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ABSTRACT 

Accumulation of the radioactive gas, radon (Rn-222), and its 

daughters in inhabited areas could significantly influence population 

exposure to natural radiations. Exposures to high concentrations of 

airborne radon daughters have been associated with the induction of lung 

cancer among uranium miners. This research is directed toward studying 

the parameters which affect the concentration of radon and its daughters 

inside a building contaminated with radium-226 deposits. Measurements 

were conducted in a building of an industrial park in southwestern 

Pennsylvania. 

Ventilation rates inside the building were measured using carbon 

dioxide (as a tracer gas) which was detected by an infrared spectrometer. 

Ventilation rates were found to vary depending on the outdoor wind 

conditions. The technique of using carbon dioxide as a tracer gas 

coupled with infrared spectrometry proved to be an excellent and reliable 

technique. 

Concentrations of radon gas inside the building at different 

locations were measured continuously using modified computer-based 

versions of the well-known Wrenn chambers. Measurements indicated that 

indoor radon concentrations vary according to the activities performed 

in the building as well as on the ventilation conditions. A pronounced 

increase in radon concentration was observed whenever airexchange rate 

was reduced. 

Radon flux measurements were performed in order to quantify the 

individual indoor radon sources which contributed to the observed 

overall concentration. Radon flux emanating from the concrete floor 
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slabs, cracks, and floor drains was found to be the principal source of 

radon in the building. Radon flux measurements were accomplished by 

utilizing activated charcoal canisters as accumulators. Field measure 

ments of this kind usually require a large number of canisters in order 

to obtain reliable results. The preparation and handling of large 

quantities of canisters became a time-consuming process. For this 

purpose, a crack monitor was designed and calibrated. This crack 

monitor is based on the idea of circulating the radon gas emanating from 

a certain crack length (one meter) and collected in a metal housing 

through an accumulator (charcoal canister). The accumulator thus 

collects the integral radon flux over the entire length of the crack 

monitor. Results showed that for a flow rate of 8 liters/minute the 

crack monitor records 70 percent of the actual radon flux. Radon flux 

emanating from drains in that building was measured also. A new method 

was developed for measuring radon flux emanating from drains without 

blocking natural convective flow into and from the drain. The method is 

referred to as the open-end, double-detector method, in which two 

canisters are connected back to back by a short brass pipe. The cani 

ster facing the drain will collect the integral flux emanating from the 

drain over the collection period, while the upper canister will collect 

the reverse flow if it may occur. 

Radon daughter concentrations were measured using the technique 

devised (and later refined) by Kerr in which particulate radon daughters 

in building air are collected on a filter and then counted using a 

surface barrier alpha spectrometer. Measured radon daughter concen 

trations vary considerably and are controlled to some extent by the 

concentration of radon gas as well as by ventilation conditions. No 
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general correlation between radon concentrations and daughter concen 

trations was obtained in this particular situation. 

An analytical model based on conservation laws was developed which 

incorporates the effect of parameters such as wall/floor material, air-

exchange rates, variations in atmospheric pressure, and outdoor radon 

concentration. Indoor radon gas was assumed to be removed by air-

exchange process, radioactive decay and interaction with walls. A 

linear model was introduced in order to evaluate the effect of vari 

ations in atmospheric pressure on the exhalation rate of radon from 

surfaces (wall/floor). A good agreement between experimentally measured 

radon concentrations and those calculated using this model for the west 

room of the building was obtained. Also measured and calculated working 

levels for the same room agreed very well. 
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CHAPTER I 

INTRODUCTION 

Presently increasing emphasis is being placed on reduction in 

energy consumption for heating and cooling of houses. Reduction of air-

exchange rates in houses and utilization of tight thermal envelopes are 

being proposed to achieve energy conservation goals. It has been recog 

nized that conserving energy by reducing air-exchange rates in houses 

will result in a significant increase in population exposure to indoor 

pollutants including the radioactive radon gas. 

Most building materials contain small quantities of naturally 

occurring radioactive materials. The amount of radioactive material 

found in building materials varies according to the type of material 

involved. It is known that concrete and concrete products, stone, and 

some bricks contain more radioactivity than wood and paper products. 

Radium-226 (a member of uranium-238 decay series) is the radionuclide in 

building materials which decays to give the radioactive noble gas 

radon-222. 

Some of the radon created within the crystal structure of the 

building materials and the underlying soil diffuses through air-filled 

pores to the indoor atmosphere. At the same time, radon gas diffuses 

from the surrounding soil to produce the outdoor radon gas. The exha 

lation process from building materials and underlying soil together with 

the infiltration of outside air containing radon-222 into a structure 

constitute the major source of indoor radon gas. 
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Under normal ventilation conditions, some of the radon gas is 

removed from the structures prior to undergoing radioactive decay. 

However, with less exchange between outside and inside air there will be 

some buildup in the concentration of radon gas and its daughters. Such 

a buildup in occupied spaces results in increases in the radiation dose 

to the lung which in turn increases the risk of developing lung cancer. 

Accordingly, to exploit fully the energy savings afforded by these 

conservation measures without, at the same time, risking adverse health 

effects, one must have a quantitative knowledge of the consequences of 

lowering air-exchange rates in houses and public buildings. 

Project Objective 

The principal objective of this research was to study the effect of 

air-exchange rates on the concentration of radon and its daughters 

inside houses. One major task of this v/ork was to measure the (overall) 

concentration of radon and its daughters in houses under varying air-

exchange conditions. The second major task of this work was to identify 

the individual radon sources which contribute to the observed radon 

concentration and to devise suitable means to measure these sources. 

The third major task of this research is to provide a mathematical model 

of the problem. The effect of parameters such as building materials, 

ventilation rates, and atmospheric pressure on the concentration of 

radon and its daughters in houses are incorporated in this model. 

Project Significance 

The evaluation of the population exposure to radiations in an area 

is significant in itself in that a potential source of radiation-induced 

health effects is investigated and quantified. Another argument for the 
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significance of a study of this nature is the demonstration that the 

source under investigation produces population doses comparable to 

better-known sources which have received considerable attention in the 

past. The significance of this last argument may be realized from the 

following discussion concerning population exposure due to the different 

radiation sources. 

Radon and its daughters are present everywhere in the atmosphere, 

and accordingly, everyone receives a certain radiation dose due to this 

natural radioactivity. The magnitude of this exposure depends on the 

radon concentration in the environment in which a person resides or 

works and also on the concentration of radon daughters. Health effects 

of elevated concentrations of radon in air are due not to radon itself 

but to its short-lived, alpha-emitting daughters which, when inhaled, 

are deposited on the interior surfaces of the respiratory tract. The 

subsequent decay of these radionuclides results in the absorption of 

alpha particles in the bronchial epithelium region of the lung. Absorp 

tion of this alpha-particle energy leads to radiation exposure to the 

lung. 

Assume that all people in the USA spend one-half of their time 

indoors. This results in a population-lung-dose per year of approxi-

mately 10
g 

person-lung-rem per year (number of persons in USA population 

X average indoor radon daughter concentration x lung-dose conversion 

factor). A reduction in the ventilation rate of a structure by a factor 

of two may result in an increase in radon daughter concentration by a 

factor of about 2.5 [59]. Hence, if energy conservation measures were 

applied to all structures in this country, the resulting population-

lung-dose could conceivably be as great as 2.5 x 10^ person-lung-rem per 
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year. Likewise, if such measures were applied to structures in which 

only one percent of the population resided, there would be an increase 

of about 2.5 x 10^ person-lung-rem per year over the natural background 

radiation exposure rate. On the other hand, population-lung-dose from 

diagnostic radiographs is estimated from the Environmental Protection 

Agency (EPA) data [2, 37, 57] to be 1.4 x 10^ person-lung-rem per year. 

Also, it is estimated from Nuclear Regulatory Commission (NRG) data that 

the annual lung dose due to operations in the entire nuclear fuel cycle 

(mining, milling, fuel fabrication, reactor operations, etc.) is 
4 

approximately 7 x 10 person-lung-rem per year. A comparison between 

the given population-lung-doses per year due to different radiation 

sources clearly shows the significance of a study of this nature. 

Moreover, the methods of identifying and measuring the individual 

indoor radon sources presented in this research should be of significant 

importance for remedial actions which may be needed. Also, the 

generality of the mathematical model presented in this study makes it 

applicable to buildings under various conditions of ventilation and 

structure. 



CHAPTER II 

REVIEW OF RELATED RESEARCH 

This chapter presents a literature review of articles related to 

the core subject of this project which is indoor radon. Natural 

radiation sources, together with radon properties and radon decay 

scheme, are briefly discussed. A great deal of attention was given to 

the effect of building materials, ventilation conditions, and outdoor 

radon on the concentration of indoor radon. The radium content of 

building materials and the process of radon exhalation and its depen 

dence on atmospheric pressure and on temperature are also discussed. 

Natural Radiation Sources 

Human exposure to radiation is of great concern because of the 

potential harmful effects of radiation on the human body. Among the 

consequences of continuous low-level exposure to radiation are cancer, 

shortening of life span, and cataracts [1]. 

Radiations of natural origin are recognized as the largest source 

of human exposure to ionizing radiations. Radiation sources of natural 

origin include cosmic radiations, radiations from naturally occurring 

radionuclides in the earth, and radiation from radionuclides in the 

human body [2]. Because man now spends the greater part of his life 

inside buildings, the greater fraction of population exposure to natural 

radiation sources is provided by the radioactivity of the living 

quarters or place of work [2, 3]. 
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Indoor radioactivity is basically associated with the existence of 

the radioactive radon gas (Rn-222) and its decay products in indoor 

atmospheres. It is well known that the increased risk of respiratory 

cancer mortality among uranium and other underground miners is related 

directly to the inhalation of radon and its decay products [4, 5]. From 

epidemiology studies of miner populations, it is estimated that for a 

miner who is exposed to the guideline value of radon daughter concen-

tration pCi/m ) for 2,000 hours per year, there is an increase in 

that person's risk of dying from lung cancer of about four percent 

[4, 5]. 

Radon Decay Scheme 

Radon (Rn-222)* is a radioactive noble gas with a half-life of 

3.82 days, and it is the immediate daughter of radium-226 (a member of 

uranium decay series). The following is the decay scheme of radium-226 

where the type of emitted particles is shown together with the half-life 

time of the various decay products. 

Ra-226 ' Rn-222, Po-218
1602 year 3.82 day 3.05 min 

Pb-214 Bi-214 Po-214 -
26.8 min 19.7 min 164 ysec 

5-dir T38^ 
Historically, radon decay products (or radon daughters) are known 

as RaA (Po-218), RaB (Pb-214), RaC (Bi-214), RaC (Po-214), 

RaD (Pb-210), and RaE (Bi-210). Evans [6] gave an excellent summary of 

the physical and engineering considerations concerning radon and its 

*The term radon will always be used to refer to the radioactive 
radon gas (Rn-222). 
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decay products. For radiation exposure purposes (i.e., dose calcu 

lations) only three decay products (namely, RaA, RaB, and RaC) need to 

be considered. The beta emitters in this decay series do not contribute 

significantly to the total dose but may have to be taken into considera 

tion because of their decay to an alpha emitter (RaC)[3, 6-10]. 

Parameters Affecting Indoor Radon Concentration 

Indoor radon concentration depends on the type of building material 

(including paints, decoration, and underlying soil or rock bed), venti 

lation conditions, and outdoor radon concentration [2, 10-13]. Recently 

it was reported that radon from natural gas and underground water could 

also contribute to indoor radon radioactivity [8, 14-18]. Moreover, 

recent proposed energy conservation means could introduce another indoor 

radon source through the use of heat storage medium coupled to air and 

to solar systems [2, 19-20]. The contribution from each of these 

sources to indoor radon concentration will be discussed briefly. 

Building Materials 

Most rocks and soils contain uranium as a minor contaminant in 

concentrations of typically 1-4 ppm [6]. Consequently, radium-226, as a 

member of uranium decay series, is found with various proportions in 

rocks and soils which are used directly as building materials or as 

ingredients for preparing building materials. Accordingly, radium 

content of building materials is of major interest with regard to indoor 

radioactivity. Radium can be viewed essentially as a constant-rate 

radon source (because of its long half-life time) as well as a source of 

other radiations being emitted by the constituent nuclei themselves 

[10-13., 20-21]. 
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Radium content of soils and rocks. Radium content of soils and 

rocks has been extensively reported in the literature, and a very useful 

summary is given in reference [21]. From this reference, as well as 

others [22-24], the following generalized conclusions are obtained. The 

radioactivity in igneous rocks is related to its silicate content, being 

highest ('^^4.7 ppm) in acidic variations (e.g., granites) and lowest 

('vO.OB ppm) in the ultrabasic rocks (e.g., dunites). Sedimentary rocks, 

on the other hand, exhibit lower radioactivity than igneous rocks. 

