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PREFACE

This document is intended for use by qualified fallout shelter analysts
or other individuals who are familiar with the hazards of fallout radiation
and the principles of computing the radiation shielding potential of buildings
or other structures. Implied with this intended use is an assumption that the
reader of this document is familiar with the FEMA pubiication entitled
"Shelter Design and Analysis Fallout Radiation Shielding," TR-20 (Vol. 1) and
as a result is aware of the meaning of such terms as protection factor,
reduction factor, contributions to the reduction factor, and contaminated
planes and is also familiar with the general terms used to describe engineered
structures.

vii
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EFFECTS OF MAN'S RESIDENCE INSIDE BUILDING STRUCTURES ON RADIATION
DOSES FROM ROUTINE RELEASES OF RADIONUCLIDES
TO THE ATMOSPHERE

D. C. Kocher
ABSTRACT

The effects of man's residence time inside building
Structures on radiation doses from routine releases of
ra&ionuclide: to the atmosphere are studied using models which
are suitable for radiological assessments involving arbitrary
source terms. Dose reduction factors from building shielding
are calculated for internal exposure from inhaled radionuclides
and external photon exposure from airborne and surface-
deposited radionuclides. The model for internal dose accounts
for air ventilation and the deposition of radionuclides on
inside surfaces of the building. External photon dose rates
are calculated using the point-kernel integration method. The
computer code BUSH is used to implement the models. The results
of model-parameter sensitivity studies and an application of

the models to a radiological assessment are discussed.




1. INTRODUCTION

In estimating radiation doses to the population from releases of
radionuclides to the atmosphere, it is often assumed that man spends all
of his time outdoors standing on a smooth infinite plane. It is known,
however, that man spends most of his time indoors,! so that substantial
reductions in radiation doses may result compared with the usual
estimates.

We have implemented models to study the effects of man's residence
time inside building structures on radiation doses from routine releases
of radionuclides to the atmosphere. We consider both internal dose from
inhaled radionuclides and external photon dose from airborne and surface-
deposited radionuclides.* We do not consider other exposure pathways,
such as ingestion and immersion in contaminated water, for which the
dose to man is presumably not affected by residence time inside build-
ings. The effect of indoor residence on internal dose takes into account
air ventilation and the deposition of radionuclides on inside surfaces
of the structure.’ Building shielding effects for external photon
exposure are estimated using the point-kernel integration method.¥»“

A brief discussion of the effects of building shielding on external
exposure to beta radiation is also given.

For each exposure pathway, the effect of a building structure on
the radiation dose is described quantitatively by a dose reduction
factor, which is defined as the ratio of the dose to a reference
individual inside the building to the corresponding dose with no building
present. With this definition, the smaller the value of the dose
reduction factor, the greater is the shielding against radiation exposure.

A detailed computational methodology, called the engineering manual
method, has previously been developed to predict building shielding effects
for radionuclides deposited on the ground.®*® This method is normally
applied to the study of shielding effects for a wide variety of

*

We i1se the terms "internal" and "external'" to denote the dose from
sources ' nside and outside the body, respectively, not to denote sources
inside and outside the building.
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where

t = time,

Av = ajir ventilation rate (in units of tine’l),*

vdf’ de, vdc = deposition velocities (in units of length/time)
on floor, walls, and ceiling,

of, o °c = surface areas of floor, walls, and ceiling,

= volume of building, and

A = radioactive decay constant (ln 2/T)/;).

Assuming zero radionuclide concentration inside the building at time

zero, it is easy to show by integrating Eq. (1) that the reduction factor

is given by
Av( -A.t)
= ' | — -
Rfin(t) Sv (t)/Sv xa 1 e ’ (2)
where
A‘ = Av - (vdfaf - Vd"y' - Vdcoc)/n + ).

-\t
By setting (1 - e . ) = 1, which is accurate for times greater than a

few hours in most assessments of chronic releases to the atmosphere, the

time-independent reduction factor becomes

arm = AV/A. : (3)

.In the present formulation, we have implicitely assumed that the
ventilation rates into and out of the building are the same and that the
ventilation rate of the rauionuclides in either gaseous or particulate form
is the same as the air ventilation rate. The quantity A in the first two

terms of the equation may easily be modified if these conditions are not
uct'



Note that the steady-state internal dose reduction factor is just given
by the ratio of two time constants--Av describing the increase in indoor
air concentration and Aa describing the decrease in concentration.
Recommended air ventilation rates fur single-family housing units
are Xv = 0.5 = 1.5 hr~' (ref. 8). Therefore, for radionuclide half-lives
greater than about one day, the reduction factor is independent of the
specific radionuclide and depends only upon the air ventilation rate,
deposition velocities on inside building surfaces, and building geometry.
To perform caiculations with Eq. (3), we make the simplifying assump-
tions that the building is a hemispherical shell parameterized by the
radius, a, and the deposition velocities are described by the single
parameter, Vd. Calculations were performed for the following values of

input parameters:

.-2. 5’ lom’
A, = 0.2, 1.0, 5.0 he™!,

Vd = 0.0001, 0.01, 1.0 cm/sec.

