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Par ti cle size dis tri bu tion of ra don prog eny is one of the most im por tant pa ram e ters and it
needs to be mea sured ac cu rately. Graded screen ar ray mea sure ment is the most fre quently
used method for an a lyz ing the char ac ter is tics of ra don prog eny but it needs op ti mi za tion due
to its com plex con fig u ra tion. In this pa per, col lec tion ef fi ciency of a sin gle screen and the
num ber of screen ar ray were ap plied for op ti mi za tion and sim pli fi ca tion of the graded screen
ar ray con fig u ra tion by a se ries of ex per i men tal mea sure ments, the o ret i cal cal cu la tions, and
stan dard com par i son re search meth ods. When op ti mized in this way, an ex per i ment was de -
signed for ra don prog eny par ti cle size dis tri bu tion in a cus tom ized ra don cham ber. The ex per -
i ment re sults in di cated that the ac tiv ity me dian di am e ter in un at tached mode was 0.81 nm
and 287.32 nm in at tached mode, which were sim i lar to the re sults ob tained by other re -
search ers. The re sults prove that the method can sat isfy the re quire ments of graded screen ar -
ray mea sure ment.
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IN TRO DUC TION

Ra don (222Rn) and its prog eny are the main
sources of nat u ral ra di a tion doses emit ted to hu man
body and more than 50 % of the to tal nat u ral ra di a tion
ex po sure is caused by in ha la tion of ra don and its prog -
eny into hu man lungs [1]. Com pared with 222Rn, its
prog eny will do more harm to hu man health af ter it
pen e trates the hu man re spi ra tory sys tem. How ever, it
is dif fi cult to di rectly mea sure ra don prog eny de pos -
ited in hu man re spi ra tory tract due to the nanoscale
size dis tri bu tions of 222Rn prog eny in a stan dard con -
tainer (such as a ra don cham ber). The typ i cal par ti cle
size dis tri bu tion of 222Rn prog eny, ac cord ing to pres -
ent un der stand ing, can be di vided into the un at tached
mode and the at tached mode, and the dose per unit ex -
po sure for un at tached ra don prog eny is about 25 times
higher than that for at tached one [2]. There fore, for ac -
cu rate anal y ses of par ti cle size dis tri bu tion in this
range, the graded screen ar ray (GSA) mea sure ment
tech niques, orig i nated from screen-type dif fu sion bat -
tery mea sure ment, has been in tro duced to an a lyze the
char ac ter is tics of ra don prog eny by fan model

pentration the ory [3]. Un for tu nately, the mea sure ment 
of GSA is too com plex to be used in prac tice.

In this pa per, col lec tion ef fi ciency of a sin gle
screen and a num ber of screen ar rays were ap plied for
op ti mi za tion and sim pli fi ca tion of GSA con fig u ra tion
with a se ries of ex per i men tal mea sure ments, the o ret i -
cal cal cu la tions, and stan dard com par i son re search
meth ods. In this way, we de signed an ex per i ment in ra -
don cham ber to an a lyze the par ti cle size dis tri bu tion of 
un at tached and at tached ra don prog eny. Hence, an ex -
per i ment was de signed for ra don prog eny par ti cle size
dis tri bu tion in ra don cham ber. The ex per i ment re sults
in di cated that the ac tiv ity me dian di am e ter (AMD) in
un at tached mode was 0.81 nm and 287.32 nm in at -
tached mode, which were sim i lar to the re sults of other
re search ers. The re sults proved that the method can
sat isfy the re quire ments of GSA mea sure ment.

