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active material to the atmosphere. The compari-
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doses within 50 km from the release point, and
it comprises the following types of calcu-
lations:

a. Concentrations of airborne material
b. External gamma doses from a plume

¢. External gamma doses from radioactive
material jeposited on the ground.

All models are based on the gaussian dispersion
model (the gaussian plume model).

Unit releases of specific isotopes under
specific meteorological conditions are assumed.
On the basis of the calculation results from
the models, it is concluded that there are no
essential differences. The difference between
the calculation results only exceeds a factor
of 3 in special cases. It thus lies within the
known limits of uncertainty for the gaussian
p.ume model. '
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CALCULATION RESULTS

Fig. no.
Concentrations of airborne material 1 -72
External gamma doses from a plume 73 - 144
External gamma doses from radiocactive material
deposited on the ground 145 - 344

APPENDICES

Description of the Finnish model for calculating doses
from radiocactive material released to the atmosphere.

Description of the Norwegian model for calcuiating doses
from radioactive material released to the atmosphere.

Description of the Swedish model for calculating doses from
radiocactive material released to the atmosphere.

Description of the Danish model for calculating doses from
radiocactive material released to the atmosphere.

Comparison of the parameters used in dose models by the
SNODAS participants.



INTRODUCTION

The SNODAS groupl) decided in 1976 to carry out a comparison
of the models used in the four Nordic countries, Finland, Norway,
Sweden and Denmark, for calculating doses from radioactive
material released to the atmosphere. Such a comparison can
partly be used for demonstrating any errors and deficiencies of
the models and partly as a kind of reference material in com-
paring dose calculations made in the different Nordic countries.

The model comparison is at first limited to comprising the
near-zone models, i.e. the models used within 50 km's distance
from the release point.

Without knowledge of the "fundamental” properties of the
models, any comparison of the resuits of more complex calcu-
lations, e.g. doses from accidental releases, are of limited
value. In the first phase of the model comparison, which is
here reported upon, it was therefore decided to omit subjects
where it was known in advance that there were differences
between the models. Such differences manifest themselves, for
example, in calculating plume rise and in the dose conversion
factors for inhalation doses (the relation between the inhaled
activity of given isotopes and the radiation doses to given
organs).

This investigation only considers unit releases of a few
isotopes under well-defined atmospheric conditions. A later
phase can include releases that are more complicated both re-
garding the isotopic composition and the atmospheric dispersion
conditions.

There are no differences in principle between the individual
models in the way they are used in this comparison. All models
use, e.g., the same dispersion model (the Gaussian) and the same
calculation principle for external gamma doses from a plume
(finite plume size). In reality the model comparison, described
here, is rather a comparison of different implementations (in

b SNODAS is an abbreviation of, "Samordning af Nordiske Dosis-

beregninger og /.tmosfariske Spredningsberegninger” (Co-ordi-
nation of Nordic dose calculations and atmospheric dispersion
calculations) and is a working group set up in May 1975,
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the form of computer programs) of the same theoretical model.

The differences in calculation results do not, however, signify
errors, as there can be differences in, for example, the attitude
to calculation accuracy considering the area of application of
the models.

2. ASSUMPTIONS FOR THE COMPARISON

2.1l. General considerations

The starting point for the comparison is that all the mcdels
considered use the Gaussian dispersion model and can describe
the Pasquill stability classes A to F (i.e. the models {computer
programs) contain the dispersion parameters for these stability
classes). A short-term release of radioactivity, where the
material is released at a constant speed from a point source,
is considered. The release is assumed to take place over a flat
homogeneous terrain, and the meteorological conditions is
assumed to be constant during the time of release. This applies
to atmospheric stability as well as to wind speed and to mean
wind direction. Similarly, the effective release height is
assumed constant.

2.2, Meteorological conditions

Two situations are considered:

a. Atmospheric stability: Pasquill F
Wind speed: 2 m/s
Mixing height: 200 m

b. Atmospheric stability: Pasquill C
Wind speed: 5 m/s
Mixing height: 1000 m

2.3. Release height

For each of the meteorological situations mentioned under
2.2, two effective release heights of 20 meters and 100 meters
are considered. Plume rise caused by decay heat (self-heating)
and thermal heat is disregarded.



2.4. Deposition

For each of the four combinations of meteorological con-
ditions and release height, the following deposition situations
are considered.

a. No deposition

b. Dry deposition only with vg = 1 cm/sec.

c. Wet deposition (wash-out) only with 1 = 10" 4sec™?

d. Combined dry and wet deposition where,

1 cm/sec

1074 sec?

v
9

1
g9

2.5. Isotopes released

The duration of the release is assumed to be 1800 seconds
(= % hrs.) and the release-rate is assumed to be constant.

The isotopes are chosen so that isotope concentrations and
doses show caracteristic features of the models.

The isotopes released arez'

Mother product Daughter product
" Kr 89 Rb 89

Te 132 I132

Xe 133 -

Cs 137 -

Calculation are made for doses/concentrations from a total
release of 1 curie of each of the mother products in question.
In addition calculations are made for doses/concentraticns from
the daughter products that are formed by decay of the mother
product during transport downwind and during the decay of the
mother product after deposition on the ground.

3. RESULTS OF THE COMPARISON

A description of the models of the individual countries is
given in appendices 1 through 4,

To achieve as good a description as possible, these descrip-
tions were made by the experts in the countries concerned.
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A comparison of the parameters used in the models is given
in a paper prepared by the Institute for Atomic Energy (IFA),
Norway, which is attached as appendix S.

The calculation results are shown in figs. 1 - 344. The
curves that are shown in the figures are plotted on the basis of
calculation results received from the individual countries.
Evident errors in these results (e.g. decade errors) where
corrected before plotting, while it was not possible in all
cases to correct smaller (and thus less important) errors (e.g.
digital errors) that are seen as small bends in the curves
plotted.

A survey of the results of the model comparison is given in
the following sections together with an analysis of the inlying
models. No detailed analysis has been attempted as the aim was
to point out characteristics that give, or could give rise to
differences in the calculation results. Further reference should
be made to the model descriptions, appendices 1 - 4.

3.1. Concentration of airborne material

As the differences in conversion factors from concentrations
to inhalation doses are not evaluated in this investigation,
it was decided just to compare the calculations of the integrated
air concentration at ground level.

The calculation results from the four countries are shown in
figs. 1 - 72,

The calculatinn of concentrations of airborne radioactive
material on the basis of a Gaussian dispersion model is very
simple, but it is included here as a kind of control material
because differences in the calculated concentrations will be
reflected both in the calculated external gamma doses from the
plume and in the calculated external gamma doses from radioactive
material deposited on the ground.

There is no large difference between the concentrations cal-
culated with the four models. The difference is on an average
10 - 20% and can chiefly be ascribed to the fact that the dis-
persion parameters of the Pasquill stability categdries are not
calculated in the same way. The Danish model interpolates
directly on the curves given by Turner in ref. 1, while the
models of the other countries use different approximations of
the Pasquill/Gifford curves (e.g, Martin-Tikvart). The difference
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is of greatest significance at short distances (out to ca. 10
km) and is particularly apparent in the Finnish model where the
concentrations at the distance 0.5 km can be 50 - 70% lower than
those calculated with the models of the other countries (see,
e.g., figs. 1 ~ 6).

In the calculations carried out here, only the Finnish and
the Danish models take into account the fact that vertical
dispersion in the atmosphere is limited by a mixing layer. This
is only of perceptible importance in the case of stability C
and a release height of 100 m (see, e.g., figs. 9 - 12).

Deposition is treated in principle in a similar fashion in
the four models (explicit solution of the relevant differential
equations). A comparison of the concentrations of given iso-
toves calculated under given release conditions (stability, wind
speed and release height) with or without deposition, shows that
the relative differences between the calculation results from
the models are not afrected by the presence or absence of depo-
sition,

3.2. External gamma dose from a plume

The calculation results are shown on figs. 73 - 144.

The doses are calculated at points at the ground vertically
under the axis of the plume for an exposure time of 1800 s
(= the time that it takes for the plume to pass the point under
consideration}.

The differences between the dose values calculated with the
four models are considerably larger than in the case of the
concentration calculations. In most cases, the ratio between the
largest and the smallest value calculated at a given point under
given release conditions, is between a factor 2 and factor 3,
but in a few cases it reaches a factor 10.

The differences between the calculation results of the
models can mainly be ascribed to three circumstances:

a) Choice of integration method: In each of the four models a

different method is used to integrate the dose contributions
from the individual part-elements of the plume. Experience
shows that the calculated doses are very sensitive to the
choice of integration method, especially in the area close
to the source (within a distance of c. 5 - 10 km).
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b) Chojice of build-up factor: In some american model compari-
sons (ref. 2) it has been ascertained that difterences in
bujild-up factors were the most significant reasons for

differences between the calculated external gasma doses from
the plume. Different build-upfactors are used in the four
models under discussion (see appendix 5).

c) Choice of enerqy energy groups: The number of energy ¢ oups

and the mean erergy in the groups are different in the four
models. (See appendix 5).

In the individual cases it is difficult to point out the
exact reason for the differences between the calculated doses.
However, in general, the differences are greatest for isotopes
132 133Xe) and in
situations with relatively large atmospheric dispersion (Pasquill

with low gamma energies ( Te and especially
C, see, e.g. figs. 75, 77, 87 and 89). In these cases the mean
free path of the photons is small in relation to the atmospheric
dispersion parameters (ay and c,) which, experience shows, makes
great demands on the accuracy of the method of numerjcal inte-
gration.

A comparison between figs. 73 - 96 and figs. 97 - 144 shows
that the relative differences between the results are not
affected by the presence or absence of deposition.

3.3. External gamma dose from radioactive material deposited

on the ground

The calculation results are shown on figs. 145 - 344.

External gamma doses are calculated in air 1 meter above
ground. The calculations are made for the following exposure
times, reckoned from the time at which deposition started at
the location in question:

1 sec, 1800 sec, 1 hour, 24 hours, 3 days and 7 days

Only points in the wind direction vertically under the axis of
the plume are taken into consideration.

In cases of wet deposition alone only one release height
(20 m) is considered. With only wet deposition present, the
amount of material deposited is independent of the release
height. In the calculations, all models except the Danish take
into account the dose build-up in air. All other things being
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equal, this means that the doses calculated with the Danish
model are a factor 1.1 to 2 below the doses calculated with the
models of the other countries. The difference is largest for
Te 132 where it is a factor 2.

Only the Danish and the Finnish model take account of the
mixing layer. Only in calculations relating to Pasquill C and
a release height of 100 m, does the mixing layer imply a smaller
increase of the doses.

In the following considerations of the differences between
the calculated doses, "corrections”™ are made for the above
differences in the calculation assumptions.

It should be noted that no calculations were made with the
Norwegian model for (dose) integration times below three days,
and calculations with the Swedish model were not made in all
situations for the 1 s integration time.

It applies in general that the calculated doses are in best
agreement for situations with simultaneous wet and dry depo-
sition (figs. 265-344). (It is disregarded that the Finnish
model uses dispersion parameters slightly different from those
of the other models at the distance 0.5 km).

Poorest agreement is found between the calculation results
for dry deposition alone - although there are no large differences
(10 - 80% when a correction is made for the differences mentioned
earlier). The small extra complication introduced into the
models when calculating the amount of material that is dry-de-
posited, seems to be the main reason for the somewhat larger
differences.

The Finnish and the Danish m'dels are in best agreement
regardless of the type of deposition situation.

The agreement between the Swedish model and the other models
is good with the exception of doses for the two isotopes Rb 89
and Te 132:

Doses from Rb 89 for the integration time of 1 s are in all
situations a factor ca. 2 lower than the doses calculated with
the other models (see, e.g., figs. 145 and 265). For Te 132, the
difference between the doses calculated with the Swedish model
and the doses calculated with the other models increases from
a factor of ca. 1.2 to a factor of ca. 2.4, when the integration
time increases from 1 s to 1 day. When the integration time is
increased to more than 1 day, the difference is not increased
further (see, e.g., figs. 150 - 154 and 330 - 334).
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4. CONCLUSION

On the basis of the present investigation of the calculation
results from the dispersion and dose models of the four Nordic
countries, il can be concluded that there are no essential dif-
ferences between the doses and concentrations calculated from
the models.

The differences seem to be largest for the external gamma
doses from the plume, where there can be up to a factor 2 to 3
between the calculated doses. Considering the fact that use of
a Gaussian dispersion model under idealized conditions (point
source, flat homogeneous terrain, constant mean wind direction
during the release, etc.,) cannot predict concentrations within
less than a factor 2 to 3 up to 10 kilometers from the release
poin., differences of up to a factor of 3 must be acceptable.

Some of the minor differences in the calculation results
indicates however, there might be a few smaller errors in some
of the computer programs usad for the calculations. These minor
defects should be corrected before any comparison between more
complicated dose calculations is made.
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1. D. Bruce Turner, Workbook of Atmospheric Dispersion Estimates.
National Air Pollution Control Association, Cincinatti,
Ohio, (1969}. (Public Health Service Publication No.
9°9-AP-26) 84 pp.

2. Carl V., Gogolak, Comparison of measured and calculated
radiation exposure from a boiling water reactor plume,
HASL-277, September 1973.



- 14 -

CALCULATION RESULTS
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A. Concentrations of airborne material

Fig. 1 - 72
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Fig Y00 Downwind distonce (km)
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C. External gamma doses from radioactive
material deposited on the ground

Fig. 145 - 344
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APPENDIX 1
Description of the Finnish
Model for Calculating Doses

from Radioactive Material
Released to the Atmosphere

by

Seppo Vuori
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VALTION TERMILLINEN TUTKIMUSKESKUS Helsinki 1977-06-15
STATENS TEXNISKA FORSKISNGSCENTRAL

TECWMICAL RESEARCH CENTRE OF FINLAND

Nuclear Engineering Laboratory

Seppo Vuori

SNODAS

Dose models and parameters used in VIT's programs

1. Dose models

The dose rate in tissue is calculated from

a0 -3 oo

B(xd,yd,zd) = K-o__ +E + @ I j I éiﬂﬁ% e MT.
20 yz-@ z=0 47T
rad
x(x,y.z)dxdydz——s— (1

where
K = 0.05328 rad/s

(Ci/m?*} (MeV/disintegr.)m(cm?/g) \
O, * energy absorption coefficient in tissue T 0.03 EE—
[E] = MeV/dis ; [x): s/m? [Q) = Ci/s

2
1+ pp » LHD)Z 0.5¢<MeV<E 2 MeV

B(pr) = 7E2" (2)

T+ 1.1 ur + (ury? E<0.5 MeV

Because the integral in eguation (1) is not very sensitive

to gamma energy, we have conly calculated with one energy

(E = 1 MeV) and formed a normalized cloud gamma dose data-
file .