Certain sedimentary rocks, including some shales and phosphate rocks, 

are highly radioactive ('\'3.5 ppm), while others such as limestone halite 

and gypsum are low in their radionuclide content. 

The radioactivity of soils depends not only on that of the parent 

rocks but also on soil formations, depth, and transport process. 

Typical radium content of a wide variety of soils in North America and 

Europe is in the range 0.5-2.0 x 10
-1? 

g/g soil. 

Commonly used materials for private and public buildings are mainly 

concrete, bricks, and wood. It has long been recognized that there is 

little radium in wood and most other materials from which light frame 

houses are constructed [2, 10, 25-29]. 

Soltizki et al. [cited in reference 11] reported a series of 

measurements of radium content of raw ingredients of some building 

materials in the U.S.S.R. Radium content of sand, bricks, and granites 

was found to be within the ranges 4-8, 9-14, and pCi/g, respectively. 

Radium content of building materials commonly used in Great Britain 

(clay bricks, calc silicate bricks, flint aggregate bricks, and gypsum 

by-products) was studied by Hamilton [30]. These results showed that 

the highest radium content (M7 pCi/g) was observed in gypsum by-products 
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which are used in plaster boards. Granite bricks, however, were found 

to have a mean radium content of 6.9 pCi/g. 

Pensko [31] in a recent study on the radon-emanating powers of 

different building materials commonly used in Poland gave some values 

for the radium content of those materials. By-product gypsum was found 

to have the highest ('^'ll.B pCi/g) radium content among those materials 

followed by fly ash with 2.6 pCi/g. 

Another source of radium which can contribute to some extent to the 

indoor radon could result from the use of radium-bearing paints as 

reported by Hague [12] or from the use of some decoration materials as 

reported by Hoather [32]. 

Radon exhalation process. Radium being naturally existing in 

building materials, soils, and rocks will decay, and radon gas will be 

formed within the crystalline structure of these materials. Radon 

atoms, because of their inert gas structure and balanced charge, are 

insufficiently bounded within the crystalline structure of materials, 

and accordingly, they can escape into void spaces. On the other hand, 

radon daughters, because of their nature as being ionized atoms, have a 

very limited movement within the crystalline structure of materials, and 

they will be absorbed at the point of their birth. Some portion of the 

radon gas diffuses toward the surface along a concentration gradient 

where at the surface some gas escapes into the surrounding atmosphere 

before undergoing radioactive decay [23, 33-35]. The term emanating 

power (or exhalation power) is used to represent the ratio of the amount 

of radon that escapes to the amount produced at the equilibrium state. 

Baretto et al. [35] in their work on the emanation power of different 

rocks and soils concluded that the percentage of radon which escapes 
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from a mineral is not correlated at all with the uranium concentration, 

but it is largely dependent upon the stability of the mineral structure 

and its crystallinity. 

Radon exhalation rate into room air from the surrounding walls and 

from the underlying floor is influenced by the wall and floor surface 

finishing, variations in barometric pressure, and temperature. 

The effect of wall and floor surface finishing on radon exhalation 

rate is due to the fact that some materials act as radon barriers 

[11, 36-38]. Steinhausler [11] reported that plastic paints, thick wall 

papers, and metallic paneling applied to wall surfaces reduce the amount 

of radon exhaled into the room atmosphere. On the other hand, 

Culot et al. [36] were able to develop a radon barrier which is capable 

of impeding the diffusion of radon from the floor of an experimental 

building where uranium rich materials (uranium mill tailings) were used 

as a land filler. A very comprehensive list of experimental effective 

ness of selected commercial polymeric sealants in stopping radon gas 

diffusion from walls of uranium mines was presented by Franklin and 

Nuzman [39]. 

The effect of atmospheric pressure on radon exhalation rate has 

been the subject of numerous investigations with conflicting results in 

some cases [40-45]. The studies involving the effect of atmospheric 

pressure indicated that pressure changes of the order of 1 percent or 

less may be responsible for variations in radon exhalation rate of as 

much as 50 to 100 percent depending on the rate and duration of the 

change of pressure [44, 45]. 

Kraner et al. [40] proposed a qualitative model to account for this 

effect. It states that during periods of decreasing atmospheric pressure. 
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radon rich air is drawn from the walls (or soil surface), and during 

periods of rising pressure air, low in radon, is forced into the walls 

(or soils). 

Clements and Wilkening [44] introduced a simple analytical model to 

account for pressure effects on radon exhalation rates in soils. Model 

calculations showed that pressure changes of 1 percent produce changes 

in radon exhalation rate from a soil by 20 to 60 percent depending upon 

the rate of change of pressure and its duration. These results were 

experimentally confirmed by Clements [44] and Jonassen [45]. 

Experimental investigation of the effect of atmospheric pressure on 

radon exhalation from walls of Norwegian dwellings was conducted by 

Stranden et al. [46] who reported that the daily supply of activity in a 

small room with very poor ventilation from the sucking effect during a 

period of falling atmospheric pressure is about 2.7 pCi per liter/mm Hg 

of daily decrease in atmospheric pressure. Similar experimental results 

were reported by Jonassen et al. [47] who reported that for a room of an 

2 . ?emanating area of 360 m and air volume of 324 m the emanation power 

per unit pressure drop is 91 atoms/m-sec-mm Hg. 

Although the effect of pressure changes on radon exhalation rate is 

of significant importance, its contribution to any increase in indoor 

radon concentration is limited by the exchange of outdoor air (low in 

radon) and indoor air (rich in radon) (i.e., by air-exchange rates). 

Temperature effect on radon exhalation rate from walls was measured 

by Gabrysh and Davis [20] where it was found that in a room of a radiantly 

heated dwelling, a concentration of about 1.41 x IG'^*^ curies of radon 

per liter of air could result, which is approximately 1.5 times the 

allowable radon concentration in a room. 
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Few other investigations concerning temperature effect on radon 

exhalation from soils and radioactive minerals were reported 

[23, 48-51]. This effect was attributed to the opening of the micro-

fissures inside materials under the effect of heat and thus releasing 

radon from previously closed microfissures [51]. On the other hand, 

Giletti [48] attributed the increase in radon exhalation rate to the 

increase of the diffusion coefficient with temperature although the 

partial pressure of radon may also contribute. 

Ventilation Conditions 

Air is exchanged in residences either by natural infiltration or by 

ventilation. Natural infiltration results chiefly from leakage through 

cracks and gaps around doors and windows and is not controlled by 

residence occupants. It depends mainly on the wind speed in the open 

air and on the temperature difference between room air and outdoor 

air [52]. Increased wind speed and/or temperature differences from the 

inside to the outside increase ventilation by infiltration [11]. 

Ventilation, on the other hand, comprises the controlled displacement of 

air in residences either naturally through doors and windows or mechani 

cally by using air conditioning systems [11, 52]. 

Ventilation rates (or air-exchange rates) in houses have been the 

subject of numerous investigations. A very useful summary of techniques 

and methods used to measure home ventilation rate was presented by 

Handley and Barton [52], and from this summary the following conclusion 

is reached. The concentration of a tracer gas in a house was found to 

decrease exponentially as indicated by the following equation: 
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C = Coe"^^, 

where 

C = tracer gas concentration at time t, 

Co = tracer gas concentration at time t = 0, 

t = time in hours, 

I = air-exchange rate per hour; assumed to be constant. 

Tracer gases such as helium, ethane, sulfur hexafluoride, and inert 

radioactive gases have been used to measure air-exchange rates. Recently 

sulfur hexafluoride has been the preferred tracer gas because of the 

high sensitivity of detecting this nontoxic gas. However, helium is by 

far the most common tracer used although its use has been questioned 

because it has a higher diffusion rate than air. Recently, in a study 

on the levels of radon and other indoor pollutants in a tight, well-

insulated residential structure, Haywood and Hawthorne [53] used carbon 

dioxide (CO^) as a tracer gas, and measurements were made using a 

portable mass spectrometer. 

Air-exchange rates in homes vary over a wide range because of the 

differences in construction quality and location. Measured air-exchange 

rates in a gas-heated house were found to vary from 0.24 to 0.83 per 

hour, while the range was 0.13 to 0.42 for an all-electric house [54]. 

It was suggested (by the reviewers) that a range of 0.5 to 1.5 air 

exchanges per hour be used for purposes of radiation exposure calcu 

lations in United States housing units. 

Recently Spitz and Wrenn [55] were able to infer the ventilation 

rate of a structure from measurements of indoor (Ci) and outdoor (Co) 

radon concentrations. Assuming a constant emanation rate (^A) and a 
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constant ventilation rate (A^), the following equation was derived for 

steady-state conditions; 

SA 

"(A + A )V' V r v' 

where 

Ay = ventilation rate (1/hr), 

A^ = radon decay constant (1/hr), 

Ci, Co = indoor, outdoor radon concentrations (Ci/liter), 

SA = emanation rate (curie/hr), 

V = volume of air contained in liters. 

Continuous radon measurements indoor and outdoor of a residential 

structure were performed and from the above formula A^ was found to be 

0.3/hr. This calculated value of A^ was found to be reasonable for the 

type of structure considered. It is worth mentioning that Spitz's 

approach bears some relation to that of Wilkening and Watkins [56] who 

assumed that under steady-state conditions the following relation could 

be used for cave atmospheres: 

C max - C Q(e) 
c • 

where 

C max = maximum mean concentration of radon, 

C = mean concentration of radon in cave air, 

A = decay constant of radon, 

V = internal volume of cave, 

Q(e) = air-exchange rate between outdoor and cave at temperature 6. 

This formula was derived for a time scale which is longer than the 

radon half-life and the turnover time of air in caves and also for 

cave temperatures less than outdoor temperatures. 
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Generally, outdoor radon concentration is less than indoor concen 

tration. This has been reported by many authors [2, 3, 11-13, among 

others]. Accordingly, it will be expected that the function of home 

ventilation (natural and/or artificial) is to lower indoor radon con 

centrations through dilution with outdoor air. This will automatically 

lead to a reduction in the amount of the hazardous radon daughters. 

Furthermore, movement of indoor air masses (by ventilation) will 

considerably increase the probability of radon daughters attachment to 

walls and other surfaces and thus reduce the amount of radon daughters 

available for inhalation by occupants [57-59]. 

An early study [57] on the occurrence of nonequilibrium atmospheric 

mixtures of radon and its daughters in uranium mines revealed some 

useful results about ventilation effects on radon daughter concentrations 

in mines. Part of the results are shown in Table 1 as an illustration 

of ventilation effects on daughter concentration. 

TABLE 1 

EFFECT OF VENTILATION RATES ON THE CONCENTRATION OF RADON 
DAUGHTERS IN URANIUM MINES (FROM REFERENCE 57) 

Ventilation Concentration (atom/Liter) 
rate Ventilation 

(ft^/min) period RaA RaB RaC 

800 30 m 4.7 X 10^ 1.4 X 10^ 5.1 X 10^ 

400 30 m 2.7 X 10^ 1.95 X 10^ 1.27 X 10^ 

30 m 8.1 X 10^ 5.16 X 10^ 3.6 X 10^ 

150 30 6.35 X 10^ 4.96 X 10^ 3.06 X 10^ 

300 
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Cliff [58] recently measured the effect of ventilation rates on the 

concentration of radon daughters in a group of dwellings in Great Britain, 

These measurements showed that for a room emanating 0.54 pCi radon/liter 

per hr, the concentrations of RaA, RaB, and RaC were decreased by 

factors of 16.35, 28, and 41.33, respectively, by increasing the hourly 

ventilation rate from 0.1 to 2.0. 

On the other hand, measurements of radon concentrations in dif 

ferent buildings (homes and industrial premises) were conducted by Hague 

et al. [12], which show clearly the effect of ventilation on indoor 

radon concentration. Ventilation rates were termed adequate or inade 

quate and no numerical values were given. The results show that radon 

concentration in sealed rooms varies according to exhalation rate in 

each room with an average value of 30 x 10-13 curie/liter. Average 

radon concentration inside an adequately ventilated room was found to be 

-13 1?
1.64 X 10 curie/liter, while that outside was 0.42 x 10 curie/liter. 

In addition, average concentration inside an inadequately ventilated 

room was found to be 3.5 x 10
-13 

curie/liter, while outside concentration 

-13 
was 1.3 X 10 curie/liter. One can see that radon concentration in an 

adequately ventilated room was reduced by a factor of 18, while that of 

an inadequately ventilated room was reduced by a factor of 9. 

