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A comparison is made between the models 

used in the four Nordic countries, Finland« 

Norway, Sweden and Denmark, for calculation of 

concentrations and doses from releases of radio­

active material to the atmosphere. The compari­

son is limited to the near-zone models, i.e. 

the models for calculation of concentrations and 

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 

c. External gamma doses from radioactive 

material deposited 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 

pxume model. 
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INTRODUCTION 

The SNODAS group 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 results 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 

SNODAS is an abbreviation of, "Samordning af Nordiske Dosis­

beregninger og Atmosfæriske 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 sane 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 

2.1. General considerations 

The starting point for the comparison is that all the models 

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. 
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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 v = 1 cm/sec. 

-4 -1 

c. Wet deposition (wash-out) only with 1 = 10 sec 

d. Combined dry and wet deposition where, 

v = 1 cm/sec 
1 = 10"4 sec"1 
9 

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 are: 

Mother product Daughter product 

Kr 89 Rb 89 

Te 132 I 132 

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/concentrations 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 5. 

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 calculation 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 categories 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

topes 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 affected 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). 



- 11 -

b) Choice of build-up factor; In sow american model compari­

sons (ref. 2) it has been ascertained that differences in 

build-up factors were the most significant reasons for 

differences between the calculated external gamma doses fro« 

the plume. Different build-upfactors are used in the four 

models under discussion (see appendix 5). 

c) Choice of energy energy groups: The number of energy i. oups 

and the mean energy 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 

with low gamma energies ( Te and especially Xe) and in 

situations with relatively large atmospheric dispersion (Pasquill 

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 (o and o2) which, experience shows, makes 

great demands on the accuracy of the method of numerical 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 gararea 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 Beans that the doses calculated with the Danish 

•odel are a factor 1.1 to 2 below the doses calculated with the 

•odels of the other countries. The difference is largest for 

Te 132 where it is a factor 2. 

Only the Danish and the Finnish aodel take account of the 

•ixing layer. Only in calculations relating to Pasquill C and 

a release height of 100 B , 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 Bade with the 

Norwegian aodel for (dose) integration tines below three days« 

and calculations with the Swedish Bodel were not aade 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 - 80t 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 models are in best agreement 

regardless of the type of deposition situation. 

The agreement between the Swedish model and the other models 

is gooo 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 fro« 1 s to 1 da/. 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, it 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 

poinu, 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 used for the calculations. These minor 

defects should be corrected before any comparison between more 

complicated dose calculations is made. 
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A. Concentrations of airborne material 

Fig. 1 - 7 2 
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B. External gamma doses from a plume 
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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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STATE« TEKMtSKA FOUSKMNGSCENTftAL 
TECHNICAL ftESEAfCH CCNTHC OF FINLAND 

Nuclear Engineering Laboratory 

Seppo Vuori 

SNODAS 

Pose models and parameters used in VTT's programs 

1. Pose models 

lili.External_g§mma_doSR_from_c i gud 

The dose rate in tissue is calculated from 
00 OO OD 

5 ( x d . y d , z d ) = K - o e p . E . Q | | | å l i i £ i e " M r . 

>=0 y = - » z = 0 4 l r r 

X ( x , y , z ) d x d y d z £ | ^ ( 1 ) 

w h e r e 

r a d / s 
K = 0 . 0 5 9 2 8 

( C i / m 3 ) ( M e V / d i s i n t e g r . ) m ( c m 2 / g ) 
cm2 

o - energy absorption coefficient in tissue = 0.03 en bJ r g 

[E] = MeV/dis ; txl= s/m3 10] = Ci/s 

p + ur • ( u r ) 0.5<MeV<E 2 MeV 
B(ur) = j ^E2*" (2) 

M * 1.1 pr * (ur)2 E<0.5 MeV 

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

to gamma energy, we have only calculated with one energy 

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

file 

D o l W V - o-ri1- - (3) 

J en 
where E = 1 MoV 

Y 
p = B.15 x 10 'm'1 

u P - D m/s ref 

The D^-values are calculated for different weather categories 

and four release heights in mesh points (*.,$.). W>3 have 
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used six-point Newton-Cotes formulas in the 3-dimensianal 

integrations. He have utilized subprogram PLlittE of -.:ode 

RACER and corrected the observed errors and made the necassary 

modifications. The cloud dose for nucliie n at the **ind 

speed u is obtained from 

In) (n! , . . 
DS1.^ (**. • = .HL] = g_..^ -.D^(xr.4:.HL}-Q

l (x.. •;.H.) = g • -.D,(x..#..H 
>UO 1 J H SUL. u J 1 j K 

where 

g'n) , 0 ( n ) ( t i s s u e , neV^>f v
C n !E^ 3(5 cm) (5) 

E = gamma energy of photon v of nuclide n 

f • absolute intensity of photon v per one disintegration 

E (5 cm) = 0.86 E' - effective gamma energy at 5 cm depth v v 
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 i c given 

by 

Diub(*i'*j'Hk3 " I 4ub ( El' '£ Vi-*j' Hk- El>-° t n ) (6) 

L 

I 
1 = 1 

O6!* = I C CEi C El , Ev (5cmI°8n
(El-tissue). (7) 

where 

f (E ^^,) * absolute intensity of photon v per one 

disintegration if E^ belongs to energy 

group 1, otherwise zero. 
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1«2s>£*Sse«#i.JOT«§-<SSS?.fr3*-.3§B2§I teg.activity 

The dose rate frow depositee; activity on the ground is cal­

culated simply cy the »•'5llQ*;n£ expression 

H;nj in i 
fall^i'*-^1 " *fall * V'i**?- 1 S) 

Cgf,,,J - re^/s/iCi/-"J 

ICA1 = ClAn* 

The dose factors g, ,, are calculated with the formula: 

(n)c(n) (n) g. ., - 0-0.2964 Tf in3E;nM5cn>) a (El n' .tissue) * (S) 
*fall *• v v en v 

[E1(p(E^"
)) -h! • C(E^n))J. where 

C(E^n)) 

(E<n))-h-1 
i • — i 

V 

2.1 • u(E^n3-h 

0.5 < E ( n ) < 2 MeV v 

Eln) < 0.5 fleV 

(10) 

h * height of exposure point 

The factor C(E j takes into account the scattering in the 

air and the same expressions for build-up factor are used as 

for external cloud dose. 

! ; } : - iQt-§r9§l _doss _ f rgrr. _inhaie'J_act.ivity 

:,(n) _ _ (nl 
i nn 

g i n h * 0 • x U , y . z j (11) 

(n! 
inhJ C i s /m *~ 

. z_: .I^S'iS$?["¥- inS1-' 5-^n'J.inByt_rJ[)tions 

in our program it is possible to calculate an arbibrary 

situation stability r>jtep,ory, wind speed, dry and/or wet 
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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 

resumptions for the values of following parameters: 

- nuclide inventory 

- release fractions 

- deposition velocities 

- wash-out coefficients 

In addition it is possible to calculate a probability Distri­

bution for different effects using a specified accident 

distribution and a distribution of meteorological conditions 

at the site concerned. 

2. Daughter products 

At present the following chains are used in the model: 

a. Kr85m 

b. Kr88 

c. Kr89 

d. Sr90 

e. Sr91 

f. Zr95 

g. Zr95 

h. Mo99 

i. Ru103 

j. Ru105 

k. Sb127 

1. Sb129 

0.21 * K.r85 

-» Rb88 

-» Rb89 

-* Y90 

• Y91m 

-> Nb97 

0.88 * Tc99m 

0.98 » Rh103m 

-* Rh105 

0.16 

m. Te131m 0.18 * Te131 

* Te127m 

I 0,992 t. Ce143 

Te127 

* Te129m 

u. Ce144 

v. Np239 

0.85 

f La140 

->Pr143 

-* Pr144 

-> Pu239 
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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 nuclides 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 dispersion at large distances. Secondly the inversion 

layer is assumed to restrict the plume rise (see point 131. 

The values used for inversion layer heights STR those given 

by Klug. 

stability class I A I B ' C j D E F ' 
— • | ; \ f • - - , - - -

inversion height (m) ,1500 i 1500 I 1000 500 j 200 j 200 i 
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 following procedure is used: 

a (x) = a (100 km) = constant 
(12) 

a (x) = (x/100 km)1/2o (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 proposed in the ref. /A/. 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: 

I Grou 
1 1 

1 
2 

3 

4 

5 

6 

7 

P wind spee 

1. .. 2 

3. .. 5 

6. .. 10 

11...15 

16...20 

21.. .25 

>26 

;d range 

Knots 
t* 

» 

* 

" 

» 

n 

averag 

0.8 

2.1 

4.1 

6.7 

9.3 

11.8 

14.9 

J 
,e speed; 

m/s 
** 

n 

" 
" 
w 

n 

6. Depositicn velocities 

The deposition velocities used in the model are 10"2 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-1-400. 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-shieldi rig of body is taken into consideration by 

calculating the external dose at 5 en depth in tissue (see 

pcint 1.1 . j . The attenuation in tissue is rather independent 

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

10. Shielding and reduction factors 

In the consequence calculation we take into 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 

Group 

1 

2 

fraction of 
population 

35% 

6 5% 

shie lding 
factor 

0.8 

•• 0 . 3 5 
I 

I . ! breathing : 
rate 

3.5 x 10-" m3/s ' 

2.3 x 10"- m3/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 model gives somewhat too 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 approximation (eq.(2)). The s^me 

function has been used for instance in code RSAC and in th= 

report JQ1-637-STtVogt). For gamma energy ' MeV this expression 

gives the following values 

» 
| B ( r r ) 

0 .1 

1.11 

0 .5 

1.54 

1.0 

2.14 

2 .0 I 4 .0 | 6 .0 

3.57 ! 7.29 18.14 
i i 

13. Plume-rise model 

The solution of the differential equation given by Gifford 

with initial (t=0) values 
1/2 

z = zQ = RQ/e = 
(AQ/ir) 

yr0 dt m 

is z3 = zQ
J • (zB

3- zQ
JH1 " cosl/gt)) • z 3 sin(.Tt) 

• zR
3 (/gt - sin(/gt)) (131 

where 
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V 
-, 3 

"B 

j 3 

^K 

3F 
m 

3F 

Be2u 
3F* 

g J ' 2 e 2 u 

[momentum) 

(buoyancy] 

(.radi cacti vi t y 

, * . ir 1 We apply equation (13) conservatively only until 

and set z„ = zR = 0 and then the plume rise is £iven by 

AH = z B - z 0 
, 3F '/3 
l-

P0iu) 
(14) 

Be2u 

The initial radius of the plume is assumed to be related 

with the building wake effect as foliowr: 

• ( 

0 accidenbs like steam explosion 

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

Using parameters corresponding air temperature ID C and 

e = 0.45 we arrive at the following formula 

AH = 5 # 1 (QCMWlj'/i _ _20_ ( i s : 
0.4' 

Finally the inversion layer is taken into consideration by 

the following way 

H = min {Hn • max(AH,0), fJ. 8 * H . } 
U i nv 

(16) 

Tht3 v a l u e s used f o r s t a b i l i t y p a r a m e t e r s a r e : 

Jstabi l i t y A-D E I F 

1 ;< 10" " | 7 x 10" "• I 2 x 10" 3 
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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 plurne rise is not assumed to be correlated with dry 

deposition. 