The range of values for Vd is based on theoretical and experimental
results for dry deposition processes®»!? and experiments on iodine
vapors.‘l The calculated internal dose reduction factors for Vd =
0.01 and 1.0 cm/sec are shown in Fig. 1. For Vy = 0.0001 cm/sec, the
reduction factor is greater than 0.96 for all values of the other
parameters.

The internal dose reduction factor decreases (i.e., the protection
provided by residence inside the building against inhaled radionuclides
increases) with decreasing building radius and air ventilation rate and
with increasing deposition velocity. The reduction factor varies by
about three orders of magnitude for the range of parameter values studied
here.

The model predicts significant reductions in inhalation dose for
both short-lived radionuclides (half-lives less than llxv) and radio-
nuclides occurring in particulate form with deposition velocities greater

than about 0.0l cm/sec. For some iaportant radionuclides, however, a
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v -, T
D, = kS, 2[—32:1] fLE f = B, (u,r) e - (%)
n o v 4ny?

where

D_ = absorbed dose rate in air in rad/sec,
k=1.6 x 10°% g-rad/MeV,
S_ = airborne radionuclide concentration in dis/cm3-sec,

u = linenrlenergy-nbsorption coefficient for ith photon in air
in em™,

p = density of air in g/cm?,

f, = intensity of ith photon in number per disintegration,
E, = energy of ith photon in MeV,

r = distance from source point to receptor position in cm,
Ben = energy-absorption buildup factor in air, and

Wy = lin?ar attenuation coefficient for ith photon in air in
en™ts

The summation is over all photons emitted by the particular radionuclide.

With no building present, we assume that the radionuclides are dis-
tributed over a hemispherical volume of infinite radius. The dose rate
is then

Ranrny £ Eiﬂ‘i e, [ s e ' d )
v,0 2 v 0 11 A en uir b b
i

We use the Berger form of the buildup factor!3? given by

Diuir
Ben(uir) = 1 4+ Ciuir e " (6)




The values of the coefficients Ci and D, are functions of the photon

i
energy.

To calculate the dose rate inside a building, we assume that the
structure is a hemispherical shell with radius, a, and wall thickness, x.
The dose rate from airborne radionuclides inside the building is obtained
from Eqs. (4) and (6) by replacing the outside airborne concentration,
Sv, by th2 inside airborne concentration, SV(AV/A.), from Eq. (3) and
integrating over the building interior. Calculation of the dose rate
from airborne radionuclides outside the building requires an approxima-
tion to the buildup factor for a two-layer medium (air followed by wall
material). We use the Bowman-Trubey form!'"“ given by
-ui.wx

Ben(uit' ui,wx) N Ben(uir) Ben,w(ui,wx) .

( =My wx)
- bl
+ Ben.w(”ir - “i.wx) 1 e " (8)

where the subscript w denotes buildup factors and attenuation coefficients
in the wall material. By using Eq. (6) for both air and wall material,
Eq. (4) can then be integrated over the volume outside the building.

With the assumed approximations for building shape and buildup factors,
the integrals occurring in the expressions for the dose rates from inside
and outside the building can be evaluated in closed form. The resulting

equations are given in Appendix A.

3.2, External Dose Rates from Surface-Deposited Radionuclides

In calculating external photon dose rates from surface-deposited
radionuclides, we assume a constant rate of deposition on the ground and
on inside and outside surfaces of the building. Assuming zero radio-
nuclide concencration on surfaces at time zero, the absorbed dose rate in
air at a given point from a specified surface, s, of deposited radio-

nuclides is given by



kS V u
. v d ¥ -it en,i
Ds(t) X (1 e )2[——'—‘> ]fiai
i

1 e o
x f B, (u1) e ds , (9)
S 4nr? "

where

t = time in sec,
Vd = deposition velocity in cm/sec,

A = radiocactive decay constant in sec™'.

The remaining quantities are defined in Eq. (4). We ..ote that the dose
rate from surface-deposited radionuclides is explicitly tine-dependent.
The dose rate is monotonically increasing with time and approaches its
asymptotic limit when At >>1, We also note that Eq. (9) assumes that
the only mechanism for loss of surface-deposited activity with time is
radioactive decay. The inclusion of an empirical model to describe the
loss of activity deposited on the ground with time via penetration into
the soil and other weathering processes is described in Sect. 6.1.
With no building present, we assume that the radionuclides are

deposited on a smooth infinite plane. At a height, z, above the plane,

the dose rate is obtained from Eqs. (6) and (9) as

kS V u
Juk N _oeal en,i
Ds,o(t) i (1 -e )2[ - ]fitli
i

C1 e(Di-l)uiz
(Di-l)

x | Ey(u;2) -

(10)
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The quantity El(uiz) is the well known first-order exponential integral

El(uiz)- j; %_-e . dr . (11)

.

