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Particle size distribution of radon progeny is one of the most important parameters and it
needs to be measured accurately. Graded screen array measurement is the most frequently
used method for analyzing the characteristics of radon progeny but it needs optimization due
to its complex configuration. In this paper, collection efficiency of a single screen and the
number of screen array were applied for optimization and simplification of the graded screen
array configuration by a series of experimental measurements, theoretical calculations, and
standard comparison research methods. When optimized in this way, an experiment was de-
signed for radon progeny particle size distribution in a customized radon chamber. The exper-
iment results indicated that the activity median diameter in unattached mode was 0.81 nm
and 287.32 nm in attached mode, which were similar to the results obtained by other re-
searchers. The results prove that the method can satisfy the requirements of graded screen ar-

ray measur ement.
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INTRODUCTION

Radon (*?’Rn) and its progeny are the main
sources of natural radiation doses emitted to human
body and more than 50 % of the total natural radiation
exposure is caused by inhalation of radon and its prog-
eny into human lungs [1]. Compared with ?*’Rn, its
progeny will do more harm to human health after it
penetrates the human respiratory system. However, it
is difficult to directly measure radon progeny depos-
ited in human respiratory tract due to the nanoscale
size distributions of 2?2Rn progeny in a standard con-
tainer (such as a radon chamber). The typical particle
size distribution of 22?Rn progeny, according to pres-
ent understanding, can be divided into the unattached
mode and the attached mode, and the dose per unit ex-
posure for unattached radon progeny is about 25 times
higher than that for attached one [2]. Therefore, for ac-
curate analyses of particle size distribution in this
range, the graded screen array (GSA) measurement
techniques, originated from screen-type diffusion bat-
tery measurement, has been introduced to analyze the
characteristics of radon progeny by fan model
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pentration theory [3]. Unfortunately, the measurement
of GSA is too complex to be used in practice.

In this paper, collection efficiency of a single
screen and a number of screen arrays were applied for
optimization and simplification of GSA configuration
with a series of experimental measurements, theoreti-
cal calculations, and standard comparison research
methods. In this way, we designed an experiment in ra-
don chamber to analyze the particle size distribution of
unattached and attached radon progeny. Hence, an ex-
periment was designed for radon progeny particle size
distribution in radon chamber. The experiment results
indicated that the activity median diameter (AMD) in
unattached mode was 0.81 nm and 287.32 nm in at-
tached mode, which were similar to the results of other
researchers. The results proved that the method can
satisfy the requirements of GSA measurement.

MATERIAL AND METHODS

Optimization of single screen
collection efficiency

Due to different particle size range of radon prog-
eny and aerosol, the main mechanism of action for the
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collection by mesh fiber is also infinitely varied. Tradi-
tionally, a size range of 0.1~1000 nm can be
logarithmically divided into 64 size intervals according
to the research of Fukutsu and Tokonami in order to ob-
tain the result of bi-modal particle size distribution [4]. In
this paper, for the sake of simplification, the mesh collec-
tion efficiency was calculated according to the particle
size of the aerosol into three particle size ranges:
0.1~100, 100~200, and 200~1000 in nanometers. In the
range of 0.1~100 nm, the research of Fukutsu [5] and
Ramamurthi [6] showed that the main mechanism of a
single screen is the diffusion effect for the particle size of
aerosol in this range. Accordingly, the collection effi-
ciency, P, within the range of particle size can be defined

as
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where « is the solid volume fraction of screen, # [em] —
the thickness of screen fabric, Q [L min '] —the vol-
umetric flow rate, d — the diameter of screen effective
collection area in GSA (taking 3.73 normally), df[cm]
— the fluid flow cross-section diameter of diffusion
battery, k [=1.38-10% Jmol K''] — the Boltzmann
constant, 7 [K] — thermodynamic temperature, C —
the slip c oefficient, u — the gas viscosity coefficient
(g em s, taking 1.89-10" normally), and d, [em] —
related to the particle diameter.