14. Building wake 

This effect has been taken into account by moving the plume 

backwards (x. ) until the following condition is satisfied tr 
4ir o (x, )a (x. ) = Trl30(1-exp(-u/2)))2. In the case of y tr z tr v ' 
steam <.vplosion 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:o 

1 

2 

3 

h 

5 

6 
7 

3 

9 

10 

1 1 

12 

13 

\k 

15 

16 

17 

18 

19 

20 

2 ! 

n u c l i d e 

113 

ClU 

N13 

Ar39 

ArU "i 

Cr51 

MH51* 

Fe59 

Co 58 

Co60 

Znb5 

Kr33m 

Kr35m 

Kr85 

Kr87 

Kr88 

Kr89 

Rb36 

Rb88 

Rb39 

S r 3 9 

g s u b 

( M e V / d i s ) ' { c m 2 / g ) 

-

-

2 . 6 3 E - 2 

1.11E-5 

3 .31E-2 

3.13E-U 

2 . 3 7 E - 2 

3 .39E-2 

2 . 7 7 E - 2 

6 . 7 5 E - 2 

1.66E-2 

1.08E-3 

U.80E-3 

-

1.99E-2 

5 .17E-2 

5 .66E-2 

2.TOE-3 

2 . 3 0 E - 2 

6 . 1 9 E - 2 

-

g f a l l 

( r e r a / s ) / ( C i / m 2 ) 

-

-

-

-

-

1.22E-U 

3 .22E-^ 

U.UUE-3 

U.28E-3 

1.03E-2 

1.11E-3 

-

-

-

-

-

-

3.80E-1* 

-

-

. 

N:o 

22 

23 

2k 

25 

26 

27 

28 

29 

30 

31 

32 

33 

ih 

35 

36 

37 

38 

30 

1*0 

U] 

u? 

N u c l i d e 

S r 9 0 

Sr91 

Y90 

Y91m 

Y91 

Zr95 

Zr97 

Nb95 

Nbo? 

Mo 9 9 

To 99m 

Rul 03 

Ru 105 

Ru 10b 

RhlOim 

Rh105 

AgHOm 

Sb12l* 

<U>127 

yi>i29 

Tel 27m 

g s u b 

(MeV/d i s )« (cm 2 / g ' l 

-

1.68E-2 

1.16E-U 

1.14 3E-2 

9 . 2 9 E - 5 

1.91E-2 

2 . 2 7 E - 2 

2 . 0 1 E - 2 

1.7'tE-P 

l4. ;)5E--: 

3 .69E-3 

1 .lUJE-2 

1 .MlE-2 

5 . 13E-3 

1.01E-3 

6.27E-1* 

7 . 7 0 E - 2 

n.rtoE-.'' 

?. 2fiE-2 

-

U.20E-6 

g f a l i 

( r e m / s ) / ( C i / m 2 ) 

-

l*.55E-3 

-

3.^5E-l4 

1.05E-5 

3 .30E-3 

bME-; 

3 . 19E-3 

1 . 96E-3 

•V.00E-J* 

9 .2 YE-1* 

2 . 5 0 E - 3 

^ . 9 0 E - i 

'».2 3E-1* 

-

U.80E-U 

5 .00E-3 

3.6 IK-3 

"S.25K-3 

-

1. 36E-li 



N:o 

U3 

kk 

1*5 

1*6 

1*7 

1*8 

»•9 

50 

51 

52 

53 

5** 

55 

56 

57 

58 

59 

60 

6 l 

62 

63 

N u c l i d e 

Te 127 

Tel29m 

Te 129 

Tel31ra 

T e l 3 1 

Te 132 

1131 

MI131 

1132 

1133 

113** 

1135 

MI 135 

Xe131m 

Xe133m 

Xe133 

Xe135n 

Xe l35 

Xe137 

Xe138 

Cs13U 

g s u b 

( M e V / d i s ) - ( c m 2 / g ) 

U.20E-S 

2 .U9E-3 

2 . 1 7 E - 3 

3.7*»E-2 

1 .68E-2 

7 . 1 7 E - 3 

1 .01E-2 

1.01E-2 

5 . 9 1 E - 2 

1.6*»E-2 

7 . 0 1 E - 2 

3 . 7 6 E - 2 

3 . 7 6 E - 2 

7 .7UE-5 

7.7UE-U 

7.73E-U 

1 .36E-2 

6.9**E-3 

3 . 6 6 E - 3 

5 . 6 3 E - 2 

U.03E-2 

g f a l l ' 

( r e m / s ) / ( C i / m 2 ) 

2 . 0 8 E - 5 

3.10E-1« 

U.10E-1. 

6 . 0 0 E - 3 

2 . 7 0 E - 3 

7 . OOE-li 

1 .92E-3 

-

1.10E-2 

3 . 2 0 E - 3 

1.01E-2 

7 . 0 5 E - 3 

-

-

-

l»,85E-li 

2 .5 l »E-3 

1 .36E-3 

-

-

7 . 0 8 E - 3 

N:o 

6U 

65 

66 

67 

68 

69 

7 0 

71 

72 

73 

7!* 

75 

76 

77 

78 

79 

80 

81 

8 2 

8 3 

N u c l i d e 

Cs136 

Cs137 

Cs138 

Bal37ra 

BalUO 

Lal 1*0 

C e l U 

Ce1>*3 

C e l U 

Pr 11*3 

P r l M 

NdU»7 

Hp239 

Pu2 58 

Pu239 

Pu2U0 

Pu2lt1 

Am2Ul 

Cm2l»2 

Cm2UU 

g s u b 

( M e V / d i s ) - ( c m 2 / g ) 

6 .U2E-2 

-

5 . 5 5 E - ? 

1.71E-2 

U.l*9E-3 

5 . 9 6 E - 2 

1.81*E-3 

8 .R0E-3 

7.1*BE-1* 

-

8.26E-1* 

U.P3E-3 

3 . 6 2 E - 3 

-

-

-

-

6.OOE-U 

5.l»0E-6 

U.20E-6 

g f a l l 

( r e m / s ) / ( C i / m 2 ) 

9 . 2 8 E - 3 

-

-

2 . 8 3 E - 3 

1.P0E-3 

9 . 7 2 E - 3 

5.77E-1* 

l.81*E-3 

l.l*7E-l» 

-

1.33E-li 

8.70E-U 

-

-

-

7 . 5 7 E - 6 

-

-

-

-



- 117 -

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 IPA in the model comparison 

We have used the program TIRI0N2 developed by the Safety and Reliability 

Directorate, UKAEA. Thp mathematical and physical models are thoroughly 

described in ref. (l), while more practical directions for its use 

are described in ref. {?.). 

We have made some modifications to TIRI0N2. Plume depletion by washout 

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

The following model descriptions are extracts from (l) and (2). 

Discussions and further details may be found in those references. 

/ 
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1. DOSE MODELS 

1-1 External cawna dose from cloud 

As the cloud of f iss ion products passes by i t er.its y-rays vhich can 

be absorbed by people standing nearby. The total whole body dose received 

i f there i s one nuclide of integrated activity density x(z»y*z) Ci-see/m 

emitting a v~ray of energy É MeV i s (3) 

D (x,y,É) • O.oUot u j l ) . 

J J J *»y<fc' . B(u(E)r) e^^x^'.«') (1 
x»o ym-<m x«o r~ 

where r 2 - (x - x')2 * (y - y ' ) 2 • z , P 

W_(É) i s the absorption factor (aetre ) for Y~rays of energy E in 

air . 

u(É) i s the corresponding attenuation factor in air (metre ) and 

B(y(E)r) i s the exposure build-up factor. 

We have parametrized B(u(É)r) as follows. Let u * ]x{V)r 

B(u(É)r) - l l • a1(E)ur • a ^ E b 2 )exp ( - ^ ( i ) ^ ) (2) 

using a least squares f i t to data in (**). The parametrization used in 

Equation (2) tends to un.'y as r*0t as desired, and i s only valid 

over the range of values of u for which the f i t was made, that i s u < 20. 
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la practice, i t i s convenient to choose a nusdber of energy bands 

E. < E < B-, E < E < £ e tc . TIKIOR 2 uses eight of them, the various 

par—ters *_, ft,, a , , * , U being calculated for ft representative 

energy within each energy bund. The vmlues used are shewn in Table 1. 

TABLE 1. 

Energy 

Band 

1 

2 

3 

k 

5 

6 

7 

8 

Han** o f 

Energies 

(He*) 

0 - 0 . 1 

0 . 1 - 0 . 3 

0 . 3 - 0 . 6 

0 .6 - 0 .8 

0 . 8 - 1.0 

1.0 - 1.5 

1.5 - 2 .0 

2 .0 - 3.0 

•b 

0.055 

0.05« 

0.003 

0.001 

- o.oio 
- 0.017 

- 0.025 

- 0.02T 

*1 

l . * 6 l 

1.070 

0.985 

0.978 

0.965 

0 . 9 ^ 

( 0.882 

1 C.*12 
1 

! H 

* 

1 . U 3 

0.962 

0.V13 

0.366 

0.266 

0.203 

0.117 

O.C73 

0.023 

0.030 

0.029 

0.028 

0.027 

O.026 

0.02V 

0.021 

(cm2/«) 

0.151 

0.106 

0.080 

0.071 

0.064 

0.052 
0 .0 Vk 

| 0.036 

As part of the input, to TTPIOK 2 it is necessary to supply the following 

quantities, briefly described as energy factors. 

s c i > . y Fco ( E c i ) , ,« ! »w 
n <— n n,j n,j 

where P ^ W 1 ] ) i s the probability that. Whan the iC h neater of the n t h 
n n,j , . . 

decay chain decays, i t wil l emit a gasma ray of energy E ' NeV. The 

susmation i s orer a l l those values of j for which the emitted gasmm ray 

i s in energy band k. 

In Equation (1) the following substitution i s mad« When there are 

»any nuclides 
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u (É) B(u(E)r) e" l l ( E ) r É X ( x \ y \ z«) = 
Et 

n i 

where E. is the energy chosen as representative of energy bank k. 

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

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

The deposited activity of the i nuclide of the n chain of f ission 

products i s 

Xn_ (*.y) • vJl} X ( ^( x,y,z * 0) Ci/metre 

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

the action of two mechanisms. 

( i ) Radioactive decay 

When radioactive decay occurs together with plume depletion an approximate 

solution i s found, see section 1.2.?. The resultant ground level concentration 

is x ^ (x .y . t ) . 

( i i ) Weathering 

The gamma-dose observed above a contaminated surface is reduced by the 

weathering of nuclides, a broad term including among other mechanisms 

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

in water, the penetration of nuclides into the so i l and uptake by vegetation. 

Therefore the concentration of each nuclide should be modified by a 

weathering factor r 1 ft) so that n 

X{l\ (x ,y , t ) - x ^ x r f . t J f ^ U ) Ci/metre2. 
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In principle f ( t ) should tie different for each nucl ide . In prac t i ce , 
n • • 137 

the only nuclide for which much information i s avai lable i s f s (5)« 

For that i t has been shown experimantally t h a t , i f the dose rate above 

land contaminated by 'c? i s D(t = 0) iranediately a f ter the contamination 

has occurred, the dose rate t year"? l a t e r i s 
y 

D ( t ) = D ( t = 0) exp (- 0.02^ t )[0.6l exp ( - 1.13 t ) 
g y g y y 

+ 0.37 exp (0.0075 t ) l . 

The s ing le exponential exp (- 0.023 t ) g ives the rate of radioactive 
137 ^ 

decay of Cs. The terra in square brackets i s the weathering factor 
for 1 3 7 0 s . 

A discusrion of the weathering of other nuclides i s given in Ref. ( 6 ) . 

I t i s concluded that so l i t t l e i s known about t h i s subject that i t i s 

as well t o assume that a l l nuclides behave as does Ceasium. 

f { ^ ( t ) = 0.63 exp ( -1 .13 t ) + 0.37 exp (-0.0075 t ) 

= f ( t ) 

for a l l n and i . It follows that the dos*1 rate t o a person at posi t ion 

(x ,y) t seconds after the accident i s 

D ( x , y , t ) = f ( t ) O.OUoU 
g 

8 

dx'dv' 
2 

r 

where 

2 B(u(Ék)r) e"1' ( V % a ( i k ) £ 2 *\\l X ^ U ' - y ' . t ) rad / sec . (3 

k*l n i 

r 2 ' (x - x ' ) ? • y - y ' ) 2 • 1 

that i s the dose rate i s calculated at a height of one metre above the 

ground. The integral extends over the ground on which the a c t i v i t y has 

been deposited. The t o t a l dose received by a person who stays at the 

point (x ,y ) for a t o t a l of t seconds af ter the accident i s simply given by 
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• j \ ' D (x ,y) = I dt* D ( x j r . t ' ) • D (x ,y ) (h) 
8 I o Y 

TIRION 2 performs the double i n t eg ra l of Equation (3) by using a 

Simpson's r o u t i n e . I t performs '-he intpgr . i t i on of Equation CO as explained 

in Appendix A of ref . ( 1 ) . As with t h e done from the pass ing c loud, no 

i n f i n i t e plane approximations are used. Su i t ab le approximations are 

being developed for use . 

lt 3 An approximate method for dea l ing with deposi t ion« washout 

and decay. 

