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Abstract: In order to grasp the building palisade structure tightness of indoor particulate matter
mass concentration based on the particle penetration mechanism and settlement characteristics, this
article analyzes the measurements of two different types of building air tightness of a Shenyang
university office building in terms of indoor and outdoor particulate matter mass concentration
levels from 2016-1-09 to 1-22, 2016-7-18 to 8-03, and 2017-2-28 to 3-13. The building outside the
closed window that had no indoor source condition, the indoor office building and outdoor particle
mass concentration, and the aperture size and shape of the envelope were analyzed to carry on the
numerical simulation research by Fluent software, which was then analyzed; the results reveal that
the measuring point of the I/O ratio is less than point B of the I/O ratio, measurement points of A
linear regression fitting degree is lower than the fit of the measuring point B, and the causes for the
measuring point A tightness (level 8) is superior to the measuring point B (level 4). When the gap
height h is greater than 0.5 mm, the penetration rate of particles within the range of 0.25–2.5 µm
particle size is close to 1. In different gap depths, the penetration rate of particles within the range of
0.1–1 µm particle size was close to 1. In diverse pressure difference, the 0.25–2.5 µm particles within
the scope of penetration rate P is close to 1, the gap on both sides of the differential value ∆P; the
greater the particle, the higher penetration rate. The larger the right-angle number of gap n, the
lower the penetration rate of particles. The L-shaped gap and U-shaped gap have significantly better
barrier effects in larger and smaller particles than the rectangular gap. The research results in this
paper can help people understand and effectively control the influence of outdoor particles on the
indoor air quality and provide reference data for the prediction of indoor particle mass concentration
in buildings, which has theoretical basis and practical significance.

Keywords: atmospheric particulate matter pollutant; office buildings; air tightness of building
envelope; indoor air quality; fluent

1. Introduction

In recent years, haze has occurred frequently in most areas of China, and outdoor air pollution
has become serious. From the statistics of PM2.5 and PM10 on the pollution in the 2015–2017 Bulletin of
the State of the environment of China [1] and the 2015–2017 Bulletin of the State of the environment
of Shenyang [2], it was observed that the annual average of the PM2.5 mass concentration in China
and Shenyang decreased from 72 to 51 µg/ m3 and 50 to 43 µg/m3 and the average of the PM10 mass
concentration decreased from 115 to 88 µg/m3 and 87 to 75 µg/m3. Although the pollution situation of
the outdoor atmospheric particulate matter in China and Shenyang has been improved to some extent,
it is still about 1.2 times higher than the current national standard for “Ambient air quality standards”
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GB3095-2012 [3], and the pollution level of PM2.5 and PM10 in Shenyang is significantly higher than
the national average. Relevant research shows that the increase in human mortality and morbidity has
a significant relationship with human exposure to particulate matter [4]. The increasing incidence of
lung and cardiovascular diseases is linked to increased concentrations of particulate matter, every 10%
increase in the concentration of PM2.5 in the air, leading to an increase in lung function by about 1%
and increase in the incidence of various respiratory illnesses by about 10% [5].

In modern societies, urban residents spend more than 90% of their time indoors. Therefore,
people pay more and more attention to indoor air quality [6]. Indoor particulate matter pollution is
more harmful to human health than outdoor particulate matter pollution. The particulate matter in
indoor air has become one of the important factors affecting indoor air quality and indoor health. In
modern office buildings, outdoor pollution sources rather than indoor sources are the main factors
affecting indoor particulate pollution [7]. The study found that when there was no significant
indoor particulate pollution source, 60–70% of the indoor PM2.5 mass density came from the outdoor
particulate pollution [8]. When there were indoor pollution sources, 55–60% of the indoor PM2.5 mass
concentration came from outdoor particulate pollution. The study showed that the monthly mean
values of the indoor and outdoor PM2.5 mass concentration at the measurement points in summer
were 104.1 and 49.2 µg/m3, respectively, which were lower than the winter mass concentration of 230.1
and 134.2 µg/m3, and the I/O ratio of indoor PM2.5 in summer was also significantly lower than the
winter value [9]. The study found that the indoor PM2.5/ PM10 ratio was higher than the outdoor
PM2.5/ PM10 ratio, the indoor PM2.5 concentration was higher than the outdoor concentration, and
the indoor PM2.5 concentration was higher than the outdoor concentration. The indoor particulate
pollutants were mainly PM2.5 [10]. The study found mild haze weather in summer, and the weekly
average mass concentration of PM2.5 in buildings was 135.1 µg/m3; and in the moderate haze weather
in winter, the weekly mean mass concentration of PM2.5 in buildings was 231.6 µg/m3 [11].

