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Abstract: It is of great significance to understand the particle distribution characteristics at different
heights to effectively control particle pollution. Based on fractal theory, the fractal dimension of
outdoor particles in a high-rise building in Xi’an and its relationship with the concentration of
particles with different particle sizes are discussed and analyzed in this paper. The results indicate
that the atmosphere in Xi’an is mainly composed of fine particles and that the average proportion
of particles ranging from 0 to 1.0 µm is approximately 99.885% of the total particulates. The fractal
dimension of particles in the atmosphere at different heights ranges from 5.014 to 5.764, with an
average fractal dimension of 5.456. In summer, the fractal dimension of the outdoor particles on the
17th floor was the largest, at 5.764. The fractal dimension in summer is relatively high, being 0.158
higher than that in winter on average. The larger the fractal dimension, the higher the proportion of
fine particles. In addition, the fractal dimension can characterize the adsorption of toxic and harmful
gases by particles well. It provides parameter support for understanding particle distribution and the
effective control of atmospheric particles at different heights and application values.

Keywords: high-rise buildings; particulates; distribution; fractal theory; fractal dimension

1. Introduction

Environmental pollution has always been a hot issue [1–3]. Related studies have
shown that different particles can enter different areas in the human body and cause serious
harm [4,5] and even death [6]. For example, particle sizes greater than 10 µm remain in
the nasal cavity of the human body [6]; particle sizes between 2 and 10 µm will deposit
in various parts of the respiratory system, and about 10% of the particles will deposit
in the lungs [4,6]; and the particle sizes of less than 2 µm will enter the human blood
circulation [5,6]. The toxic and harmful gases in the atmosphere, as well as the spread of
viruses, can also exacerbate the damage to people’s physical health [7]. Therefore, people
are paying more attention to this and are adopting relevant measures to control or reduce
various problems caused by environmental pollution.

With the rapid development of infrastructure in China in recent years, a large number
of high-rise and super-high-rise buildings have been built in cities and rural areas [8], and
high-rise buildings in various regions have emerged. However, some research exists in
the literature on the particle distribution characteristics of high-rise buildings at differ-
ent heights [9]. At present, scholars worldwide have made some progress in studying
the concentration distribution of atmospheric particles [10], the concentration distribu-
tion in the district heating period [11], and the correlation between particles and other
pollutants [12,13]; however, the research conducted on the distribution characteristics of
particles in the atmosphere remains insufficient. The main reason for this is that many
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factors affect the distribution of atmospheric particles, which can directly or indirectly lead
to regional differences [14–16], such as urban development layout [14], industrial structure
types [15], and the adjustment of energy supply methods [16].

In addition, the relevant literature shows us that particles present in the atmosphere are
not spherical with multiform dimensions and that their related characteristics and motion
trajectories are significantly different from spherical particles [17,18]. Particulate matter can
act as a porous medium to allow some of its gases or organisms to adsorb and adhere to its
surface, which results in structural changes [19–22], such as the adherence of fly ash particles
to gas molecules [19], HCl gas adhering to fly ash particles [20], graphene-like nanosheets
adsorbing gas molecules [21], and chemical reactions of VOCs or SVOCs occurring at the
surface or in the bulk of aerosol or cloud particles [22]. This has resulted in some differences
in the relevant research based on the spherical concept, which requires additional research
on the counting concentration distribution of particles present in the atmosphere.

Many studies concern the analysis of particulate matter using stochastic methods,
such as partial least squares (PLS), support vector machine (SVM), artificial neural net-
works (ANN) [23], learning models integrating CNN and GRU [24], and machine learning
algorithms such as random forest (RF) [25,26]. Air pollutants can be measured in real
time and the state of the air quality can be understood at present by using these methods.
However, these methods can only predict the distribution and estimated values of par-
ticulates, and cannot describe the rules and shapes of particulates further. Fractals were
originally introduced by Mandelbrot to describe the fractal behaviors of similar geometries
in disordered and irregular objects [27], such as coastlines [28], porous media [29], and
biological structures [30]. Fractal theory also can be used to describe the irregular sizes
and shape distributions of atmospheric particles [31–34]. It has the unique advantage of
describing the different condensed states, shapes, and distribution of the particles in the
environment [31], such as through using the fractal dimension to describe the morphology
and size of combustion soot particles [32], the fractal description of finely ground particles
of natural quartz using the particle size [33], and the expression of the spray agglomeration
of polymer particles [34]. Fractal theory and fractal parameters can provide more accurate
descriptions of particle morphology, which can provide specific numerical representations
for irregular descriptions. It also can more realistically provide feature parameters and
convert abstract content into expressible parameters. Therefore, fractal theory has also been
widely studied and applied to the research that has been carried out in recent years. There
are currently many methods for calculating fractal dimension, such as the mass method [35],
the box counting method [36], and the two-point correlation function method [37]. Those
methods have been widely used to describe disordered and irregular objects. At present,
some relevant fractal theories have been used in the relevant research conducted on particle
morphology in China [38,39]; however, few reports exist on the research of quantitatively
characterizing particle distributions with fractal dimensions at different heights in high-
rise buildings. Additionally, even less research exists on Xi’an, which is located in the
northwest region.

