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Abstract

Naturally occurring radon gas is the leading cause of lung cancer for nonsmokers. Limiting the amount of radon
inhaled by residents when designing homes and HVAC systems is of utmost importance. This report focuses on
dedicated 3D CFD simulations of indoor radon distribution in a dwelling located in Madrid, Spain, using the
CONTAM and CFD-0 software developed by NIST. CFD can be used and has many advantages for indoor air
flow analysis with reduced mathematical limitations. The results are qualitative and show the possibility to
calculate detailed volumetric radon concentrations inside a ventilated dwelling. This technique allows a better
estimate of the radoninfiltration rate to mitigate the accumulation of radon inside dwellings.
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Introduction

Radon (%22Rn) is a chemically inert radioactive gas with a 3.8 day half-life produced naturally in the decay chain
of 238U. It can be found everywhere onthe Earth’s surface in different concentrations, being accumulated mostly
in poorly ventilated environments [1]. Radon emission is massively influenced by the geological structure and
characteristics that are seen in bedrock [2]. Inhalation of radon and their decay products constitute the largest
fraction (52%) of radiation dose received by humans from natural background radiation [3]. Measurement of
indoor radon concentration is important due to the impact that radon can have on indoor air quality and the
health effects that this can have through inhaling that air.

A fundamental tool to design effective radiation protection strategies against radon is mapping the most
exposed geographical areas. The mapping of the radon potential in Spain, developed by the Nuclear Safety
Council, categorizes the areas according to their indoor radon levels and identifies those in which a significant
percentage of residential buildings that have concentration levels higher than 300 Bq / m? [4]. The presence of
indoor radon varies depending on the uranium content of the soil and, in Spain; it is more frequent in Galicia,
certain areas of Castilla and Ledn, Northern Extremadura and Northern Madrid. Within the Community of
Madrid, the highest levels of exposure are identified with the granite outcrops on the southern slopes of the
Gredos mountain range, and with the granite alterite mantles of the Sierra de Guadarrama [5].

The Council Directive of 2013/59/EURATOM has promoted in Spain, the development of a new basic document,
the Technical Building Code which relates to protection against radon [6]. This new document classifies
municipalities as having high, moderate or low potential for indoor radon problems. Community of Madrid has
over 100 municipalities, such as, El Escorial, Brunete, Cercedilla, Guadarrama, Moralzarzal, Rascafria and
Torrelodones.

A comparative study of indoor radon level in two similar dwellings in Madrid was also conducted based on
simulation performed with the multi-zone modelling software CONTAM developed by the National Institute of
Standards and Technology (NIST) [7, 8]. The survey found that the average radon concentration is over 60-80
Bg/m3. This work presents a technique for estimating radon levels in the different rooms of two dwellings using
the CONTAM modelling software and investigates the generation rate of indoor radon sources relative to the
total surface of each room [7]. A comparison of the simulated indoor radon levels helped identifying the rooms
that required special attention. Simulations for different fan airflow levels were also performed for a specific
room and the impact in the radon concentrations was analyzed. The CONTAM software and methodology
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presented should be a help in accomplishing the requirements from Council Directive 2013/59/EURATOM [9],
as part of arranging for the establishment of strategies to ensure the appropriate management of existing
exposure situations commensurate with the risks and with the effectiveness of protective measures required in
Articles 101 and 103.

There's a good agreement between simulated and measured values of radon concentrations for the two
dwellings when including weather factors such as outdoor temperature, barometric pressure, wind speed and
wind direction [10]. The main variations of indoor radon levels were shown to originate mainly from
meteorological factors. A correlation was established between low/high barometric pressure, outdoor
temperature or indoor—outdoor temperature difference and low/high radon concentrations, with these
observations reflected in both simulated and measured datasets [10].

In the recent years, Computational Fluid Dynamics (CFD) has shown great promise for simulation of indoorradon
problems [11]. Compared to multizone models, CFD methods use fewer assumptions and are able to obtain
detailed spatial values of airflow and contaminant concentrations. CFD solves the governing fluid equations and
provides spatial and temporal field solution of variables such as pressure, temperature and energy density. It
also provides velocity flow fields and the dispersion pattern of indoor pollutant [11]. One of the drawbacks of
CFD is that it demands a lot more computing time than the multizone models [12]. To achieve fast computing
speed, a number of assumptions must be made regarding zone parameters and airflow characteristics. The idea
of multizone-CFD coupling is to apply a multizone program to most zones of a building while applying a CFD
program to the zones where the multizone assumptions are not appropriate.

In the simplified approach observed in this work, most components are modeled using the CONTAM multizone
network program, and provided detailed CFD analysis only to a specific zone, where the simplified “well-mixed”
assumption may not stand. This approachwas possible thanks to Wang and Chen [12, 13] who coupled CONTAM
with CFD-0, a CFD code, originally developed by Srebric et al. [14].

