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Abstract−Numerical simulations were conducted using computational fluid dynamics to evaluate the effect of venti-
lation conditions on radon (222Rn) reduction performance in a residential building. The results indicate that at the same
ventilation rate, a mechanical ventilation system is more effective in reducing indoor radon than a natural ventilation
system. For the same ventilation type, the indoor radon concentration decreases as the ventilation rate increases. When
the air change per hour (ACH) was 1, the indoor radon concentration was maintained at less than 100 Bq/m3. How-
ever, when the ACH was lowered to 0.01, the average indoor radon concentration in several rooms exceeded 148 Bq/
m3. The angle of the inflow air was found to affect the indoor air stream and consequently the distribution of the radon
concentration. Even when the ACH was 1, the radon concentrations of some areas were higher than 100 Bq/m3 for
inflow air angles of 5o and 175o.
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INTRODUCTION

Radon (222Rn) is a naturally occurring radioactive gas generated
by the disintegration of the uranium that exists in soil and rocks. It
has a half-life of 3.8 days, and as radon decays, new radioactive
elements (218Po, 214Pb, 214Bi, and 214Po) called radon progenies are
produced. They are chemically active and radioactive. When radon
decays, it also emits an alpha particle of 5.5-MeV energy. It has been
proven that a significant relationship exists between long-term
exposure to radon, along with its short-lived progenies, and lung
cancer. Therefore, it is classified as a carcinogenic substance [1-3].
Indoor radon originates in soil and is released at building sites and
from building materials [4]. Indoor radon concentrations must be
maintained under regulatory limits because of radon’s potential to
cause harm. Therefore, it is necessary to identify effective ventila-
tion systems and optimal ventilation conditions to improve indoor
air quality by reducing indoor radon concentrations.

Experiments or numerical simulation methods can be used to
predict the behavior and distribution of indoor air pollutants [5,6].
Computational fluid dynamics (CFD) has been widely used for
this purpose because it offers several advantages. It is especially
beneficial in the study of pollutants whose generation is difficult to
control or that are very noxious even at low concentrations. Vari-
ous studies have used numerical methods to study indoor air pol-
lutants and ventilation systems. Many researchers have also utilized
numerical methods to study indoor radon. Fang and Persily [7]
predicted the characteristics of air flow and radon concentrations
in large buildings, such as apartment buildings, office buildings,
and schools, using computer simulations. Zhuo et al. [8] simulated

the concentration and distribution of radon and thoron in a model
room. Wang et al. [9] used CFD to develop a model for entry of
radon into a house cellar. The effects of the air change rate, tem-
perature, and humidity on the indoor radon concentrations in a
detached house were studied by Akbari et al. [10].

However, in spite of its importance, the evaluation of ventila-
tion regulation for radon has not been fully studied. Furthermore,
studies on the prediction of indoor radon distribution and the radon
reduction performance of ventilation systems for various ventila-
tion conditions have rarely been carried out using CFD. Therefore,
in the present study, CFD simulations were carried out to predict
the distribution of indoor radon concentrations and to estimate
the effects of a ventilation system on indoor radon reduction. The
American Society of Heating, Refrigerating and Air-conditioning
Engineers, Inc. (ASHRAE) and World Health Organization (WHO)
standards were used to evaluate the ventilation performance of a
typical Korean house.

CALCULATION METHODS

1. Governing Equations
Reynolds-averaged Navier-Stokes (RANS) equations were applied

in this study. An incompressible steady-state turbulent flow was
assumed in the calculation of the air flow field and the evolution
of the indoor radon concentration. The time-averaged continuity
equation, momentum equation, and chemical species transport
equation were solved.

The governing equations are as follows:

- Continuity equation:

(1)

where Ui is the mean velocity vector for the i direction;

∂Ui

∂xi
-------- = 0
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- Momentum equation:

(2)

where ρ is the density, P is the mean pressure, μ is the dynamic
viscosity, and  in Eq. (2) is the Reynolds stress tensor, which
can be calculated by turbulence modeling;

- Species equation:

(3)

and

(4)

where Yi and Ji are the mass fraction and diffusion flux of spe-
cies i, respectively, S is the source term, and Di, m is the diffusion
coefficient of chemical species i in the gas mixture.

