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ABSTRACT

In the present study, the laws of smoke diffusion during forest fires are determined using the general principles of
fluid mechanics and dedicated data obtained experimentally using an “ad hoc” imaging technology. Experimental
images mimicking smoke in a real scenario are used to extract some “statistics”. These in turn are used to obtain
the “divergence” of the flow (this fluid-dynamic parameter describing the amount of air that converges to a cer-
tain place from the surroundings or vice versa). The results show that the divergence of the smoke depends on the
outside airflow and finally tends to zero as time passes. Most remarkably, compared with clouds and fog, smoke
has a unique dynamic time-evolution curve. The present study demonstrates that as long as image processing
technology and intelligent monitoring technology are used to monitor the gas flow in a forest, the occurrence
of forest fires can be quickly diagnosed.
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1 Introduction

With the rapid development of science and technology and the continuous improvement of productivity,
the consumption of natural resources is rising sharply, and environmental pollution is becoming more and
more serious. Besides, the greenhouse effect further deteriorates the environment that people depend on
for survival. In this case, environmental protection attracts more and more people’s attention. The
exploration of various renewable energy sources and the use and research of clean energy sources
become research topics in related fields. As the lungs of the earth, forests are precious resources for
human survival and play a very important role in human development [1]. However, industrial
development and human activities are destroying forest resources. The global forest coverage rate was as
high as 70% 1,000 years ago, while it is only about 25% now, which makes the number of many species
in the forest is decreasing or even on the verge of extinction [2]. This makes people gradually realize the
importance of protecting forest resources. In addition, a forest fire is also one of the main factors
destroying forest resources. Therefore, monitoring and preventing forest fires is important in protecting
forest resources.

The occurrence of forest fires is uncontrollable, and almost all forest fires happen suddenly and
randomly. When the temperature reaches the combustion coefficient, forest fires will occur. Forest fires
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cause huge damage to forest resources in a short period, and they have the characteristics of continuity and
destructiveness. Also, there are other factors causing forest fires, which include the woody conditions of the
forest, weather (wind, lightning, and thunder), cigarette butts, and firecrackers [3]. Since the trees in the forest
are dense, a small spark may cause a huge fire, resulting in big losses and air pollution. Therefore, a system
used for monitoring and preventing forest fires is needed, and the work in the monitoring and prevention of
forest fires needs to be strengthened urgently, that is, the risk of forest fires should be reduced and the specific
measures should be worked out [4]. Therefore, monitoring forest fires is the top priority of forest fire prevention.

First, the grayscale of the collected image is expanded and stretched based on image processing
technology and fluid mechanics. Second, image segmentation and smoke extraction are conducted. The
image of the smoke area is extracted to ensure the accuracy of the data before the smoke pixel statistics
are carried out. Then, the divergence and dynamic characteristics are obtained by analyzing the smoke
and clouds in the simulated scene. Finally, on the time axis, the number of smoke pixels is statistically
recorded, and the divergence and dynamics image curves are drawn. The mechanical nature of smoke
diffusion in forest fires is analyzed.

As a branch of fluid mechanics, aerodynamics is often used to analyze the dynamic characteristics of gas
fluids. Based on the principles of acrodynamics, the smoke and clouds in the forest fire site are analyzed. The
dynamic characteristics of smoke in forest fires are the basis for fire detection. The innovations of the study
are: 1. the smoke characteristics of forest fires are extracted and identified, the video of the forest fire is
extracted from the image, the grayscale is conducted on color images, and then the smoke images are
extracted to analyze the dynamic characteristics of the smoke in forest fires. This not only provides the
basis for flame simulation and smoke diffusion but also simplifies the process of data calculation and
extraction. 2. The mathematical vector is used to represent the smoke image, which can make the smoke
characteristics expressed accurately in the quantitative form and the research results more precise.

