
M Y S I S  CF INXXR RODCN IN DIFFERENT 
VENTILATION SYSTH^B 

Kokotti, H. *, Kalliokoski, P. * and Raunema, T.** 

* Department of Environmental Hygiene 
7021 1 Kuop 

** Department of Environmental Health; 
and Chemistry, University 

7021 1 Kuop 

University of  Kuopio, P.O.B. 6 
0, F I W  

Laboratory for Atmospheric Phys 
of Kuopio, P.0.B. 6, 
0, F I N A D  

ABSTRACT 

The pressure driven flow of radon gas from so i l  through the permeable 
f loor increased radon levels indoors in  the houses w i th  mechanical vent i lat-  
ion systems. The enchanced venti lat ion increased pressure under a slab, which 
caused the increased convective flow. Vte tested several equations that 
estimate radon levels indoors. Soil radon act iv i ty ,  exhaust a i r  flow, sub- 
pressure differences and a i r  tightness were measured for substitution i n  
equations. The calculated and measured radon values agreed well for the 
natural vanti lat ion and for the mechanical exhaust venti lation. The agreement 
was not so good for the combined a i r  supply and exhaust system. Our equation 
was found t o  be the most widely applicable i n  estimation of indoor radon 
level. Both theory and measurements revealed the importance of f loor tightness. 

The work described i n  t h i s  paper was not funded by the U.S. Environment- 
a l  Protection Agency and therefore the contents do not necessarily ref lect  
the views of the Agency and no o f f i c i a l  endorsement shoul be inferred. 

Radon gas enters the house through f loor or through wal I s  of a basement 
driven by posit ive pressure i n  soi l .  The other radon source i s  exhalation 
from tap water and bui ld ing materials. The last mechanism has not been found 
t o  cause high radon levels indoors in  Finland (1). 



I n  several works (2,  3, 4) the radon level i s  assured t o  depend d i rec t l y  
on the strength of radon source and inversely on the a i r  exchange rate. The 
other mechanism af fect ing radon level i s  the pressure difference between in- 
doors and the subslab space. The high pressure difference may enchance radon 
leakage t o  indoor a i r ;  and the difference usually increases w i th  enchanced 
a i r  exchange rate. Vfe propose an equation no t i f y ing  both e f fec ts  o f  a i r  ex- 
change. 

The aim of the study was t o  examine the accuracy of estimated indoor 
radon level based on d i f f e ren t  equations, i n  which we subst i tuted the rneasued 
values o f  a i r  exchange and of radon a c t i v i t y  i n  so i l .  

Three two-story concrete townhouses are constructed on a slab. They 
locate on a gravel esker i n  Eastern Finland. The only difference between the 
houses i s  the vent i la t ion system: the f i r s t  has natural vent i la t ion,  the 
second has mechanical exhaust, and the t h i r d  has ccrrbined a i r  supply and 
exhaust system. There are i n  each house s i x  apartments having separate vent- 
i l a t i o n  system so that tenants can regulate vent i la t ion  a f te r  the i r  w i l l .  

Radon levels indoors were measured i n  December 1987 during a week. The 
analysis of  rad ioact iv i ty  was carr ied out by using the Lucas c e l l  method (5)  
wi th  the Pylon fiB-5 detector assembly (6). The computer control led the data 
cot lect ion system that registered the amounts of exhaust a i r  (7). The pressure 
differences were monitored by a manometer. 

Accuracy of the equations for  indoor radon, which were presented by 
Nazaroff e t  al. (3 ) ,  D'Ottavio and Dietz (4)  and Kokott i  e t  a l .  ( t h i s  work), 
was examined. The measured values of radon in  so i l ,  a i r  exchange rate, a i r  
tightness and pressure difference changes were employed for  pract ica l  
calculations. 

The equat ions studied are based on the model presented by Bruno i n  1983 
(2). It takes the influence of a i r  exchange rate n (h- ) in to  consideration 
w i th  the equation: 

where G (Bqhl) i s  the to3al strength of  radon source f rcm soi I, bui ld ing 
materials and water, V (m ) i s  the hgyse volune, C and C the indoor and 
outdoor concent ra t  ions of radon (Bqn ) , respect i ve l y. 

Nazarof e t  a l  . descr ibed (3) the de endence of indoor radon concent ra- 4 7 t i on  C (Bqm- ) on a i r  exchange rate n (h" ) by the fol lowing equation ignor-I 
ing the outdoor concentration i n  addit ion t o  decay time constant A (0.0076h ) 



where 6 i s  a d i f fus ive ccmgonyt and 6, a flew component of the radon entry 
rate pep house volume (m' h- ). The sum of these components i s  the to ta l  
radon source strength (GI per the house volume (V).  Nazaroff et at. assumed 
that the term kf  i s  Independent on vent i la t ion rate and ccnputed k, t o  be 
43 Â 1 (6qn" ) and 220 Â 10 (Bqn" ) for  the low and high so i l  ac t iv i ty ,  
respectively. 