As discussed above, to solve Eq. (2), the Reynolds stress tensor
should be modeled. In the present study, the Reynolds stress ten-
sor was modeled as follows:

(5)

where the realizable k-ε model was used to calculate the turbu-
lent kinetic energy and its dissipation rate in Eq. (5). The trans-
port equations for the turbulent kinetic energy and its dissipation
rate are as follows:

- Turbulent kinetic energy, k, equation:

(6)

(7)

(8)

(9)

and

(10)

where Gk in Eq. (6) is the turbulent kinetic energy generated by
the mean velocity gradient, defined in Eq. (7); Sij is the strain rate
tensor; and Rey is the wall-distance Reynolds number. In this
study, the realizable k-ε model was applied with the two-layer wall
treatment approach. Therefore, the turbulent viscosity, which is
expressed as μt, was blended with the two-layer value and defined
in Eqs. (8), (9), and (10) as follows:

- Turbulent dissipation rate, ε, equation:

(11)

(12)

(13)

σ
κ
=1.0 (14)

and

σ
ε
=1.2 (15)

In Eq. (11), the constants are given in Eqs. (12)-(15).
2. Calculation Conditions

It is difficult to generalize houses with a computational model
because their shapes, sizes, and inner structures are very diverse.
Therefore, the house in the present study was modeled based on
statistical data for houses in South Korea. Fig. 1(a) shows the three-
dimensional computer-aided design (CAD) model of the house
that was used for the calculations. In addition, mechanical ventila-
tion systems were loaded into the model. The number of house-
hold members who lived in the house was assumed to be the average
number of household members in South Korea (2.7 people), which
was rounded up to three people [11]. The house type selected was
an apartment, which is the most common type in South Korea.

∂
∂xj
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Fig. 1. Computational domain.



784 J. E. Lee et al.

March, 2016

The number of apartments in South Korea is 8,308,021, out of a
total of 17,733,831 households, according to the governmental sta-
tistics report for the 2012 national survey of residence status in
South Korea [12]. The size of the house was determined to be
78.10 m2, which is also the national average size, based on the sta-
tistics. Taking into consideration the size of the house and the
number of household members, the house was modeled to con-
sist of three bedrooms, a toilet, a kitchen, and a living room. How-
ever, because there were no standard or specific supporting data
for an inner structure and a house plan, these were chosen subjec-
tively by considering sample plans for a 79.33 m2 apartment build-
ing from several construction firms. For the mechanical ventilation,
exhaust fans were located in the kitchen and the toilet. In Fig. 1(a),
the exhaust fans are marked in red. In addition, supply fans were
located in the living room and each of the bedrooms, and they are
marked in blue in the figure. Fig. 1(b) shows the computational
grid structures of the calculation domain. Approximately 120,000
polyhedral meshes were used. It is very important to find the opti-
mal number of grids that does not adversely affect the accuracy of
the calculation. Therefore, a grid dependency test was performed
before the main calculations were performed to minimize the error
associated with the number of grids. Fig. 2 indicates that the radon
concentration remains constant when the number of grids is more
than 120,000. Increasing the number of grids increases the calcula-
tion time and cost. Therefore, in the current study, computational
analysis was performed using the minimum number of grids deter-
mined from the grid dependency test.

For the standard conditions (101.3 kPa, 273 K), the chemical and
physical properties of air and radon are given in Table 1. In this
study, the turbulent convective air flow was the most dominant

factor in the passive scalar evolution. Therefore, the effects of the
other gas species in the air on the diffusion of the indoor radon
were assumed to be negligible. The radon exhalation rates of the
building and interior materials, with areas where the materials
were applied, are presented in Table 2. The radon exhalation rate
of each construction material was measured using continuous
radon monitoring equipment (RTM 1688-2, Silicon Surface-Bar-
rier Detector) in an airtight acrylic container for ten hours [13].
The materials are the types primarily used for houses in South
Korea. The compositions of the materials used for the house were
selected based on the results of previous studies [14,15]. There-
fore, the house in this study was assumed to consist of those mate-
rials, and their radon exhalation rates were applied.