MA TE RIAL  AND METH ODS 

Op ti mi za tion of sin gle screen
col lec tion ef fi ciency

Due to dif fer ent par ti cle size range of ra don prog -
eny and aero sol, the main mech a nism of ac tion for the
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col lec tion by mesh fi ber is also in fi nitely var ied. Tra di -
tion ally, a size range of 0.1~1000 nm can be
logarithmically di vided into 64 size in ter vals ac cord ing
to the re search of Fukutsu and Tokonami in or der to ob -
tain the re sult of bi-modal par ti cle size dis tri bu tion [4]. In
this pa per, for the sake of sim pli fi ca tion, the mesh col lec -
tion ef fi ciency was cal cu lated ac cord ing to the par ti cle
size of the aero sol into three par ti cle size ranges:
0.1~100, 100~200, and 200~1000 in nanometers. In the
range of 0.1~100 nm, the re search of Fukutsu [5] and
Ramamurthi [6] showed that the main mech a nism of a
sin gle screen is the dif fu sion ef fect for the par ti cle size of
aero sol in this range. Ac cord ingly, the col lec tion ef fi -
ciency, P, within the range of par ti cle size can be de fined
as
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where a is the solid vol ume frac tion of screen, h [cm] – 
the  thick ness  of  screen  fab ric,  Q  [L×min–1] – the vol -
u met ric flow rate, d – the di am e ter of screen ef fec tive
col lec tion area in GSA (tak ing 3.73 nor mally), df [cm]
– the fluid flow cross-sec tion di am e ter of dif fu sion
bat tery, k [=1.38×10–23 J×mol×K–1] – the Boltzmann
con stant,  T  [K] – ther mo dy namic  tem per a ture, C –
the slip  c oefficient,  m  –  the  gas  vis cos ity  co ef fi cient
(g cm–1×s–1, tak ing 1.89×10–4 nor mally), and dp [cm] –
re lated to the par ti cle di am e ter.

At the range of 100~200 nm, ac cord ing to the re -
search of Cheng and Yeh [7], the in er tial term is neg li -
gi ble when par ti cle size of aero sol is be low 200 nm.
There fore, P can be ex pressed as
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where Pe is Peclet num ber and k is de fined as
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At the range of 200~1000 nm, there is a need to
con sider the in ter ac tion of four mech a nisms such as
dif fu sion, in ter cep tion, in er tial col li sion, and the in ter -
ac tion of dif fu sion and in ter cep tion. Namely, the col -
lec tion ef fi ciency P can be writ ten as
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where St is Stokes num ber and f (R) is de fined as

f R R R R R( ) ( ) ( ) ( ) ln( )= + - + + + +-1 1 2 1 11 (4)

where R is the co ef fi cient of in ter cep tion pa ram e ter
which is de fined as R = dp/df.

In or der to il lus trate the cor rect ness of the cal cu la -
tion re sults of the col lec tion ef fi ciency of aero sol par ti -
cles col lected in this stage, the sam pling flow rate of 3
Lmin–1 was se lected, and the re sults of two cal cu la tion
meth ods in clud ing 30-, 100-, 250-, and 400-mesh col lec -
tion ef fi ciency were com pared. The re sults of 400-mesh
is shown in fig. 1, along with the col lec tion ef fi ciency of
ra don par ti cles in the range of 0.1~1000 nm ob tained by
us ing Fukutsu's method, and the ra don par ti cle size
ranges of 0.1~100,100~200 and 200~1000 nm by us ing
our 3-sec tion method.

As shown in fig. 1, the re sults of ef fi ciency are
vir tu ally the same when these meth ods are used and
the max rel a tive er ror is be low 0.2 % when dp = 10 nm.
We can also see that the col lec tion ef fi ciency of dp =
=.400 nm un der the sam ple flow rate of 3 Lmin–1 is the
low est, col lec tion ef fi ciency is im proved when dp

>400 be cause in er tia ef fect in creases as par ti cle size
in creases.

In gen eral, based on the pre vi ous sin gle screen
col lec tion ef fi ciency, 5 types of sam ple flow rates and
6 types of meshes are com pared in tab. 1. It in di cates
that the semi-cut off di am e ter (the par ti cle size at col -
lec tion ef fi ciency p = 50 %) is de creas ing as sam pling
flow grows by the dif fu sion pro cess. In this pa per, we
chose 3 Lmin–1 sam pling flow rate and 4-layer meshes
in clud ing 30, 100, 250, and 400 as the pa ram e ters of
GSA,  due  to  the  sam pling  flow  rate of 1 Lmin–1 and
2 Lmin–1, and the semi-cut off di am e ter of the
first-stage screen which is too large and not fine
enough. The over all half-cut par ti cle size at the sam -
pling  flow  rate  of 5 Lmin–1 is too small to con tain the
5 nm par ti cle size in ter val of the un bound scor pion
aero sol. The half cut-off di am e ters de ter mined by 30-,
100-, 250-, and 400-mesh at a sam pling flow rate of 3
Lmin–1 are 0.95, 2.29, 4.28, and 5.48 nm, re spec tively,
which is most suit able for un bound states com pared to
other com bi na tions with the clos est arith me tic pro -
gres sion.
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Fig ure 1. Cal cu la tion re sults of 400-mesh wire col lec tion
ef fi ciency with sam pling flow rate of 3 Lmin–1 



Cas cade screen col lec tion
ef fi ciency cal cu la tion

Ac cord ing to pre vi ous anal y sis, the col lec tion
ef fi ciency of the aero sol of the ra don prog eny is re -
lated to the mesh num ber and aero sol par ti cle size.
Fur ther, ra don prog eny aero sol par ti cle size can be di -
vided into 64 sec tions ac cord ing to Fukutsu's re search. 
Con se quently, we col lected 64 sec tions of aero sol par -
ti cle sizes by a 4-lay ered mesh and the col lec tion ef fi -
ciency can be de fined as Pi, j of sec tion j of par ti cles on
the i-th layer screen of GSA.