The f i r s t s t e p i s t o se t up a gr id between which the concent ra t ions of 

the various nuc l ides can be in t e rpo la t ed q u a d r a t i c a l l y . In p r a c t i c e 

we have found i t convenient t o e s t ab l i sh the g r i d so t h a t i t i s spaced 

equal ly in In x. Therefore t he gr id po in t s x are given by 

x « exp( (n - l ) i ) metres (5) 
n g 

for 1 < n <f N, i being the in t e rva l in ques t ion . K can be chosen a t the 

d i s c r e t i o n of t h e user of T1RI0N 2 ; in g e n e r a l , s u f f i c i e n t accuracy i s 

gained by t ak ing N ~ UO i f x ~ 100 Km, t h a t i s , i ~ 0 . 3 . 
n g 

We begin a t x, = 1 metre tak ing the t o t a l emit ted a c t i v i t i e s Q of 
x n 

each of the nucl ides in each of the decay c h a i n s , where n i d e n t i f i e s the 

decay chain and i t h e daughter . The time taken t o t r a v e l between the 

points x and x 0 i s 

t « fx3 - x x ) /u (6) 

We take as our s t a r t i n g point Q (x. ) * re leased a c t i v i t y and use the 

equations for r ad ioac t ive decay t o find out how t h e concent ra t ion of 

each nucl ide var ies during t h a t time i n t e r v a l , ignor ing depos i t i on , 

giving QC (x,, : ND) where KD stands for no depos i t i on . 

We see t h a t , in the i n t e r v a l Xn t o x,, t he cloud should be depleted by 

a f rac t ion 

http://intpgr.it
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. ( i ) x<? 
F ( i ) ( x 1 , x , ) • exp [ - V ? - 5 s - I * ' dx* exp(- h2/2ø*(x') }/ø (x*) J C?) 

n i t u I 
*1 

which we approximate by 

. ( i ) 
( i ) , _ „ i j _ T / T L . « " ^XO ~ *i) * ' -2,„_2 

F n ( x i » X 0 ) = W 

n 1 2 

^ - = « . . '•*? - *}) . (exp(- h W U - H / c (x. ) 
T T n 2 I S 1 Z 1 

J)/a2(x2)M (8) • exp(- h2/2a"(x 

where v i s the deposition velocity of the i member of the n chain. 
gn , th It follows that the total remaining activity of the i" member of the n 

decay chain at a distance x5 dovnwind is 

th 

n £ n .< n l d (9) 

The corresponding concentration at a point (x„, y , z ) , X (*0* T»*K *• 
( i ) given by inserting Q (x ) into Equation (11) or Equation (IT) in place 

of Q. In order to calculate concentrations at the next grid point x. 

the above nethod i s reported beginning at x2 with the act ivit ies Q (x^). 

The amount of activity deposited per unit area from dry deposition 

and washout is 

w(x,y) Vg x(x» y . o) + lg J x U . y . ») d« 
o r 

w tt(x) 2a 

y z 

(H)' 

2 

^ , ft(x) 2d ' 
+ Iff „ ^»' ' n y 6 2irua a ' y z 

2 2 
e z • e z 

O z /27T-

Vg • lg / | * a 2 e 
20 an. . ^ . . *«'' 

V« • lg / - o e z 
£ Z 

™yox 

X(x, y , o) , 



- 126 -
• 

where 

Vg • dry deposition velocity (m/s). 

Ig • washout rate ( l / s ) 

Proa this i t i s seen that the ground contamination i s calculated i f the 

dry deposition velocity i s sutstitu^-it with 

vg*ig/? a e " 

1.* Do3cs due to inhalation 

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

integrated concentration x 1'(xty,x) of the i ' menter of the n chain 

of fission products. The total inhaled activity of this nuclide is 

1 - " * • * ' «*•«» by n 

i (*}U.y) • br x(
n

}(xrfr,2 * o) ci 

where b i s the breathing rate, b depends on the age of the person 

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

TIMOR 2 

-U T (10) 
b • 2.2 x 10 metresVsec. v ' 

r 

unless otherwise requested. Equation (10) is the breathing rate conmonly 

..suraed for adults. (6). 

The subsequent dose received by any particular body organ depends on 

a nuaber of factors among which are: 

(a) the chemical form of the nuclides; 

(b) the properties of the aerosol in which the nuclides occur; 

(c) the aerodynamic properties of the aerosol particles as 

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

d) the transport of particles vithin the respiratory 

system and out of i* into the gastro-intestinal 

tract and the lymphatic system; 

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

(f) the distribution of the nuclides among organs and 

tissues and 

(g) excretion from the body. 

How 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 / (t); this is the dose in rems to organ k and time 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 

D.(x,y,t) « £ Z F*\! (t) • I ^ W ) 
K n >K n 

n i 

The quantities F ' ( t ) are known as inhalation factors. TIRION 2 

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

In common vith many other codes TIRION 2 uses the conventioral Gaussian 

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

Q exp ( - y? /202 (x) ) f - „ 
xUtf .*) * \ exp [- (z • h)Z /2o'(x)l 

2irø (x)oJx) u I Z 

]\ Ci-a • exp [- (z - h) 2 /2o^(xm Ci-sec/metre3. (11) 

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

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

( i i ) u is the mean wind-speed. As has already been seen, 

the wind-speed varies with height. It is therefore not 

possible to define u unambiguously. In many experiments 

u i s the velocity of the wind at the height of the source 

or at the height of a nearby tower. Smith and Singer (7) 

show that a reasonable estimate of u i s obtained by 

calculating the wind-speed at a height 0.62 a (x) . This 
z 

conclusion, however, is model dependent. Unless otherwise 

stated we assume that u « u(lO); 

(iii) h is the height of the source (metres)» 

(iv) o* (x) and a (x) (metres) are the vertical and horizontal 

standard deviations respectively, to be determined 

empirically as is explained later; 

(v) the pair of exponentials summed within the curley brackets 

in e.g., (11) expresses the fact that total reflection at 

the ground hae been assumed. 
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2 .1 Paraaet r i gations of o and o 
- — — — — — — — — — — j y— 

The actual parametrisations that we use for cr (x) and c (x) are based 
z y 

on an enlargement of Pasqui l l ' s original scheme due t o F.B. Smith ( 8 ) . 

Beyond about 20 Km downwind there are few data on the behaviour of these 

parameters. Smith therefore obtained numerical so lut ions of the di f fus ion 

equation for downwind distances up to.100 Km using wind-speed and d i f fu-

s i v i t y values based on actual experience over a range of s t a b i l i t y condi­

t i o n s . Bef. (3) presents nonograns that enable us t o calculate o (x) 

given the time of day, cloud cover, vind-speed and meteorological roughness 
length z . Hosker (9) o 
for use on a computer. 

length z . Hosker (9) has produced parametrizations that are convenient 
o 

0 (x) = g(x) F(z , x) (12) 
s o * 

b b 
where g(x) = a± x V ( l + a,, x ) (13) 

d d _•» 
and F(z , x) = ln(c x l)(l + (c_ x 2)Jf z > 10 cm (1«0 

0 1 d O 

d d 
or F(z , x) * ln (c , x x ) / ( l + c„ x £) i f z < 10 cm (15) 

0 1 2 O 

The parameters (a , b , and a , and b 0 ) depend on the atmospheric 

s t a b i l i t y category as shown in Table ( 2 ) . The parameters ( c . , d , c 

and d„) de] 

Table ( 3 ) . 

and d„) depend on the meteorological roughness length as i s shown in 

The l a t e r a l standard deviation a (x) i s not yet avai lable as part of 

Smith's schemej indeed the parametrization of o* (x) presents one of the 

greatest uncertaint ies in the implementation of a Pasquil l type scheme. 

I t i s thought .that a (x) i s independent of z and Hosker uses the 

parametrization. 

i 

0 (x) = c x / ( l • 0.0001 x) ' (16) 

where c depends on the weather category as i s shown in Table (l»). 

There remains the problem that o (x) i s a function of averaging time 

or the duration of the re lease . (10 , 11) . 
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In TIMOR 2, tbis effect can only be handled by applying one of the 

two following categories of release: 

A. A 'short* release for which Equations (11) - (16) are 

appropriate. The periods usually recommended in the literature 

for the use of these Equations vary from ten minutes to about 

an hour. 

B. A 'prolonged' release of a fev hours or a day or so. Ve assume th 

that the effluent spreads uniformly into a sector of 6 , so that 
8 

X(*.y,*> - / f U x tan(6 / 2 ) a (x) u '{•***' <* * ^ ^ ) 

+ exp - (z + h)2/2tf^ (x) ] j 

In the UKAEA i t i s conventional to take 8 * 30° . ( 1 2 ) . The user of 
s 

TIRIOH 2 must decide for himself which model is appropriate for the 

case being run. 

(IT) 
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TABLE 2 

The parameters to be used in Equation (13) 

Stability 
category 

A 

Q 

o 

0 

E 

F 

at 

0*112 

0*130 

0*112 

0*098 

0*0609 

0*0638 

bi 

1*060 

0*950 

0*920 

0*889 

0*895 

0*783 

aa 

5*38 x 10~* 

6*52 x 10"* 

9*05 x 10"* 

1*35 x 10"* 

1*96 x 10-3 

1*36 x 10"3 

bj 

0*815 

0*750 

0*718 

0*688 

0*684 

0*672 

TABLE 3 

The parameters to be used in EctuatlonsCl1') and (13) 

Roughness 
length 

1 cm 

4 cm 

10 cm 

40 cm 

100 cm 

400 cm 

Cl 

1*56 

2-02 

e 

5*16 

7*37 

11*7 

di 

0*048 

0*027 

0 

- 0*098 

- 0*0957 

- 0*128 

ca 

6*25 x 10"* 

7*76 X 10"* 

0 

18*6 

4*29 x 10* 

4*59 x 10* 

d* 

0*45 

0*>7 

0 

-0*225 

- 0*60 

- 0*78 

TABLE J» 

The parameter to be used in Equation U6) 

Stability 
category 

cj 

A 

0*22 

B 

0.16 

C 

0*11 

D 

0*08 

E 

0*06 

F 

0*04 
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2.2 Inversion l ids 

As was explained at the heginning of th is sect ion, the atmospheric 

boundary layer has a ' l i d ' on i t , that i s a boundary above which the rate 

of turbulent diffusion is greatly reduced. Once a cloud of fission 

products has been spread sufficiently to ' c o l l i d e ' with th i s l id i t rapidly 

mixes uniformly throughout the layer. 

In TIRION 2 the user can choose to set an upper l imit t o the magnitvde of 

a (x) . As i s done in the Rasmussen Report (6) the default values for the z 
inversion l ids are v-aken to be 1500 metres for A, B and C s t ab i l i t y conditions 

and 1000 metres for D, E and P s t a b i l i t y conditions. 

2.3 Time varying meteorology 

TIRIOlf 2 does not allow the possibility that the weather conditions may 

change during a run. For example, the increasing insolation during the 

morning causes the height of the mixing layer to change and the weather 

category to tend to greater instability (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 ground 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 (6) the 

weather conditions are allowed to change every hour. 

2.h Distance to which model is valid 

The schemes for classifying turbulent diffusion discussed by Gifford 

(lU) are valid up to a distance of 10 Km or, at most, a few tens of 

kilometres because there i3 a paucity of experimental evidence for down­

wind distances beyond a few kilometres. As previously discussed, the 

scheme developed by F.D. Smith (8) and Hosker's parametrizations (9) are 

based on solutions to the diffusion equation« for downwind distances up to 

100 Km, the experimental content being known values of wind speed and 

diffusivity. The model in therefore valid to 100 Km and no further. 
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2.5 The range of velocity of the vind 

Table (5) below is reproduced from Hosier's paper and shows the range 

of velocities measured a few metres above the ground covered by each 

stability class (9). 