Few other investigations concerning the effect of air-exchange 

rates on indoor radon concentrations were reported [8, 24, 59, 60] with 

the general conclusion that a reduction in radon concentration inside 

buildings can be achieved by increasing air-exchange rates. 

Outdoor Radon Concentration 

The continents are the only significant source of atmospheric radon 

(outdoor radon) because there is very little radium-226 dissolved in sea 
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water and also because radon created on the sea floor will decay before 

reaching the atmosphere [21, 41, 44, 61-66]. Recently Travis [66] 

estimated the release of radon in the United States in 1978 from various 

natural and technologically enhanced sources. Travis' results show that 

the annual release of radon from natural soil in the United States is 

1.28 X 10^ Ci. 

Concentrations of outdoor radon depend on the concentration and 

distribution of radium-226 in the soil, the emanating power of radon 

from its point of formation and the diffusion properties of the soil. 

Soil covers such as snow or vegetation can affect the rate of radon 

escape from the surface of the ground [21, 22, 41, 44, 61-65]. Soil 

moisture has significant effect on radon diffusion and exhalation 

processes. The observed decrease in the outdoor radon concentration 

after rain has been attributed to the excess moisture in the soil [41, 

61, 63, among others]. 

At a specific location, outdoor radon concentrations depend not 

only on soil properties but also on the prevailing atmospheric or 

meteorological conditions. Diurnal and seasonal variations of outdoor 

radon concentrations have been observed and mostly can be attributed to 

changes in atmospheric stability conditions [22]. Maximum ground-level 

concentrations are exhibited in the early morning hours when stable 

atmospheric conditions occur [22, 65]. On the other hand, wind asso 

ciated with pronounced turbulent motion has been observed to cause a 

reduction in the outdoor radon concentration [11, 22, 41]. This effect 

is most likely a result of mixing of the air and radon. Other meteoro 

logical parameters such as temperature and pressure influence the 

outdoor radon concentration due to changes in radon exhalation with 
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temperature and pressure. This effect has been discussed previously in 

connection with building materials. 

Indoor radon concentrations can be affected by variations in 

outdoor concentration mainly through the process of air exchange between 

indoor and outdoor atmospheres. 



CHAPTER III 

EXPERIMENTAL MEASUREMENTS 

This chapter is concerned with the details of experimental measure 

ments and instrumentation. A brief description of the building where 

measurements were conducted is given. The methods of measuring air-

exchange rates, radon concentrations in air, and radon flux emanated 

from various indoor sources are discussed and references are cited 

whenever necessary. Also, the method of measuring the concentration of 

radon daughters is discussed briefly. Instruments and detection devices 

described in this chapter are provided by the Off-Site Pollutant 

Measurements Group of Oak Ridge National Laboratory's Health and Safety 

Research Division. This group has been actively involved in the field 

of radon assessment and measurements technology. Detailed descriptions, 

calibration, and field testing have been reported in numerous places 

[67-69]. 

Experimental Building 

Measurements of radon concentration in air, air-exchange rates, and 

indoor radon flux were conducted in a building (Building 1), located in 

a small industrial park in southwestern Pennsylvania. The industrial 

park occupies an area of 18 acres and was formerly used under a 

U.S. Government contract for the extraction of uranium. This area is 

bounded by a creek, a railroad, a former pottery company, and a 

former street railway right-of-way. The various buildings in the park 

are leased to tenant companies with a total of approximately 110 

19 
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employees. During the period from 1911 to 1957, this park area was an 

industrial facility for extracting radium and uranium from their natural 

ores. As a result, the area became contaminated mostly with radium and 

uranium products. The history of the operations conducted in the park 

area, as well as radiological surveys in the park area, are reported in 

the United States Department of Energy reports concerned with the remedial 

action program for formerly utilized Atomic Energy Commission sites [70]. 

Building 1 (built in 1951) is a two-story building with concrete 

block walls, steel framing, concrete floors, and a precast concrete slab 

roof (tar and gravel covered). The building dimensions are 92.33 ft x 

31.83 ft, giving a floor area of 5880 square feet. The ground level, 

which was used as a laboratory during uranium extraction operations, 

consists of two wide rooms and a small entrance leading to the upper 

level which is entirely an office area. The rooms on the ground floor 

are designated east and west according to their location with respect to 

the center wall (see Figures 1 and 2). Because of its previous use as a 

laboratory, the ground level contains many drains in the floor; some of 

these are completely open, whereas others are plugged with concrete or 

wood. The floor of the ground level has cracks in numerous places 

together with expansion joints. The length of the cracks in the floor 

of the ground level is approximately 70 meters. 

Currently, the building is being used by an industrial laundry 

as a clothes delivering station with 11 employees involved. The ground 

level of the building is ventilated naturally through doors, windows, 

and some holes in the walls. The upper level is also ventilated 

naturally although a few offices have added electric fans. Heating 
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of the building during winter is accomplished by using (old type) jet 

heaters on the ground level and small portable heaters on the upper 

level. 

Measurement of Air-Exchange Rates 

Air-exchange rates were measured inside the building during normal 

operations; no attempt was made to regulate these activities. The 

method used to measure air-exchange rate is that of Haywood and Hawthorne 

[53, 71]. In that method carbon dioxide (CO2) is used as the tracer 

gas, and a computerized, infrared spectrometer (Wilks, MIRAN-80) is used 

as the detector. The following is a brief description of the spectrom 

eter based on information reported by Hawthorne [71]. 

The MIRAN-80 has a wavelength range of 2.5 ym to 14.5 ym with 

0.4 ym accuracy and 0.05 ym reproducibility. It is a single-beam 

instrument with a lithium tantalate (LiTaO^) pyroelectric detector and a 

nichrome wire source capable of detecting 0.0001 absorbance unit. The 

heart of this instrument is a microprocessor which controls the wave 

length, records transmission data, and calculates concentrations from 

stored matrix coefficients that account for compound interference. The 

stored coefficients must be obtained from a matrix inversion operation 

performed on calibration data by a computer other than the MIRAN-80. 

In routine operation a mixture of five compounds can be analyzed 

quantitatively in approximately one minute. The computer is capable of 

handling up to 11 interfering compounds. The instrument has an operator 

keyboard to handle communication with the computer and also has a 

printer to give a permanent copy of the data analysis. 

For the purpose of measuring air-exchange rates inside the various 

rooms of Building 1, the MIRAN-80 was preset to detect only carbon 
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dioxide gas and to print out the data each minute. The instrument was 

allowed to warm up for a period of 30 minutes, and background CO2 

readings were obtained during this period. Carbon dioxide gas from 

pressurized bottles was then released into the atmosphere of the room 

under investigation. To obtain a nearly uniform distribution of the gas 

into the room air, the pressurized bottle was turned around into dif 

ferent directions during gas release. The buildup of gas concentration 

could be observed from the printed data and, as soon as a constant 

concentration was reached, gas release was stopped. Air-exchange rates 

are then calculated from the time-decay curve of the concentration as 

has been discussed before in connection with ventilation conditions. 

Measurement of Radon Concentration in Air 

Several techniques have been developed for measuring the concentra 

tion of radon and its daughters in various media, including air. A 

review of these techniques is given by Budnitz [72]. Generally, there 

are two quite different approaches to the specific measurement of radon. 

In the first, equilibrium can be assumed to have been established 

between radon and its daughters; in the second, the daughters are 

initially filtered out from the sample gas, after which either the decay 

of radon itself is detected or the daughters are allowed to ingrow again 

for detection. This second approach has been utilized by many investi 

gators in developing environmental radon-measuring instruments [73-78]. 

Spitz and Wrenn [73] designed a continuous radon-measuring 

instrument (known as Wrenn chamber) based on the detection of positive 

ions (RaA) resulting from the decay of radon atoms into a sensitive 

volume. Radon daughters are first filtered out from the incoming gas 
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before entering the sensitive volume by using a polyurethane foam layer. 

Like most plastics, this foam has an internal charge which serves to 

trap particulates and allows only radon gas to diffuse through. 

In the ORNL model, curved quadrants of foam are glued at the junc 

tions and placed over a hemispherical metallic screen. This hemi 

spherical screen provides outer structural support for the foam and 

functions as the anode for the electrostatic field applied within the 

sensitive volume of the chamber. A hemispherical light pipe coated with 

zinc sulfide scintillator and covered with a thin aluminized mylar film 

to provide a conducting surface (cathode) constitutes the alpha particle 

detector in this instrument as shown in Figure 3. The potential between 

the aluminized mylar film and the hemispherically shaped metallic screen 

creates a strong electric field which serves to attract the charged 

ions. The ions thus attracted remain on the surface of the mylar film 

and continue their radioactive decay to other radon daughters. The 

principal radiations detected by a radon monitor of this type are alpha 

particles from polonium-218 (RaA) and polonium-214 (RaC). Light 

scintillations produced by the interaction of alpha particles with the 

zinc sulfide scintillator are then converted to voltage pulses through 

the use of a photomultiplier. Pulses from the photomultiplier are then 

amplified and fed to a counter after passing through a suitable threshold-

discriminating circuit which excludes pulses other than those resulting 

from alpha particles. Periodic calibration of the chambers in use at 

ORNL showed that the average conversion factor is 2.36 counts-liter/ 

pCi-minute and the average background is 0.28 counts/minute [69]. 

Modified Wrenn chamber units in use at ORNL are all fitted with 

MDT-COMP-8 microcomputers and printers. Communications with the 
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computers are handled by using an external, portable teletype where data 

such as date, time of day, chamber number, background, conversion factor, 

and counting interval are fed into the computers. At the end of each 

counting interval (usually 30 minutes), the total counts and the radon 

concentration are printed automatically, the system is then reset, and 

counting for the next period is initiated. 

Measurement of Radon Daughter Concentration in Air 

An alpha, spectrometry technique has been refined by Kerr for the 

measurement of radon daughter concentrations in air. From one integral 

count of the Po-218 alpha activity and two integral counts of the 

Po-214 alpha activity, the concentrations in air of Po-218, Bi-214, and 

Pb-214 may be calculated. 

Particulate radon daughters attached to airborne dust are collected 

on a membrane filter with a pore size of 0.4 ym. A sampling time of 5 

to 10 minutes and a flow rate of 10 to 20 LPM are used. This filter 

sample is then placed under a silicon surface barrier detector and 

counted. Usually, counting of this kind is performed with a vacuum 

between the sample and the detector, which requires a complicated sample 

holder and time-consuming, sample-changing methods. Experiments at ORNL 

have shown that ease in sample handling is obtained with little loss in 

resolution when helium is used as a chamber fill gas. In this counter, 

helium is flowed between the diode and the filter sample, which are 

separated by a distance of 0.5 cm. One integral count of the Po-218 

alpha activity is obtained from 2 to 12 minutes, and two integral 

counts of the Po-214 activity are obtained from 2 to 12 minutes and 

15 to 30 minutes, respectively. All counting intervals are referenced 

to t = 0 at the end of sampling. 
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The equations describing the radon daughter atoms collection rates 

on the filter are of the form: 

dn.(t) 
c.v + n,.,(t) - A^.n,(t), 

where 

n^. = number of the ith species of atom on the filter as a function 

of time, 

= radioactive decay constant of the ith species (minute"^), 

C^. = concentration of the ith species (atoms 1"^), 
V = air sampling flow rate (liters minute'^). 

From the general form of the solution, specific equations can be 

obtained describing the number of each radon decay product collected on 

the filter as a function of time. Also, by letting v = 0 in the previous 

equation, a set of equations describing the decay on the filter of each 

radon daughter can be obtained. The equations describing the decay of 

radon daughters on the filter can be integrated and related to the 

integral counts obtained experimentally. Values for the total activities 

of Po-218, Pb-214, and Bi-214 on the filter at the end of sampling are 

obtained by applying matrix techniques. The airborne concentrations are 

obtained by solving the equations describing the atom collection rates 

on the filter. A computer program has been written by Kerr [67-68] to 

perform these matrix operations and to calculate the air concentrations 

of the radon progeny. 

Measurement of Radon Flux 

Several methods have been used to measure radon flux emanating from 

surfaces. The most common method is the direct accumulation of radon 

in a closed container resting on the surface. This method has been 
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used extensively in the United States to measure radon flux from soil 

surfaces [40, 43]. Megumi and Mamuro [49] developed another method 

whereby the radon emanating from soil is adsorbed on a layer of granular 

activated charcoal spread directly on the ground. After exposure, the 

charcoal is bagged and returned to the laboratory where the analysis 

involves measuring the gamma activity from bismuth-214 (RaC). 