The ASHRAE Standard 62.1 suggests ventilation standards for
buildings to meet indoor air quality regulations. This standard re-
quires consideration of the volume or area of a house and the
number of occupants. In addition, an exhaust rate should be in-
cluded for special-purpose zones in a house, such as the kitchen
and toilet [16]. Taking into consideration the criteria noted above,
three different ventilation types were selected and evaluated in the
present study. The types of ventilation and the inlet and outlet
positions are presented in Table 3. Both natural supply and exhaust
ventilation occurred in cases 1 and 2; the difference between cases
1 and 2 was the inlet for air flow. In contrast with mechanical ven-
tilation, the direction of a natural air supply cannot be controlled
artificially; it follows the direction of the wind, which is inconsis-
tent. In case 1, the windows located on the front side of the house
(room 2, the kitchen, and room 3) were air inlets. On the other
hand, the windows in case 2 that were located on the back side of
the house (room 1 and the living room) were inlets for air. In case
3, only mechanical exhaust and supply ventilation occurred. The

Fig. 2. Results of the grid dependency test.

Table 3. Calculation conditions
Case Ventilation type Inlet position Outlet position

1 Natural - Windows of Room2, Room3, and Kitchen - Windows of Room1 and Living room
2 Natural - Windows of Room1 and Living room - Windows of Room2, Room3, and Kitchen
3 Mechanical - Supply fans located at the ceilings of

Room1, Room2, Room3, and Living room
- Exhaust fans located at the ceiling of Kitchen and Toilet

Table 1. Properties of the chemical species at the standard condition
Property Air Radon
Molecular weight (kg/kmol) 28.9664 222
Density (kg/m3) 1.18415 9.37
Dynamic viscosity (kg/m-s) 1.85508×10−5 1.8×10−5

Table 2. Radon exhalation rate according to the building and inte-
rior materials

Material Radon exhalation
rate (Bq/m2-h) Area

Concrete 2.89 Floor and walls
Gypsum board 2.53 Ceiling
Tile 0.34 Toilet floor and walls
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flow direction of natural wind is not fixed and cannot be con-
trolled. Therefore, the angle of inflow air through windows is not
always perpendicular to the window. When natural ventilation
occurs, the effects of the angle of air flow on indoor radon reduc-
tion need to be considered. Therefore, various angles of inflow air
through the windows were applied as boundary conditions for dif-
ferent air change rates. Fig. 3 shows the inflow angles between the
window front surface and the outdoor air that flows into the
house. The inflow angle is defined as increasing in the clockwise
direction from 0o (parallel to the window) to 90o (perpendicular to
the window).

The distribution of the indoor radon concentration and the
indoor radon reduction performance were scrutinized for a range

of ventilation rates. Ventilation rates are commonly expressed as
air change per hour (ACH). The ventilation rate that meets the
ASHRAE Standard 62.1 is approximately 1 ACH [16]. The regula-
tion of indoor ventilation in South Korea is legislated by Article 11
(the ventilation standard for an apartment and a public facility) in
Ordinance 23 of the Ministry of Land, Infrastructure, and Trans-
port (equipment standards of a building). According to this law,
an apartment building that has more than 100 units is required to
have a natural or mechanical ventilation system installed to venti-
late the indoor air at least 0.5 times per hour [17]. The ventilation
efficiency and indoor radon concentration as a function of the
ACH were compared and scrutinized. Table 4 shows the condi-
tions of the air change rate. Three ventilation systems were consid-
ered for each air change rate.

The yearly average and variation of the wind velocity in South
Korea are presented in Fig. 4. The minimum wind velocity is
approximately 1.4 m/s throughout South Korea. Therefore, in real-
ity, the maximum inlet air velocity, 0.014 m/s, which was applied
in this study under the natural ventilation condition could be
ensured [18]. The maximum inlet velocity of 0.014 m/s is the area-
averaged velocity at the front windows of the house when the ACH
is 1. ACH is defined as the portion of the total volume of air inside
the house that is replaced by a volume of outside air per hour.
Normally, 1 ACH is adequate to meet ventilation requirements. In
this study, the air velocity was calculated on the basis of ACH
value. The volume of the house was assumed to be 277.37 m3, and
the areas of the front and rear windows were taken to be 4.02 m2

Fig. 3. Angle of inflow air through windows.