2 Theories and Methods

2.1 Concepts of Engineering Fluid Mechanics and Related Research

Based on image processing technology and engineering fluid mechanics, the dynamic characteristics of
the smoke and clouds during the forest fire are analyzed, including the application of the principles of fluid
mechanics and related technologies. Engineering Fluid Mechanics is a branch of mechanics and mainly
studies the static state and motion state of the fluid and the interaction and law between the fluid and the
solid boundary wall under the action of various forces. As a research branch of fluid mechanics,
aerodynamics originates from aircraft. The aviation industry is expected to reveal the pressure distribution
around the aircraft, the stress state, and the resistance of the aircraft, which promotes the development of
fluid mechanics in practice and theories. Abderrahmane et al. carried out numerical studies on the flow of
thin compressible nitrogen in the microchannel, and the low values of Reynolds number and Mach
number. The two-dimensional control equation is solved by the finite element method with first-order
sliding boundary conditions (Comsol Multiphysics software) to accurately predict the pressure-driven
flow in microchannel [5]. This study involves the knowledge of aecrodynamics. After that, fluid mechanics
begin to develop and interact with other disciplines to form new interdisciplinary or marginal disciplines,
such as physical-chemical fluid dynamics and magnetohydrodynamics. Ou et al. used rheometer, DSC
(Differential Scanning Calorimetry), infrared spectroscopy, DMA (Dynamic Mechanical Analyzer), TGA
(Thermogravimetric Analyzer), and mechanical properties analyzer to study the properties of the cyanate
ester of RTM (Resin Transfer Molding) and its T800 carbon fiber composites [6]. The study also involves
the study of fluid mechanics and materials. With the continuous development of fluid mechanics, the
interdisciplinary with other disciplines gradually becomes the research direction of the current research
hotspot. Based on the principle of fluid mechanics and aerodynamics, this study conducts a dynamic
analysis of the flowing gas in the fire scene.
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2.2 Current Situation of Forest Fire Detection and Prevention

Moon et al. studied the factors affecting wind speed in forest fires to control forest fires [7]. Lyu et al.
integrated BIM into Pyrosim software, and BIM-based forest fire simulation was realized. Then the fire
simulation information and available safe evacuation time at key locations were obtained. In view of this,
a set of fire simulation methods based on BIM subway stations are established [8]. Janardhan et al.
proposed a simulation method of the forest fire spread based on CFD. This method uses the ignition
temperature model to perform pyrolysis and introduces a grid-dependent correction of the fuel surface
area [9]. Dumke et al. studied the effect of the venous helmet on heat stress during field firefighter
simulation [10]. Combined with computer technology, all these studies adopt the simulation method to
study forest fire. And the fire scene is also simulated. Many studies use satellite reconnaissance hormones
and image recognition technology to study forest fires. In short, forest fires have received more and
more attention.

2.3 Literature Review

Since forest resources are closely related to human life and production, there are more and more studies
on the detection of forest fires, which are mainly based on image recognition technology. The types of forest
fire detection technologies can be summarized into two categories. One is flame detection technology, and the
other is fire smoke recognition technology. Because smoke comes out before the flame during a forest fire,
the research direction transfers from the flame to smoke, which can monitor and prevent the occurrence of
forest fires fundamentally.

Although they are diversified and rich, the existing research methods of forest fires still have some
shortcomings. Whether the satellite image is used to detect forest fires or the dynamic study is used to
detect fire scenes, it is necessary to analyze the dynamic and static characteristics of flames or smoke.
However, the identification of moving objects is easily affected due to the complex conditions at the fire
scene. Therefore, the innovation of the study lies in the extraction and recognition of the smoke
characteristics of forest fires based on image recognition. The videos of forest fires are extracted by
images, and the grayscale of color images is calculated. Then only the smoke images are extracted to
analyze the dynamic characteristics of smoke. This not only provides a basis for judge the characteristics
accurately but also simplifies the process of data calculation and extraction.

2.4 Research on Smoke Diffusion Based on Image Recognition

According to the research results of fire simulation and the related literature, the simulation experiment is
carried out. The occurrence of forest fires is simulated and the videos are recorded. The image processing
technology is used to extract the smoke area in the fire scene. Based on the principle of aerodynamics,
the smoke and clouds in the area are analyzed dynamically. The curve of the dynamic characteristics of
smoke in the fire scene is drawn, which is the basis for fire detection. But in the smoke video of forest
fires, the image of the cloud is similar to the smoke in the fire scene. And the image characteristics of
clouds and fog are analyzed to eliminate interference items.