Multizone airflow network models and CFD have been widely used in simulations of building airflow distribution
and contaminant transport. A number of recent papers show a promising descriptive and predictive power of
CFD simulations for radon in various environments through comparisons with measurement [11, 13]. Using CFD
modelling, the spatial distribution of radon in test room conditions was simulated and found that radon
distribution was unequal due to the difference in the flux from different sources in non-mixing conditions [11].
This can also been seen through the example case of coupling CFD and multi-zone models in which it was
assessed through the effects of driving speed and tailpipe location on pollutant levels inside a school bus as a
result of self-pollution [14]. This model has shown reasonable results for the school bus cabin, although there
were some disagreements in the predictions for the front of the cabin. CFD-0 module of the CONTAM software
simulated the airborne contaminant transport in the healthcare industry and throughout hospitals and
laboratory applications [15]. One of the most comprehensive studies showed and took into consideration
different indoor variables such as temperature, ventilation rate and humidity for the 3D CFD simulations [18]. It
was shown that the indoor radon level was reduced with the ventilation rate, as well as, when the gradient of
temperature between inside and outside increases. On the other hand, it increased with increasing relative
indoor humidity.

The aim of this paper is to develop a methodology for determining the impact of weather effects to the
distribution of radon concentration within a room based on 3D CFD simulations. The Tecplot software [16] will
be used to display results in a user-friendly manner such that radon mitigation decisions can be taken based on
the graphical outputs.

Methodology

Multizone network models employ several assumptions, which may lead to inaccurate results in flow
calculations, such as: uniform pressure at the same height of a zone, uniform temperature, uniform contaminant
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concentration in a zone, airflow through zones does not impact zone pressure, momentum and kinetic energy
not accounted for by flow path models, and well-mixed air composition when determining contaminant
concentrations. These assumptions can be eliminated in the zones where they are inappropriate by coupling a
multizone network program with a CFD program.

CFD allows one to calculate detailed non-uniform spatial distributions for air momentum contaminant
concentration and/or air temperature by solving the governing conservation equations. A simulation of a whole
building at steady-state conditions can take several hours or even days, therefore, CFD is not feasible for hour-
by-hour dynamic simulations for long periods of time. One could use CFD for those zones where the uniform
assumptions would fail so the accuracy of the simulated results can be greatly improved, compared with using
a multizone model alone. The use of a multizone method applied with a CFD method can combine their
advantages and avoid and outweigh their drawbacks. On the other hand, CFD is only applied to smaller areas
meaning that the computing time with the coupled program would be more manageable, compared with using
a CFD model alone for the whole building.

Wang and Chen [12] established two necessary conditions for a successfully coupled airflow calculation with
CONTAM and CFD:

(1) Mass airflow rate predicted by a multizone airflow network model must equal the integral of the mass
airflow rate of all CFD grid cells for each interface airflow path to ensure overall mass balance.
2 The resistance characteristic (i.e., the airflow rate as a function of pressure drop) must be known for each

multizone/CFD boundary grid cell to ensure closure of the problem.

In the CFD program, a set of partial differential governing equations for mass, momentum, and energy
conservation are solved, as noted in Ref. [12], leading to the total matrix equation:

CP+F=B

where C represents the CFD coefficient matrix, P is the unknown pressure vector of zones and cells, F is the
vector of unknown flow rates at interface paths and cells and B represents the vector of air mass sources. The
solving procedure is realized iteratively between CONTAM — CFD-0 — CONTAM so that the output of one
program becomes the input of the other. When both inputs do not change between two iterations, the solution
of the coupling is considered convergent and the calculation proceeds to the next time step.

The living room is so large that the homogeneous assumption is inappropriate and is therefore chosen as the
CFD zone while the remaining zones are modelled with the multizone program [7, 10]. This apartment was
located on the 1st floor of a residential building in the neighborhood of a district in Madrid (the Salamanca
district) Guindalera and can be found with the location and coordinates of latitude 40° 26' 24" N and longitude
3°40' 12" W.

Figure 1 shows, side-by-side, the CONTAM multizone sketch for the entire dwelling comprising of 4 zones, and
the CFD-0 sketch for the living-room defined as a CFD zone. The software used is CONTAM with CFD-0 version
3.2, developed by NIST [8, 17]. The CFD region corresponding to the living room also includes the kitchen, being
an open-space type of living room, and the bathroom walls in order to be able to define all their corresponding
interface elements. The parameters for the multizone simulation including weather effects are identical to the
ones defined in Ref. [7]. The rectangular dimensions of the living roomtogether with the bath and small corridor
used as input for CFD-0 are as following: 9 m (L) x 3.2 m (W) x 3 m (H). A total number of 15,120 control volumes
have been defined by dividing the entire volume of the CFD region into a grid of 42 (L) x 24 (W) x 15 (H) cells.