With a building present, we calculate the dose rate from radionuclides
deposited on (1) the inside walls and ceiling, (2) the floor inside the
building, (3) the ground outside the building, and (4) the outside walls
and ceiling. As with the calculations for airborne radionuclides, we
assume that the building is a hemispherical shell. For term (3), we
ignore variations in wall thickness with distance of the source point
from the receptor position. The dose rates are calculated from Eqs. (6),
(8), and (9). For term (1), the quantity Vd is replaced by Vd'(AV/Aa)
from Eq. (3), where Vd' = (1/2) (Vdu + vdc)' Similarly in term (2),
Vd is replaced by Vdf(kv/Aa). In term (4), we assume a uniform
deposition velocity of Vd/Z over the outside walls and ceiling, since
the projected area of a hemisphere onto the ground is one-half of the
surface area of the hemisphere. Also in term (4), the buildup factor
for a two-layer medium given by Eq. (8) is expressed in the form appro-
priate for wall material followed by air. All integrals can he evaluated
in closed form except for first-order exponential integrals. The result-
ing equations for dose rates inside a building from surface~-deposited
radionuclides are given in Appendix A.

From the dose rates with and without a building present for air-
borne and surface-deposited radionuclides given by Eqs. (7) and (10) and
the equations in Appendix A, the external dose reduction factor for

photon exposure can be calculated in a straightforward manner.

4. PARAMETER SENSITIVITY STUDIES FOR EXTERNAL DOSE
REDUCTION FACTOR FOR PHOTON EXPOSURE

In studying the sensitivity of the external dose reduction factor
for photon exposure to the various model parameters, we use a fixed

accumulation time of t = 20 yr for radionuclides deposited on the ground
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and the outside walls of the building.* For deposition on inside sur~-
faces, the explicit time-dependence of the dose rates is retained as a
free parameter to describe the frequency with which radionuclides are
removec by cleaning or other processes.

For an assumed airborne concentration, Sv. the external dose

reduction factor depends on the following model parameters:

building radius, a;
air ventilation rate, Av;

deposition velocity on floor, vdf’ and inside walls and

ceiling, de;

deposition velocity on ground and outside walls, Vd;
height of receptor position above ground, z;

wall thickness, x, and building material; anc

accumulation time for radionuclides deposited on floor, Tes
and inside walls, T
The reduction factor for airborne radionuclides depends only on the
parameters a, xv. vdf' de, X, and the building material. The reduction
factor for surface-deposited radionuclides depends on all parameters.
The remainder of this section discusses the results of parameter

sensitivity calculations for different types of radionuclides.

4.1. Long-Lived Noble Gases

For long-lived noble gases, only airborne radionuclides contribute
to external exposure, and since A <<Xv, the dose reduction factor

depends only on the building radius, the wall thickness, and the building

*This accumulation time corresponds to one-half of the expected life-
time of a hypothetical fuel reprocessing plant (see Sect. 7). Since
the accumulation time on the ground does not depend on the presence or
absence of a building, it is not varied as part of the parameter sen-
sitivity analysis.
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material. Calculations for ®5Kr, which emits a single photon with E =

514 keV (ref. 15), are shown in Fig. 2. The assumed wall material is
concrete with density 2.35 3/cm3. The building provides very little
reduction in external dose for x ;IS cm, a thickness which corresponds

to one mean-free-path for a 51'%-keV photon (1 m.f.p. = 1/u). The
reduction factor is independent of radius for x < 10 cm. For x > 10 cm,
the reduction factor shows a rapid decrease with increasing wall thick-
ness. For wall thicknesses approaching 30 cm, the reduction factor varies

by about a factor of two for a factor of five change in building radius.

k;Z. Ceneral Results for Other Radionuclides

The external dose reduction factor for airborne and surface-deposited
radionuclides is a complicated function of the model parameters and the
photon energies, photon intensities, and radionuclide half-life. There-
fore, it is difficult to draw conclusions with regard to the sensitivity
of the reduction factor to the various parameters that are valid for a
wide range of parameter values and photon spectra. To state that the
reduction factor is sensitive to a given parameter, we mean that a frac-
tional change in the parameter value results in a comparable fractional
change in the reduction factor.

In spite of the large number of parsmeters involved, the parameter
sensitivity analysis has demonstrated t.at useful qualitative results
for the sensitivity of the reduction factor to the input parameters can
be obtained for two important cases; namely, a thin-walled structure,
defined as having a thickness less than about two photon mean-free-paths,
and a thick-walled structure, defined as having a thickness greater than
about five photon mean-free-paths.

A thin-walled structure, by definition, allows appreciable trans-
mission of photons through the walls from activity outside the building.
Consequently, the reduction factor is relatively large, typically 0.5 or
greater in our analysis. In this case, the most important parameter in
determining the reduction factor is the wall thickness. Large variations
in the other parameters produce only small changes in the reduction

factor. For all radionuclides, the variation in dose reduction factor
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with wall thickness for thicknesses less than two photon mean-free-paths
is very similar to the results for ®5Kr for x < 10 cm shown in Fig. 2.

A thick-walled structure, on the other hand, allows negligible trans-
mission of photons through the walls from activity outside the building,
so that the dose rate is determined almost entirely by the contributions
from radionuclides inside the building. The reduction factor is usually
reduced significantly compared with values for thin-walled structures,
and is independent of the wall thickness as long as the thick-walled
condition is maintained. The reduction factor for airborne radionuclides
decreases with increasing deposition velocity and decreasing building
radius and air ventilation rate. This term is most sensitive to the radius,
with less sensitivity to the other parameters. The reduction factor for
surface-deposited radionuclides decreases with decreasing building radius,
air ventilation rate, and accumulation time for radionuclides deposited
on inside surfaces. The dependence on deposition velocities depends on
the assumed relationship between the outdoor deposition velocity, Vd,
and the indoor deposition velocities, Vdf and de. The most sensitive
parameters are the accumulation time and the building radius.