Atthe range of 100~200 nm, according to the re-
search of Cheng and Yeh [7], the inertial term is negli-
gible when particle size of aerosol is below 200 nm.
Therefore, P can be expressed as
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where Pe is Peclet number and « is defined as
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At the range of 200~1000 nm, there is a need to
consider the interaction of four mechanisms such as
diffusion, interception, inertial collision, and the inter-
action of diffusion and interception. Namely, the col-
lection efficiency P can be written as

dah )
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where St is Stokes number and f'(R) is defined as
F(R)=(1+R) " =(1+R)+2(1+R)In(1+R) (4)

where R is the coefficient of interception parameter
which is defined as R = d/d;.

In order to illustrate the correctness of the calcula-
tion results of the collection efficiency of aerosol parti-
cles collected in this stage, the sampling flow rate of 3
Lmin! was selected, and the results of two calculation
methods including 30-, 100-, 250-, and 400-mesh collec-
tion efficiency were compared. The results of 400-mesh
is shown in fig. 1, along with the collection efficiency of
radon particles in the range of 0.1~1000 nm obtained by
using Fukutsu's method, and the radon particle size
ranges of 0.1~100,100~200 and 200~1000 nm by using
our 3-section method.

As shown in fig. 1, the results of efficiency are
virtually the same when these methods are used and
the max relative error is below 0.2 % when d, = 10 nm.
We can also see that the collection efficiency of d, =
= 400 nm under the sample flow rate of 3 Lmin™! is the
lowest, collection efficiency is improved when d,
>400 because inertia effect increases as particle size
increases.

In general, based on the previous single screen
collection efficiency, 5 types of sample flow rates and
6 types of meshes are compared in tab. 1. It indicates
that the semi-cut off diameter (the particle size at col-
lection efficiency p = 50 %) is decreasing as sampling
flow grows by the diffusion process. In this paper, we
chose 3 Lmin~! sampling flow rate and 4-layer meshes
including 30, 100, 250, and 400 as the parameters of
GSA, due to the sampling flow rate of 1 Lmin~! and
2 Lmin!, and the semi-cut off diameter of the
first-stage screen which is too large and not fine
enough. The overall half-cut particle size at the sam-
pling flow rate of 5 Lmin ™! is too small to contain the
5 nm particle size interval of the unbound scorpion
aerosol. The half cut-off diameters determined by 30-,
100-, 250-, and 400-mesh at a sampling flow rate of 3
Lmin ' are 0.95,2.29, 4.28, and 5.48 nm, respectively,
which is most suitable for unbound states compared to
other combinations with the closest arithmetic pro-
gression.
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Figure 1. Calculation results of 400-mesh wire collection
efficiency with sampling flow rate of 3 Lmin™
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Table 1. Semi-cut off diameter [nm] of alternative screens at different sampling flow rates

ri?;l IEE:H%IOIYY] 30 meshes 60 meshes 100 meshes 250 meshes 400 meshes 500 meshes
1 1.93 3.19 3.98 7.45 9.55 9.40
2 1.25 2.25 2.81 5.26 6.73 6.63
3 0.95 1.84 2.29 4.28 5.48 5.40
4 0.77 1.51 1.98 3.71 4.74 4.67
5 0.66 1.32 1.72 3.32 4.24 4.18

Cascade screen collection
efficiency calculation

According to previous analysis, the collection
efficiency of the aerosol of the radon progeny is re-
lated to the mesh number and aerosol particle size.
Further, radon progeny aerosol particle size can be di-
vided into 64 sections according to Fukutsu's research.
Consequently, we collected 64 sections of acrosol par-
ticle sizes by a 4-layered mesh and the collection effi-
ciency can be defined as P; ; of section/ of particles on
the i-th layer screen of GSA.