This paper selected Shenyang, a typical city in a severely cold region, as the research object.
As public buildings are the main gathering place of urban residents, many people were involved, it
was easy for pathogens to gather, and the cross-infection rate was high. Therefore, it was necessary
to study the indoor air pollution in public buildings. Therefore, the measurement point A (in the air
tightness grade 8 green buildings) and point B (in the air tightness level 4 non-green building) of the
two office buildings with different airtightness were selected from a university in Shenyang for actual
measurement, according to the measured building palisade structure gap type; the calculation model
was set up through a mathematical statistical analysis method where the fluent software numerical
simulation method was used for particulate matter under the conditions of different influence factors
to simulate the penetration coefficient changes with the particle size. The analysis of the influence of
factors such as the gap geometry, size, and the pressure difference of indoor and outdoor on penetration
coefficient were also conducted. It provided regional basic data for setting the PM2.5 limits of indoor air
standards in China, provides a reference basis for the study of outdoor particulate barrier performance
of buildings with different air tightness levels and the improvement of indoor environmental quality
of buildings, and provides relevant research results for ensuring human health.

2. Materials and Method

2.1. Sampling Sites

In this paper, two office buildings with different air tightness located in the campus of a university
in Shenyang city were selected as the measured objects, and three measured points were implemented,
namely, the measured points A and B (indoor) and C (outdoor), respectively. These are shown in
Figure 1, the measured situation is shown in Table 1. Measuring point A is located in the meeting room
(1st floor) within the main facade facing north, and the building structure is a frame structure with an
area of 45 m2. Measuring point B is located in the equipment room (2nd floor) facing south of the main
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facade. The building structure is a brick-concrete structure with a building area of 50 m2. Survey of
points A and B are shown in Table 2.

Figure 1. Survey of points A, B, and C.

Table 1. Survey overview.

Measured Year Measured Time Number of Days Measured Content

In the winter of 2016 2016-1-09 to 2016-1-22 14 days Average daily concentration of PM2.5 and PM10
In the summer of 2016 2016-7-18 to 2016-8-03 17 days Average daily concentration of PM2.5 and PM10
In the winter of 2017 2017-2-28 to 2017-3-13 14 days Average daily concentration of PM2.5 and PM10

Table 2. Survey of exterior windows of observation points [12].

General Situation of the Content Point A Point B

Outside the window towards North South

Outside the window structure Three layers of low-e glass
medium filled with argon Plastic steel double glazing

External window installation method External type Nested
External window opening mode Casement window Sliding window

External window heat transfer coefficient
(W/m2, K) 0.93 2.70

Air tightness rating 8 4
Window width (mm) 5250 1000
Window height (mm) 3900 900

The number of windows in the building 2 3

2.2. Sampling Methods and Instruments

During the measurement period, there was no obvious pollutant source in the measuring point,
and during the test period, there was no personnel activity in the measuring point and the external
windows and ventilation equipment were closed. Therefore, it can be approximately considered that
there was no obvious particle source at the measuring points A and B. The measuring points were
arranged in accordance with the national standards for “Indoor air quality” GB/T18883-2002 [13].
The detection method followed the industry standard for “Technical requirement and test procedures
for total suspended particulates sampler” HJ/T374-2007 [14], “Total Suspended Particulates Sampler”
JJG 943-2011 [15], “Determination of atmospheric articles PM10 and PM2.5 in ambient air by
gravimetric method” HJ618-2011 [16], “Specification and Test procedures for (PM10 and PM2.5)
sampler” HJ93-2013 [17] and the European Union standards for “atmospheric total suspended particle
sampler” regulation. The daily average mass concentration of indoor and outdoor particulate matter in
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office buildings was measured using the gravimetric method. The measurement instruments used were
the Lao ying 2030 intelligent TSP sampler and the COMDE DERENDA particles sampler, instrument
appearance (Figures 2 and 3), instrument measuring range and accuracy (Tables 3 and 4).
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Table 3. Lao ying 2030 TSP sampler technical parameters.