Table 4. Calculation condition for air change rate

ACH

Inflow air velocity
on window (m/s) Exhaust and supply air velocity (m/s)

Notes
Case1 Case2

Case3
Supply Exhaust

1 1.46e-02 5.18e-03

- Room1: 3.19e-02
- Room2: 1.51e-02
- Room3: 1.50e-02
- Living room: 4.83e-02

- Kitchen: 7.34e-01
- Toilet: 7.34e-01 Ventilation standard of ASHRAE 62.1

0.5 7.30e-03 2.59e-03

- Room1: 1.59e-02
- Room2: 7.57e-03
- Room3: 7.49e-03
- Living room: 2.41e-02

- Kitchen: 3.67e-01
- Toilet: 3.67e-01

1/2 of ventilation standard of ASHRAE 62.1 and
regulation of ventilation in South Korea

0.25 3.65e-03 1.30e-03

- Room1: 7.97e-03
- Room2: 3.78e-03
- Room3: 3.75e-03
- Living room: 1.21e-02

- Kitchen: 1.83e-02
- Toilet: 1.83e-02

1/4 of ventilation standard of ASHRAE 62.1 and
1/2 of regulation of ventilation in South Korea

0.1 1.46e-03 5.18e-04

- Room1: 3.19e-03
- Room2: 1.51e-03
- Room3: 1.50e-03
- Living room: 4.83e-03

- Kitchen: 7.34e-02
- Toilet: 7.34e-02

1/10 of ventilation standard of ASHRAE 62.1 and
1/5 of regulation of ventilation in South Korea

0.01 1.46e-04 5.18e-05

- Room1: 3.19e-04
- Room2: 1.51e-04
- Room3: 1.50e-04
- Living room: 4.83e-04

- Kitchen: 7.34e-03
- Toilet: 7.34e-03

1/100 of ventilation standard of ASHRAE 62.1 and
1/50 of regulation of ventilation in South Korea
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and 11.33 m2, respectively. For the above dimensions and an ACH
of 1, the air velocities at the front and rear windows were calcu-
lated to be 0.014 and 0.005 m/s, respectively.

Table 5 shows the boundary conditions for the computational
domains. The inlet and outlet of the house were set for constant
velocity and pressure conditions, respectively. The indoor walls were
set for no-slip conditions. No buoyancy effects resulting from indoor
temperature gaps were taken into account. The analysis was per-
formed under the condition that a constant amount of radon was
emitted from the indoor walls. Three-dimensional numerical sim-
ulations were carried out using the commercial CFD code STAR-
CCM+ Ver. 9. 06. 011. The finite volume method (FVM) was used
to discretize the governing equations presented above. The first-
order UPWIND scheme was used for the spatial discretization of
the governing equations. The SIMPLE algorithm was used to cor-
rect the pressure-velocity decoupling.
3. Validation

The validation calculation was performed by comparing the
results of the CFD method used in the present study with the results
of field measurements taken with a continuous radon monitor by
Akbari et al. [10]. In addition, the numerical simulation results of
their research and the estimates obtained using the analytical method
were compared.

The volume of the house used for the validation calculation was
12×9×2.4 m3 (Fig. 5). The radon exhalation rate from the surface
of the house floor was 65 Bq/m2/h. Seven vents were installed in
the house. Air flowed into the house through the vent in each room.

The velocity of the air flowing from each vent was obtained using
Eq. (16), depending on the size of the room and the ACH, as follows:

(16)

Indoor air and radon were able to flow out through the windows
and doors. The room doors were assumed to be open.

The steady-state indoor radon concentration was calculated by
the following analytical method [19]:

(17)

where E is the radon exhalation rate, A is the area of the radon
exhalation surface, V is the volume of the house or room, λRn is the
decay constant of radon, and λv is the air change rate in the house.