Countess [75] presented a new procedure based on the method described 

by Megumi and Mamuro [49] in which a U.S. Army gas mask canister (Mil) 

containing activated charcoal is placed directly in contact with the 

emanating surface. The original army canisters are modified by removing 

the section containing a pleated paper filter and fitting a metallic lid 

on the other threaded end. The remaining cylindrical metal canister is 

6 cm deep by 10.5 cm in diameter, weighs 225 grams, and contains 148 

grams of activated charcoal. At the end of an exposure period the 

canisters are removed from the emanating surface, bagged in plastic 

bags, and returned to the laboratory for analysis. 

The above method of measuring radon flux has been used extensively 

in this research. Some modifications have been added to account for 

various components of the radon source (e.g., cracks and drains) which 

could exist in normal living quarters or places of work. At ORNL, the 

canisters are usually depleted by heating them for a 24-hour period in 

an oven set at 100°C. After cooling down, the canisters are bagged in 

tight plastic bags to avoid moisture accumulation which could affect 

their adsorptive properties. Before exposing these canisters they are 

counted on a gamma-ray spectrometer to determine the background acti 

vity. During exposure, canisters are sealed to emanating surfaces 

using a clay-like material known commercially as sealflex (a product 
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of the M and W Electric Manufacturing Company, East Palestine, Ohio). 

After exposure, canisters are rebagged and transferred to the laboratory 

for analysis. 

In this research, the charcoal canisters were analyzed using a 

gamma-ray spectrometer consisting of a sodium iodide crystal coupled to 

a multichannel pulse height analyzer. A schematic diagram of the gamma-

ray spectrometer is shown in Figure 4. In practice, the exposed canister 

is placed on the Nal detector with the exposed side down and is counted 

for 10 minutes any time later than 4 hours after the end of the exposure 

period. This delay time is required to allow radon daughters to reach 

equilibrium with the adsorbed radon. The integration limits (windows) 

of the multichannel analyzer are set to include only the gamma-ray 

activity from lead-214 (0.242 MeV, 0.294 MeV, and 0.325 MeV) and from 

bismuth-214 (0.609 MeV). The multichannel analyzer displays the results 

in the form of two integral counts. A calibration coefficient of the 

counting system is obtained by counting a standard NBS radium-226 

solution of known activity. Periodic calibration of the counting system 

resulted in a coefficient of 0.213 cpm/pCi. 

It is well known that the decay or growth of a radionuclide is 

governed by the basic exponential law [6]. Simple mathematical manipu 

lations of the radon decay equation yield the following formula which is 

used to calculate radon flux emanating from surfaces: 

xh 
^ = ^Xt ixt-' 

EA(1 - e'^''^)(e ^ - e ^) 
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where 

2 
J = radon flux, pCi/m -min, 

N = net counts, 

A = area of the canister, m^, 

E = calibration factor of the counting system, cpm/pCi, 

t = exposure time, hours, 

t^ = time from the end of the exposure period to the beginning 

of counting (delay time), hours, 

t2 = t^ + counting interval, hours, 

A, = radon decay constant in hours and minutes, respectively. 

It is important to recognize that the previous radon flux formula can be 

used only when surface (i.e., area) sources are considered. In order to 

adopt this method for measuring radon flux emanating from cracks (line 

source), drains and/or vents, the previous flux formula needs to be 

modified. 

Cracks resulting from the rupture of wall and/or floor materials 

provide an easy passway for radon because the air medium inside these 

cracks has a much higher diffusion coefficient (oO.lE cm^/sec) than the 

surrounding wall and/or floor materials. Therefore, a charcoal canister 

placed over a crack will essentially see the radon flux as a line source 

instead of an area source. This is due to the fact that radon input 

from cracks and joints is often several orders of magnitude greater than 

that from adjoining surfaces. Because of the small dimensions of the 

canister, it can be assumed that the canister will only see the radon 

flux emanating from a crack of length equal to its diameter, and the 

resulting radon flux will be given in units of picocuries per meter of 

crack length per unit time. Thus, the canister area (A) has to be 
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replaced by the diameter (D) in cases where line sources are considered. 

The total radon flux (in pCi/min) from cracks can thus be calculated by 

multiplying the flux (J) per meter of crack length by the total length 

of the cracks. 

In field measurements, a large number of canisters may be needed in 

order to obtain results which are typical of the location under inves 

tigation. The handling of such a large number of canisters becomes a 

rather tedious and time-consuming process. For this reason a crack 

monitor was designed (Figure 5) which reduces considerably the number of 

canisters to be used for monitoring radon flux emanating from cracks and 

also to give more reliable results than those from single canisters. 

The basic idea of this crack monitor is to enclose the radon gas emanating 

from a crack of one meter length into a relatively small volume. 

Concentration buildup inside this volume is avoided by circulating the 

radon gas enclosed in this volume through a charcoal canister where 

radon gets adsorbed. The circulation in this volume is accomplished by 

utilizing a small air pump to cycle the air through the canister and 

back into the accumulator volume. A small fan inside the enclosure 

assures mixing of radon and air. The gas flow rate inside the crack 

monitor is of prime importance because high flow rates may produce 

sucking effect and low flow rates may produce concentration buildup. It 

was reported [79] that flow rates up to 16 liters/minute will not affect 

the adsorption (i.e., collection) efficiency of the charcoal canisters. 

Consistent and reproducible results were obtained with a flor rate of 

8 liters/minute. Calibration results showed that the crack monitor 

records 70 percent of the actual radon flux as measured by individual 

canisters. 
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In actual field measurements crack monitors are placed on cracked 

areas and sealed to floors using the sealflex compound. Before placing 

the canister in its position on the crack monitor, the air pump and fan 

are allowed to run for one minute to remove the radon gas which may 

accumulate during the period of sealing the crack monitor to the floor. 

On the other hand, the use of charcoal canisters to accumulate 

radon emanating from drains (due to contaminated sewer system) pose a 

problem which is different from that of cracks or surfaces. In this 

case the canister will essentially collect a volume source, and therefore, 

the flux becomes independent of the canister's area (A). Thus the flux 

emanating from drains (J^) can be calculated from 

xhi 
JnD = -Xt, -Xt^ 

E(i.e-^^)(e ^ - e 

where X^, X, t, t^, t2, and E are the same as described before, and 

will be given in units of pCi/minute. In field measurements it is 

desirable to perform experimental measurements without disturbing the 

environment (i.e., the source in this case). This condition will put 

severe limitations on the method which could be applied to measure radon 

flux emanating from drains. The charcoal canister in its usual form 

(sealed from one side) will block the natural convective flow of air 

into or from drains. Accordingly, it became necessary to adopt a 

modified arrangement of the canisters which will permit normal air flow 

currents and also will cause minimum disturbance to the source. An 

arrangement which satisfies this condition is called the open-end 

double canister. For this method, two open-end charcoal canisters are 

connected together by a short brass pipe. One canister is placed with 

its wide base facing the drain, while the other canister faces the room 



36 

atmosphere. The lower canister will accumulate radon emanating from a 

drain through molecular as well as through convective diffusion processes. 

The upper canister works as a trap for any gas that may escape from the 

lower canister and also as an accumulator for any radon in room air 

which flows into the drain. To determine whether or not reverse flow 

occurs, another canister (called monitor) is placed in air near the 

drain and a comparison between the "monitor" reading and that of the 

upper canister will clearly identify the source recorded by the upper 

canisters. 



CHAPTER IV 

MATHEMATICAL MODEL 

This chapter is concerned with the development of a mathematical 

model which is capable of predicting the concentration of radon and its 

daughters in the atmosphere of a single room. Parameters such as radio 

active decay, air-exchange rates, and wall interactions are fully 

incorporated in this model to account for the removal of radon and its 

daughters from indoor atmospheres. The dependence of indoor radon 

concentrations on radon exhalation from inner surfaces is included. 

Special attention is given to the effect of variations in atmospheric 

pressure on radon exhalation rates from inner surfaces. 

Calculation of Indoor Radon Concentrations 

In the following development, it is assumed that radon accumulates 

in the indoor atmospheres due to exhalation from inner surfaces (walls 

and floor) and also due to the infiltration of outdoor air which may 

contain radon. The process of radon exhalation from walls and floor was 

discussed in Chapter II where it was mentioned that this process de 

pended on the radium content of the emanating surfaces as well as on 

variations in atmospheric conditions such as pressure and temperature. 

The process of air exchange between indoor and outdoor atmospheres tends 

to reduce the indoor radon concentration if it is higher than that out 

of doors. However, this process could be reversed if the outdoor con 

centration was greater than that indoors. On the other hand, indoor 

radon is removed by radioactive decay, ventilation, and by wall 
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interactions. Removal of radon by radioactive decay is governed by its 

decay constant (0.0075/hr), and it is expressed as the product of the 

radon concentration and the radioactive decay constant 

This is in accordance with the basic laws which govern the decay (or 

growth) of radioactive materials. The radon removal rate due to venti 

lation is controlled by the air-exchange rate (A^), and it can be 

expressed as the product of this parameter and the radon concentration. 

The removal of radon due to wall interactions is introduced for the 

first time to account for the possible loss of gas molecules due to 

collision with inner surfaces (walls). The fact that radon gas can be 

adsorbed with high efficiency by activated charcoal led to the assump 

tion that materials other than charcoal may interact similarly with 

radon. It is not necessary to restrict wall interaction processes to 

adsorption only since other processes such as diffusion or trapping of 

gas molecules into voids and fractures in walls could also occur. 

Accordingly, the term wall interaction will refer to all processes which 

result in a reduction in the gas concentration due to collision with 

wall surfaces. No experimental results were found in the literature 

concerning this type of interaction. 

Approximate values of wall removal coefficient (A ) can be calcu-
w 

lated using the basic laws of the kinetic theory of gases. According to 

these laws, the rate per unit surface area at which gas molecules strike 

a surface S (enclosed by a volume V) is proportional to the mean mo 

lecular speed [80]. Assuming that only a fraction 3 of the molecules 

which strike the wall will be removed, the wall removal coefficient (A ) 
^ w' 

can be evaluated using the following expression: 
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A , = 3 X S/V X (8RT/#1)^/^
w 

where 

R = gas constant (8.317 x 10^) ergs/mole-degree), 

T = absolute temperature (°K), 

M = gas molecular weight (M = 222). 

The values of the fraction 3 will determine the dependence of the wall 

removal coefficient on the structural properties of different building 

materials. In this work, 3 is assigned the value of 0.000001 which 

could be modified according to future experimental evaluation. 

On the basis of the previous discussion and by assuming a rather 

homogeneous concentration distribution of radon in the atmosphere of a 

simple room of surface area S and volume V, the following differential 

equation can be written to represent the time rate of change of the 

indoor radon concentration: 

^^Rn 
= E X S/V + A^,C - (A. + A„ + A ,) x C. 

dt ' V 0 ^ Rn V w' Rn' 

where 

3 

CRn = time dependent indoor radon concentration (pCi/m ), 

= constant or time dependent outdoor radon concentration 

(pCi/m^), 
2 

E = exhalation rate (pCi/m hr), 

Aj^^ = radon radioactive decay constant (1/hr), 

Ay = air-exchange rate (1/hr), 

A., = wall removal coefficient (1/hr).
W \ I I 

The exhalation rate, E, presented in the previous differential 

equation is assumed to be dependent on variations in atmospheric pres 

sure. The dependence of radon exhalation rate on variations in 
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atmospheric pressure was discussed in Chapter II, where it was concluded 

that a drop in the atmospheric pressure will increase the exhalation 

rate in proportions which depend on the magnitude and on the duration of 

the pressure drop. To incorporate this dependence, the following simple 

model is introduced in which an incremental change of exhalation rate is 

proportional to the pressure variation [i.e., dE = -adp(t)]. The 

negative sign is introduced to compensate for the reverse effect of 

pressure variations on exhalation rate. The term, dp(t), represents the 

change in pressure (drop or increase) measured from the normal atmos 

pheric pressure. The parameter a represents the exhalation rate per 

unit pressure, and it has the units, pCi/m2-hr-mm Hg. This parameter 

has to be determined experimentally for different building materials. 

Only a few values of a for concrete walls have been reported in the 

literature [42, 45-47]. Future experimental measurements of a for 

building materials other than concrete are required in order to use this 

model. In this work, a is taken to have a value of 18 pCi/m^-h-mm 

Hg for concrete walls as has been reported by Jonassen [47]. 

