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Extensive work has been carried out on measurement of radon and thoron levels in indoor en-
vironment in last three decades. These studies are important from radiation protection point
of view, if one considered the contribution of radon, thoron and their decay products to total
inhalation dose. Numerous studies on radon measurement well established the behaviour of
its dispersion in dwellings. But the short lives of thoron cause the difficulty to understand the
distribution of thoron in dwellings. The problem becomes more complicated when thoron
dispersion is studied under different inlet air flow rate. Different air flow pattern may cause
different thoron level at different point in test dwellings causing uncertainty in the measure-
ments. This work utilized the CFD simulation technique for study of indoor thoron disper-
sion in test dwellings under normal and turbulent flow of air. The simulation study for thoron
distribution in a test room was performed for air velocities 0.10 ms-1, 0.25 ms1, 0.50 ms~1,
1.0 ms™1, 1.5 ms1, and 2.0 ms1. The results show that the thoron distribution becomes uni-
form for the inlet velocity more than 0.5 ms-! and appropriate to measure indoor thoron con-
centration. While in normal condition the measured thoron level varies depending upon the
location of dosimeter. Thoron diffusion and migration length are also increased with air flow

rate.
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INTRODUCTION

The exposure to ionizing radiation produced by
indoor thoron and their decay for a long time may in-
crease the probability of various health risks [1-3]. The
thoron gas is produced from the decay series of thorium
with the half-life of 55.6 second. The contribution of
thoron for inhalation dose is sometimes considered as
negligible due to short half-life as compared to radon.
Some researchers emphasized that study of the indoor
thoron and its decay products are equally important as
that of radon study [4-7]. The indoor thoron levels de-
pend upon soil and building construction materials
characteristics like thorium content, moisture matrix,
diffusion length and porosity as well as the building
characteristics like ventilation rate, dimension and air
flow pattern. The ventilation is an important factor that
can influence the measurement of thoron. The radon
which is a gas similar to thoron with half-life of 3.824
days has different distribution behaviour when com-
pared with thoron using CFD technique for a test room
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under closed and open room conditions [8, 9]. The inlet
air velocity varied from 0.01 ms™ (closed room condi-
tion) to 2 ms™' (open room under different ventilation
rate) while it takes value of only 0.5 ms~ for normal liv-
ing room condition. Very few studies have been per-
formed to evaluate the factors affecting indoor thoron
behaviour [10-13]. It was found that indoor air flow pat-
tern influences the spatial distribution of thoron. The
study of factors affecting the indoor thoron behaviour is
a challenging task needing the advancement in mea-
surement process and modeling. The present study is
aimed to investigate the influence of inlet air velocity on
thoron diffusive behaviour in different turbulent indoor
environment. A computational fluid dynamics based
modeling was performed to study indoor thoron behav-
iour as the function of inlet air velocity. The model in-
corporates the change in velocity at door to study the ef-
fect of inlet velocity on the distribution of thoron gas.
This model includes the production from the wall and
decay (due to radioactive decay and ventilation) of
thoron. The exhalation of thoron gas from the room sur-
faces was considered as the main source measured in
earlier study [14]. The present model gives the knowl-
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edge of thoron dispersion in the indoor environment to
assess the indoor radiation exposure. Diffusion length
and diffusion coefficient of the thoron gas were esti-
mated from CFD results. The study may give an idea
how to mitigate the indoor thoron exposure by under-
standing its distribution pattern.

MATERIAL AND METHODS
Details of model room

The geometry was created in CAD-GEN for
CFD simulation of spatial distribution of the thoron
gas. The test room under study have dimensions
3.01 mx3.01m x 3.00 m(fig. 1) with three doors (D-1,
D-2, D-3) of dimensions 0.90 m x1.99 m (width X
x height) with a gap between door and floor of dimen-
sions 0.90 m x 0.02 m (width x height). The surface
area of walls, floor and ceiling for the model room was
30.9m2, 9.10 m2, and 9.10 m2. The door D-1 was con-
sidered as inlet and the unenclosed area between door
and floor of other two doors (D-2 and D-3) were con-
sidered as the outlets in CFD model.

