
which all the leaves have been placed in their proper positions.
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Table 1: Number of pine tree elements in function of the percentage of leaves to be used
in each geometry design of the pine tree

Case Percentage of leaves Number of elements
A 20% 1872
B 40% 3619
C 60% 5323
D 80% 7146
E 100% 8863

RESULTS AND DISCUSSION

This section presents the results obtained from the geometry design of the pine tree,
view factors mean values and MRT distribution.

The geometry design of the pine tree with 20% of the leaves randomly distributed,
Case A, and with all leaves placed in their proper positions, Case E, are presented,
respectively in Figure 1 and Figure 2. Here, we can see the geometries design of the
trunk, branches and leaves for both (simplified and real) pine trees.

The results obtained from the mean values of the view factors are presented in Figure
3 for the five studied Cases (Table 1). These results show that the mean values of the
view factors are similar. The percentage differences in relation to Case E (real
geometry of the pine tree) vary between -0.19% for Case A and +0.52% for Case D.
Therefore, the application of a methodology using a reduced percentage of randomly
distributed leaves can guarantee the use of acceptable values of view factors in the
calculation of radiative exchanges.

Using the results obtained for the distribution of form factors, the distributions of the
MRT values for the five Cases under study were calculated. The mean MRT values
calculated for each of the five Cases are shown in Table 2. These results show that
the mean values of MRT are similar. The percentage variations in relation to Case E
of the other four Cases are as follows: A, -0.10%; B, 0.00%; C, 0.16%; D, 0.26%.

Table 2: Mean MRT temperature calculated for each Case.

A B C D E
192.6 °C 192.8°C 193.1°C 193.3°C 192.8°C

Therefore, it can be concluded that the use of the numerical model of a pine tree with
a simplified geometry with a random distribution and a reduction in the number of its
leaves allows to guarantee a uniform distribution of both the view factors and the
MRT. As an example, the MRT distribution for Cases A and E are shown,
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respectively, in Figure 4 and Figure 5. In this way it is also possible to obtain a
reduction in the simulation time keeping a similar distribution of the results obtained
in all the five Cases.

Figure 1. Virtual pine tree geometry for Case A (20% of randomly distributed leaves).

Figure 2. Virtual pine tree geometry for Case E (all leaves properly positioned).
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Figure 3. Mean view factors of all five Cases.
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Figure 4. Virtual pine tree geometry for Case E (all leaves properly positioned).
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Figure 5. Virtual pine tree geometry for Case E (all leaves properly positioned).

CONCLUSIONS

In this paper a numerical study was presented on the generation of a geometric design
of a pine tree and on the calculation of radiative exchanges in order to evaluate the
pine tree thermal response when included in a forest fire environment. The calculation
of the view factors, necessary to assess the MRT, was simplified through a random
distribution of a smaller number of leaves in the pine tree than the real one. Thus, five
Cases of leaves distributions in pine tree were studied. The main conclusions are:

e The mean values of view factors obtained in each of the five Cases are very
similar (around 0.0165);

e The MRT distributions of the five Cases are very similar to each other;

e Thus, the use of the simplified model of the pine tree geometry, namely the
one referring to Case A, allows obtaining a thermal response of the pine tree
similar to that of Case E (real model) with simulation time savings.
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