Therefore, based on fractal theory, the fractal dimension of outdoor atmospheric parti-
cles in a high-rise building in Xi’an and its relationship with the particle concentration under
different particle sizes are discussed and analyzed in this paper. It provides data support
for the effective control of the distribution of atmospheric particles at different heights.

2. Mathematical Model for Particle Distribution
2.1. Mathematical Model

The mathematical model for the particle distribution was established using the Man-
delbrot fractal theory, which was based on the literature review [27,39–42]. The calculation
is shown in Equation (1) [27,39–42]:

n(> x) = C × x−D (1)
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where n(> x) is the number of particles larger than x [27,39–42]; D is the fractal dimen-
sion [27,39–42]; and C is constant [27,39–42].

The fractal dimension can characterize the non-uniformity of particle size distri-
butions [27,28,40,41,43]. When the fractal dimension is 0, it indicates that the particles
are of equal particle size and have no particle size distribution [27,28,40,41,43]; when
the fractal dimension is equal to 2, it indicates that the mass of particles with differ-
ent particle sizes is equal, that is, the mass of particles with different particle sizes is
uniformly distributed [27,28,40,41,43]. When the fractal dimension is larger than 2, it
indicates that the cumulative mass of small-sized particles is larger than that of large-
sized particles [27,28,40,41,43]. When the fractal dimension is smaller than 2, it indicates
that the cumulative mass of large-sized particles is greater than that of small-sized parti-
cles [27,28,40,41,43].

A flowchart of the calculation steps is presented in Figure 1. The calculation steps
were as follows: (1) calculate the quantity percentage of different types of particles within
different equivalent particle ranges; (2) obtain a quantity percentage higher than cer-
tain particles through the above-mentioned quantity percentage; (3) take the logarithmic
form of the particle and quantity percentage values, draw the corresponding scatter plot
in the log–log plot, and perform linear fitting; and (4) obtain the fractal dimension D
of particles according to the slope of the straight line. The calculation is presented in
Equation (2) [27,39–44]:

D = −k (2)

where k is the slope of the straight line.
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Figure 1. Flowchart of the calculation steps.

The definition of fractal behavior needs to meet three elements: it must be (1) inde-
pendent of the fractal generator [27,39–44], (2) not constrained by the geometries, spa-
tial patterns, or statistical properties of the fractal generator [27,39–44], and (3) scale-
invariant [27,39–44].

2.2. Particle Concentrations

The GRIMM1.109 aerosol particle size spectrometer was used to test the concentration
of the particles, with a measurement range of 2,000,000 P/L and a repeatability value of 5%.
The Testo480 instrument was used to measure the temperature and humidity levels, and
it was supplied by testo AG, Schwarzwald, Germany; with a temperature measurement
range of −100~+400 ◦C and a measurement accuracy of ±(0.3 ◦C~0.1% of the measured
value). A humidity measurement range of 0~100% RH and a measurement accuracy of
±(1.4% RH~0.7% measurement value) were achieved. An HD37AB1347 indoor air quality
monitor was used to measure the velocity, with an accuracy range of ±3%. A 29-floor
high-rise building located in the Beilin district of Xi’an in China was selected as the test
object. The measurement points were located on the 1st, 7th, 11th, 17th, and 27th floors,
respectively, which were 1.5, 23.1, 36.3, 56.1, and 89.1 m above the ground. The five different
testing times were as follows: 8:00, 12:00, 15:00, 18:00, and 22:00. The testing date was
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22 July 2021 in summer and 15 December 2021 in winter. Each group was tested for 10 min
and the average value of 10 min was used for the calculation and analysis.

3. Results
3.1. Particle Distributions at Different Heights

The counting concentration distribution of atmospheric particles during the test period
is presented in Figure 2.
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Figure 2. Outdoor atmospheric particle distribution.