Some numerical results from the parameter sensitivity analysis which
are applicable to the cases of thin-walled and thick-walled structures

are discussed in the following section.

4.3. Calculations for Specific Radionuclides

External dose reduction factors were calculated for specific radionu-

clides for the following ranges of parameter values:

a=2+-10 m,

A, = 0.2 - 5.0 hr!,

Vdf = de :V,'" =0.0001 - 1.0 cm/sec,
= L
Vd 10Vd .
z=1m,
Xx =1- 30 cm,



" M - '] 4
Wall material = concrete (density = 2.35 g/cm”), and

t 2 1t=74d - 20 yr.
W

The assumed relation between Vd and Vd' recognizes that the two parameters
are strongly correlated and that dry deposition velocities in still air
indoors are less than deposition velocities outdoors.®”!! The single
value of z used is characteristic of a one-story structure. As a con-
sequence of the assumed relationship between Vd and Vd' and the assumed
20-year accumulation time for radionuclides deposited on outside surfaces,
the dose rate from surface-deposited radionuclides is almost always

larger than the dose rate from airborne radionuclides.”

Many radionuclides of importance in routine releases to the atmosphere

emit only low- cnergy photons (E < 100 keV) and/or X rays. Examples are

1291 and most alpha-emitting radionuclides. For low-energy photon emit-

ters, the results of the parameter sensitivity analysis described pre-
viously for a thick-walled structure are applicable for x > 10 em. The
dose reduction factor is found to vary widely over the range of para-
meter values studied. For example, the reduction factor for 2“2Cm, which
emits mostly lé4-keV X rays,:t varies from 0.2 down to as low as 1 x 107,
Many important radionuclides emit mostly high-energy photons

(E > 500 keV). For these radionuclides, the photon transmission through
building walls is non-negligible for thicknesses as large as the maximum
value of 30 cm of conrete studied in this analysis. Consequently, the

most important parameter for determining the reduction factor is the wall

thickness. The reduction factor for Cs, for example, varies from 0.03

to 1.1 for the range of parameter values studied. The total variation

in reduction factor is thus much less for high-energy than for low-energy

*Calculations were also performed which assumed a 40-year accumulation
time for radionuclides deposited on surfaces outside the building, in order
to test the sensitivity of the dose reduction factor to this parameter.

For long-lived radionuclides emitting only low-energy photons, this change
decreased the dose reduction factor by as much as a factor of 2-3 for a
few combinations of input parameter values. For most combinations of
parameter values, and for all radionuclides emitting high-energy photons,
however, the change in dose reduction factor was negligible.
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photon emitters. It is noteworthy that for certain parameter values, the
model predicts that the presence of a building can actually increase the
external photon dose rate compared with no building present. Such an
increase ..-urs only for the smallest values of the wall thickness, and
results from an increase in the dose rate from surface-deposited radio-
nuclides. In this case, it appears that the hemispherical structure has
the effect of locating surface-deposited radionuclides closer to the

receptor point that does a smooth infinite plane.
5. EXTERNAL DOSE REDUCTION FACTOR FOR BETA EXPOSURE

The effects of building shielding on external beta radiation were
not considered in Sect. 3. Beta radiation differs from photon radiation
in that the former has a finite range in penetrating through matter. This
property can be used to obtain estimates of external dose reduction factors
for beta radiation which are applicable to most radiological assessments.

From the known ranges of beta particles in matter,'® the walls of a
building can be considered impenetrable to beta radiation emitted by
radioruclides. Therefore, in estimating external dose reduction factors
for beta exposure, we need only consider radionuclide concentrations
inside the building compared with the concentrations with no building
present. The estimates given here are based on the observation that most
beta particles emitted by radionuclides have average energies less than
1 MeV,!5 so that the range in air is less than about 4 m.!®

First we consider the beta dose reduction factor for airborne
radionuclides. For a building radius greater than 4 m (i.e., a radius
greater than the maximum range of beta particles in air), a receptor
inside the building would receive the same beta dose from airborne radio-
nuclides as he would from a semi-infinite cloud of the same concentration.
Therefore, the reduction factor is just the ratio of the indoor to out~-

door concentration, which, from Eq. (3), is

8
RFex (airborne) = Av/Aa i (12)
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For building radii less than the range of beta particles in air, the
reduction factor would be less than the value given by Eq. (12). There-
fore, this result provides a conservative upper limit for the beta dose
reduction factor for airborne radionuclides.

For surface~deposited radionuclides, a receptor inside a building
of radius greater than the range of beta particles in air would receiva
a beta dose only from radionuclides deposited on the floor. Assuming
that radioactive decay is the only mechanism for loss of surface-deposited
activity and recalling that a surface concentration is the product of an

airborne concentration and a deposition velocity, the reduction factor

is given by
B
Rrex (surface) = (vdf/vd) (Av/la) . (13)

For building radii less than the range of beta particles in air, the dose
to a receptor from surface-deposited radionuclides inside the building
would be increased, so that Eq. (13) does not provide a conservative
upper limit for the reduction factor. 1In this case, more detailed cal-

culations based on Loevinger's empirical formula can be used.!’
6. THE COMPUTER CODE

The computer code BUSH (BUilding SHielding) was written to calculate
internal and external dose reduction factors. The code is written in
FORTRAN IV for the IBM 360-75/91 computers. The code calculates internal
dose reduction factors from Eq. (3). External dose reduction factors
for photon radiation are calculated from Egs. (7) and (10) for the dose
rates with no building present and Eqs. (14)-(19) in Appendix A for the
dose rates inside a building. The code does not calculate external dose
reduction factors for beta radiation.

