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ABSTRACT

The pressure driven flow of radon gas from soil through the permeable
floor increased radon levels indoors in the houses with mechanical ventilat-
ion systems, The enchanced ventilation increased pressure under a slab, which
caused the increased convective flow. We tested several equations that
estimate radon levels indoors. Soil radon activity, exhaust air flow, sub-
pressure differences and air tightness were measured for substitution in
equations. The calculated and measured radon values agreed well for the
natural vantilation and for the mechanical exhaust ventilation. The agreement
was not so good for the combined air supply and exhaust system. Qur equation
was found to be the most widely applicable in estimation of indoor radon
level. Both theory and measurements revealed the importance of floor tightness.

The work described in this paper was not funded by the U.S. Enviromment-

al Protection Agency and therefore the contents do not necessarily reflect
the views of the Agency and no official endorsement shoul be inferred.

INTRODUCT ION

Radon gas enters the house through floor or through walls of a basement
driven by positive pressure in soil. The other radon source is exhalation
from tap water and building materials. The last mechanism has not been found
to cause high radon levels indoors in Finland (1).




In several works (2, 3, 4) the radon level is assumed to depend directly
on the strength of radon source and inversely on the air exchange rate. The
other mechanism affecting radon level is the pressure difference between in-
doors and the subsiab space. The high pressure difference may enchance radon
leakage to indoor air; and the difference usually increases with enchanced
air exchange rate. We propose an equation notifying both effects of air ex-
change.

The aim of the study was to examine the accuracy of estimated indoor
radon level based on different equations, in which we substituted the measued
values of air exchange and of radon activity in soil.

MATERIALS AND METHCDS

Three two-story concrete townhouses are constructed on a slab. They
locate on a gravel esker in Eastern Finland. The only difference between the
houses is the ventilation system: the first has natural ventilation, the
second has mechanical exhaust, and the third has combined air supply and
exhaust system. There are in each house six apartments having separate vent-
ilation system so that tenants can regulate ventilation after their will.

Radon levels indoors were measured in December 1987 during a week. The
analysis of radioactivity was carried out by using the Lucas cell method (5)
with the Pylon AB-5 detector assembly (6). The computer controlled the data
collection system that registered the amounts of exhaust air (7). The pressure
differences were monitored by a manometer,

Accuracy of the equations for indoor radon, which were presented by
Nazaroff et al. (3), D'Ottavio and Dietz (4) and Kokotti et al. (this work),
was examined. The measured values of radon in soil, air exchange rate, air
tightness and pressure difference changes were employed for practical
calculations.

The equations studied are based on the model presgnted by Bruno in 1983
(2). It takes the influence of air exchange rate n (h~') into consideration
with the equation:

(1) C=G/nV + QO.

where G (th") is the togal strength of radon source from soil, building
materials and water, V (m”) is the hoyse volume, C and C  the indoor and
outdoor concentrations of radon (Bgn “), respectively.

) hhzarof et al. described (3) the dg?endence of indoor radon concentra-
tion C (Bgn™”) on air exchange rate n (h™') by the following equation ignorﬁ
ing the outdoor concentration in addition to decay time constant ) (0.0076h"

)
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(2) C= ke + 6d/n and k; = 6f/n = £, Cg s

where 6, is a diffusive congonent and 6f a flow component of the radon entry
rate pep house volume (Bgm °h ). The sum of these components is the total
radon source strength (G) per the house volume (V). Nazaroff et al. assumed
that the tegg kf is independent gg ventilation rate and computed k. to be
43 £+ 1 (Bgn ”) and 220 + 10 (Bgn “) for the low and high soil activity,
respectively.

