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Abstract
The impact of the radiation dose produced by 222Rn/220Rn and its progeny on human health has garnered increasing interest 
in the nuclear research field. The establishment of robust, regulatory, and competent 220Rn chambers is crucial for accurately 
measuring radioactivity levels. However, studying the uniformity of the 220Rn progeny through experimental methods is 
challenging, because measuring the concentration of 220Rn and its progeny in multiple spatial locations simultaneously and 
in real time using experimental methods is difficult. Therefore, achieving precise control of the concentration of 220Rn and 
its progeny as well as the reliable sampling of the progeny pose significant challenges. To solve this problem, this study uses 
computational fluid dynamics to obtain the flow-field data of the 220Rn chamber under different wind speeds and progeny-
replenishment rates. Qualitative analysis of the concentration distribution of the progeny and quantitative analysis of the 
progeny concentration and uniformity of the progeny concentration are conducted. The research findings indicated that the 
progeny concentration level is primarily influenced by wind speed and the progeny-complement rate. Wind speed also plays 
a crucial role in determining progeny concentration uniformity, whereas the progeny-complement rate has minimal impact 
on uniformity. To ensure the accuracy of 220Rn progeny concentration sampling, we propose a methodology for selecting an 
appropriate sampling area based on varying progeny concentrations. This study holds immense importance for enhancing 
the regulation and measurement standards of 220Rn and its progeny.
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1  Introduction

The decay products of radon ( 222Rn ) and thoron ( 220Rn ) are 
particulates and are deposited in the lungs upon inhalation, 
causing internal irradiation. This may lead to DNA damage, 

resulting in the induction of lung cancer under prolonged 
exposure [1–4]. Radon and thoron have considerable radio-
logical importance as the inhalation of these gases and their 
short-lived progeny constitute the most significant frac-
tion (52%) of the radiation dose to humans from natural 
sources [5]. Thorium resources are abundant worldwide [6, 
7], and the development of thorium-based nuclear-fuel tech-
nology is ongoing. To reduce radiation levels and sustainably 
use thorium resources, creating scientific devices to measure 
and evaluate 220Rn and its progeny is important. This will 
lay the groundwork for the development of measurement 
instruments and tools for 220Rn and their progeny [8–10].

In recent years, research on the regulation of 220Rn 
chambers has been conducted globally [11, 12]. However, 
maintaining a constant long-term concentration of 220Rn 
and its progeny in the 220Rn chamber is difficult because 
their half-lives differ. Additionally, the deposition and 
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attachment of 220Rn progeny are evident, further contrib-
uting to the lack of uniformity in 220Rn and its progeny 
concentration within the chamber [9, 10, 13]. The uni-
formity of the 220Rn progeny concentration is an impor-
tant index of sampling reliability, but many difficulties 
have been encountered in related research. (1) The tradi-
tional experimental method fails to address the challenge 
of simultaneously measuring the concentration of 220Rn 
progeny at various spatial points within the 220Rn chamber. 
Consequently, experimentally examining the uniformity 
of the 220Rn progeny concentration becomes unfeasible. 
(2) Because of the long time required for the 220Rn prog-
eny concentration measurement, which takes over 2 h, 
the experimental measurement data have a certain lag. 
Therefore, a novel approach is required to acquire physical 
information on the flow field within the 220Rn chamber to 
enhance the uniformity of the progeny concentration and 
improve the reliability of 220Rn progeny sampling.

Computational fluid dynamics (CFD) is a highly effec-
tive tool used in the aerospace [14, 15], automobile [16, 
17], shipbuilding [18–20], and chemical industries [21, 
22], as well as in aerosol science and technology [23–26]. 
Recently, CFD has also been applied to study the migra-
tion of radioactive aerosols in limited spaces  [27–35]. 
Agarwal et al. [27] simulated the effect of ventilation rate 
on the 220Rn concentration distribution in a test house. 
This study broadened the potential use of the CFD tech-
nique to handle the expected variability in the 220Rn con-
centration profile. In addition, Agarwal et al. [3] developed 
a comprehensive CFD code to investigate the behavior 
of 222Rn/220Rn and its progeny in indoor environments, 
thereby confirming its reliability and authenticity. This 
study also demonstrated the applicability of a CFD code 
for analyzing the distribution of 220Rn concentration in an 
experimental chamber. In addition to the aforementioned 
research, studies conducted by P. M. et al. [34] and Jun 
et al. [35] significantly advanced the application of CFD 
in the investigation of radioactive aerosols. Agarwal [3] 
introduced the volume-deposition rate to simulate the loss 
of the 222Rn progeny that is deposited near the wall owing 
to gravity and other factors and then attached to the wall 
surface. However, because the volume-deposition rate is 
an averaged parameter, studying the concentration distri-
bution of the 220Rn progeny using it will not yield results 
that are sufficiently accurate. By utilizing CFD, the migra-
tion process of radioactive aerosols in a 220Rn chamber 
may be replicated, and the distribution of radioactive aero-
sol concentrations can be determined, as demonstrated in 
these studies. Hence, using CFD to simulate the migration 
process of 220Rn progeny in a 220Rn chamber and analyze 
their temporal-spatial distribution is a viable approach 
to address the limitations of experimental methods in 