Delpgs
DD(xi’¢\j‘Hk] = O_—E—O-;; ’ (3)

where EY = 1 MgV
o= 8.15 x 10 *m~!

u = a3 m/s
ref

The DD-values are calculated for different weather categories

and four release heights in mesh polints (xi,¢j]. Wa have
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used six-point Newton-Cotes faormylas in the 3-dimensicnal

[

integrations. We have utilized subprogram PLUME of -ode
RACER and ccrrected the gbserved errars and made the necassary
modifications. The cicud dose for nuciide n at the wing

speed u is cobtained from

(n) (n} 4 (n)
. . s i o= o —e{. 1 o .o -0 »

USUb (xl' 'J Hk Bsub " M0 ‘j k L
where

ta) _ _(n), .. 1eSs (nicini £ am)
Bsub - %en (tissue 1 MeV) sty R, (5 com) (s)
E(n) _ .

v = gamma energy of photon v of nuclide n
Fin) = absolute intensity of photor v cer one disirtegration

P
Ein)(s cm) = 0.86 E;nj = gffective gamma enargy at 5 cm depth

in tissue

The model for external dose calculation will be supplemented
in the future by increasing the number of energy groups. In
that case the normalized dose data file contains values for
each energy group. The external dose for nuclide n ic given
by

L
(n) . (n) L .qin)
DSUb(xi,’j,Hk) ) Z gsub(EI) 'J DU(xi,’j'Hk'El) 0 (6)
1=1
(n} _ (n),_(n) (n) .
Boun(Ep) - g f, (E," €E|IE "' (Sem)a, (E|,tissue), (7)
where

FL")(Ein) EEl) = absolute intensity of photon v per one

disintegration if E&n) belungs to energy

group 1, otherwise zero.
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iag. _External gamma dosa frov Zepeosited activity

The dose rate from Zepcsites 2-tivity on the groung is cal-

cuiated simply bty the follseing exorsssian

2N - _ \n ~
“rart1tpe®iet Brall X A Tye®set ‘s
lesond - rem/s/{Ci/=?

- &

= 05 /m?

The dose factors Bfa11 27E calzulated with the formula:

(n)_(n), (n) ,.
€311 ° 0.02964£f“" E," {5 cm) acn(ev“ ,tissue) * (S)
{n) rrein)
[E1(u(Ev ) sh) » u(Ev 1]. where
(n)
(€. y-het
. 0.5<E‘(’", <2 Mev
(n), 2.
ceel™y =[ e, (10)
l2.1 . u(E\(,r')-h E‘(,") <0.5 MeV

h = height of exposure point

The factor C(Ei"5 takes into account the scattering in the
air and the same expressions for build-up factor are used as
for external cloud dose.

- e - - R P AP g g

U;:; = g;:é * 0 * yixn,y,2J (11
‘J(n?] R rem
Einh T1 s/m¥

In our pragram it is possible to ralculate an arbitrary

situyation = stability category, wind speed, dry and/or wel
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deposition, release height, mixing height, building wake,
certain organ-dose, all available nuclides or a special group
of them. Further it is possible to change the standard
e3sumptions for the values of following parameters:

- nuclide inventory

- release fractions

- deposition velocities

- wash-out coefficients

In addition it is possible to calculate a probability cistri-
bution for different effects using a specified accident
distribution and a distribution of meteoroclogical conditions

at the site concerned.

2., Daughter groducts

At present the following chains are used in the model:

a. Kr8sm —3=21, kras m. Te131m —3=18, 1e131

b. Kr88 —————— RbB8 0.82
1131
c. Kr89 ——— RbES
n. Te132 ——> 1132
d. Sr90 —~———— YS0

0.6 o. 1133 —_— Xe133
e. Sr91 ———— Y31m
p. 1135 __0.27 ,Xe135m
0.4 Vo1
0.73
f. Zr95 — ——> Nb95 Xe135
g Zr35 ——» Nb37 . Xe137 ————— (5137
h. Moggs —2:88, tcaem
i. Ru103 —22385 ph1g3m Ba137m
j+ Ru105 ———— Rh105 r. Xet38 —————— Cs138
k. sp127 —0=16 10107y 8¢ Bal40 ————— 15140
0.8 0.892 t. Ce143 ———>Pr143
Te127

u. Cel44 ———3y Pr144

1. sb129 —2:135 7e129m

1 0.64
Te 129

ve Np239 ——y Py239
0.85
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The time dependences of the activity sources for mother and
daughter nuclides are calculated using solutions to the
corresponding set of differential equations before release,
during dispersion and after deposition. The nuclid=zs in a
single decay chain can have different release fractions and
different deposition velocities or wash-out coefficients.

More accurate description of the methods is given in reference
1.

3. Inversion laver

Firstly the inversion layer is taken into consideration in
the vertical dispersion parameter as a restriction to further
vertical dispasrsion at large distances. Secondly the inversion
layer is assumed to restrict the plume rise (see point 13).

The values used for inversion layer heights are those given

by Klug.

e e ' 4 . ) o
‘stabiliﬁxhclass _! A I B L_E¢h*; o E F R
inversion height (m) 1500 ;1500 i1DOD ! 500 | 200 201

4. Diffusion at long distances

In the case of some economic consequences it is necessary to
estimate the concentrations at distances larger than 100 km

and then the follcowing procedure is used:

oz(x] 02(100 km)} = constant

(12)

]}

o (x)

(x/100 km)'7%c (100 km)
y y

5. Dispersion parameters and wind speed groups

The values for the dispersion parameters presented in refer-
ences /2/ and /3/ are used. In the case of dispersion over
terrain with greater roughness than assumed in the original
data of these refs., the dispersion parameters have been

corrected using the method pfoposed in the ref. /4/. For
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every stability category three roughness classes can be used,
ore of which corresponds to smooth terrain and the original

dispersion parameters.

The wind speed groups used in our study are:

Group | wind speed range |average speed?
1 1... 2 knots ¢ 0.8 m/s
2 3¢.. 5" : 2.1 "
3 6...10 " a1
4 11...15 " L 6.7 " ,
5 16...20 " 9.3 - |
6 21...25 " 11.8 "
7 >26 " 14,9 " i

6. Deposition velocities

The deposition velocities used in the model are 1072 m/s for
iodines and particles and 0 for noble gases. These values can

easily be changed via input.

7. Wash-out coefficients

The wash-out coefficients used in the model are 10" 1/s for
iodines and particles and 0 for noble gases. These values
can easily be changed via input.

8. Dose conversion factors

The dose conversion factors for cloud gamma and deposi-

tion gamma doses are listed in the enclosed table. The
inhalation dose factors are based on WASH-1400. The deposi-
tion gamma dose factors are derived from the integrated doses
presented in WASH-1400, but will be changed to values given
by the formula in section 1.2,
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9. Self-shielding of body

The self-shielding of bocy is taken intc consideration by
calculating the external dose at 5 =m depin in tissuc fsee
pcint1.7.). The attenuation in tissue is rather indepsndent

of gamma energy in the range (0.1...2 MeV]).

10. Shielding and reduction factars

In the consequence calculation we taks intc consideration
the shielding effect of buildings and other obstacles but not
the effect of ventilation rate indoors. In reference /5/ we

have used two population groups in the consequence calculation,

namely
7 . 1
Group fraction of | shielding ’ breathing :
population | factaor " rate
1 35% 0.8 3.5 x 10°* m¥/s
2 65% . 0.35 | 2.3 x 107% m¥/s
s :

The shielding factors for external dose from the cloud and
from the deposited activity can be different and up to 3

shielding groups could be used.

11. Gamma energy groups

Until now we have used only one energy group (E = 1 MeV). The
dependence on energy is rather near linear (according to

Imai & Iijama, Health Physics, Vol 18, p. 214), if the release
height and distance from central axis are not too large and

the photon energy is not very low.

The normalized dose data library already contains the dose
values for photon energies 0.04, 0.2 and 2.5 MeV as well, but
the main program has not yet been changed as capable of

handling more than one group.
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For photons in the lowest energy group we have found that
near the source the one-group madel gives somewhat tco low
dose values at low release heights and clearly too large
values in the case of elevated releases. At larger distances
the division into energy groups instead of one energy has no
significant effect on the dose values obtained.

12. Dose build-up factor

We have used an analytical appreximation (eq.(2)). The same
function has been used for instance in code RSAC and in th=
report J81-637-ST(Vogt). For gamma energy : MeV this exprussion

gives the following values

{ pr 0.1 {0.5 [1.0 |2.0 | 4.0 ! 8.0

1 B(pr) § 1,11} 1,54 | 2.14 | 3.57 ! 7.29118.1M

H

13. Plume-rise model

The salution of the differential equation given by Gifford
with initial (t=0) values

l/:
(A /m)
L VAL
2dz
DPD at Fm
is z? = zO" (ze’- ;;](1 - cos(/Bt)) +» z 3sin(/'t)

M
+ zR’(vﬁt - sin(/Bt)) (13)

where
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3Fm
)
z = (3% {momentum]
M yvbE ‘
3 3F ; .
g = 7 {Lgoyanay.
Be“u
]
ZR’ - 3F {radicactivity]
3f2 .2,
B €%y

We apply eguation (13) conservatively only until t* = 2 %%
and set zy = zp = § and then the plume rise is given by '
. Folu)
_ oo 3F s T
AH = zg zy = ) (14)

Be?u £

The initial radius of the plume is assumed tc be related

with the building wake erfect as followc:

R =

{D accidents like steam explosion
4]

30 m (1 - exp(-ulm/s}/2]) otherwise

Using parameters corresponding air temperature 10°C and

€ = 0.45 we arrive at the tollowing formula
1 R
aH = 5.1 (UMW), Vs 0 (15)
Eu 0.45

Finally the inversion layer is taken into consideration by

the following way
H = min {HO + max(A8H,0), 0.8 'Hinv} (16)

The values used for stability parameters are:

'stability { A-D E F

[ SR

] 1 x 107" |7 x 107"} 2 x 107}
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The wind speed variation with height is not taken into
account in the plume rise formulas, but the average speeds

of the different groups are used.

The plume rise is not assumed to be carrelated with dry

depositian.

14. Building wake

This effect has been taken into account by moving the plume
backwards (xtr) until the following condition I3 satisfied
4n oy(xtr)oz(xtr) = m(30(1-exp(-u/2))}2. 1In the case of

steam vv¥slosion no building wake is assumed to occur.
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Table I Dose conversion factors for external doses from the cloud and from the deposited activity
N: Nuclide Bsub Era11 N:o | Nuclide Boub Beall
(MeV/dis)'(cm2/g) (rem/s)/(Ci/m2) (MeV/dis)'(ch/g‘l (rem/s)/(Ci/me)
1 113 - - 22 Sr90 - -
2 cld - - 23 Sro1 1,68E-2 L, 55E-3
3 N13 2.63E-2 - 24 Y90 1.16E-4 -
L Ar3g 1.11E-5 - 25 Yoim 1.43E-2 3.LSE~
5 Arb 3.31E-2 - 26 Y91 9.29E-5 1.05E-5
6 Crsi 8.13E-4 1.22E-h 27 Zr9s 1,91E-2 3,30E-3
7 MnSk 2.37g-2 3,22E-3 28 arg7 2,27E-2 5. 43E- -
8 Fe59 3.39E-2 L. L4E-3 29 NbG5 2,01E-2 3. 19E-3
9 Cas8 2.7TE=-2 L . 28E-3 30 Nb9T 1.7hE=? 1., G6F-3
10 Cobu 6.75E-2 1,03E-2 31 Mot9 b, ase=+< 7, O0F-k
1 ZnbS 1.66E-2 1, 11E-3 32 Te9%m 3L 0GE~% 9, 2TE=h
12 Kr33m 1.08E-3 - 33 Rul03 1 hoR=-2 2,50E=-3
13 Kr35m 4 . B0E-3 - 34 Ru105 1AIE=2 3,90E-3
14 Kr35 - - 35 Ru106 5. 13E=3 G,23F=h
15 Kr87 1.99E-2 - 16 Rh103m 1,01E=3 -
16 Kr88 5.17E-2 - 37 Rh105 6. TE=L b BOE-k
17 Kr89 5. 66E-2 - 33 Ag110m 7, TOE=2 %, 00E-3
18 Rb36 2.TOE-3 3.80E-4 39 Sbi12h b, Hop=p 3,615=3
19 Rb88 2.30E-2 - Lo Sh127 RIS X 3, P5E=3
20 Rud3 €.19E-2 - L 56129 - -
21 Sr39 - - Lo Tel2Tm L. 2GE-6 1.36R-4

- g1t -



N:o | Nuclide 8sub 8rall’ N:o Nu~lide Boub Erall
(MeV/ais): (cm?/g)| (rem/s)/(Ci/m°) (Mev/ais)+(cm®/g)| (rem/s)/(Ci/m?)

L3 Tel27 L .20E~5 2,08E-5 n Cs8136 6.42E~2 9.28E-3
Ly Te 129m 2.49E-3 3.10E-4 65 Cs137 - -
Ls Te129 2.17E-3 L. 10E=k 66 Ca138 5.55E<2 -
L6 Tel3m 3.TLE-2 6.00E-3 67 Ba13Tm 1.7T1E=2 2,83E-3
LT Te131 1,68E-2 2.TOE~-3 68 Ba1ko 4 ,49E-3 1,20E=3
48 Tel32 T.17E-3 7.00E=h 69 La1ko 5.96E=2 9,72E=3
49 I131 1.01E-2 1.92E-3 70 Cetb 1.84E-3 S, TTE=b
50 MIi31 1.01E=-2 - T Cell3 8.80E-3 1,8LE~3
51 1132 5.91E=2 1.10E-2 72 Celll T UBE=N 1, 4TF-4
52 1133 1,6LE-2 3.20E-3 73 Prib3 - -
53 1134 7.01E-2 1.01E=2 Th Prilb 8.26E~k 1,33E-4
54 1135 3.76E-2 T.05E=3 75 NQ 147 b,23E~3 B, T0E=4
55 MIi35 3.T6E-2 - 76 Np239 3.62E~3 -
56 Xel13m 7.TUE-5 - T7 Pu2 58 - -
57 Xe133m T.THE=U - 78 Pu239 - -
58 Xe133 T.T3E-L L.85E-b 79 Pu2ko - [.5TE=6
59 Xe135m 1.36E-2 2,54E-3 80 Pu2hi1 - -
60 Xe135 6.9LE-3 1.36E-3 81 Am241 6.,00E-4 -
61 Xe137 3.66E-3 - 82 Cm2k?2 5. 4OE~6 -
62 Xe138 5.63E-2 - 83 Cm2bh L, 20E~6 -
63 Cs134 4.03E-2 7.08E-3

- 911 -
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APPENDIX 2
Description of the Norwegian
Model for Calculating Doses
from Radioactive Material
Released to the Atmosphere

by

Ulf Tveten et al.
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Sikkerhetsteknologisk avdeling

The computer code used by IFA in the model comparison

We heve used the program TIRION? developed by the Safety end Reliebility
Directorate, UKAEA. The mathematical and physical models are thoroughly
described in ref. (1), while more practical directions for its use

are described in ref. (2).