Fig. 1 shows the specific process of the research.
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Figure 1: Experimental process
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As shown in Fig. 1, a forest fire is simulated and the video is recorded as the experimental material first.

According to the relevant laws and regulations, open flames are prohibited in the forests. Under this
condition, the research data are the smoke data of images based on aerodynamics which are obtained by
simulating the smoke image close to the actual situation [11]. The experimental data are as follows: first,
a camera is used to take the videos and the record of smoke and forest fires, and the smoke image is
extracted from the video. In the experiment, the smoke cake that has the same burning effect as forest
fires is selected as the raw material; a farm in the woods is chosen as the fire scene; the smoke movement
produced by the burning of the smoke cake is used to simulate a real forest fire. Second, an appropriate
shooting point is placed, and the camera is used to take long-distance photos and record the entire
burning process of the smoke cake. During the burning process of the smoke cake, pictures are taken
every ten seconds. Finally, based on image processing technology, the collected smoke images are
analyzed and the dynamic and static characteristics of the smoke are extracted. Digital image processing
technology is most important in forest fire detection. If the image processing data are accurate, a
convincing conclusion will be obtained, which makes the smoke sensed vividly. The camera used in the
experiment is an HDR-AX2000E professional camera, which meets the needs of the experiment.

After the video is obtained, it is too difficult to directly extract features from the video. Therefore, the
video needs to be divided into frames for images.

According to the types of pixels, images are divided into four categories: binary images, grayscale
images, RGB images, and indexed images.

A binary image refers to an image in which each pixel on the image has only two possible values. The
color of the binary image is determined by the set of pixel values of the binary image [12]. In a binary image,
there are only two gray levels. In other words, the gray values of any pixel in the image are 0 or 255, and they
are black and white respectively.

A grayscale image is an image with only one sampled color of each pixel. Grayscale images can be
graded into colors. The grayscale image is usually stored with a non-linear scale of 8 bits per sampled
pixel so that there are 256 levels of grayscale. The black and white photos in life are grayscale [13].

An R (Red) G (Green) B (Blue) image refers to a color image, which is shown by different ratios of RGB
which includes almost all the colors that humans can perceive. The RGB image is one of the most widely
used color systems, and it follows the RGB color standard. On the display, an electron gun is used to hit
the red, green, and blue light-emitting poles of the screen to produce colors. Computers can display
32-bit colors, with more than ten million colors [14].

An indexed image is an image in which the pixel is directly used as the subscript of the RGB palette. The
indexed images can save a lot of space when the quality of the image is ensured.

Since too many colors affect the recognition and extraction of smoke, color images need to be converted
to grayscale images. Fig. 2 shows the contrast effect before and after gradation processing.

The original image Image after gradation processing

Figure 2: Contrast of gray-scale image before and after gradation processing
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Since the vector method is used for dynamic feature extraction, the gray image is represented by a vector.

The image collected from the video is a color image and needs to be converted into a grayscale image for
processing. The converted grayscale image f(x,y) is shown as follows:

f(x,y) = 0.30R(x,y) + 0.59G(x,y) + 0.11B(x, y) (1)

In Eq. (1), R(x,y) is the red channel in the color mode, G(x,y) is the green channel in the color mode,
and B(x, ) is the blue channel in the color mode. The coefficients are the sensitivity of the human eye to the
three color channels [15].

After the image is converted to the grayscale image, the grayscale must be stretched. The stretching
equation is as follows:

Na =f(Na) = faNa +[3 @

In Eq. (2), N, is the gray value after linear transformation, and N, is the gray value before the linear
transformation. f; is the slope, and fp is the ordinate intercept [16].

After the image is processed, the smoke image needs to be extracted by using the background difference
method [17]. It is also represented by a vector.

Eq. (3) can be used to obtain the image after the difference operation.
Nn(xvy) = |Iﬂ(x>y) _In—l(x7y)| (3)

In Eq. (4), N,(x, ) is the moving foreground area in the forest fire image. 7,,(x, y) and 1, (x, y) represent
the image obtained after the difference operation.

The smoke area calculated by using the background difference method is expressed as follows:

O, Ny(x,y) < T
Mn(xuy) - {In(x,y),Nn(x,y) Z T (4)

In Eq. (4), M, (x,y) is the moving foreground area in the forest fire image, and N, (x, y) represents the
image obtained after the difference operation.