monitoring the concentration levels of progeny across 
multiple spatial locations simultaneously. This method 
can potentially improve the uniformity of 220Rn and its 
progeny concentration.

This article introduces the basic structure of a 220Rn 
chamber in Sect. 2 and establishes a numerical model based 
on fluid mechanics under the flow-field pattern of the 220Rn 
chamber in combination with the decay law of the 220Rn 
progeny and the law of the 220Rn progeny deposition on 
the wall. Section 3 analyzes the effects of wind speed and 
progeny-complement rate on the 220Rn progeny concentra-
tion distribution, with a focus on analyzing the relationship 
between the wind speed and progeny-complement rate at the 
level of the 220Rn progeny concentration and the uniformity 
of progeny concentration. Based on the conclusions, Sects. 3 
and 4 comprehensively analyze the regulation of the wind 
speed and progeny-complement rate on the progeny con-
centration level and guides the selection of sampling areas 
under different 220Rn progeny concentration levels. The 
conclusions of this study provide theoretical guidance for 
the regulation of 220Rn progeny concentration levels and the   
reliable sampling of the 220Rn progeny concentration in a 
220Rn chamber.

2 � Theoretical descriptions

2.1 � 220Rn chamber

220Rn chambers are standard devices that provide a consist-
ent and stable atmospheric environment with a specific con-
centration of 220Rn and its progeny. Figure 1 illustrates the 
two main components of the device: the aging and calibra-
tion chambers. The aging chamber continuously replenishes 
the 220Rn progeny such as the attached 212 Pb and 212 Bi to 
compensate for the consumption of the 220Rn progeny by 
the 220Rn chamber. The performance of the aging chamber 
has been reported in detail [36]; therefore, this study focuses 
solely on the calibration chamber without considering the 
aging chamber. The progeny-complement rate is the flow 
rate of air containing attached 212 Pb and 212 Bi supplemented 
at the inlet.

Figure 1 shows that, in addition to the aging and calibra-
tion chambers, the 220Rn chamber also includes a fan and 
several circulating pipes. The fan aims to accelerate the 
220Rn progeny concentration to a uniform level by adjusting 
its wind speed. The fluid within the 220Rn chamber flows 
in a clockwise direction. In addition, two sampling areas 
exist in the calibration room, namely sampling areas 1 and 
2, which are numbered S1 and S2 , respectively. Sampling 
area S1 is at the center of the calibration room of the 220Rn 
chamber, and sampling area S2 is 0.20m to the left of sam-
pling area S1 . Among them, the flow field in sampling area S1 
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is more stable, which is suitable for sampling progeny with 
various flow rates and belongs to the preferred sampling 
area, whereas the concentration uniformity of the progeny 
in sampling area S2 , which is the standby sampling area, is 
marginally better.

2.2 � Simulation procedure

2.2.1 � Governing equations

A CFD software based on the finite volume method was 
employed to simulate the concentration distribution of 
the attached 212 Pb and 212 Bi within the 220Rn chamber. 
Mass- and momentum-conservation equations were used 
to model the flow-field mode. Then, various modules/equa-
tions describing the relevant physical processes governing 
the attached 212 Pb and 212 Bi are incorporated using a user-
defined function to simulate the concentration distribution 
of the attached 212 Pb and 212 Bi in the 220Rn chamber. The 
predictive accuracy of this software was previously validated 
in various contexts [27].

In the simulation, the flow was assumed continuous and 
incompressible. The temperature inside the 220Rn chamber 
was considered constant and uniform and was set at 300 K. 
The governing equations for the mass and momentum con-
servation are as follows [28–30, 37]:

where � is the fluid density (kg m −3 ), t is the fluid time (s), 
xi is the spatial coordinates (m) with the numbering index 
xi = 1, 2, 3 for x, y, and z, respectively, ui is the velocity 
vector (m s −1 ) with the numbering index i=1, 2, 3 for u, v, 
and w, respectively, P is the pressure (N m −2 ), and � is the 
fluid viscosity.

