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Abstract
Background: Based on the European Union Basic Safety Standards to protect people against exposure to
ionizing radiation, establishing and addressing the reference levels for indoor radon concentrations is
necessary. Therefore, the indoor radon concentration should monitor and control in dwelling and
workplaces. However, proper ventilation and sustainability are the major factors that in�uence how
healthy the environment in a building is for its occupants. In this paper, the indoor radon distribution in a
typical naturally ventilated room under two scenarios (when the door is closed and open) using the
computational �uid dynamics (CFD) technique was studied. The CFD code ANSYS Fluent 2020 R1 based
on the �nite volume method was employed before the simulation results were compared with analytical
calculations as well as passive and active measurements.

Results: The average radon concentration from the CFD simulation was found to be between 70.21 and
66.25 Bq m-3 under closed and open-door conditions, respectively, at the desired ventilation rate of 1 ACH
(Air Changes per Hour). Moreover, the highest concentrations of radon were measured close to the �oor
and the lowest values were recorded near to the inlet, resulting in the air�ow velocity pro�le.

Conclusion: The simulation results were in good agreement with the maxima of 19% and 7% compared to
analytical calculations at different indoor air velocities in the open- and closed-door scenarios,
respectively. The measured radon concentrations obtained by the active measurements also �tted well
with the CFD results, for example, with a relative standard deviation of around 7% and 2% when
measured by AlphaGUARD and RAD7 monitors at a height of 1.0 m above the ground in the open-door
scenario. From the simulation results, the effective dose received by an individual from the indoor air of
the workplace was also calculated.

1. Background
Over the last few decades, a signi�cant degree of concern worldwide has been raised about the health
risks following exposure to radon and its daughters. On the one hand, people are spending approximately
80% of their life in con�ned and closed places, i.e., in homes and o�ces, but on the other hand, almost
50% of the natural background radiation dose to humans originates from the inhalation of these gases
and their airborne progenies [1, 2]. Therefore, knowing the behavior and distribution of in-door radon, that
is, the exact levels of radon at different points and areas, especially in breathing zones in residential
buildings, is essential for the purpose of dose assessment [3–5]. Apart from this, indoor radon exposure
has been estimated to account for ap-proximately 9% of all lung cancer deaths and 2% of all cancer
deaths in Europe [6]. In Hungary, regarding the new updated standards of the European Union Basic
Safety Standards [7], it is recommended that the annual average indoor radon concentration should not
be higher than 300 Bq m− 3 in dwellings or workplaces [7] and the member countries should prepare and
continuously review a Radon Action Plan to reduce the lung cancer risk of the radon exposure. Therefore,
the indoor radon concentration should monitor and control in dwelling and workplaces.
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In con�ned areas, a vital factor with regard to human health, indoor air quality and energy e�ciency is the
ventilation rate since the degree of exposure can be signi�cant, especially in buildings with poor
ventilation systems where radon gas, which is heavier than air, can easily accumulate and reach lethal
activity concentrations in terms of human health. It is worth mentioning that the health of inhabitants is
not affected by ventilation provided that the rate of ventilation has an in�uence on the concentrations of
indoor air pollutants. Previous studies have reported that indoor radon and thoron concentrations are
related to environmental meteorological parameters and building ventilation conditions by applying
numerical and experimental methods as well as different pieces of computational �uid dynamics (CFD)
software as analytical and powerful tools [8–14]. For instance, Zhou et al. (2001) applied the �nite
difference method to derive discrete equations before linking them to the commercial FU-JITSU/a-FLOW
code to study the concentrations and their distributions of 222Rn and 220Rn as well as their progenies in a
model room [8]. Rabi et al. (2017) implemented a 222Rn distribution inside a typical Moroccan room using
Fortran software [12]. Chauhan et al. (2014) and Agarwal et al. (2019) in this regard also used the
software Fluidyn MP based on the Finite Volume Method (FVM) [11, 14]. As a result, appropriate
ventilation could reduce indoor pollution due to radon exhalation from the ground or from contaminated
building materials.