To validate the numerical procedure, simulations were per-
formed for the house studied by Akbari et al. [10], and the radon
concentrations in a room located in the left corner of the house

v = 
ACH Volumeroom×

Areavent
----------------------------------------------

C = 
EA

V λRn + λv( )
--------------------------

Fig. 4. Mean wind speed distribution in the southern portion of the Korean peninsula.

Table 5. Boundary conditions
Boundary Condition
Inlet - Dirichlet (constant velocity)
Outlet - Dirichlet (constant pressure)

Wall - No-slip
- Dirichlet (constant radon exhalation rate)

Fig. 5. Computational domain for validation of experiment 1.
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were compared. The results of the validation calculation are shown
in Table 6. Overall, the present calculation results were much closer
to the experimental results than the other results. The maximum
difference between the present results and the experimental data
was less than 14.4%. Therefore, it seems that the CFD procedures
employed in the present study can produce good predictions of
the characteristics of the air flow and the consequent indoor radon
concentration for the primary calculation.

To validate the present CFD procedure, a radon diffusion exper-
iment was conducted in a closed space. In the experiment, illus-
trated in Fig. 6, uranium shale was coated on the side walls of a
room with dimensions of 3.1×3.1×2.3 m3. The radon concentra-
tion emitted from the sides of the walls was measured using a
RAD-7 electronic radon detector. The emission was detected for
close to five hours. CFD validation analysis of the indoor radon
diffusion was performed under unsteady condition and the calcu-
lation conditions were given very similar to the experimental studies.
The area of the side wall was 24.9 m2, and the radon exhalation
rate was 112 Bq/m2-h. As shown in Table 6, the measured indoor
radon concentration was 86.9 Bq/m3, and the indoor radon con-
centration predicted from the CFD analysis was 87.7 Bq/m3, with
an error margin of 0.92%. Therefore, based on the comparisons
with the two sets of experimental data, the computational proce-

dure employed in the present study was judged to be able to pre-
dict indoor radon evolution with appropriate accuracy for the
purpose of the present study.

RESULTS AND DISCUSSION

1. Regulatory Levels of Indoor Radon
A standard action level for indoor radon is required to evaluate

the reduction in indoor radon achieved by ventilation. In South
Korea, the recommended level of indoor radon is stipulated in
Article 4 of the Enforcement Decree of the Act on the Indoor Air
Quality for a public facility as 148 Bq/m3 [17]. In the U.S, the Envi-
ronment Protection Agency (EPA) has set a guideline value of 4
pCi/L (148 Bq/m3) for indoor radon concentrations. This is the
action level at which remediation is recommended if the mea-
sured value exceeds the guideline value in long-term tests [17]. In
addition, the WHO has suggested that the indoor radon concen-
tration be maintained at less than 100 Bq/m3 [1]. These radon
action levels were applied to the evaluation of the indoor quality
calculated by the CFD simulation in the present study.
2. Distribution of the Radon Concentration and Ventilation Per-
formance with Respect to the Ventilation System and ACH

In this section, the behavior of the air flow and the distribution
of the indoor radon concentration as a function of the ventilation
system and ACH were examined. Fig. 7 presents the three-dimen-
sional velocity streamline of the indoor air flow in each case for
ACH values of 1.0 and 0.01. A comparison of Figs. 7(a), (c), and
(e) shows that the air velocity was lower near the walls in all cases
because of the no-slip conditions, and the velocity of the air flow
increased after the air passed through the room door, which was a
small area. It was possible to observe completely different air streams
depending on the ventilation system. Large and slow vortices formed
in different parts of the house in each case, and this was a very
important factor in the radon concentration. In case 1, a slow
rotational flow was formed in the corner in front of the doors of
room 1 and the toilet. This rotational flow illustrates the slow con-
vection of the air stream in room 1 and the toilet. In case 2, large
and slow vortices also occurred near the toilet and close to the
wall on the right side of room 1. In cases 1 and 2, air was sup-
plied through the front or back windows of the house, and this
caused the main air flow across the house. In these cases, the con-
figuration of the house geometry resulted in flow separation and a
region of flow recirculation against the main flow. In addition, the
low-velocity rotational flow produced a zone in which the air flow

Table 6. Validation data Unit: Bq/m3

Experiment 1 Experiment 2

ACH Experimental
data

Numerical simulation
results of Akbari et al.