The release of � - and �-rays does not generate sufficient 
recoil kinetic energy to free the 220Rn progeny from aerosols 
during the decay of 212 Pb to 212Bi. Therefore, the impact of 
the recoil variables was not considered in this study. The 
activity concentration distribution of the 220Rn progeny in 
the 220Rn chamber is as follows [30, 37]:

where the numbering indices are i = 1, 2 for the attached 
212 Pb and 212Bi, respectively. U is the mean velocity (m s −1 ), 
De is the effective diffusion coefficient (m2 s −1 ), Ci is the 
activity concentration (Bq m −3 ) of the ith decay product, �i is 
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Fig. 1   Schematic representation 
of the a 2D and b 3D structures 
of the 220Rn chamber
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the decay constant ( s−1 ) of the ith decay product. In Eq. (3), 
the parameters are estimated using the appropriate math-
ematical models, as discussed below. The decay constants 
( �i ) are �212Pb = 1.8 × 10−5 s−1 and �212Bi = 1.9 × 10−4 s−1 . 
�s is the settling velocity (m s −1 ) from which the Stokes law 
can be obtained.

where r is the radius of the particle (m); the radius of the 
aerosol particles is set to 100 nm. �0 denotes the particle 
density (kg m −3).

The effective diffusion coefficient De is the sum of the 
Brownian diffusion coefficient ( Db ) and turbulent diffusion 
coefficient ( Dt ). The diffusion coefficient ( Db ) is calculated 
using the Stokes–Einstein relationship:

where Cu denotes the Cunningham slip correction factor that 
is calculated as follows [37, 38]:

where kb is the Boltzmann constant ( m2 kg s−2 K−1 ), lm is the 
mean free path of the air molecules (m), � is the viscosity of 
air (Pa s), and T is the temperature (K).

2.2.2 � Turbulence model

During the operation of the 220Rn chamber, when the fan oper-
ates at its lowest power setting, the minimum Reynolds number 
is approximately 2500. As the wind speed increases, the entire 
220Rn chamber becomes turbulent. Consequently, this study 
chose the standard � − � model to conduct the simulation cal-
culations. This equation is expressed as follows:

where �t is the turbulent-flow velocity, G� is the generation 
term of the turbulent kinetic energy � owing to the average 
velocity gradient, �� and �� are the Prandtl numbers cor-
responding to the turbulent kinetic energy � and dissipation 
rate � , respectively, and C1 and C2 are constants: C1 = 1.44 , 
C2 = 1.92.
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2.3 � Initial and boundary conditions

The airflow was selected along the direction perpendicular 
to the inlet for the simulations. According to Li et al. [36], 
the concentration and velocity of the attached progeny at 
the inlet are set by Eqs. (9) and  (10). The outlet is set as 
the pressure outlet. To generate a dynamic flow field, the 
rotating shaft of the fan is set along the x-axis. No-slip and 
adiabatic conditions were imposed on the walls of the com-
putational domain.

where Cinlet
212Pb

 is the concentration of the attached 212 Po at 
the inlet, Cinlet

212Bi
 is the concentration of the attached 212 Bi at 

the inlet, and Q is the progeny-complement rate (L min−1).
To address the phenomenon of the indoor deposition 

and wall attachment of 220Rn progeny, the volume-deposi-
tion rate is commonly used to represent the loss of progeny 
due to deposition and wall attachment [33]. The volume-
deposition rate is a macroscopic effect of the overall loss 
of the 220Rn progeny and is a volume-averaged concept. 
To solve the error caused by the volume-deposition rate, 
the surface-deposition rate is used to replace the volume-
deposition rate, and the phenomenon of 220Rn progeny 
deposition is set near the wall of the 220Rn chamber. In this 
simulation, a grid layer on the 220Rn wall is extracted as 
the area where the 220Rn progeny is deposited on the wall. 
In this area, the source term is set to realize the deposition 
of the 220Rn progeny on the surface of the 220Rn chamber. 
The source-parameter surface-deposition rate has the fol-
lowing relationship:

where Swd is the 220Rn progeny-deposition source term, �wd 
is the deposition rate ( s−1 ) to the surface. The volume-dep-
osition rate ( �Vd ) acts on the entire 220Rn chamber, and the 
wall deposition rate ( �wd ) acts on the area near the wall in 
the simulation calculation. The formula can be expressed as

where V0 is the volume of the 220Rn chamber, VW is the vol-
ume of the area where the surface-deposition rate occurs, 
and D is the error coefficient.