Based on the pre vi ous anal y sis, the col lec tion ef -
fi ciency was cal cu lated of the aero sol par ti cles of each
par ti cle size seg ment of the GSA sys tem at sam pling
flow rate of 3 L min–1. The pa ram e ters of P i, j and the
to tal col lec tion ef fi ciency for each par ti cle size seg -
ment is shown in fig. 2. The col lec tion ef fi ciency of
GSA for the first 20 sec tions is close to 100 %, and the
ef fi ciency from sec tion 27 to 40 (equiv a lent of
4.532~29.427 nm) no tice ably changed. In this pa per,
we chose the par ti cle size of 9.811 nm at sam pling
flow rate of 3 Lmin–1.

Backstepping of par ti cle size
dis tri bu tion of aero sol

The GSA sam pling and ex per i men tal mea sure -
ments are of ten used to cal cu late the ac tiv ity of the
prog eny col lected from each layer of the screen and
the to tal ac tiv ity from the sam pling. In this pa per, we
needed to cal cu late the ac tiv ity par ti cle size dis tri bu -
tion of aero sol par ti cles. Twomey al go rithm and ex -

cep tion max i mi za tion (EM) al go rithm are more suit -
able for an a lyz ing the par ti cle size dis tri bu tion of ra -
don in for ma tion [8]. Hence in this pa per, based on the
al go rithm of EM, the it er a tive cal cu la tion was car ried
out by the con ver gence judg ment of ef fec tive times. In
this way, the ac tiv ity par ti cle size dis tri bu tion of the
aero sol par ti cles was cal cu lated ef fec tively.

Based on EM al go rithm, the ac tiv ity ex pec ta tion
E of the ra don prog eny in j th sec tion and on i th layer
can be de fined as fol lows

E Z Z P fi j i j j( ), ,= 0 (5)

where Z0 is the to tal ac tiv ity of sam pling of ra don
prog eny aero sol par ti cles, fj be ing the pro por tion of ra -
don prog eny aero sol ac tiv ity in par ti cle size of sec tion
j re lated to to tal ac tiv ity. In fact, we of ten mea sure the
to tal ac tiv ity of each layer Zi in stead of Zi,j. namely,
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where Z0 = Z1 + Z2 + Z3 + Z4 + Zfil ter.
For 4-lay ered sin gle screen, the ac tiv ity ex pec ta -

tion is
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Ac cord ingly, the pro por tional ini tial es ti ma tion
of ra don prog eny aero sol ac tiv ity at sec tion j is
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For eq. (6), Z0 can be re writ ten as
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the for mula ap plies a vari able sub sti tu tion with eq. (9)
to eq. (5) as
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And to tal ac tiv ity can be ex pressed as
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Based on the it er a tion ruler, the pro por tion of ra -
don prog eny aero sol ac tiv ity in par ti cle size of sec tion
j re lated to to tal ac tiv ity at the kth time is
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Fig ure 2. The col lec tion ef fi ciency Pi,j of ra don prog eny
par ti cles in GSA con fig u ra tion

Ta ble 1. Semi-cut off di am e ter [nm] of al ter na tive screens at dif fer ent sam pling flow rates

Sam ple flow
rates [Lmin–1] 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
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The over all pro ce dure of this method can be il -
lus trated as in fig. 3

RE SULTS AND DIS CUS SION

The ex per i ment in this pa per was based on the
HD-6 multi-func tional self-con trol cham ber, de vel -
oped by East China Uni ver sity of Tech nol ogy, and the
monodisperse 5 % NaCl aero sol par ti cles were added
by model 3079 aero sol gen er a tor which is man u fac -
tured by TSI Inc. The ef fec tive vol ume of the cham ber
was 4.18 m3 with 10 quick-change joint sam pling
ports at the front figs. 4 and 5. Af ter the tem per a ture
and hu mid ity in the box were sta bi lized (at 20 % and
30 % RH for this ex per i ment), the ini tial enthalpy con -
cen tra tion and tar get enthalpy con cen tra tion were in -
put into the box, and the con trol soft ware au to mat i -
cally cal cu lated the com pen sa tion time and per formed
a cer tain er ror. The dy namic com pen sa tion in the
range made the in door ra don con cen tra tion main tain
dy namic sta bil ity within the con trol er ror, and the ef -
fec tive reg u la tion range of the ra don con cen tra tion
was 200~20000 Bqm–3 (6000 Bqm–3 for this ex per i -
ment). In this pa per, we an a lyzed the aero sol par ti cle
size dis tri bu tion of ra don prog eny in this cham ber.