TABLE 5 

Typical wind-speed ranges for the various 

s t a b i l i t y categories 

S tab i l i ty 

category 

A 

B 

C 

D 

E 

F 

Wind speed range 

(metres/sec) 

1 - 2.5 

1.5 - 5 

2 - C* 

2 - 10+ 

2 - 5 

2 3 

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

wind speed varies with the height above the ground. If the wind-speed 

exceeds 10 raetres/sec category D applies ( 8 ) . On the other hand, i f the 

wind-speed i s much below that given as the lower l imi t for the part icular 
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3. PLUME RISE 

The aodels programmed into TIRIOR 2 are those of Brings (15) and 

Gifford ( l o ) . Plume rise can occur for a variety of reasons. Those 

relevant to nuclear safety calculations are as follows: 

A. Momentum:- efficient emerging free a stack or through an 

orifice in a broken coritainment nay have appreciable upward 

moaentun. It i s convenient to define a Eomentum parameter 

K T o o 

where ? is the ambient temperature, 

7 i s the temperature of the emerging effluent, 

v i s i t s upward velocity and 

r. is the stack radius. 

B. Buoyancy:- a plume emerging from an environment in which 

there i s , to take one example, a molten core« could be 

very hot. As a result there wi l l be substantial upward 

forces acting upon i t . We define a buoyancy parameter 

F • g Qjj/drpC T) 

where g is the acceleration due to gravity, 

Qu is the rate of emission of heat, 

0 is the density of air and 

C is the specific heat of air at constant pressure. 

C. Radioactive decay:- as a cloud cf fission product.3 moves 

downwind it is continually being heated by y-, or- and fi-rays. 

We define a radioactive buoyancy parameter 

F« - g qr/(wc pT) 
P 

where &'• i s the rata of heat emission to the plume from 

fission product act ivity. 
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The solution to tHe plus* rise differential equations given fcy 

Cifford is (for Pasquili s tabi l i ty categ«ries Jk-P) 

s « x • - 4 r 
f -u ^ • ^ • ' J - ' J ™> 

where t i s the entrainaent consiwit , th»: r*Jius cf the pluce being d 

and ii is the quantity r^/c , an ..*f?£ct-*ve in i t ia l height. 

The height of p l v r rise is given by 2 - z. . 

For categories 5 and F t h j solution proerarmted ir.to TIRIC5 2 i s 

Be2« 
F=t f l - sin £="r^> • F (1 - ecs<eJt)] 

(19) • - f ~ « in{A\ ) • 2 3 cos(* 5 t ) . 

8 i s the potential temperature gradient dø/fe sult ipl ied by (g/T). 

For Pasquiil Class E conditions it i s taiien to t e 0.5 x 10 while 

for Class F conditions i t i s 1.2 x 10 ' sec (f>). 

In practice* the three buoyancy parmneter* are calculated at each grid 

point and Equation (!fl) or Equation (19) is used to calculate the height 

of rise from th«t point to th» next. The height of emission i s then 

replaced by h^(xj, the total height or the plume at the point ir. question. 

Pluae r i s - is t»minatel at whichever is the lowest of the heights 

given by the following: 

(a) i f "he upper edge cf the plume touches the inversion lid« 

(h) i f th* buoyancy parameter decays to zero; 

ft-) in the cm-* cf n noiaentua dominated p luw, i f the upward 

velocity f^lls -3 sere. 

These are all regarded fir, tesporiry expedients to be replaced in a 

forthcoming revised version of 7IFI0R 2 . 
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U. INPUT AND OUTPUT OPTIONS 

TIRION 2 i s primarily designed to be a r isk assessment computer code, 

but i t has the input and output provisions to calculate doses and 

health consequences of an arb i t rary weather s i tua t ion . Some parameters 

are given default values. The user has , however, always the poss ib i l i ty 

to entre his own data. 

U.l Isotope data 

TIRION 2 contains no data l i b r a ry . All isotope data (amounts, branching 

r a t i o s , h a l f l i f e , beta- and gamma data and deposition ve loc i t i e s ) must 

be given as input. Radioactive decay i s accounted for during a holdup 

time pr ior to re lease , and during a prolonged release as well as in a l l 

subsequent time in te rva l s . 

k.2 Roughness length and wind-speed groups 

The dispersion parameter 0" may be calculated for 6 roughness lengths: 

1 , k, 10, U0, 100 and UOO cm. 10 cm is the default value. 

I t i s up t o the user of TIRION 2 t o select the number of wind-speed 

groups for each weather category and also to determine the wind-speed 

representative for each group. 

1».3 Gamma energy groups 

TIRION 2 use 9 energy groups. The ranges are given in t ab le 1. The 

present version of TIRION 2 uses the upper l imit of the energy band 

as the representative energy for each band. 
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SlMtARY 

To be able to compare resul ts obtained by our models for 

computation of atmospheric dispersion and dose with data 

obtained by other models, de ta i l s are spec i f ied in th is 

paper concerning the present s tate of the models and set 

of data used in the computations: 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

Dose models 

Daughter products 

Inversion layer 

Diffusion in the distance interval 30 - 100 km 

Dispersion parameters 

Dry deposition 

Wash-out coefficients 

Dose conversion factors 

Shielding effect - body 

Shielding effects - buildings 

Gamma energy groups 

Dose build-up factor 

Plume rise model 
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1 Dose models 
External gainna dose from cloud is calculated with numerical 
integration of the activity distribution in the air. Effect! 
of build-up and attenuation are included here. 

n' v 7 7 7 B(Wir) "^"V* x' dx dy dz r rad-«2 -, 
J o-»-» 4irr 

for energy j, where 

B(u.r) » build-up factor 
J - r -i, 

» attenuation coefficient [m J 
K - 4.91 10 X [(rad/s)/(MeV-Ci/m3)] 
o 

X 
2.1 r -2i exp [-0.5 ( y V o / • zZ/o z)] [•"'] 2ir o o — r L — " ' y " ' z 

7 * 

The«« calculations are initially audc 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 o and o (see section for 
dispersion parameter). z 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 
tine in the air, deposition on ground plume rise and other 
effects are accounted for in this part of calculation. 

D " I I Qi v?\> ufe•*> <- uihV> • «<*> • Dl c«-/.] 

Q. - release of nuclide i [c i /s] 

p. - energy absorbtion coefficient for energy j [m ] 

E.. - energy per disintegration of energy j [MeV/dis] 

u(h) • wind speed at height h [m/s] 

2 

-, exp (-0.5 <rty-r) dx 

JTVTi 773 liZ g(x) • exp 
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g(x) • correction for dry deposition and rain-out 

h(x) - height at distance x [n] 

v, - deposition coefficient [n/s] 

l « rain-out coefficient [s ] 
g 
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 

H 
l Z E-. • I. • / W. (x.y.t) dt [rad] 
-li J J *-
U tx 

where 

K en _ . . , . 
i . _ ? . . „ f B(w-r) • exp(-u.r) 
xj 2 vj { i *— dr 
J J 1 r 

2 W. = concentration of nuclide i at time t [Ci/tn ] 
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 - Z Xj ' g(x) • C. [rad/s] 
i 

where 

C. * dose conversion factor [rad m /Ci s] 
3 

X. * concentration of nuclide i [Ci/m ] 

Sow input options 

Possibilities to calculate dose in single point 

or in a polar point grid (population dose susnation) 

Pluae rise or no pluae rise 

Dry deposition or not; rain-out or not 

Different dose types 

Statistical calculations of doses. 
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Main_ingut_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). 

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 \ 91 

Zr 95 Nb 95 

Mo 99 Tc 99m 

Ru 105 Rh 105 

Ba HO La HO 

Ce 143 Pr H 3 

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 layer 
The temperature gradient betveen 90 m and 30 a 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.S - 20 Vm, is computed 
by a statistical model based on Gaussian distribution. 
Concentration or dose is determined by extrapolation out 
to 50 alternatively 100 km. 

Dispersion parameters 

oy(x,6) - K ^ F . Y p / exp(-ax) + ax - l" 

a » 0.008 

Kl " 0 ^J- m 130'815 

• f ' 
l(x/ 

. r i / ( i • o.< 
^ 1 . 3 5 

F mi 1 < 2400 
X ' (x/2400)0'37

 x > 2400 

Y ml *•' i* T u«02 /s^ g >L 0 

. < 0 

o (x.MfH,S) - (1-M)-SX • M< S„ z 

M - 1° s > 0 or a <0 

lp.25 (nonth-1) • <0, 
and Jan or Dec. 

Fab-Nov. 

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

classified as month i, i - lf 6) 
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Sj - ^'.Zp ''exp(-AX) + Ax - 1 

*i - «S> r 

(1/(1 • S- A_) S HD 

S <0 

S2 - I /2(exp Ex - 1) 

E - A • (u/16) 0.8 

l°*(To-5>f[lia-T6> 

G - (£) + 0.03 (1 - TT> 16 

H <_ 50 

H > 50 

Thus o and a are continous function of S, u, x, M and H. 
y z 

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

Data, used: 

I2» R" 

Dry deposition - deposition velocities 

-2 -1 
1-10 tn s Beattit and Bryant; 

AHSP(S)R 135 
AE experiments, I„ 

Particulate, I, Ru, Cs, Sr etc 3 • lo"3 m s"1 AHSP(S)R 135 

Methyliodine 1 • 10"5 m s"1 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 differentiation is made for partical size, or type of 
area. 

Deposition over snow 3 ' 10 m s Dickerson and 
Crawford: 
TID-4500, UC-35 
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7 Wet deposition - washout coefficients 

Frontal rainfall 3 • io~5 s"1 

Shower " 1 . io"4 s"1 

S««* 1 • 10"4 s"1 

Value used in trajectory model 
for frontal precipitation 3 • 10 s 

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 gamna 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 O — i energy groups 

NR 

10 
3 
7 

11 
12 

5 
4 
6 
2 
8 

13 
1 
9 

Energy 

0 . 0 9 
0 . 1 7 
0 . 2 1 
0 . 2 6 
0 . 3 2 
0 . 4 2 
0 . 5 2 
0 . 9 6 
1.08 
1.27 
1.8% 
2 .3S 
2 .98 

Of these energies only Mo 10. 7, 2 and 9 are used in the 
present version of the table-program. 

The second program, which summates 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 
•id-point energy is then obtained by interpolation. 

Data is collected fron ERDTMANM, G and S0YKA, W 
Die y-linien der radionuklid. Band 1. 
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Kid-point energy* and energy« in group (HeV) 

Suelid« 

I 125 
I 1)1 
I 1)2 

X 1 ) ) 
I 1)4 

I D S 

Kr S 3 . 
Kr 05a 
Kr 05 
Kr 07 

Kr M 

Kr 09 

I« 131i 
U 133a 

X« 1)3 
Xc 135a 
X« 135 
U 1)7 
J* 13« 

Kb 86 
Rft M 

Kb H 

C« 1)4 
Cs 134 

Cs 1)7 

Cs 1M 

T-«nergy 

To» 

0.0207 
0.3*4 
0 .52) 
O.éM 
0 .77) 
0.9SS 
0.530 
0.555 
0.047 
1.07) 
1.007 
0.547 
1.1)2 
1.45 
0.01 
0.170 
0.S14 
0.440 
2.555 
0.200 
0.035 
1.530 
2.300 
0.245 
0.500 
0.944 
1.55* 
2.770 
0 .0)4 
0.0)04 
0.2332 
0.0531 
0.4504 
0.2494 
0.4550 
0.3105 
1.043 
1.07M 
0.9195 
2.0114 
1.0941 
2.4945 
0.0971 
0.0940 
0.2972 
0.9494 
0.0329 
0.4414 
0.4447 
0.9924 
1.4350 
2.3746 1 

Total 
T-
energy 

0.0217 
0.301 
0.145 
0.044 
0.751 
0 .570 
0.410 
0.374 
1.532 
0.425 
0.254 
0.405 
0.S90 
1.150 
0.00074 
0.1571 
0.0022 
0.312 
0 . . 4 3 
0.103 
0.179 
0.230 
1.533 
0.109 
0.315 
0.272 
0.417 
0.794 
0.023 
0.0119 
0 .0)24 
0.0447 
0.4250 
0.2493 
0.1502 
0.3001 
0.9000 
0.0949 
0.1424 
0.5144 
1.4390 
0.7944 
1.5909 
0.0301 
0.2121 
l . t lO« 
0.0023 
0.5599 
0.2110 
0.3300 
1.1141 
0.4124 

Total 
3-

energy 

» 
0.100 
0.445 

0.45 
0.40 

0.34 

0.0410 
0.243 
0.244 
1.35 

0.39 

1.39 

0.14 
0.1943 

0.153 
0.104 
0.304 
1.44 
0 . 

