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Abstract: Inhalation of radon (***Rn) and its decay products are a major source of natural radiation exposure. It is known
from recent surveys in many countries that radon and its progeny contribute significantly to total inhalation dose and it is
fairly established that radon when inhaled in large quantity causes lung disorder. In recent times, numerical modelling has
become the cost effective replacement of experimental methods for the prediction and visualization of indoor pollutant
distribution. The aim of this study is to implement the Finite Volume Method (FVM) for studying the radon distribution
indoor. The findings show that the radon concentration which is distributed in a non-homogeneous way in the room is due
to the difference in the radon concentration of different sources (wall, floor and ceiling). Moreover, the radon concentration
is much larger near walls, and decreases in the middle of the room because of the effect of air velocity. We notice that the
simulation results of radon concentration are in agreement with the results of other experimental studies. The annual
effective dose of radon in the model room has been also investigated.
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List of symbols

c Concentration of radon (qu_3 )

Ci Concentration of radon (qu73 ) in inlet

L Height of the room (m)

p Pressure (Nmfz)

Pr Prandtl numbre

Sc Schmidt number

Sh Sherwood number

Nu Nusselt number

Re Reynolds number

Ra Rayleigh number

Ri Richardson number

Le Lewis number
Buoyancy ratio

& Overall effectiveness coefficient for contaminant
distribution

Caverage Average concentration of (**’Rn) inside the
room (qu_3)

Coutlet Average concentration of 222Rn at the outlet

(Bqm™)

*Corresponding author, E-mail: oufni@usms.ma; loufni@gmail.com

Cinlet Average concentration of 222Rn at the inlet
(Bqm™?)

u Velocity vector (msfl)

w Height of the opening (m)

X,y Cartesian coordinates

Greeks symbols

p  Mixture density (Air->*’Rn), Kg m™
A ?*’Rn decay constant (s ')

D Radon diffusivity in air (m_2 s_l)
B. Thermal expansion coefficient, K™
g  Gravitational acceleration (m_2 s_l)

3

1. Introduction

In the last few decades, significant interest in the harmful
effect of radon on human health has been expressed. Most
exposure to radon occurs indoors where it can accumulate
due to poor ventilation [1-3]. This is ascribed to the fact
that most building materials contain a certain amount of
radium, which is a source of radon. When radium decays,
the resulting atoms of radon gas escape from grains of the
building material to air-filled pores and finally reach the
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room air by crossing the building material-air interface.
Generally, inhalation of radon and its decay products in the
indoor environment yields the greatest amount of the nat-
ural radiation exposure of humans. Nationwide measure-
ments of radon activities in the indoor air of dwellings are
continuously presented all over the world [4—6]. Interest-
ingly, the numerous measurements of the concentrations of
radon in different countries, along with the epidemiological
studies, regarding the indoor radon and the risk of lung
cancer, have been published during the recent years [7, 8].
Therefore, the estimation of the distribution of radon
concentrations in the indoor air is very important for
assessing the radiation dose received from the inhalation of
radon and its progeny.

At present, limited experimental work has been reported
on indoor radon [9]. The use of computer modelling for this
application has been first reported by Jacobi [10] and
Porstendorfer et al. [11]. However, these studies assumed a
homogeneous distribution of radon concentration in the
room. More recent studies [12, 13] have addressed this
shortcoming, using numerical simulation. But, a major
limitation of these studies is that they have not taken into
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Fig. 1 Physical model for the studied ventilated room

account the influences in the concentration of radon from
different sources (wall, floor and ceiling).

In this work, the Finite Volume Method (FVM) has been
used to simulate the radon concentrations distribution in
the studied room. This model (FVM) simulates all relevant
processes like diffusion, different kinds of ventilation, the
concentration of radon from different sources (wall, floor
and ceiling), convective air flow, radioactive decay, etc. A
comparison of simulation results with other experimental
data is also presented and the annual effective dose of
radon in the room has been investigated.