The di f fus ive ccnponent o of the radon entry i s  constant, i f  so i l  
ac t i v i t y  i s  ignored, and i t s  value becomes 2.1 i 0.2 (Ban h ). We u t i l i z e d  
these constants and the measured vent i l a t  ion rates <n the 
our calculations. 

The most comprehensive model for indoor radon level i 
and Dietz (4). Their equation also considers the outdoor-i 
difference dT and wind speed u. 
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the Equation has the form 

i t  t o  Sl uni ts  wi th the factor 

The equations ( 5 )  and (6) are proposed by us- These no t i f y  the convect- 
ion by the leakage a i r  through the slab and the t h e  dependent variat ion of 
radon level. During short periods wi th  differences i n  pressure, i n  ventilation 
rate and in a i r  tightness the radon concentration varies as 

The exponential term including the vent i la t ion rate balances the removal 
of indoor radon only par t ia l ly ,  because i t s  e f fec t  i s  smaller than the ef fect  
of the f i r s t  term. In  addit ion the ef fect  of the balancing term decreases 
wi th increasing venti lation. At  long periods the exponential term becomes 
near zero. So the equation (5)  can be u t  i l ized for calculations estimating 
the l i m i t s  of radon indoors during short periods w i th  d i f ferent  conditions. 

G (~qh" ' )  is  the to ta l  strength of the source due to  bui lding mater ia ls  
(&,), d i f fus ion (&,), and convection ( ) Iran the soi l .  We assume that the 
convective flow i s  not constant and on the vent i la t ion rate. 



Because the convection depends on pressure difference and a i r  tightness the 
fol lowing equation can be presented: 

where q i s  the f low o f  leakage a i r  w i th  50 Pa indoor-outdoor pressure d i f f e -  
rence, and dp the pressure difference between indoor and soi I. The factor 0.12 
bases on the experimental study of the a i r  leakage pathways of a house and 
describes the f ract ion of the leakage a i r  entry ing through the slab as canpa- 
red t o  the to ta l  amount of leakage a i r .  

RESULTS ASD CCNO-US I CNS 

The measured average indoor radon concent ra t  ion was 52 8qn" i n  the 
house w i th  natural vent i la t ion.  The measured level agreed f a i r l y  w i t h  the 
values obtained from the d i f fe ren t  equations. The equation by Nazaroff e t  a l .  
(2) w i th  low soi l a c t i v i t y ,  and the equation ( 5 )  presented by us without the 
e f fec t  of convection, were most consistent (Table 1). The overal l  f i t  of 
calculated values i s  sat isfactory,  as seen from f igure 1. 

TABLE 1. "n-E MEASURED AfsD CALCULATED FWDCN CChCENTRfikTICNS IN 
WE hOJSE WITH W"TTJRftL VENTILATION 

Radon concen t ra t  i on C (Bqn") 
mean std.dev. minimum maximum 

The equation: 
Nazaroff e t  a l .  (2) 
-low s o i l  a c t i v i t y  * 56 1 57 59 
-high so i l  a c t i v i t y  237 1 236 239 

D'Ottavio and Dietz ( 4 )  
fs=0.0020; a=5.3 49 1 47 52 

Kokotti e t  al .  ( t h i s  work) 
-with convection 347 161 92 616 
-without convection 56 18 24 85 

Measu red 52 20 - - 
* Sol I a c t i v i t y  was measured t o  be 7 000 Eqr~ '~ .  
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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) -*---*- 1 

(5 ,  6 )  - - - -. 
The measured and calculated radon values agreed fairly well (Table 2) in 

the house with corbined air supply and exhaust system. At mininun ventilation 
effectiveness the measured radon level 25 Rqn" 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 
convect ion resulted the most accurate value (Table 2). At high vent i lat ion 
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 ccrrbined air supply and exhaust 
ventilation at high effectiveness in this case. V& found that the indoor 
radon level increased with the increasing air exchange. This is in contradiction 
with the general ly assured form of vent i lat ion 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 mininun 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 cantoined a i r  SUDDIY and exhaust system at  a. 
m i n i m  and b. high ventilation rate. Lines: measured - , calculated by the equations: (2) -*-*-*- Ã 

(5. 6) - --- ( 1  with convect ion and 2 without). 



Â¥P- H3JSE WITH COMBINED AIR SUPPLY /̂ D EXHAUST SYSTEM 
AT MINIMUM ?0 AT HIGH VENTILATION FWTE 

Radon concen t rat ion C (Bcrn") 
mean std.dev. minimum maximum 

Ventilation rate MIN HIGH PAN HIGH MIN HIGH MIN HIGH 

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=Oe0O20 ; a.5.3 25 15 5 0 15 15 28 15 

Kokott i et at. (this work) 
-with convection 60 44 22 25 10 3 93 80 
-without convection 34 24 13 1 1  8 2 53 36 

Measured 25 53 8 14 - - 
- 

* Sol I activity was measured to be 4 000 Bcp~'~. 