A major shortcoming of these studies is failing to consider the in�uence of different ventilation rates in a
typical naturally ventilated room, e.g., between 0.3 and 4.3 h− 1. The main purpose of this study to
estimate the indoor radon distribution in a typical naturally ventilated test room under the following two
scenarios: closed- and open-door conditions. Therefore, the inlet velocity was calculated on the basis of
the ventilation rate. Hence, based on the American Society of Heating, Refrigerating and Air-Conditioning
Engineers (ASHRAE) Standard 62.1, ventilation standards in buildings are suggested to meet indoor air
quality regulations which take into account the volume or area and the number of inhabitants [15].
Furthermore, Yoshino et al. (2004) reported that the minimum air exchange rate in the majority of
European countries is 1 h− 1, which is also in accordance with Japanese regulations concerning air ex-
change rates in buildings [16]. By taking into consideration the aforementioned criteria, a different range
of ventilation rates from 0.3 to 4.3 h− 1 (also reported by Zhou et al. (2001) [8] and Agarwal et al. (2019)
[14]) was considered and assessed in the current study. The radon source term as a key input parameter
in the CFD software (ANSYS Fluent 2020 R1 based on the FVM) has also been measured by an
accumulation chamber technique for samples of cement (comprehensively described in Kocsis et al.
(2021) [17] and Shahrokhi et al. (2021) [18]) before the simulations took into account the room geometry.
To validate the simulation results, two pairs of common radon monitoring methods, namely NRPB and
Raduet (as passive methods based on CR-39) as well as AlphaGUARD and RAD7 (as active methods),
were also used to measure the indoor radon concentration under the aforementioned scenarios at various
locations throughout the room.

2. Models And Computational Methods

2.1. Geometric model
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The geometric model considered in this study was based on the typical size of a room at the Institute of
Radiochemistry and Radioecology at the University of Pannonia in Hungary (Fig. 1). The overall
computational dimensions of the room geometric model were 3.0 m (W) × 4.0 m (L) × 2.8 m (H) along the
X, Y and Z-axes, respectively, including one window (1.2 m × 0.8 m) in the middle of the wall on the right-
hand side, which faces the outdoor environment, and a door (2.2 m × 1.0 m) on the left-hand side of the
front wall. Furthermore, unstructured triangular meshes were used for ANSYS meshing due to their high
degree of accuracy, adaptive meshing capabilities and parallel processing with a minimum volume of
2.3×10− 9 m3 using 1,267,543 cells.

2.2. Numerical modelling approach, Boundary conditions
and Parameters
CFD computer codes solve the set of conservation of mass, energy and momentum equations to specify
the �uid �ow and related phenomena. By discretizing and linearizing equations as well as under the
relevant boundary conditions, the computational domain is de�ned. In this study, some assumptions are
considered: A) air enters the room from the outer environment through the window (inlet) and leaves the
room through the door (outlet); B) continuous and incompressible air �ow inside the room; and C)
homogeneous indoor temperature distribution. Therefore, the steady-state in-door �ow �eld could be
expressed by continuity and conservation of momentum equations as follows, respectively [8, 11]:

ρ ∇. Ui = 0

1

ρ
∂Ui
∂t + ∇. UjUi = − ∇. P + ∇. μe∇Ui + S

2
In the above equations, Ui and Uj denote the velocity vectors (m s− 1) (i, j are the indices representing the

velocity components); P represents the pressure (N m− 2); µe = (µ + µt) stands for the effective viscosity (N

s m− 2), where µ and µt refer to the dynamic and turbulent viscosities, respectively; and ρ is the density (kg

m− 3). Moreover, in order to simulate the dispersion of radon inside the room, the advection–diffusion
equation is also applied:

∂C
∂t = S + ∇. (D∇C) − ∇. (UC) − λC

3
where C represents the radon concentration in the room (Bq m− 3), S stands for the radon source term (Bq
m− 3 s− 1), D denotes the radon diffusion coe�cient in air (1.2×10− 5 m2 s− 1), U refers to the mean air �ow

( )

( ( ) ) ( )
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velocity (m s− 1) and λ is the decay constant of radon (2.1×10 − 6 s− 1).