CFD modeling

The indoor thoron concentration distribution may
be affected by the air flow rate at inlet. To study the ef-
fect of inlet air velocity, magnitude on the indoor thoron
distribution pattern, modeling was performed on CFD
platform. The measurement of thoron flux from the wall
was measured with active techniques and results for the

Air enter in Y-direction
shown in zoomed image|
of entrance door (inlet)

Figure 1. Description of room geometry

same test room are shown elsewhere [ 14]. The details of
the geometry and mesh of the test room can be found in
our earlier studies [9], however boundary conditions
were changed according to the inlet velocity at the door.
The three-dimensional air flow in the room was simu-
lated at six different inlet air velocities 7. e. 0.10 ms™,
0.25ms™,0.50ms™, 1.0ms ™, 1.5ms ™!, and 2.0 ms .
Finite volume discretisation technique was imple-
mented in code to generate the grid points. The air flow
was assumed to be incompressible [15]. Fine mesh was
used near the doors and the openings, which gave the
precise results with less computational time. On the ba-
sis of Reynolds's number calculation the present prob-
lem requires the transport equations to be solved (mass
and momentum conservation equations) using turbu-
lence model. The k- model is used to incorporate the
effect of turbulence. Steady-state flow field was estab-
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Figure 2. Indoor thoron distribution at
different velocities; (a) 0.10 ms™;

() 0.25 ms™; (c) 0.50 ms™'; (d) 1.0 ms™;
(e) 1.5 ms™; and (f) 2.0 ms™
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lished in the room after solving the mass and momen-
tum equations. The governing mathematical equations
and simulation parameters are described elsewhere
[14].

RESULTS AND DISCUSSIONS

Air velocity effect on indoor
thoron dispersion

Due to short half-live of thoron gas it decays ex-
ponentially from the room surfaces resulting in thoron
concentration gradient in the test room. The indoor tur-
bulence conditions were changed by changing air flow
rate at the entry of room. To study the effect of inlet air
flow on the thoron distribution inside the room, CFD
simulation were carried out at six different inlet air ve-
locities 7. e. 0.10 ms™!, 0.25 ms™!, 0.50 ms™!, 1.0 ms™!,
1.5ms™!, and 2.0 ms~! which correspond to the ventila-
tion rate of 13 h™! to 266 h™! in case of normal and tur-
bulent air flow for test dwelling of volume 30.9 m? and
ventilation area 1 m?. Six cases were setup correspond-
ing to the different air velocity in CFD model for the
simulation purpose. The distribution patterns of indoor
thoron are shown by the contour plots in XY- plane at Z
=1.22 m(fig. 2). The observed results from CFD simu-
lation indicate that the distribution pattern of indoor
thoron gas got strongly affected by the velocity rate of
air at the door. Due to the increase in the turbulence the
thoron gas moves toward the center of room. For lower
inlet air velocity the distribution pattern was non-ho-
mogenous and tends to be homogenous for higher air
flow rate. It was also observed that the distribution of
thoron gas became independent to the flow rate at
higher side.

Consider the case of closed room condition, the
inlet air velocity takes the value of 0.01 ms™! that corre-
sponds to poor ventilation rate. The distribution of
thoron at different point of the plane at Z = 1.22 m is
non-homogenous as discussed in earlier studies [14].
Due to the increase in the turbulence the thoron gas
moves toward the center of room. For lower inlet air ve-
locity the distribution pattern was non-homogenous
and tends to be homogenous for higher rate of air flow.
It was also observed that the distribution of thoron gas
becomes independent to the flow rate at higher side.
The migration length is another parameter that can be
used to study the thoron distribution in dwellings and
was defined as the maximum distance from the source
travelled by thoron before its decay to its daughter prod-
uct. While the diffusion length is defined as the dis-
tance from wall at which the thoron concentration be-
comes /e times its value at that on the wall surface. The
thoron produced from the wall can move towards the
center only with recoil energy and follow a migration
length of few cm. As inlet velocity increases to 0.1 ms™!,
the intermixing of thoron and migration length in-
creases as shown in fig. 2(a). With increase in the inlet

air velocity up to (a) 0.10ms ™, (b) 0.25ms ™!, () 0.50
ms !, (d)1.0ms ™, (e) 1.5 ms™!, and (f) 2.0 ms™!, the mi-
gration length increased to 5, 13, 28, 55, and 110 cm
from the wall while the observed values of diffusion
length (L) were 14.8, 22.3, 23.5, and 27.6 cm for first
four inlet velocities.