The code is designed to perform two types of calculations. For a
given radionuclide, the user may specify more than one value for each of
the model input parameters, in which case the code calculates dose
reduction factors for all possible combinations of the different para-

meters. The same calculations can then be repeated for different
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radionuclides. This type of calculation is used, for example, to perform
a parameter sensitivity analysis. On the other hand, calculations for
the purpose of radiological assessments are concerned with source terms
containing a mixture of radionuclides with different airborne concen-
trations. In this case, the code calculates the overall external dose
reduction factor for the entire source term as well as the reduction
factor for each radionuclide separately. For this type of calculation,
only one set of values of the model input parameters may be specified,
but the parameter values may differ for each nuclide. The available

options for calculations and input data are described in Sect. 6.3.

6.1. Description of Subroutines and Calculational Procedures

A listing of the code BUSH is given in Appendix C. The code con-
sists of a main program, seven subroutines and function subprograms,
and a locally available systems function.

The MAIN PROGRAM handles the input of all radionuclide data and model
parameter values, calculates photon attenuation coefficients, energy-
absorption coefficients, and buildup factor parameters from data libraries
described in Sect. 6.2, and handles all output of data and dose reduc-
tion factors.

CONVER converts input values of times to units of seconds using the
locally available systems function ICOMPA.

YINTER, a -ingle precision version of the double precision function
YLAG,!® performs ".igrangian interpolation of a function of one variable.

PFINT calculates internal dose reduction factors.

SUBROUTINE PFEXT calculates dose rates and reduction factors for
external exposure to photon radiation.

El calculates first-order exponential integrals using polynomial and
rational approximations.!®

EXPFl calculates expressions of the form
1 -x
f(x)-;(l-e).x>0.

for which a loss of significance can occur when 0 < x << 1. For
0 < x< 0.03, the expression is evaluated using the first seven terms of

its power series expansion.
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RETEN calculates the time dependence of the dose rate from radio-
nuclides deposited on the ground. If we assume that the only loss
mechanism for radionuclides deposited on the ground is radioactive decay,

the retention function for a unit concentration of activity is

R(t) = e &
where ) is the radioactive decay constant. As given in Eq. (10) and in
Eq. (18) in Appendix A, the time-dependence of the dose rate is then

At

D(E) v 3 (1 -,

In order to account for the reduction in dose rate with time resulting
from penetration into the ground and other weathering effects, the user

may choose instead a retention function

R(t) = £_(t) o

where fw(t) is given by Eqs. (VI 8-1) and (VI 8-2) of ref. 20 as

-1.13t -0.0075¢t

fw(t) = 0.63 e + 0.37 ¢ 5
In these expressions, t is in years and A in yr~!. For either retention
function R(t), the time-dependence of the dose rate from activity

deposited on the ground during the release period is

t
D(t) '»f R(t') dt'
o]

6.2. Data Libraries

In order to calculate external dose reduction factors, values of the
attenuation and energy-absorption coefficients in air, the attenuation
coefficients in the building material, and the Berger buildup factor
coefficients for energy-absorption buildup factors in air and the build-
ing material are required for each photon. The code calculates these

quantities by quadratic interpolation from reference values of these
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parameters contained in data statements in the main program. The data
statements contain the values of each parameter at twenty-five energies
between 10 keV and 10 MeV.

For photons in air, the reference values of mass attenuation and
mass energy-absorption coefficients were obtained from ref. 21. The
buildup factor parameters were obtained from a linear least-squares fit
to energy-absorption buildup factors given in refs. 22 and 23.

To calculate photon transmission through the building walls, the
user chooses a wall material from four options--concrete, water,
aluminum, or wood. Mass attenuation coefficients for each material were
obtained from ref. 21. The values for wood were obtained by assuming that
the material is cellulose (CgH,305) and adding the values for carbon,
hydrogen, and oxygen in proportion to the atomic weight of each constit-
uent. The buildup factor parameters for concrete, water, aluminum, and
wood were obtained from energy-absorption buildup factors given in
refs. 24, 22, 25, and 23, respectively. Buildup factors for aluminum
and wood have not been published for energies less than 0.5 MeV. At these
energies, the buildup factor parameters for aluminum and wood are assumed
to be the same as the values for concrete and water, respectively, since

the corresponding pairs of materials have similar average atomic numbers.

6.3. Description of Input

The card input for the computer code is divided into 17 card sets.
The description for each card set given below contains the variables in
the order in which they are entered, the FORTRAN format, the definition
of the variables and their identification with parameters defined in

Sect. 4, and directions or limitations for use of the card set.