Technical Parameters The Parameter Value

Sampling rate 100 L/min
Flow accuracy ±5.0% or less
Sampling time Set anything within 100 h

Timing accuracy Less than ±1 s within 20 min
Inlet velocity of sampling head 0.3 m/s
PM2.5 sampling head diameter D = (2.5 ± 0.2) µm
PM10 sampling head diameter D = (10 ± 0.5) µm

A membrane diameter Φ 80 mm
Applicable to ambient temperature range −20–40 ◦C

Applicable to ambient humidity range 0–95% rH
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Table 4. COMDE DERENDA sampler technical parameters.

Technical Parameters The Parameter Value

Sampling flow range 1.5–3.5m/h (adjustable)3

Rated flow 2.3 m/h3

Flow accuracy The deviation within 24 h is less than 2%
Load capacity The flow is 2.3m/h, the resistance should not be less than 45kpa3

Sampling time 1 min to 999 h (adjustable)
Timing accuracy Less than ±1s within 20 min

Effective filter diameter 47–50 mm
Applicable to ambient temperature range −30–50 ◦C

Applicable to ambient humidity range 0–100% rH

3. Processing of Measured Data

3.1. I/O Ratio

For the average of PM2.5 and PM10 mass concentration I/O ratios taken in winter 2016,
the measurement points for A were 0.60 and 0.48 and for B were 0.67 and 0.53; in summer 2016,
the measurement points for A were 0.34 and 0.30 and for B were 0.40 and 0.32; in winter 2017,
the measurement points for A were 0.38 and 0.33 and for B were 0.44 and 0.36. The I/O ratio of PM2.5

and PM10 varies over time (Figure 4).
By comparing the I/O values of PM2.5 and PM10 measured three times, we found that the average

of I/O in the winter of 2015 > winter of 2016 > summer of 2015; at the same time, the I/O ratio of the
PM2.5 and PM10 varied with time in a consistent manner, but the mean of I/O ratio of measurement
point A is less than the mean of measurement point B, and the change trend of I/O ratio of measurement
point A is relatively flat. Considering that the air tightness of the building envelope at measurement
point A is better than that at measurement point B, it can delay the influence of outdoor particles
indoors in a better manner.

3.2. Linear Regression

The regression analysis of the average daily mass concentration of indoor and outdoor PM2.5

measured three times in winter 2016, summer 2016, and winter 2017 shows that the linear regression
fitting R2 of indoor and outdoor PM2.5 mass concentration in point A reached 0.8346, 0.3747, and
0.8348, while the linear regression fitting R2 of indoor and outdoor PM2.5 mass concentration in point
B reached 0.8411, 0.6077, and 0.8231. The linear regression fitting R2 of indoor and outdoor PM10 mass
concentration at point A reached 0.8889, 0.4062, and 0.8583. The linear regression fitting R2 of indoor
and outdoor PM10 mass concentration at point B reached 0.8741, 0.6563, and 0.9074. The average daily
mass concentration curve fitting is shown in Figure 5.

When the doors and windows were closed and there was no obvious pollution source in the room,
the average daily mass density of the indoor and outdoor particles in the three types of measurement
became highly correlated. Winter 2015 R2 > winter 2016 R2 > summer 2016 R2; at the same time, R2 of
B >R2 of A. This is because the containment structure of point A has good air tightness, which weakens
the correlation between the concentration of indoor and outdoor particles.
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4. Numerical Simulation Results

According to the abovementioned results and data analysis, the mass concentration of the indoor
particulate matter in office buildings with no indoor air conditioning and ventilation equipment and no
significant particulate matter pollution sources is mainly affected by the pollution degree of the outdoor
particulate matter. The air tightness of the building envelope is one of the key factors that determine
the outdoor particulate matter entering indoors through permeation ventilation [18–22]. There are
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many kinds of gaps in the envelope structure. For office buildings, they are mainly around the external
window between the window pane and the window frame, between the window frame and the wall,
electrical entrance, exterior wall gap, and the gap around the door frame; these are mainly determined
by the gap size and geometric shape of the envelope structure [23]. Therefore, in order to study
the relationship between the mass concentration of indoor and outdoor particulate matter in office
buildings and the gap size and shape of the building envelope, numerical simulation was conducted in
this paper concerning the gap of external windows with different sizes and shapes under different
indoor and outdoor pressure differences. Generally, there are three types of gaps in the envelope:
square-shape gap, L-shaped gap, and U-shaped gap (Figure 6). In the three-dimensional diagram, the
gap length is represented by W, the gap height by h, and the gap depth by d. The three-dimensional
structure is shown in Figure 7.
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4.1. Principle of Calculation Model