0.47 
1.954 

0 .4 

0.142 
0.120 

* 

0.195 

1.09 

i 

1 
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Nuclide 

T« 127a 
Te 127 
Te 129m 

Te 129 

Te 131a 

Te 131 

Te 132 

Sr 89 
Sr 90 
Sr91 

Y 90m 

Y 90 
Y 91a 
Y 91 
Mo 99 

Te 99B 
Zr 95 
Zr 97 

Nb 95 
Ku 103 
Ru 105 

Ru 106 
Rh 105 

Y-
energy 
Top 

0.0286 
0.3859 
0.0286 
0.7105 
1.0933 
0.0278 
0.4390 
1.0187 
0.1060 
0.3427 
0.8101 
1.2717 
0.1284 
0.4560 
0.6377 
1.0701 
0.0323 
0.2234 
0.6678 
0.9091 
1.0 
0.5349 
0.7417 
1.0546 
0.1881 
0.4897 
1.7607 
0.5402 
1.2049 
0.0209 
0.2141 
0.7505 
0.1315 
0.7415 
0.1821 
0.4854 
0.7435 
1.3002 
0.7649 
0.4986 
0.0516 
0.1549 
0.2978 
0.4570 
0.7329 
1.0 
0.3122 

Tocal 

energy 

0.0106 
0.O049 
0.0081 
0.0298 
0.0120 
0.0046 
0.0441 
0.0114 
0.0788 
0.1247 
0.9014 
0.4965 
0.1069 
0.1154 
0.0483 
0.1610 
0.0300 
0.1982 
0.0401 
0.000082 
0.0 
0.3583 
0.2860 
0.3805 
0.1967 
0.4425 
0.00035 
0.5305 
0.0036 
0.0027 
0.0156 
0.1355 
0.1207 
0.7246 
0.0058 
0.0498 
0.7178 
0.1162 
0.7582 
0.4878 
0.0104 
0.0091 
0.0560 
0.1394 
0.5109 
0.0 
0.0807 

Tocal 
8-
energy 

0.0903 
0.224 
0.27 

0.52 

0.229 

0.73 

0.116 

0.42 
0.197 
0.63 

0.054 

0.942 
0.028 
0.604 
0.407 

0.0164 
O.U 
0.72 

0.0434 
0.061 
0.42 

0.0119 
0.173 
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Nuclide Y~ 
| energy 

Sb 127 

Sb 129 

U 140 

Ba 140 

C* 141 

Ce 143 

Ce 144 

Pr 143 
Nd 147 

Pm 147 
PB 144i 

Pn 148 

PB 149 

Pu 238 

Fu 239 

Pu 240 
Pu 241 
Np 239 

Top 

0.2548 
0.4835 
0.6917 
0.8017 
0.2342 
0.5256 
0.8392 
1.0318 
1.3079 
1.7675 
0.3146 
0.4872 
0.8231 
1.5876 
0.0290 
0.1621 
0.3720 
0.5419 
0.0368 
0.1455 
0.0396 
0.2942 
0.6753 
0.0465 
0.1335 
1.0 
0.0396 
0.0887 
0,4841 
C 1212 

i C.0404 
0.3290 
0.5506 
3.6535 
0.9651 
0.5502 
0.912O 
1.4651 
0.2868 
0.5870 
0.8498 
0.0210 
0.1141 
0.2007 
0.3887 
0.0158 
0.0517 
0,1006 
0.1331 
0.0782 
0.1019 
0.1060 
0.2592 

Total 

energy 

0.03485 
0.2020 
0.2805 
0.1505 
0.0151 
0.1650 
0.7740 
0.1479 
0.0848 
0.1861 
0.0887 
0.2248 
0.2979 
1.7178 
0.0048 
0.0108 
0.0365 
0.1423 
0.0061 
0.0717 
0.0322 
0.1526 
0.0928 
0.0057 
0.0144 
0.0 
0.0171 
0.0264 
0.1008 
0.000005 
0.0044 
0.1589 
0.5837 
0.8169 
0.3812 
0.1541 
0.1368 
0.3223 
0.9088 
0.0726 
0.1683 
0.00273 
0.000012 
0,0000023 
0.0000236 
0.000126 
0.000012 
0.000024 
0.000008 
0.000016 
0.000005 
0,0622 
0.0742 

Total 

i8" 
[energy 

0.40 

0.42 

0.607 

0.294 

0.175 

0.43 

0.098 

0.313 
0.278 

0.062 
0.16 

0.706 

Cm 

5.5 

5.157 

5.168 
0.0053 
0.304 



- 152 -
AKTIEBOLAGET ATOMENERGI TPM-SM-61 

1977-08-01 

Nuclide 

Cm 242 
Ca 244 
U 235 

U 238 
U 239 

AB 241 

Ar 41 
Zn 65 

Co 58a 
Co 58 

Co 60m 
Co 60 

Y-
energy 

Top 

0.0591 
0.1167 
0.0985 
0.1805 
0.0480 
0.0736 
0.6408 
0.7455 
0.8363 
0.9733 
0.0588 
0.1250 
0.2088 
0.3449 
0.6482 
1.2938 
0.0082 
1.0801 
0.0070 
0.5110 
0.8155 
0.0617 
1.1732 
1.3325 

Total 
Y-
energy 

0.000027 
0.000013 
0.00671 
0.1374 
0.000036 
0.0484 
0.0030 
0.0017 
0.0053 
0.0023 
0.0224 
0.000013 
0.0000053 
C.0000101 
0.0000141 
1.2841 
0.0029 
0.5714 
0.1547 
0.1533 
0.8209 
0.0617 
1.1719 
1.3325 

Total 
8-
energy 

6.11 
5.81 
4.410 

4.195 
0.424 

5.510 



1J2 Dose build-up factor B(ur) 

Energy 
No 

1 

2 

3 

4 

S 

6 

7 

8 

9 

10 

11 

12 

13 

B<0) 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

B( l ) 

1.76 

2.06 

3.54 

2.42 

2.56 

2.10 

3.23 

1.99 

1.69 

4.64 

3.02 

2.80 

1.84 

B(2) 

2.65 

3.53 

8.61 

4.75 

S.25 

3.67 

7.58 

3.32 

2.45 

11.70 

6.82 

6.05 

2.87 

B(3) 

3.61 

5.44 

19.00 

8.48 

9.80 

5.75 

16.20 

4.99 

3.25 

25.10 

14.10 

12.00 

4.03 

B(4) 

4.57 

7.35 

2«. 3r 

12.20 

14.50 

7.84 

24.90 

6.65 

4.04 

38.40 
* 21.40 

17.90 

5.20 

B(5) 

5.63 

9.87 

51.90 

18.20 

22.40 

10.70 

43.60 

8.77 

4.88 

65.40 

36.30 

29.10 

6 .53 
• 

B(6) 

6.70 

12.40 

74.50 

24.20 

30.50 

13.50 

62.30 

10.88 

5.72 

92.40 

51.20 

40.30 

7.86 

B(7) 

7.76 

14.90 

97.20 

30.20 

38.50 

16.30 

80.90 

13.00 

6.56 

120.00 

66.20 

51.60 

9.20 

B(8) 

8.91 

18.10 

141.30 

39.20 

51.40 

19.90 

116.60 

15.60 

7.44 

169.00 

93.50 

70.80 

10.70 

B(9) 

10.10 

21.30 

185.40 

48.10 

64.20 

23.50 

152.30 

18.20 

8.32 

219.00 

121.00 

90.00 

12.20 

B(10) 

U . 2 

24.4 

229.6 

57.1 

77.1 

27.2 

188.0 

20.8 

9.2 

269.0 

148.0 

109.0 

13.7 

B ( l l ) 

12.4 

28.3 

318.3 

70.5 

97.7 

31.8 

258.0 

23.9 

10.1 

363.0 

199.0 

142.0 

15.4 

B(12) 

13.7 

32.3 

407.0 

83.9 

118.3 

36.4 

328.0 

27.0 

11.0 

458.0 

249.0 

175.0 

17.1 

B(13) 

14.9 

36.2 

495.6 

97 .3 

138.9 

41.0 

398.0 

30.2 

12.0 

553.0 

300.0 

207.0 

18.7 

B(H) 

16.2 

40.2 

564.3 

111.0 

159.5 

45.6 

468.0 

33.3 

12.9 

648.0 

351.0 

240.0 

20.4 

Of these groups only No 10, 7, 2 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, 
R G et al. Engineering compendium on radiation shielding, Volume 1. 
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13 Plume rise model 

The computation Method is based on nodeIs by Briggs and 
Gifford. modified for use in neutral and unstable condi­
tions. Effects by heat release - direct to the ataosphere 
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 » 3 600 s 

Plume rise by thermal effects, in 
neutral and unstable conditions t » 500/u s 

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

8 < 0 

3 - 0 

1 

h(x) - h • (-=-2 ) 3 [p* [sinh 
° V u<h)' L 

</j7T • O - /f?f • t ] + F • /J8? ' 
1 

[cosh (/[&f • C) - 1115 - -}— [m] 

1 

V«<h>' I 6 i (h) 

2,1 L^f M 

B > 0 

1 

hoo . h • (-5-2—)3 [F* [/r • 

° V u ( h ) ' L 

t - sin (/fT- t ) ] * F • / ? [1 

- cos (/r. o i l3 . i -J /g* 

i 
[•) 
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where 

h(x) 

h o 

B 

ii 
3z 

g 

T 

e 

u(h) 

t 

F 

F* 

where 

P 

C 
P 

Q 

Q* 

where 

height of plume center 

release height 

§ : * stability parameter 
T dz 

grad 
100 « potential temp 

9.81 = gravity const 

absolute temperature 

0.53 " entrainment constant 

wind speed at height h 

x/u(h ) • transport time 

g Q 
n p c T 

P 

8 Q* 
n p C T 

P 

• 1.293 = density of air 

1.0 10 " 
for air 

heat constant 

initial heat 

Cl ' C2 H Q (| V j + E3ij) 
i J 

[m] 

Is"2] 

[C°/m] 

[m/s2] 

[K°] 

[-1 

[m/s] 

[s] 

r 4 _3i 

r 4 ~4i [m s J 

[kg • r. ] 

[J/kg • K°] 

[Wj 

[W/s] 

3.7 • 10 
10 

.-13 
1.602 • 10 

index for nuclides 

index for energy 

[^/Ci] 

[Ws/MftV] 
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As seen from the above definitions, only half of the 
gamuaenergy 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 6 > 0 is set equal 
to zero for /§* t > !j. 