Ve have made some modifications to TIRION2. Plume depletion by washout

not incorporated in the original model, is included by us.

The following model descriptions are extracts from (1) end (2).

Dipcussions and further details may be found in those references.
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1. DOSE MODELS
1.1 External gasma dose from cloud

As the cloud of fission products passes by it emits y-rays vhich csn

be absorbed by people standing neerby. The total whole body dose received
if there is one nuclide of integrated sctivity density x(x,y,z) Ci-seell3
emitting = y-ray of energy E MeV is (3)

Dy(x,y.B) = 0.040h u.(il) .

..r f I g:;'ﬂ'_ - B(u(E)r) e'“m'ix(x'-r'-t" (

X=0 y=-® 230 r

2 .)2

vhere r'=(x-x 2

+ (y-y')2+z'

u.(ﬁ) is the absorption factor (mre-]') for Y-rays of energy E in
air.

u(E) is the corresponding attenuation factor in air (ntre-l) snd
B(u(E)r) is the exposure build-up factor.
We have parametrized B(u(E)r) as follows. Let u = u(k)r
Bu(E)r) = (1 + & (Bdu, + 8, (ENC Jexp ( - o (El) (2)
using a leest squares fit to data in (L). The parametrization used in

Equation (2) tends to un.*y as rs0, as desired, and is only valid
over the range of values of u_ for which the fit vas made, that is B, € 20.



- 121 -

In practice, it is comvenient to choose a nuzber cf energy bands
21<E<32.E2<i<53
parameters fo® B B B B being calculated for a representetive

energy vithin each energy dand. T™he values used are shovn in Tuble 1.

etc. TIRIORK 2 uces e¢ight of them, the various

TAMLE 1.
Energy :,.or ! by L
Bend rgles % & 2 0 (a2 2
(Me¥) | (em“7g)| (m“/g)
!
1 0 -0.1 0.055 1.761 1.883 0.023 0.151
2 0.1 - 0.3 0.058 1.070 0.962 0.030 0.106
3 0.3 - 0.6 0.0083 0.985 0.443 0.029 0.080
k 0.6 - 0.8 ©.001 0.978 0.%6 0.028 0.071
5 .8 -1.0 - 0.010 0.965 0.266 0.027 0.06M
6 1.0 - 1.5 - 0.017 C.94% 0.203 0.026 0.052
7 1.5 - 2.¢ - 0.02% 0.582 0.117 0.02% 0.0k
8 2.0 - 3.0 = 0.927 c.M2 j 0.073 0.021 0.0%
i

As pert of the input to TIRIOK 2 i% is necessary to supply the following
quantities, briefly descrited as energy factors.

=(i) (i) (i), (i)
R DI N O R
Jek

vhere P(;)(E:I;) is the probability that, vhen the i*" member of the nth

 J
decay chain decays, it vill enit a gwma ray of energy l:i.: MeV. The
summation is over all those values of j for vhich the emitted gasmme ray
is in energy band k.

In Equation (1) the following substitution is made vhen there are
many nuclides
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-(E)r =

¥, (E) B(WE)r) e E x{x', y'y 2') =

= -u (E)r (= Zz =(i) (i)
B(u(Ek)r) e "k ua(“k) En,k X (x*, y', 2')
n i
vhere Ek is the energy chosen as representative of energy bank k.

The triple integral is then evaluated using a nested Simpson's routine.

1.2 Background dose due to y-radiastion from deposited fission products

The deposited activity of the i*" nuclide of the n™® chain of fission
products is

(1)

an (x,y) = v (i)

W) xyy,2 = 0) Ci/metre”
g n Xn XY 22 l/meire

At a time t after the accident this quantity will have changed due to

the action of two mechanisms.

(i) Radioactive decay

When radioactive decmy occurs together with plume depletion an approximate

solution is found, see section 1,2.2. The resultant ground level concentration

(i)

is XDn (X:Y|t)-
(i1) Weathering

The gamma-dose observed above a contaminated surface i3 reduced by the
veathering of nuclides, a broad term including among other mechanisms

the removal of dust by the wind, the carrying away of material dissolved

in water, the penutration of nuclides into the soil and uptake by vegetation.
Therefore the concentraticn of each nuclide should be modified by e

wveathering factor f(;)(t) so that

(i)

X(gz (x0yst) + x Dn(xoY,t)f(i)(t) Ci/metre,
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In principle f(:)(t) should be different for each nuclide. In practice,
1

3T0s (5).
For that it has been shown experimantally that, if the dose rate above

13;05 is {t = 0) irmediately after the contamination

the only nuclide for which much information is available is

land contaminated by

hes occurred, the dose rate ty years lster is
D(t ) =D (t=0)exp (-0.023t )0.53 exp (- 1.13¢ )
e v g y Yy
+ 0.37 exp (0.0075 tyh,

The single exponential exp (- 0.023 ty) gives the rate of radicactive
decay of 137
for 13705.

Cs, The term in square brackets is the weathering factor

A discusrion of the weathering of other nuclides is given in Ref. (6).
It is concluded that so little is known about this subject that it is

as well to assume that all nuclides behave as does Ceasium.

f(i)(t) 0.63 exp (-1.13 t,) + 0.37 exp (-0.0075 ¢ )

r(t)

for all n and i. It follows that the dose rate to a person at position

(x,y) t seconds after the acecident is

Dg(x.y.t) = r(t) 0.0kok i’%&_
r

8
z B(u(ﬁk)r) e " (Ek)r ua(ik)z E Eill)‘ xg)(x',y' ,t) rad/sec. (3
k=l n i :

2 2 2
where rre(x-x"Y 4y -y") s+

that is the dose rate is calculated at a height of one metre sbove the
ground. The integral extends over the ground on which the activity has
been deposited. The total dose received by a person who steys at the

point (x,y) for a total of t seconds after the accident is simply given by
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t
Dg(x.y) = f ae’ Dg(x.y.t') + Dy(x.y) (L)
0

TIRION 2 performs the double integral of Zauation (3) by using a

Simpson's routine. It performs the integration of Fquation (k) as explained
in Appendix A of ref. {1). As with the dose from the passing cloud, no
infinite plane approximations are used. Suitable approximaticns ere

being developed for use.

1.3 An_approximate method fur dealing with deposition, weshout
and decsy.

The first step is to set up a grid between which the concentrations of
the various nuclides can be interpolated quadratically. In practice
ve have found it convenient to estatlish the grid so that it is spaced

equally in ln x. Therefore the grid points x_ are given ty
x = exp( (n-1) ig ) metres (s)

forl1 <n¢HN, iG being the interval in gquestion. N can be chosen at the
discretion of the user of TIRION 23 in general, sufficient accuracy is

gained by taking N ~ WO if x - 100 Km, that is, ig ~ 0.3,

We begin at X = 1 metre taking the total emitted activities Q(:)of
each of the nuclides in each of the decay chains, where n identifies the
decay chain and i the dnughter, The time taken to travel between the

points x. and x,_, is
[

1
t = (xy - x)u (5)

We take ns our starting point Q(;)(xl) = releaged activity end use the
equations for redioactive decay to find out how the concentration of
each nuclide varies during that time interval, ignoring deposition,

.. {1 .
giving Q ;)(xq : ND) where ND stands for no deposition.

We see that, in the interval Xl to x, the cloud should be depleted by
a fraction


http://intpgr.it
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. ?(i) b &)
F(;)(xl,xz) = exp [-@ "EL' f © ax' exp(- h2120i(x'))/dz(x')l )
x
1l

which we approximate by
. NEI \
i e oxof- Y —mm | (xo-x1) e wl /0
F n (xl.xz) axpl e _Z_L {EXP( h /202(11))/01(11)

+ exp(- h2/2oi(x3))/oz(x2)}] (8)

(i) th

vhere v'~"i3 the deposition velocity of the ith member of the n

chain.
>
It follows that the total remaining activity of the i"h member of the nth

decay chain at a distance x, downwind is
(i) (i) (1)
Q) (x,) = @ (xiD) - F') (e 4x,) (9)

The corresponding concentration at a point (x2, Yy 2), x(;)(x?. Y,2), is
given by inserting Q(;)(xz) into Equation {11) or Equation (17) in place
of Q. In order to calculate concentrations at the next grid point x

the above method is reported beginning at x, vith the activities Q(n)(xz).

The amount of activity deposited per unit area from dry deposition
and washout is

[
wix,y) = vg x(x, yy0) + 1g ! x(x, y, z) az
0
2
2 2 (n)
- "Lé' - L:fl%_ T2
20 20 20
= Vg Py Gz e Yy e 2 +e 2
2
- .1...5
20 . -
* 1€ 5w o ° y o, /er
] L
2 2 2
20 20 20
= Vg+lgv’%oze z-—me y-e
nuo_0
Yz
2 1
H
r— 2
= ‘j’s + 1g 'g'cz 9202 X(x' Y, o) ’
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vhere

Vg = dry deposition velocity (m/s).
1g = washout rete (1/s)

Fron this it is seen that the grcund contamination is calculated if the
dry depositiom velocity is zubstitu*=t with

2
H

20
Vg#l(V%O__e v

r)

1.h Doses due to inhalation

In the earlier sections we have shown how to calculate the time

sy
integrated concentration x(;‘(z,y.z) of the i*" member of the n*® chain

of fission products. The total inhaled activity of this nuclide is
I(:)(x.y) given by

(1) (i) .
I n (x,y) = b X 0 (x,yoz = 0) Ci
Vhere b is the breathing rate. b depends on the age of the person

involved and on whether he is engaged in vigorous activity or not. In
TIRIOR 2

br = 2.2 x 10-!' netre53/sec. (10)

unless othervise requested. Equation (10) is the breathing rate commonly
.sumed for adults. (6).

The subseguent dose received by any particular body organ depends on
a8 nuzber of factor:s among which are:

(a) the chemical form of the nuclides;
(v) the properties of the aerosol in which the nuclides occur;

() the aerodynamic properties of the aerosol particles as

they are inhaled and deposited in various parts of the
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respiratory systenm;

a) the transport of particles within the respiratory
system and out ni 3% into the gastro-intestinal
tract and the lymphatic system;

(e) the absorption of the nuclides into the bloodstreanm;

(1) the distribution of the nuclides among organs and

tissues and
(g) excretion from the body.

Hov the doses can be calculated is extensively reviewed in the Rasmussen
Report (6). The model used is the ICRP lung model, with a separate
treatment for gaseous fission products. This allows the calculation of
a quantity P!(‘l’l (t); this is the dose in ::m to organ k andt:ime t
following the inhalation of 1 Ci of the i~ nuclide of the n~ chain at
t = 0. Thus the total dose to organ k integrated to time t is

Dk(x,y,t) - 'Z:, 21: Ff‘i.z (t) - I(i)(x,y)

The quantities Fflll)‘(t) are known as irhalation factors. TIRION 2
»

requires them as input.
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2. METEOROLOGICAL MODELLING OF TIRION 2

In common with many other godes TIRION 2 uses the convertioral Caussian

formula for the time integrated concentrations at the point (x,y,z) namely,

X(x,¥,2) =

Qexp ( - yglzoi(x))

- {exp [- (z + h)%/205(x)]
2woz(x)0y(x) u :

+exp [- (z - h)2/20§(x)]} Ci-sec/metre3. (11)

The meaning of those symbols not already defined is as follows:

(i

(iii)

(iv)

(v)

Q is the total amount of effluent emitted (Ci);

u is the mean wind-speed. As has nlready been seen,

the wind-speed varies with height. It is therefore not
possible to defire u unambiguously. In meny experiments

u is the velocity of the wind at the height of the source
or at the height of a nearby tower, Smith and Singer (T)
shov that & reasonable estimate of u is obtained by
calculating the wind-speed at e height 0.62 o;(x). This
conclusion, however, is model dependent. Unless otherwise

stated we assume that u = u(10);
h is the height of the source (metres);

0,(x) and oy(x) (metres) are the vertical and horizontal
standard deviations respectively, to be determined

empirically as is explained later;

the pair of exponentisls summed within the curley brackets
in e.g., (11) expresses the fact that total reflection at

the ground has been assumed.
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2.1 Parametrizations of o . endg

The actual parametrizations that we use for az(x) anc G_(x) are based

on an enlargement of Pasquill's original scheme due to F.B. Smith (8).
Beyond sbout 20 Km downwind there are few data on the behaviour of these
parameters. Smith therefore obtained numerical solutions of the diffusion

- equation for downwind distences up to, 100 Km using wind-speed and diffu-
sivity values based on actual experience over a range of stability condi-
tions. Ref. (8) presents nomograns that enable us to calculute Uz(x)

given the time of day, cloud cover, vind-speed and metecrclogical roughness
length L Hosker (9) has produced parametrizations that are convenient

for use on a computer.

o_(x) = glx) F(zo. x) X (12)
bl b2, W
where glx) = a; x /(1+a,x"7) (13)
d d, -
and F(zo, x) = ln(c1 x 1)1+ (c2 x 2)]}“ z, > 10 cm (14)
dl d2
or F(zo. x) = ln(t':1 x “Y/(1 + e, X )} if z, €10 cm (15)

The parameters (al. b, and &, and bQ) depend cn the atmospheric
stability category as shown in Tsble (2). The parameters (cl. dl, c
and d2) depend on the meteorological roughness length as is shown in
Tahle (3).