Card Set 1: NMIX - Il

NMIX = 0 - Calculate overall external dose reduction factor for
mixture of nuclides and airborne concentrations to be
read in (limit of 75 nuclides)

1 -~ Omit calculations of overall external dose reduction

factor for mixture of input nuclides
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0, only a single value of each input parameter can be
used for each nuclide (i.e., enter 1 for all parameters
on Card Set 6 and 13). For NMIX = 0, all nuclides in the
source term must emit at least one photon, and NEXD must
be 0 on Card Set 2.

Card Set 2: NINT, NEXD, NPEN - 3I1

NINT = 0 -
1l -
NEXD = 0 -

NPEN = 0

Output internal dose reduction factors

Omit output of internal dose reduction factors

Calculate external dose reduction factors and output

all contributions to dose rates and dose reduction
factors; NEXD must be O if NMIX = O on Card Set 1
Calculate external dose reduction factors and output
only total dose reduction factor for airborne plus
surface-deposited radionuclides

Omit external dose reduction factor calculationms
Calculate dose rates from radionuclides deposited on the
ground using the retention function which allows for
penetration into the ground as well as radioactive decay
Calculate dose rates from radionuclides deposited on the
ground using the retention function which allows only for

radioactive decay

Card Set 3: INUCL, THALF, UNIT - 2A4, 2X, E10.4, 1X, Al

INUCL - Radionuclide name
THALF - Radionuclide half-life in units of seconds, hours, days, or

years
UNIT - Units for half-life (S, H, D, or Y)

Card Set 4: E(I), FINT(I) - 2F10.5

E(I) - Energy of ith photon in MeV

FINT(I) - Intensity of ith photon in number per decay

Read one card for each photon emitted by the radionuclide (limit of

300 photons); following the last photon card, enter E = 0.0 to
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end this card set. If the radionuclide emits no photons, enter
E(1) = 0.0 as the entire card set.

If NEXD = 2 from Card Set 1 or the radionuclide emits no photons,
go to Card Set 13.

The following applies if a complete set of input data has previously
been read. If NGO = 4 from Card Set 17 and NMIX = 0 from Card
Set 1, go to Card Set 7. 1If NGO = 4 and NMIX = 1, go to Card
Set 17.

Set 5: IMAT, NMAT, RHOM - 2A4, 12, F10.3

IMAT - Building material name (CONCRETE, WATER, ALUMINUM, or WOOD)

NMAT - Index to identify building material; 1 = CONCRETE, 2 = WATER,
3 = ALUMINUM, 4 = WOOD

RHOM - Density of building material in g/cm?

Set 6: NVD, NZ, NT, NTFW - 412

NVD - Number of values of thc dzpusition velocity on the ground and
outside walls of the building, Vd, to be read in on Carc
Set 8; NVD must equal NVDFW on Card Set 13

NZ - Number of values of the height of the receptor position above
ground, z, to be read in on Card Set 9

NT

Number of values of the wall thickness, x, to be read in on
Card Set 10
NTFW - Number of values of the accumulation time for activity depc '~
ited on the floor, Tes and inside walls, T, of the building
to be read in on Card Set 11
The limit for each parameter on this card set is 10. Enter NVD =
NZ = NTFW = 1 if the outdoor deposition velocity, Vd’ is zero.
Enter NVD = NZ = NT = NTFW = 1 if NMIX = O from Card Set 1.

Set 7: SV - El10.4

SV - Airborne radionuclide concentration, sv. i~ ~Ci/cm?

If a complete set of input data has previously . cead and if NGO

4 from Card Set 17 and NMIX = O from Card Set 1, go to Card Set 17.
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Card Set 8: VD(1), VD(2), ..., VD(NVD) - BEl0.4

VD - Deposition velocity on the ground and outside walls of the
building, Vd, in cm(sec; enter NVD values (see Card Set 6)

Card Set 9: 2Z(1), 2(2), ..., Z(NZ) - BE10.4

Z - Height of receptor position above ground, z, in cm; enter NZ
values (see Card Set 6)

Card Set 10: T(1), T(2), ..., T(NT) - BEl0.4

T - Wall thickness, x, in cm; enter NT values (see Card Set 6)

Card Set 11: TF(1), UNF(1), TW(l), UNW(1l), TF(2), UNF(2), TW(2), UNW(2),
«»+y TF(NTFW), UNF(NTFW), TW(NTFW), UNW(NTFW) - 8(ES8.2,
1X, Al)
TF - Accumulation time for activity deposited on the floor of the
building, tf, in units of seconds, hours, days, or years;
enter NTFW values (see Card Set 6)
UNF - Units for TF (S, H, D, or Y)
TW - Accumulation time for activity deposited on inside walls of the
building, T in units of seconds, hours, days, or years;
enter NTFW values (see Card Set 6)
UNW -~ Units for TW (S, H, D, or Y)

Card Set 12: TG - E10.4

TG - Accumulation time for activity deposited on the ground and out-
side walls of the building in years

Card Set 13: NA, NCLV, NVDFW - 312

NA - Number of values of the building radius, a, to read in on
Card Set 14
NCLV - Number of values of building air ventilation rate, Av, to be
read in on Card Set 15
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NVDFW - Number of values of deposition velocity on floor, vdf’ and
inside walls, de, of building to be read in on Card Set 16;
NVDFW must equal NVD on Card Set 6
The limit for each parameter on‘this card set is 10, and the product
of the three values cannot exceed 125. Enter NVDFW = 1 if the

indoor deposition velocities, and de, are zero. Enter NA =

v
df
NCLV = NVDFW = 1 if NMIX = 0 from Card Set 1.