(% difference*)

Results of the
analytical method

(% difference*)

CFD results of
the present study
(% difference*)

Experimental
data

CFD results of
the present study
(% difference*)

0.25 90 107 (18.9) 107.5 (19.4) 98.0 (8.9)0
86.9 87.7(0.92)0.50 45 66 (46.7) 053.8 (19.6) 48.9 (8.7)0

1.20 25 20 (20).0 022.4 (10.4) 21.4 (14.4)
*% difference=(|Experimental data - numerical, CFD or analytical result|)/Experimental data×100

Fig. 6. Computational domain for validation of experiment 2.
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was stagnant. The ventilation performance was impeded by these
phenomena. On the other hand, it was expected that the ventilation
performance would be better with the ventilation conditions of case
3 than with the conditions of the other cases because there was no
large, slow vortical region. A comparison of the results with respect

to the ACH showed that in all of the cases, the velocity of the air
flow in the house decreased as the ventilation rate decreased. Simi-
lar flow patterns were observed for ACH values ranging from 0.1
to 1.0. However, in all cases, when the ACH was 0.01, rotational
flow barely formed. It is possible that the air velocity was too slow

Fig. 7. Velocity streamline of the air flow, depending on the ventilation type and ACH.
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to produce flow separation and consequent vortices.
Fig. 8 shows the distribution of the indoor radon concentration

as a function of the ventilation rate. For all of the ventilation types,
the indoor radon level increased as the ventilation rate decreased
from 1 to 0.01 ACH, and clear differences were observed among

the ventilation systems. Given the correlation with the air flow, for
a rate of 1 ACH, the indoor radon concentration was high where
slow flow recirculation occurred. In particular, it was noticeable
that radon accumulated more in the toilet and room 1 in case 1
because the indoor air was poorly ventilated, as mentioned before.

Fig. 8. Contours of the radon concentration, depending on the ventilation types and rates.
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In case 2, radon also accumulated in the toilet and close to the
wall on the right side of room 1. In addition, the indoor radon
concentration decreased in case 3. When the ACH was 0.01, it ap-
peared that the radon concentration could not be further reduced
by ventilation. Therefore, an overall high radon concentration was
observed in the house, probably because the indoor radon distri-
bution was closely related to the air flow. The radon concentra-
tion was lower where the air was supplied or where it entered. On
the other hand, the concentration was higher where the air flow
velocity was very low or where a dead zone was observed.

A bar chart of the volume-averaged indoor radon concentra-
tion for the entire house is presented in Fig. 9. Cases 1-3 are the
results of the CFD calculation. In addition, an analytical result was
calculated using Eq. (17) and compared with the CFD results. As
ACH decreases, the volume-averaged indoor radon level exhibits
an increasing trend. The analytical result is similar to the results
for cases 2 and 3 for ACH values from 1.0 to 0.1. However, for an
ACH of 0.01, the analytical result increased dramatically, from
42 Bq/m3 to 420 Bq/m3, and there is a large difference between the
CFD results and the analytical value. The difference can be ex-
plained as follows. For the CFD simulations, the distribution of the
indoor radon concentration was predicted on the basis of not only

Fig. 9. Volume-averaged indoor radon concentration of the house
with respect to ACH.

Fig. 10. Volume-averaged indoor radon concentration of each space in the house.

the ventilation rate but also the various ventilation conditions. In
addition, the influence of the internal structure of the house can
be included in the CFD simulation, which affects the flow struc-
ture. As shown in Figs. 7-8, the flow structure changes depending



A numerical study on the performance evaluation of ventilation systems for indoor radon reduction 791

Korean J. Chem. Eng.(Vol. 33, No. 3)

on the ACH, which greatly influences the consequent radon con-
centration. However, only the ventilation rate was considered in
the analytical method. Moreover, the same air change rate was
assumed for all rooms. These differences explain the difference be-
tween the analytical results and the CFD results. In addition, the
radon concentration in each room can be computed and com-
pared by CFD simulation. This is discussed in detail below.