(9)Cinlet
212Pb

=
1.99 × 107

(1.647 + Q)(334.35 + Q)
Bq∕m3,

(10)

Cinlet
212Bi

=
1.03 × 107

(1.647 + Q)(334.35 + Q)(6.3315 + Q)
Bq∕m3,

(11)Swd = −�wd ⋅ Ci,

(12)�wd = �Vd
V0

VW

+ D,
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2.4 � Meshing

2.4.1 � Grid setting at boundary

To reduce the backflow at the inlet and outlet, they were 
extended by 10cm. In this study, the grid is formed using 
hexahedral and tetrahedral methods, in which the fan, inlet, 
and outlet areas are tetrahedral grids, and the other areas 
are hexahedral grids. The flow field in the fan area is com-
plex; thus, in this study local encryption is performed for the 
fan area. The total number of grids in the 220Rn chamber is 
approximately 586 000. The grid quality was evaluated using 
the orthogonal quality, and the orthogonal quality average 
was 0.81279. The mesh is illustrated in Fig. 2a. Based on the 
boundary conditions described in Sect. 2.3, the deposition 
area was set near the wall. In this study, a grid layer near the 
wall was recorded as the deposition area. Figure 2b shows 
the deposition area setting of the x = 0 plane, where the 
outermost light-yellow area is the deposition area.

2.4.2 � Grid‑independence test

In this study, a grid-independence test experiment was 
conducted with grid numbers of 295 000 and 788 000. In 
this experiment, the wind speed and concentration of 220Rn 
progeny at C22 in the 220Rn chamber were compared. M1, 
M2, and M3 represent grid numbers of 295 000, 586 000, 
and 788 000, respectively. The following results are shown 
in Fig. 3: (1) in the experiment comparing the wind speed 
of three kinds of grid flow fields, the relative deviation of 
wind speed at C22 in the 220Rn room is 3.18%; (2) an experi-
ment on the changes of 212 Pb and 212 Bi concentrations with 
time was conducted under the condition of a wind speed of 

0.05 m/s and progeny-complement rate of 7 L/min. When 
the progeny concentration of 220Rn in the 220Rn chamber 
reached a steady state, the relative deviation in the progeny 
concentration of 220Rn was 1.25%. This grid-independence 
test showed that with an increase in the number of grids, the 
consistency of the concentration-change law of the 220Rn 
progeny is good, and the flow field inside the 220Rn chamber 
exhibits little change, which proves that the number of grids 
set in this study is appropriate.

2.5 � Experimental methodology

2.5.1 � Decay products of 220Rn concentration 
measurements

In this study, the decay products of thoron inside the 220Rn 
chamber were measured using an alpha-spectrometer 
method based on alpha spectroscopy. The measurement 
procedure involved sampling the decay products of thoron 
( 220Rn ) using a microporous membrane and self-made sam-
pling rod. The structure of the sampling rod, illustrated in 
Fig. 4, includes a head, microporous membrane, metal mesh, 
washer, and thread. The tail of the sampling rod is a long 
metal rod. The figure shows that microporous membranes, 
metal meshes, and washers are stacked in sequence in the 
structure head, and the head and thread are connected to 
form the structure of the sampling head. The sampling-rod 
samples from the 220Rn chamber using an air pump, the air 
containing the 220Rn progeny enters the sampler through the 
head and then passes through microporous membrane, and 
the 220Rn progeny is adsorbed on the microporous mem-
brane. Then, it passes through the metal mesh, which mainly 
prevents the microporous membrane from being broken 

Fig. 2   (Color online) Schematic 
of a meshing and b depositional 
area setting of 220Rn chamber
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owing to excessive sampling airflow. A washer is used to 
ensure that microporous membrane and metal mesh are 
tightly attached to the structure head, ensuring that the air-
flow passed through the microporous membrane. The struc-
ture duct is approximately 70 cm long and can be sampled at 
different positions along the axis of the 220Rn chamber-sam-
pling hole. The rear end of the structural duct can be con-
nected to a pipe to reintroduce gas into the 220Rn chamber.