Figure 2 shows that the particles sized 0 to 0.54 µm on different floors (1st, 7th, 11th,
17th, and 27th) accounting for the total number of particles present during the summer
period are 98.613%, 98.579%, 98.679%, 98.591%, and 98.512%, respectively. The particles
ranging from 0.54 to 1.0 µm on different floors accounting for the total number of particles
are 1.283%, 1.291%, 1.211%, 1.312%, and 1.394%, respectively. The particles ranging from
1.0 to 2.5 µm on different floors accounting for the total number of particles are 0.084%,
0.096%, 0.082%, 0.078%, and 0.077%, respectively. The particles larger than 2.5 µm on
different floors accounting for the total number of particles are 0.021%, 0.033%, 0.028%,
0.019%, and 0.016%, respectively. It can be observed that, during the summer period, the
majority of the particles ranged from 0 to 0.54 µm in size.

The particles ranging from 0 to 0.54 µm on different floors (1st, 7th, 11th, 17th, and
27th) accounting for the total number of particles during the winter period were 98.967%,
98.929%, 98.912%, 98.910%, and 98.889%, respectively. The particles ranging from 0.54 to
1.0 µm on different floors accounting for the total number of particles were 0.919%, 0.951%,
0.960%, 0.966%, and 0.984%, respectively. The particles ranging from 1.0 to 2.5 µm on
different floors accounting for the total number of particles were 0.090%, 0.093%, 0.100%,
0.096%, and 0.000%, respectively. The particles larger than 2.5 µm on different floors
accounting for the total number of particles were 0.024%, 0.027%, 0.028%, 0.028%, and
0.028%, respectively. The majority of the particles ranged from 0 to 0.54 µm in size during
the summer period.

From the analysis of the particle-counting concentration distribution presented in
Figure 2, the concentration of particles ranging from 0 to 0.54, 1.0 to 2.5, and above 2.5 µm
on different floors in winter is higher than those in summer, while the concentration of
particles ranging from 0.54 to 1.0 µm in winter is lower than that in summer. The particles



Fractal Fract. 2023, 7, 669 6 of 13

ranging from 0 to 2.5 µm on different floors accounted for the vast majority present during
the testing of atmospheric levels below 10 µm; the results were 99.978%, 99.970%, 99.972%,
99.976%, and 99.978%, respectively, with an average of 99.975%. Among them, the particles
ranging from 0 to 1.0 µm on different floors accounted for 99.891%, 99.875%, 99.881%,
99.889%, and 99.890%, respectively, with an average of 99.885%. The atmosphere in Xi’an is
mainly composed of fine particles. This conclusion is consistent with the results presented
in the relevant literature [45], which supports the results presented in this paper. These
small particles pose a more serious threat [46]; therefore, there is an urgent need to remove
them from the atmosphere. The percentage of particle concentration to total particles at
different times is presented in Table 1.

Table 1. Concentration percentage of particles at different times in the atmosphere.

Particle Size
(µm)

Summer Winter

8:00 12:00 15:00 18:00 22:00 8:00 12:00 15:00 18:00 22:00

≤0.54 97.468 98.406 99.087 98.996 99.017 98.959 98.929 98.794 99.035 98.890

≤1.0 99.891 99.905 99.927 99.838 99.904 99.883 99.862 99.852 99.897 99.893

≤2.5 99.982 99.980 99.985 99.955 99.981 99.974 99.967 99.967 99.978 99.977

≤5.0 99.997 99.997 99.997 99.994 99.997 99.998 99.997 99.997 99.998 99.997

≤10 99.999 100.000 100.000 99.999 99.999 100.000 100.000 100.000 100.000 100.000

Table 1 shows that the highest concentration percentage of particles with different
particle sizes occurred at 15:00 in summer and at 16:00 in winter. This is because the summer
temperature is relatively high, and the outdoor temperature reaches its highest at 12:00 and
15:00, which accelerates the movement of particles, especially small particles [6]. As a result,
the concentration percentage of particles with different particle sizes in the atmosphere
is the highest. In winter, due to the demand for heating, the concentration of outdoor
particles is relatively high. In addition, at the peak of 18:00 in the afternoon, factors such as
commuting and cooking also affect the concentration of particles with different particle
sizes [6]. Therefore, the study of typical seasons is more meaningful. In addition, it can also
be seen that the main distribution of fine particles is in the atmospheric environment.