Thoron concentration and diffusion
length profile

Thoron distribution pattern in indoor environ-
ment is non-homogenous under the closed room con-
dition with poor ventilation [15, 16]. After releasing
from room surfaces thoron gets distributed in indoor
environment along with spontaneous decay. The
knowledge of variation in thoron concentration level
with respect to distance from the source wall is useful
to estimate the receiving dose due to thoron and imme-
diate alpha emitting decay product (*?'*Po with
half-life 150 ps). With increase in the inlet air velocity,
thoron migration length and hence thoron concentra-
tion continuously increases towards the center of room
due to turbulence effect. The indoor thoron concentra-
tion predicted by the CFD modeling as a function of
inlet velocity and distance from the wall without door
is shown in fig. 3. From the results shown in fig. 3 the
non-uniformity in the thoron levels tends to decrease
as the flow rate of air increases.

The variation in the radon migration length un-
der different air flow rate is shown in fig. 4. The same
exponential pattern but higher rate of transit of thoron
gas at higher air flow rate was observed. The decrease
in gap between consecutive decay profiles indicated
that homogenous distribution was achieved due to the
increase in air circulation.

Thoron has very short diffusion length in the
steady environment and in undisturbed air it is about 2.9
cm in the absence of advection flow [17]. However, it
will change when the mass transfer takes place due to
convective transport mechanisms other than molecular
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Figure 3. Distribution of thoron concentration with inlet
air velocity and distance from wall [Bqm™]
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2008 indoor thoron were found to increase with increasing air
180 m 0.10 ms: velocity. Based on the above discussion it may be no-
= - :gig :; ticed that for the measurement of indoor thoron in
g ¥ 1.00 ms™ dwellings under different radioactivity mapping pro-
—_% 1403 gram of various countries [18], the dosimeter was de-
£ 120+ ployed at the center of the dwellings. But under normal
% 1000 conditions the thoron distribution is non-uniform, thus
5 the measurement results may not be treated as the ac-
2 80+ tual. In order to find actual value, 4 to 5 dosimeters must
60 - be deployed in dwelling and average of the results from

a0 these can be considered as close to the actual.
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Figure 4. Decay profile of indoor thoron from CFD

diffusion. The thoron diffusion coefficient was found to
be 5.4 cm?s™! from measurement results in other study
[4]. The corresponding diffusion length is about 20 cm
in the room air. In the present study diffusion length of
thoron was estimated from exponential fitting of thoron
concentration decay profile from the wall with respect
to distance. For the different inlet air velocity rates the
observed values of diffusion length (L) were 14.8 £2.4
cm, 22.3 + 6.4 cm, 23.5+ 9.0 cm, and 27.6 + 7.0 cm,
shown in fig. 5. The uncertainty in the measurement
also increases with increase in air velocity causing more
complexity in the measurement of indoor thoron under
turbulent condition.

The corresponding diffusion coefficients (D)
were calculated using eq.

L= 12
A

where 4 is thoron decay constant. The corresponding

values of diffusion coefficients were found to be 2.8 £

+0.lecm%s,63+05cm s, 6.9+0.03cm s, and

9.6+0.6 cm s . Thus, from present CFD based model-

ing we say that diffusion length and coefficients for the
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Figure 5. Thoron diffusion length estimated by
CFD simulation

CONCLUSIONS

The impact of air velocity rate on distribution
pattern, concentration level and diffusion length of
thoron gas in living environment are studied using
3-D-CFD modeling. Following concluding points are
drawn based on observations from the present study:
— The increase in inlet air velocity rate has signifi-

cant impact on the distribution pattern of thoron
gas. Thoron dispersion approaches to homoge-
nous as the velocity of air increases at the door (in-
let) and became independent of flow rate.

