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ABSTRACT

In indoor and mining environments, deposition or "plate-out" of radon progeny

onto walls occurs simultaneously with attachment of the radon progeny to airborne

particles. Attachment and plate-out processes affect the atmosphere in which radon

exposure takes place by reducing concentrations and shifting activity size distributions.

Both processes have important consequences in determining the deposition pattern and

initial dose of inhaled radon progeny. Theoretical deposition models show that

turbulence and natural convection in a room are the major factors that influence plate-

out rates. Here we describe plate-out measurements for radon progeny and aerosol

particles in a spherical chamber under controlled laboratory conditions. The temperature

and velocity profiles in still and turbulent air were monitored. A 161-liter spherical

aluminum chamber was used to study the mixing. A laboratory mixer with variable

speeds and speed control was mounted on the chamber. Temperature profiles inside the

chamber for both still air and during mixing were essentially constant within the accuracy

of the temperature probe (±0.5°C). No movement inside the chamber was detected in

the still air. During mixing, air velocity was detected when rotational speeds were higher

than 500 rpm. Monodisperse silver aerosols and polystyrene latex particles in the size

range of 5 nm to 2 /Am were used in the deposition study. Radon-220 progeny were

generated by passing Rn-220 gas into the chamber and letting the gas decay into 212Pb.

The deposition rates of the particles and radon progeny (212Pb) in the chamber were

determined by monitoring the concentration decay of the aerosol as a function of time.

Higher deposition rates were observed during increased air mixing. The higher rates

were more significant for particles smaller than 1.0 nm, indicating that the turbulence



produced by mixing caused an increased turbulence diffusional deposition. Because

radon progeny in the indoor environment are predominately ultrafine particles smaller

than 0.2 /zm, their plate-out rates will be greatly affected.



INTRODUCTION

In indoor and mining environments, deposition or "plate-out" of radon progeny

onto walls occurs simultaneously with their attachment to airborne particles. Attachment

and plate-out processes affect the atmosphere in which radon exposure takes place by

reducing concentrations and shifting activity size distributions. Both processes have

important consequences in determining the deposition pattern and initial dose of inhaled

radon progeny. The deposition of particles in a photochemical reaction chamber or

indoors is also important in studying aerosol dynamics under such conditions. The

reported plate-out rates for radon progeny have a wide range of values that may reflect

room or chamber conditions (George et al., 1983; Rudnick et al, 1983; Bigu, 1985;

Rudnick and Maher, 1986; Holub, 1984; Holub et al., 1988; Van Dingenen et al., 1989;

Vanrnarcke et al., 1991). For example, Rudnick et al. measured very high plate-out rates

for 218Po in a chamber when a fan was in operation. Theoretical deposition models

show that turbulence and natural convection in a room are the major factors that

influence the transport of aerosols in the room, and sedimentation, diffusion and

electrostatic attraction are the main mechanisms affecting deposition (Crump and

Seinfeld, 1981; McMurry and Rader, 1985; Nazaroff and Cass, 1987, 1989). These

models describe plate-out rates for particles ranging from 0.001 to 20 /an which include

the sizes of unattached and attached radon progeny.

Laboratory studies in smaller chambers (36 to 400 liters) under controlled

conditions are used to test theoretical models and to study factors that may influence the

plate-out rates. Crump et al. (1983) and Okuyama et al. (1986) have shown that the

deposition of aerosol particles between 0.006 to 2 fim follows the homogeneous



turbulence model in still and turbulent air (mixing by fan or ventilation). Holub et al.

(1988), Van Dingenen et al. (1989) and Vanmarcke et al. (1991) reported that the

homogeneous deposition model also applies to the deposition of unattached radon

progeny and submicrometer particles. McMurry and Rader (1985) showed enhanced

deposition for charged particles in an electrical field, especially for submicrometer

aerosols. In general, results from laboratory studies support the homogeneous turbulence

model.

This model assumes that at the center uf the room the air is well mixed by

turbulence and that the aerosol concentration is uniformly distributed. The model

further assumes that near the chamber wall, there is a boundary layer with a

concentration gradient, where aerosols transfer from the chamber to the wall. In this

model, the diffusional deposition is enhanced by the air turbulence. The magnitude of

the turbulence diffusion is characterized by the eddy diffusivity defined as De = kg xn,

where k^ is the turbulence intensity, and x is the distance from the wall. The turbulence

intensity and n are functions of flow patterns inside the chamber and are obtained by

curve-fitted procedures from the plate-out data. Values of n lange from 2 to 3 and ke

from 0.0064 to 2.7 x 102 (sec4) when the value of n is set at 2 (Cramp et al, 1983;

Hollander et al., 1984; McMurry and Rader 1985; Okuyama et al, 1986; Holub et al,

1988, Van Dingenen et al, 1989). These wide ranges of parameters indicated that the

flow conditions in these chambers or rooms may vary considerably. However, in these

studies, no temperature or velocity profiles have been reported; therefore, we are not

certain how these parameters are related to the room conditions. For example, in still

air, one study reported values of n = 2.0 and kg = 0.0064 (McMurry and Rader, 1985),



while another study reported n = 2.6 and ke = 0.035 (Van Dingenen et al., 1989).