On the other hand, since creating an appropriate model and characterizing suitable boundary conditions
both play a key role in employing CFD techniques, some major boundary conditions and parameters are
applied in this study:

The inlet air velocity was calculated by taking into account the ACH value. The air velocity in terms of the
inlet boundary condition (window) corresponding to the different ventilation rates and the ventilation area
was calculated by the following equation [8, 11]:

V =
Ach × Vroom

Avent

4
where Vroom and Avent denote the volume of the room, which was assumed to be 33.6 m3, and the
ventilation area (window area = 1.2m × 0.8m), respectively. Normally, 1 ACH is adequate to meet
ventilation requirements and the corresponding air velocity at the inlet that was applied in this study was
calculated to be approximately 0.01 m s− 1 to validate the CFD simulation results by following passive
and active methods.

For the room parameters and inlet velocities, since the calculated Reynolds numbers were found to be
greater than the 2,000 when ACH = 1 h-1 and higher (turbulent regimes), the standard k-ε model, which
has been used by many scholars [8, 10, 11], was used to incorporate the effect of turbulence on the �ow
�eld given that it is capable of describing the investigated phenomenon.

Another major input parameter is surface radon exhalation rates. Average surface radon exhalation rates
for cement samples were measured to be 3.1 ± 0.1 Bq m-2 h-1 according to a closed accumulation
chamber technique using a professional AlphaGUARD PQ2000 PRO, which has been outlined in detail by
Kocsis et al., 2021 [17]. Furthermore, Porestendorfer (1994) has summed up the others surveys and
reported the typical range of surface radon exhalation rates for building materials used in different
countries which fall within the range of 0.36–10.8 Bq m-2 h-1 [19]. The values reported in this study are
also in line with these ranges. Consequently, the rate of radon generation (Bq m-3 h-1), as an input
parameter in the CFD code, can be calculated from Eq. 5:

G =
∑3

i=1Ei × A i
Vroom

5
where i = 1, 2 and 3 denote the wall, �oor and ceiling of the room, respectively, while Ei (Bq m− 2 h− 1) and

Ai (m2) represent the radon exhalation rate and surface area, respectively.
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In this study, the average outdoor radon concentration was also measured to be approximately 10 Bq m-3

before being converted and used as an input in the CFD code.

By selecting the species transport model in ANSYS Fluent, all volumetric species, including radon, air and
water vapor, were de�ned. The other materials considered in the model are lightweight concrete for �oors,
dense concrete for walls, window materials and basic door materials. Subsequently, simulations were run
until convergent results were obtained at different ventilation rates. Finally, software solved all the
relevant equations and the mass fraction of radon was predicted before being converted into an activity
concentration (Bq m− 3).

3. Results And Discussion
The CFD technique based on the �nite volume method was used to predict, visualize and calculate the
radon distribution and concentration inside the room as well as the mixture of indoor radon-air �ow.
Moreover, by using the obtained average indoor radon concentrations, the effective dose rate the staff are
exposed to was also estimated.

3.1. CFD simulations results
By setting up the input parameters in the CFD code, the contours of the radon distribution at different air
�ow velocities in both aforementioned scenarios were simulated and are illustrated in Figs. 2 and 3. From
the CFD results, it can be seen that as a result of the air �ow velocity through the door and window, the
radon gas concentration led towards the center of the room. Accordingly, the radon accumulated nearer
to the surface of the left-hand corner of the room when the inlet air velocity was increased to 0.041 m s− 1.
The ventilation pro�les revealed that the indoor radon distribution was not uniform. By assuming that
ACH = 1 h− 1 in order to comply with ventilation requirements of buildings, the radon concentration in the
middle of the room (in both scenarios) was low, moreover, the average radon concentration according to
the CFD simulation was found to be 70.21 and 66.25 (Bq m− 3) for the closed- and open-door scenarios,
respectively.

Based on Figs. 2 and 3, the highest concentrations of radon were recorded close to the �oor and upper
wall around the inlet which are reduced by increasing the air exchange rate, while the lowest values were
observed near to the inlet and front wall. These results are due to the air velocity pro�le (m s− 1) in the
room shown in Fig. 4, which was simulated in both scenarios at two different air exchange rates of ACH 
= 1 and 4.3 h− 1 to comply with ventilation requirements and to compare with others studies, respectively.
In order to compare the CFD results with other studies, Visnuprasad et al. (2019) [20] and Zhuo et al.
(2001) [8] assumed ACH = 4.3 h− 1 in the open-door scenario and the average indoor radon concentrations
in their studies were reported to be 29 and 15 Bq m− 3, respectively, while in this study it was simulated to
be 20 Bq m− 3, the results of which are given in Table 1. The average indoor radon concentration reported
by Rabi et al. (2017) [12] was 49 Bq m− 3 which assumed that ACH = 1 h− 1, in the closed-door scenario,
while in this study the corresponding value was around 70 Bq m− 3.
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Table 1