2. Mathematical and physical model
2.1. Physical model of the ventilated room

The model of a ventilated room that we used to calculate the
spatial distribution and concentrations of radon is shown in
Fig. 1.1tis athree-dimension, a full-scale room with a size of
(4 m x 4 m x 4 m). The width of the inlet and outlet is w
(1.0 m); and the inlet and the outlet are symmetrically placed
about the center plane (Z = 2.0 m) [14], with the air inlet
gap on the lower side of the left wall and the air outlet gap on
the top of the right wall. Wall, floor and ceiling surfaces were
taken as sources of radon; the inlet air velocity is a function of
the Reynolds number (Re).

The in-room air flow was assumed to be steady-state,
Newtonian and non-compressible in laminar regime, and
the temperature inside the room was considered constant
and uniform. With these considerations, the mass and
momentum conservation equations are:

du Ov Ow
B I Ay 1
6x+6y 0z (1)
Yax TVoy TV T T pax T\ Tay2 T a2
o, oy, v 1t (@ By
Yox V@y Vo T p Oy 0x2  0y? 0z2

+ Bec —ci) (3)

Table 1 Walls, floor and ceiling constructions of the different room models [22]

Room models Walls Ceiling Floor
Construction Density (g cm™>) Construction Density (g cm™>) Construction Density (g cm™>)
Model-1 Red Clay Bricks 1.1 Concrete 225 Concrete 177.60
Model-2 Cement layer 1.28 Gypsum layer 0.89 Ceramic 280.20
Model-3 Ceramic 1.35 Gypsum layer 0.89 Granite 456.90
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Table 2 The uranium contents, radon alpha-activities in all building
material samples [22]

Concentration of
radon (qu_3)

Concentration of
U (BqKg ™)

Gypsum layer 17.55 153.80

Cement layer 23.02 236.10

Red clay brick 30.98 146.60

Ceramic 49.52 280.20

Granite 51.36 456.90

Concrete 27.11 177.60

Table 3 Result of grid independence examination

Number of grids in X-Y Caverage &
60 x 60 156.66 1.06
70 x 70 159.29 1.05
80 x 80 161.35 1.05
90 x 90 163.00 1.04

Table 4 Comparison of results obtained in this study by Corcione
et al. [19]

Pr Ra Le N Corcione et al. Present study Error (%)

Nu Sh Nu Sh

1.0 10* 1.0 050 1.77 1.77 .76 1.76  0.37
100 10* 1.0 050 1.77 1.77 .76  1.76  0.19
100 10° 1.0 050 7.65 7.65 7.65 756 0.00

Table 5 Comparison of results obtained in this study by Rahman
et al. [20]

Pr Ri Re Rahman et al. Present study Error (%)
Percentage increase in average Nusselt number

071 20 100 1.92 1.96 2.11

0.71 1.0 100 1.82 1.90 7.29

ow, ow ow_ 1dp (Pw Pw dw
Yoax Vay Vor T p Oz ox2  Oyr 072

(4)

where: u, v and w are the Cartesian velocity components
(m s_l), p is pressure, p is mixture density (Air-zzan), Vis
the kinematic viscosity (m* s™'), B, is thermal expansion
coefficient, ¢ is radon concentration (qu_3), and c; is the
radon concentration in inlet.

The dispersion of radon gas in the studied room was
simulated using the following equation [15, 16]:

%4, @4, %*D &+627C+& )
u \% w = o2 ayz o0 /1C

Ox Oy 0z ®)

where: ¢ represents radon concentration in the room stud-
ied (qu_3), D is the diffusion coefficient (m2 s_l), u, v
and w are air flow velocity (m s™'), A is the radon decay
constant (s_l).

