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A two-dimensional numerical model for radon transport based on the finite
difference time domain (FDTD) method have been developed. The model is
governed by the radon transport equation taking into account the mechanisms of
diffusion, advection, and decay. The purpose of this model is to simulate the
evolution of radon concentration which can be influenced by various parameters
including depth and diffusion coefficient of the soil layer plus the velocity and
initial concentration of radon. The obtained results were compared to an analytical
solution to demonstrate the ability of this model for predicting the spatio-temporal
evolution of radon transport in the porous media of soil layers.

© 2023 Atom Indonesia. All rights reserved

INTRODUCTION

Radon is an odorless and colorless radioactive

gas that occurs naturally from soil and rocks. R, %%
is the most important isotope that can be transported
from the depths of the ground to the surface without
reacting with other types of atoms. Due to its density
and radioactive properties, the radon gas in the
ground can be used to detect rock types or evaluate
the subsurface flows to predict the productivity of
the ecological zoning [1]. Through this transport
mechanism, radon produced in the ground is
potentially hazardous to lung health when
transported to the surface and inhaled by humans
[2]. In several cases, the most dominant transport
mechanism is the diffusion mechanism which is
enabled by the variation of radon concentration in
the ground and in the surface [2].

Different techniques are used for modeling the
transport of radon in different types of materials.
Some studies have investigated the transport of
radon in buildings, especially in bricks. Due to the
dominance of the radon diffusion mechanism, the
concentration of radon in buildings is influenced by
the diffusion coefficient and the permeability of
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bricks [3]. Sabbarese et al. [4] used a one
dimensional  configuration for studying the
concentration of radon in dwelling and the effect of
materials properties with the position of lower floor
on the indoor concentration of radon. Campos et al.
[5] examined the measurement of radon exhalation
rate in bricks made of phosphogypsum. A simulation
based on the Monte-Carlo method allows to
model the transport of radon from soil to air in
one dimension at a steady state condition [6].
In addition, the modeling of uncertainties in soil
parameters such as diffusivity and convection
velocity provides an approximation to the real
case of measurement with uncertainties. Thus, the
variation of the radon activity concentration depends
on the convection velocity [7].

The finite difference time domain (FDTD)
[8-11] is a numerical method based on the
discretization of time and space of the problem
proposed. It is highly used in the electromagnetic
domain and telecommunication to solve the
Maxwell's equations with differents types of
boundary conditions [12-14]. Several algorithms
were porposed for increasing the efficiency of this
method, for example, the auxiliary differential
equation (ADE) FDTD that is applied for dispersive
structures [15] and magnetized plasma [16].
Some research studies have employed FDTD
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method for modeling patch antenna based on the
three dimensional algorithm for FDTD [17] and
dipole antenna [18].

In this paper, a new 2D-FDTD algorithm is
proposed for radon transport in two dimensions
based on the FDTD method. This model combines
space and time variation of radon rate and simulates
the effect of different parameters such as the
convection velocity and the number of radon
sources, and the radon concentration rate.

Furthermore, the simulated results obtained by
this model are compared with solutions found in the
previous works [19-20]. According to the one-source
solution described in [21], the multi-source solution
can be obtained using initial and boundary
conditions of the configuration described in the
following sections. To the best of our knowledge,
there is no FDTD model adapted to the simulation of
multi-source radon transport with convection
mechanism. So, the results from our model have
shown a good correlation.

METHODS AND MODELS
Geometric model

This work investigates the variation of the
radon gas concentration in soil layers coming
initially from a single source, with and without
convection mechanism. Then, to simulate the
case close to reality, multiple sources are
also investigated.
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Fig. 1. A two-dimensional configuration of ground
layer for a single source.
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Fig. 2. A two-dimensional respresentation of ground
layer and multiple sources.

In this paper, Python language was used
to implement the model owing to it computational
robustness and coding simplicity. A  two-
dimensional configurations with a dimension of
axb are shown in Fig. 1 and Fig. 2, where
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a=26m, b=28m. For the single source,
the width of the source is w = 6 m, and for multiple
sources, shown in Fig. 2, the dimension of sources is
Wy =W, = W, = 4.5m. Two scenarios of source
concentration in multiple sources were simulated,
e.g. scenario (a) three sources of radon are assumed
in the same depth with the concentration of central
source, W, was assumed as C,, and the two other
sources assumed as C; = C, = 2C, and scenario
(b), three sources of radon were assumed
in the same depth, with the concentrations
were C; = C, = 0.5 C,.