AG 
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APPENDIX 4 

Description of the Danish 

Model for Calculating Doses 

from Radioactive Material 

Released to the Atmosphere 

by 

Søren Thykier-Nielsen 
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1. DISPERSION MDDEL 

lil*_Gen§ral_descriptign 

The Gaussian model i s used as basis [1 , 2 and 4 ] . Accor­
ding to th i s Model, a Gaussian distr ibution i s assumed for the 
material concentration in the plane perpendicular to the wind 
d irect ion . I f i t i s further assumed that the ground surface has 
tota l re f l ec t ion , the diffusion formula wi l l be in a rectangular 
co-ordinate system with the or ig in in the source point (point 
of release) and the x-axis in the wind direct ion: 

(1) X(x ,y ,z , s ,u) « Q(x , t )*Sg(x ,y ,z , s ,u ) (1) 

where 

(2) S « < x . y f s , . , « > - a . y . , . g y f r i , ) . 0 g f c , , ) ' 

- V 2 „ z 2 „ U + 2 - H ) 2 

2 - o „ ( x , « ) 2 f 2-c ( x , s > 2 2 o < x , s ) 2 1 

•L« • • J y 

where 
X(x ,y ,z , s ,u) » concentration [Ci/m ] 

3, Sg(x,y,z,s,u) » relative concentration [s/m 1 

(x,y,z) * co-ordinates of the detector point [m] 

s * atmospheric stability category 

u * wind speed [m/s] 

o(x,s) * horizontal dispersion parameter Ira) 

a (x,s) » vertical dispersion parameter [m] 

Q(x,t) * effective source term (Ci/s] 

at time t 

H « effective stack height [m] 

In eq. 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 (jj) from the source to the detector point in 

question [2 and 4], 



- 159 -

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 16], as follows: 

The distribution of material below the mixing layer is 

influenced first from the distance x., 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 x. 

there is a gradual transition between a Gaussian and a homo­

geneous distribution in the vertical plane. The material distri­

bution can, for xL < 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 x~ (x. < xc>, the vertical material 

distribution may be considered as homogeneous with good 

approximation. 

xL is calculate«' from 

0 (x.) L~H - » 0.466' (L-H) [meter] 2 ^ /rizmr 
where 

L = the mixing height (the height of the atmospheric layer 

in which the released material is dispersed) [meter] 

H = effective stack height [meter] 

x is calculated from 

°z 
(XC> ' °2L - f T - L - °-798-L 
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Thus there are the following expressions for the relative con­

centration: 

a. 0 < x < x. 

expl 
* 2-0 (x.s) 

(2) Sg(x,y,z,s,u) * * • 
2«ifo (x,s) •o_(x,s) «u 

y z 

[„p-(—jd_,)*„p(-isfcai,)] 
L v2.o,(x,s)<'/ v 2-c (x,s)*'-l 

b. xT < x < x_ 
Lå *• ~ \» 

v 2-o (x.sP ' 
(3) SgB1(x,y,2,s,u) = *. 

2'ir«a,(x,s) «o (x,s) »u 
y * 

j.xp(-—ji-,),^(. <»*«>\\ • 

jJM-M^p^VM-Hi^) 2 ) 

c. x_ ^ x 

« » p ( - T2 i) 
x 2«o„(x,s)'i/ 

(-1) SgB2(x,y,z,s,u) 
IT'O (X,S) 'OJL'U 

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

li2i_MSåQ_S2D£SQ£Ii5i2QS 

The mean concentration, Sgm(x,z,s,u,a), for a (narrow) sector 

is at a given distance, x, from the release point [4]: 
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1 ' 2.x»tg(a) ' 

ferf ( x , t? ( a ) ) -«f(--2LtalaL-)|.sgCx.o.«..fuJ 
L X/I'ø, (x,s) ' x /I-o <x,s)'-J 

where 

,* 2 -v2 

erf(t) « / — : »e dv f t h e e r r o r function 
o /ir 

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: 

+• 
Sgt(x,z,s,u) - / Sg(x,y,z,s,u) dy 

• /3?*o (x,s)*Sg(x,o,z,s,u) 

The mean concentration, Sgm. (x,z,s,u,et) at a given 

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

/lor'O (x,») 
(6) Sgm (x,z,s,u,a) - — * «Sg(x,o,z,s,u) 

90«a (x,s) 
ff ' aoc 'Sg(x,o,z,s,u) 

It can be shown that 

Sgm(x,z,s,u,a) < Sgm.(x,z,s,u,a) for all a > 0. 

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

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

° r u , r t <• o -> S f f ( » , » , s , « , B ) ^ 
x-tga Sgm t (x ,x ,c ,u,a} 

l i3 i_Effective_>stack_height 

Vihen the release point i s in the open country, the height 
at which the dispersion of the released material s tar t s i s 
generally greater than the actual height of the release point 
above ground. The difference i s mainly due to turbulence around 
the point from which the material i s released and to the speed 
at which the material travels upwards. Further, the temperature 
of the released material i s of s igni f icance , because the plume 
(or cloud) w i l l r i s e to a height that depends partly on the 
relat ionship between the emission of heat and the heat received 
from the surrounding a i r , and partly on atmospheric s t a b i l i t y 
and wind speed. If the plume (or cloud) contains radioactive 
material, then heat wi l l be continuously produced in the plume 
(cloud). This "self-heating" can in certain cases become so 
large that the plume continues to r i s e for a very long period 
of time, with the resul t that the e f f ec t ive stack height i n ­
creases at the same time as the plume (cloud) moves in the 
direction of the wind. In the dispersion equations mentioned 
here, the e f f ec t ive stack height H (a constant) must be replaced 
by the function H(x), which i s a function of the distance in the 
wind direct ion, x. The problem i s dealt with in greater de ta i l in 
[12] and [ 3 ) . 

l_.4 i_The_effective_source_term 

The e f f e c t i v e source term, Q ( x , t ) , i s equal to the release 
rate corrected for changes taking place in the distance between 
source point and detector point (as a result of f a l l o u t , radio­
active decay, e t c ) . 

If a radioactive isotope i s released with a constant speed 
c [ C i / s ] , then the e f f e c t i v e source term wi l l be: 

-A-2 
(7) Q(x,t) - € • • u (Cl/sek) for t f j • * <, t <, t f 2 • {[ 

- 0 for t < t f 1 • § V tf2 • £ < t 



1'-T -

where 

tf. « the t iae at which the release started 
tf 2 * the t iae at which the release stopped 

* the decay constant 

The decay of the released isotopes dun:;- trji. •.:;* 
wind direct ion away fro* the place of rei«*as*- :^: i i -
creation of daughter products. Consider i mi u r.i* -.•» • • ..---«• »:-
isotope, the Bother product, and i t s raoioact.iv«. -..i . - . : du 
are both released fro« the source with the constant .[•'.•• i s 
c [ C i / s ] , respect ive ly , t . [C i / s I , the et fe--t i->- K U •• •'•tns 
w i l l then be: 

for the »other product: 

Q p U, t ) - c p - e p u ( C i / s e k J 

for the daughter product 

QdU.t> - V ~ > d » • ^ U * - . (e"*P » - e ' X d S ) Ci/sek 1 

where 

> « the decay constant for the mother proriu-• (s 
*. = the decay constant for the daughter product [ •- *" ! 

i .• Note that c, may perhaps be equal to o 

release of the daughter product). 

In calculating doses, the concept tirre-i nt 

term is used: 

I"2 

I(x,te1,te2) I Q(X,T) dr 

'te, 

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

one finds: 

(8) Kx^te^ te2) • 

(min (te1# tf2 + £) - max (te^ tfx + £))-Q(x,t) 

for tei-tf2 + £ Atfx + J - te2, og 

= 0 for tf2 + J <tex\/te2 < ^ + £ 

i*5x_2gBgsition 

li5Al-._peposition_in_general 

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, v , is used. This is defined as: 

_ 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(x,y,s,u) =v • x' (x,y,-H,s,u) [Ci/m2/s] 

where 

v • velocity of deposition [m/s] 

X*(x,y,-H,s,u) - QD(x,t,s) . Sg(x,y,-H,s,u) 

material concentration at ground level 

[Ci/m ] corrected for deposition 
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Q_ (x,t,s) = effective source tern 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 

(10) QD(x,t,s) Q0*e*P •A-5 
u IX expl-j" fH 12] 

o2(x,s) 
dx 

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: 
9' 

. _ 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 

Q„(x,t,s)«1 
(11) WN(x,y,s,u) » ^gff.;:;^^) • exp 

2-oy(x,s) 
[ Ci/m /sek] 

where 

1 = the wash-out coefficient [s ] 

QN(x,t,s) = QQ(t) • e"
(1g + X,'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 

•xp 
I 2.ov<x,»)*j 

in formula 11 
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i s replaced either by 

1/T 
o..<x»8> ir o y 

1 ' 2*x*tg(a) 
erf 

x-tq(a) , x-tg(a) |I 
y 2 .Oy(x,s)j " e r f [" TIT^txTsTj] 

or by 

n 90 oy(x,s) 

o«x 

The material concentration in the plume, corrected for 

wash-out will be: 

X„(x,y,z,s,u) « Q (x,t,s) • Sg(x,y,z,s,u) 
*N' *N 

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 Q^tXftfS) corrected 

for deposition can be calculated as: 

(12) QDN(x,t,s) QQ(t)«exp -«»•!,)« *r»yi-»'-»-'fr2,
d« 

u I ir o (x,s) 

The amount of material that per time unit is deposited per area 

unit of the ground surface will be: 

(13) WDN(s,y,s,u) - v •QDN(x,t,s)*Sg(x,y,-H,s,u) 

2 
QDN

(x't'8)*1g 
+ /7H.u-oy(x,»)'

 exP 2-oy(x,s) 
[ Cl/m2/sek] 

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 til 

t, will be: 

(14) WU.y.s.u.t.td^.td,) = w(x,y,s,u)dt 
td, '1 

= 0 for t - td. 

1 f, -Wt-td.H 
w(x,y,s,u) • j • jl-e 1 

1 f, -A«(td,-td.) 
w(x.y,s.u) • j • 1-e 2 1 

for tdx < t - td2 

-X-(t-td,) for td-<t 
• e i * 

where 

td, = time at which deposition started 

td- = time at which deposition stopped. 

It is assumed that the dispersion conditions and deposition para­

meters (v and 1 ) do not change in the period of time in 
g g 

question. 
Should there be a mixing layer above the release area, 

th is wi l l influence the dispersion conditions ana thus possibly 
also the deposition. Formulas (9) to (14) wi l l thus not 
necessarily apply in such a case . 

l i5 i2 i_genosition_of_daughter_products 

Consider the s i tuation mentioned in section 1.4, where 
an isotope - the mother product - and i t s radioactive daughter 
product are both released from the source with the constant 
rates t [Ci/s] and e, [ C i / s ] , respect ively . 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 i s deposited on the ground or not. 

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

a. Without deposition of the mother product: 
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CIS* QJ(X,S) » cd-exp(-Ad-jj)-g(x.s) • 

c -A 

d p 

b. Nith deposition of the mother product 

c -A 

d p 

C ' A . 

(16) QJ(X.S) « <cd-exp<-Ad-£) +T*=r ( exp(-Xp-X)-exp(-»d.5)))-g(x.s) 

where 

It ^.fiT^:^21 
OjlX.S) dx 

,H for dry deposition 
x 

1 for wet deposition 
9 

•=" I -*!/ T * „ i "i dx for simultaneous 
x I u f t a(x,s) 
o dry and wet deposition 

g(x,s) » exp -J « * ' H * — - ^ — d x 
rTxTsT for dry deposition 

exp(-l * -) for wet deposition 

exp 1 . * + _S -V £ . *- dx 
g u J u f ir a (x,s) 

o 

for simul­
taneous dry 
-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 equations 

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(-l * *j). 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 Q_^ in 

formulas (9), (11) and (13) by the relevant expression for ud-

The total amount deposited of the daughter product at a 

given location is, at a given time, t: 

(17) Wd(x,y,s,u,t) • J «d(x,y,s,u)dt 

tdl 

If the mother product is not deposited, the expressions 

for W. will oe 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,td1#td2) » 0 for t < tdx 

• *d(x,y,s,u)' j-d-expt-^Mt-tdj)) 

• Wp(x#y#«#u)'(j- + j-TT" •(exp(->d-(t-td1)) 
p d p 

- -jp • exp(-A '(t-td^))) for td^ < t - td2 

• wd(x,y,s,u)> J- (l-exp(-Ad»(td2-td1))'exp(-Ad-(t-td,)) 
d 

1 Xd 
* w (x,y,«,u)' T-rr" M T 2 Ml-exp(-A •(td.-td.)))'expf-i Mt-td_)) 

r d p p P * 1 p 2 

-(l-exp(-Ad'(td2-td1)))«exp(-AdMt-td2))) for td2 < t 

The index d indicates the daughter product and index p the 

mother product. 
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2. CALCULATION OF 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) DjtXtVpZrSrU) « 6«S(x,y,z,s,u)• I Sk ±(d)•Ii(x,te1,te2) 

i=l 

where 

B = breathing rate [m /s] 

S(s,y,z,s,u) = relative concentration [s/m ] 

s = stability category 

u = wind speed [m/s] 
6, . (d) = dose to organ k. per inhaled unit of . K, i 

radioactivity of isotope no. i, 

integrated from the time at which the 

plume passed point P until d days after 

this time [rem/Ci] 

I.(x,te,,te2) = integrated source term [Ci] 

te. = time when exposure started [s] 

te2 = time when exposure ceased [s] 

n. = total number of isotopes in the plume. 