2.2. Boundary conditions

The boundary conditions for the velocity components:
Velocities on all the wall surfaces are null. At the air inlet
gap they are u = u;, and at the outlet gap: the amount of air
that enters into the room is equal to that which leaves the
room. The boundary conditions for the concentration of
radon: at the air inlet is considered null, and the walls are
taken as source of radon. In this simulation, we suggest
three room models differing on its wall, floor and ceiling
construction materials, as given in Table 1. Construction
materials and its characteristics are given for the three
models in Table 2, and these room models are made of the
cement layer which is a mixture of sand, cement and water
that are commonly used in Morocco (e.g. 65% Sand and
35% cement). Ceiling and floor were represented by
ceramic, granite, concrete and gypsum layer. Concrete was
prepared in different mixtures of gravel, sand, cement and
water that are commonly used in Morocco (e.g. concrete:
42% sand, 30% gravel and 28% cement, gypsum mixture:
85% gypsum and 15% white).

2.3. Numerical procedure

The above equations have been solved numerically based
on the finite volume method using the SIMPLER algorithm
in a staggered uniform grid system. A line-by-line tridi-
agonal matrix algorithm with relaxation has been used in
conjunction with iterations to solve the nonlinear dis-
cretized equations. The convergence has been considered
as reached when } f}}*' - i}‘ <1073 > f;’q , where
f{j stands for the value of u, v, p, c at the kth iteration level
and grid location (i,j) in the plane (X, y) [17]. The
numerical method was implemented in a FORTRAN
software, and this non-commercial simulation code has
been successfully employed to investigate coupled heat and
mass transfer problems in media partially or fully filled up
with porous material [18]. The accuracy of the numerical
results is verified through numerous tests based on the grid
size effect. A mesh independence study has been carried
out with numerical meshes varying from 60 x 60 to
90 x 90 with 10-node increments on each axis. The dis-
cretization for the opaque wall is always 10 nodes on the
horizontal direction for all the meshes. Shown in Table 3, a
maximum deviation of 2.0% for the variables between
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Fig. 2 Streamlines as a function of the Reynolds number in the ventilated room for the three studied models at symmetrical plane (Z = 2.0 m).
(a Re = 10), (b Re = 20), (¢ Re = 50), (d Re = 100), (e Re = 500), (f Re = 1000), (g Re = 1500) and (h Re = 2000)

meshes 60 x 60 and 90 x 90 has been observed. There-
fore, an 80 x 80 grid was used in all cases considered
herein.

A numerical code requires verification from the results
reported in the literature or validated with experimental
data. For this work, the lack of experimental data forced
us to carry out verification for programming purposes, in
order to obtain a reliable code. To validate our calculation
code, we assumed that the decay term of radon, Ac, (see
Eq. 5) is equal to zero. Therefore, one finds the equation

used in the case of convection. To carry out verification, a
problem involving double-diffusive natural convection in
vertical square enclosures induced by opposite tempera-
ture and concentration gradients in horizontal direction is
studied numerically by [19]. This comparison revealed
good agreements between results as shown in Table 4.
Another test for validation of this code has been per-
formed in the case of vented square cavity; the results
have been compared with those of [20] as shown in
Table 5. From the above results, it can be concluded that
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Fig. 3 Contours of radon concentration (qu_3) as a function of
different Reynolds number, Re, in the studied ventilated room for the
studied model-1 at symmetrical plane (Z = 2.0 m). (a Re = 10),

the numerical code, developed for this study shows sat-
isfactory results.

3. Results and discussion
Numerical simulations were performed for the study of

spatial distributions of radon in three models of the room,
and at different Reynolds numbers. The Reynolds numbers

91.6645

108.852 160.413

126.039
(©)«

143.226

0 1 2 3 4
X(m)
(b Re=20), (¢ Re=50), (d Re=100), (¢ Re = 500),

(f Re = 1000), (g Re = 1500) and (h Re = 2000)

were calculated in the room using the equation Re = =¥,
and were used as input for the FVM code. Our study was
carried out for the interval 10 <Re <2000. Therefore, the
indoor airflow may be regarded as laminar flow [12].