Clearly, there is a need to characterize and control the flow conditions in a chamber in

order to fully understand the plate-out processes and to estimate the parameters involved

in the prediction model.

In this paper we describe the plate-out measurements in a spherical chamber for

thoron progeny and particles (0.001 to 2.0 jum). The temperature and velocity profiles in

the chamber under still air and mixed air were measured. The preliminary results of

plate-outs for still air and in a chamber operated with a mixer are presented. The

chamber temperatures were controlled, and both the temperature and velocity profiles

were monitored. A cylindrical chamber with top and bottom plates under separate

temperature control was used to study the effect of the temperature gradient on the

plate-out; and a spherical chamber with the same volume was used to study the effect of

mixing on plate-out. The results of the temperature effect are described in a separate

paper (Chen et al., 1991), but the preliminary results of the spherical chamber are

described here.

EXPERIMENTAL METHODS

Chamber

A 161-liter spherical aluminum chamber was used. A laboratory mixer with

variable speeds and speed control was mounted on the chamber (Labmaster Model TS

2010, Thomas Scientific, Swedesboro, NJ). A 6-flat-blade turbine propeller was used to

produce turbulence inside the chamber, which was electrically grounded to minimize the

electrical field. The chamber was located in an exposure room with temperature and



humidity controls. The temperature profiles inside the chamber for both still and

turbulent air were monitored with a thermocouple. The velocity profile was measured by

a velocity transducer (Model 8470, TSI, Inc., St Paul, MN). The temperature and

velocity probes were located at distances between 3 and 21 cm from the wall in the radial

direction. Figure 1 shows a schematic diagram of the experimental setup.

Aerosol Generation and Monitoring

Monodisperse silver aerosols (density = 10.5 g/cm3) and polystyrene latex (PSL)

particles (density = 1.05 g/cm3) were used in the deposition study. Ultrafine silver

aerosols (5 to 140 nm) were produced by evaporation/concentration, and then classified

into monodisperse fractions by an electrostatic classifier (Cheng et aL, 1990). Aerosol

concentrations in the chamber were monitored by a condensation nucleus counter (CNC,

Model 3020, TSI, Inc., St. Paul, MN). The flow rate was 300 L/min, and the sampling

duration was 2 min. The aerosol concentration was kept below 800 #/cc so that the

counting mode of the CNC could be used. The aerosol concentration was also corrected

for coincidence errors. The aerosol size was ascertained by determining the penetration

through a screen diffusion battery/CNC (Cheng and Yeh, 1983). The mean size was

calculated from a screen diffusion battery theory (Cheng et al, 1990).

Monodisperse PSL particles between 0.1 to 2 /nm were generated from a Retec

nebulizer. For particles smaller than 1 /um, the aerosol was passed through an electrical

classifier to remove aggregates and other satellite particles. Aerosol concentrations were

then determined by using a CNC as described in the previous paragraph. For

micrometer-size particles, aerosol concentrations were monitored by an Aerodynamic



Particle Sizer (APS, TSI, Inc., St. Paul, MN). The sampling flow rate for the APS was 5

L/min. One L/min of aerosol was withdrawn from the chamber and diluted with 4 L/min

of filtered air before entering the APS. The sampling time was set at 1 min.

In all cases, the aerosol flow passed through a 85Kr discharger to achieve

Boltsmann equilibrium. The aerosol was drawn into the chamber continuously for about

1 hr, and it took another hour to ascertain that the aerosol was distributed uniformly

before the first sample was taken. Usually five or six samples were taken at different

time intervals. For rapid plate-out rates, a time interval of 20 to 30 min was used; for

slow plate-out rates, longer time intervals were used, which often included leaving

samples overnight.