Now, assuming that exhalation rate at normal (constant) atmospheric 

pressure is and that the time rate of change of pressure variations 

is p, then the integration of dE over the duration time (DT) of pressure 

variations yields the following result: 

E = E - a / p dt. 
° DT 

According to this result, the exhalation rate E depends not only on the 

pressure-independent exhalation rate E^ but also on the functional be 

havior of the time rate of change of pressure variations. This func 

tional behavior could be chosen to represent real pressure fronts. 
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At this point it is important to indicate that the basic difference 

between the present model and other reported models [60, 81, 82] con 

cerned with the study of indoor radon is in the use of pressure dependent 

exhalation rate and in the use of wall removal interactions. The 

significance of pressure effect on exhalation rate is well documented in 

the literature, while the significance of wall removal processes requires 

further experimental verification. 

Calculation of Radon Daughters Concentration 

The importance of calculating the concentration of radon daughters 

in an environment can be attributed to the fact that health effects of 

elevated concentrations of radon in air are due not to the radon itself 

but to its short-lived alpha-emitting daughters which are deposited on 

the interior surfaces of the respiratory tract. The radiation dose to 

the basal cells of the bronchial epithelium is a function not only of 

the concentration of radon in air but also the degree of radioactive 

equilibrium between radon and its first four decay products. Radio 

active equilibrium between radon and its daughters is expressed as the 

ratio of the concentration of various daughters to that of the parent 

radon concentration. 

Accumulation of radon daughters in the atmosphere of inhabited 

areas is due to the physical decay of indoor radon and also due to 

contributions from outdoor atmosphere through the process of air ex 

change. Removal of radon daughters, however, is due to their radio 

active decay, air exchange, and attachment to surfaces and aerosol 

particles. The removal of daughters by radioactive decay is controlled 

by their distinct decay coefficients (see radon decay scheme in 
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Chapter II). The effect of indoor-outdoor air-exchange process on radon 

daughters concentration follows the same rule discussed before in 

calculating the indoor radon concentration. 

Radon daughters could exist in an atmosphere as free particles 

(i.e., not attached to aerosol particles) and/or attached particles 

(i.e., attached to aerosol particles). Both fractions could be removed 

by sedimentation and/or by deposition on walls and other indoor surfaces 

(e.g., furniture). Accordingly, the process of daughters' attachment to 

walls and aerosols is of significant importance in studying their 

behavior in the atmospheres of inhabited areas. The process of daugh 

ters' attachment to aerosol particles depends on the diffusion coefficient 

of the free daughters and also on the particle size distribution of the 

aerosol in the considered volume [60, 81, 83]. On the other hand, the 

deposition of daughters (free or attached) on walls and other indoor 

surfaces depends on the size and geometry of the region under consideration 

(i.e., on surface/volume) and also on the deposition velocity of radon 

daughters [81, 83]. 

Many experimental studies concerning the attachment of radon 

daughters to aerosol particles have been reported. Wilkening [84] 

showed experimentally that radon daughters were attached to submicron-

size aerosols with mean diameters of 0.009 and 0.018 micrometer. 

Another experimental investigation of the interactions that occur 

between radon daughters and aerosols was reported by Raabe [83] who 

found that the activity is proportional to the surface area of the 

particles with the majority of concentration being associated with 

particles less than 0.1 micrometer diameter. On the other hand cal 

culated values of radon daughters attachment rates were reported by 
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Jacobi [81]. In these calculations Jacobi used Lassen's semi-empirical 

formula (cited in Jacobi's paper) to calculate the coagulation constant 

of the daughters. According to these calculations, an attachment rate 

of the order of 40 per hour could be expected for normal particle size 

distributions of atmospheric aerosol in the atmosphere near the ground 

4 3
where aerosol concentration is of the order of 10 particles per cm . 

In similar calculations reported by Porstendorfer [60] an attachment 

rate of the order of 86 per hour was used in studying the behavior of 

indoor free radon daughters. 

Removal of radon daughters due to wall deposition has been studied 

by few investigators. Wrenn et al. [85] used the diffusion theory to 

calculate the wall deposition of free radon daughters due to pure 

molecular diffusion in a cylindrical volume of static, clean air. These 

results showed a strong influence of wall deposition on the degree of 

disequilibrium between radon and its daughters. On the other hand, 

Jacobi [81] used the following formula to calculate the wall deposition 

rate constants for either the free or the attached fractions. 

^d,1 i"d,1 s/v. 

where 

X. . = wall deposition rate constant (1/hr) for attached (i = 1) 
u,1 

or for free (i = 2) fractions, 

Ud ^ = deposition velocity characteristic of each fraction 

(meter/hr), 

S/V = surface area to volume ratio (1/meter). 

A wall deposition rate of 0.7 per hour for attached daughters was 

calculated by Jacobi on the basis of a deposition velocity of the order 
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of 0.01 cm/sec for particles of 0.05-0.2 micrometer diameter at an air 

velocity of 10 cm/sec and for a surface-to-volume ratio of 2 meter'\ 

At a size range of 0.1-0.2 micrometer, attached daughters deposition 

velocities of the order of 0.001 cm/sec were measured by Clough [86]. 

These last results were used by Porstenddrfer [60] in evaluating wall 

deposition rates of attached daughters. 

To calculate wall deposition rates of free radon daughters, it is 

necessary to know the deposition velocity of free daughters. In this 

regard Jacobi [81] assumed that the ratio of the deposition velocity of 

free ions to that of attached ions is equal to the square root of the 

ratio of their respective diffusion coefficients. On the basis of this 

formulation, for a deposition velocity of attached daughters of the 

order of O.Ql cm/sec, the corresponding deposition velocity of free 

daughters is within the range of 0.5-1.5 cm/sec. On the other hand, 

Moller and Schumann [87] measured experimentally the deposition ve 

locities of different particles using a wind tunnel with wind speeds of 

3 through 8 meter/sec. Their results were best fitted by a relation in 

which the deposition velocity is proportional to the diffusion coefficient 

to the two-thirds power. Wall deposition rate of 100 per hour for free 

radon daughters was used by Porstenddrfer et al. [60] in their inves 

tigation of indoor radon daughters. 

The previous discussion outlined the important factors which could 

affect the concentration of radon daughters in various atmospheres. Two 

approaches have been used in assessing the behavior of radon daughters 

in certain atmospheres. In the first approach, the removal of radon 

daughters is achieved by radioactive decay as well as by air-exchange 

process [13, 57, 59]. This approach may be useful in situations where 
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the effect of air exchange on the concentration of radon daughters 

dominates all other removal processes (i.e., in cases where air-exchange 

rates are relatively high). In the second approach (such as that of 

Jacobi and Porstenddrfer) radon daughters are divided into two fractions 

(attached and free) and each fraction is treated separately according to 

its distinct properties. In this approach, free radon daughters are 

removed by radioactive decay, air exchange, wall deposition and attach 

ment to aerosol particles while attached daughters are removed by the 

same processes (with different rates) but not including attachment to 

aerosol particles. In models of such kind the characteristic removal 

processes (with different rates) but not including attachment to aerosol 

particles. In models of such kind the characteristic removal processes 

(except radioactive decay) of each fraction are considered to be the 

same for all daughters. In the development of these models each fraction 

is calculated separately and then the disequilibrium fraction of each 

daughter is calculated by summing up its two individual fractions. 

Experimental studies conducted by Jonassen [45] showed that the 

removal of radon daughters due to filtration and diffusion cannot be 

described by a single removal coefficient. These results also showed 

that in an unventilated room radium-A was removed at a higher rate than 

radium-B or radium-C. Moreover, the same results showed that the 

removal rate of radium-B is not the same as that of radium-C. Although 

these results may be characteristic of the place and the conditions 

where they were measured, they suggest the existence of some differences 

in the removal of various radon daughters due to filtration and dif 

fusion. Taking this suggestion into consideration, it seems reasonable 

to assume that each radon daughter has its own wall removal rate with no 
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distinction between free and attached fraction. In other words, this 

approach represents the gross end results of the models which are based 

on the second approach as discussed before. 

In the present development it is assumed that radon daughters are 

removed by radioactive decay, air exchange, and by wall deposition. The 

mathematical form of daughters removal by radioactive decay and by air 

exchange is similar to that of radon with the appropriate decay co 

efficients to be used. 

To calculate wall deposition rates for various radon daughters, it 

is necessary to set up certain criteria regarding the deposition veloci 

ties of daughters. This can be achieved by introducing what could be 

called "characteristic deposition length." The principle of a charac 

teristic length is well known in problems associated with turbulent 

boundary layers. Landau and Levich [88] indicated that the characteris 

tic length in the turbulent boundary layer is proportional to the 

deposition velocity. Accordingly, it seems possible to correlate 

between the deposition velocities of radon daughters by using this 

previous assumption. Assuming that radon daughters possess only one 

characteristic length, then the relation between the various deposition 

velocities can be represented by the following expression: 

Ti X = L, i = 1,2,3, 

where 

T^. = half-life time of ith daughter, 

Ud,i = deposition velocity of ith daughter. 

The previous expression will require the specification of only one 

deposition velocity from which the other pair can be evaluated. It is 

important to indicate that the accuracy obtained from the previous 
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expression depends on the choice of the reference deposition velocity of 

a certain daughter. Although it is difficult to assign an exact deposition 

velocity to a certain daughter because of the lack of published informa 

tion yet the results of Moller and Schumann [87] suggest that radium-B 

is a good choice. Accordingly, in the following development the depo 

sition velocity of radium-B will be taken as the reference velocity. 

Using the expression for the characteristic length, then it is possible 

to calculate the wall deposition rates using the following formula: 

^d,i ^ '^d,i' 

where 

^d i ~ deposition rate (1/hr), 
S/V = surface-to-volume ratio as has been defined before 

(1/meter). 

Combining all the information and using the laws of conservation, 

the following differential equation can be written to represent the time 

rate of change of the ith radon daughter concentration in a room of 

surface area S and of volume V. 

dC. 

dt"" ^i ^i-1 ^\ ^i - (S- \+ ̂ d,i^ S-
In this expression , A^, and A^ are the same as has been described 

before. Also in this expression (for i = 1) is equal to C„ which is 
0 Rn 

the concentration of indoor radon gas. 

Analytical solutions to the two differential equations describing 

the behavior of indoor radon and its daughters can be easily obtained if 

the outdoor concentrations are constant. However, it is difficult to 

find an analytical solution to these differential equations if outdoor 

concentrations are time dependent. Accordingly, no effort was made to 
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solve these equations analytically. Instead numerical solutions were 

obtained by utilizing the famous Runge-Kutta method of numerical integra 

tion. This method is discussed in almost every numerical analysis 

textbook. A computer program based on Runge-Kutta numerical integration 

method was developed and was used in calculating the theoretical results. 



CHAPTER V 

RESULTS AND DISCUSSION 

This chapter is concerned with the results and discussion of some 

experimental measurements conducted in a building (Building 1), located 

in a small industrial park in southwestern Pennsylvania. This is the 

site of a facility once used under contract by the U.S. Government for 

the extraction of uranium from ores. Results of air-exchange and radon 

flux measurements are presented in this chapter. The results of radon 

concentration as well as daughter concentrations are also given. In 

addition, theoretical results obtained from the mathematical model 

presented in Chapter IV are given here. Results are presented in the 

form of tables and/or graphs followed by appropriate discussions. 

Results of Air-Exchange Measurements 

Air-exchange rates were measured at various intervals over a period 

of five days starting on July 19, 1979. The intervals of measurements 

were chosen to cover as many periods of the day (e.g., morning, evening) 

as possible because it was impractical to conduct such measurements over 

the entire 24-hr period. 

Analysis of the experimental data is based on the assumption that 

the concentration of the tracer gas (CO^) used in the measurements 

decays exponentially with time after thorough mixing in room air has 

occurred. Also, it is assumed that the air-exchange rate is constant 

during the period of measurement. The natural logarithm of the measured 

concentrations of the tracer gas were plotted against time and fitted to 
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a straight line whose slope gives an air-exchange rate which is 

characteristic of the place where measurements are taken. Typical 

results obtained using this particular measuring technique are presented 

in Figures 6-8. An example of results of air-exchange rate measurements 

in room SB are presented in Figure 6. At this particular time, the air-

exchange rate was found to be 1.4 air changes per hour. Similarily in 

Figures 7 and 8, results are presented of the air-exchange measurements 

taken in the west and east rooms of the ground floor of Building 1. The 

corresponding air-exchange rates were found to be 5.4 and 0.75 air 

changes per hour, respectively. There is no particular reason for 

choosing only these three figures except to show the behavior of the 

tracer gas at different air-exchange rates. In Tables 2 and 3, the 

results of air-exchange measurements over the entire period of this 

investigation are presented. From these tables it can be seen that air-

exchange rates inside the experimental building vary over a wide range 

with a maximum of ̂ ^>6 air exchanges per hour to a minimum of ̂ ^1.4 air 

exchanges per hour. High air-exchange rates were observed on windy 

days. Lower air-exchange rates, however, were obtained by closing and 

sealing windows and doors of the building for a period of 24 hours. 