The effect of the Reynolds number on the flow structure
is shown in Fig. 2(a)-(h). The three models represent the
same streamlines because we have studied only one
physical model for the ventilated room as shown in Fig. 1.
For a jet imposed low intensity (Re = 10), Fig. 2(a) shows
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Fig. 4 Contours of radon concentration (qu73) as a function of
different Reynolds number, Re, in the studied ventilated room for the
studied model-2 at symmetrical plane (Z = 2.0 m). (a Re = 10),

that the presence of the convective cells constrains the
majority of the open lines to describe an S trajectory before
reaching the exit of the room. By increasing Reynolds
number, the thickness of the open lines increases, which
reduces the cell sizes are shown in Fig. 2(b)—(d). For
Re > 500 (Fig. 2(e)—(g)), the convective cells disappear,
and the open lines occupy nearly the entire room space. It
is noted that for Re = 2000 (Fig. 2(h)), the forced flow
crosses the room along the diagonal, which is due to the
dominance of forced convection.

(h) «

T[T T T T T

X(m)

(b Re=20), (¢ Re=50), (d Re=100),
(f Re = 1000), (g Re = 1500) and (h Re = 2000)

(e Re = 500),

In order to investigate the spatial distribution of radon
concentrations using FVM model, the contours of radon
concentrations at the symmetrical plane (Z = 2 m) for
different values of Reynolds number Re = 10, 20, 50,
100, 500, 1000, 1500 and 2000, have been plotted and
shown in Figs. 3, 4, 5. It was clearly observed that the
radon concentration is distributed in a non-homogeneous
way in the room, and this is due to the difference in the
radon concentration of different sources (wall, floor and
ceiling) (see Table 1). In general, for low values of the
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Fig. 5 Contours of radon concentration (Bqm™) as a function of
different Reynolds number, Re, in the studied ventilated room for the
studied model-3 at symmetrical plane (Z = 2.0 m). (a Re = 10),

Reynolds number, we notice that the highest concentra-
tions are obtained near the floor and the lowest values are
close to the inlet. When the inlet velocity increases
(500 < Re < 2000), the radon concentration decreases in
the middle of the room, due to the effect of air velocity at
the studied room. For Re = 2000, the concentration in the
middle of the room will be about 40.0% smaller than that
of the vicinity of the surface of the wall. We notice that
the distribution of radon concentrations in a room depends

235819

412,684

280.035 324.252

()«

368.468

2
X(m)

(b Re=20), (¢ Re=50), (d Re=100),
(f Re = 1000), (g Re = 1500) and (h Re = 2000

(e Re = 500),

on the radon concentration of different sources (wall,
floor and ceiling) and the ventilation; the latter can
influence significantly radon measurement.

3.1. Average concentration inside the ventilated room

The geometric average concentration inside the room is
given as [21]:
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300 Table 7 Radon average concentration and annual effective doses
& Model-1 (AED) calculated in the room
—@— Model-2
250 1 —A—Model-3 Room Average concentration of Annual effective doses
models 222Rn indoor (Bqm™?) (AED) (mSv y~ 1
“7 2007 Model-1 47.93 1.51
E Model-2 63.21 1.99
g, 1501 Model-3 84.61 2.66
«©
5}
3
O 100
similar for all models studied. The average concentration
504 decreases when we increase the Reynolds number; model
T T T T T T T T (3) shows the higher values of the 222Rn average

0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200
Reynolds numbre, Re

Fig. 6 Average 222Rn concentration in the room for 10 < Re < 2000

Table 6 Comparison of average concentration of **’Rn (Bqm™>) in
the room results obtained in this study by Moharram et al. [22]

Room models Moharram et al. Present study Error (%)
Model-1 40.41 47.93 18.61
Model-2 52.11 63.21 21.30
Model-3 73.53 84.61 15.07
1,3
- —=— Model-1
—e— Model-2|
1,24 —a— Model-3

0,7

— T r T T T T 1 T 1T T 17
0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200
Reynolds number, Re

Fig. 7 Overall ventilation effectiveness for the removal of radon
pollutants in the room for 10 < Re < 2000

B [ Je(x,y)dxdy
Caverage - W (6)

Figure 6 shows the values of average concentration
(Caverage) inside the room as a function of the Reynolds
number. From this figure, it can be seen that the pattern is

concentration, and model (2) shows intermediate values.
The maximum average concentration is obtained for
Re = 10. When the ventilation rate is increased, the air
change rate increases, which decreases the radon level.