Radon-220 progeny were generated by passing 220Rn gas into the chamber and

letting the gas decay into 212Pb. After the chamber was filled with radon gas (for

20 min), we waited 4 min before the first sample was taken. This allowed more than

95% of the radon gas to decay into radon progeny. Concentration and size of radon

progeny were determined by taking samples through a 50 mesh stainless steel screen

followed by a 47 mm filter. The sampling flow rate was 10 L/min, and the sampling

duration was 2 min. The gamma activities on the screen and filter were counted by a

Nal detector. The diffusion coefficient of the radon progeny was then estimated from

the screen penetration by using the diffusion battery theory (Cheng and Yeh, 1980).

Because of the rapid decay of thoron progeny concentration in the chamber, only three

samples were taken at 5-min intervals.
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Plate-out Rate and Model

The deposition rate of the particles and radon progeny (212Pb) in the chamber

was determined by monitoring the concentration decay of the airborne material as a

function of time. The concentration decay can be fitted into an exponential function,

C/Co = l-exp(-fU), where Co is the initial concentration, and C is the concentration at

time t. The concentration at each time point was corrected for the removal of aerosol in

the sample drawn to the monitor. A nonlinear, least square curve-fitting procedure in

the RS/E software (BBN Research Systems, Cambridge, MA) was used to obtain the

estimated value of the plate-cut constant, fi for each experiment.

The homogeneous turbulence deposition model for a spherical chamber has been

solved by Crump and Seinfeld (1981) for n = 2 and by Van Dingenen et al. (1989) for

arbitrary values of n:

p -
3n sin(-H)

2JIK \2Di(y)
(1)

where

y =
n sin(l)

(2)

is the Debeye function (Abramowits and Stegun, 1970)

(3)



Vs is the particle sedimentation velocity defined as:

V - p P d P g -s 18
(4)

D is the particle diffusion coefficient defined as:

3 * n dp
(5)

g is the gravitational acceleration, k is the Boltzmann constant; C is the slip correction

facr.or (Ramamurthi and Hopke, 1989); and pp is the particle density. In this equation,

no electrostatic deposition was included, because the metal chamber was grounded, and

aerosols with a Boltzmann-charged equilibrium were used. Equation (1) was used to fit

the experimental data, which included data for PSL (p p = 1.05), silver (p p = 10.5) and

2l2pb (p p = 11.3).

The SimuSolv simulation software (Steiner et al, 1990) was used to fit the

homogeneous turbulence model with the experimental data and to estimate the best-

fitted values for parameters, k«j and n.

RESULTS

Temperature and Velocity Profiles

Temperature profiles inside the chamber for still and turbulent air conditions were

essentially constant within the accuracy of the temperature probe (between 22 ± 0.5 °C

and 24 ± 0.5° C). No movement was detected in still air or when the mixer was
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operated at 300 rpm. Air movement was detected when the mixer was operated at more

than 500 rpm. Figure 2 shows the measured velocity profile as a function of time at a

fixed location. The fluctuation of the velocity indicated the turbulence was caused by the

mixing. The mean velocity in (cm/sec) is plotted as a function of distance from the wall

in Figure 3. As expected, a higher velocity was noted for the higher mixing speed. Also,

there were velocity gradients in the radial direction with high velocity near the core of

the chamber.

Plate-out Rates

The concentration decay as a function of time for submicrometer particles in still

air is shown in Figure 4. A straight line in the semi-log scale indicates that the

concentration in the chamber followed a single exponential decay. The slope of the line

is then the decay constant, p. Figure 5 plots the plate-out rate constant (P, 1/sec) as a

function of particle size from 1.3 nm to 2.02 /j,m (2020 nm) in still air. The deposition

rate was dominated by diffusion deposition for particles smaller than 100 nm and by

sedimentation for particles larger than 500 nm. Minimum deposition occurred in the size

range of 100 to 500 nm where the deposition rates for both mechanisms were the same

order of magnitude. Also shown in the figure are the fitted curves for the turbulence

deposition model [Equation (2)] for particle densities of 1.05 and 10.5. Note that the

density effect was significant only for particles larger than 70 nm where sedimentation

deposition was dominant. The estimated values (mean and standard deviation) are

n = 2.58 ± 8.16 x 10"8 and kg = 9.83 x 10'3 ± 7.4 x 10"4. The value of n was close to
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the estimated values of 2.7 by Okuyama et al. (1986), 2.6 by Holub (1984), and 2.6 by

Van Dingenen et al, (1989).

To compare the results obtained in still air chambers from available experiments,

we list the estimated values of kg under the condition of n = 2.6 in Table 1. Some data

were recalculated by using the same simulation procedure. Three studies, including this

one, gave values of kg between 0.0093 to 0.012 sec^crrf0-6, which we considered to be the

same within experimental error. The other values reported by Okuyama et al. (1986)

and Van Dingenen et al. (1989) were 5 and 3 times larger, respectively.