During the sampling process, the 220Rn progeny concen-
tration was first sampled for 10 min at a sampling flow rate 
of 5L/min, and the sampled filter film was then placed in 
an alpha spectrometer for counting. Counts N1 and N2 were 
obtained by measuring the 8.78 MeV energy-peak counts 
of 212 Po using the �-spectrum approach [9, 36]. Finally, the 
activity concentrations of attached 212 Pb and 212 Bi were 
determined using Eqs.  (12) and (13). The measurement 
procedure for the progeny concentration is shown in Fig. 4b.

where �1 is the counting efficiency ( �1=0.127), �2 is the filtra-
tion efficiency ( �2=0.99), and Ka is the self-absorption factor 
of the filter membrane ( Ka=0.97) [9, 10].

2.6 � Evaluating indicator

2.6.1 � Indicators for experimental‑ and simulation‑error 
comparisons

The attached 212 Pb and 212 Bi abbreviations in the follow-
ing text are written as 212 Pb and 212Bi, respectively. Hence-
forth, progeny refers to the attached 212 Pb and 212Bi. In this 
study, the alpha-spectrometer method mentioned in Sect. 2.5 
was used to measure progeny concentrations with varying 
wind speeds and progeny-replenishment rates. The obtained 
experimental results ( ce

i
 ) were then compared with the 

numerical simulation results ( cs
i
 ) by calculating the relative 

deviation (RD). Verifying the uniformity of the progeny con-
centration through experimental research is difficult because 
it requires the simultaneous measurement of the progeny 
concentration at 27 spatial positions, as shown in Fig. 5. As 
a result, this study confirmed the consistency of progeny 
concentration between the simulation and experimentation 
at equilibrium. However, the uniformity of the progeny con-
centration between the simulation and experimentation at 
equilibrium has not yet been confirmed.

2.6.2 � Performance‑evaluation index of the 220Rn chamber

The distribution of monitoring points in the 220Rn chamber 
is illustrated in Fig. 5. Within the calibration chamber, the 
top, central, and bottom monitoring points were identified 
as T, C, and B, respectively. The coordinates of the central 
point are denoted as C22(0,0,0), which is the sampling area 
S1 . The distance between each site and the adjacent sites is 
0.2 m. The sampling area S2 is located at C12 in Fig. 5.

Two important indices, the progeny concentration level and 
uniformity of progeny concentrations, are crucial in determin-
ing the regulation ability. The mean progeny concentration 
( ̄C ) at each monitoring point was calculated using Eq. (16). 
The uniformity of progeny concentrations within the 220Rn 

(13)C212Pb =
1

1.42Q�1�2Ka

(
0.1073N2 − 0.105N1

)
,

(14)C212Bi =
1

1.42Q�1�2Ka

(
0.1593N1 − 0.0377N2

)
,

(15)RD =
|||
||

ce
i
− cs

i

ce
i

|||
||

Fig. 3   Comparison of a wind speed and b progeny concentration with 
the change of grid number
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chamber can be assessed using the relative standard deviation 
(RSD) at these monitoring points, as expressed in Eq. (17).

where ci denotes the concentration of 212 Pb or 212 Bi at the 
ith point.

(16)C̄ =
1

9

9∑

1

ci,

(17)RSD =

�
1

9

∑9

1
(ci − c̄)2

C̄
× 100%,

3 � Results and analysis

3.1 � Comparison of the progeny concentration 
between experiment and simulation

To better illustrate the consistency of the simulation and 
experimental laws, validation experiments were conducted 
to ensure the reliability of the simulation data. The prog-
eny concentration measured at sampling area S1 in the 
experiment was compared with the progeny concentration 
at the same location in the CFD simulation. The simulation 

Fig. 4   a Structure of self-made 
sampling rod and b measure-
ment procedure of progeny 
concentration

Fig. 5   (Color online) Distribu-
tion of monitoring sites in the 
220

Rn chamber
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and experimental results were obtained by averaging the 
results of three experiments. Figure 6a and b shows the 
concentration values of the progeny obtained from the 
measurements and simulation. Figure 6a and b shows that 
as the wind speed gradually increased, the progeny con-
centration rapidly decreased, which is consistent with both 
the experimental and simulation results. Furthermore, the 
relative deviation (RD) between the simulated and experi-
mental data for 212 Pb remained consistently below 20%, 
whereas that for 212 Bi remained below 15%. This unequiv-
ocally confirmed the reliability of the simulation.

3.2 � Analysis of the impact of regulating parameters 
on the performance indicators of the 220Rn 
chamber

This section analyzes the relationship between the perfor-
mance indicators and wind speed, as well as the relationship 

between the performance indicators and complement rate of 
the progeny.