The lateral standard deviation o, (x) is not yet available as part of
Smith's scheme; indeed the parametnzatlon of d (x) presents one of the
greatest uncertainties in the mplementatxon of a Pasquill type scheme.
It is thought that cy(x) is independent of Zq and Hosker uses the
parametrization,

T

cy(x) =c, x/{(1 + 0;000} x),;. (16)

vhere ¢y depends on the weather category as is shown in Table (L).
There remains the problem that oy(x) is a function of averaging time
or the duration of the release. (10, 1l1).



In TIRION 2.‘this effect can only be handled by epplying one of the
tvo folloving categories of release:

A. A 'short' release for vhich Equations (11) - (1G) are
appropriate. The periods usually recommended in the literature
for the use of these Fquations vary from ten minutes to about

an hour.

B. A 'prolonged' release of a few howrs or a day or so. We assume th

that the effluent spreads uniformly into a sector of 92, so that

x(x.y,2) = % b x ta.n(g 72)o_(x) & .{“p[ e h)almi(x)
S z
vexp - (z+m%20° (x) ]} (17)

In the UKAEA it is conventional to take 93 = 30°, (12). The user of
TIRION 2 must decide for himself which model is appropriate for the

case being run.
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TABLE 2
The parameters to be used in E ion (13)
e
A 0112 | 1.000 | 5+38 x 10°* | 0-815
B 0-130 | 095 | 6-52 x 10™* | 04750
c 0-112 | 0920 | 9.05 x 10°* | 0.718
D 0-08 | 0-889 | 1-35 x 10°3 | 0-688
E 00600 | 0+895 | 1496 x 1073 | 04684
F 0-0638 | 0-783 | 1-36 x 107> | 0-672
TABLE 13
The parameters to be used in E forg(1h) and (15)
yre ol IR IR IR P
1cm 1+56 0-048 6-25 x 10°% 045
4 cm 2-02 0:027 | 7-76 x 10°* | 0:37
10 cm e 0 0 0
40 cm 5.16 | - 0.098 18+6 - 00225
100 cm 737 | - 0:0957 | 429 x 10° | - 0-60
400 cm 1.7 | -0.128 | 459 x10* | - 0.78
TABLE L
‘he neter to be used E ion (16
I EE
c3 0:22 | 016 | 0¢11 | 0.08 | 0:06 | 0+04
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2.2 Inversion lids

As vas explained at the heginning of this section, the atmospheric

boundary layer has & 'lid’ on it, that is a boundary above which the rate
of turbulent diffusion is greatly reduced. Once a cloud of fission

products has been spread sufficiently to 'collide’ with this lid it rapidly
mixes uniformly throughout the layer.

In TIKION 2 the user can choose to set an upper limit to the magnitvde of
oz(x). As is done in the Rasmussen Report (€) the default values for the
inversion lids are .aken o be 1500 metres for A, B and C stability conditions
and 1700 metres for D, E and F stability conditions.

2.3 Time varying meteorology

TIRION 2 does not allow the possibility that the weather conditions may
change during & run. For example, the increasing insolation during the
morning ceuses the height of the mixing leyer to change and the weather
category to tend to greater instsbility (8). Another example is the case
of a low level overhead inversion at night. Effluent from a stack may

well be emitted above this level. It may travel many miles downwind with
relatively little diffusion (13). When the sun rises, however, the inver-
sion may be broken down from the grownd upward and relatively concentrated
pollutant brought to the ground at surprisingly large distances downwind,
TIRION 2 is not applicable in such a case. In the Rasmussen Report (€) the

veather conditions ares alloved to change every hour.

2.4 , Distance to which model is valid

The schemes for classifying turbulent diffusion discussed by Gifford

(14) are valid up to a distance of 10 Km or, at most, a few tens of
kilometres because there is a paucity of experimental evidence for down-
wind distances beyond a few kilometres. As previcusly discussed, the
scheme developed by F.B. Smith (8) and Hosker's parametrizations (9) are
based on solutions to the diffusion equations for downwind distances up to
100 Km, the experimental content being known values of wind speed and
diffusivity. The model is therefore valid to 100 Km and no further.
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2.5 The range of velocity of the wind

Table (5) belov is reproduced from Hosker's paper and shows the range
of velocities measured a fevw metres above the ground covered by each
stability class (9).

TABLE 5

Typical wind-speed ranges for the various
stability categories

Stability Wind speed range
category (metres/sec)

A 1 - 2.5

B 1.5- 5

c 2 - 6+

D 2 - 10+

E 2 =5

F 2 3

The numbers are uncertain because, as has alrealy been discussed,

wind speed varies with the height above the ground. If the wind-speed
exceeds 10 metres/sec category D applies (8). On the other hand, if the
wind-speed is much below that given as the lower limit for the particular

category in question, the model is not applicable (1L).



3. PLUME RISE

The models programmed into TIRION 2 are those of Briggs (15) end
Gifford (16). Plume rise cen occur for s variety of reasons. Those

relevant to nuclear safety calculations are as follows:

A. VNomentum:- effluent emerging frcz a stack or through an
orifice in & broker containment may have appreciable upward

momentum. It is convenient to define a zomentua parsmeter

38

T 2
F = (—=—)w r
[ ] ('!'s 0 o0

3

wvhere is the ambient temperature,

(3]

is the temp=rature of the emerging effluent,
v, is its upward velocity and

Ty is the stack radius,

B.  Buoyancy:- a plume emerging from an environment in which
there is, to take one example, a molten core, could be
very hot. As g result there vill be substantial upvard
forces acting upon it. We define a bucyancy perameter

F = g QHI (IDCps)
vhere g is the acceleration due to gravity,
QH is the rate of emission of heat,
p

is the density of air and

C_ is the specific heat of air at constant pressure.
C. Radioactive decay:~ as a cloud cf fission products moves

downvind it i3 continually being hested by y-, o~ snd 8-rays.
We define a radioactive buoyancy parameter

F = sQ”/(prpT)

where (** is the rate of heat emission to the plume from
fission product activity.
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The solutiom 20 the plume rise 1ifferential equations givea ty
Gifford is (for Pasquill stebility categeries A-D)

2

3 =
gsz‘a—k.f—s—ia};OF 013 (18)
£~ 3- T 2

vhere € is the entreinaent consian!, the reiius cof the pluce teing €2
and L is the guantity r /¢ , 3 effictive initiel height.
The height of plume rise is given Yy 2z - =

L3

For categories t and ¥ th> sclutiza prograweed imto TIRICX 2 is

1
sdey !
s = —ad— | 11 - sin SEDY o F (1 - cos(elt)
fely [ L8N
3F, TR
+ ~=—— gin(R%t) + 2 cosi%it). (19)
8%¢’g .

8 is the potentisi temperature gradient 1¢/d= m:ltiplied by (g/T).
For Pasquiil Class E conditions it is taken to te 5.5 x 10-3 vhile
for Class F comditioms it is 1.2 x 1073 sec-2 ().

In practice, the threes bLuoyancy parameters are calculated at each grid
point end Equstion (18) or Equation (19) is used to calculate the height
of rise from that poiant to th+ next. The height of emisgion is then

replaced by h,(x), the *o°nl heigh® of the plume 8t %he point ir question.

Plume ris~ is terminatel at whichever is the lowvest of the heights

given by the falloving:

{a) 37 “he upper edge cf the plume touches the inversiom 1lid;
(h) if th~ tucymncy parameter lecays %0 zero;
(¢} In the fas= cf » momentunm Jomineted plume, if the upward

velocity falls +2 zerc.

These are all regarlel nc tempornry cxpedients to bhe replaced in a
forthcoming revised version of TIRIGN 2,
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L, IRPUT ARD QUTPUT OPTIONS

TIRION 2 is primarily designed to be a risk assessment computer code,
but it has the input end output provisions to calculate doses and
health consequences of an arbitrary weather situation. Some parameters
are given default values. The user has, however, always the possibility

to entre his own data.

L1 Isotope datm

TIRION 2 contains no data library. All isotope date (amounts, branching
ratios, halflife, beta- and gamma data end depesition velocities) must
be given as input. Radioactive decay is accounted for during a holdup
time prior to release, and during a prolonged release as well as in all

subsequent time intervals.

L2 Roughness length and wind-speed groups

The dispersion parameter g, may be calculated for 6 roughness lengths:
1, 4, 10, 40, 100 and 400 cm. 10 cm is the default value.

It is up to the user of TIRION 2 to select the number of wind-speed
groups for each weather category and also to determine the wind-speed

representative for each group.

L,3 Gamma energy groups

TIRION 2 use 8 energy groups. The ranges are given in table 1. The
present version of TIRION 2 uses the upper limit of the energy band

es the representative energy for each band,
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from Radiocactive Materijial
Released to the Atmosphere

by

Christina Gyllander and Olle Karlberg



- 240 -
TEKNISK PM TPM-SM-61
D6200

AB ATOMENERGI SWEDEN 1977-08-01

DOSE MODEL DESCRIPTION - PARAMETER LIST
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SUMMARY

To be able to compare results obtained by our models for
computation of atmospheric dispersion and dose with data
obtained by other models, details are specified in this

paper concerning the present state of the models and set

of data used in the computations:

Dose models

Daughter products

Inversion layer

Diffusion in the distance interval 30 - 100 km
Dispersion parameters

Dry deposition

Wash-out coefficients

Dose conversion factors

W 0 NV W N -

Shielding effect - body

p—
(=]

Shielding effects = buildings

—
p—

Camma energy groups

—
N

Dose build-up factor

p—
w

Plume rise model
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AKTIEBOLAGET ATOMENERGI TPM-SM-61
1977-08-01
1 Dose models

External gamma dose from cloud is calculated with numerical
integration of the activity distribution in the air. Effects
of build-up and attenuation are included here.

- = l(u r) exp(-u. r) x' dx dy dz g2,
! ! 2 .l'H!V'CiJ
4nr

'
D. =K
h] [+}

O\wl

for energy j, where
l(qu) = build-up factor

attenuauon coefficient [m ]

¥, =

J

L = 6.91107" [(rad/s)/(MeV-Ci/a)]

v e e [0.5 0P e ihe D] )
y z

These calculations are initially made for totally 14400
combinations of parameters listed below.

24 weather types (9 stable and neutral,
14 unstable,
1 with inversion layer)
3 heights
10 downwind distances
5 cross wind distances
4 energys.

An alternative dose table calculation is made for six
Pasquill-classes, where the concentration is calculated
with different formulas of c and ¢ (see section for
dispersion parameter). y

The actual dose is then calculated by interpolation in

these tables with actual height, distance, energy and

wind speed. The effect of activity decrease due to transport
time in the air, deposttxon on ground plume rise and other
effects are accounted for in this part of calculation.

D 'Z Z Q 1 u(h) exp (- m) « 8(x) ° Dj [rad/s]

qQ. = release of nuclide i [Ci/l]

u;“ = energy absorbtion coefficient for energy j [In ]
Eij = energy per disintegration of energy j [MeV/dis]

u(h) = wind speed at height h [m/s]
2

h(x
. exp (-0.5 ¢ ) dx
s(x).c _3/_2:‘7 azx —Qi
xp u 15 oz(x) g u
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g(x) = correction for dry deposition and rain-out

h(x) = height at distance x [m]

vy " deposition coefficient Dn/s]

] = rain-out ccefficient [s 'l

The above formulas are not to be considered as complete or

logical stringent, they just show the principal of calcula-
tion.

At this part the program also calculates doses due to
inhalation of activity and doses from activity deposed on
ground which are added to the external dose.

External gamma-dose from activity on ground is calculated
in the following way

t
2
D =1z Eij . 1j - f W, (x,y,t) dt [rad]
ij t)
wvhere
1 - .K_‘l . uen! B(ujr) . exv(-ujr)
] 2 i - dr
W. = concentration of nuclide i at time t [Ci/mZ]

1

t;»t, = start and stop time for integration {s]

When calculating W., contributions from both dry and wet
deposition are considered.

Internal dose is calculated as

D =L X - g(x) - c, {rad/s]

1
where
Ci = dose conversion factor {rad m3/Ci s)
xi = concentration of nuclide i [Ci/m3]
Some_ipput_options
- Possibilities to calculate dose in single point

or in a polar point grid (population dose summation)

- Plume rise or no plume rise
- Dry deposition or not; rain-out or not
- Different dose types

- Statistical calculations of doses.
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Main input data

- Weather data, stability, wind speed profile,
existing of inversion layer (100 m), season
variations

- Height of release

- Isotopes and corresponding activity release
(Isotope propertys are in a program library)

- Daughter nuclides
- Release time and time in reactor (activity decay)
- Geometrical data concerning grid etc.

- Plume rise properties (initial heating).

2 Daughter products

Daughter products for the nuclides used in our computations
are listed below.

Mother Daugther
Te 132 I 132
Kr 85m Kr 85
I 133 Xe 133
Xe 135m Xe 135
Kr 88 Rb 88
Kr 89 Rb 89
Xe 138 Cs 138
Sr 91 Y 91
Zr 25 Nb 95
Mo 99 Tc  99m
Ru 105 Rh 105
Ba 140 La 140
Ce 143 Pr 143
Nd 147 Pm 147
Np 239 Pu 239

The build-up of daughter-products during transport in air is
taken into account. In the case of ground-dose, contributions
from daughter-products generated in the air and generated on
the ground are included.
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3 Inversion laver

The temperature gradient between 90 m and 30 m above the
ground is used to determine if there is inversion or not.
The actual height to the inversion is not calculated.
Hence there is no grouping of height of inversion in rela-
tion to stability groups.

Fumigation formula is used when the temperature has a minimum
on 90 m, and the mixing height is then always set to 100 m.
Total mixing is assumed to occur at different distances from
the release point according to height of release.

4 Diffusion in the distance interval 30 - 100 km

Diffusion in the close-in zone, 0.5 - 20 km, is computed
by a statistical model based on Gaussian distribution.
Concentration or dose is determined by extrapolation out
to 50 altermatively 100 km.