As can be seen from Table 6, the results of the average
values of the concentration of radon for Re = 2500
(equivalent to a ventilation rate of 0.5 h™') is compared
with experimental results of Moharram et al. [22], closely
(within 21.30% deviation). This validates the capability of
the Finite Volume Method (FVM) for estimating the dis-
tribution of radon concentrations in dwellings.

3.2. Overall ventilation effectiveness for the removal
of pollutants

The overall ventilation effectiveness for radon distribution
&, provides a quantitative index related to the way in which
pollutants are distributed throughout the room. This
parameter is expressed as:

g = Coutlel - Cinlet (7)

Caverage - Cinlet
where: Cyyet = average concentration of 222Rn at the
outlet. Cyyerage = average concentration of 222Rn all over
the inside of the room. Cj,e = average concentration of
222Rn at the inlet.

Figure 7 shows the results for overall ventilation effec-
tiveness as a function of the Reynolds number. For all
models considered in this work, it can be seen from this
figure that the highest rate of the distribution of radon
concentrations is presented by model (3). The ventilation
effectiveness rate reaches a maximum value for Re = 500,
and later decreases. This value (Re = 500) corresponds to
good ventilation in the room under study.

3.3. Estimation of in room radon concentration,
exposure and annual effective dose

In order to estimate the Annual Effective Dose rate (AED),
we have to take into account the conversion coefficient for
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the absorbed dose and the indoor occupancy factor. In the
UNSCEAR report [23], the committee used 9.0 nSv h™! per
Bgm ™ for the conversion factor (effective dose received
by adults per unit *?Rn activity per unit of air volume), 0.4
for the equilibrium factor of radon indoors and 0.8 for the
indoor occupancy factor. Hence, the Annual Effective
Dose rate (AED) in mSvy~! is calculated by the following
formula [24]:

AED = A, (**Rn)D;O(E; x 24 x 365 x 107° (8)

where A.(***Rn) is the measured **’Rn activity (Bqm™>),
Dy is the dose conversion factor, Oy is the indoor occu-
pancy, and E; is the radon equilibrium factor indoors.

Table 7 shows the average concentration the radon in
the room, ranged from 47.93 to 84.61 Bqm > in room
models (1) and (3), respectively. The maximum indoor
values were annual effective doses (AED) 2.66 mSv yf1
detected in the room Model (3) and the minimum indoor
values were 1.51 mSv y*1 in the room Model (1). These
values of radon effective dose are less than the maximum
permissible dose defined by the annals of the International
Commission on Radiological Protection (ICRP), which are
about 10 mSv y~' for occupational and public exposures
[25].

4. Conclusions

A model based on the Finite Volume Method (FVM), for
the simulation of radon distribution in a ventilated room, is
studied in this paper. Using this model, it is possible to
determine the radon distribution inside the room. It has
been found that the distribution of radon concentrations is
not the same everywhere due to the difference in the
concentration from different source distribution (wall, floor
and ceiling). Moreover, the radon concentration decreases
in the middle of the room, because of the effect of air
velocity at the studied room models. The simulation results
of average concentration of the radon are compared with
the results of other experimental studies. This study con-
firms that with increasing the ventilation rate, the radon
concentration decreases, and we have found that the opti-
mal ventilation value is obtained for Re = 500. From the
simulation results, we conclude that model (1) is the most

appropriate model among the three to build a room. The
ventilation is a good method for the radon dilution, as it
helps to maintain the indoor air quality and decreases the
radon concentration inside the room.
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