3.2. Distribution of Fractal Dimension of Particles at Different Heights

The relationship between the particle fractal dimension and particle size in the atmo-
sphere in Xi’an was provided by Equation (1), as shown in Figure 3.
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It can be observed in Figure 3 that all the fitting curves present a negative correlation
during the test period. With the increase in particle sizes, the fractal dimension of the
particles shows a decreasing trend with a good linear relationship. The relationship between
the proportion of particles and the fractal dimension is presented in Figure 4.
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From Figure 4, the following can be observed for the particles ranging from 0 to 1.0 µm:
the greater the particle fractal dimension, the higher the number of small particles. At this
point, particles ranging from 0 to 1.0 µm account for the total number of particles during
the summer period at 99.907%, 99.903%, 99.896%, 99.889%, and 99.871%, with an average of
99.893%. The particles ranging from 0 to 1.0 µm accounted for the total number of particles
during the winter period at 99.886%, 99.880%, 99.875%, 99.873%, and 99.872%, with an
average of 99.877%. Therefore, the fractal dimension can be used to reflect the uniformity of
atmospheric particle compositions. The particle fractal dimensions of fine particles present
in the atmosphere at different times during the testing period are presented in Table 2.

Table 2. Fractal dimensions of particle distributions during different testing times in Xi’an.

Different
Floors

Summer Winter

Time Weather Wind
Speed

Temperature,
Humidity

Fractal
Dimensions Weather Wind

Speed
Temperature,

Humidity
Fractal

Dimensions

1 7:30~8:30

Sun,
clouds 3~4 m/s 28~32 ◦C,

63~86%

5.604

Cloudy 1~2 m/s 1~10 ◦C,
49~66%

5.444
7 11:30~12:30 5.014 5.395
11 14:30~15:30 5.588 5.343
17 17:30~18:30 5.764 5.361
27 21:30~22:30 5.705 5.340

Average 5.535 5.377

Table 2 shows that the fractal dimensions of fine particles on different floors in the
summer period range between 5.014 and 5.764, with an average of 5.535. The fractal
dimensions of the fine particles on different floors in the winter period range between
5.340 and 5.444, with an average of 5.377. The fractal dimension in summer is relatively
high (0.158 higher than that in winter on average). The fractal dimensions of particles
present in the atmosphere at different heights ranged from 5.014 to 5.764, with an average
fractal dimension of 5.456. The fractal dimension on the 17th floor of outdoor particles
was the greatest in summer, at 5.764, and 99.903% of particles were distributed in an
equivalent particle size smaller than 1.0 µm at that time. The fractal dimension on the
seventh floor of outdoor particles was the lowest in summer, at 5.014, and 99.871% of
particles were distributed with equivalent particle sizes smaller than 1.0 µm at that time.
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This was because there were other buildings with seven floors that had a relatively weak
diffusion of particulate matter, while the lower floors were more severely affected by
cars and pedestrian flow, and the higher floors were relatively open and prone to more
atmospheric environmental factors. Therefore, the fractal dimension of the seventh floor
was relatively small. In addition, the height of the building was relatively high, and the
area around the 27th floor was more spacious. The wind in the environment can intensify
the movement of small particles, which can also cause certain fluctuations in the results.
Therefore, compared to the 17th floor, the results are slightly lower. This area of the results
can also be confirmed in Figure 2.

However, most research results at present show that the values of fractal dimensions
range from 1 to 3 [47–49]. This paper presents a relatively large range of fractal dimension
values for atmospheric particles in Xi’an. On the one hand, it indicates that the morphology
of atmospheric particles in Xi’an during the testing period is relatively irregular and
rough [50]. From Figures 2 and 4, it can be confirmed that the distribution of particles with
different particle sizes is uneven, and there are also differences in the fractal dimensions
corresponding to these particles. This leads to differences in the trajectory of particles in
air motion, resulting in a more irregular particle morphology due to their collision and
adsorption processes. This result is consistent with the results presented in the relevant
papers [39,51], which verify the validity of this paper. On the other hand, it indicates that
the main distribution of Xi’an’s atmosphere involves fine particles [52,53]. In addition,
the fractal dimensions of particles during the testing period may have also been related
to the outdoor weather conditions [54]. The temperature and humidity in the outdoor
air, wind force, air pressure, and other factors cause certain differences in the number
and concentration of particles. This is because weather parameters can affect the viscosity
and motion trajectory of particles, such as high temperatures accelerating the diffusion of
small particles, wind power exacerbating the diffusion of small particles, and humidity
intensifying the combination of particles. Therefore, weather parameters are also an
important influencing factor. In general, the fractal dimensions of particles can be used
to express the distribution of atmospheric particles. Particulate matter can be considered
as a scalar quantity advected by a vector quantity, such as the atmospheric wind speed,
which is a quantity that exhibits multifractal properties. This phenomenon can explain this
fractal behavior.