The calculation equation of the smoke area by using the background difference method is:
|x(t) —x(t—1)| < T (5)
The foreground smoke area can be calculated by using Eq. (6):

(6) =x(t=1)| =T (6)

2.5 Analysis of the Meteorological Divergence in Forest Fire

Open flames and the combustibility of forest vegetation are two important factors that affect the spread
of forest fires. The two factors are difficult to be controlled artificially but are easy to be affected by climate
[18]. Open flames and natural factors are the important causes of forest fires. For example, in some
mountainous areas with high-altitude, lightning can easily cause forest fires. Forest fires caused by human
factors mainly occur in winter because the weather in winters is dry and it rarely rains and snows, while
the forest fires caused by natural factors mainly occur in springs, summers, and autumns because it is
often raining with lightning and thunder in springs and autumns. In long-term dry and rainless areas,
small oversights may cause huge forest fires. Thus, it is very important to know about the relationship
between meteorological conditions and forest fires, thereby monitoring the risk and controlling fires
in time [19].
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Divergence refers to the amount of air that converges to a certain place from surroundings or flows away
from a certain place. In the prediction of forest fires, the spread of smoke is studied by monitoring the
spreading conditions of forest fires. In the monitoring of forest fires, it is necessary to distinguish the
divergence of clouds and that of smoke [20].

2.6 Analysis of the Aerodynamic Properties of Smoke

Forest fires are great obstacles to the protection of forest resources. A sporadic fire may destroy a forest
that has grown for hundreds of years [21]. In the past forest disaster prevention, fires are considered as the
most destructive and influential factors destroying forest resources. Therefore, protecting and monitoring
measures should be taken to minimize the probability of forest fires. Even if a forest fire occurs, it can be
controlled at an early stage to reduce the loss. Some related studies show that forest fires have a close
correlation with natural conditions, so it is necessary to study the internal connection between the two.
Aerodynamics is helpful to finding better forest fire prediction methods. Aerodynamics is a subunit of
fluid mechanics and it mainly analyzes the force of the gas and studies the force when the movement of
gas and related air changes.

It is widely known that a large amount of smoke will produce when a fire occurs. As discussed in the last
section, the movement of smog changes with weather conditions, and the smog diffusion path is also various.
These diffusion paths are shown mathematically in the diffusion curve of smoke. The dynamic state of smoke
is ultimately a manifestation of aerodynamics, and a dynamic curve of smoke is drawn according to the
diffusion curve of smoke [22]. As the combustion continues, the smoke produced is also increasing. At
this time, the pixel statistics are conducted and the smoke dynamics curve is drawn according to the
combustion time.

3 Result Analysis and Discussion based on Smoke Diffusion Dynamics

3.1 Result Analysis of the Diffusion of Smoke and Clouds
After the image is processed and analyzed, a line graph of the diffusion of smoke and clouds is drawn.
Fig. 3 shows the diffusion of smoke.
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Figure 3: The diffusion of smoke

Fig. 3 shows that the area of smoke is changing constantly, and it increases first, then decreases, and
increases again after a while. This is due to the changes in the weather conditions. When the weather
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changes, the air on the smoke exerts a new force, which causes a change in the area of the smoke. In the initial
stage of a fire, the smoke is less, and the air force affects the change of the smoke area greatly. As the smoke
becomes more and more, the influence of the air force on the change of the smoke area decreases, and
gradually tends to zero.

Fig. 4 shows the diffusion of the cloud.
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Figure 4: The diffusion of the cloud

Fig. 4 shows that the area of the cloud also changes with the force of air, and it shows a positive state and
then a negative one. Compared with the diffusion curve of smoke, the change range of the diffusion curve of
clouds is quite greater, and the changing trend of the diffusion of the cloud increases. Under the influence of
the air force, the cloud area changes more frequently. This is due to the different compositions of clouds and
smoke. Clouds are mainly composed of small water droplets, while smoke is composed of water droplets and
a lot of particles produced during combustion.