Based on the previous analysis, the collection ef-
ficiency was calculated of the aerosol particles of each
particle size segment of the GSA system at sampling
flow rate of 3 L min~'. The parameters of P ; ;and the
total collection efficiency for each particle size seg-
ment is shown in fig. 2. The collection efficiency of
GSA for the first 20 sections is close to 100 %, and the
efficiency from section 27 to 40 (equivalent of
4.532~29.427 nm) noticeably changed. In this paper,
we chose the particle size of 9.811 nm at sampling
flow rate of 3 Lmin~'.

Backstepping of particle size
distribution of aerosol

The GSA sampling and experimental measure-
ments are often used to calculate the activity of the
progeny collected from each layer of the screen and
the total activity from the sampling. In this paper, we
needed to calculate the activity particle size distribu-
tion of aerosol particles. Twomey algorithm and ex-
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Figure 2. The collection efficiency P;; of radon progeny
particles in GSA configuration

ception maximization (EM) algorithm are more suit-
able for analyzing the particle size distribution of ra-
don information [8]. Hence in this paper, based on the
algorithm of EM, the iterative calculation was carried
out by the convergence judgment of effective times. In
this way, the activity particle size distribution of the
aerosol particles was calculated effectively.

Based on EM algorithm, the activity expectation
E of the radon progeny in j " section and on i ™ layer
can be defined as follows

E(Zi,j ):ZOPi,jfj (5)

where Z; is the total activity of sampling of radon
progeny aerosol particles, f; being the proportion of ra-
don progeny aerosol activity in particle size of section
Jj related to total activity. In fact, we often measure the
total activity of each layer Z; instead of Z;;. namely,
64
E(Zi):ZO'ZPi,j'fj (6)
J=1
where Z() = Z] + Zz + Z3 + Z4 + Zﬁ][er.
For 4-layered single screen, the activity expecta-
tion is

4
E(Z;)=22y-P ;- f; =2y f;-P; (D)
i-1

Accordingly, the proportional initial estimation
of radon progeny aerosol activity at section j is
Z .
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For eq. (6), Z, can be rewritten as

Zi
Zy = 64 )
21
2P0
j=1
the formula applies a variable substitution with eq. (9)
toeq. (5) as

z; N
EZ =g Pyl (10)
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And total activity can be expressed as
a Zi >l
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Based on the iteration ruler, the proportion of ra-
don progeny aerosol activity in particle size of section
j related to total activity at the ™ time is
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Figure 3. The flowchart of backstepping of particle size
distribution of aerosol
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The overall procedure of this method can be il-
lustrated as in fig. 3

RESULTS AND DISCUSSION

The experiment in this paper was based on the
HD-6 multi-functional self-control chamber, devel-
oped by East China University of Technology, and the
monodisperse 5 % NaCl aerosol particles were added
by model 3079 aerosol generator which is manufac-
tured by TSI Inc. The effective volume of the chamber
was 4.18 m® with 10 quick-change joint sampling
ports at the front figs. 4 and 5. After the temperature
and humidity in the box were stabilized (at 20 % and
30 % RH for this experiment), the initial enthalpy con-
centration and target enthalpy concentration were in-
put into the box, and the control software automati-
cally calculated the compensation time and performed
a certain error. The dynamic compensation in the
range made the indoor radon concentration maintain
dynamic stability within the control error, and the ef-
fective regulation range of the radon concentration
was 200~20000 Bqgm (6000 Bqm 3 for this experi-
ment). In this paper, we analyzed the aerosol particle
size distribution of radon progeny in this chamber.

The experiment proceeded as follows: (a) the
screen with 30-, 100-, 250-, and 400-meshes in in-
creasing order was applied in GSA sampler. Besides, a
gas flowmeter was installed between the sampler and
air pump to keep the sampling speed of 3 Lmin~! for 10
minutes. (b) the number of & particle was recorded on
cascade screens at a certain time span. The resulst are
shown in tab. 2.