Variation in the volume averaged radon concentration in the room at different ventilation rates
compared with the analytical calculation

ACH (h− 1) Numerical simulation Analytical method Difference (%)

Open door Closed door with open door with closed door

0.3 195.65 213.70 221.60 11.71 3.56

0.5 124.07 130.37 138.22 10.23 5.68

1 66.25 70.21 74.59 11.17 5.87

1.5 47.07 50.33 53.17 11.46 5.34

2 37.76 40.10 42.42 10.97 5.47

4.3 20.17 23.32 25.11 19.67 7.11

In order to estimate the annual radon effective dose rate (AED) originating from the inhalation of indoor
radon, the following equation is used [1]:

AED = C  Rn  × F × t × K (6)

where AED stands for the annual radon effective dose rate from exposure to radon (mSv yr− 1), CRn

denotes for the average radon concentrations in the room (Bq m− 3), F represents the indoor equilibrium
factor for radon of 0.4 which was provided by United Nations Scienti�c Committee on the Effects of
Atomic Radiation (UNSCEAR) in 2000, and t refers to the number of hours spent inside annually (2,000 h
based on the spent time by the staff). Furthermore, K denotes the radon dose conversion factor
recommended by the International Commission on Radiological Protection (ICRP) Publication 115 of 12
nSv per unit of integrated radon concentration (Bq h m− 3) [21]. In this survey, the average indoor radon
concentration according to CFD calculations represents the annual average radon concentration. Finally,
according to the simulation results, the corresponding annual effective dose from the inhalation of radon
when ACH = 1 h− 1 was calculated as 0.68 and 0.64 mSv yr− 1 in the closed and open-door scenarios,
respectively. These annual effective doses are less than the limit recommended by ICRP of 3–10 mSv yr− 

1 [22]. However, as simulated and shown in Figs. 2 and 3, it could be inferred that due to the poor
ventilation and air velocity pro�le at some locations in the test room, e.g. close to the �oor in the inlet,
radon gas can accumulate more so the risk of exposure the staff are subjected to would be higher.
Therefore, at this location, the corresponding dose received by the staff 1 m above the �oor and when
ACH = 1 h− 1 could be approximately 1.63 and 1.48 mSv yr− 1 in the closed and open-door scenarios,
respectively, which are also less than the range recommended by the ICRP of 3–10 mSv yr− 1.

In Table 1, the results of the analytical calculation and CFD simulation are compared. By computing the
percentage difference between the estimated results according to ANSYS-Fluent and the analytical
calculations at each ventilation rate, the maximum difference was found to be 19% when ACH = 4.3 h− 1
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in the open-door scenario. At the desired air exchange rate of 1 h− 1, the difference was also found to be
approximately 11% and 5% in the open- and closed-door scenarios, respectively. As is evident from Table
1, the different ventilation rates have distinct effects on the indoor radon concentration in the test room,
which is also illustrated in Fig. 5. The simulation results indicate that the air �ow pattern within the room
is an important function with regard to the distribution of the indoor radon concentration. Moreover, it is
noteworthy that the indoor radon concentration varies depending on the size of the room, radon
exhalation from building materials and the air exchange rate.

3.2. Effect of relative humidity on indoor radon
concentration
Factors that affect the radon concentration in the room include building materials, ventilation rate, wind
effect, temperature difference between inside and outside the room as well as the indoor air humidity.
Regarding indoor air humidity, a negative correlation is observed between this parameter and the
ventilation rate [23]. In this study, different values of the relative humidity (30%, 40%, 50%, 60%, 70% and
80%) are considered in the CFD code to explore the in�uence of the relative humidity on the indoor radon
concentration. The temperature and air exchange rate were set at 24°C and 0.5 to 1 h− 1, respectively. By
applying these assumptions and running the code, the results of the CFD model as well as the
relationship between the relative humidity and average indoor radon concentrations (Bq m− 3) in the room
were plotted in Fig. 6 (A-B). This was simulated at two different air exchange rates to present the effect of
the relative humidity on the indoor radon concentration. Accordingly, it can be seen that by increasing the
relative humidity from 30–50%, the average indoor radon concentration was reduced by approximately
5% and then started to rise by increasing the relative humidity. Therefore, this clearly indicates that the
relative humidity in�uences both the radon concentration and distribution.