Governing equations

The evolution of the radon concentration
from a source located at a certain depth in the
ground depends on several factors, such as the
width of the radon source, its depth in the ground,
the composition of the ground layers and the
transport velocity due to the convection mechanism.
Fig. 1 describes the configuration of radon in two
dimensions, where a and b are the dimensions of
the ground layer, and w is the width of the source.
In order to model the transport of radon in a porous
media (ground layer) relative to the Fig. 1,
the following transport equation is used in Eq. (1):

ZEE = DeV2Chy — VVCrn — ACrn +Q (1)

Equation (1) is composed of four components
of transport mechanisms; diffusion, advection, decay
and generation, where Cg, is the concentration of
radon per unit volume in Bgm™3, D, is the
diffusion coefficient in m?s~2, 1 is the decay
constant of R,%?2(2.07.107¢s™1), V is the
velocity of Darcy due to the advection mechanism in
m.s~ 1, Q is the generation number of atoms due to
the generation mechanism in (m3.s™1).

In this study, two dimensional radon transport
hypothesis was considered, assuming that radon gas
is transported from the source to the air-soil
interface with Eq. (2).

72y = (Zm)" 4 (%)’ @

By substituting Eq. 2 to Eq. 1, the transport
equation in two dimension is described in Eqg. (3)
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By applying the central finite difference
scheme in time and space (FDTD) to partial
derivatives of time and space in Eq. (3), then Eq. (4)
is obtained as follows.

+C

1_
CRnln:'- =AX CRnlgj + B X CRn|?+1,]

L
n
X Crnli=1j+ D

X (CRn|?j+1 - CRn|?j—1)

where:
_ At.(Ax?* + Ay?) At
, ) (4)
At At.(V.Ax—De At
B = Dem,C— A—xZ’D_ Dem

Boundary conditions

To define our numerical model in space and
time, the initial and boundary conditions expressed
in Eq. (5) were applied for a single source of radon
shown in Fig. 1.

0
a

0 x < (5)
CR X, 0) = Co, lf _
L " x> (azw)

([ Canny =0, if X2

For multiple sources emanation depicted in Fig. 2,
the initial and boundary conditions expressed in
Eqg. (6) and Eq. (7) were applied.

x=0
xX=a

CRn(x'y) = 0' lf{

frcme (6)
CRn(x' 0) = CO! lf (a-wp)
\ x>—=
( Clx< o) 4w,
CRn(x' Y) = CZ' lf > (a+wg)
: ()

_ (a-wo)

kCRn(x' 0) = CI' lf{ (a—w0)2
X =——7—

w.
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Implementation of the program

To implement numerically the equation of
radon transport defined by Eq. (3), the FDTD
method is needed to descretize space and time
evolution which gives the Eq. (4). By adding
the boundary conditions, Egs. 5-7 were also
added to the FDTD model. The final algorithm

which is called
presented in Fig. 3.

(RadonTransport-FDTD) is

Algorithm 1: RadonTransport-FDTD

1 Initialize n,, n,, nt

2 Initialize Boundary conditions using equations (5) and (6)
3 Calculate Update coefficients , A, B, C, and D

4 while n < n, do

5 while j < n, do

6 while i < n, do

7 ‘ Update C:"m_j..‘ using equation (4)

8

end
9 end
10 end

Fig. 3. Radon FDTD algorithm based on central finite
difference scheme.

RESULTS AND DISCUSSION

Influence of the convection velocity
on the radon concentration rate with
single source

A study of radon transport in terrestrial
layers using the FDTD method has been conducted
by A. Tayebi et al. [17], with only one radon
source and having no convection mechanism. In this
work, the convection mechanism is included in the
model by adding the convection velocity parameter.
The computation of radon concentration at different
depths based on this FDTD-radon transport
model, in the case without convection (Fig. 4(a))
and with convection (Fig. 4(b)) shows that the
existence of convection increases the emanation rate,
hence the probability of detecting the source at soil
surface also increases.