3.2.1 � Effect of wind speed on the performance parameter 
of 220Rn chamber

(1) Profile plots of the concentration of 212Pb and 212Bi.
Figure 7a illustrates the distribution of the progeny con-

centration at x = −1m , −0.3 m, 0.3 m, and 1 m at different 
wind speeds, and Fig. 7b shows the progeny concentration 
profile at z = 0m for various wind speeds. The progeny 
concentration profile at x = 1m in Fig. 7a shows that the 
progeny concentration is significantly higher in the bottom 
section than in the middle and upper sections. Conversely, at 
x = −1m in Fig. 7a, the progeny concentration in the mid-
dle was higher and indicated a more uniform distribution 
than that at x = 1m . Furthermore, Fig. 7b demonstrates 
that the tail end of the progeny concentration distribution is 
more uniform than that at the front end. As the wind speed 
increases, the uniformity of the distribution improves.

Figure 8a displays the streamlines color-coded accord-
ing to the velocity magnitude. Initially, progeny with a high 
concentration enters the calibration chamber from the inlet. 
Subsequently, the progeny circulate within the calibration 
chamber, particularly along the bottom wall, when the wind 
speed is low. Eventually, most of the progeny flow into the 
pipeline along the bottom wall of the calibration chamber, 
whereas a small fraction continues to circulate within the 
chamber.

Furthermore, the concentration profiles of 212 Pb and 212 Bi 
are higher below the inlet than at other places, particularly 
when the wind speed is relatively low. Figure 8b provides a 
detailed kinematic explanation of the motion characteristics 
of the progeny displayed in Fig. 8a, c. v1 is the fluid velocity 
and v2 represents the combined velocity between the initial 
velocity ( v∗

G
 ) and the velocity produced by gravity ( vG ). Fig-

ure 8b shows that the progeny are initially injected ( v∗
2
 ) with 

a downward velocity (in the negative Y direction). When the 
injection velocity ( v∗

2
 ) is significantly higher than the fluid 

velocity ( v1 ), the progeny particles tend to accumulate in 
region B. This phenomenon is more likely to occur when the 
wind speed is low. This explains why the concentration of 
progeny at the bottom of the calibration chamber is higher 
than that in the other sections.   

(2) Effect of wind speed on progeny concentration
The variation in the concentration of 212 Pb with wind 

speed at a fixed progeny-complement rate of 7 L/min is 
plotted in Fig. 9a. Figure 9a shows that the 212 Pb concentra-
tion decreases with wind speed from 0.05 to 0.5 m/s. When 
the wind speed is less than 0.25m/s, the progeny concentra-
tion is highly sensitive to changes in wind speed. When the 
wind speed exceeds 0.25 m/s, the sensitivity decreases. For 
a detailed analysis, at a wind speed of 0.05 m/s, the 212 Pb 

Fig. 6   The a 212Pb concentration and b 212Bi concentration obtained 
from measurements and simulation at the sampling area S

1
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Fig. 7   (Color online) Simulated concentration profile of 212Pb/212 Bi 
for different wind speeds for a fixed progeny-complement rate of  

7 L/min at x = −1m , −0.3 m, 0.3 m, 1 m, and z = 0 cm. The distribu-
tion of a 212Pb concentration and b 212Bi concentration in relation to 
wind speed, respectively
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concentration is 2513 Bq/m3 , and the 212 Pb concentration is 
378 Bq/m3 at a wind speed of 0.5 m/s. In comparison, the 
212 Pb concentration in the latter is reduced to 15% of that in 

the former. In addition, at a wind speed of 0.05 m/s, the 212 Bi 
concentration is 2285 Bq/m3 , and the 212Bi concentration is 
165 Bq/m3 at a wind speed of 0.5 m/s. In comparison, the 

Fig. 8   (Color online) a Streamlines colored by the velocity magnitude (m/s) of flow for wind speed of 0.05 m/s. b Progeny velocity vector dia-
gram around progeny-complement entrance area
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212 Bi concentration of the latter is reduced to 7.2% of that of 
the former. Progeny concentration is greatly affected by wind 
speed. This is primarily because higher wind speeds result 
in a more pronounced deposition of progeny [9]. Therefore, 
wind speed significantly affects progeny concentration and 
is a key parameter in its regulation.