3.3. Validation of the simulations results with Passive and
Active indoor radon measurements
In this survey, Raduet and NRPB detectors based on solid-state nuclear track detectors (SSNTDs) were
used to make the passive measurements and were hung on three horizontal planes in the investigated
test room for 45 days, which were de�ned as Z = 0.2, 1.0 and 1.8 m above the ground as well as
positioned at least 20 cm away from any of the wall surfaces. The plane at a height of 1.0 m above the
ground was regarded as the breathing zone for a standing adult. After exposure, all the detectors were
washed with distilled water and dried before being chemically etched. The etching conditions for CR-39
were as follows: a solution of 6.0 M NaOH at a temperature of 90℃ for 3 hours. The track densities were
counted using an optical transmission microscope and image analysis software [4]. The calibration
factors were also determined as a result of exposure tests in radon calibration chambers at the Institute
of Radiochemistry and Radioecology at the University of Pannonia in Hungary as comprehensively
described by Adelikhah et al. (2020) [3]. In the case of the active measurements, an AlphaGUARD PQ2000
PRO monitor and RAD7 radon-thoron detector made by DURRIDGE, USA were also used to continuously
measure the radon concentration at different positions in the room in the open- and closed-door
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scenarios. The AlphaGUARD PQ2000 PRO monitor works as an alpha spectrometer using an ionization
chamber. The device was used in the diffusion mode over 60-min cycles for 24 h and the resulting time-
averaged value was assumed to be the radon concentration. The RAD7 detector was set to a cycle time
of 1 day mode. Furthermore, the active detectors were equipped with integrated sensors to measure the
temperature, relative humidity and atmospheric pressure.

The measured values of the radon concentration according to active and passive methods were
compared with CFD predictions at the same points. The comparisons are presented in Tables 2 and 3 in
the open- and closed-door scenarios, respectively. Accordingly, the average indoor radon concentrations
measured by the AlphaGUARD and RAD7 detectors, for instance, at a height of 1.0 m above the ground in
the open-door scenario (regarded as the breathing zone for a standing adult) were 77 Bqm− 3 and 81
Bqm− 3, respectively, which exhibit a relative deviation of approximately 7% and 2% (Relative deviation =
((|Measurement − CFDprediction|)/CFD prediction). Regarding the passive measurements
according to the Raduet and NRPB detectors, the corresponding average indoor radon concentrations
were measured as 68 and 64 Bqm− 3, respectively with corresponding relative deviations of approximately
17% and 23%. However, in the closed-door scenario, the corresponding relative deviation was higher.
Furthermore, the highest relative deviation of 39% was measured by the NRPB detectors from 20 cm
above the ground in the closed-door scenario. As a result, it can be observed that both experimental
results and simulations somehow yielded a similar trend, that is, the radon concentration reduced as the
distance from the ground increased. Furthermore, based on the deviations, the average indoor radon
concentrations predicted from the CFD code were seen to be closer to the experimental values with the
exception of point A in both scenarios due to the poor air circulation resulting in the accumulation of
radon at that point. Correspondingly, the results of the CFD simulations are in good agreement with the
experimental measurements.  
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Table 2
Comparison of the CFD results with those obtained by active and passive measurement techniques

at different levels in the open-door scenario when ACH = 1 h− 1

Z (cm) Device (X,Y) coordinate Center Average

A (2.9,0.1) B (0.1,0.1) C (0.1,3.9) D (2.9,3.9)