3.3. Relationship between Particle Fractal Dimensions and Adsorption

The relevant literature indicates that some harmful substances can adsorb onto particu-
lates [39,55], which causes greater harm. The adsorption capacity is shown in
Equation (3) [39,55]:

Nm = c × s(−
D
2 ) (3)

where C is the proportional coefficient and D is the fractal dimension of the adsorbent.
Assuming that the molecular weight of the adsorbate is M and the density is ρ, the

adsorption capacity is Q [39,55].

Q = Nm × M
ρ

(4)

This can be expressed as [39,55]

Q = c × s(−
D
2 ) × M

ρ
(5)

It can be observed that the adsorption of toxic gases by atmospheric particles is related
to the fractal dimension. Figure 5 shows the relationship between the fractal dimensions of
particles with different small particles and the cumulative percentage of the corresponding
specific surface areas.
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Figure 5 shows that with the increase in the fractal dimension, the specific surface area
and other parameters of particles rapidly increase. The adsorption capacity for toxic and
harmful pollutants also gradually increased. With the increase in the fractal dimension in
summer, the particles ranging from 0 to 0.54 µm increased by 0.166%, particles ranging
from 0 to 0.9 µm increased by 0.036%, particles ranging from 0 to 0.2.25 µm increased by
0.074%, particles ranging from 0 to 4.5 µm increased by 0.014%, and particles ranging from
0 to 9.25 µm increased by 0.003%. With the increase in the fractal dimension in winter,
the particles ranging from 0 to 0.54 µm increased by 0.078%, particles ranging from 0 to
0.9 µm increased by 0.014%, particles ranging from 0 to 0.2.25 µm increased by 0.004%,
particles ranging from 0 to 4.5 µm increased by 0.001%, and particles ranging from 0 to
9.25 µm increased by almost 0. The adsorption of toxic and harmful pollutants in summer
was higher than in winter. This was because the overall outdoor temperature in summer
was relatively high compared to winter. An increase in the air temperature exacerbates
the resuspension and thermal diffusion of particulate matter, exacerbating the diffusion
and collision of small particles, while large-sized particles settle due to the effect of gravity.
Therefore, in summer, the adsorption effect of small and fine particles on toxic and harmful
pollutants was greater. Thus, the fractal dimension can be used to characterize the relevant
parameters of particles, and it provides a new technical method for their comprehensive
treatment. In addition, in underground mine environments [56,57], it presents a wide range
of applications and scenarios.

4. Conclusions

In this paper, fractal theory was used to discuss and analyze the fractal dimensions
of outdoor particles in a high-rise building in Xi’an and their relationship with particle
concentration values. The conclusions are as follows:

1. The particles ranging from 0 to 2.5 µm on different floors accounted for the vast
majority of particles less than 10 µm: 99.978%, 99.970%, 99.972%, 99.976%, and
99.978%, respectively, with an average of 99.975%. Among them, the particles ranging
from 0 to 1.0 µm on different floors accounted for 99.891%, 99.875%, 99.881%, 99.889%,
and 99.890%, respectively, with an average of 99.885%. The atmosphere in Xi’an is
mainly composed of fine particles.

2. The concentrations of particles ranging from 0 to 0.54, 1.0 to 2.5, and larger than
2.5 µm on different floors in winter were higher than those in summer, while the
concentration of particles ranging from 0.54 to 1.0 µm in winter was lower than that
in summer.
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3. The fractal dimension of fine particles on different floors in the summer period was
between 5.014 and 5.764, with an average of 5.535. The fractal dimension of fine
particles on different floors in the winter period was between 5.340 and 5.444, with an
average of 5.377. The fractal dimension in summer was relatively high (0.158 higher
than that in winter on average). The fractal dimension of particles in the atmosphere
at different heights ranged from 5.014 to 5.764, with an average fractal dimension
of 5.456.

4. The adsorption of toxic gases by atmospheric particles was related to the fractal
dimension. With the increase in the fractal dimension, the adsorption capacity of toxic
and harmful pollutants also gradually increased. The adsorption of toxic and harmful
pollutants in summer was greater than in winter. Therefore, the fractal dimension
can be used to characterize the relevant parameters of particles, and it provided a
new technical method for their comprehensive treatment in the research, with strong
practical significance.
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