2A2*.£&£rnal_gagn}a_dgs£S. 

The external gamma doses to a person at a given point 

P(xd,y,,Zj) is obtained by integrating the radiation contributions 

from the individual elements of the plume. If the plume contains 

n. isotopes, whose photon energies are distributed over n 

energy groups, the gamma dose (in rem) at point P is found to be: 

. ne niso 
(20) DG(xd,yd,zd,s,u) = JL-n-^ B J - O J ' I f f c f l. 

k=l i»l 
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u- ( t e j - t f ^ iLUfvt.2) 

j 2***ø U,$) *o fx.s) *u 
« iax(o ,u ' ( t e 1 - t f 2 ) ) * 

( ! 

IL 

{ e X p( - — ^ «>• exp(- <"2'»>\)) 
_H 2 -o j (x , s ) < t 2*o z(x,s) 

"Vr 
B(u, .T)-e * „2 

2 £ -exp( * _)dy 

where 

2*o ( x ,s ) 
dz dx 

r2 = ( x - x d ) 2 + ( y - y d ) 2 + ( z - z d ) 2 [m2) 

s * stability category 

tf. - time for start of release [s] 

tf2 * tine for end of release [s] 

te, * time for start of exposure [si 

te2 = time for end of exposure [s] 

K = conversion factor, dose rate/(absorbed 

energy per gram per Ci) 

[ (rem/s) / (MeVAj/ci J. 

n = number of energy groups 

E* s mean photon energy in k'th energy 

group [MeV] 

ø7=ø?(E?) = energy absorption coefficient for air 

in k'th energy group fro /gj 

ffc j = photon yield of isotope no. i in the 

k'th energy group 

y. * f(Ek) * linear attenuation coefficient for air, 

in the k'th energy group [m ] 

B(pk«r) * 1 + KB^Ek'*pk*r' t n e b u i l d~ uP factor 

for the k'th energy group 

IA (Xfte^tej) • integrated source term for isotope 

no. i [Ci] 

n = shielding factor for buildings etc. 
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The creation of daughter products (see sec. 1.4) and the 

deposition (see sec. 1.5) nay be accounted for in the integrated 

source tern. 

The aodel for external gamma doses fro« 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 Halter Gautichi. 

2*JA.Es£t£B2l-9SBM_d^ses_frc«i_d§DO§ited_radioactiye_mater4al 

The external gamma dose from radioactive material de­

posited on the ground to a person located at a given point 

is found by integrating the dose contributions from the individ­

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 rn above the ground. 

The dose will be: 

ne 

(21) Ds(x,y,s,u) = 0.2304 -n *nq-B I EJ'EX(M(BJ) -1) • We„(EJ[) ' 

Jc=l 

niso te 
2 

i=l te 

I ffci ' f Wi(x,y,s,u,t,td1,td2)dt 

1 

where 

Dg(s,y,s,u) » the external gamma dose 1 m above the 

ground from the radioactive material 

deposited on the ground [rem] 

uen(E^) * the linear energy absorption coefficient 

for air for the photon energy E[ [m ] 

P(E£) * the linear attenuation coefficient for 

air for the photon energy EJj[ (m J 

k * energy group number (1 ̂  k <, 8) 

1 * isotope number 

n i g o • number of isotopes 
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* number of energy groups 

= mean photon energy for energy group no. 

K 

= photon yield for isotope no. i in the 

k'th energy group 

T 

td2) = 

the concentration of isotope no. i 
2 

(Ci/m ) on the ground vertically under 

the detector point at the time t , vriien 

the deposition takes place in the period 

of time from td 1 to td2 (see otherwise 

sec . 1 . 5 ) . 

= start of exposure [s] 

= termination of exposure [s] 

= start of deposition [s] 

= termination of deposition [s] 

- shielding factor for buildings etc. 

= shielding factor for ground roughness 

= 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. 

3ilA_Dispersion_parameters 

The atmospheric stability is classified by the six 

Pasquill classes A - F [5,2]. For these stability classes, use is 

made of Turner's [2] ten-minute mean values for the dispersion 

parameters (o (x,s) and o z ( x , s ) ) . 

The effective stack height, H, is assumed to be constant 

and thus independent of the distance from the point of release. 

Thermal lift of the released activity is calculated on the 

basis of Briggs' formula. The calculation of the lift 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 + ( 3 6 - P ) 1 / 3 - u _ 1 ' x 2 / 3 (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 • P ' . If this 

value is inserted into (22), the final height of the plume is 

found to be 

H = h + 104 > 3 / 5 • u" 1 (2*3) 
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In cases of stable atmosphere, H is determined by 

„ = h + (2!W\l/3 (24) 

\ u • p/ 

where the stability parameter p is given by 

30/3z is here the potential temperature gradient for the atmos­

phere, g is the gravity acceleration, and T the temperature of 

the atmosphere [ K]. 

3i3i_Daughter_p£oducts 

In calculating the external gamma doses both from airborne 

and from deposited radioactive material, use is made of the 

following, simplified decay chains: 

b. 

c. 

d. 

e. 

f. 

g. 

h. 

i. 

j . 
k. 

1. 

m. 

n. 

o. 

P-
q. 

Mother product 
Kr 

Kr 

Kr 

Sr 

Sr 

Zr 

Zr 

MO 

Ru 

Ru 

Te 
Te 
Te 

Sb 

I 

I 

I 

85 m 

88 

89 

90 

91 

95 

97 

99 

105 

106 

129 m 
131 m 

132 

127 

131 

133 

135 

Daughter product 
Kr 

Rb 

Rb 

Y 

Y 

Nb 

Nb 

Tc 

Rh 

Rh 

Te 

Te 

85 

88 

89 

90 

91 

95 

97 

99 m 

105 

106 

129 

131 

X 132 

Te 

xe 

Xe 

Xe 

129 m 

131 m 

133 

135 

(continued) 
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Mother product Daughter product 

r. 
s. 

t. 

u. 

V. 

w. 

X. 

y« 
z. 

Xe 

Xe 

Xe 

Xe 

Ba 

Ce 

Ce 

Nd 

Np 

133 m 

135 • 

137 

138 

140 

143 

144 

147 

239 

•* 

-e* 

-* 

-*• 

- # • 

- * • 

• * 

•• 

-» 

Xe 133 
Xe 135 

Cs 137 

Cs 13S 

La 140 

Pr 143 

Pr 144 

Pa 147 

Pu 239 

Argon-41 and all the krypton and xenon isotopes »r* 

reckoned not to be depos*.table. The other isotopes in question 

are reckoned to be depositable. 

3.3._Data_for_calculatlng_exteraal_gaa»a_dofe» 

it3xl*._SS9B£_5&«£SX-9£2!æ§ 

The division of energy groups shown in table 1 is found 

•appropriate when calculating the external j i — doses (11). 
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Table 1 

Photon energy groups 

Group number Energy Halts 

(neV) 

0-0.0*0 

0.0*1-0.150 

0.151-0.250 

0.251-0.510 

0.511-0.150 

0.0*1-1.330 

1.331-2.030 

2.031-3.000 

Mean energies 

(MeV) 

0.04 

0.12 

0.20 

0.3« 

o.ts 
1.09 

1.68 

2.53 

3.3.2. The distribution of the photon yields of the 

isotopes over the energy groups 

Table 2 

The photon yield of the isotopes in energy groups 

Isotope 

JUr 41 

Rr 03 st 

Rr 05 * 

Energy group nuaber 

1 

0.09 

2 

0.74 

3 4 

0.13 

5 6 

1.00 

7 a 

(continued) 
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Isotope 

Kr 87 

Kr 88 

Kr 89 

Rb 88 

Rb 89 

Sr 91 

Zr 95 

Ir 97 

Nb 95 

Nb 97 

Mo 99 

Tc 99m 

Ru 103 

Ru 105 

Rh 105 

Rh 106 

T« 129m 

Te 129 

Te 131m 

Te 131 

Te 132 

I 131 

I 132 

I 133 

I 134 

I 135 

X« 111m 

X« 133m 

X« 133 

X« 135m 

X« 135 

, X« 137 

X« 138 

C» 134 

C» 136 

1 

0.02 

0.19 

0.02 

0.17 

0.03 

0.37 

0.11 

2 

0.90 

0.05 

0.68 

0.03 

0.06 

Energy group number 

3 

0.42 

0.31 

0.07 

0.16 

0.90 

0.01 

0.02 

0.14 

0.91 

4 

0.84 

0.05 

0.99 

0.01 

0.88 

0.43 

0.24 

0.21 

0.17 

0.09 

0.21 

0.87 

0.08 

0.07 

0.33 

1.32 

0.36 J 0.71 

5 

0.16 

0.23 

0.17 

0.42 

0.98 

0.92 

1.00 

1.00 

0.16 

0.06 

0.64 

0.11 

0.06 

0.01 

0.91 

0.04 

0.09 

2.33 

0.90 

1.21 

0.80 

0.03 

2.20 

1.00 

6 

0.55 

0.13 

1.29 

0.33 

0.03 

0.02 

0.24 

0.13 

0.35 

0.76 

0.91 

0.03 

1.02 

7 

0.14 

0.70 

0.21 

0.05 

0.06 

0.17 

0.14 

0.42 

• 

0.65 

0.03 

8 

0.35 

0.53 

0.42 

0.02 

0.27 
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t. 

Isotope 

Cs 137 

Cs 138' 

Ba 140 

La 140 

Ce 141 

C« 143 

Ce 144 

Pr 144 

Nd 147 

Pm 149 

Pu 238 

Pu 239 

Pu 240 

Pu 241 

Ru 86 

Te 127* 

Te 127 

Sb 127 

Sb 129 

Np 239 

Am 241 

Cm 242 

Cm 244 

1 

0.11 

D.ll 

D.02 

0.36 

2 

0.48 

0.11 

0.28 

0.23 

Energy cjroup number 

3 

0.06 

0.029 

0.16 

4 

0.23 

0.11 

0.60 

0.48 

0.20 

0.02 

0.45 

0.084 

0.14 

5 

0.85 

0.08 

0.34 

0.19 

0.15 

0.02 

0.66 

0.75 

6 

0.25 

0.10 

0.02 

0.088 

0.012 

0.44 

7 

0.73 

0.96 

» 

0.093 

8 

0.27 

0.03 

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-up factor, energy absorption coefficient 

and linear attenuation coefficient for air for 

energy groups 

Table 3 

Ui*ta fur energy groups 

Energy group 

no. 

1 

2 

3 

4 

5 

6 

7 

8 

Energy absorption 
* I* 

coefficient, (-^) 
P 

2 -1 
(cm' g l) 

6.57 E-2 

2.40 E-2 

2.71 E-2 

2.94 E-2 

2.93 E-2 

2.73 E-2 

2.47 E-2 

2.17 E-2 

Linear attenuation 

coefficient 

Mdn"1) 

3.15 E-2 

1.89 E-2 

1.60 E-2 

1.28 E-2 

9.99 E-3 

7.90 E-3 

6.30 E-3 

5.00 E-3 

Dose build-up 

factor coef­

ficient K£ 

2.70 

5.10 

3.57 

2.37 

1.64 

1.24 

0.97 

0.79 

Source: references 10 and 11. 

Note: The build-up factor is defined as B£(r) - 1+K«>u«r, 

M-W, 
where en 

en 

lit i_ 22fi§Z£95Y££S *2D_ ISSiSEf. f 22L iSfiilfJl- AS°£2ES2 

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. 