By comparing the results obtained
with the analytical solution in different depths
(Y =21m), (Y =1.4m), (Y =0m) as shown in
Fig. 4(c), these two methods show a good
agreement. Both methods show that the emanation
rate is maximum over the source and over its
whole width.

In this work, multiples sources with
differents dimensions were modeled. In the
Scenario 1, the central source assumed as C, and
the two other sources assumed as C; and C,
with €, =C, =2C,. Figure 5 shows the
concentration rate of radon in two dimensions
at different iteration (n) steps, respectively at
n =11 (Fig. 5@)), n =91 (Fig. 5(b)), n =301
(Fig. 5(c)), and n =500 (Fig. 5(d)), in the last
iteration (n =500), the radon has reached
the soil surface with low concentration, and
dependent to the form of sources generated in the
soil layers.
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Fig. 4. Radon concentration rate based on simulation by taking into account the effect of convection velocity
using FDTD and based on analytic solution.
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Fig. 5. Scenario 1: Two-dimensional FDTD solution with different time steps.

36

1.0

0.0

2.00
1.75
1.50
1.25
1.00
0.75
0.50
0.25
0.00

2.00
1.75
1.50
1.25
1.00
0.75
0.50
0.25
0.00



H. Bezzout et al. / Atom Indonesia Vol. 49 No. 1 (2023) 33 - 38

4

5 Figure 6 shows the radon concentration rate
6(Crn/Co) that evolves through the depth (Y). For
7(Y = 0), which is equivalent to 2.8 m in depth, the
sradon concentration is maximum ( % 2), while
othe radon transports through ground layers and
ioreach ground surface (Y =28m) with a
11concentration rate of ( Cé‘%: 0.125). The results of

12this model are in a good agreement with the results
130f analytical solution.

14
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¥ Analytic solution (Y = 2.8m)
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Fig. 6. Scenario 1: evolution of radon concentration rate of
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16 In scenario 2, a configuration has been made
17with mitial radon sources as C; =C, = 0.5C,.
18Fig. 7 shows the evolution of radon concentration rate
19in  two dimensions through time. In addition,
20this scenario is characterized by a high concentration
21in the central source. It shows that the emanation
22rate in central source reach the soil surface in the
23first followed by the particles of radon in the adjacent
24sources. Figure 8 shows the radon concentration
2srate in different depths compared with the analytical
%gsolution. Both results show a good agreement.
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Fig. 8. Scenario 2: Two dimensional FDTD solution with different time steps.
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33 From the results obtained by the FDTD s 2.

samodel, it is clarified that the process of radon ss
sstransport in soil layers can be simulated by taking
ssinto account the influence of the convection velocity

s7for multiple radon sources. These findings allow us *’

3sto measure the dimension of sources. As shown in g 4,

39Fig. 8, the width at 75 % of the concentration rate is s
sothe width of the central source (W = 4.5 m) named
41(W,), and the width at 25 % of concentration rate is

sothe width of the three sources. Therefore, the width °*

a30f the two sources can be determined as W, + 92 6.

aWy + Wy = Wy, in scenario 1 and W, = W,, 9

Woeo,— W, . . . .
550 W, = (%) in scenario 2, which give o 7.

wsW; = W, = 4.5m as mentioned in the previous *°

a7configurations. As discussed by Yakovleva et al. o5 8.

48[22], the radon activity concentration depends on o7
a9the convection velocity and the characteristics of

s050il layers.
51 99

52

53CONCLUSION

10
54 The simulation results based on the developed
sstransport model reveal
serate of radon increase with convection velocity, 103
s7which means that the concentration at the soil
- . ) 10412
sssurface  will be increased. This allows the
. . . 105
sodetection of radon by sensors in the soil surface.

1

soFor multiple sources of radon, the evolution of the 10613.

siconcentration rate depends on the depth of the o7
s2source which decreases by reaching the soil
sssurface. The obtained results permit us to %
ssdetermine the width of  the radon sources.”

es The calculation results of the proposed FDTD 11015.

ssmodel are in a good agreement with the analytical 111
e7solution. So, the proposed model is reliable for
sssimulation of the radon transport phenomenon in
sotwo dimensional space-time configuration with **®

romultiples sources.
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