By applying this data into the backstepping
method of particle size distribution of aerosol, we
could obtain the value of each fi in different sections.
The particle size distribution of the average number is
depicted in fig. 6, where dA is the activity concentra-
tion of radon progeny multiplied by f;.

There are two peaks in fig. 7, which represented
the unattached mode and the attached mode ofra-
don progeny separately. For the peak generated in
unattached mode, we calculated that the AMD was
0.81 nm and geometric standard deviation (GSD) was
1.72 by Gaussian curve fitting. In the same way, the

Table 2. The experiment data (alpha particle counters) of radon progeny aerosol particle collected by GSA sampler

Experiment No. Time span [min]
2-5 7-10 12-15 17-20 22-25
1 18 11 5 4 57
2 18 12 5 5 52
3 19 11 4 8 44
Average 18.33 11.33 4.67 5.67 51
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Figure 4. The simulation of the process of
HD-6 multi-functional self-control chamber

Figure 5. The environment of experimental
measurement
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Figure 6. The result of radon progeny aerosol particle
size distribution measurement by GSA

AMD in attached mode was 287.32 nm and GSD was
1.98, which were similar to the results of other re-
searchers [9-11]. The results prove that the method can
satisfy the requirements of GSA measurement.

CONCLUSION

In this paper, several optimal methods including
optimization of single and cascade screen collection
efficiency as well as backstepping of particle size dis-
tribution of aerosol for GSA configuration are pro-
posed, which can simplify the calculation process of
collection efficiency. Based on HD-6 chamber, the ex-
periment results, 0.81 nm of AMD in unattached mode

-1.0 -0.8-06-0.4-0.2 0.0 0.2 0.4 06 08
logd], [nm]

(a) Unattached radon progeny aerosol
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(b) Attached radon progeny aerosol

Figure 7. The AMD analysis of radon progeny aerosol
particles by Gaussian curve fitting

and 287.32 nm of AMD in attached mode, are similar
to the results of other researchers, which proves that
the method can satisfy the requirements of GSA mea-
surement.

ACKNOWLEDGEMENT

This work was supported by the National Key
R&D Program of China (No. 2017YFF0104200), the
National Natural Science Foundation of China (No.
11565002), and the Open Funds of Engineering Re-
search Center of Nuclear Technology Application of
the Ministry of Education (No. HISJYB2017-2).

AUTHORS' CONTRIBUTIONS

R. Chen and S. Zhou designed and performed
the research and analyzed the data. The paper was
written by R. Chen.

REFERENCES

[1]  ***, Sources, Effects and Risks of Ionizing Radiation
UNSCEAR 2017 report, United Nations Scientific
Committee on the Effects of Atomic Radiation,
March, 2018



R. Chen, et al.: Optimized Graded Screen Array Configuration for Particle Size ....
Nuclear Technology & Radiation Protection: Year 2019, Vol. 34, No. 3, pp. 272-277 277

(2]

Yuness, M., et al., Indoor Activity Size Distribution of
the Short-Lived Radon Progeny, Stochastic Environ-
mental Research & Risk Assessment, 30(2016), 1, pp.
167-174

Birchall A., James A. C., Uncertainty Analysis of the
Effective Dose Per Unit Exposure from Radon Prog-
eny and Implications for ICRP Risk-Weighting Fac-
tors, Radiation Protection Dosimetry, 53 (1994), 1-4,
pp- 133-140

Fukutsu, K., et al., Newly Designed Graded Screen
Array for Particle Size Measurements of Unattached
Radon Decay Products, Review of Scientific Instru-
ments, 75 (2004), 3, pp. 783-787

Fukutsu, K., ef al., A New Graded Screen Array for
Radon Progeny Size Measurements and Its Numerical
Verification, Journal of Atmospheric Electricity, 23
(2003), 2, pp. 49-56