The diffusive camonent o, of the radon entry is conggagg, if soil
activity is ignored, and its vglue becomes 2.1 + 0.2 (Bgn “h ). We utilized
these constants and the measured ventilation rates in the study houses for
our calculations,

The most comprehensive model for indoor radon level is given by D'Ottavio
and Dietz (4). Their equation also considers the vutdoor-indoor temperature
difference dT and wind speed u,

1.5

(3) C =.i593_ + éd + Cb and a = 0.0729 dT + 0.0777 u1 -
1+an n 0.0106 dT + 0.0257 u'*

VWhen dT is from 4 to 16 % and u between 1.0 and 3.5 n$'1, a becomes
5.3 + 1.0. After substituting al! knowm values the equation has the form

_ 1.34 0.06

+ i)
~ 1+5.3n n

(4 C

+ 0.3 (pCil~

We tested this equation after converting it to SI units with the factor
of 37.

The equations (5) and (6) are proposed by us. These notify the convect-
ion by the leakage air through the slab and the time dependent variation of
radon level. During short periods with differences in pressure, in ventilation
rate and in air tightness the radon concentration varies as

8) C= (G/(nea)/V) (1-e~ (MM

+ Cb.

The exponential term including the ventilation rate balances the removal
of indoor radon only partially, because its effect is smaller than the effect
of the first term. In addition the effect of the balancing term decreases
with increasing ventilation. At long periods the exponential term becomes
near zero. So the equation (5) can be utilized for calculations estimating
the limits of radon indoors during short periods with different conditions.

G (th'1) is the total strength of the source due to building materials
(ka, diffusion (G.), and convection (G.) from the soil. We assume that the
convective flow is not constant and indépendent on the ventilation rate.




Because the convection depends on pressure difference and air tightness the
following equation can be presented:

_ 0.73 0.73
(6) G, = 0.12 C; (qg/50 ) dp .
where q is the flow of leakage air with 50 Pa indoor-outdoor pressure diffe-
rence, ng dp the pressure difference between indoor and soil., The factor 0.12
bases on the experimental study of the air leakage pathways of a house and

describes the fraction of the leakage air entrying through the siab as compa-
red to the total amount of {eakage air.

RESULTS AND CONCLUSIONS

The measured average indoor radon concentration was 52 Bqn'3 in the
house with natural ventilation. The measured level agreed fairly with the
values obtained from the different equations. The equation by Nazaroff et al.
(2) with low soil activity, and the equation (5) presented by us without the
effect of convection, were most consistent (Table 1). The overall fit of
calculated values is satisfactory, as seen from figure 1,

TABLE 1. THE MEASURED AND CALOULATED RADCN CONCENTRATIONS IN
THE HOUSE WITH NATURAL VENT ILATICN

Radon concentration C (Bqn's)

mean std.dev. minimum  maximum
The eguation:
Nazaroff et al. (2)
-low soil activity * 56 1 57 59
-high soil activity 237 1 236 239
D'Ottavio and Dietz (4)
fs=0.0020: a=5.3 49 1 47 52
Kokotti et al. (this work)
-with convection 347 161 92 616
-without convection 56 18 24 85
Measured 52 20 - -

* Soil activity was measured to be 7 000 Bqn’s.
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Figure 1, The measured and calculated radon levels in the

house with natural ventilation. Lines: measured
, calculated by the equations: (2) —«—r—c—,
(sl 6) _——

The measured and calculated radon values agreed fairly well (Table 2) in
the house with combined air supply and exhaust_gystan. At minimum ventilation
effectiveness the measured radon level 25 Bgn ° was best predicted by the
equation of D'Ottavio and Dietz, which yielded exactly the same result. The
equation with low soil activity by Nazaroff et al. and our equation without
convection resulted the most accurate value (Table 2). At high ventilation
rate notifying of convection in the strength of radon source is needed.