5 Dispersion parameters

oy(x.s) - KI- Fx- YI-’ / exp(~ax) + ax - 1

a = 0.008
(4
v, 7
l(1 (F) ~ " 130.815
. _{ 1 < 2400
* L x/2600°%7 x5 5400
y =4 1/(1+0.02 /) s 20
F .
1.35 s
oz(x,H,H,S) - (1-!1)'8t + M S2
M= }0 8>0 or 8<0 and Jan or Dec.
0.25 (month-1) 8 <0, Feb-Nov,

(Month 6 is classified as month 5, month 13-i is

classified as month i, i = 1, 6)
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S, =K

1 1
& /2
A

K = ﬁ;)

+.2p Vexp(-AX) + Ax - 1

2, - 1/(1 + 5+ A) s >0
1 S <0

52 - %-/gfexp(-zx) + Ex - 1)
E =4- 1608

G H < 50
D = 14

1 1.5 u
G + —-——0111‘— H>50
(55 - W3¢ 16’]

u

G = (-J)+o.03(1-‘1'—6
are continous function of S, u, x, M and H.

When using Pasquill classes we have used the formula given
by Martin and Tikvart (1968).

6

Dry depcsition - deposition velocities

3

12, Ru

Data, used:

Methyliodine 1-10" m

] Beattic and Bryant:
AHSP(S)R 135
AE experiments, I

2
AHSP(S)R 135

s AHSP(S)R 135
AE experiments

These deposition velocities are applied to conditions at
a distance of 1 km or more from release point.

No differentiastion is made for partical size, or type of

area.

Deposition over snow

3.10 7

s-l Dickerson
Crawford:
TID-4500, UC-35

and
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7 Wet deposition - washout coefficients
. -5 =1
Frontal rainfall 3°10 " s
Shower " 1-107% 7}
Snow 1.107% 47}
Value used in trajectory model -5 -1
for frontal precipitation 3-10
8 Dose conversion factors

Different conversion factors for inhaled activity has
been used, most freguently factors from WASH-1400.

9 Shielding effect - body
Screening factor 0.75
Conversion factor tissue/air 1.1

Shielding effect of body in

external gamma dose calcula-

tions is accounted for by the

factor 0.8

(UNSCEAR, vol 1, Levels)

10 Shielding effects - buildings
Outdoors 0.8
Indoors, wood 0.5

concrete, bricks 0.1

average value 0.2

Shielding factor, average population:
indoors 17 hours
outdoors 7 hours 0.35

Value used for the Urban Site Study 0.3
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11 Gamma energv groups

NR Energy [MeV]
10 0.09

b) 0.17

7 0.21

11 0.26

12 0.32

5 0.42

4 0.52

6 Q.96

2 1.08

8 1.27

13 1.85

1 2.35

9 2.98

Of these energies only No 10, 7, 2 and 9 are used in the
present version of the table-program.

The second program, which symmates the nuclides, does not
use fixed gamma energy groups. The nuclides are divided into
individual groups where the mid-point energy and the total
energy within the group are given. The dose values for the
mid-point energy is then obtained by interpolation.

Data is collected from ERDTMANN, G and SOYKA, W
Die y-linien der radionuklid. Band 1.
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Mid-point energys aml energys in group (MeV)

m‘idjv-cmrgy Total Total

T v =
o’ energy energy

I 125 ] 0.0287 ]0O.0217 -
L 131 JO.3%4 0.381 0.188
1132 |0.52) 0.1435 0.463
0.668 0.066
0.773 0.751
0.955 0.578
113} ]0.50 0.610 0.45
I1% ]0.59 0.37% 0.68
0.847 1.532
1.07) 0.425
1.807 0.254
I 135 |0.547 0.605 0.3
1.132 0.59%
1.45 1.130
Ker 3Jm | 0.01 0.0007¢ | G.0418

Kr 852 ] 0.170 0.1571 0.243
Kr 83 ] 0.514 0.0022 0.246
Kr 87 ]0.460 0.312 1.3
2.5%5 0.+63
Kr 88 | 0.200 0.103 0.39
0.835 0.179
1.530 0.230
2.300 1.3
Kr 89 [0.2¢5 0.109 1.3
0.580 0.315
0.966 0.272
1.556 0.617
2.770 0.7%
131xg 0.03% 0.02) 0.16
133m 0.0304 § 0.0189 0.19¢3

Xe
fa

0.2332 | 0.0326
Xe 133 10.G538 | 0.0447 0.13)
Xe 1354 0.4506 | 0.4258 0.106
Xe 135 10.2496 | 0.249) 0.306
Xe 137 | 0.4550 | 0.1302 1.66
Xe 138 | 0.3185 | 0.3001 0.
1.863 0.9000
Rb
b
x
Cs
Cs

1.0788 [ 0.09%%9 0.67

8

88 J0.9195 | 0.1426 1.956
2.9114 | 0.5164

89 [1.0%1 |1.63% 0.6
2.4%5 | 0.79%4

3% 10.6971 | 1.5989 0.162
136 [0.0%0 | 0.0381 0.128
0.2972 | 0.2121
0.949% | 1.9106
Cs 137 10.0329 } 0.002) 0.193
0.6616 | 0.5599
Cs 138 [0.4467 | 0.2110 1.09
0.9924 | 0.3380
1.6350 | 1.1141

2.3766 | 0.6124 ‘
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. v- Total Total
Nuclide energy | v- g-
Top energy energy
Te 127m{0.0286 | 0.0106 0.0903
Te 127 [0.3859 | 0.0049 0.224
Te 129n10.0286 0.0081 0.27
0.7105 | 0.0298
1.0933 | 0.0120
Te 129 |0.0278 | 0.0046 0.52
0.4390 | 0.0441
1.0187 | 0.0114
Te 1312§0.1060 | 0.0788 0.229
0.3427 | 0.1247
0.8101 } 0.9014
1.2717 | 0.4965
Te 131 |0.1284 | 0.1069 0.73
0.4560 § 0.1154
0.6377 | 0.0483
1.0701 | 0.1610
Te 132 }0.0323 | 0.0300 0.116
0.2234 | 0.1982
0.6678 | 0.0401
Sr 89 10.9091 { 0.000082) 0.42
Sr 90 1.0 0.0 0.197
Sr9l 0.5349 | 0,3583 0.63
0.7417 | 0.2860
1.0546 | 0.3805
Y 90m }0.1881 | 0.1967 0.054
0.4897 | 0.4425
Y 90 1.7607 | 0.00035 | 0.942
Y 91m | 0.5402 | 0.5305 0.028
Y 91 1.2049 | 0.0036 0.604
Mo 99 10.0209 | 0.0027 0.407
© 10.2141 | 0.0156
0.7505 | 0.1355
Tc 99m [0.1315 } 0.1207 0.0164
Zr 95 |0.7415 | 0.7246 0.1.
Zr 97 ]0.1821 § 0.0058 0.72
0.4854 | 0.0498
0.7435 ] 0.7178
1.3002 ] 0.1162
Nb 95 |0.7649 | 0.7582 0.0434
Ru 103 |0.4986 | 0.4878 0.061
Ru 105 |0.0516 | 0.0104 0.42
0.1549 | 0.0091
0.2978 | 0.0560
0.4570 | 0.1394
0.7329 | 0.5109
Ru 106 }1.0 0.0 0.0119
Rh 105 {0.3122 | 0,0807 0.173
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NuclidJ Ao Total ;Total
energy | v~ . B=
Top energy energy
sb 127 | 0.2548 | 0.03485 [0.40
0.4835 | 0.2020
0.6917 | 0.2805
0.8017 | 0.1505
sb 129 ] 0.2362 |o0.0151 [o0.42
0.5256 | 0.1650
0.8392 | 0.7740
1.0318 | 0.1479
1.3079 | 0.0848
1.7675 | 0.1861
La 140 0.3146 | 0.0887 |0.607
0.4872 | 0.2248
0.8231 | 0.2979
1.5876 |1.7178
Ba 140] 0.0290 | 0.0048 | 0.29
0.1621 | 0.0108
0.3720 | 0.0365
0.5419 | 0.1423
Ce 141 0.0368 | 0.0061 {0.175
0.1455 | 0.0717
Ce 143] 0,0396 [ 0.0322 {0.43
0.292 | 0.1526
0.6753 | 0.0928
ce 144] 0.0465 | 0.0057 |0.098
0.1335 | 0.0144
Pr 143] 1.0 0.0 0.313
Nd 147] 0.0396 | 0.0171 |o0.278
0.0887 | 0.0264
0.4841 | 0.1008
Pm 147) ¢ 1212 | 0.000005 | 0.062
Pm 144* €.0406 | 0.0064 |0.16
5.3290 | 0.1589
0.5506 | 0.5837
7.6535 | 0.8169
0.9651 | 0.3812
Pw 148] 0.5502 | 0.15641 |o0.706
0.9120 | 0.1368
1.4651 | 0.3223
Pm 149] 0.2868 | 0.9088 0366
0.5870 | 0.0726
0.8498 | 0.1683
pu 238] 0.0210 | 0.00273 |s.s
0.1141 | 0.000012
fu 239] 0.2007 | 0.000002% 5.157
0.3887 | 0.000023¢
0.0158 | 0.000126
0.0517 | 0.000012 |
0.1006 | 0,000024 -
0.1331 | 0.000008
Pu 240 0.0782 | 0.000016  5.168
Pu 241] 0,1019 | 0.000005 | 0.0053
¥p 239 0.1060 |0.0622 |0.304
0.2592 | 0.0742 i
I
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Nuclidel ¥~ Total Total
energy | v~ 8-
Top energy energy
Cm 242 | 0.0591 | 0.000027 ]6.11
Ca 244 | 0.1167 | 0.000013 |5.81
U 235 |0.0985 | 0.00671 }4.410
0.1805 | 0.1374
U 238 | 0.0480 | 0.000036 14.195
U 239 | 0.0736 | 0.0484 0.424
0.6408 | 0.0030
0.7455 | 0.0017
0.8363 | 0.0053
0.9733 | 0.0023
Am 2411 0.0588 | 0.0224 5.510
0.1250 | 0.000013
0.2088 | 0.000005
0.3449 | G.0000101
0.6482 | 0.0000141
Ar 41 | 1.2938 | 1.2841
Zn 65 | 0.0082 | 0.0029
- 1.0801 | 0.5714
Co 58a} 0.0070 | 0.1547
Co 58 | 0.5110 | 0.1533
0.8155 | 0.8209
Co 60m| 0.0617 | 0.0617
Co 60 |1.1732 | 1.1719
1.3325 | 1.3325




12 Dose build-up factor B(ur)

g:ergy B(0) B(1) | B(2) { B(3) | B(&) | B(S) B(6)| B(7) B(8) 8(9) B(10) | B(11) | B(12) | B(13) |B(l4)
1 1,00 1.76 | 2.65 | 3.61 | 4.57 | 5.63 6.70 7.76 8.91 10,10 11,21 12,6} 13,7} 14,9 | 16.2
2 1.00 | 2.06 | 3.53 ] S5.44 ! 7.35 | 9.87 | 12.40] 14.90 18.10 21.30 24.4] 28,3 32,31 36.2 ] 40.2
3 1.00] 3.54 | 8.61 [19.00 [29.3r |51.90 | 74.50]| 97.20 141.30 | 185.40 | 229.6 | 318.3 | 407.0] 495.6 |584.3
4 1.00 | 2.42 | 4.75 ] 8.48 ]12.20 |18,20 | 24.20] 30.20 39.20 48.10 $7.1{ 70.51 83.9] 97.3 1111.0
5 1.00 | 2.56| S5.25 | 9.80 |14.50 122.40 | 30.50] 38.50 $1.40 64,20 77.11 97.71118,3] 138.9 |[159.5
6 1,00 2.10| 3,67 | S5.75 | 7.84 [10.70 | 13.50] 16.30 19.90 23.50 27.2) 31.8] 3.4} 41,0 45.6
7 1.00 | 3.23| 7.58 | 16.20 | 24.90 143.60 | 62.30;f 80.90 116.60 | 152.30 | 188,0] 258.0 ) 328.0J398.0 ]468.0
8 1.00] 1.99 ] 3.32] 4.99 ] 6.65 | 8.77 | 10.88] 13.00 15.60 18.20 20.8) 23.9] 27.0] 30.2 33.3
9 1.00 | 1.69] 2.45] 3.25 | 4.04 | 4.88 5.72 6.56 7.44 8,32 9.2] 10.1) 11.0] 12,0 12.9
10 1.00 | 4.64 | 11.70 [ 25.10 | 38.40 {65.40 | 92.40} 120.00 169.00 | 219.00 | 269,01 363.0] 458,0]553.0 |]648.0
11 .00 3.02| 6.82[14.10 [ 21.40 [36.30 | 51.20{ 66.20 93.50 { 121.00 | 148.0| 199.0] 249.0]300.0 }351.0
12 1,00 2.8 6.05]12.00)17.90 |29.10 | 40.30| 51.60 70.80 90.00 | 109,0} 142.0] 175.0]207.0 | 2490.0
13 1.00] 1.84] 2.87] 4.03| 5.20| 6.53 7.86 9.20 10.70 12.20 13,71 15.4} 17,1} 18,7 20.4

Of these groups only No 10, 7, 2

R G et al, Engineering compendium on radiation shielding, Volume 1.

) and 9 are used in the present version of program,
Build-up factors for ur > 14 are not shown here. Data are collected from JAEGER,

10-80-L {61
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13 Plume rise model

The computation method is based on models by Briggs and
Gifford, modified for use in neutral and unstable condi-
tions. Effects by heat release — direct to the atmosphere
or by activity decay in the plume - can be taken into con-
sideration.

The wind variation with height is incorporated in the plume
rise calculations.

The following limitations are used:

Plume rise by nuclear effects: t = 3600 s
max

Plume rise by thermal effects, in
neutral and unstable conditions tnax = 500/u s

Plume rise effects are not correlated to dry deposition;
the program operates with both processes in an independent
vay. The formulae below have been used for plume rise
calculations.

8 <90

1
hix) = h_ + (——3—-—) 3 [F‘ (sinh

¢ u(h)
el - o -/l - e} +F - /T8l -
1
{cosh (/]-BT s t) - 1]]3 . [m]
/|8]
g =20
X >
k) JIF* - ¢
h(x) = h + [ +
Weae fl -
1
2-
F;t ]3 [m]
B>0
1
ho = hy o (2 7 07 -
t" u(h)
t -sin (/8- ¢t)l+F -8B -
1
[m]

- cos (/8 - t)]]3 L
g
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where

Q#
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height of plume center

release height

g 38 stability parameter

T dz

£+l
Jz /100 = potential temp

grad
9.81 = gravity const

absolute temperature

0.53 = entrainment constant

wind speed at height h

x/u(ho) = transport time

g Q
n cC T
° P

—8Q*
nop Cp T

1.293 = density of air

3

1.0 10 ° = heat constant

for air

initial heat

1
¢, il (2 Erij * Eeij)

i ]

3.7 - 100

1.602 - 10713

index for nuclides

index for energy

[m]

[1/kg -
(W]
[(w/s]

dis,ci)

S

[Ws/MeV]
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As seen from the above definitions, only half of the
gammaenergy is assumed to be absorbed within the plume.