Ramamurthi, M., Simulation Studies of Reconstruc-
tion Algorithms for the Determination of Optimum
Operating Parameters and Resolution of Graded
Screen Array Systems, Aerosol Science and Technol-
ogy, 12 (1990), 3, pp. 700-710

(8]

Mabher, E. F., Nan, M. L., EM Algorithm Reconstruc-
tion of Particle Size Distributions from Diffusion Bat-
tery Data, Journal of Aerosol Science, 16 (1985), 6,
pp- 557-570

Tokonami, S., Determination of the Diffusion Coeffi-
cient of Unattached Radon Progeny with a Graded
Screen Array at the EML Radon/Aerosol Chamber, Ra-
diation Protection Dosimetry, 81(1999),4, pp. 285-290
Kranrod, C., Measurement of Radon and Thoron
Progeny Size Distributions and Dose Assessments at
the Mineral Treatment Industry in Thailand, Journal
of Radioanalytical & Nuclear Chemistry, 296 (2013),
2, pp. 625-630

Yuness, M., et al., Indoor Activity Size Distribution of
the Short-Lived Radon Progeny, Stochastic Environ-
mental Research & Risk Assessment, 30(2016), 1, pp.
167-174

[71 Cheng,S., Yeh, C., Theory ofa Screen Type Diffusion
Battery, Journal of Aerosol Science, 11 (1980), 3, pp.
313-320

Received on November 12, 2018
Accepted on May 16, 2019

Kyej YEH, llly-Mun I1OY

OIITUMN30BAHA KOH®UTYPAIINJA CTEINEHACTE MPEXE
MMPO30PA 3A IUCTPUBYLHUIJY ITIOTOMAKA PAITOHA NNPEMA
BE/IMYUHUN YECTULE Y CTAHIAPIHOJ KOMOPH

Pacniopena BenmuuMHe 4YecTHMLa NIOTOMaka pajoHa jeflaH je Ofl HajBa*KHUjUX HapameTapa 1
3aXTeBa BUCOKY NPEUMU3HOCT IPUIUKOM Mepema. Mepema NPUMEHOM CTeleHacTe MpeKe mpo3opa Haj-
yenthe je kopuitheHa MeTOfa 3a aHANIU3Y KapaKTepUCTHKA IIOTOMaKa pajioHa Kojy je MOTpeOHO ONTu-
MH30BaTH YCle[l KOMIJIEKCHE KOH(uUrypanuje. Y OBOM pajly HCNHTaHAa je €(PUKACHOCT NMPUKYIUbamka
[0jeluHaYHOTr IIPO30pa Kao ¥ HK3a Pa3InyuTOr Opoja Mpo3opa paju ONTUMHU3ALKje U [10je[lHOCTaB/bEha
KOH(Urypanyje cTeleHacTor Hu3a po30pa Ha OCHOBY CepHje eKCIIEPUMEHTATHUX MepeHha, TEOPHjCKUX
IpopavyHa U CTaHAapAHUX MeTofa mopebema pesyarara. EKCliepiMeHT je HalpaBibeH 3a AUCTPUOYIH]Y
[IOTOMaKa pajioHa IIpeMa BeJIMUMHU YeCTHLE Y TpunarobeHoj KoMopiu 3a pafioH. Pesynratu ekcnepuMenra
MmoKa3zyjy 7Aa je MeaujaHa mpeuyHuka y Henpmiarobenom peskumy (.81 nm, a y mpuiaroberom peskumy
287.32 nm, ITO CYy BPEAHOCTH CIIMYHE TOOUjeHIM O] CTpaHe APYruX ucTpakuBaya. PesynraTu nmokasyjy ga
0Ba METOJla MOK€ 3a/l0BOJBUTHU 3aXTEBE MEPEba CTEIIEHACTUM HU30M IIPO30pa.

Kwyune peuu: ioitiomax padoHa, citiefieHaciti Hu3 upo3opa, OuiumMu3ayuja, meoujana upetHuKa