A radon sink was defined in the hallway in order to study the infiltration rate and path followed by radon in the

living-room. The generation rate of the sink was set to 1.8 x 10° Bg/h in order to provide an average radon
concentration in the living room of 70 Bgq/m? in the absence of any weather effects [7]. When weather effects
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are included, radon concentrations fluctuate between few tens and beyond 100 Bg/m? [10]. It should be noted
that in reality, sources of radon are more complex and have not been implemented in this simulations, since the
purpose was to perform a qualitative study of the impact of weather effect on radon infiltration in a dwelling
from a particular outside source, such as a hallway that is poorly ventilated.
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Fig. 1. (a) CONTAM and (b) CFD-0 drawings of the entire dwelling and bath together with the living room.
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Fig. 2. Simplified flowchart showing the working principle of the coupling used in the present simulation
between CONTAM and CFD-0.

The fully coupled procedure employed in the present paper, shown schematically in Fig. 2, obtains initial values
of air pressures and flow rates for all zones by running a CONTAM simulation for the whole building. With
boundary conditions from CONTAM, CFD-0 calculates the airflow in the CFD zone and feeds boundary
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conditions backto CONTAM. The iteration continues until convergence is achieved for both sets of calculations.
A convergence criterion of 0.01 was employed and the number of iterations was set to 100. Since radon was
defined as a contaminant the same iterative procedure is used except that the contaminant concentration is
exchanged at each interface airflow path. A detailed flowchart of the coupling when contaminant transport is
required was provided in Fig. 2 [18]. For a coupled transient simulation, the procedure is repeated for each time

step.
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Fig. 3. Radon concentration in the living room simulated with (a) CFD-0 and (b) CONTAM for a 2h period. The
outdoor conditions which have been shown to have a significant impact in the radon concentration are
displayed, such as (c) wind speed, (d) pressure and (e) temperature.

In order to visualize the results of CFD calculations, the NIST CFD-0 program offers a limited interface based on
2D slices of the calculated volume (shown in Fig. 3). However, the results can be exported in a format compatible
with commercial software that are much more capable in viewing and interpreting the results, including 3D
high-resolution animated renderings. In the case of the present study, Tecplot 360 was used which is a CFD and
numerical simulation software package used in post-processing simulation results [16], with numerous
applications including aerodynamics, geoscience, internal combustion simulations, etc.

Results and Discussion

The present results include both CONTAM and CFD transient simulations for a 2h period during the day,
including weather effects. Only the infiltration of radon from the hallway is treated in the current simulations, all
the other sources such as outside radon, and exfiltration through building cracks or exhalation of radon from
building materials have been neglected. In reality, all these effects are cumulative.

Figure 3 shows how radoninfiltrates from the hallway into the living room towards the window. The main drive
of external radonappears to be the instantaneous pressure difference caused by variable wind conditions, noted
also in [19, 20].

The maximum radon concentration appears to overlap with the maximum wind speed, most probably due to a
favorable wind direction which created a negative pressure area outside the window. The other factors have a
much smaller influence, as it has been shown in the previous study [10]. The variation caused by temperature
fluctuation have roughly a factor 10 weaker impact compared to the wind and external barometric pressure
fluctuation an even lower impact than the variation induced by temperature.

In the case of CFD calculations, shown in Fig. 4, both steady and variable weather conditions have been
simulated. In the steady weather simulation, the radon fills the room in roughly 2 hours reaching a relatively
uniform concentration all across the room representing the equilibrium conditions. In the case of the variable
weather simulation, the radon originating from the hallway enters the room abruptly with every pressure change
due to the variable wind conditions but then it is quickly removed, in a matter of minutes, as indicated through
the 15 minutes intervals from Fig. 3.
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Fig. 4. Tecplot 360 [16] rendering of radon concentration in the living room simulated with CFD-0 considering
(a) steady weather conditions and (b) variable weather conditions including wind. The same 2h period as in Fig.
3 was used.

Zones of increased radon concentration are present in the variable weather conditions, alongside the wall,
indicating possible regions to avoid for prolonged human stationing and optimal places where radon
monitoring sensors should be placed. These findings are similar to the ones reported in [11] where the spatial
distribution of radon in the room was simulated using CFD and compared with measurements. It was observed
that, radon distribution was not uniform due to the difference in the flux from different sources in non-mixing
conditions.

Conclusions

This study has shown the opportunity of performing CFD calculations in order to determine volumetric
concentrations of radon inside a dwelling. It has shown qualitatively that weather effects are of major
importance in determining zones of higher radon concentrations inside a room. In the case of steady weather
conditions, a uniform distribution is encountered, as expected and confirmed in previous studies.

Future studies are required in order to measure precisely radon concentration distributions inside rooms and
validate CFD simulations of radon transport. Experimental validating of such simulations will allow a better
estimate of the radon infiltration rate in order to mitigate the accumulation of radon inside dwellings and
optimize the areas for human habitation.
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