During these experiments, it was observed that outdoor wind conditions 

were the most significant factor affecting the air-exchange rates in the 

building. This is mainly because the building is not furnished with 

mechanical ventilation devices and also because the building is fitted 

with numerous large-sized windows and doors which were kept open most of 

the time when measurements were taken. 
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TABLE 2 

MEASURED AIR-EXCHANGE RATES IN THE GROUND FLOOR 
EAST ROOM OF THE EXPERIMENTAL BUILDING 

DURING JULY 1979 

Date Time Air-exchanqe rate (1/hr) 

7/19 21:00 3.0 

7/20 14:00 5.4 
22:00 2.8 

7/21 4:00 1.9 
6:30 1.0 
12:00 0.8 

7/22 18:00 0.4 

7/23 16:40 4.5 
19:20 6.1 ' 

TABLE 3 

MEASURED AIR-EXCHANGE PJ\TES IN THE GROUND FLOOR 
WEST ROOM OF THE !EXPERIMENTAL BUILDING 

DURING JULY 1979 

Date Time Air-exchanqe rate (1/hr) 

7/19 22:00 3.1 

7/20 14:00 5.4 
22:00 3.6 

7/21 4:30 2.0 
6:00 2.2 
8:00 1.4 
12:00 0.8 

7/22 18:00 0.4 

7/23 18:05 3.0 
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Results of Radon Flux Measurements 

Radon flux was measured on the ground level of the experimental 

building during July 1979 and continued for four days. During those 

four days, three complete sets of measurements were taken. Flux detec 

tors (canisters) were exposed for approximately 24 hours to radon flux 

emanating from different indoor radon sources. Appropriate flux values 

were then calculated on the basis of the discussions presented in 

Chapter III. Locations at which radon flux was measured were distri 

buted across the area of the ground level in such a way that repre 

sentative results for the flux distribution inside the building could be 

collected. The west room (see Figure 9) took more attention than other 

places inside the building because more potential radon sources (cracks 

and drains) are concentrated in that room. Locations at which flux 

measurements were taken are shown in Figure 9. In this figure the 

letter S refers to locations where flux emanating from concrete floor 

slabs was measured. Also the letter C refers to locations where flux 

emanating from cracks was measured. The letter D refers to locations 

where flux emanating from drains was measured. The concrete floor slabs 

in this building are uncovered and unpainted. The surface area of the 

concrete slabs in the east room was found to be 132 square meters while 

that of the west room was found to be 139 square meters. On the other 

hand, the length of visible cracks were measured in both rooms, and it 

was found that the total length of cracks in the east room is approxi 

mately 40 meters while that in the west room is approximately 32 meters. 

Moreover, 18 observable drains (plugged and unplugged) were counted in 

both rooms with 14 of them located in the west room. Among those 

drains, there are eight unplugged (open) drains. Seven of these are 

located in the west room and one is in the east room. 
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the ground level of Building 1. 



57 

Radon flux emanating from concrete slabs was measured at different 

locations in each room and was averaged over the area of the specific 

room. The total radon influx from slabs in each room can thus be 

calculated by multiplying this average flux by the area of the room. 

Similarily, the radon flux emanating from cracks in each room was 

averaged and normalized to a crack length of one meter. The total 

influx of radon from cracks in each room is obtained by multiplying this 

average flux by the total length of cracks in each room. The total 

influx from drains was calculated by adding the contributions of all 

drains. It is necessary to mention that during the July 1979 measure 

ments, the technique used to measure radon flux emanating from drains 

failed to give reasonable results. For this reason, another set of 

measurements was taken during November 1979. These measurements 

employed a new technique of an open-end double-canister described in 

Chapter III. This was used successfully to measure the radon flux 

emanating from drains. A correlation factor between the two sets of 

measurements was obtained by repeating some of the measurements at the 

same locations as those of July measurements. 

The averaging process used to find the total radon influx either 

from cracks or from slabs is necessary in field measurements of this 

kind. This is because it is practically impossible to cover the entire 

floor surface area with flux detectors (canisters) and also because the 

concentration of radium-226 in soil beneath the concrete floor is not 

distributed homogeneously as can be seen in Figures 10 and 11. The 

variations of ra-don flux from slabs as a function of the distance from 

the east wall of the building and along the line AA is shown in Figure 10. 

It can be seen from this figure that radon flux emanating from concrete 
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floor slabs varies in an irregular manner. It is important to mention 

that the radon flux measurements shown in Figure 10 were all obtained 

at the same time; therefore, the effect of atmospheric variables was a 

common factor among them. On the other hand, the variation in radon 

flux emanating from cracks in the floor as a function of the distance 

from the east wall along the line BB is shown in Figure 11, Also seen 

in this figure is that the radon flux from cracks varies in an irregular 

manner across the entire length of the building. 

The cumulative results of radon influx measurements for various 

indoor sources in both the east and west rooms are summarized in Tables 4 

and 5. Both tables show the period during which flux was measured as 

well as the contribution from each individual source. The total radon 

influx in each room (last row in tables) represents the sum of all 

contributing sources during each period. From Table 4 it can be seen 

that the radon influx from concrete slabs and from cracks in the floor 

contribute the most to the total influx in the east room. Also, it can 

be seen from this table that the total radon influx in the east room is 

not constant but varies with time. On the other hand. Table 5 shows the 

same type of result with the exception that the total radon influx in 

the west room is much higher than that in the east room. 

It is important to mention that the Atomic Energy Commission (AEC) 

initiated a program in 1974 for determination of the current radio 

logical condition of sites formerly utilized under contract by the 

Manhattan Engineer District (MED) and the AEC for work involving the 

handling of radioactive materials. Based upon the findings of radio 

logical investigations of these sites, measures will be undertaken to 

assure the public health and safety. The experimental building where 
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TABLE 4 

MEASURED AVERAGE RADON INFLUX (pCi/Minute) FROM SLABS, 
CRACKS, AND DRAINS IN THE EAST ROOM 

Source/Day 7/19-7/20 7/20-7/21 7/21-7/22 

Slabs 38680.0 No data 42535.0 

Cracks 25795.0 No data 18880.0 

Drains 1326.0 No data 1687.0 

Total 65801.0 No data 63102.0 

TABLE 5 

MEASURED AVERAGE RADON INFLUX (pCi/Minute) FROM SLABS
> 

CRACKS, AND DRAINS IN THE WEST ROOM 

Source/Day 7/19-7/20 7/20-7/21 7/21-7/22 

Slabs 59775.0 46925.0 38266.0 

Cracks 34240.0 33078.0 31552.0 

Drains 2760.0 2667.0 2543.0 

Total 96775.0 82670.0 72361.0 
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radon flux measurements were taken is among those sites being con 

sidered for remedial actions. Accordingly, these experimental findings 

will be of significant importance in determining what remedial action 

could be taken. 

Results of Radon Concentration Measurements 

Radon concentrations inside the experimental building were measured 

continuously for five consecutive days starting on July 19, 1979. The 

measurements were taken downstairs in the east and west rooms and also 

in rooms 4A and 6B upstairs. On the other hand, outdoor radon concen 

tration was measured outside the building across from the north wall of 

the west room. During the period when these measurements were taken, 

surface weather data was obtained from the National Weather Service 

Station located at Pittsburgh International Airport. 

The experimental results of radon measurements inside and outside 

the experimental building are shown in Figures 12-16. These figures 

also show the variation of the atmospheric pressure with time during the 

period of collecting the data. The variations in outdoor radon con 

centration as a function of time are shown in Figure 12. It can be seen 

from this figure that outdoor radon concentration at this particular 

location is low enough to be neglected in relation to indoor radon 

concentrations. On the other hand. Figures 13 and 14 show the vari 

ations in indoor radon concentration with time as measured in the east 

and west rooms, respectively. Variations in radon concentrations with 

time measured in rooms 4A and 6B (upstairs) are shown in Figures 15 and 

16. 

The results of the measurements of radon concentration inside the 

building show that the concentration of radon in the west room is the 
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highest among all places in the building. This can be attributed to the 

fact that most of the indoor radon sources are located in that room 

(see Table 6). Moreover, these results also show the effect of vari 

ations in atmospheric pressure on radon exhalation process. From 

Figures 13-16 it can be seen that the pressure drop which occurred on 

July 21 and continued through July 22 caused an observable increase in 

the concentration of indoor radon. Unfortunately, it is not possible 

with the data at hand to evaluate quantitatively the effect of varia 

tions in atmospheric pressure on radon exhalation rates. One main 

reason is that the building during those two days (7/21, 7/22) was 

closed so that lower air-exchange rates could be measured. Accordingly, 

the observed increase in the concentration of indoor radon during those 

two days is associated with the drop in the atmospheric pressure as well 

as with the reduction of air-exchange rates. There is a slight time lag 

between the time of the occurrence of the pressure drop and the time of 

recording the maximum concentration; yet these results still demonstrate 

the effect of pressure variations on the accumulation of indoor radon. 

At this point it is important to indicate that the previous argument may 

contradict the results of total radon influx measurements (Tables 4 

and 5). The total radon influx was highest when the observed radon 

concentration was near its lowest value. This contradiction can be 

removed if the effect of air-exchange rates on radon exhalation rate is 

considered. At higher air-exchange rates radon is removed quickly from 

the building and accordingly a concentration gradient across the floor 

is created which enhances the diffusion of radon from the floor to the 

room air. This will cause an increase in the amount of the exhaled 

radon while at the same time the air-exchange process will cause a 
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TABLE 6 

CONCENTRATION OF RADON AND ITS DAUGHTERS (pCi/Liter) 
MEASURED IN THE EAST ROOM DURING JULY 1979 

Nuclei 

Day 

July 19 

July 20 

Rn 

4.0 

2.3 

RaA 

1.1 

1.7 

No data 

RaB 

0.42 

0.32 

RaC 

0.17 

0.06 

July 21 

July 22 

65.0 

64.0 

135.0 

44.4 

24.1 

61.1 

28.3 

16.4 

36.1 

23.3 

13.0 

27.0 

July 23 1.3 0.08 0 0 
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reduction in the observed radon concentration. This explanation agrees 

with the idea that radon exhalation rate increases slowly as air-exchange 

rate increases [81]. Moreover, the drop in the observed radon concen 

tration during the period July 21 to July 22 can be ascribed to the 

effect of higher air-exchange rate as well as to the effect of increasing 

atmospheric pressure. 

On the other hand, the results of radon measurements in rooms 4A 

and 6B (Figures 15 and 16) illustrate an important phenomenon which can 

be called the inverse effect of air-exchange process on indoor radon 

concentration. In most cases outdoor radon concentration is less than 

indoor radon concentration and accordingly the air-exchange process 

becomes a diluting process where air low in radon is brought into the 

indoor atmosphere and at the same time air rich in radon is taken out of 

the indoor atmosphere. Accordingly, it is expected that indoor radon 

concentrations will decrease as air-exchange rate increases. This can 

be seen from Figure 17 where average radon concentrations measured in 

the east and in the west rooms are plotted against the corresponding 

measured air-exchange rates. This figure shows clearly that reduction 

in air-exchange rate causes a significant increase in the indoor radon 

concentration. This increase in concentration depends to some extent on 

the strength of the radon source [60]. The effect of the source strength 

can also be seen from Figure 17 where the rate of decrease in radon con 

centration with air-exchange rate is faster in the east room (with low 

radon influx) than in the west room (with high radon influx). This 

situation can be reversed whenever outdoor radon concentration becomes 

higher than indoor concentration which is the case of rooms 4A and 6B. 

Those two rooms have negligible radon sources, and thus any radon 
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accumulation inside them has to be supplied by some outside sources 

which in the present case could be those located in the ground level of 

the building. From Figure 12 it can be concluded that outdoor radon 

concentration cannot contribute significantly to the radon concentration 

inside the building. Thus the accumulation of radon in rooms 4A and 5B 

is due mainly to the exchange of air between the ground level which is 

rich in radon and that of the upper level which contains less radon. 