20 Alphagaurd 119 112 81 58 84 91

RAD7 110 103 84 51 89 87

Raduet 88 73 66 62 -- 72

NRPB 74 60 69 55 -- 65

Simulation 163 115 65 46 76 93

100 Alphagaurd 92 102 67 55 70 77

RAD7 109 93 71 58 74 81

Raduet 66 83 61 63 -- 68

NRPB 71 69 59 56 -- 64

Simulation 154 98 50 52 57 82

180 Alphagaurd -- -- -- -- -- --

RAD7 -- -- -- -- -- --

Raduet 65 68 55 60 -- 62

NRPB 63 58 60 55 -- 59

Simulation 199 117 49 50 61 95
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Table 3
Comparison of the CFD results with those obtained by active and passive measurement techniques

at different levels in the closed-door scenario when ACH = 1 h− 1

Z (cm) Device (X,Y) coordinate Center Average

A (2.9,0.1) B (0.1,0.1) C (0.1,3.9) D (2.9,3.9)

20 Alphagaurd 93 109 74 63 91.5 86

RAD7 120 99 82 66 95.8 92

Raduet 88 79 58 65 -- 73

NRPB 77 65 72 59 -- 68

Simulation 224.43 133.41 68.57 54.42 82.35 112

100 Alphagaurd 110 108 61 63 84.6 85

RAD7 119 105 68 61 77.1 86

Raduet 89 92 66 74 -- 80

NRPB 76 66 58 63 -- 65

Simulation 170.7 140.18 51.33 45.3 65.59 95

180 Alphagaurd -- -- -- -- -- --

RAD7 -- -- -- -- -- --

Raduet 75 95 64 57 -- 73

NRPB 77 80 58 66 -- 69

Simulation 110.12 121.21 52.3 46.23 59.17 79

4. Conclusion
The minimum standard ventilation rate for dwellings is important not only to ensure the health and
comfort of dwellers but also to eliminate and dilute the dominant pollutants. Recently, the CFD method
has drawn attention to the prediction and visualization of the distribution pattern of radon and thoron
concentrations in con�ned areas. The purpose of this survey is to estimate the radon concentration at
different ventilation rates for a typical room by using the CFD technique before comparing and validating
the CFD results with analytical calculations and experimental measurements. This study applied both an
experimental and CFD model (using the commercially available CFD software ANSYS Fluent 2020 R1
based on the FVM method) to investigate the radon dispersion under typical indoor ventilation (natural
ventilation) as well as open- and closed-door scenarios. The calculations were validated by comparing
the CFD results with active measurements taken by the AlphaGUARD and RAD7 radon monitors as well
as passive measurements recorded by NRPB and RADUET detectors based on CR-39.
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By assuming an air exchange rate of 1 h− 1 to comply with ventilation requirements, the radon
concentrations in the middle of the room (in both scenarios) were low and the average radon
concentrations from the CFD simulations were 70.21 and 66.25 Bq m− 3 in the closed- and open-door
scenarios, respectively. The difference between the results of the analytical calculations and CFD
simulations were found to be approximately 11% and 5% in the open- and closed-door scenarios,
respectively. The measured radon concentrations recorded by the active measurements were also in good
agreement with the CFD results, e.g., with a relative deviation of approximately 7% and 2% according to
the AlphaGUARD and RAD7 radon monitors at a height of 1.0 m above the ground in the open-door
scenario. Moreover, the maximum relative deviation of 39% was recorded by the NRPB detectors at a
height of 20 cm above the ground in the closed-door scenario. The highest radon concentrations were
detected in close proximity to the �oor and upper wall around the inlet which was reduced by increasing
the air exchange rate, while the lowest values were observed close to the inlet and front wall. On the basis
of these results, it can be concluded that these trends are due to the air velocity pro�le. The simulation
results revealed that the air velocity distribution inside the room plays a major role with regard to the
distribution of the indoor radon concentration. The results also demonstrate that CFD modelling is
capable of predicting the indoor distribution of radon gas.
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Figure 1

Schematic diagram of the model room with its meshing
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Figure 2

Distribution of the radon concentration in the closed-door scenario at different ventilation rates

Figure 3
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Distribution of the radon concentration in the open-door scenario at different ventilation rates

Figure 4

Velocity distribution in the modelled test room in both scenarios at 2 different ventilation rates
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Figure 5

Averaged indoor radon concentrations in the room against the air exchange rate according to outputs of
the CFD model 
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Figure 6

Effect of the relative humidity (%) on the average indoor radon concentration (Bq m-3) in the open-door
scenario at two different ventilation rates according to the output of the CFD model 