The non-linear implicit (u = f(h)) equations are solved
by Newton-Raphson's method for actual weather and
release conditions.

The cosine-term in the equation for B > 0 is set equal

to zero for VB t > %.

AG
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APPENDIX 4
Description of the Danish
Model for Calculating Doses
from Radiocactive Material
Released to the Atmosphere

by

S¢ren Thykier-Nielsen
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1. DISPERSION MODEL

The Gaussian model is used as basis (1, 2 and 4]. Accor-
ding to this model, a Gaussian distribution is assumed for the
material concentration in the plane perpendicular to the wind
direction. If it is further assumed that the ground surface has
total reflection, the diffusion formula will be in a rectangular
co-ordinate system with the origin in the source point (point
of release) and the x—-axis in the wind direction:

{1) X(x,y,2,8,u) = Q(x,t) *Sg(x,y,z.,s,u) (1)
vhere

(2) Sgix,y,z,8,u) s S ITIY) (x}l) o (x,8)
Y z

2 2

2
- Y - z - {z+2-H)
2°0y(x,l) [ 2-02(3,3)! 2-oz(x,s) ]
e

e + e

where
X(x,y,2,8,u) = concentration [Ci/n3]
Sg(x,y,z,8,u) = relative concentration [s/nsl

(x,¥,2) = co-~ordinates of the detector point [m]
s = atmospheric stability category
u = wind speed [m/s]
oy(x.s) = horizontal dispersion parameter [m)
0, (x,8) = vertical dispersion parameter (m]
Q(x,t) = effective source term ([Ci/s]
at time t
H = gffective stack height [m]

In eg. 2 it is assumed that the diffusion in the x-direction
can be ignored. This assumption applies when the release takes
place over a period of time that is equal to or greater than the
transport time (5) from the source to the detector point in
question [2 and 4).
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Equation 2 cannot be used in cases where dispersion con-
ditions are peceptibly influenced by a mixing layer that sets
an upper limit to the atmospheric layer in which the released
material is dispersed and in which there occurs turbulent
diffusion. The existence of such a mixing layer will imply that
the vertical distribution of material will change from a
Gaussian to a homogeneous distribution with increasing distance
from the source. As the mixing layer is supposed to be totally
reflecting, the relative concentration distribution can be
calculated, according to Turner (6], as follows:

The distribution of material below the mixing layer is
influenced first from the distance Xy where the concentration
at the lower limit of the mixing layer is equal to one-tenth of
the concentration in the plume centreline. From the distance Xp
there is a gradual transition between a Gaussian and a homo-
geneous distribution in the vertical plane. The material distri-
bution can, for X, < X, be calculated by "folding” the actual
source, both in relation to the ground surface and to lower limit
of the mixing layer. In other words, there is a superposition
of a number of imaginary sources (in principle infinitely many]}
that are identical to the actual source but lying at different
distances under the ground surface, or above the lower limit
of the mixing layer, respectively.

From a certain distance Xe (xL < xc). the vertical material
distribution may be considered as homogeneous with good

approximation.

Xp is calculate. trom
o (x) = —=B— = 0.466: (L-H) [meter ]
z
-ln

where

L = the mixing height (the height of the atmospheric layer
in which the released material is dispersed) [meter]

H = effective stack height [meter]

xC is calculated from

cz(xc) =0, -V~% L = 0,798-L
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Thus there are the following expressions for the relative con-
centration:

a. 0 <« x <« xp

2
exp( - _1_1.)
2+0_(x,8)
(2) sg(X,y,z,S,U) = ’ .

2-n-oy(x,s).oz(x,s)-u

[exp -(2 o (x " ) + exp(- (z+2-H)2 )]

2-az(x,s)

b. x, < x < x

pJ
o (- —£—)
2-0_(x,s)
(3) Sgq, (x,y,2,8,u) = X .

2-u-oy(x,s)~oz(x,s)-u

' 2 2
Z (z+2-H)
( 2.0_(x,8)? 2.0, (x,8)2

2
. (2:4°L=2-H-2 2:4-L-2
1.1 exp( o(x,s ) )éexp( o X,s ) )

corp (-1 -(252)) + g (- 3 (a2 ) )

. <
c xc_x

exp( -o (x,s) )

(1) Sgaz(x,y,z,s,u) = e
“'°y(x")'°zL'“

The equations under b and ¢ only apply to -H < z < H.

1.2._Mean_concentrations

The mean concentration, Sgm(x,z,8,u,a), for a (narrow) sector
is at a given dis-ance, x, from the release point [4]:
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g (x,s)

(5) Sgm(x,z,s,u,a) .v % * 2-Xx*tgla) )

[erf (_x_°_t_g_(_ol_) - erf (- M—)J.Sg(x,o,z,s'u)
ﬁ-ay(x.s) /I-ay(x,s)

where

t 2 -v2
erf(t) = [ = .e dv | the error function

a = the half sector angle for the sector in question
2+x*tga = the sector width.

With good approximation, eq. (5) can be used for sectors
with an angle of 30° or less.

Another, and from a meteorological point of view prin-
cipally different way of calculating the mean concentration

in a given sector is to use the crosswind-integrated concen-
tration:

4o
g, (x,z,8,u) = | Sqlx,y,z,s,u) dy

= /77°oy(x,s)'Sg(x,o,z,s,u)

The mean concentration, Sqmt(x,z,s,u,a) at a given

distance, x, will then be for a sector of width 2-a degrees:

/i-w'q!}x,l)
(6) sgm, (x,z,8,u,0) =

m *Sg(x,0,2,8,u)

m od°Mex

90-0 (x,8)
* \[% ’ —a’x—"' Sg(x,0,2,8,u)

It can be shown that
Sgm(x,z,8,u,a) < ngt(x,z,s,u,a) for all a > 0.

For given x-values, the difference between Sgm and Sgm,

will be less the smaller oy is in relation to the half sector-width,
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i.e.,

°x“") .0 = gg!(x,z,s.u,c) -1
X’tqﬂ wt X,S,C,U.G

1.3. Effective stack_height

When the release point is in the open country, the height
at which the dispersion of the released material starts is
generally greater than the actual height of the release point
above ground. The difference is mainly due to turbulence around
the point from which the material is released and to the speed
at which the materjial travels upwards. Further, the temperature
of the released material is of significance, because the plume
(or cloud) will rise to a height that depends partly on the
relationship between the emission of heat and the heat received
from the surrounding air, and partly on atmospheric stability
and wind speed. If the plume (or cloud) contains radioactive
material, then heat will be continuously produced in the plume
(cloud). This "self-heating” can in certain cases become so
large that the plume continues to rise for a wvery long period
of time, with the result that the effective stack heignt in-
creases at the same time as the plume (cloud) moves in the
direction of the wind. In the dispersion equations mentioned
here, the effective stack height H (a constant) must be replaced
by the function H(x), which is a function of the distance in the
wind direction, x. The problem is dealt with in greater detail in
[12) and [3].

1.4. The_effective_source_term

The effective source term, Q(x,t), is equal to the release
rate corrected for changes taking place in the distance between
source point and detector point (as a result of fallout, radio-
active decay, etc).

If a radioactive isotope is released with a constant speed
¢ [Ci/s], then the effective source term will be:

-) e

(1 Q(x,t) = ce Y [ci/sek] for te, + X

X
u it "z * u

- x
0 for t «< t£1 *3 \'4 tfz *s t



po.
(52
+

wvhere

tf. = the time at which the release starced
tfz = the time at which the release stoprped
3 = the decay constant

The decay of the released isotopes during trar ; 't 15 the
wind direction away from the place of reivase txiii.  -:.
creation of daughter products. Considerina a :r* -er- - comee an
isotope, the mother product, and its radioactive «ca.: '+ 1 duce

are both released from the source with the constant peeas
‘e [Ci/s], respectively. ta {Ci,ss], the etfe-tive « ir-. torms
will then be:

for the mother product:

- X

Qpix,t) = ¢ e PV [ ci/sex]

for the daughter product

- \ x x
"y, pla 2pu . rauy .
Qzix,t) = ¢, @ . -:L_;-— . (e - e ) Ci/sek !
d p

wvhere

)p = the decay constant for the mother proxiu-* is .

lg = the decay constant for the daughter product (= *)

Note that tq May perhaps be equal to N fi.. +  eraratae

release of the daughter product}.
In calculating doses, the concept time=-inte - -
term is used:

I(x,tel,tez) ] Qix,1) dr
t:e1


http://raoioact.iv�
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For a release with constant speed, such as described above,
one finds:

(8) I(x.tel. tez) =

. x Xy
(min (tel, tf2 + G) - max (tel, tfl + G)) Q(x,t)

A

< X X
for tel--tf2 + S Atfl + 3 tez, og

= 0 for tf, + <te1\/te2 < tf

cix

x
4+ =
1 u

1.3, _Deposition

Some of the material in the plume may deposit on the
ground during transport in the wind direction. The mechanism
of deposition is rather complicated, and here are only given
the methods for calculating dry deposition and washout that are
connected with the Gaussian model. Reference should otherwise
be made to [6, 7 and 1].

When considering dry deposition, the so-called velocity

of deposition, vg, is used. This is defined as:

v = deposited material per unit area of ground
g time integrated plume concentration at ground level

The amount of material that per time unit is deposited per area
unit of the ground surface, is calculated as:

(9) WD(XIYISIU) =Vg ‘ X'(err"Hlstu) [Ci/NZ/S]
where

Vg * velocity of deposition [m/s]

X'(XIYI-HIslu) = QD(xltls) i Sg(X:Y:'H:SAJ)
material concentration at ground level
[Ci/m3] corrected for deposition
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QD (x,t,s) = effective source term corrected for
deposition [Ci/s]).

Assuming that deposition takes place along the whole distance
from source point to detector point, QD(x.t.s) is calculated as

x I
v exp{- '[? J
(10) Q,(x,t,s) = Q_-exp [-x-% - ] -4 \l_;{ . 2 172) | gx

u cz(x,s)
o

where Q is the effective source term at the point of release.
Wash-out is described by the so-called wash-out coefficient, 1
defined as:

gl

- fraction of total amount of activity washed out
g duration of precipitation

the relative change of the amount of activity per
time unit.

The amount of material that is deposited per area unit of
the ground surface per time unit is calculated as

QN(x,t s)-1

(11) Wy(x,y,8,u) = e uo (x.s

© exp [Ci/m /sek]
2- o (x,s)

where
-l
lq = the wash-out coefficient [s ]

X
(1g + 1)

Og(x,t,8) = Q. (t) * e u [Ci/s]

= effective source term corrected for wash-out
Q, (t) = effective source term [Ci/s] at the point of
release.

When dealing with mean concentrations at given distances
(see section 1.2), the factor

2
exp | < ’ in formula 11
2'OY(X:I)



- 166 -
is replaced either by
(x,8)
" g ’ x-tg(a) x-tg(a)
7 " Tx*tgla) = [erf[ 72-oyix,35] -erf [- 7§-oyix,si]]

or by

90 - o_(x,s)
", ¥
v 2 a*X

The material concentration in the plume, corrected for
wash-out will be:

XN(le'zislu) = QN(x,trs) * Sg{x,y,z,s8,u)

During precipitation, dry and wet deposition (wash-out)
can occur simultaneously. Assuming that the two deposition
mechanisms influence the material in the cloud (or plume)
independently of each other, the source term QDN(x,t,s) corrected
for deposition can be calculated as:

H,2
v exp(-%-(z-)")
. -exp|- X 2z
(12) Qpy(x,t,8) = Q,(t) exp[ (k+19) u 1?1[:. oz(x.s% dx
o

The amount of material that per time unit is deposited per area
unit of the ground surface will be:

(13) WDN‘B'Y'S"I) - Vg'QDN(x'tl') 'sg‘err - H,8,u)
(x,t,8) 1 2

- ——X | [ci/m?/sex
+ 777§-u'oylx,s)' exp[ Zooy(x,s) ] [c1/m7/0e ]

Both for dry deposition and for wash-out it applies that,
provided the deposited amount of material is not removed from
the location where it is deposited in any other way than by
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radioactive decay, the total deposited amount at a given time,
t, will be:

t
(14) W(x,y,s,u,t,td,,td,) = wix,y,s,u)dt
1 2
td
1
=0 fort - td1
= wix,y,s,u) - % . [1-e-)'(t-tdl)] for td1 <t s td,

w(X.Y.S.U) °

bt Ll

. [l_e-x-(tdz-tdl)]_e-l-(t-tdz) for td,<t

where
td1 = time at which deposition started
td2 time at which deposition stopped.

It is assumed that the dispersion corditions and deposition para-
meters (vg and lg) do not change in the period of time in
question.

Should there be a mixing layer above the release area,
this will influence the dispersion conditions ana thus possibly
also the deposition. Formulas (9) to (14) will thus not
necessarily apply in such a case.

_Deposition_of daughter_ products

Consider the situation mentioned in section 1.4, where
an isotope - the mother product -~ and its radioactive daughter
product are both released from the source with the constant
rates €o [ci/s] and €4 [Ci/s], respectively. When calculating
the source term for the daughter product corrected for
deposition, as well as the amount of the daughter product
deposited on the ground, one must take into account whether the
mother product is deposited on the ground or not.

The source term of the daughter product corrected for
deposition will be:

a. Without deposition of the mother product:
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(15! o;(x,s) = td-exp(-xd-ﬁ)-g(x.s) +

€_ -2
;;E;;%; . (exp(-*,ﬁ) - exp(-xd-ﬁ)-g(g,s))

b. With deposition of the mother product

C’l
(16) Q;(x,s) = (¢ €4 exp(-h —) + XE_—‘ ( exp(-2x --)-exp(-l -—))) g(x,s)

where

oz(x,sff dx

H 2
x exp (-§° (—T_T) )
=1 = +I ;ﬂ v—— Og X8 .g for dry deposition
o

19 for wet deposition

H 2
W x :g > exp (-} (m) ) '
= 19 X ’ wl k1 5, 1x,8) dx for simultaneous
o ary and wet deposition

_ H 2
_ x :g > exp (~% (m) .
= - . - X
gl(x,s) exp I 3 v = oz(x,s) for dry deposition
o

= exp(-lg y %) for wet deposition

H 2
x . (Y 7 TPy for simul-
expl- g @ + I = V7 dx|| taneous dry

ozh") ~nd wet de-
position

The other symbols as given earlier.