The ex per i ment pro ceeded as fol lows: (a) the
screen with 30-, 100-, 250-, and 400-meshes in in -
creas ing or der was ap plied in GSA sam pler. Be sides, a
gas flowmeter was in stalled be tween the  sam pler and
air pump to keep the sam pling speed of 3 L min–1 for 10 
min utes. (b) the num ber of a par ti cle was re corded on
cas cade screens at a cer tain time span. The resulst are
shown in tab. 2.

By ap ply ing this data into the backstepping
method of par ti cle size dis tri bu tion of aero sol, we
could ob tain the value of each fi in dif fer ent sec tions.
The par ti cle size dis tri bu tion of the av er age num ber is
de picted in fig. 6, where dA is the ac tiv ity con cen tra -
tion of ra don prog eny mul ti plied by fi.

There are two peaks in fig. 7, which rep re sented
the  un at tached  mode  and  the  at tached  mode  of ra -
don prog eny  sep a rately.  For  the  peak  gen er ated  in
un at tached  mode,  we  cal cu lated  that  the  AMD  was
0.81 nm and geo met ric stan dard de vi a tion (GSD) was
1.72 by Gaussi an curve fit ting. In the same way, the
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Fig ure 3. The flowchart of backstepping of par ti cle size
dis tri bu tion of aero sol

Ta ble 2. The ex per i ment data (al pha par ti cle coun ters) of ra don prog eny aero sol par ti cle col lected by GSA sam pler

Ex per i ment 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

Av er age 18.33 11.33 4.67 5.67 51



AMD in at tached mode was 287.32 nm and GSD was
1.98, which were sim i lar to the re sults of other re -
search ers [9-11]. The re sults prove that the method can 
sat isfy the re quire ments of GSA mea sure ment.

CON CLU SION

In this pa per, sev eral op ti mal meth ods in clud ing
op ti mi za tion of sin gle and cas cade screen col lec tion
ef fi ciency as well as backstepping of par ti cle size dis -
tri bu tion of aero sol for GSA con fig u ra tion are pro -
posed, which can sim plify the cal cu la tion pro cess of
col lec tion ef fi ciency. Based on HD-6 cham ber, the ex -
per i ment re sults, 0.81 nm of AMD in un at tached mode 

and 287.32 nm of AMD in at tached mode, are sim i lar
to the re sults of other re search ers, which proves that
the method can sat isfy the re quire ments of GSA mea -
sure ment.
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@uej ^EN, [u-Min XOU

OPTIMIZOVANA  KONFIGURACIJA  STEPENASTE  MRE@E
PROZORA  ZA  DISTRIBUCIJU  POTOMAKA  RADONA  PREMA

VELI^INI  ^ESTICE  U  STANDARDNOJ  KOMORI

Raspodela veli~ine ~estica potomaka radona jedan je od najva`nijih parametara i
zahteva visoku preciznost prilikom merewa. Merewa primenom stepenaste mre`e prozora naj-
~e{}e je kori{}ena metoda za analizu karakteristika potomaka radona koju je potrebno opti-
mizovati usled kompleksne konfiguracije. U ovom radu ispitana je efikasnost prikupqawa
pojedina~nog prozora kao i niza razli~itog broja prozora radi optimizacije i pojednostavqewa
konfiguracije stepenastog niza prozora na osnovu serije eksperimentalnih merewa, teorijskih
prora~una i standardnih metoda pore|ewa rezultata. Eksperiment je napravqen za distribuciju
potomaka radona prema veli~ini ~estice u prilago|enoj komori za ra don. Rezultati eksperimenta
pokazuju  da  je  medijana pre~nika u neprilago|enom re`imu 0.81 nm, a u prilago|enom re`imu
287.32 nm, {to su vrednosti sli~ne dobijenim od strane drugih istra`iva~a. Rezultati pokazuju da
ova metoda mo`e zadovoqiti zahteve merewa stepenastim nizom prozora.

Kqu~ne re~i: potomak radona, stepenasti niz prozora, optimizacija, medijana pre~nika