— The thoron decays exponentially with distance
from the source even for high rate of air flow in-
side the room. The increase in velocity rate leads
to the thoron concentration from a wall to the cen-
ter of room resulting in homogenous distribution.

—  The diffusion length of thoron was found to vary
from 15 cm to 28 cm and thoron diffusion coeffi-
cientalso varied in a similar way corresponding to
different inlet air velocities.
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Py ITanxn YAYXAH, Amur KYMAP, Hetuka YAYXAH

PACHOJEJA KOHIEHTPAIIMJE TOPOHA Y CTAMBEHUM INMPOCTOPUMA
OAPEBEHA INNPUMEHOM KOMIIJYTEPU30BAHE JUHAMMKE ®JIYUIOA ITPHU
HOPMAJ/IHUM U TYPBYJIEHTHUM YCIOBHUMA ITPOTOKA

Y nocnenme Tpu JienieHUje 00aBJbEH je OICEeXKaH paj Ha MepemuMa HUBOA KOHIEHTpaluja
pajioHa ¥ TOpOHA Y 3aTBOPEHAM KABOTHUM cpefimHama. OBe CTynje IMajy BaskKHY YIIOTY ca CTAaHOBHINTA
3aIITUTE O] 3pavucHa, y3uMajyhu y 063up IOIpUHOC paioHa, TOPOHA U FbIXOBUX IIOTOMAaKa YKYITHOj 103K O]
uHxanangje. bpojHe cryamje Mepema pajoHa, JOOPO Cy ONUcale HAYMH HErOBOT PACHPOCTHPAmA Y
craMOeHuM TpocTopuMa. MebhyTuM, KpaTko BpeMe >KMBOTa TOPOHA OTEXKaBa pa3yMeBame MPOCTOpPHE
pacmiofiesie TopoHa. I1po6ieM mocraje KOMIUICKCHUjH Kajia ceé paclpoCTHpamke TOPOHA MocMaTpa MpH
paznmuuTEM Op3MHAMa MPOTOKA YIa3HOT Ba3myxa. Pa3mmunTi HAYMHKA MIPOTOKA Ba3ayXa MOTY M3a3BaTH
pa3iuyuTe HUBOE KOHIEHTpAalldje TOPOHA Ha Pa3lIMYUTHM IO3HIUjaMa YHYTap TECTHPAHUX CTaMOCHUX
IIPOCTOPA, IITO MO3KE IONPUHETH MEPHO]j HECUTYPHOCTH. Y OBOM pajly ymoTpebbeHa je KOMIjyTepru30Bana
nrHaMuKa (Iyna — TeXHUKA CAMYJanyje 3a u3yJdaBame AUCIep3nje TOPOHA Y 3aTBOPEHIM CTaMOSHIM
IPOCTOpHMa TIPY HOPMAJHUM U TYpOYJIeHTHM NpoTonmMma Baspyxa. CHMyJanmje pacrojesie TOpOHa
o0aBIbeHe cy 3a Op3uHe cTpyjara Basayxa of 0.10 ms™, 0.25 ms™, 0.50 ms™, 1.0 ms™, 1.5 ms™! u 2.0 ms™".
PesynTaTu nokasyjy a pacmnojieia TOpoHa nocraje yaudopmHa 3a yiasHe 6psune sehe o 0.5 ms™' u 1a je
onroBapajyha 3a Meperhe KOHIIEHTpallrje TOpOHa Y 3aTBOPEHAM IIPOCTOPUMA, TOK Y HOPMAITHIM YCIIOBAMA
M3MEpEeHN HWBO TOPOHA 3aBHCH Off JIOKaldje mo3uMerpa. [udy3noHa m MUTrpanuoHa AysKWHA TOPOHA
Takobe pacTy ca nosehamem Op3uHE IPOTOKA BasfyXa.

Kwyune pequ: lopoH y 3aitieoperoj upociiopuju, Oudy3uoHa Oyrcuma iopoHa, paciiodera 8a3oyxa y
3aitieopero] Upociiopuju, KOMijyillepu3o8ana OUHAMUKA hayuoa