(3) Effect of wind speed on uniformity
Figure 7a and b in Sect. 3.2.1 qualitatively show that as 

the wind speed increases, the uniformity of the progeny con-
centration in the 220Rn chamber gradually improves. In addi-
tion, Fig. 8 quantitatively shows the relationship between the 
uniformity of the progeny concentration and wind speed. 
Based on the results presented in Fig. 10, an increase in wind 
speed leads to a gradual decrease in the RSD of the prog-
eny concentration. This decrease indicates an improvement 

in the uniformity of the progeny concentration within the 
220Rn chamber, which aligns with the conclusions presented 
in Sect. 3.2.1. Specifically, when the wind speed ranges 
from 0.05 to 0.50 m/s, the RSD of 212 Pb in sampling area S1 
decreases from 10.51 to 0.60%, whereas the RSD of 212 Bi 
decreases from 7.57 to 0.57%. Similarly, in sampling area 
S2 , the RSD of 212 Pb decreases from 9.08 to 0.54%, and the 
RSD of 212 Bi decreases from 7.97 to 0.51% within the same 
wind speed range. These significant changes in RSD indi-
cate the strong influence of wind speed on the uniformity 
of progeny concentration. Notably, when the wind speed 
exceeds 0.2 m/s, it has little effect on the uniformity of the 
progeny concentration in the two sampled regions, with an 
RSD of 1.6%. 

3.2.2 � Effect of progeny‑complement rate on performance 
parameter of 220Rn chamber

(1) Profile plots of the concentration of  212Pb and 212Bi.
Section 3.2.1 shows that when the wind speed is 0.05 m/s, 

the progeny concentration gradient is the most obvious. 
Therefore, to clearly analyze the distribution of progeny 
concentration in Sect. 3.2.2, the wind speed in this section 
is set to 0.05 m/s. Figure 11a illustrates the distribution of 
progeny concentration at x = −1m , −0.3m , 0.3 m, and 
1 m for different progeny-complement rates, and Fig. 11b 
shows the progeny concentration profile at z = 0m for vari-
ous progeny-complement rates. Compared with the middle 
and upper sections of the progeny concentration distribution 
at x = 1m , the progeny concentration at the bottom is sig-
nificantly higher, and at x = −1m in Fig. 11a, the progeny 
concentration in the middle area is higher. Compared with 

Fig. 9   (Color online) Variation of a 212Pb concentration and b 212Bi 
concentration with wind speed at a fixed progeny-complement rate of 
7 L/min

Fig. 10   (Color online) RSD of progeny with wind speed at a fixed 
progeny-complement rate of 7 L/min
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Fig. 11   (Color online) Simulated concentration profile of progeny 
for different progeny-complement rates for a fixed wind speed of 
0.05 m/s at x = −1m , −0.3 m, 0.3 m, 1 m, and z = 0m . The distribu-

tion of a 212Pb concentration and b 212Bi concentration with progeny-
complement rates respectively
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the effect of wind speed on the progeny-complement rate 
mentioned in Sect. 3.2.1, the impact of wind speed on prog-
eny concentration uniformity is significantly greater.

(2) Effect of progeny-complement rate on progeny 
concentration

The variation in 212 Pb concentration with the progeny-
complement rate at a fixed wind speed of 0.05 m/s is plot-
ted in Fig. 12a. Figure 12a and Figure 12b shows that the 
212 Pb and 212 Bi concentrations gradually increase as the 
progeny-complement rate increases from 1 to 7 L/min. 
The concentration of 212 Pb increased from 1132 Bq/m3 to 
2513 Bq/m3 , an increase of 122%, while the concentration of 
212 Bi increased from 981 Bq/m3 to 2285 Bq/m3 , an increase 
of 133%. Notably, Eqs. (9) and (10) show that when the 
progeny-complement rate increases, the progeny concentra-
tion in the air charged into the 220Rn chamber from the inlet 

decreases. However, the progeny-complement amount per 
unit time increases; thus, the progeny concentration level 
can be effectively improved. Therefore, in addition to wind 
speed, the progeny-complement rate is a key parameter for 
regulating progeny concentration.

(3) Effect of progeny-complement rate on uniformity
Figure 11a in Sect. 3.2.2 qualitatively show that as the 

progeny complement increases, the uniformity of the prog-
eny concentration change in the 220Rn chamber is not obvi-
ous. In addition, Fig. 13 quantitatively shows the relation-
ship between the uniformity of the progeny concentration 
and progeny-complement rate. Based on the data presented 
in Fig. 13, the RSD of the 212 Pb concentration ranges from 
8.90 to 10.51% in sampling area S1, whereas the RSD of the 
212 Bi concentration ranges from 7.55 to 7.87% in the same 
area. In sampling area S2, the RSD of the 212 Pb concentra-
tion varies between 8.40% and 8.92%, whereas the RSD of 
212 Bi concentration ranges from 6.97 to 7.45%. The RSD 
value of the progeny concentration exhibits little change and 
was relatively stable. Thus, we can conclude that the impact 
of the progeny-complement rate on progeny concentration 
uniformity is negligible compared with the influence of wind 
speed.