In this paper, the discrete phase model was used for simulation. Whether the flow pattern is
turbulent or laminar depends on whether the Reynolds number exceeds the critical Reynolds number.
The Reynolds number of all the flow problems involved in this paper is less than 2320, so it is laminar
steady flow and the pressure gradient is zero. During the penetration of particulate matter in the gap
of the envelope structure, the pressure, density, and temperature distribution of the gap facing the flow
field have little effect, and as the gap depth d is short, it can be approximated that the air temperature
at the gap inlet and outlet does not change. Therefore, in the process of particulate matter penetrating
the gap of the envelope structure, the effects of the thermophores and pressure gradient force on the
motion of the particulate matter can be ignored, i.e., it is mainly affected by the combined effects of
gravity, Brownian force, and drag force. The sum of the forces exerted on the particles is shown in
Table 5. The pre-processing software gambit was used for modeling and meshing. Considering the
regular structure of the gap, a quadrilateral mesh was selected. The whole model was divided into
about 300,000 element meshes. The meshing is shown in Figure 8.

Table 5. Particulate matter the force magnitude.

Force The Force of Gravity Drag Force Brown Force Pressure Gradient Force Thermophores Force

Orders of magnitude 10−15 10−14 10−15 0 10−17
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4.2. Setting of Boundary Conditions and Basic Parameters

The particle size range of the particles studied in this paper was 0.001–100 µm, and it was assumed
that the particles were coal ash. The Rosin–Rammler distribution was used for particle size distribution.

The following assumptions were made in the simulation:

(1) because the volume fraction of particulate matter in the atmosphere is very small, its subsidence
had little effect on the laminar flow, and the effect of particulate matter on laminar flow was
ignored (Table 6);

(2) only the influence of gravity, Brownian force, and drag force on particles were considered;
(3) the air passing through the gap was incompressible and met the Bussinesq approximation;
(4) the heat transfer between the air and particulate matter was ignored;
(5) the particles were spherical smooth particles (spherical);
(6) the particles were not charged and there was no electrostatic friction, condensation, collision, or

chemical reaction among them, and the particle size did not change during the penetration process;
(7) the particles were inert particles.

Table 6. Airflow parameters (W = 0.5 m, d = 0.03 m, n = 0).

Gap Height h (mm) Differential Pressure on
Both Sides (pa)
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differential pressure is less than 10 pa. In this paper, the air density = 1.342 kg/m³ at the average 
outdoor temperature of −10℃ in January in Shenyang was selected, and the coefficient of dynamic 
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N escape—the number of escaping particles at the exit; 

N inlet—number of particles at the inlet. 

PΔ
Mean Velocity of Air in

the Gap u (m/s) Reynolds Number Re

1 5 0.7370 118.09
1 7 0.9940 159.28
1 10 1.3510 216.48

0.5 5 0.2050 16.45
0.5 7 0.2860 22.95
0.5 10 0.4070 32.66
0.1 5 0.0082 0.132
0.1 7 0.0144 0.231
0.1 10 0.0163 0.262

Under the action of inside and outside differential pressure ∆P, the airflow enters the indoor
through a structure crack. The pressure difference is caused by indoor and outdoor wind pressure and
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thermodynamic pressure; additionally, the building palisade structure on both sides of the differential
pressure is less than 10 pa. In this paper, the air density = 1.342 kg/m3 at the average outdoor
temperature of −10°C in January in Shenyang was selected, and the coefficient of dynamic viscosity
was 1.67 × 10−5 pa·s.

According to the ASHRAE manual, the gap height of the envelope is generally between 0.05 and
3 mm. At this time, the flow state of the permeation ventilation in the gap of the envelope is laminar
flow. The size of the average air velocity u only depends on the gap height h, gap depth d, and the
pressure difference between the two sides of the gap but has nothing to do with the structure of the
gap [24]. When the seam length is W = 0.5 m, d = 3 cm, and the various parameters when the air
passes through the gap of the envelope are shown in Table 6.

The boundary conditions of this simulation are defined as follows:

(1) inlet: the continuous phase air is set as “velocity-inlet” and the discrete phase particle is set as
“escape”;

(2) solid wall: the continuous phase air boundary condition is “no slip (fixed boundary)” and the
discrete phase particle boundary condition is “trap”;

(3) export (outlet): continuous phase boundary condition is set as free air flow (outflow) and the
discrete phase particles are set as “escape” (escape).