TABLE 3. M~MEASURED/^DCALCULATEDROOCNOCNCENTR<\TICNS IN 
Tl-E KUSE WITH NEQ-WIQftL EXHAUST VENTILATION 

AT MINIi\/LA/1 AN3 AT HIGH VENTILATION FWTE 

Radon concen t rat i on C (Bqn3) 
mean std.dev. minimum maximum 

Ventilation rate MIN HIGH MIN HIGH MIN HIGH MIN HIGH 

The equation: 
Nazaroff et at . ('2) 
-low soil activity * 250 47 76 0 117 47 513 47 
-high soil activy 430 226 76 0 296 226 693 226 

D'Ottavio and Dietz (4) 
fs=0.0020 ; as5.3 273 23 82 0 126 22 557 23 

Kokotti et ale (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 - - 
*Soi I activity was measured to be 16 000  TI"^. 
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Figure 3. The measured and calculated radon levels in the house 
with mechanical exhaust venti lat ion a t  a. minimum and 
b. high venti lat ion rate. Lines: measured - 
calculated by the equations: (2)  -*---*- ---- , (5, 6 )  

, and (4)  



"The measured average concent ra t  ion of  indoor radon was 267 B q - ,  when 
the mechanical exhaust was set t o  mininun effectiveness. The equation of 
Nazaroff e t  a l .  yielded the resu l t  250 Bqn using the low s o i l  a c t i v i t y .  The 
average radon level obtained by the equation of D'Ottavio and Dietz succeed 
best i n  compar i son wi t h  the measured value (Table 3). Our proposed equat ion 
computed s l i g h t l y  lower levels than by others. The overa l l  f i t  o f  our calcut-  
ed values is, however, sat isfactory,  as seen i n  Figure 3. 

When the a i r  exchange was set t o  high effectiveness, the average measured 
level of radon indoors was 332 B q n  (Table 3). The equat ion proposed by us 
gave the indoor radon level almost the same as the measured one; and thecurves 
f i t  we1 l at  d i f fe ren t  times. The other equations yielded about constant values 
due t o  high constant ven t i l a t i on  rate (Figure 3). It i s  assumed that  the 
vent i la t ion  ef fects  more on the removal than on the entry o f  radon, i n  these 
equations. 

A l l  calculat ions and measurements proved that radon levels can be pre- 
dicted rather accurately. I n  addit ion we propose that  the convection should 
be n o t i f i e d  by the leakage a i r  equation including a i r  tightness and pressure 
differences. \% should not neglect the permeabil i ty of the f loor  or of the 
wal I s  of a basement, and the convective flow, especial l y  i n  the house w i t h  
mechanical ven t i l a t i on  systems. High ven t i l a t i on  ra te  a f fec ts  i n  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 w i t h  the increasing 
vent i la t ion  rate i n  the houses w i th  mechanical ven t i l a t i on  systems. 

This study was funded by the Min is t ry  of  Environment of  Finland and the 
Nat iona I (-busing Board o f  Finland. 

1. frhstonen, R. Natural rad ioac t iv i t y  i n  and radon exhalation from Finnish 
bu i ld ing  materials. Health Physics. 46:1195-1203, 1984. 

2. Bruno, R.C. Sources of indoor radon i n  houses: A review. Journal o f  the 
A i r  Po l lu t ion  Control Association. 33:2:105-109, 1983. 

3. Nazaroff, W.W., Feustel, H., Nero, A.V., Revzan, K.L., Grirnsrud, D.T., 
Ess l i ng, M.A. , and Toohey, R.E. Radon transport i n to  a detached one- 
story house w i t h  a basement. Atmospheric Environment. 19:1:31-46, 1985. 



4. D'Ottavio, TwWw, and Dietz, RmNw Radon transport intoa detached one- 
story house with a basement: Discussions. Atnuspheric Environment. 
20:5:1065-1067, 1986. 

5. Lucas, H.F. Improved low-level alpha-scintil lation counter for radon. 
Rev. Sci. Instrun. 28:680-683, 1957. 

6. Vandrish, Gw,  and Lebel, A. Techniques and equipment for residential 
radon monitoring. Paper presented at 1986 Air Pollution Control 
Association Conference on Indoor Radon. Philadelphia, PA., February, 1966. 

7. Savolainen, T., Raunma, T w ,  and Vtel Iman, Kw Automatic measurement and 
data col lection system on indoor air study at three small housing flats. 
In: Proceedings of the 4th International Conference on Indoor Air Quality - 
and Climate. Institute for Water, Soil and Air Hygiene, Berlin. Vol 2: 
129-134, 1987. 