The confirmation of this argument is obvious from the comparison of the 

variation patterns of radon concentration in both the ground and upper 

levels of the building (Figures 13-16). Unfortunately there is not 

enough data on the air-exchange rates in rooms 4A and SB which permit 

further analysis of this phenomenon. Nevertheless these data provide 

strong evidence of the importance of air-exchange processes on the 

accumulation of radon in the atmospheres of inhabited areas. 

Results of Radon Daughter Measurements 

Radon daughter concentrations (RaA, RaB, and RaC) were measured 

inside the building at the same locations where radon concentrations 

were measured. The techniques of reducing the experimental results have 

been described in Chapter III. Results of radon daughter measurements 

are given in Tables 6-9. These tables show the concentration of radon 

and its daughters at the time when measurements were taken. 

The results show that the concentrations of radon daughters inside 

the building vary over a wide range. In the ground floor west room, the 

highest daughter concentration was observed on the early morning of 

July 21, 1979. This was associated with an elevated radon exhalation 

from one of the drains in the west room. This elevated exhalation 
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TABLE 7 

CONCENTRATION OF RADON AND ITS DAUGHTERS (pCi/Liter) 
MEASURED IN THE WEST ROOM DURING JULY 1979 

Nuclei 

Day Rn RaA RaB RaC 

July 19 3.2 1.13 0.55 0.36 

July 20 16.0 6.2 1.21 0.59 

3.1 1.24 0.41 0.21 

July 21 115.0 81.0 34.3 48.6 

July 22 58.0 23.8 13.8 10.6 

118.0 48.9 22.0 13.4 

July 23 2.2 0.77 0.12 0.11 
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TABLE 8 

CONCENTRATION OF RADON AND ITS DAUGHTERS (pCi/Liter) 
MEASURED IN ROOM 4A DURING JULY 1979 

Nuclei 

Day Rn RaA RaB RaC 

July 19 No data 

July 20 1.5 1.23 0.32 0.3 

1.0 0.70 0.22 0.22 

July 21 47.0 27.3 18.2 16.0 

July 22 85.0 59.5 42.6 38.8 

33.0 19.7 19.7 10.0 

July 23 1.0 0.36 0.0 0.0 

TABLE 9 

CONCENTRATION OF RADON AND ITS DAUGHTERS (pCi/Liter) 
MEASURED IN ROOM 6B DURING JULY 1979 

Nuclei 

Day Rn RaA RaB RaC 

July 19 3.4 2.7 1.1 0.8 

July 20 3.1 1.64 0.74 0.6 

2.9 4.74 1.9 1.05 

July 21 34.7 23.1 19.7 16.7 

July 22 109.0 53.8 44.3 42.0 

35.0 43.1 36.0 27.3 

July 23 1.0 0.6 0.3 0.12 
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affected the daughter concentration inside the building. On the other 

hand, the next major increase in the concentration of radon daughters 

was observed in the late afternoon of July 22, 1979. This can be 

related to the low air-exchange rates inside the building at that time 

because the building was sealed for several hours before these measure 

ments were taken. It is interesting to compare the concentration of 

radon daughters measured upstairs (rooms 4A and 6B) with those measured 

downstairs (east and west rooms) where most of the radon sources are 

located. Taking the data of July 22 as the basis of this comparison, it 

can be seen, on the average, that daughter concentrations upstairs are 

slightly higher than those downstairs. This difference in daughter 

concentrations cannot be completely related to the effect of the air-

exchange process because measured air-exchange rates in the rooms 

upstairs on that day ('V'1.0-1.4) were higher than those measured down 

stairs ('^>0.75). The other reason which may cause this observed dif 

ference in concentrations is that the effective surface area and hence 

the wall deposition rate of radon daughters is much larger downstairs 

than upstairs. On the other hand, the effect of wall deposition on 

daughter concentrations downstairs will be more effective because of the 

low air-exchange rate at the time of measuring these results. The 

effect of air-exchange rate on wall deposition will be encountered later 

on in the discussions of the theoretical results. 

During the period of collecting the experimental data, activities 

inside the building on July 22, 1979, were minimal because the building 

had been closed and sealed for several hours. Accordingly, results of 

the measurements taken on this day may provide a better source of 

information. Results of measurements on this day were used to calculate 
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the gross wall removal rates for the different radon daughters assuming 

that approximately steady-state conditions were achieved inside the 

the building--particularly in the ground-level rooms. At steady-state 

conditions, the differential equation presented in Chapter IV for radon 

daughters gives the following result: 

A-C,. T + A 
C = — i = 1 2 3^i A. + A + A .' ^ 

1 V w,i 

The parameters A^., A^, and A^ ^ are the same as described in Chapter IV, 

and C^._.| at i = 1 represents the concentration of the parent radon (Cj^^) 

at the time of measurements. The term for radon daughters in outdoor 

air (C°) can be neglected in this case since outdoor concentrations were 

much less than those indoors. Therefore, the previous relation can be 

written in a different form using the basic definition of the disequi 

librium fraction as follows: 

i A. + A + A 
1 V w,i 

where K^. is the disequilibrium fraction Thus, if steady-state 

conditions are assumed, it is possible to estimate A . for certain 
W j I 

values of A^. Results of measurements taken in ground-level rooms on 

July 22, 1979 (given separately in Table 10), were used to calculate 

A^ , and the results are shown in Table 11. It is important to recog 

nize that the data in Table 11 are approximate since exact steady-state 

conditions (dC^./dt = 0) may not have existed. Also, it is important to 

realize that these data are characteristic of the place where they were 

measured. Nevertheless these results show that there could be a dif 

ference in the wall deposition rates among different radon daughters. 
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TABLE 10 

MEASURED CGNCENTRATIONS OF RADON AND ITS DAUGHTERS IN THE 
EAST AND WEST ROOMS OF BUILDING 1 USED TO ESTIMATE 
APPROXIMATE WALL REMOVAL RATES GIVEN IN TABLE 11 

Concentration (pCi/Liter) 

Nuclei East(l) East(2) West(l) West(2) 

Rn 64 140 58 118 

RaA 24.13 61.1 23.8 48.9 

RaB 16.4 36.1 13.7 22.0 

RaC 13.0 27.3 10.6 13.4 

TABLE 11 

APPROXIMATE WALL REMOVAL RATES OF RADON DAUGHTERS IN THE 
GROUND FLOOR OF BUILDING 1 CALCULATED FROM THE 

DATA GIVEN IN TABLE 10 

Concentration (oCi/Literl 

Nuclei X (1) yi) \kz) 

19.1 

RaB 0.32 0.66 1.65 0.74 

RaC 0.3 0.42 0.94 0.21 

RaA 22.3 17.2 18.8 
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Another important effect which has to be considered in studying 

the behavior of radon daughters in indoor atmospheres is that of the 

air-exchange process. According to the discussions presented previously 

in connection with the effect of air-exchange processes on indoor radon 

concentration, it is expected that a reduction in air-exchange rate will 

cause an increase in the concentration of indoor radon daughters. This 

can be seen in Figure 18 where the concentrations of radon daughters 

measured in the east and west rooms and expressed in units of working 

level* are plotted against air-exchange rates. The data in this figure 

show a nonuniform decrease in the concentration of radon daughters with 

increasing air-exchange rates. This can be attributed to the fact that 

the experimental measurements which produced these results were con 

ducted in an uncontrolled building where the effect of other variables 

could not be eliminated. Regardless of their scattered form, these 

results still show the significant effect of the air-exchange process on 

the concentration of radon and its decay products in indoor atmospheres. 

Theoretical Results 

Theoretical results presented here are calculated on the basis of 

the model which was described in Chapter IV. The discussions and argu 

ments presented in connection with the experimental results are also 

used in connection with the theoretical results. It was assumed that 

indoor radon concentration was initially zero while the outdoor 

*The working level (WL) is defined as any combination of short 
lived radon decay products inrl liter of air that will result in the 
ultimate emission of 1.3 x 10 MeV of alpha energy. The WL unit was 
proposed about 1957 following recognition that airborne radiation 
exposure of the human lung if predominantly due to the radon decay 
products deposited in the lungs from inspired air [6]. 
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3
concentration was 100 pCi/m . Furthermore, a reference deposition 

velocity of 0.001 cm/sec for radium-B is being used to calculate the 

wall deposition rate of the different radon daughters. This reference 

deposition velocity was chosen on the basis of an interpolation of the 

data presented by various investigators [86, 87]. 

The variation of radon concentration with time at air-exchange 

rates ranging from zero to 1.5 per hour is shown in Figure 19. In cal 

culating these results a constant, pressure-independent, exhalation rate 

2
of 100 pCi/m -hr was assumed. Also, the surface-to-volume ratio (S/V) 

was considered to be 2 meter \ It can be seen from this figure that 

for = 0 steady-state conditions were not established even at 50 hours 

after the release of the radon source. On the other hand, steady-state 

conditions were established much faster at higher air-exchange rates. 

At the same time it can also be seen that the steady-state concentration 

was reduced by a factor of two by increasing the air-exchange rate from 

0.5 to 1.5 air exchanges per hour. Similar calculations at different 

exhalation rates showed that the functional behavior of the concentration 

with time is the same as that shown in Figure 19. 

The effect of air-exchange process as well as the effect of exha 

lation rate on the concentration of indoor radon can be seen in 

Figure 20 where the steady-state radon concentrations are plotted 

against air-exchange rates for different exhalation rates. This figure 

shows the expected effect of the air-exchange process on the indoor 

radon concentration. At the same time this figure also illustrates the 

effect of exhalation rates (at various air-exchange rates) on the 

concentration of indoor radon. At higher exhalation rates, the reduc 

tion of radon concentration associated with an increase in air-exchange 
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rate is larger than for lower exhalation rates. For an exhalation rate 

2 
of 1000 pCi/m -hr, a reduction in steady-state concentration by a factor 

of M is achieved by increasing the air-exchange rate from 0.5 to 2.5 air 

exchanges per hour. On the other hand, a reduction in the concentration 

by a factor of '\'1.3 is achieved for the same increase in air-exchange 
2 

rate for an exhalation rate of 10 pCi/m -hr. This same phenomena was ob 

served in the experimental results shown in Figure 17 (pp. 79). 

Another parameter which was introduced in the discussions of 

Chapter IV is that concerned with the removal of radon due to some 

interactions on the walls. The effect of these wall interactions (X ) 
w 

can be seen from Figure 21 where calculated radon concentrations at 

Xy = 0 are plotted against time for the case where X^ was set equal to 

zero (upper curve), and X^ was set equal to 0.15 per hour. This numerical 

value of X^ was calculated on the basis that the fraction 8 (defined in 

Chapter IV is equal to 10'^. It is important to indicate that the 

choice of this value of 3 is just an approximation since these wall 

interactions up to the present time have not been studied experimentally. 

On the other hand, the calculated results given in Figure 22 show that 

the effect of X^ is less pronounced at higher air-exchange rates than at 

lower air-exchange rates. This is true not only for the effect of X^ 

but also for the effect of Xj^^. At higher rates the effect of air-

exchange process dominates over all other removal processes. 

To study the effect of variations in atmospheric pressure on the 

concentration of radon, a hypothetical pressure front was assumed. The 

pressure front has a form similar to that of the positive (or negative) 

portion of a sine function whose amplitude is 20 mm Hg. This amplitude 

represents the maximum pressure drop (or increase) during an interval of 



 

cc 

84 

LJ 

Q. 

>T 

CT 

r_i 

a: 

cr 

w.Rn 

A p, = 0,15 hr 
w,Rn 

r 
100 pCi/m^-hr 
100 pCi/m

out 

S/V 2,n-l 
0 

10 30, C ^C.0 

TIMt. IMCu='5j 

Figure 21. Variations of calculated radon concentrations with 
time for Ay = 0 with and without the effect of 
radon removal by wall interactions. 



 

85 

1. M 1 1 1 1 1 1 1 1 1 1 1 1 ri 1 1 1 1 1 1 1 1 [ 1 1 n 1 1 1 1 1 1 1 j 1 1 1 1 1 1 1 i7T-r| 1 i i 1 1 1 1 1 1 1 1 

or 

U-i 

I— 

—I 

u. 

Ci. 

D 

cr 

cr. 

C_) 

2: 

LJ 

Ci 

O 

cr 

cc 

E TOO pCi/m''-hr^Ci/n 
S/V = 2 m}-

= 100 pCiV^out 
A = 1 hr"^ 

—V 

0
w,Rn 

^ n 0.15 ' ' 
w,Rn = 

1 1 1 1 1 1 M I n 1 1 ! n .1 i M 1 1 1 1 i 1 1 ! 1 1 1 1 M 1 1 M 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

IC'-C PC.C 30,0 40.0 30 

TiMf. (MO'JRSj 

Figure 22. Variations of calculated radon concentration with 
time for Ay = 1 air exchanges per hour with and 
without the effect of radon removal by wall 
interactions. 