3.5. Shielding factors 

In most cases the following shielding factors are used: 

a. External gammadose from plume: 

Shielding from buildings etc.: n = 0.6. 

b. External gammadose from radioactive material deposited 

on the ground: 

Shielding from buildings etc.: n * 0.2 

Shielding from ground roughness: n • 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. 
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APPEND1X 5 

Comparison of Parameters used 

in Dose Models by the SNODAS 

Participants 

by 

Dag Thomassen et al. 



INSTITUTT FOR ATOMENERGI ~ ^ 
Sikkerhetsteknologisk Avdeling 

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 tableformat 

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 dose models etc. 

These answers are too extensive to lend themselves to easy comparison, 

but the similarities and differences in approach 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 a»dels account 
for decay chains? 

No. of parent 
isotope 

Content 

All models 27 

All »odels use library 
of decay chains 

22 

All andels No datalibrary is 
included in TIRI0N2. 
The allocated computer 
storage limits number 
of isotopes to 70, num­
ber of decay chains to 
40 and nunber of iso­
topes in one chain to 7. 

All models use library 
of decay chains 15 

NX - information not given in answer 

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

Seasonal 
variation 

-> 

Comments 

General approach as described by 

Turner (1) (Gaussian range, interme­

diate rang«, homogeneous range). 

Average inversion layer height (m) 

Pasq A B C D E F 

1500 1500 1000 500 200 200 

No 

Inversion heights restrict vertical 

diffusion and plume rise. Same inver­

sion layer heights as D above 

No Inversion heights 

given by Klug 

N Default inversion heights (may be 

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

No Growth of o is 
z 

limited by inversion 

height 

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 

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

US Dep. of Health, Education, and Welfare, PB-191 482, 1970. 
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Q4: How do you calculate diffusion at long distances? 

Dispersion model Distance Comments 

Gaussian distribution 0- 50 km 

Crosswind integrated con- 50-100 km 

concentration (30 sector) 

Crosswind integrated concen. 0-100 km 

Short release 

0.5 to 2-3 hrs 

Long term releases 

Gaussian distribution 

(The increase of a -values 
2 

is restricted by inversion 

layers) 

a = a (100 km) 
z z 1/2 

0 = (x/100 km) ' a (100 km) 
y y 

0-100 km 

> 100 km 

Gaussian distribution 

0 and O based on solution 
y z 
of the diffusion equation. 

Crosswind integrated con­

centration in sector se­

lected by user 

0-100 km 

10-100 km 

Short releases 

Long releases 

A statistical model based 

on Gaussian distribution 

for distances. ••-

This model is extrapola­

ted out to 

0.5 - 20 km 

50 or 100 km 

Table 4.1 
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Q5: Define your atmospheric stability groups 

D 

F 

Classification 

Pasquill 

Pasquill 

Value of disper­
sion parameters 

Pasguill/Gifford 

curves . 

Pasquill/Gifford 

curves 

No. of wind 
speed grps 

4 

7 

Range of windspeed 
groups (m/s) 

(1,3) * 

(3,6) 

(6,10) 

(10, •) 

Average speeds: 

0.8, 2.1, 4-1, 6.7, 

9.3, 11.8, 14.9 

N Pasquill Hosker's paranetri-

zation and o and o 
y z 

no. of windspeed 

groups and average 

windspeeds in each 

group must be deter­

mined by the user 

Calculate single weather cases. Risk assessment based on a meteorological 

data base collected over long observation periods. 

X 
Mean windspeed in groups are adjusted according to release height. 

The original values are used for roughness z « 1 cm. For larger rough­

ness values the dispersion parameters are corrected with a method pro­

posed by F.B. Smith. 

Table 5.1 
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Q6: List value« of deposition velocities. 

Isotope(s) 

Noble gases 

Iodine and others 

D F 

0 0 

-2 -3 -2 
10 -10 10 

N 

0 

io-2 

s 

0 

I 2. »u 

Particulate, 
1, Ru, Cs, Sr, etc. 

Hethyliodine 

3 »10 

,-2 

-3 

10 

Deposition over 

snow: 3»10 -3 

(units:n/s) 

Table 6.1 

None of the aodels 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. 

Hash out coefficient (s"1) 

Noble v*ses: 0 

Others : 10~5 - lo" 

Noble >)4S6S: 0 

Others : 10~4 

N Noble gases: 0 

Others : 10~4 

S Frontal rainfall: 3 • 10~5 

Shower rainfall : 1 • 10-4 

-4 
Snow : 1 • 10 

Table 7.1 
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Q8 List do— conversion factor« for isotop—.... 

D o m data froa tabl* vi D-2 in H*sa-1400 

F Main part of inhalation do*« factors froa NASB-1400, Tabl« VI D-2 

M Mil us* NASB-1400 as a main reference in the future. 

S Hot specified where from data are obtained. 

Table 8.1 comperes the data given by S with the data in table VI D-2 

in WISH-1400. The table shows the nuclides and their critical organs. 

Tb* HASH-14U0 data are converted from table VI D-2 using a breathing 
-4 3 

rat* of 2.3 »10 • /s . There are no infomation on the breathing 

rate assumption made by S. Th* data are valid for an adult. 

In the case of wASH-1400 the dose commitment is calculated as the 

integral of the dose rat* over SO years (61-tract: 60 days). The 

general impression from the comparison is that the MaSB-1400 data 

will give lower doses than the data from S. 

Th* data for some nuclides differ more than others. None of the references 

give data for Tc-99* within the same order of magnitude. For ftu-106 the 

data from WnSB-1400 is a factor 3-4 larger than the data from S. 
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Tahla 8 .1 

•uc l ida Cri t ica l organ Conversion factor to obtain dose 
ro cr ir tca l organ I r « • /Cis) 

• itnent 

MtSB-1400 

H-3 

C-14 

F-18 

•a-24 

Cr-51 

m 
r» 
F» 

Co-58 

Co-60 

Zn-65 

Sr-89 

Sr-90 

Zr-95 

•b-95 

Tc-99a 

fto-103 

Ru-105 

Ku-106 

Ta-132 

1-131 

1-132 

1-133 

1-134 

1-135 

Cs-134 

C»,137 

Ba-140 

Nhol« body 

Pat 

GI 

GI 

GX 

Livar 

Splaan 

Splaan 

GI 

GI 

Nhole body 

Skalaton 

Skalaton 

Mbola body 

GX 

GI 

Lung 

GI 

Ung 

GI 

Thyroid 

Thyroid 

Thyroid 

Thyroid 

Thyroid 

Nhola body 

Nhola body 

Skalaton 

8.72 • 10 

0.35 

0.28 

1.40 

0.14 

3.5 

1.56 

14 

1.75 

4.67 

4.63 

92.6 

2 .78-10 3 

4.63 

2.33 

3.5 - 102 

17.4 

2.0 

2.31 • 102 

7.0 

300 

4.2 

70 

1.2 

16 

11,6 

7.72 

27.8 

-2 

1.7 

4.4 

6 .9 

6 . 4 . 1 0 2 

1.6 

2.5 »10"3 

12.4 

0.28 

897 

1.4 

253 

15 

41 

0.25 

10 

1.2 
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Q9 « QIO: Bow is self shielding effect of body in external 

calculation treated? 

x) 
Shielding factor due to buildings 

atiu. 

D 

P 

S 

M 

eitung e n e c t i r e * E 

0.8 

0.8**' 

0.8 

-

»ay 
avg. indoors 

ground: 0.14 

plus*: 0.6 

0.35 

0.2 

-

avg. popul. 

ground: 0.33 

pluae: 0.7S 

0.5 

0.35 
(Uarforlagningsutr. 

0.3) 

ground: 0.33 
p l o w : 0.75 

Ratio of whole body dose to tissue dose. 

Ratio of skin dose to whole body dose (dose at 5 est depth) from 

external Y-radiation. 

Table 9.1 

All SMODAS participants disregard reduction of inhalation doses for the 

population group indoors. 
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Qll List q a — energy groups eventually used in the external gaa— 

dote sadel 

D: 8 energy groups with average energy ranging froa 0.04 MeV 

to 2.53 NeV. 

F: 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 aodel will be suppleaented with energy 

groups 0.04, 0.2, and 0.5 MeV in the future. 

M: 8 energy groups with upper group Halt 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 energy groups represented by the energies 0.09 MeV, 0.21 MeV, 

1.08 MeV and 2.98 MeV. 

(1) Iaai, K. and Iijina, T.: Assessment of Gasm-Exposure Due to a 
Radioactive Cloud Released from a Point Source, Health Physics, 
Vol. 18, p. 214. 
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• Q U List values of dose build UP factor nars—lers for air. 

A caanarison of the buildup as function of attenuation fti • M*r) for near 

1 HeV T'S is aade in the table below. 

Energy 
HeV 

D 1.09 

P 1.0 

S 1.08 

H 1.0 

1 2 3 5 8 

2.24 3.48 4.72 7.20 10.9 

2.14 3.57 5.28 9.57 18.1 

2.06 3.53 5.44 9.87 18.1 

2.25 4.07 6 .48 13.1 27.9 

1+klt 

<1* >* 
l*V * 2 4 o.snev^Exanjsw 

1+1.1 u *<W I 2 B<0.5HeV 

« » _ 

(1*0.965 P r*0.266M r
2 le°"0 1 , lr 

Table 12.1 

The data in line D is calculated frem the tabulated value of k f« 1.24) 

for Y-radiation of energy 1.09 neV. 

This table shows that the data fron P and S are consistent while the data 

fxon D is below the others for u greater or equal to 3, and the data from 

M is well above the data fron P and S. 

Other energies are not examined. 
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013: Describe year »1—e r i — 

F i t « r i s * eaaatioae used by D. P aad • arc shown i a Table 13 .1 . 

Plea* r i s * foraulas 

• r i f f s foarala from NaSa-1400: 

Z - Z • 1MB0 '* M"1 for 8 < 0 

x i s • , 2 W / 3 for B > 0 
o lit 

0 for staaa explosion accident 

30 11 - exp(- / 2 ) ) 

Gifford: 

, . 5.x c ^ 1 / 3 | o - t 1 - —^ + Qa - co.ce*t> 

• z cosiest) , e > o 

Plus* l«v*ls off when Baxiaua height is reached, that is 

— « 0. 
dt "' 

Plus* ris* calculation based on aodels by Briggs and Gifford 

Plus* ris* listited to: 

1) rise by nuclear effects t * 3600 s 

2) rise by thermal effects in neutral and unstable condi-

"-. t... . ft 

[S] - MM, |*Q*1 - MM/s, Z # - initial height 

Table 13.1 



-198-

D eaas a tue focsmla andel, o m fomala describee the plea* rise for 

nostra! weather conditions (6 * 0) and the otter describes the plane 

rise Cor the stable weather classes, r and N applies forawla which is 

valid for stable weather only. Heather classes A-o are treated conser­

vatively (?) with the sane forau* with 0 = 1.0*lO-4*"2. 

The stability parsaeter B - * j influences the plus* rise signifi­

cantly, BOM different gMPAT participants hsve chosen the nanerieal 

valnes of 6 in their plane rise aodel is coapared in table 13.2 below. 

rasqjll class 

A-O 

B 

F 

6 

0 .0 

1.61« 1 0 - 4 t o 8 .3 • i O - 4 

8 . 3 • 10"4 t o 1.67 • 10"3 

> 1.67 . 10~3 

1.0 10"4 

-4 
7 • 10 

2 • 10"3 

not 
given 

5 • 10"4 

1.2 • 1 0 ' 3 

(unit: s ) 

Table 13.2 

A direct conpariaon between the plane rise eodels is aade and shown in 

Table 13.3 for the following test example: 

g - 5 HN, Q* « 0 HM/s 

u - 2 a/s 

6 - 7 • 10"4 s"2 

zn » 0 (plune starts at ground level) 
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»1«— height 500 • downwind (•) 

92 

7S*> 

78 

Vor mtmm explosion type of accident. 

Table 13.3 

D 

r 

N 

S 