4 � Comprehensive analysis on optimization 
of performance parameters of 220Rn 
chamber

In Sect. 3, the influence of two adjustment parameters, wind 
speed and progeny-complement rate, on two performance 
indexes of the 220Rn chamber, uniformity and concentration 

Fig. 12   (Color online) Variation of a 212Pb concentration and b 212Bi 
concentration with progeny-complement rate at a fixed wind speed of 
0.05 m/s

Fig. 13   RSD of progeny with progeny-complement rate at a fixed 
wind speed of 0.05 m/s
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Fig. 14   (Color online) a 212Pb 
concentration and b 212Bi con-
centration under different wind 
speed and progeny-complement 
rate
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level of the progeny concentration, are analyzed. However, 
this analysis needs to be considered comprehensively to 
achieve good uniformity of progeny concentration and the 
specified concentration level. This section presents a com-
prehensive analysis of the adjustment of progeny concentra-
tion levels using wind speed and the progeny-complement 
rate.

In the progeny-sampling experiment, the ideal progeny 
concentration uniformity in the sampling area is within 5%. 
If this is not achievable, it should be less than 10%. Fig-
ure 14a and b shows the concentration values of 212 Pb and 
212Bi, respectively, under different wind speeds and progeny-
complement rates. When the wind speed exceeds 0.1m/s and 
the progeny-complement rate ranges from 1 to 7 L/min, the 
212 Pb concentration ranges from 163 to 1305 Bq/m3 , whereas 
the concentration of 212 Bi ranges from 123 to 1203 Bq/m3 . 
As indicated in Sect. 3.2.1, the progeny concentration uni-
formity in both sampling areas is less than 5%. Thus, sam-
pling could proceed. However, when the wind speed is below 
0.1m/s and the progeny-complement rate ranges from 1 to 
7 L/min, the concentration of 212 Pb varies from 1305 Bq/m3 
to 2338 Bq/m3 , and the concentration of 212 Bi varies from 
1203 Bq/m3 to 2001 Bq/m3 . Section 3.2.1 reveals that the 
progeny concentration uniformity in the sampling area S1 
exceeds 5%, particularly at a wind speed of 0.05m/s, where 
it surpasses 10%. Conversely, the progeny concentration uni-
formity in sampling area S2 was less than 10%, and the flow 
field remains stable, making it more suitable for sampling.

5 � Conclusion

In this study, we utilized CFD to conduct a numerical simu-
lation and analyze the correlation between progeny concen-
tration level, progeny concentration uniformity, wind speed, 
and progeny-complement rate. To enhance the accuracy of 
the model, physical laws such as progeny-deposition and 
decay laws were incorporated. Additionally, the model was 
validated through experiments, establishing a solid ground-
work for simulating and analyzing the spatial distribution 
of progeny concentration. The findings of this study offer 
reliable theoretical guidance for regulating progeny con-
centration and ensuring the accurate sampling of progeny 
concentration.

The next step in our research will be to conduct-related 
studies on the simultaneous regulation of 220Rn and its 
progeny, based on the results of this study. The simultane-
ous regulation of 220Rn and its progeny is the key technol-
ogy to realizing the measurement of 220Rn and its progeny. 
Compared with the use of only the concentration regula-
tion for the 220Rn progeny, the key regulation parameters 
in the simultaneous regulation of 220Rn and its progeny are 
more numerous, and their workload is greatly increased. 

The numerical calculation method, which relies on CFD, 
has a limited ability to provide rapid predictions owing to 
its reliance on iterative algorithms. Therefore, the subse-
quent step will involve conducting related research on the 
concurrent regulation of 220Rn and its progeny using artifi-
cial intelligence, with the aim of establishing a rapid predic-
tion method for their concurrent regulation. In particular, 
the focus should be on devising a method that allows for 
the reverse prediction of regulatory parameters when the 
target state is known. These studies are significant for fur-
ther improving the control level of 220Rn chambers and the 
measurement level of 220Rn and its progeny.
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