The comparison of the theory with the measurements revealed importance
of the convective flow in the house with cotbined air supply and exhaust
ventilation at high effectiveness in this case. We found that the indoor
radon level increased with the increasing air exchange. This is in contradiction
with the generally assumed form of ventilation effect (see eq. 1). We observed
however, that the convective flow can be neglected in the natural ventilation,
and in the balanced mechanical ventilation at minimun effectiveness. The
estimations without any time depences gave rather consistent radon values.
The proposed new equation was capable to estimate time variation of radon
level, as seen Figures 1 and 2.
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Figure 2. The measured and calculated radon levels in the house

with carbined air supply and exhaust system at a.
minimum and b. high ventilation rate. Lines: measured

, calculated by the equations: (2) ——:—~ .

(5, 6) = ——— (1 with convection and 2 without).



TABLE 2. THE MEASURED AND CALOULATED RADCN CCNCENTRATIONS IN
THE HOUSE WITH QOVBINED AIR SUPPLY AND EXHAUST SYSTEM
AT MINIMLM AND AT HIGH VENTILATION RATE

e e —

Radon concentration C (Bcrn'a)

mean std.dev. minimum max imum
Ventilation rate MIN HIGH MINHIGH MINHIGH MINHICGH
The equation:
Nazaroff et al. (2)
-low soil activity * 48 45 2 0 44 45 49 45
-high soil activity 227 224 2 0 224 224 228 224
D'Ottavio and Dietz (4)
fs=0.0020 ; a=5.3 25 15 5 0 15 15 28 15
Kokotti et al. (this work)
-with convection 60 44 22 25 10 3 03 80
-without convection 34 24 13 11 8 2 63 36
Measured 25 83 8 14 - -

* Soil activity was measured to be 4 000 Bq'n's.

TABLE 3. THE MEASURED AND CALCULATED RADCN CONCENTRATIONS IN
THE HOUSE WITH NECHANICAL BEXHAUST VENTILATION
AT MINIMM AND AT HIGH VENTILATION RATE

Radon concentration C (Bqn's)

mean std.dev. minimum max imum
Ventilation rate MIN HIGH MINHIGH MINHIGH MIN HIGH

The equation: A

Nazaroff et al. (2)

~-low soil activity * 250 47 % 0 117 47 513 47
-high soil activy 430 226 % 0 296 226 693 226

D'Ottavio and Dietz (4)
fs=0.0020 : a=5.3 273 23 82 0 126 22 557 23

Kokotti et al. (this work)
-with convection 234 279 42 92 161 106 333 430
-without convection 67 45 20 10 32 26 100 58

Measured 267 332 47 42 - -

*Soil activity was measured to be 16 000 Bqn'a.
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Figure 3. The measured and calculated radon levels in the house

with mechanical exhaust ventilation at a. minimum and

b. high ventilation rate. Lines: measured '

calculated by the equations: (2) — ===, (5, 6)
_———_— and (4) uco-.-




The measured average concentration of indoor radon was 267 Bqn's, when
the mechanical exhaust was set to minimum effectiveness. The equation of
Nazaroff et al. yielded the result 250 Bgn ~ using the low soil activity. The
average radon level obtained by the equation of D'Ottavio and Dietz succeed
best in comparison with the measured value (Table 3). OQur proposed equation
computed slightly lower levels than by others. The overall fit of our calcut-
ed values is, however, satisfactory, as seen in Figure 3.

When the air exchange was set_so high effectiveness, the average measured
level of radon indoors was 332 Bgn ° (Table 3). The equation proposed by us
gave the indoor radon level almost the same as the measured one; and the curves
fit well at different times. The other equations yielded about constant values
due to high constant ventilation rate (Figure 3). It is assumed that the
ventilation effects more on the removal than on the entry of radon in these
equations.

All calculations and measurements proved that radon levels can be pre-
dicted rather accurately. In addition we propose that the convection should
be notified by the leakage air equation including air tightness and pressure
differences. We should ot neglect the permeability of the floor or of the
walls of a basement, and the convective flow, especially in the house with
mechanical ventilation systems. High ventilation rate affects in two ways on
the level of radon indoors. It increases both removal and entry of radon gas.
The study proved that the concentration of radon increased with the increasing
ventilation rate in the houses with mechanical ventilation systems.
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