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ABSTRACT

This article presents a numerical study on the heat and mass transfer in a pine trunk
under the effect of a forest fire. The numerical model of the pine trunk is based on
energy balance integral and differential equations. The virtual trunk geometry was
developed using grid generation. The radiation heat exchanges are evaluated betw-
een the pine trunk and the plan surface of the front fire. These radiative exchanges are
evaluated using view factors considering the grid generation in the tree and front fire.
A fire front propagation at a constant fire spread rate of 0.01 m/s and a flame tempe-
rature of 500°C were considered in this study. The field temperature evolution in the
external surface and inside the pine trunk was obtained considering wind speed fluctu-
ations with three different frequencies. In general, pine trunk temperatures increase
with decreasing frequency of wind speed fluctuations.

Keywords: Forest fire, Numerical simulation, Pine trunk, Thermal response, Wind speed
fluctuation

INTRODUCTION

The primary influences upon how fires move through the forests are humi-
dity, topography, wind and temperature (Tosi¢ et al. 2019). The hotter the
air temperature, the lower the relative humidity, and the lower the humi-
dity, the drier the air is, so dry fuel ignites and burns more easily. The slope
of the landscape is also important: fires burn much faster uphill than down
(Eftekharian et al., 2019). This is because the radiation and convection a fire
creates preheat the unburned fuel ahead of the flame front, and this is done
more effectively upslope than down. Wind speed is the environmental vari-
able that has the most significant effect on the spread of fires (Beer, 1991;
Cruz and Alexander, 2019).

Wind can influence fire behavior by moving moist air away from fuels,
causing them to dry out faster. It carries burning embers that have been lifted
aloft by convection air and starting spot fires ahead of the perimeter. It bends
the convection column, which promotes pre heating of unburned fuels in
front of the fire. It brings a continuous supply of oxygen to the fire. Cruz
et al. (2020) claim wind speed has an overwhelmingly dominant effect on the
spread rate of wildfires when fuels are dry and the wind is strong.

The environmental wind fluctuates in both direction and speed, with incre-
ased instability of the air implying greater fluctuations (Beer, 1991). Articles
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on models of wildfire spread (Nelson, 2002), simulations of spread and beh-
avior of two real fires (Jahdi et al., 2014), and fire spreads with varying wind
strengths (Song and Lee, 2017) reveal important aspects for the study of the
behavior of forest fires in the face of fluctuations in wind speed.

In this numerical study it is used a thermal response numerical model
to evaluate the temperature evolution inside a pine trunk during a forest
fire. This numerical model is based on the human body geometry, applied
on the human thermal response numerical model (Conceicao et al., 2010a;
Concei¢ao and Lucio, 2016).

The purpose of this numerical study, using a grid generation model, is to
get the field temperature evolution in the pine trunk in the presence of a forest
fire for wind speeds with different fluctuation frequencies. Here, the forest
fire is characterized by a front fire.

NUMERICAL MODELS

The differential energy equations and the grid are utilized by the numerical
model to evaluate the thermal behavior inside the pine trunk (made up of
bark and cambium). The model considers energy balance equations at the
boundary between the tree and the environment as follows:

. Heat conduction with the interior of the tree;

« Heat convection (natural, forced and mixed) between the tree surface and
the air environment;

. Radiation between the tree surface and the surrounding surfaces (fire
front, fuel bed and sky).

The radiation heat exchanges are evaluated between the pine trunk and the
plan surface of the front fire. These radiative exchanges are evaluated using
view factors considering the grid generation in the tree and front fire. In the
radiative exchanges determination, it is utilized a procedure similar to heat
exchanges between surfaces of building spaces. This procedure is applied in
the thermal response model of buildings (Conceicado et al., 2010b; Concei¢do
and Lucio, 2010) and vehicle cabins (Conceicao et al., 2000). A finite differe-
nces implicit model is used in the assessment of the temperature distribution
inside the pine trunk.

The pine trunk surface shape was developed by a numerical grid generation
model using the finite differences method. This grid generation takes into
account the conversion of a physical space into a computation space done by
two Poisson’s type elliptic partial differential equations.