As observed from the above table, the airflow flow pattern wherein air penetrates into the room
through the gap of the envelope structure is generally laminar flow, and the air velocity in the gap
only depends on the gap shape, gap size, and the pressure difference between the two sides of the gap.
In this paper, the Fluent software was used to simulate the penetration of particles with particle size
between 0.001 and 100 µm. –The particles with particle size between 0.001 and 100 µm were divided
into 10 particle size segments: 0.001–0.005 µm, 0.005–0.01 µm, 0.01–0.05 µm, 0.05–0.1 µm, 0.1–0.5 µm,
0.5–1 µm, 1–2.5 µm, 2.5–10 µm, 10–50 µm, 50–100 µm. Assuming that the number of particles at the
entrance of each particle size segment is 200, the ratio of the number of particles at the exit of each
particle size segment divided by the number of particles at the entrance is the penetration coefficient,
represented by P and the formula is as follows:

P =
Nescape

Ninlet
(1)

N escape—the number of escaping particles at the exit;
N inlet—number of particles at the inlet.

4.3. Simulation Results

4.3.1. Influence of Gap Height on Penetration Coefficient

When retaining structure gap on both sides of the differential ∆P = 10 pa, the air inlet temperature
is 263 k, d = 0.03 m, W = 0.5 m in length as the conditions; and at the same time, only consider the
effect of different gap heights h on the penetration rate of particles The variation of the penetration
coefficient P with particle size at three gap heights (1, 0.5, and 0.1 mm) was simulated. Under h = 0.5
mm, the velocity vector and pressure vector of the airflow are shown in Figures 9–11, respectively.
Under different gap heights, the law of penetration changed with different particle sizes (Figure 12).

In Figure 12, among all particles with particle sizes, the particles with particle sizes between 0.25
and 0.75 µm has the highest penetration rate. Particle size is less than 0.25 µm, the penetration rate P
increased with the increase of particle size, particle size is greater than 0.25 microns, the penetration
rate P decreases with the increase of particle size, and all this is because the smaller particle size of
particles was mainly affected by brown diffusion, and the particle size of larger particles, mainly the
gravity effect, under the action of these two kinds of force is bigger; smaller particles are easily captured
by the wall of the retaining envelope structure and deposited on its surface. When h = 1 mm, the
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penetration rate of particles with particle size ranging from 0.01 to 10 µm exceeded 95%. When h = 0.5
mm, the penetration rate of particles within the range of 0.25–2.5 µm exceeded 90%. When h = 0.1 mm,
the penetration rate is the highest when the particle size is around 0.4 µm, and the penetration rate of
the particles is about 50%.
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4.3.2. Influence of Gap Depth on Penetration Coefficient

With the palisade structure gap on both sides of the differential ∆P = 10 pa, an air inlet temperature
of 263 k, h = 1 mm, W = 0.5 m, only consider the effect of different gap depths d on the penetration rate
of particles In this paper, the variation of penetration rate P was simulated with the particle size in
different gap depths (70, 50, 30 mm). The flow parameters of the gaps in different depths are shown in
Table 7. Under the conditions of d = 5 cm and d = 7 cm, the velocity vector and pressure vector of
the airflow are as shown in Figures 13–18 respectively. In different gap depths, the variation law of
penetration with different particle sizes is as shown in Figure 19.

Table 7. Slot flow parameters at different depths (H = 1mm, ∆P = 10 pa).

Gap Depth d (mm) Differential Pressure (pa) Gap Height h (mm) Air Velocity v (m/s) Reynolds Number Re

30 10 1 1.351 216.48
50 10 1 0.910 146.01
70 10 1 0.677 108.69
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Table 7. Slot flow parameters at different depths (H = 1mm, ΔP = 10 pa). 

Gap Depth d (mm) Differential 
Pressure (pa) Gap Height h (mm) Air Velocity v (m/s). Reynolds Number 
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70 10 1 0.677 108.69 

In Figure 19 the penetration rate P decreases with an increase of gap depth d. In the range of 
0.1–1μm, the penetration rate of particles at different gap depths was close to 1. When the particle 
size is less than 0.1μm, the penetration rate decreases with an increase of gap depth d, as the 
particles with smaller size are mainly affected by the Brownian diffusion. When the particle size is 
greater than 2.5 μm, the penetration rate decreases with an increase of gap depth d, as particles with 
larger particle sizes are mainly affected by a gravity settlement. The larger gap depth increases the 
residence time of particles in the gap of the envelope, thus increasing the probability of particles 
contacting the gap wall. 
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In Figure 19 the penetration rate P decreases with an increase of gap depth d. In the range of
0.1–1µm, the penetration rate of particles at different gap depths was close to 1. When the particle
size is less than 0.1µm, the penetration rate decreases with an increase of gap depth d, as the particles
with smaller size are mainly affected by the Brownian diffusion. When the particle size is greater than
2.5 µm, the penetration rate decreases with an increase of gap depth d, as particles with larger particle
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sizes are mainly affected by a gravity settlement. The larger gap depth increases the residence time of
particles in the gap of the envelope, thus increasing the probability of particles contacting the gap wall.