 

86 

96 hours. The results of this simulation are shown in Figure 23 where 

the variation of radon concentration with time is shown for cases where 

pressure drop, pressure increase, and no pressure are considered. The 

2 
results in Figure 23 were calculated for E = 500 pCi/m -hr and X = 1 

0 V 

air exchanges per hour. This form of a pressure front was chosen be 

cause it will be easy to see the effect of both pressure drop and in 

crease. Any other form could, of course, be incorporated in the model as 

has been described in Chapter IV. It can be seen from Figure 23 that 

there is an increase in the radon concentration which is associated with 

the decrease of atmospheric pressure (upper curve). The reverse phenome 

na can also be seen in the same figure (lower curve) where the concentra 

tion drops as the atmospheric pressure increases beyond its normal value. 

The effect of pressure variations on the concentration of radon was also 

observed in the experimental data (Figures 13-16, pp. 64-67). Quan 

titatively, it can be seen from Figure 23 that for this particular 

pressure front there is a maximum of 50 percent increase (or decrease) 

in the radon concentration at the time when the maximum variation in 

pressure occurs. It is to be emphasized that this increase (or decrease) 

in radon concentration is not universal, but it is a characteristic of 

this assumed pressure front at this particular air-exchange rate. 

Moreover, it is important to indicate that the amount of concentration 

increase (or decrease) associated with pressure variations as being 

calculated in this model depends on the value of a to be used. As 

mentioned earlier in Chapter II, both theoretical and experimental 

results related to the effect of variations in atmospheric pressure on 

radon exhalation rate showed that a pressure change of 1 percent could 

change the exhalation rate by 20 to 60 percent depending on the rate and 
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Figure 23. Variation of calculated radon concentration with 
time under the effect of pressure increase 
(lower curve) and pressure drop (upper curve) 
for X = 1 hr"T and E - 500 pCi/m^-hr. 
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duration of the change in pressure [44-47]. Accordingly, the change in 

concentration under the influence of this hypothetical pressure front as 

calculated by this model agrees well with these reported results. 

After calculating the effect of the various parameters on the 

concentration of indoor radon, it is important to study the behavior of 

radon daughters associated with these conditions. However, under such 

idealized conditions the daughter concentrations are expected to behave 

in a manner which is consistent with their parent radon. In other 

words, any relative increase in the concentration of indoor radon will 

be accompanied by a relative increase in the daughter concentrations. 

This is true since radon gas represents the only source term in the 

daughter's basic differential equation (Chapter IV). Accordingly, the 

variation of daughter concentrations with time will follow closely that 

of the radon gas except with different removal rates. It is thus more 

important to study the influence of the most effective parameter, which 

is air-exchange processes, on the concentration of the different radon 

daughters. It is necessary to recognize that these calculations are 

performed on the basis that short-lived radon daughters have different 

deposition velocities and hence different wall deposition rates as has 

been discussed in Chapter IV. In accordance with the discussions of 

Chapter IV and on the basis of the chosen reference deposition velocity, 

the wall deposition rates of radium-A, radium-B, and radium-C were found 

to be 0.6, 0.07, and 0.1, respectively, for S/V = 2m \ As mentioned 

before, the approach of using different wall deposition rates for the 

different radon daughters is being introduced for the first time. 

Accordingly, it is not possible to compare the wall deposition rates 
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calculated on the basis of this approach with other data. However a 

single wall deposition rate of 0.7 per hour for attached radon daughters 

was reported for Jacobi [81]. This value seems very close to that of 

radium-A which was calculated on the basis of this new approach. 

The effect of wall deposition on the disequilibrium fraction (K) 

can be seen by comparing the results given in Figures 24 and 25. The 

effect of wall deposition is being neglected in Figure 24 and thus the 

removal of daughters is achieved through their radioactive decay and 

through air-exchange process. On the other hand, Figure 25 shows the 

combined effect of all removal processes. It can be seen from these 

figures that the removal of radon daughters by wall deposition will be 

more significant at lower air-exchange rates. At = 0.0, this effect 

is very clear for all daughters (Figure 25). 

The effect of the air-exchange process is also shown in Figure 25 

where the disequilibrium fraction (K) (for RaA, RaB, and RaC) is plotted 

against air-exchange rates. It can be seen from this figure that the 

influence of air-exchange rate on the disequilibrium fraction of radium-A 

is minimum because of the large physical decay rate of radium-A 

(A2 = 13.6 hr ). On the other hand, this effect is much more pronounced 

for radium-B and radium-C since their physical decay rates are much 

smaller than that of radium-A. A reduction in K for radium-B by a 

factor of two can be obtained by increasing the air-exchange rate from 

0.5 to 3.0 air exchanges per hour. However, increasing the air-exchange 

rate for the same value will reduce the value of K for radium-C by a 

factor of ̂ 7. This phenomenon once again shows the importance of the 

air-exchange process in controlling the concentration of radon daughters 

in indoor atmospheres. 
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The proposed model was used to calculate the concentration of radon 

in the west room of the building on the basis of the available experi 

mental data. Air-exchange rates were assumed whenever experimental 

data were unavailable. The results of this calculation are given in 

Figure 26 where measured and calculated concentrations are plotted 

against time. Although these calculations are approximate yet they show 

some agreement between calculated and measured concentrations. A 

comparison between calculated and measured values of the radon daughter 

working level in the west room for the period July 21-22 provided a 

better agreement. During those two days, the measured working level 

varied from a maximum of 0.43 to a minimum of 0.19 giving an average 

working level of 0.26. Calculated working levels for the same period 

varied from a maximum of 0.29 to a minimum of 0.25 giving an average 

working level of 0.27. A comparison between those two numbers shows 

that there is a good agreement between the calculated and measured 

working levels. This indicates that the model is also capable of 

predicting radon daughter concentrations in indoor atmospheres. 
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CHAPTER VI 

SUMMARY AND CONCLUSIONS 

This chapter is concerned with the summary of this work. Conclusions 

derived from results obtained in this research are given together with 

suggestions for further studies in this field of study. 

Summary 

This research was designed to study a natural radiation source 

which contributes significantly to population exposures to ionizing 

radiation. This radiation field is associated with the accumulation of 

the noble gas, radon, and its decay products in the atmospheres of 

inhabited areas. The problem of radon accumulation in indoor atmos 

pheres was studied experimentally as well as theoretically. Experi 

mental measurements were conducted in a building of an industrial park 

in southwestern Pennsylvania. This building represents a unique experi 

mental facility because it contains a variety of indoor radon sources. 

To carry on this research, it was necessary to investigate the various 

processes which could affect the accumulation of radon and its daughters 

in indoor atmospheres. To study these processes, it was necessary to 

measure quantities such as air-exchange rates, radon flux, and the 

concentration of airborne radon and its daughters. The techniques used 

to measure these variables have been published and are well established. 

However, in some cases it was necessary to modify some of the measure 

ment techniques, namely, that of measuring radon flux to accommodate the 

experimental conditions. 

94 
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Air-exchange rates were measured using CO2 as a tracer gas which 

was detected by an infrared spectrometer known as MIRAN-80. This 

instrument is fitted with a microprocessor which controls the functioning 

of the instrument and also records and analyze the data. This spec 

trometer proved to be a reliable tool which was easy to handle and was 

semiportable. 

Radon concentration inside and outside the building was measured 

continuously using modified computer-based versions of a continuous 

radon monitor designed by Wrenn. The five units which were used during 

these measurements were all fitted with NDT-COMP-8 microcomputers 

(designed and built at ORNL) which are preprogrammed to analyze the data 

according to specific input data concerning the characteristic proper 

ties of each unit. These units provided an excellent, reliable, and 

quiet instrument and required practically no attention after it was 

placed into operation. Indoor radon concentrations were measured at 

four locations inside the building and at one location outside the 

building. Radon concentrations were measured continuously for a period 

of five days during July 1979. 

Concentrations of radon daughters were measured using an alpha 

spectrometry technique in which particulate radon daughters were col 

lected on a membrane filter and counted using a silicon surface barrier 

detector. Daughter concentration measurements were taken where radon 

monitors were located. 

Radon flux was measured at numerous locations in the ground level 

of the building. Hundreds of charcoal canisters (radon collectors) were 

used for measuring radon flux emanating from the different sources 

inside the building. The locations at which radon flux was measured 
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were chosen in such a way to produce representative results charac 

teristic of this building. Two gamma spectrometers were used to count 

the charcoal canisters after being exposed to radon for a period of 

about 24 hours. 

Three main sources of indoor radon were identified. The source 

which contributed most to the observed radon concentration in the 

building is the concrete floor slabs. In measuring the radon flux 

emanating from these concrete slabs the usual method of using the 

charcoal canisters was employed. The second major source of radon was 

determined to be the cracks in the concrete floor. Numerous cracked 

areas were observed in the floor of the building's ground level. Using 

distributed canisters to measure the flux emanating from cracks would 

have required a large number of these canisters in order to get repre 

sentative results. In order to save time and effort of handling a large 

number of canisters, a crack monitor was designed specifically to 

measure radon flux emanating from a crack of 1 meter length. Radon gas 

emanating from a crack of 1 meter length is enclosed in a relatively 

small volume and circulated through a charcoal canister where the radon 

is adsorbed. Gas circulation was accomplished by using a small air pump 

which cycles the air through the canister and back to the accumulator 

volume. To prevent the stagnation of radon near the floor surface, a 

small battery-operated fan was installed inside the crack monitor 

housing. Consistent and reproducible results were obtained at a flow 

rate of 8 liters/minute. Calibration results showed that the crack 

monitor records 70 percent of the actual radon flux. This simple device 

was introduced for such measurements for the first time and facilitated 



97 

the measurements of radon emanating from cracks. Because of its weight, 

the monitor requires little effort to be sealed to a flat surface. 

The third source of indoor radon which was identified and success 

fully measured is that from drains which are scattered throughout the 

ground level and in particular in the west room of the building. 

Measurements of radon flux emanating from drains were made using two 

charcoal canisters positioned back to back and placed so as to collect 

all radon emanating from the drain. The flux recorded by these two 

canisters together with a room background canister provide enough 

information to estimate the radon flux emanating from drains. This 

method was successfully used in this research. 

Theoretical consideration of the problem was presented in the form 

of an analytical model which could be used to calculate the concentration 

of radon and its daughters in the atmospheres of inhabited areas. In 

these theoretical considerations it was assumed that exhalation of radon 

from indoor sources together with contributions from outdoors causes the 

accumulation of radon in indoor atmospheres. Removal of radon was 

assumed to be due to the effect of radioactive decay, air-exchange 

processes, and wall interactions. The removal of radon by wall inter 

action is presented here for the first time and based on the kinetic 

theory of gases, an expression was derived which permitted the evalu 

ation of the rate of removal due to this process. The effect of this 

removal process on indoor concentration at various air-exchange rates 

was thoroughly discussed. 

Radon daughters accumulating due to decay of their parent radon 

were assumed to be removed by radioactive decay, air exchange with the 

outdoor atmosphere, and by wall deposition. It was assumed that all 
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short-lived radon daughters possess one characteristic length which 

defines their deposition velocity. Based on this assumption, it was 

possible to calculate different deposition velocities for different 

radon daughters. The effect of wall deposition on the behavior of 

daughters was thoroughly studied. The working level calculated on the 

basis of this model agree well with those derived from experimental 

results. 

Conclusions 

This work addressed the problem of the accumulation of indoor radon 

in very broad and natural terms. Air-exchange processes were found to 

be the most influential factor which can control the indoor radon con 

centration. Although this is not a new discovery, the experimental 

results of this research strongly verified this conclusion. This 

observation has to be considered seriously when reduction in air-exchange 

rates are to be considered as means to conserve energy. 

The model presented in this work competently predicted the concen 

tration of radon and its daughters within the accuracy of the input 

results. Because of its general nature, this model could be used in 

other structures so that it could predict increases in indoor radon 

concentration associated with reductions in air-exchange rates for 

energy conservation purposes. Moreover the introduction of this model 

posed several interesting research points which require further inves 

tigation. Removal of radon due to wall interactions should be studied. 

Dependence of these interactions on the type of wall material need to be 

identified. Another interesting point would be the measurement of wall 

deposition rates for the different radon daughters as proposed in this 
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model and also their dependence on wall material. Finally, it would be 

interesting to study the effect of variations in atmospheric pressure on 

radon exhalation rate for materials other than concrete. 
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