Set 14: A(l), A(2), ..., A(NA) - BEl0.4

A - Building radius, a, in cm; enter NA values (see Card Set 13)

15: CLv(1l), CLV(2), ..., CLV(NCLV) - B8E10.4

- Building air ventilation rate, A , in hr~!; enter NCLV values

(see Card Set 13)

16: VDF(1), VDW(1l), VDF(2), VDW(2), ..., VDF(NVDFW), VDW(NVDFW) -
8E10.4
- Deposition velocity on floor of building, vdf’ in cm/sec;
enter NVDFW values (see Card Set 13)

- Deposition velocity on inside walls of building, in

v
dw’
cm/sec; enter NVDFW values (see Card Set 13)

17: NGO - I1

= 0 - Exit from program
Input new building material and subsequent input for the
same radionuclide; go to Card Set 5
Input new radionuclide and subsequent input; go to Card
Set 3
Input new parameter values for the same radionuclide and
building material; go to Card et 6
Input new radionuclide data only; go to Card Set 3

The card sets described above can be divided into six groups. Card

Sets 1 and 2, which are input only once each time the program is run,
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provide controls over the type of calculations to be performed and the
output of dose reduction factors. Card Sets 3 and 4 give the radionuclide
data. Card Set 5 gives the data on the building material. Card Sets

6-12 give the model parameters required to calculate external dose
reduction factors which are not used to calculate internal dose reduction
factors. Card Sets 13-16 give the model parameters required to calculate
both internal and external dose reduction factors. Card Set 17 provides
a control for choosing additional calculations during the same run.

A large number of calculations may be performed during a single rum
with a minimum of card input for each calculation. Suppose, for example,
that the user wishes to perform a parameter sensitivity analysis for
more than one radionuclide in which the building material and model para-
meter values are the same for each nuclide.* For the first nuclide, all
card sets are entered. If NGO = 4 on Card Set 17, only Card Sets 3, 4,
and 17 are entered for all subsequent nuclides. For each nuclide, the
code calculates dose reduction factors for all possible combinations of
the following six groups of parameters: a; Av; Vd, vdf’ and de; 23 X3
and Te and L The parameters within each group (e.g., Vd, vdf’ and de)
are not varied independently. Therefore, the number of internal dose
reduction factors calculated is the product of NA, NCLV, and NVDFW (see
Card Set 13); the number of external dose reduction factors calculated
is the product of NA, NCLV, NVD, NZ, NT, and NTFW (see Card Sets 6 and
13).

As a second example, suppose the user wishes to calculate the over-
all external dose reduction factor for a given source term, with the
same building material and model parameter values for each nuclide in the
source term. Again, all card sets are entered for the first nuclide,

with only one value of each model parameter allowed. If NGO = 4 on Card

*
In a parameter sensitivity analysis, calculations of the overall

dose reduction factor for a mixture of the input nuclides are not per-
formed (i.e., NMIX = 1 on Card Set 1). It is then convenient to set the
airborne concentration, Sv' on Card Set 7 equal to unity for all nuclides.
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Set 17, only Card Sets 3, 4, 7, and 17 are entered for the remaining
nuclides.

For either of the two examples described above, parameter values
may be changed as desired after the calculations for any radionuclide
by use of the parameter NGO on Card Set 17. Examples of input data decks
for different types of calculations are given in Appendix B.

7. APPLICATION OF MODELS TO RADIOLOGICAL ASSESSMENTS

The building shielding effects models were developed for the purpose
of providing estimates of internal and external dose reduction factors
for routine radiological assessments of chronic releases of radionuclides
to the atmosphere. In this section, we apply the models to a population
dose assessment on a regional U.S. scale.

Dose reduction factors were calculated for a source term for routine
emissions from a hypothetical fuel reprocessing plant. The source term
radionuclides and their emission rates are given in Table 1. Since the
half-lives for most of the nuclides are long compared with expected
residence times in the atmosphere, the airborne concentration at any
location relative to the velease point was assumed to be proportional to
the release rate in Table 1. Calculations were performed for buildings
of both concrete and wood construction using the assumed average parameter
values given in Table 2. The accumulation time for radionuclides deposited
on the ground was taken to be 20 years, and the reteation function incor-
porating penetration of activity into the ground with time (Sect. 6.1) was
used. Internal dose reduction factors were also calculated using an
indoor deposition velocity of 0.01 cm/sec for particulates and 0.04 cm/sec
for iodine. The resulting dose reduction factors are given in Table 3.
These results assume that man spends 100% of his time indoors; they may
easily be corrected to account for the average indoor residence time of
about 90%.!