It is assumed that the same deposition parameters can be
used for both the mother product and the daughter product.

To facilitate the solution of the differential eguations
used in deriving the expression for the source term of the
daughter product in dry deposition, the function g(x,s) is
approximated by the expression exp(-lt- %). This approximation,
which is only used in calculating the amount of the daughter

product created by the decay of the mother product during
transport from the source to the point in question, results in
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a small over-estimation of both the source term Q;(x.s) and the
amount of daughter product deposited on the ground.

The amount of material deposited per area unit of the
ground per time unit is found by replacing QD. QN or QDN in .
formulas (9), (11) and (13) by the relevant expression for Qg

The total amount deposited of the daughter product at a
given location is, at a given time, t:

t
(17) Wilx,y,s,u,t) = I walx,y,s,u)dt

tdl

If the mother product is not deposited, the expressions
for “d will be like those for W, i.e. the expressions given
under formula (14). The following expressions therefore only
apply to those cases where both mother and daughter product
are deposited:

(18) Wd(x,y,s,u,t,tdl,tdz) =0 for t < td1

» 1 .
= wd(x,y,s,u)- x;(l—exp(-xd (t-tdl))

©

+ W (X,¥,8,0) (= + y2— - (exp(-A - (t-td,))
P adp

: <
exP(‘Xp (t'tdl)))) : for t.d1 <t tdz

]
'U>1 O-,

= . 1 - - ] - . ]
wd(x.y.s.u) T; (l=exp( Xd (td2 tdl)) exp(-xd (t-tdz))
A

. 1 ) d L - - ) 3 - . L] -
+ wp(x.y,s.u) X;:T; (X; (l-exp ( Ap (td2 tdl))) exp@)p (t tdz))
-(l-cxp(-kd'(tdz-tdl)))'exP(-Xd'(t-tdz)))' for td2 <t

The index 4 indicates the daughter product and index p the
mother product,
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2. CALCULATION OF DOSES

2.1. Inhalation_doses

A person located at a given time at a given point,
P(x,y,z), will inhale radioactive material at a rate that is
equal to the product of the breathing rate and the concentration
of the radioactive material at this point.

The resulting dose (in rem) to a given organ (lungs,
thyroid gland, etc.) is calculated as:

n

iso
(19) Dy(x,y,z,s,u) = B°S(x,y,z,s,u) " ) dk'i(d)'li(x,tel,tez)
i=1
where
B = breathing rate [m3/s]
S(s,y,z,s,u) = relative concentration [s/m3]
s = stability category
u = wind speed [m/s]
Gk i(d) = dose to organ k per inhaled unit of
. ’

radioactivity of isotope no. i,
integrated from the time at which the
plume passed point P until 4 days after
this time [rem/Ci]

Ii(x,tel,tez) = integrated source term [Ci]

tel = time when exposure started [s]

te, = time when exposure ceased [s]

Nso = total number of isotopes in the plume.

2.2._Exterpal_gamma_doses

The external gamna doses to a person at a given point
P(xd,yd,zd) is obtained by inteyrating the radiation contributions
from the individual elements of the plume. If the plume contains
neo isotopes, whose photon energies are distributed over ng
energy groups, the gamma dose (in rem) at point P is found to be:

Ne Piso
= K . L4 Y. Yl
(20) DG(xd'Yd’zd’s’u) =77 n Z Ek Ok E ' 4
. k=1 i=]

k,i °*




u'(tez-tfl)

nax(o,u'(tel-tfz))

where

-171 -

Il(x,tel.tez)

r © 2 2
] (exp (- —2 )+ exp(- —AZLHL_,,.
t’“ 2‘02(1.3) 2°cz(x.s)
[r+-h(uk'r)'e kT 2 vavla i
- r ox! 2'0y(x,s) ol b
2 = exg) 2 y-y p irtzmz? ()]
= stability category
tf, = time for start of release [s])
tf2 = time for end of release [s])
te, = time for start of exposure [s]
te, = time for end of exposure [s]
K = conversion factor, dose rate/(absorbed
energy per gram per Ci)
{ {rem/s)/ (MeV/g/Cil].
n = number of energy groups
EI = mean photon energy in k'th energy
group [MeVv])
oI=oI(E;) = energy absorption coefficient for air
in k'th energy group [mz/g]
fk,i = photon yield of isotope no. i in the
k'th energy group
M ® u(Ek) = linear attenuation coefficisqt for air,
in the k'th energy group [m "]
B(uk'r) =1 ¢+ KE‘Ek)'“k'r' the build-up factor
for the k'th energy group
Ii(x,tel,tez) = integrated source term for isotope

no. 1 [ci]

shielding factor for buildings etc,
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The creation of daughter products (see sec. l.4) and the
deposition (see sec. 1.5) may be accounted for in the integrated
source term.

The model for external gamma doses from a plume does not
take any possible mixing layer into consideration.

The integration over 3 dimensions is performed using Grauss-
Christoffel quadrature with weight points calculated by a method
described by Walter Gautichi.

2.2 _Exterpal gapma_doses from deposited radioactive materjal

The external gamma dose from radiocactive material de-
posited on the ground to a person located at a given point
is found by integrating the dose contributions from the indivig-
ual part-elements of the ground. In the calculation it is
assumed that the ground can be considered as an infinite, plane
source, where the radioactive material is deposited with a
constant density corresponding to the density on the ground
immediately under the point in question. The dose is calculated
in points that lie 1 m above the ground.

The dose will be:

e
(21) Dg(x,y,s,u) = 0.2304 *n *n B ) el-zx(u(s;)-l)-uen(s;)-
k=1
Riso tez
) S I W, (x,y,s,u,t,td,,td,)dt
i=]1 tel
where
Ds(s,y,s,n) = the external gamma dose 1 m above the
ground from the radiocactive material
deposited on the ground [rem)
uen(E;) = the linear energy absorption coefficient
for air for the photon energy B; (m™1)
u(B;) = the linear attenuation coefficient for
air for the photon energy E: (m™1)
k = energy group number (1 < k < 8)
i = {gotope number

Niso = pnumber of isotopes
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ng, = number of energy groups

El = mean photon energy for enerqgy group no.
K

fk,i = photon yield for isotope no. i in the
k'th energy group

.-

Ex(Tt) = 5-3 do
P

H(x,y,s.u.t,tdltdz) =
the concentration of isotope no. i
(Ci/mz) on the ground vertically under
the detector point at the time t, when
the deposition takes place in the period
of time from tdl to tdz (see otherwise
sec, 1.5).

te,; = gtart of exposure [s]

te, = termination of exposure (s]

td, = gtart of deposition [s]

td, = termination of deposition (s]

n = shielding factor for buildings etc.

ng = shielding factor for ground roughness

B = correction factor for backscatter
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3. DATA

This section gives a brief survey of some of the data
included in the computer program set up on the basis of the
model.

The atmospheric stability is classified by the six
Pasqnillﬂclasses A - F [5,2). For these stability classes, use is
made of Turner's [2] ten-minute mean values for the dispersion
parameters (oy(x,s) and oz(x,s)).

3.2. Effective_stack_height

The effective stack height, H, is assumed to be constant
and thus independent of the distance from the point of release.
Thermal 1ift of the released activity is calculated on the
basis of Briggs' formula. The calculation of the 1lift does
not take decay heat and the latent heat of the accompanying
steam into account.

In cases of unstable or neutral atmosphere, H is determined

by

H=h+ (36- 91/ 3471 273 (22)
where

h = the physical stack height [m]

P = the release rate of the heat content of the plume

(less the latent heat) [MW]

The plume rise is assumed to cease at a distance from the
release point that is numerically equal to 177 .PZ/S. If this
value is inserted into (22), the final height of the plume is
found to be

3/5 1

H=h4+ 104 - P ‘cu” (2%)
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In cases of stable atmosphere, H is determined by
" 215 - P\1/3 (24)
Hen o+ (232F)
where the stability parameter p is given by

o=g - (1/s2]

vlv
N|®

90/93z is here the potential temperature gradient for the atmos-
phere, g is the gravity acceleration, and T the temperature of

the atmosphere [°K].

3.3._Daughter_products

In calculating the external gamma doses both from airborne
and from deposited radiocactive material, use is made of the
following, simplified decay chains:

Mother product Daughter product
a, Kr 85 m - Kr 85
b. Kr 88 + Rb 88
c. Kr 89 - Rb 89
d. Sr 90 - Y 90
e, Sr 91 - Y 91
£. Zr 95 - Nb 95
g. Zr 97 - Nb 97
h. Mo 99 - Te 99 m
i. Ru 105 - Rh 105
j. Ru 106 - Rh 106
k. Te 129 m - Te 129
1, Te 131 m -+ Te 131
m. Te 132 - I 132
n. Sb 127 - Te 129 m
0. I 131 + Xe 131 m
P- I 133 + Xe 133
d. I 135 -+ Xe 135

(continued)
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Mother product Daughter product
r. Xe 133 m - Xe 133
s. Xe 135 m - Xe 135
t. Xe 137 - Cs 137
u. Xe 138 - Cs 138
V. Ba 140 - La 140
w. Ce 143 - Pr 143
x. Ce 144 - Pr 144
Y. Nd 147 - Pm 147
z. Np 239 - Pu 239

3222 _Depogitability

Argon-41 and all the krypton and xenon isotopes are
reckoned not to be depos‘table. The other isotopes in guestion
are reckoned to be depositable.

The division of energy grcups shown in table 1 is found
-appropriate when calculating the external gamma doses (1l1).
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Table 1

Group number Energy limits Mean energies
(ReV) (MeV)
1 0-0.080 0.04
2 0.081-0.150 0.12
3 0.151-0.250 0.20
4 0.251-0.510 0.38
S 0.511-0.850 0.68
] 0.8%1-1.330 1.09
7 1.331-2.030 1.68
8 2.031-3.000 2.53

3.3.2. The distribution of the photon yields of the

isotopes over the enerqy groups

Table 2

The photon yield of the isotopes in energy groups

Energy group number
Isotope
1 2 3 4 S ] 7 8
Ar 41 1.00
Kr 83l m | 0.09
Kr 85 m '0.74 0.13

(continued)
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Energy group number

" 1sotope -
1 2 3 4 5 6 7 8

Xr 87 0.84 {0.16 0.35
Kr 88 0.42 [0.05 [0.23 0.14 |0.53
Kr 89 0.31 [0.99 0.55 |0.70 [0.42
Rb 88 0.13 Jo.21 Jo.02
Rb 89 0.17 |1.29 0.27
sr 91 0.42 |0.33 |0.05

Zr 95 0.98

zr 97 0.92

Nb 95 1.00

Nb 97 1.00

Mo 99 |0.02 0.07 |o0.01 |0.16

Tc 99m 0.90

Ru 103 0.88 |0.06

Ru 105 0.43 [0.64

Rh 105 0.24

Rh 106 0.21 |0.11 |o0.03

Te 129m 0.06

Te 129 {0.19 0.17 |0.01 |0.02

Te 131m|0.02 |0.05 |0.16 [0.09 |0.91 |0.24 |0.06

Te 131 0.68 0.21 |0.04 [0.13

Te 132 [0.17 0.90

I 131 [0.03 0.87 |0.09

1 132 0.01 2.53 [0.35 [0.17

I 133 0.90

T 134 0.0) 0.08 |1.21 |0.76 lo0.14

1 135 0.07 0.91 |0.42

Xe 131m 0.02

Xe 133m 6.14

Xe 133 ]0.37

Xe 135m 0.80

Xe 135 0.91 0.03

Xe 137 0.33

Xe 138 1.32 0.65

Cs 134 2.20 l0.03 |o.03

cs 136 [0.11 |6.06 |0.36 {0.71 {1.00 [1.02

{continueu)
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Energy group number

Isotope

1 2 3 4 ) 6 7 8
Cs 1137 0.85
Cs 138° 0.23 |o.08 {0.25 |0.73 |0.27
Ba 140 p,11 0.06 j0.11 |0.34
La 140 0.60 (0.19 (0.10 {(0.96 (0.03
Ce 141 0.48
Ce 143 p.11 0.48 {0.15 [0.02 )
Ce 144 p.02 }0.11
Pr 144 0.02
Nd 147 0.28 ‘ 0.20
Pm 149 0.02
Pu 238
Pu 239
Pu 240
Pu 241
Ru 86 0.088
Te 127m
Te 127
Sb 127 0.45 |0.66 {0.012
Sb 129 0.029|0.084;0.75 |0.44 ]0.093
Np 239 0.23 0.16 |0.14
Am 241 |[0.36
Cm 242
Cm 244

Source: references 8, 9 and 11

Note: Photon yields below 1% (0.01) are not included in the table
or in the calculations of external gamma radiation doses.
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3.3.3. Dose build-vp factor, energy absorption coefficient

and linear attenuation coefficient for air for

enerqgy groups

Table 3

bata for energyy

groups

Energy group

Energy absorption

Linear attenuation

Dose build-up

Coefficient.(—gﬂ) coefficient factor coef-
no-. (cm? g~ 1) Y ficient Kg
1 6.57 E-2 3.15 E-2 2.70
2 2.40 E-2 1.89 E-2 5.10
K} 2.71 E-2 1.60 E~-2 .57
4 2.94 E-2 1.28 E=-2 2.37
5 2.93 E-2 9.99 E-3 1.64
6 2.73 E-2 7.90 E-3 1.24
7 2.47 E=-2 6.30 E-1] 0.97
8 2.17 E-2 5.00 E-3 0.79

Note: The build~up factor is

where

Source: references 10 and 1l1.

m
[

"en

¥ lepn

defined as BE(r) = 1+Kg-u-r,

Dose-conversion factors giving the relation between the
amount of a given isotope which is inhaled and the resulting
dose to the organ in question, integrated from the time of the
passage of the plume and until a given number of days after
this time, are taken from WASH-1400 [3, table D-2].
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Use is made of the following integration periods in the
models:

Bone marrow 30 days
Lungs 365 days (1 yr)
GI tract 7 days
Thyroid gland 30 days

The dose-conversion factors for the bone marrow are
calculated as the dose-conversion factor for the period 7 days
plus 0.5 times the dose-conversion factor for the period from
8 to 30 days after exposure. The dose-conversion factors thus
calculated can hence be used for calculations of early and
continuing somatic effects [3, sec. 9.2.2.1].