METHODOLOGY

The results of the numerical simulation are referred to the field temperature
evolution in a pine trunk obtained considering wind speeds with three diffe-
rent frequency fluctuations: A, 0.01 Hz; B, 0.005 Hz; and C, 0.0025 Hz. The
fire front moves at a constant fire spread rate of 0.01 m/s from a distance of
4 m upstream of the pine trunk. The pine trunk has a height of 0.5 m and an
external diameter of 0.4 m. The fire front has a tilt angle of 45°, 1 m wide,
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Figure 1: Location of 33 P-points on the external surface of the pine trunk and of 20
Q-points inside the pine trunk. The red line denotes the moving fire front.

2 m high and an average flame temperature of 500°C. As environmental con-
ditions, there is an average wind speed of 5 m/s, an air temperature of 20°C
and a relative humidity of 50% near the trunk. The temperature distribu-
tion was obtained at 33 points (P) equidistant distributed along the external
surface (bark) of the pine trunk in a plane located at a height of 0.5 m and
at 20 points (Q) distributed along the radius of the pine trunk, as shown in
Figure 1.

RESULTS AND DISCUSSION

The evolution of the temperature distribution in the outer surface (points P1
to P33) of the pine trunk is shown for the three frequency fluctuations of the
wind speed in, respectively, Figures 2a), 2b) and 2c¢). During its movement,
the upstream side of the trunk is primarily affected by the fire. Due to the
inclination of the fire front, points located on the surface of the upstream
side of the trunk reach the highest temperatures. However, as the frequency
of wind speed fluctuation decreases, the temperature amplitudes at the sur-
face points of the trunk downstream increase significantly. It is found that
fluctuations in trunk surface temperatures are due to fluctuations in wind
speed.
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Figure 2: Evolution of the temperature distribution in the outer surface of the pine

trunk for the three frequencies of wind speed fluctuations: a) 0.01 Hz; b) 0.005 Hz;
c) 0.0025 Hz.

The evolution of the temperature distribution in the points Q1-Q20 loca-
ted on the lines of the pine trunk radius, containing the points P9 and P25
(see Figure 1), for the three frequencies of wind speed fluctuations is shown
in Figures 3, 4 and §, respectively.

Considering the thermal response inside the pine trunk, in general, the
temperatures on the upstream sides of the rings are higher than those on the
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Figure 3: For a frequency of 0.01 Hz of wind speed fluctuation, evolution of the tempe-
rature distribution in the points Q1-Q20 located on the trunk radius containing: a) P9;
b) P25.
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Figure 4: For a frequency of 0.005 Hz of wind speed fluctuation, evolution of the tem-
perature distribution in the points Q1-Q20 located on the trunk radius containing: a)
P9; b) P25.
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Figure 5: For a frequency of 0.0025 Hz of wind speed fluctuation, evolution of the tem-
perature distribution in the points Q1-Q20 located on the trunk radius containing: a) P9;
b) P25.

upstream side. It is also verified that the temperature variation occurs only
in the four outermost rings and, in particular, in the outermost one (note
that point Q20 is the point on the trunk bark). On the upstream side, the
temperatures in the outer rings increase with decreasing frequency of wind
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speed fluctuations. On the downstream side, the temperatures in the outer
rings increase with decreasing frequency of wind speed fluctuations. On the
downstream side the highest temperatures in the outer rings occur for the
lowest frequency of wind speed fluctuations and the lowest temperatures in
these rings occur for the intermediate frequency of wind speed fluctuations.

CONCLUSION

This article presented a numerical study on the thermal response of a pine
trunk under the effect of a forest fire. The distribution of temperatures in the
surface and inside the pine trunk was then obtained. The study was carried
out considering wind speeds fluctuations for three different frequencies.

On the outer surface (bark) of the pine trunk and, in general, inside the
pine trunk the temperature increases with decreasing frequency of wind speed
fluctuations. Temperatures are higher at points on the upstream side than on
the downstream side of the pine trunk due to the inclination of the flame
during the displacement of the fire front. The outermost ring of the trunk
is the one that experiences the greatest increase in temperature during the
passage of the fire front.
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