4.3.3. Influence of Pressure Difference between the two Sides of the Gap on the Penetration Coefficient

When the air inlet temperature is 263 k, h = 1 mm, W = 0.5 m, d = 30 mm, only consider the gap
on both sides of the differential. ∆P does not influence particle penetration rate. At the same time,
the variation of penetration coefficient P caused by the change of particle size in diverse gap pressure
difference (5, 7, 10 pa) was simulated in this paper. In ∆P = 5 pa, ∆P = 7 pa cases, the velocity vector
and pressure vector of the airflow are as shown in Figures 20–23 respectively., when the pressure
difference between the two sides of the gap changes, the change law of penetration rate has diverse
particle sizes (Figure 24).
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In Figure 24, the difference in pressure between the two sides of the gap has a great impact on the
penetration rate of particles, especially those with particle sizes of less than 0.1 µm. The penetration
rate P of particles in the range of 0.25–2.5 µm under different pressure differences is close to 1, which
increased along with the pressure difference between the two sides of the gap.

4.3.4. Influence of Gap Shape on Penetration Coefficient

When the air inlet temperature is 263 k, ∆ P = 10 pa, h = 1 mm, W = 0.5 m, d = 30 mm, only
considering crack geometry does not influence the particle penetration rate at the same time. In this
paper, the variation of penetration coefficient P with particle size under a different gap geometry (L,
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In Figures 26 and 29, although the flow in the L-shaped and U-shaped gaps is laminar flow,
turbulence still occurs at the corner. In Figure 31, the larger the n value is, the smaller the particle
penetration rate will be, mainly because the airflow disturbance occurs at the gap corner, which
increases the probability of collision between particles and the wall surface. The L-shaped and
U-shaped gaps have a better blocking effect on larger and smaller particles than the rectangular shape.
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5. Conclusions

The mass concentration I/O ratio of indoor and outdoor particles and the linear regression of
mass concentration were analyzed. According to the measured gap types of the building envelope, a
fluent software was used to simulate the change of particle penetration coefficient with particle size
under different influencing factors; the influence law of gap geometry, size, and pressure of indoor and
outdoor on the penetration coefficient was analyzed. The main conclusions are as follows:

(1) When buildings are exposed to a high concentration of outdoor particles for a long duration,
indoor particles will reach high concentration; by comparing the I/O ratio of measuring points A and B,
it can be observed that measuring point A is less than measuring point B; by comparing the fitting
degree of points A and B, we can see that the R2 of point B is greater than that of point A, because
the air tightness of building envelope at point A is better than that at point B, which weakens the
correlation degree of indoor and outdoor particle concentration.

(2) According to fluent simulation results, the penetration rate of particles in the range of
0.25–2.5 µm particle size is close to 1, when the gap height h is greater than 0.5 mm. Moreover, when h
=1 mm, the penetration rate of particles with particle size ranging from 0.01 to 10 µm exceeded 95%.
When h = 0.5 mm, the penetration rate of particles within the range of 0.25–2.5 µm exceeded 90%.
When h = 0.1 mm, the penetration rate was the highest when the particle size was around 0.4 µm, and
the penetration rate of the particles was about 50%.

(3) According to fluent simulation results, the penetration rate of particles at different gap depths
within the particle size range of 0.1–1 µm is close to that at different gap depths. When the particle size
is less than 0.1µm, the penetration rate decreases with the increase of gap depth d; when the particle
size is greater than 2.5 µm, the penetration rate decreases with the increase of gap depth.

(4) The fluent simulation result shows that within 0.25–2.5 µm, particles under different pressure
differentials within the scope of the penetration rate of P are close to 1; in the gap on both sides of the
differential value ∆P, the greater the particle penetration rate, the larger the number n of right-angle
number of gaps, and the smaller the penetration rate of particles. The L-shaped and U-shaped gaps
have a significantly better barrier effect on larger and smaller particles than the rectangular gap.
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