For radiological assessment purposes, the larger values of the inter-
nal dose reduction factors corresponding to the smaller deposition veloci-

ties should be appropriate, since the resulting population doses are
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Table 1. Source term for a fuel reprocessing planta

Release Rate Release Rate
Nuclide (Ci/yr) Nuclide (Ci/yr)
3y 2.42E+4D 233y 5.99E-12
the 1.33E-1 234y 7.16E-9
B5kr 3.94E+4 235y 6.21E-9
89gy 2.00E-3 236y 9.64E-8
S0gy 2.83E-2 238y 1.14E-7
95zr 1.02E-2 237yp 1.96E-7
. 95myy 2.16E-4 239yp 6.36E-6
95N 2.17E-2 236py 1.59E-7
103gy 2.26E-3 238py 1.07E-3
106g, 2.99E-1 23%y 1.21E-4
1291 1.39E-3 240py 1.80E-4
131y 7.23E-12 241py 3.98E-2
134¢cg 6.39E-2 242py 4.97E-7
137¢cg 3.84E-2 24lam 1.11E-4
137mpg 3.59E-2 2u2mpm 1.46E-6
14lce 2.10E-4 <42 Am 1.46E-6
14bce 1.67E-1 243am 6.36E-6
ihbpy 1.67:-1 2420 2.19E-3
147 pa 3.1E-2 243cm 1.45%-6
232y 3.06E-9 24ben 8.88E-4

aObtained from ref. 26.
bRead as 2.42 x 10%“,

likely to be conmservative. In order to obtain an average value for the
external dose reduction factor for any region of the U.S., a weighted
average of the values for concrete and wood can be used, depending on the
relative abundance of each type of building material.2®

It should be emphasized that the calculated external dose reduction
factors are probably conservative; that is, they underestimate the
actual building shielding effects on population doses. We have assumed

that all buildings are simple one-story structures and, thus, have not
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Table 2., Parameter values for dose reduction factor
calculations for source term from fuel
reprocessing plant

Parameter Value
Building radius, a Sm
Air ventilation rate, )/ 1 hr-!
Indoor deposition velocities, 0.1 cm/sec - particulates;
Vdf and de 0.4 cm/sec - iodine
Outdoor deposition velocity, 10 vdf
Y
Height of receptor position lm

above ground, 2z
Wall thickness, x 9 cm - concretea
17 cm - wooda

Accumulation times on floor 1 year
and walls, e and Y

aObtained from ref. 27.

properly accounted for residence time in schools, office buildings, apart-
ment houses, etc., which provide considerably more shielding.7 In
addition, our models do not account for the effects of ground roughness
and terrain 1rregularit1es7-29v3° and for mutual shielding of buildings
in urban environments.

The calculations of external dose reduction factors may be refined
by allowing the relative concentrations of the different radionuclides
in the source term to vary with distance from the release point in order
to account for differing rates of decay and plume depletion. Such a
modification may be important when the radionuclides have half-lives
comparable with the residence time in the atmosphere or widely different
deposition velocitiesr For example, calculations allowing for radioactive

jecay and plume depletion for the source term from a nuclear reactor
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Table 3. Dose reduction “actors for source term
from fuel reprocessing plant

Internal exposure

Indoor deposition Dose reduction
Nuclides velocity (cm/sec) factor
Particulates 0.01 0.76
0.1 0.24
Iodine 0.04 0.44
0.4 0.072
34, l%c, O5kr 0.0 1.0

External exposure

Dose reduction

Building material Thickness (cm) factor
Concrete 9 Q.52
Wood 17 0.82

accident?? showed a change in external dose reduction factor of 10% over

a distance of 50 miles from the release point.
8. CONCLUSION

This report has presented models to describe the effects of man's
residence inside buildings on internal dose from inhaled radionuclides
and external photon dose from airborne and surface-deposited radio-
nuclides. The models are formulated so that they are readily applicable
to any radionuclides and, thus, are useful in routine radiological
assessments of population doses from chronic releases to the atmosphere
from any type of nuclear facility or other source.

The external dose rates calculated using the point~kernel inte-
gration method are based on several approximations and simplifying
assumptions. Among the most important are: (1) assuming infinite, uniform
distributions of radionuclides in the air and on the ground; (2) assuming

a single simple building geometry and homogeneous walls of uniform
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thickness; (3) applying buildup factors for infinite, homecgeneous media
to calculations for finite structures; and (4) using the Berger and Bowman-
Trubey approximations for buildup factors. It is clear, therefore, that
the ability to calculate accurate absolute dose rates for the variety of
indoor environments encountered during man's daily activities is inher-
ently limited. 1In calculating ratios of dose rates inside and outside

a building, however, some inaccuracies in the separate dose rates will
tend to cancel. Furthermore, the models probably underestimate actual
building shielding effects. Tﬁerefore, we believe that the calculated
dose reduction factors provide useful estimates for the purpose of popu-
lation dose assessments. For some applications, uncertainties in the
proper values of some of the model parameters, such as the deposition
velocities and accumulation times for activity deposited on surfaces,

may limit the accuracy of the calculations more than limitations inherent
in the models.

Our application of the building shielding effects models has demon-
strated the potential importar.e of radionuclide deposition on inside
building surfaces on the dose reduction factors for both internal and
external exposure. This process appears not to have been considered
in previous work. The calculated internal dose reduction factors can
vary by about two .orders of magnitude for reasonable variations in the
indoor deposition velocity. For external photon exposure, the calculated
dose reduction factor is essentially proportional to the accumulation
time for activity deposited on inside building surfaces for radionuclides

having long half-lives and emitting only low-energy photons.
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