; The breathing rate for adults is assumed to be 3.5-10
m,)s.

4

3.5. Shielding factors

In most cascs the following shielding factors are used:
a. External gammadose from plume:
Shielding from buildings etc.: n = 0.6.
b. Externai gammadose from radioactive material deposited
on the ground:
Shielding from buildings etc.: n = 0.2
Shielding from ground roughness: ng = 0.7.
In the comparison of models made by SNODAS (october 1977)
all shielding factors are set equal to 1 and no correction

factor for backscatter is used.



10.

11,

12,

- 182 -
REFERENCES

Thykier-Nielsen, S.: Modeller til beregning af eksterne
gammadoser og inhalationsdoser fra frig¢relser til atmosfaren
af radioaktive stoffer, Risp-M-1725 (1974) 48 pp. Errata

til Rise-M-1725 (1974) 6 pp.

D. Bruce Turner, Workbook of Atmospheric Dispersion Estimates.
(National Air Pollution Control Association, Cincinatti, Chio,
(1969). (Public Health Service Publication No. 999-AP-26)

84 pp.

Reactor Safety Study, An Assessment of Accident Risks in U.S.
Commercial Nuclear Power Plants, Appendix VI, Wash-1400
(SUREG-75/014) USNRC, 1975.

D.H. Slade (editor), Meteorology and Atomic Energy =~ 1968.
TID-24190 (1968) 415 pp.

P. Pasquill, The Estimaticn of the Dispersion of Windborne
Material. Meteorol. Mag., 90 (1961) 33-49.

A.J. Brook, The Effect of .Deposition on the Concentration of
Windborne Material, AHSB(S)-R 157 (1968) 9 pp.

J.R. Beattie and P.M. Bryant, Assessment of Environmental
Hazards from Reactor Fission Product Releases, AHSB(S)R~-135
(1970) S4 pp.

C.M. Ledererx, J.M. Hollander, and I. Perlman, Table of Iso-
topes. 6. edition (Wiley, New York, 1967) 594 pp.

Handbook of Chemistry and Physics, 55 ed. (CRC Press Inc.,
Cleveland, Ohio, 1974).,

Radiological Health Handbook. Revised edition. (U.S. Depart-
ment of Health, Education and Welfare, Public Health Service,
Rockville, MAd., 1970). (Public Health Service Publication,
2016) 458 pp.

Fenger, J.: Isotopdata for beregning af eksterne gammadoser
og inhalationsdoser (Ris@¢, 1975).

F.A.Gifford, The Rise of Strongly Radioactive Plumes. Appl.
Meteorol 6 (1967) 44-49.




- 183 -

APPENDIX 5
Comparison of Parameters used

in Dose Models by the SNODAS
Participants

by

Dag Thomassen et al.
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COMPARISON OF PARAMETERS USED IN DOSE MODELS
BY THE SNODAS PARTICIPANTS

This report compares the answers given by the four SNODAS members to
questions in a dose model parametre list questionaire. The tablefcrmat
has been frequently used in the comparison in order to get a result
easy to overview. This format is also more convenient for the reader
when he wants to draw his own conclusions. The four participants are

idenitfied by the first letter in the name of the country.

The comparison of the answers from each question is contained within

a section of the report, titled with the question.
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Ql: A description of duse models etc.

These answers are too extensive to lend themselves to easy camparison,
but the similarities and differences in appruach are to a large extent

found in the answers to the other questions.
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Q2: Describe in which way daughter products are accounted for.

which models account No. of parent Commment
for decay chains? isotope

D All models 27

F All models use library 22

of decay -chains

N All models No datalibrary is

included in TIRION2.
The allocated computer
storage limits number
of isotopes to 70, num-
ber of decay chains to
40 and number of iso-
topes in one chain to 7.

S All models use library
of decay chains 15

NI = infomation not given in answer

Table 2.1
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Q3: 1In which way is inversion layer accounted for?

Seasonal Comments
variation
?
D General approach as described by No
Turner (1) (Gaussian range, interme-
diate range, homogeneous range) .
Average inversion layer height (m)
Pasq A B C D E F
1500 1500 1000 500 200 200
F Inversion heights restrict vertical No Inversion heights
diffusion and plume rise. Same inver- given by Klug
sion layer heights as D above
N Default inversion heights (may be No Growth of oz is

changed by user) Pasq A-C D-F
1500 1000

limited by inversion
height

S The actual height to the inversion
is not calculated. Fumigation for-
mula with 100 m mixing height is
used when the temperature has a

minimum a 90 m.

Table 3.1

(1) Turner D. Bruce: Workbook of Atmospheric Dispersion Estimates,

US Dep. of Health, Education, and Welfare, PB-191 482, 1970.
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How do you calculate diffusion at long distances?

Dispersion model Distance Comments

Gaussian distribution 0- 50 km ) Short release
Crosswind integrated con- 50-100 km ) 0.5 to 2-3 hrs
concentration (30O sector) )

Crosswind integrated concen. 0-100 km Long term releases
Gaussian distribution 0-100 km

(The increase of Oz-values

is restricted by inversion

layers)
Oz = Oz (100 kmi/z > 106 km
g = (x/100 km) g (100 km)
b 4 Yy
Gaussian distribution 0-100 km Short releases

Uy and o, based on solution 10-100 km

of the diffusion equation.

Crosswind integrated con- Long releases
centration in sector se-

lected by user

A statistical model based

on Gaussian distribution

for distances. cee 0.5 - 20 km
This model is extrapola-

ted out to . S50 or 100 km

Table 4.1



- 1389 -

Q5: Define your atmospheric stability groups.

Classification value of disper- No. of wind Range of windspeed
sion parameters speed grps groups (m/s)
D  Pasquill Pasquill/Gifford 4 a,n ®
curves - (3,6)
(6,10)
(10, +)
F Pasquill Pasquill/Gifford+ 7 Average speeds:
curves 0.8, 2.1, 4.1, 6.7,

9.3, 11.8, 14.9

N Pasquill Hosker's parametri- no. of windspeed
zation and oy and oz groups and average
windspeeds in each .
grouwp must be deter-

mined by the user

s Calculate single weather cases. Risk assessment based on a meteorological

data base collected over long observation periods.

“lhan windspeed in groups are adjusted according to release height.

+

The original values are used for roughness zo = 1 cm. For larger rough-
ness values the dispersion parameters are corrected with a methed pro-
posed by F.B. Smith,

Table 5.1
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Q6: List values of deposition velocities.

Isotope(s) D F N s

Noble gases 0 0o 0 0

Iodine and others 10 2-10"2 1072 1072

-2

12, Ru 10
Particulate, -3

1, Ru, Cs, Sr, etc. 310
Methyliodine 107°

? Deposition over

SNOM: 3-10.3

(units:m/s)

Table 6.1

None of the models described applies different deposition velocities

for different types of areas, or particle sizes.
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Q7: List values of wash-out coefficients used......

Mash out coefficient (s 1)

D Noble gases: O

Others : 1070 - 1074

F Noble gasss: O
Others : 10

N Noble gases: O

Others : 10-‘

s Frontal rainfall: 310>
Shower rainfall : 1- ].0-4

Snow le 10-4

Table 7.1



-192 -

Q8 List dose comversion factors for isotopes....

D Uses data from table VI D-2 in WASH-1400

F Mmain part of inhalation dose factors from WASH-1400, Table VI D-2
] Will use WASH-1400 as a main reference in the future.

s Bot specified where from data are cbtained.

Table 8.1 compares the data given by S with the data in table VI D-2
in WASH-1400. The table shows the nuclides and their critical organs.
The WASH-14(0 data are convertad from table VI D-2 using a breathing
rate of 2-3-1.0.4 -3/3 . There are no information on the breathing
rate assumption made by S. The data are valid for an adult.

In the case of WASH-1400 the dose commitment is calculated as the
integral of the dose rate over 50 years (GI-tract: 60 days). The
genexal impression from the comparison is that the WASH-1400 data
will give lower doses than the data from S.

The data for some nuclides differ more than others. None of the references
give data for Tc-99" within the same order of magnitude. For Ru-106 the
data from WASH-1400 is a factor 3-4 larger than the data from S.
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Table 8.1
Mucl ide Critical organ Convefsion factor to obtain dose commitment
to critical organ (rem m”/Cis)

[ -3 MASH-1400
B-3 Whole body 8.72 1072 -
C-14 Pat 0.35 -
r-18 GI 0.28 -
Ba-24 GI 1.40 -
Ce-51 Gl 0.14 -
m Liver 3.5 -
Pe Spleen 1.56 -
Pe Spleen 14 -
Co-S8 GI 1.7% 1.7
Co-60 GI 4.67 4.4
Zn-65 Whole body 4.63 -
Sr-89 Skeleton 92.6 6.9
Sr-90 Skeleton 2.78-103 6.4-102
2x-95 Whole body 4.63 -
n-95 Gl 2.33 1.6
Tc-99m  GI 3.5+ 10° 2.501072
Ru-103 Lung 17.4 12.4
Ru-105 GI 2.0 0.28
R-106  Lung 2.31 0 10° 897
Te-132 GI 7.0 1.4
1-131 Thyroid 300 253
I-132 Thyroid 4.2 15
1-133 Thyroid 70 41
1-134 Thyroid 1.2 0.25
I-135 Thyroid 16 10
Cs-134 Whole body 11.6 -
Cs,137 Whole body 7.72 -

Ba-140 Skeleton 27.8 1.2
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Q9 & Ql0: How is self shielding effect of body in external gamma
doss calculation treated?

Shielding factor due to bhuildings

Shielding effect from body™

avg. indoors avg. popul.

D 0.8 ground: 0.14 ground: 0.33

plume: 0.6 plume: 0.75

F 0.86"’ 0.35 0.5

S 0.8 0.2 0.35
(déxforldgningsutr.

0.3)

» - _ ground: 0.33

plune : 0.75

x)

Ratio of whole body dose to tissue dose.

*patio of skin dose to whole body dose (dose at 5 cm depth) from

-mml Y-radiation.

Table 9.1

All SNODAS participents disregard reduction of inhalation doses for the
population group indoors.
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List gamma energy groups eventually used in the external gassa

dose model

D: 8 energy groups with average energy ranging from 0.04 Mev
to 2.53 Mev.

P: 1 energy group (E = 1 MeV) and applies the results of ref. (1)
which states that the energy dependence of the dose integral
is rather linear. The model will be supplemented with energy
groups 0.04, 0.2, and 0.5 MeV in the future.

N: 8 energy groups with upper group limit as representative energy
for the group. The representative energies are: 0.1, 0.3, 0.5,
0.8, 1.0, 1.5, 2.0, 3.0 MeV.

S: 4 eneryy groups represented by the energies 0.09 Mev, 0.21 Mev,
1.08 Mev and 2.98 mev.

Imai, K. and Iijima, T.: Assessment of Gasma-Exposure Due to a
Radiocactive Cloud Released from a Point Source, Health Physics,
Vol. 18, p. 214.
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« Q12 List values of dose build wp factor parameters for air.

A comparison of the buildup as functiom of attenuwatioa (ll' = u-r) for aear
1 Be¥ Y's is made in the table below.

u!
Enexgy
NeV 1 2 3 5 s
D 1.09 224 348 4.2 720 109 |iem
(u'll'
oy —5— 0.SRev<R<MW
P 1.0 2.14 3.57 5.28 9.57 1s.1 ™
2
111 b s )7 E<O.SHev
-4 1.08 2.06 3.53 S5.44 9.87 18.1 |not knowm
¥ 1.0 2.25 4.07 6.48 13.1  27.9 ](1+0.965 utoo.zssurz)el"m"x
Table 12.1

The data in line D is calculated from the tabulated value of k (= 1.24)
for y-radiation of enexgy 1.09 MeV.

This table shows that the data from P and S are consistent while the data
fxom D is below the others for b, greater or equal to 3, and the data from

N is well above the data from F and S.

Other energies are not examined.
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Ql3: Describs your plume rise nodel

Plume rise eguations used by D, F and N are showm in Table 13.1.

Plume riss formulas

Briges formula from WASN-1400:

D !-1.010‘00'6 ul for 8 < 0
zT2=2 0(3-13)1/3 for 8 > 0
(Y u
om = 5.1 /3 (2 ;x>% z .—.°
- ‘*;’ o ¥ 3 al' o " 0.45
r 0 for steam explosion accident
vhere .o-

30 (1 - exp(- /2))

From Gifforxd:

5
llllqlt 1l - llll(ﬂ‘lt)

2=5.1 6 + gil - cos(8’t) |

+z, GOI(B"I) , 8>0

Plune levels off when maximum height is reached, that is
when % = 0.

Plume rise calculation based on models by Briggs and Gifford
Plume rise limited to:

4 1) rise by nuclear effects "m = 3600 s
2) rise by thermal effects in neutral and unstable condi-
tions t = 30
max uf

[0] =, [@"] = mw/s, z, - initial heighe

Table 13.1
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D uses a two formula model, one formula describes the plume rise for
neutral wpather conditions (6 = 0) amd the other describes the plune
rise for the stable weather classes. F and N applies formula which is
valid for stable weather only. Weath~r classes A-D are treated coaser-

vetively (?) with the same formua with £ = 1.0+ 10 's 2.

The atability parameter 8 = ¥ -:; influences the plume rise signifi-
cantly. Bow different SHNODAS participants have chosen the mumerical
values of £ in their plume rise model is compared in table 13.2 below.

s
Pasgill class ° r .
“ not
A-D 0.0 1.0 10 given
E 1.61°10 % 0o 8.3 » 1074 7 1074 5 » 1074
r 8.3 10 o 1.67-1073 2 » 1073 1.2-10"3
-3
G > 1.67 - 10
(unit: '-2)
Table 13.2

A direct comparison between the plume rise models is made and shown in
Table 13.3 for the following test example:

Q =5m, Q" =0 m/s
u =2 nm/s
g -7'1043-2

z, = 0 (plume starts at ground level)
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Plume height 500 @ dowewind (m)

F

92
78®

78

x)

For steam explosion type of accident.

Table 13.3