The comprehensive analysis of cloud and smoke diffusion shows that the changing trend of the two is
different during the fire. The overall change trend of smoke is decreasing, while that of clouds and fog is
increasing. As time passes, the overall diffusion trend of smoke is gradually approaching zero. The
clouds and fog gradually spread. The time nodes of the diffusion of the two are also very different, and
they are the key points to explore the diffusion difference between clouds and smoke. The results show
that when the trend of the diffusion continues to decrease with time and tends to zero, smoke will be
produced, indicating that there will be a forest in the forest.

3.2 Analysis of the Dynamics Curve
According to the dynamic state and the combustion time of smoke, the dynamics curve of smoke is
drawn, as shown in Fig. 3.

Fig. 5 shows that during the production of smoke, the speed of the movement of smoke increases fast.
The range change of the movement is the highest, showing a nearly straight upward trend. During the
combustion process, the movement of smoke is fluctuating. This is because the state of the airflow
changes when a forest fire occurs. Airflow has different effects on smoke, which results in different
dynamic states of smoke. At the end of the combustion period, the speed of the movement of smoke
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drops sharply and eventually approaches zero. The dynamics curve of the smoke during forest fires smoke is

shown in Fig. 5.
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Figure 5: Dynamic curve of the smoke of forest fires

Fig. 6 shows the dynamic curve of the cloud.
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Figure 6: Dynamic states of the cloud of forest fires

Fig. 6 shows that the dynamic states of the cloud change with the airflow. The dynamics curve shows
that the dynamic state of clouds is very stable, and it only fluctuates between 55 w—60 w. This is because the
total number of clouds is stable and does not suddenly increase or decrease with the change of airflow. This
shows that although clouds and smoke are very similar in physical appearance, they have qualitative
differences in dynamic states. And the pixels of the cloud is about 10 times denser than the smoke.

In summary, when a forest fire occurs, the changes in the external airflow exert forces on both smoke and
clouds. Since the total number of clouds is stable and does not change, the dynamic state of clouds is also
very stable. More smoke is continuously produced as time passes. In the initial stage of a fire, the speed of the
dynamic changes rapidly and shows an upward trend. In the mid-term, large fluctuations appear with the
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change of airflow, and then the fire fades away. In the end, the movements reduce sharply and stop.
Compared with clouds, the smoke has a unique movement curve. Therefore, image processing technology
and intelligent monitoring technology are used to monitor the gas flow in the forest daily, and its
movement curve is revealed and the occurrence of forest fires is monitored and prevented.

4 Conclusion

Environmental protection and the use of forest resources are hot topics nowadays. Based on fluid
mechanics, the movement of smoke is analyzed during forest fires, and the occurrence of forest fires is
monitored and prevented. First, the smoke is simulated to the actual situation of the smoke during forest
fires, and the experimental images and data are obtained. The collected images are segmented and
processed by using imaging technology. The image of the smoke area is extracted to ensure the accuracy
of the data before the smoke pixel statistics are conducted. Second, the diffusion and dynamic
characteristics of smoke and clouds in the simulation are analyzed. It is found that the diffusion of the
smoke changes greatly with the force of airflow, and the overall trend is close to zero. The overall trend
of the diffusion of clouds is increasing, which is caused by the difference in the physical composition of
the two. The dynamic curve of the smoke changes greatly with the changes of weather, and it produces
various fluctuations and has its dynamic characteristics. The dynamic curve of the cloud is relatively
stable and changes a little in a long time. Compared with clouds, the curve of the dynamic characteristics
is unique. Therefore, image processing technology and intelligent monitoring technology are used to
monitor the gas flow in the forest daily. The curve of dynamic characteristics is observed to monitor and
prevent the occurrence of forest fires. Based on imaging technology and fluid mechanics, the dynamic
characteristics of smoke are explored, and the law of the dynamic characteristics of smoke and clouds is
studied, this provided a reference for the related research in the future.

The study of smoke diffusion in fire scenes is based on image recognition, and enough data are collected
by an experiment. A large number of video detection and communication devices and equipment are needed
to monitor the occurrence of forest fires. If video detection and communication equipment devices are put
into use in a large area, the infrastructure construction needs to be carried out, which is the shortcoming
of the research. Nowadays, various cutting-edge technologies like edge computing and big data are
applied to various industries one after another. They will be applied to the monitoring and prevention of
forest fires in the future.
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