For the purpose of quantitative comparison, the volume-aver-
aged indoor radon concentration in each room is shown in Fig. 10
as a function of the ACH. As mentioned previously, when the
ACH was 1.0, regardless of the ventilation type, the concentration
of the indoor radon was lower than the action level recommended
by WHO. However, in case 1, as the ACH dropped to 0.1, the
radon concentration of room 1 exceeded approximately 130 Bq/

Fig. 12. Stream line of air flow in the house depending on the angles of inflow air into the windows at ACH=1.0.

Fig. 11. Stream line of air flow in the house, depending on the angle of inflow air at ACH=1.0.

m3, and the radon level in the toilet was slightly below the WHO
action level. When the ACH decreased to 0.01, the radon concen-
tration dramatically increased, and the radon accumulated to lev-
els above the indoor radon concentration standard in the house,
except in rooms 2 and 3. In addition, in cases 2 and 3, as the ven-
tilation rate decreased from 0.1 to 0.01 ACH, the radon concentra-
tions rapidly increased and exceeded the action levels established in
South Korea and the U.S. However, the indoor radon concentra-
tion could be reduced to a level below the action level at the mini-
mum ventilation rate suggested by the ASHRAE Standard 62.1 or
the ventilation regulation of South Korea.
3. Effects of the Inflow Air Angle on the Indoor Radon Con-
centration

 In this section, the effects of the angle of the air inflow through



792 J. E. Lee et al.

March, 2016

the windows are discussed. As mentioned before, the influence of
the air flow angle was examined under five ACH conditions.

Stream lines of the air flow and the distribution of the indoor
radon concentration when the air inflow angle was 5o are shown
in Figs. 11 and 12, respectively. A comparison of the results when
the angle was 5o (Figs. 7(a) and (b)) with the results for inflow per-
pendicular to the window (Figs. 7(a) and (c)) shows that in both
cases, the air velocity was lower for the inlet angle of 5o. At an inlet
angle of 5o, slow rotational flows started to form near the inlets.
Finally, the amount of slow rotational flow was larger than in the
case of perpendicular inlet flow. As clearly shown, the characteris-
tics of the rotational flow were obviously different, depending on
the angle in each case. As Fig. 12 shows, a lower radon concentra-
tion was observed in the house when the air velocity was higher.
On the other hand, large, slow rotational flow induced a higher
radon concentration.

Fig. 13 shows the volume-averaged indoor radon concentra-
tion in room 1 and the toilet in case 1 and in the kitchen in case 2,
depending on the angle of the air inflow through the windows. In
those rooms, distinct changes in the radon concentration were ob-
served, depending on the given ventilation conditions. For an ACH
of 1, the radon concentration in room 1 was higher when the
angle was as small as 5o or as large as 175o. For both of the angles,

the radon concentration exceeded the WHO standard, at approxi-
mately 130 Bq/m3, in room 1. On the other hand, the radon level
was maintained at a value lower than the WHO action level in the
cases of other angles. When the ACH was 1, the radon level was
below the WHO action level in the toilet in case 1 and in the
kitchen in case 2, for every angle. However, the indoor radon con-
centration at an ACH of 0.5 was below the action level of the U.S.
and South Korea, although it was higher than the WHO action
level. In addition, if the ACH was lower than 0.25, a reduction in
the indoor radon sufficient to reach a safe level could not be
accomplished in many cases and various angles. The indoor air
flow may have been affected by the angle of the air inflow through
the windows. This resulted in differences in the indoor radon
reduction performance.