We are in the process of measuring the deposition rates at 300, 900 and 1800 rpm

mixing rates. Preliminary data show that for 624 nm latex particles the plate-out rates

increased with increased mixing speed (Fig. 6). Figure 7 shows the experimental data at

rotational speeds of 1000 and 1800 rpm using PSL particles, indicating that for 1 /Am and

larger particles, the plate-out rates were not greatly affected by mixing in the chamber.

However, higher plate-out rates were observed for particles smaller than 1 /im in

diameter. Additional data are being taken before use in a simulation procedure.

DISCUSSION AND CONCLUSIONS

This experiment is perhaps one of the few chamber deposition studies in which

the room temperature was well regulated, and both the temperature and velocity profiles

were measured. There were no measured temperature gradients in the spherical

chambers that were kept at ambient temperature. We did not detect any air movement

in the chamber under still air conditions or when the mixer operated at 300 rpm.

However, this does not mean that there was absolutely no air movement in the chamber.
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It means that we could not detect the slight air movement with the velocity probe given

the limit of detection estimated at about 1 cm/sec. The other limitation of the current

method was that the response of the velocity probe was not measured in real-time;

therefore, the turbulence intensity, ke, from the velocity measurement could not be

detected.

Under still air conditions, the plate-out rates for particles ranging between 1 nm

and 2.02 jam were best described by the homogenous turbulence deposition model,

despite the fact that no apparent air movement or turbulence was detected in the

chamber. Similar conclusions were also obtained from other studies (McMurry and

Rader, 1985; Van Dingenen et al., 1989). Hollander et al. (1984) suggested that a 0.05°C

temperature gradient in a room could produce natural convection and therefore some

mixing of the air. With an accuracy of 0.5° C in our temperature measurement, we

cannot rule out the possibility of a slight temperature gradient resulting in some

turbulence in the chamber.

Our results showed that particle density can enhance the sedimentation deposition

of particles greater than 70 nm (0.07 fim). On the other hand, the increased turbulence

(by mixing or other mechanisms) in a room can enhance plate-out rates for

subrnicrometer particles, because of the turbulent diffusion mechanism. Therefore, one

way to remove attached and unattached radon progeny from the air is to increase air

circulation by using a fan, ventilation, or other means.

The eddy diffusivity in the turbulent flow is determined by two parameters, n and

kg. The conventional definition of the eddy diffusivity is defined as D e = kg xn with n =

2, as supported by Crump et al (1983), Hollander et al. (1984), McMurry and Rader

13



(1985), and Chen et al. (1991). However, our results and the results of several other

studies showed that the best-fitted estimate of n was equal to 2.6 from the piate-out

measurements (Okuyama et al., 1986; Holub et al, 1988; Van Dingenen et al., 1989).

The reasons for the difference are not clear.

The value of ke in still air was about 0.01 (assuming n = 2.6) based on several

studies including this one (McMurry and Rader, 1985; Chen et al., 1991). The other two

studies showed values that were several times higher. The temperature profiles and

controls in those studies were not reported, and there could well be some temperature

gradient in their chamber that would result in a higher intensity of turbulence (Chen et

al., 1991).

Our future work includes completion of the experiments on different rotational

speeds and particle sizes, and then evaluating various deposition models to devise a

useful predictive model for the plate-out of radon progeny and particles in indoor

environments.
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Table 1

Comparison of Plate-out Rates in Still Chamber
(n = 2.6)

Chamber

2.65 L cylinder

250 L sphere

230 L sphere

165 L cylinder

161 L sphere

Size Range
(jam)

0.006 to 1.87

0.02 to 0.3

0.00085 to 0.2

0.04 to 3.0

0.0013 to 2.0

(sec^cm"0-6)

0.0551

0.012

0.035

0.0119

0.00983

Reference

Okuyama et al., 1986

McMurry and Rader, 1985

Van Dingenen et al., 1989

Chen et al., 1991

This work
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FIGURE LEGENDS

Figure 1. Schematic of the experimental apparatus.

Figure 2. Velocity as function of time obtained in the chamber for mixing speed of 180O
A

rpm.

Figure 3. Velocity profile in the chamber as a function of distance from the wall and

mixing speed.

Figure 4. Decay of aerosol concentration as function of time for still air condition.

Figure 5. Plate-out rate constant as a function of particle size for the still air condition.

The curves are best-fitted curves using Equation (2).

Figure 6. Plate-out rate constant as a function of mixing speed for 0.624 ^.m PSL

particles.

Figure 7. Plate-out rate constants as a function of mixing speed.
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