The volume-averaged indoor radon concentration of the entire
house as a function of the air inflow angle is presented in Fig. 14.
The figure illustrates the symmetric distribution of the radon con-
centration with respect to the angle, with the case of 90o consid-
ered to represent the central axis. In both ventilation systems, the
radon concentration in the house was below 100 Bq/m3. In addi-
tion, when the ACH was 1.0, the radon concentration did not exhibit
a tendency to increase or decrease with a change in the air inflow
angle except for angles of 5o and 175o. However, at the lowest, ACH,

Fig. 13. Volume-averaged radon concentration in a specific area of the house, depending on the angles and ventilation rates.
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an increasing trend in the radon concentration was clearly observed
as the angle became smaller. The total volume-averaged radon
concentration was below the regulatory limits, but for each room,
cases of concentrations exceeding the limits were possible. These
findings are cause for concern for human health.
4. Effects of the Window Opening Area on the Indoor Radon
Concentration

We compared the indoor radon concentration for window open-
ings of 25, 50, and 100% under natural ventilation conditions. A
CFD analysis was performed for the case1 conditions and ACH=1.
The opening area at the front windows of the house was changed
while the air volume flow rate was held constant. Fig. 15 presents
the volume-averaged radon concentration for window opening
percentages of 25%, 50%, and 100%. When the window opening
area increased from 25% to 50%, the radon concentration in room 1
increased to 0.4%, which suggests that there were no large changes
in the concentration of radon. When the opening area increased
to 100%, the radon concentration increased to 24.4% in room 1.
The radon concentrations in room 2, room 3, and the living room
were not greatly influenced by the open space of the windows.

The radon concentrations in the kitchen and toilet increased to
15.9% and 3.9%, respectively, when the window opening area
increased from 25% to 50%. When the window was opened 100%,
the radon concentration in the kitchen and toilet increased to
9.9% and 14.4%, respectively. The difference in the radon concen-
tration with respect to the window opening is due to the change in
the indoor air flow velocity, because the air flow velocity increases as
the window opening area decreases.

CONCLUSIONS

Indoor radon concentration distributions and the radon reduc-
tion performance of ventilation systems have been scrutinized
with respect to ventilation rates and the types and angles of air
inflow. Computational fluid dynamics was used to simulate an
indoor environment.

At a given ventilation rate, the mechanical ventilation system
was more effective in reducing indoor radon than the natural ven-
tilation system. For the same ventilation type, as the ventilation
rate increased, the average indoor radon concentration decreased.
When the ACH was 1, the indoor radon concentration was main-
tained below the limit of 100 Bq/m3 suggested by the WHO by all
ventilation types. However, as the ACH decreased to 0.01, the
average indoor radon concentrations in some areas exceeded 148
Bq/m3, which is the regulatory limit in South Korea and the U.S.
When air was supplied from the back windows of the house, the
effect of the air inflow angle on the distribution of the indoor radon
concentration was very slight. However, when air flowed into the
house through the front windows, the radon concentration in
some parts of the house was high, depending on the air inflow
angle. Even for air inflow angles of 5o and 175o, the volume-aver-
aged radon concentrations in some areas exceeded the WHO action
level. Based on the results, the appropriateness of the minimum
ventilation rate according to the standard could be numerically
tested. The indoor radon concentration was effectively reduced
when the ventilation rate met the U.S. standard or the regulation
of South Korea. However, the radon concentration was dramati-
cally changed by varying the ventilation conditions. Furthermore,

Fig. 14. Volume-averaged indoor radon concentration, depending on the angle of air inflow.

Fig. 15. Volume-averaged indoor radon concentration, depending
on the window opening area.
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a steady-state condition was assumed in the present study, and
various factors associated with real ventilation situations were
neglected, such as the sizes of the window openings for natural
ventilation or the operating time of fans. To achieve more accu-
rate simulation results, it is necessary to calculate the variation in
the air flow and the indoor radon concentration distribution over
time. In addition, various types of furniture and facilities in a house
can affect the air flow. Therefore, further studies that take into con-
sideration conditions and factors such as those mentioned before
are needed.
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NOMENCLATURE

C : closure coefficient
D : diffusion coefficient
Gk : turbulent production
J : diffusion flux
k : turbulent kinetic energy
P : pressure [pa]
Rey : wall-distance-based Reynolds number
Si : source term
Sij : strain rate tensor
t : time
U : mean velocity vector [m s−1]
u : velocity fluctuation
V : volume [m3]
v : velocity [m s−1]
Y : mass fraction
σk, σε

: turbulent schmidt numbers
ε : turbulent dissipation rate
μ : dynamic viscosity
μt : turbulent viscosity
ρ : density [kg m−3]
δ : kronecker delta
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